THERMAL CONTACT RESISTANCE IN A GASEOUS MEDIUM

V. M. Popov and A, I. Krasnoborod'ko UDC 536.21

The thermal contact resistance of junctions with rough flat surfaces in a gaseous medium is
studied theoretically and experimentally. A working equation taking account of the Smolukhov-

skii effect is derived.

It was shown in [1, 2] that by making a number of assumptions the thermal contaet resistance R, of
flat rough surfaces in contact in a gaseous medium is described by the equation
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The thermal resistance of the actual contact Ry, 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
Rp=—2 . %, (2)

- 2%y W

where an analytic solution for the coefficient of constriction for constant temperature of the area of contact
has the form
¢=1—17"1L07. (3)

The main difficulty in using Eq. (2) is in findingn and a. The value of n can be calculated from a uni~
versal relation recommended in [3]:

TABLE 1. Values of v, b, Ttpanas long’ Ytrans: and yiong

T ¢ . Classof sur -
'ype of preparation face finish v b (Tuans,# \Tong,# | VUtrans | Ylong
i
Steel 45, steel 80, 1 Kh18NIT, 30KhGSA, brass

Surface grinding v5 2,05 (0616 6,2 1250 | 10° 1P

v6 1,95 | 0,93 7.5 3110 8° 40’

v7, v8 1,76 | 1,37 12,4 4700 4° 207

v9 1,461 1,97 20,6 15290 2°30 10°

Shaping v4 2,1 1,64 17 157 12° 2
v 1,97 | 1,97 30 246 9°30" 1°30"

v6 1,95 | 2,04 92 610 6° 40’

2,1 164 940 | 5° I o0

D16, D16T, D1T, titanium

Surface grinding v, 98 187110 B 235 18° 2°30
v7 1,62 | 1,25 21 41 15° 1°30¢

v8 1,3 11,38 30 5§63 12° 45

v9 1,22 (1,6 33 ‘ 870 6° 30°

Shaping vd 2,00/2,1 | 23 | 175 | 12030’ | o°

vb 1,85 1] 2,28 45 I 297 8°30° 1°

v6 1,63 | 2,35 121 | 707 7° 50"

v7 1,5312,46| 180 | 1044 5° 40’
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- Fig. 1. Thermal resistance of actual
contact R in m? . deg/W as a function
of the load P in Pa for a 1Kh13 pair at
initial loading (T ,=438°K): 1) V9b (grind-
ing, Véa (shaplng) hmax =2.4-107¢
m; hmax2”14 1-107% m; 'Ytrans =4°
'Ylong—zo v=1, 97 b= 2 rtrans 92 -
107" m; rigpg =611+ 107 m; 2) Vob
(grinding), Vba (grinding): hma%:l
2.55°10m; h o =5.210"

Yirans =3% Ylong =20°% v =1.76; b= 1 37;
Tirans =50 107" m; rigne =310 108 m.
Open curve calculated from Eq. (7).

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

.

Here hy,y for repeated loadings is replaced by hy,x (1

v
( W&V Tep \vT-w‘
’I] = | ————

max KB/ “

By analogy with [2, 4-6] crude approximations for
average loadings can be made by taking the radius of micro-
contact areas as constant and equal to 30 . For accurate
calculations it is necessary to take account of the change in
size of the contact areas with roughness, the kind of material,
and the loading. We use a conical model of rough surfaces '
and introduce the following restrictions: 1) the height of the
microprojections is the same in the transverse and longi-
tudinal directions; 2) the radius of the base of a cone is
equal to hy,y (tan yi oo tanylong)'i/ 2, Then for a rough
surface in contact with a smooth surface the radius of the
area of contact for a deformation of a projection by an a-
mount d is equal to

a=d/|tgvy| (5)

By substituting for d from the equations In [3]¢ =d/hpax:
n =beV, the last expression becomes

hmax(ﬂ/b)l v
el )

hmax(1/6)"” (1—1,@”2+0.7n )
06370 tE 7| :

0 )

— Ecp)-

Ordinary engineering calculations can be performed by using the values of b, v, rtrans, rlong, Ytranss
and Ylong from Table 1 obtained by processing a large number of curves of reference surfaces constructed
from profiles of metal surfaces treated by the most typical mechanical processes.

The correctness of Eq. (7) was tested by using samples of 1Kh13 on an arrangement of the rod type
[6]in a high vacuum. Figure 1 shows that the experimental and theoretical results are in satisfactory

agreement.

The thermal resistance of the medium due to the resistance of the gaseous interlayer is given in

general form by the expression

R:

g 8)

oayl ©2

By the equivalent thickness 6 we understand the thickness of a hypothetical gaseous interlayer which

has the same conductivity as the variable thickness interlayer for the same thermal head. Asaconsequence
of the variable thickness of the interlayer of the medium the heat-transfer process will change as the width
of the gas gap approaches the mean free path of the gas molecules. Taking account of the Smolukhovskii
effect [7] the equivalent interlayer thickness is given by [8]

Sn

c ds
6=38 —
nf j 6, +L+1, ®)
0
Here the lengths of the temperature jumps J; and I, depend onthe kind of gas and the surface of the solid

and are determined from molecular-kinetic concepts [9].

