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The paper presents  the resul ts  of an experimental  investigation of contact thermal  r e s i s -  
tances of stainless steel and molybdenum samples for the range of compress ive  loads be-  
tween 1.5 and 58 - 10 -5 N / m  2 and for an absolute p ressu re  of the surrounding medium of 
10 -4 mm Hg. An equation describing the dependence of the contact heat exchange in vacuo 
for small  compress ive  loads was derived based on experimental  data published in the l i t e ra -  
ture. 

Under the high thermal  current  conditions charac te r i s t i c  of modern technology, the tempera ture  
discontinuity at  the contact between contiguous surfaces  of machine components can attain values of tens 
and even hundreds of degrees.  The largest-effects  of contact thermal  res i s tances  on the tempera tures  
of the elements of high tempera tu re  machines is observed in vacuo, i.e., in the absence of thermal ly  con- 
ducting gaseous media in the contact region. For  an accura te  calculation of t empera ture  fields, it is of- 
ten neces sa ry  to know the magnitude of the contact thermal  res is tance.  

On the basis  of a theoret ical  analysis  and using experimental  data for various mater ia ls  and methods 
of machining, Shlykov [1] explained the main features of the relat ions governing contact thermal  r e s i s -  
tance in vacuo and in gaseous media and he derived equations which make it possible to calculate the mag-  
nitude of the contact thermal  conductance as a function of var ious  factors .  Thus for contact heat exchange, 
he derived the following equation: 

NM_ •Ma / n \0.s6 

The radius of the contact spots was taken to be 4 �9 10 -5 m based on analysis of the experiments;  k 
is a coefficient depending on the average  height of the microproject ions  of the roughness Hav of the con- 

surfaces  (k = 1 for  Hav 1 +Hav  2 > 30 p, k = [30/(Hay 1 + Hav2)]l/3 for 10 _< Hav~ +Hav  2 -< 30 p; k tacting 

= 15/(Hav 1 + Hav2) for Hav 1 +Hav  2 < 10 p). 

Equation 1 is convenient for engineering calculations since the single geometr ic  charac te r i s t ic  of 
the sur face  which is needed for calculation is the mean height of the roughness microproject ions .  

However, it should be pointed out that the small  number of experiments concerned with the region 
in which the values of the parameter  (p/3crB)k < 10 -3, indicated a need for fur ther  experimental  invest i -  
gation of the contact heat exchange for low compress ive  loads (105 to 106 N/m2), since for  cer tain con- 
structions,  it is  this range of loading which is of practical  interest .  The validity of extrapolation of Eq. 
(1) to the range of values p / 3 ~  B < 10 -3 requi res  experimental  verification. 

In this paper, we present  the resu l t s  of an experimental  investigation of the contact thermal  r e s i s -  
tance of homogeneous and heterogeneous contact pairs (principally in vacuo) and we also compare  these 
resul ts  with the dependence described by Eq. (1) and with cer tain other results .  

The experiments  were conducted on an apparatus for  investigating contact thermal  exchange con- 
sisting of a vacuum chamber,  vacuum pumps, a lever sys tem for applying a compress ive  load to the con- 
tact, balloons containing inert  gases,  regulating t r ans fo rmers ,  and measur ing apparatus.  
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TABLE 1. Charac ter i s t ics  of the Contact Surfaces of Ex- 
perimental  S ~ecimens 

Specimen Surface preparation Surface Mean height of 
material method quality microprojections, p 

Kh] 8N9T 
Khl8N9T 
Kh'.ISNgT 
Kh 18N9T 
Kh 18N 9T 
Kh 18N9T 

Molybdenum 
Molybdenum 

Machining 
Machining 
Machining 
Grinding 
Grinding 
Machining followed by 

lapping 
Grinding 
~Grinding 

V4 
V5 
V8 
V8 
V9 
VIO 

V9 
V9 

23,5 
14,0 
2,4 
2,2 
1,2 

0,6-0,8 

1,0 
1,07 

The thermal  cur rent  was generated with the help of an electr ic  heater and a water  condenser.  The 
side surfaces  of the samples  were near ly  adiabatic; this condition was attained with the help of sc reens  
and electr ic  heaters  for providing compensating heat. The tempera ture  in the contact zone varied f rom 
250 to 520~ in various experiments.  C h r o m e l - A l u m e l  thermocouples  having electrode diameter  of 0.2 
mm were used to measure  the temperature .  The ends of the thermocouples were brought out of the vacuum 
chamber through rubber  gaskets with demountable flanges. The compress ive  load was applied with the help 
of a sys tem of levers.  The contact p ressu re  was changed in the range 1.5 to 58 �9 105 N / m  2. The exper i -  
ments  were conducted in vacuo with a p re s su re  equal to 10 -4 mm Hg. Some of the experiments  were con- 
ducted in gaseous media with p res su res  of 1350 mm Hg. 