To estimate the influence of the Smolukhovskii effect on § we introduce by analogy with [8] the dimen-
sionless quantities

X = ‘Smlax(ill—‘e) ’ =§max(§—s) . (10)
177 vy

634



n X/1-+1) 1
.mcS.+: + &:#: 4o : 4 s/ Lm: pxntr
60°0 SN £12'0 eIp'0 i
—_ N.NE ¢ : + 3 t 4
@ —D¥%ezpa‘0 lare‘y T UGy1e —algg's + oLL Ol — vl -+ d0g'S— ~ 31| pa Sudeys,  Aopre wranpeing
/ 11 it (x/1 /1
wc:.+:+.cq;._ 4 x . +;\¢w: D) el A
81°0 ¥95'0 6rE°0 1890 1
(8 — 1) X®Wozes<0 | 1843 1+ heg g ~—chigor ‘o1 + dhogr 21 — hggy 11 + Jigogg—=12 — | LA Swdeys!  Aopje urwnpeing
o«X/1-+1) 4 X+ 4 o(X/1+1) 42Xt D L XN -
2600 £e1'0 2350 Izp'0 [ oA Sur
@ — ¥ 9eea'0 jgog'y To-Up0'g - MggL 0 + R0t L F hge 1T —oliglgig a1 | i
g g1z a ~punig sowjing Kore upunyeang
oX/T+1D | Wx/i+1) o #xA+n L Xt o xit —
681°0 | 6930 ) 7.8 1 o~
X ‘ . . p ‘ ‘ .
(a— 1) *® s 1540 lg6ez “1--ligge') — g6’ 1 + 6zp' v +5ligze ‘6 — olo0g'e = 2 — 1 | pundeoepmg Korte wumjeing
-+ +10 7T X/t #{X/1 -
ox/1 . D, oxn . D LU (x/1+1) pxatr
£11°0 8a1'0 €30 €650 1
(a—1)*"Uoe1gg {1361 T lopT'e —ohgzte - lg9L o1 — i pl 4 ozie— =8 —1 | A Sudeys: 19918
- +1 n -+ (X/1-+ 1) T+
,cm\l.: 4 X , ) +n02~: 4 Hxt : XAt _
Lo €20 62€°0 L18°0 I
(a—1) ¥®Waepp 0 | 283°2 1+ Ugos —aug6's -+ M3to el — 6Lz el -+ oz g — =3 — 1 LA Buideys 19918
- ( /
._Q:.+: + o(X/1 x_. Y 4 vx\_(.T: n NCSJ.r: + X4
e1'o ¥81'0 183°0 18%°0 ] eA S
(-1 **ozgv 0 | 020'2 ‘1 +lge'e — oz T 4 622'9g — gL vE + METT6— = 2 — 1 |- _pupig soeging 19018
-+ + 1+ /1A
«X/1 *. 1) n dcn:_M D, XN .: + «{Xx/1 . 1) g 4
Sez'0 30E°0 €0t'0 6.8'0 1 .
1) XBUI ¢ ‘ oL ! N o] (o o ‘6 — [P 64 UL -
(a—1) **™es6¢°0 | 6153 1 hzep't +ipeg T - igs e - sge9's — digog's = 9 — - puyS oeymg —
9 A SSBTO
(xH=21 *(W){=3—] SUOTIOUNY R paredaid TerioleN
pue pomiowt
ey Sy uomnieledold

S93BUIPJIO0]) SAIEBISY Ul S30BJING JO S0AIND 90UsIeIoY Suijsse00ad Jo siinsey 'Z IV

635



Y +
I : 1) [
o TS
/4 | .%:.—i | ]
d ! +’°2°+0—"gg _A_A_L:__.¢ -
R
+/’+/ g +
2 ZN A4
+ {// Xx—/ + —@
X # +/;o/¢ 0o—2 a—9
5107 al e —3 n—4g
17
pas vV~—4 o—I
7 4 —5 6 —12
6—6 a—/3
+ V—7 ¢—u
2w’ w1 5 0 o X

Fig. 2. Results of processing experimental data on the
equivalent interlayer thickness for contacts of highly elas-
tic metals in relative coordinates (I, II, grinding, respec-
tively, V9, v5; III, IV, shaping and milling, V7, V5): 1)
air [10}; 2) air [11]; 3) air [12]; 4) air [6]; 5) air [6]; 6) ar-
gon, helium {13]; 7) air, argon {14]; 8) helium, argon,
neon [8]; 9) air [15]; 10) air [16]; 11) air, helium [17]; 12)
air [18]; 13) air [19]; 14) air [20]. The curves were plot-
ted from the equations of Table 2,