The magnitude of the thermal  cur rent  was determined f rom the tempera ture  gradient  between the 
measur ing regions of the condenser and of the heater.  The tempera ture  drop ac ros s  the contact was de-  
termined f rom reading four differential thermocouples,  whose junctions were embedded in special  ports  
in the sample at distances of 2 mm f rom the contact surface.  The contact thermal  res i s tance  R M was 
calculated f rom the equation 

At 
RM ~ - - "  q 

The e r r o r  in determining R M was around 10%. 

The experimental  specimens were cylinders of 35 mm diameter  and 20 mm height or else paral le le-  
pipeds of 43 • 43 x 20 mm 3, made f rom Khl8N9T steel and molybdenum. The contact surfaces  were  p re -  
pared by machining, polishing and lapping. The surface  quality was investigated with the help of a p ro -  
f i l og raph-p ro f i lome te r  of the "Kalibr" plant. Typical  prof i lograms of the contact surface  a re  shown in 
Fig. 1. The heights of the surface microprojec t ions  of var ious samples a re  given in Table 1. 

Some experimental dependences of the thermal  contact res i s tance  on loading in vacuo a re  shown in 
Fig. 2. For  some of the pairs ,  data for the same relat ionship obtained in a gaseous medium are  included 
for comparison.  In addition, the dependences of the contact thermal  res i s tance  on tempera ture  in the con-  
tact zone were obtained for a constant load. The general  charac te r  of these relat ionships agrees  with other 
investigations of contact thermal  exchange. 

Figure 3 shows the resul ts  of a process ing  of these experimental  data (the group of points c o r r e -  
sponding to curves  13 through 16) in the form of the relationship of dimensionless pa ramete r s  N M = ~M a 
/ ~-M = f[{P/3aB)k],  introduced by Shlykov [1]. We also include for comparison resul ts  obtained in [1] {points 
1 through 8) and also the resul ts  of cer ta in  other investigations (9-12). 

F r o m t h e d a t a o f F i g ,  3, it is evident that in the region where the parameter  (p/3~B)k < 10 -3, a large  
number of points lie above curve I, and for higher values of the parameter  {p/3aB)k the experimental  
points of var ious authors a re  ra ther  densely distributed around curve I. The existing scat ter  of exper imen-  
tal points is to a considerable  degree determined by the experimental  e r r o r  associated with evaluation of 
a M (5 to 20%), and also by the very  approximate values of the mean height of the microproject ions  used 
in some investigations of contact thermal  exchange. The physicomechanical  proper t ies  of the surface  
layer  of a given mater ia l  can also differ because of differences in deformation of the surface layer  r e -  
sulting f rom the machining process  and because of other reasons.  In this respect ,  the general ized ex-  
perimental  data on contact thermal  exchange in vacuum devised in [1] have a par t icular ly  important  signifi-  
cance f rom the point of view of obtaining a relat ively substantiated calculation formula.  
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Fig. 1. Typical  prof i lograms of the contacting surfaces  of experimental  spec i -  
mens" 1) Khl8N9T, machining V5; 2) Khl8N9T, grinding V8; 3) Khl8N9T, gr ind-  
ing V9; 4) molybdenum, grinding V9; 5) Khl8N9T, machining with subsequent 
lapping V10. 

Fig. 2. Dependence of contact thermal  res i s tance  on compress ive  load at a con- 
stant t empera tu re  in the contact zone (RM, m 2. deg/wat t ;  p, N/m2; iRK, m 2 �9 deg 
/wat t ;  RM, curves 1, 4, 7, 8, 9; RK, curves  2, 3, 5, 6)" 1-3) m e l y b d e n u m - K h l 8 -  
N9T steel, V9/V5,  in vacuo, argon and helium, respect ively,  t K = 500~ 4-6) 
molybdennm-Kh18N9T,  V9/V8,  in vacuo, argon and helium, respect ively,  t K 
= 500~ 7-9) KhlSN9T-Khl8N9T,  in vacuum; 7) V8/V8, t K = 470~ 8) V9/V9 
t K -- 520~ 9) ~10/V10,  t K = 490~ 