1

dy

5s+ux'

0

Then in relative quantities Eq. (9) for the contact of plane rough surfaces takes the form

(11)

It is of practical interest to obtain working formulas for & in which the surface geometry is deter-

mined by the form of the actual protuberances and their distribution in height. Such formulas can be ob-
tained from reference surface curves,

- Longitudinal and transverse surface profiles were taken from a large number of steel and Duralumin

samples subjected to various forms of mechanical treatment and used to plot reference surface curves,
The processing of these curves led to the family of approximating functions 1 — ¢ =f¢;) tabulated in Table
2. The table also gives equations for the equivalent thickness of the interlayer obtained by integrating Eq.
(I1) using the function 1 — ¢ =f¢). These equations are plotted in Figs. 2 and 3,
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Fig. 3. Results of processing experimental data on the equiva-

lent interlayer thickness for contacts of highly plastic metals
in relative coordinates (I, II, grinding, respectively, V9, V3;
11,1V, shaping and milling, V8, v4): 1) air, hydrogen [10];
2) air [2]; 8) air [6]; 4) air [15]; 5) air [5]; 6) argon, helium
[21]; 7) air [11]; 8) air [18]; 9) air, helium, hydrogen (4]; 10)

air [17]; 11) air [22],

tions of Table 2.

The curves were plotted from the equa-



Fig. 4. Thermal contact resistance Rg

in m? deg/W as a function of loading for
1Kh18N9IT pairs (1, 2) and D16 (3, 4) for
initial (1, 8) and subsequent (2, 4) load-
ings: 1, 2) surface finish V8a, V5, Ppax=
350 - 10° Pa, T,=383K; 3, 4) V5, V9a,

2 P ax =220 10° Pa, T;=373°K. Open
curves calculated from Eq. (14).

0 10 157

An analysis of the equations of the equivalent interlayer thickness shows that for small values of X
(direct contact) Y =X or § —; +Iy; L.e., heat is transferred through the gaseous interlayer mainly by free
molecular heat conduction. As X —w, i.e., for a continuous intercontact medium, Y and approach the
limiting values given in Table 2, The data in this table on the choice of 5, in contrast with model schemes
in the interpretation of the authors of [2, 8], were obtained by taking account of the geometry of the actual
surfaces.

The correctness of the proposed equations can be judged from the calculated curves shown in Figs.
2 and 3 and data for the conductivity of the medium calculated from experimental values from various
papers. For X> 0.2, which is of the greatest practical interest, the experimental points are in good agree-
ment with the values calculated from the equations of Table 2, The spread of points is characteristic of
experiments under small loads where it is difficult to select the actual value of 5y,5¢ because of the lack
of data on hypgx.

Taking account of the above, Eq. (8) is rewritten in the form

R (hmax, + fimax, (1 — €)

g ?»gY

(12)

Here Y is found graphically from Figs. 2 and 3 or analytically from the equations of Table 2., For
contacts experiencing repeated loadings up to pressures no higher than P . . the numerator of Eq. (12)
must be replaced by (hmax1 +hmax2) (I — g,y) and assumed independent of pressure.

The relative convergence can be determined from the expression given in [3]:
: 1
~p \"e
&= (abKBhw > : (13)

max

Substituting (7) and (12) into (1) gives a final expression for the total thermal contact resistance of
junctions with plane rough surfaces

! o gy "
&, =005y h/L WS L 07
c max( /b) (i— 179" +0.7v)

. )»gY
T n .
(hmaxl + hrhaxz Hi—e)

(14)

Figure 4 compares the theoretical and experimental data for contact pairs of 1Kh18N9T and D16.
It is clear that in the region P/E >(1-1.2) - 10~ for highly elastic metals and P/E> (2-3) . 10~ for highly
plastic metals the experimental data are in good agreement with the theoretical curves plotted from Eq.
{(14). '
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The working formula (14) enables one to compute the contact resistance for a given surface finish,
materials of the contacting pair, and loading. "

NOTATION

R, total thermal contact resistance; im =D midtme/ Am1 +Amy), reduced thermal conductivity of
materials of contacting bodies 1 and 2; xg, thermal conductivity of intercontact medium; 7, relative area
of actual contact; ¢, relative convergence of surfaces; ecy, critical convergence at Py .5 P, Pr o, re-~
spectively, contact pressure and maximum specified contact pressure; hyyax, maximum height of micro-
roughness; S,, nominal surface of contact; r, radius of protuberances of microroughnesses; the subscripts
trans and long refer to machining in the transverse andlongitudinaldirections; v, angle of inclination of
microroughnesses; v, b, parameters of reference surface curve; w, coefficient depending on the nature of
the deformation; B, coefficient characterizing the material properties; K, coefficient depending on vy and
w; a, coefficient characterizing the ratio of areas during convergence; §;, dmax> respectively, local and
maximum thicknesses of the interlayer; T,, average temperature in the contact zone.
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