The approximating relat ion for experimental  data in the range of parameter  values (p/3~B)k = 2 - 10 -4 
to 8 - 10 -3 (92 experimental  points for various mater ia ls  and various methods of processing) can be written 
in the fo rm 

p 

L 
A least  mean squares  fit to an express ion of the type (2) yields the following expression: 

~ a  _ _  0 . ] ] 8 ( ~ o p  B k) 0'66. (3) 

As the experimental  data on contact thermal  exchange in vacuo for  small  compress ive  loads ac -  
cumulate, Eq. (3) can be made more  accurate .  In part icular ,  it is necessa ry  to investigate more  thoroughly 
the effect of t empera ture  on contact thermal  res is tance.  In this connection, it was shown in [1], that Eq. 
(1) is valid for  t empera tu res  of the contact zone which a re  no more  than 0.3 of the melting point of the ma -  
terial ,  and as the tempera ture  increased,  it was neces sa ry  to take creep into account since this phenomenon 
leads to an inc rease  in contact thermal  conductance. On the basis of the data presented in this paper, it is 
reasonable to conclude that as the tempera ture  increases ,  the magnitude of the parameter  ~Ma/-~M mea-  
sured experimental ly is somewhat higher than that computed f rom Eqs. (1) and (3). 

The nonlineari ty of the relat ion OZMa/-X M = f [ (p /3~B)k ] in semilogar i thmic coordinates for a wide 
range of values of the parameter  (p/3CrB)k is also confirmed by a theoret ical  analysis  of the contact thermal  
res i s tance  of var ious ly  processed metal  surfaces .  We note f i rs t  of all that the magnitude of the contact 
thermal  res i s tance  and the charac te r  of its dependence on load is determined to a considerable degree by 
the waviness of the surface.  This can be demonstrated if we take into account the geometr ic  charac te r i s t i cs  
of the processed surface  as proposed in [13, 14]. The need to take surface waviness into account in a 
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theoret ical  analysis  of contact thermal  exchange is demonstrated specifically by resul ts  of invest iga-  
t ions of contact thermal  exchange in gaseous media. Shlykov [1] showed that experimental  data on thermal  
conductance of thin layers  of the gaseous media in the contact region a r e  fitted best  by a relat ion in which 
the maximum gap in the contact region is assumed to have the value 2 (Hay 1 + Hav2). Meanwhile, a com-  

par ison of the geometr ic  charac te r i s t i cs  of the roughness and waviness given in [14] shows that for su r -  
face process ing methods like machining, milling and grinding, the height of the waviness is approximately 
equal to the height of the roughness microproject ions  and, consequently, the maximum gap in the contact 
can be represented approximately by the sum 2Havl + 2Hay 2. 

Figure 4 shows in simplified fo rm a diagram of the contact between rough, wavy surfaces.  The 
actual surface contact is formed within the l imits of the contour a reas  formed by the crumpled waves. 
The thermal  res i s tance  of the contact can be written as the sum 

R.= Ri + R~, (4) 

where R 1 is the thermal  res i s tance  a r i s ing  f rom the confinement of the thermal  cur ren t  to parts  of the con- 
tour a reas ;  R 2 is the thermal  res is tance  ar is ing f rom the confinement of the thermal  cur rent  to the path 
of the actual contact a rea  found within the l imits of the contour a reas .  

If it is assumed that the distribution of portions of contour a reas  over a normal  surface  and the d i s -  
tribution of patches of the actual contact over the contour a reas  a re  equal, then using the known values of 
a, rb, 7h, and 772 (Fig. 4), the thermal  res i s tance  of the contacts can be defined as 

R~ ~rb~ ~ ~a~2 (5) 
- 2 ~ i  2 ~ i ~ h  ' 

where ~b 1 and r a re  coefficients which take into account the mutual interaction of d iscre te  portions of the 
contact [9]. Their  magnitudes can be determined f rom the following approximate equations: 

9~ = 1 -[- F (~h) = 1 - -  1.40925~I/2 + 0,29591~/~ -]- 0.05254~1~/2, (6) 

~)~ = 1 § F (~.~) = 1 - -  1.40925~1~/2 + 0,2959h1~/2 + 0.0525471~/2, 

where F0?I) < 0, [F0?I)] < 1 and F(~? 2) < 0, [F072)[ < 1. 

In studies of the contact heat exchange, information on the waviness of the surface as a rule is not 
included; therefore,  analysis  of the contact thermal  res i s tance  requi res  the use of an idealized model based 
on a regular  surface waviness.  According to Kragel 'ski i  [11] and Demkin [12], the waves a re  always 
elast ical ly deformed, but the charac te r  of the deformation of microproject ions  can vary.  If we use equa- 
tions for a regular  spherical  waviness,  we obtain the following relat ion for the plast ic contact of the m i c r o -  
projections: 

_ ~ { A% / ~  

where v is a parameter  of the bearing surface curve; A and B are  coefficients which depend on the geo- 
met r ic  charac te r i s t i cs  of the roughness and waviness and mechanical  propert ies  of the mater ia l s  of the 
solids in contact with each other. 

In the case  of elast ic  contact of the microproject ions :  

pg~-~ , 

In the ease of a contact between two rough surfaces ,  the pa ramete r  v can change in the range v = 2 
to 6 [12]; consequently, the exponent for the specific compress ive  s t r e s s  in Eqs. (7) and (8) 

6 ~ - - 1  ----0.915-0.97 and 6~ ~ - 1  ~_~ 0 .865-0 .95 .  
6v 6v + 3 

Improving the quality of the surface leads to an inc rease  in ~2 [12] and a decrease  in the values of r 
and R 2. It was also shown in [13] that the rat io of the wavelength to its height and the radius of curvature  
of the top of the wave increase  as the process ing improves  in quality; this leads to an inc rease  of the r e l a -  
tive a rea  ~l and to a decrease  of r and R l. Consequently, both R 2 and R 1 decrease  as  the surface  smooth-  
ness increases .  By using the geometr ic  charac te r i s t i cs  of the roughness and waviness introduced in the course  
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T A B L E  2. C o m P a r i s o n  of Expe r imen t a l  Data (for contact  pa i r s  ex-  
hibi t ing l ack  of  p laneness)  with T h e o r e t i c a l  Resu l t s  Der ived  f r o m  
the Idea l ized  Model  (Calcula t ion based  on Eq. (13)) 

Contacting pair r 
e-# 

Molybdenum 
X18H9T steel 

3,7.10 -a 
8,4.10 -3 

1,78.10 -2 
3,66.10-~ 
5,54.10 -~ 
7,42.10-~ 

6,3.10 -a 
1,46" 10 -~ 

3,515.10 -~ 
5,57.10-~ 
3,14.10-* 

Molybdenum - 
molybdenum 

G~ M r H 

exDeri- calcula- 
mental tion from 
values Eq.. (1) 

2,97 5,70 
2,20 3,74 
1,62- 2,47 
1,05 1,48 
0,842 1,025 
0,692 0,84 

2,86 4,44 
2,02 2,85 
1,35 1,61 
1,01 l , l l  
0,676 0,758 

Equivalent I . . . .  
]departure [~uanty or 
[from plane-[surface 
In ess, ] treatment__ 

5 V9 

4 V 9 

of the inves t iga t ions  [13] and [14], it can  be shown that  the r e l a t i on  be tween the  p a r a m e t e r s  R 1 and R 2 can  
change as the method of t r e a t m e n t  changes ;  i t  t u rns  out that  in m a n y  c a s e s  in the p r a c t i c a l l y  encountered  
r ange  of contac t  p r e s s u r e s  R 1 > R 2. 

The p a r a m e t e r  OZM, defined by Eq. (7) can be wr i t t en  in the f o r m  

1 ~ ptla 1 
a N - -  RM ~A ~Pl I + B ~P2 1 (9) 

�9 4 v - - I  
A % p 6-7- 

Since I F0h)[  < 1 in Eq. (6), the p a r a m e t e r  r c a n b e  wr i t t en  in the f o r m  of a s e r i e s  [15]: 

1 1 
1 - -  f (nl) + f~ (nl) - P (n~) + . . . .  ( lo )  

r  1 -}- f Oh) 

In a g r e e m e n t  with the  equat ions  fo r  e l a s t i c  contac t  in the c a s e  of  sphe r i ca l  wav iness ,  the  r e l a t i on  
of the p a r a m e t e r s  ~?l to load is  given by the equat ion 

~1 ~ nP 2/s, (11) 

w h e r e  n is  a coeff ic ient  depending on the g e o m e t r i c  c h a r a c t e r i s t i c s  of the  waviness  and on the mechan i ca l  
p r o p e r t i e s  of the ma te r i a l .  When Eqs. (10), (6), and (11) a r e  taken into account ,  Eq. (9) can be wr i t t en  
in the f o r m  

% = k-~ (Dip 1/a -]- D2p z/a + Dap + D~p ~/a + . . . )  
1 +  B % 1 

4 ' r  A r 
p 6 v  

(12) 

w h e r e  D1, D2, D 3 . . . a r e  coef f ic ien ts  which do not depend on the load. 

If R l > R2, then B % 1 4~-t ~ 1. The  f o r m  of Eq. {12) qua l i ta t ive ly  explains the non l inear i ty  of the 
A tp~ pe~ 

r e l a t ion  ~ M a / ~ M  = f[(P/3CrB)k] in l o g a r i t h m i c  coo rd ina t e s  as  a funct ion of  the p a r a m e t e r  (p/3crB)k over  
a wide r ange  of values .  This  t he o re t i c a l  a n a l y s i s  is  somewha t  s impli f ied.  Under  ac tua l  condi t ions ,  the 
n u m b e r  of contour  a r e a s  of t angency  can  change with loading because  of the va r i ous  heights  of d i f fe ren t  
waves .  It should a l so  be noted that  fo r  loads  c lo se  to z e r o  (for a sma l l  n u m b e r  of  m i c r o p r o j e c t i o n s  in the 
contac t  area)  Eq.  (4) can  be i naccu ra t e .  

The t r a n s f e r  of heat  in the contac t  under  v a c u u m  condi t ions  o c c u r s  not only by m e a n s  of t h e r m a l  con-  
duct ion th rough  the  patches  of the ac tua l  points  of contact ,  but a l so  b e c a u s e  of radia t ion.  However ,  c a l -  
cula t ions  have shown that  even f o r  sma l l  va lues  of the complex  (p/3crB)k , i .e . ,  fo r  c o a r s e  s u r f a c e s  and 
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Fig. 3. The resu l t s  of process ing exper imental  data re la ted to contact thermal  exchange in vacuo: 
1) a l u m i n u m - u r a n i u m  [5]; 2-4) a luminum-a luminum,  a lu m in u m - i ro n ,  and a luminum-uran ium,  
respec t ive ly  [3]; 5) u r a n i u m - " m a g n o x "  alloy [4]; 6) KhlSN9T steel  [2]; 7) DT16 alloy [2]; 8) 
niobium [1]; I) approximate relat ionship (1), obtained f rom the data of 1-8; 9) s teel  45, ~5 /V5 ,  
VS/V8 [7]; 10) s teel  1 • 13, VS/V8 [7]; 11) s teel  20, VT/V7 [8]; 12) magnesium V9/V9 [6]; 13) 
molybdenum-KhlSN9T,  V9/V4,  V9/V5,  V9/VS; 14) KhlSN9T, machined, V8/V8; 15) Kh18N9T, 
grinding V9/V9;  16) KhlSN9T, machining with subsequent fine finishing, V10/V10; II) approxi-  
mation of Eq. (3). 

Fig. 4. Sketch showing the contact between rough areas :  1) idealized sketch of the contact [1) ~part 
of the contour a rea  of tangency S1; 2) d i sc re te  patch a rea  of the actual contact $2; b I • b 2 = Snore; 
the nominal a rea  of tangency; Hi = S1/Snom and ~72 = $2/$1 ra t ios  of a reas  of tangency]; II) a con- 
tact  element with one contour a rea  in the center .  

high hardness  subjected to small  compress ive  loads, the contribution of thermal  radiat ion to thermal  con- 
ductance of the contact does not exceed 3 to 5% at 500~ The amount of heat t r an s f e r r ed  by radiat ion can 
be taken into account by using a l inear  approximation for  the law governing radiat ive heat t r ans fe r  be-  
tween two paral le l  surfaces .  

In conclusion, we want to focus on the following question. As is well known, processed  surfaces  can 
have not 0nly roughness and waviness,  but they can also possess  a so-cal led mac rogeomet ry  charac te r iz ing  
cer ta in  e r r o r s  in thei r  shape which depend on many factors .  The most  cha rac te r i s t i c  mac rogeomet ry  is 
lack of planeness. The exper imental  investigations of Fr ied  and Costello [10], of Clausing and Chao [9], and of 
e ther  authors  showed the s trong effect  resul t ing f rom lack of planeness on the contact thermal  res is tance .  
In tes ts  per formed by the author, a lack of planeness of 4 to 5 p for  a molybdenum-molybdenum pair,  and 
a molybdenum-KhlSN9T steel  with sur face  smoothness in the ninth class lead to a dec rease  in contact 
the rmal  conductance by a factor  of 2 to 4 in compar ison to the general ized re la t ion (1). A detailed analysis  
of the effect of lack of planeness on the contact thermal  r e s i s t ance  is beyond the scope of this paper. It 
should be noted, however, that to give a universa l  equation for  calculating the dependence of contact t he r -  
mal r e s i s t ance  on the extent of lack of planeness is not possible,  since it  would be neces sa ry  to know not 
only the magnitude but also the charac te r  of the lack of planeness.  For  surfaces  which can be represen ted  
by the sketch shown in Fig. 4, II, Clausing and Chao give the following equation [9]: 

~M 2-1.285~ 1/3 
a~r. = :z~ (1.285~1/8) , (13) 

where  rH is the radius  of the normal  region of the contact (Fig. 4, II); ~ = P rH/EMd is a dimensionless  
quantity {EM = (2EM~ " EM2)/(EMI + EM 2) is the reduced elast ic i ty  modulus; d is the equivalent depar ture  

f rom planeness); r (1.285[ 1/~) is a coefficient  which takes into account the finite s ize of the the rmal  cu r -  
rent  channel [see (6)]. 
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The depa r tu re  f r o m  contact  Planeness invest igated by the author  was of such a cha rac t e r  that the 
actual  contact was fo rmed  around the pe r iphery  of the su r face  r a the r  than at the center .  Under these  con- 
ditions, t he re  can be s eve ra l  par t s  of the a r e a  of tangency, r a t he r  than a single such part ;  this was shown 
by Clausing and Chao [9]. This  can explain the fact  that the exper imenta l  values  of contact t he rma l  r e s i s -  
tance a r e  somewhat  s m a l l e r  than those  given by calculat ion based on Eq. (13) (Table 2). 

A compar i son  of Eq. (13) with exper imenta l  invest igat ions by var ious  authors  shows that it is  neces -  
s a r y  to take into account  t h e r m a l  r e s i s t a n c e  caused by roughness  which was neglected by the authors  of 
[9]. This is  espec ia l ly  impor tan t  for  smal l  depa r tu re s  f r o m  planeness.  

NOTATION 

aM 
RM 

XM 
XM = 2~MIXM2/(~M i + AM 2) 

Hav 

k 

P 
cr B 
EM 
EM = 2EM1EM2/(EM 1 + EM 2) 

Snom, SI, $2 
~] = S2/Snom, ~2 = $2/SI 
a 

rb 
d, r H 

~I, ,~2 
q 

tK 
At 

RK 

is the t he rma l  conductivity of contact;  
is the t he rma l  r e s i s t a n c e  of contact;  
is the t h e r m a l  conductivity of ma te r i a l ;  
is the reduced the rma l  conductivity (subscr ipts  1 and 2 r e f e r  to ma te r i a l  
of contacting bodies); 
is  the mean  height Qf mic ro roughnes se s  (subscr ipts  i and 2 r e f e r  to con-  
tact  sur faces) ;  
is the coefficient  depending on height of mic ro roughnes se s ;  
is the contact  p r e s s u r e  (specific compres s ing  load); 
is the u l t imate  s t rength (for m a t e r i a l s  with l ess  strength);  
is  the e las t ic i ty  modulus; 
is the reduced e las t ic i ty  modulus (subscr ipts  1 and 2 r e f e r  to ma te r i a l  
of contacting bodies); 
a r e  the nominal,  contour, and actual  contact a r ea s ;  
a r e  the re la t ive  contact a r e a s ;  
is the mean  radius  of contact  spot; 
is the radius  of contour a rea ;  
a r e  the geome t r i c  p a r a m e t e r s ;  
a r e  the coefficients de te rmined  theore t ica l ly  at  given values of Vl and V2; 
is the heat flux; 
is the t e m p e r a t u r e  in contact  region; 
is  the t e m p e r a t u r e  drop in contact;  
is the the rma l  r e s i s t a n c e  of contact  in gas media.  
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