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Abstract

The thecretical relationships for
determining contact, gap and joint con-
ductances are developed for conforming
rough surfaces for first loading. The
dimensionless conductances are func-
tions of the relative contact pressure,
surface parameters, conductivity ratio
and a fluid parameter which depends
upon several gas and surface character-
istics. The proposed conductance cor-
relations are supported gquantitatively
by some previcus experimental results.

Nomenclature

Aar Ap = apparent and real contact

areas
a, aj = mean and distributed con-
tact spot radius
b, bj = mean and distributed flux
- tube radius
c = %5 dimensionless contact
S conductance
14 ’
gg S = contact, gap and joint di-
mensionless conductancas
B = hardness
fe, by -
hj = contact, gap and joint con-
ductances
K * kgo/kg conductivity ratio

k1, k2 = coOnductivity of the contact-
ing solids

kg' kgo,

kg = gap, gas and harmonic mean
conductivities

M = a8\ gas parameter

m = mean absolute surface slope

n = contact spot density

P. Pgy .

Pgo = relative contact pressure,

gas pressure and reference
gas pressure
Pr = ucp/kg Prandtl number

Q = heat flow rate

Re, Rei = contact and contact spot
constriction resistance

T, To = gap and reference tempera-
ture

ATe = contact temperature drop

X = Y//2g dimensionless para-
meter

¥, Ya = separation and effective
separation between the sur-
faces
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Greek Symbols

a, a1,

al = accommodation parameter and
accommodation coefficients for
solids 1 and 2 .

8 = (2Y/Y+l)/Pr gas parameter

Y = cp/cv specific heat :atio.

A Ao = molecular mean free path

e TYs

a2 = effective surface roughness
and surface roughnesses of
solids 1 and 2

Yor Wei = mean and contact spot constric-
tion paramecers.

Introduction

The problem of predicting and measu-~
ring contact, gap and joint thermal con-
ductances has received considerable att-
ention during the past two decades be-
cause of the importance of the topic in
many heat transfer systems. Comprehen-
sive surveys of literature on this sub-
ject can be found in several references
{1-8] . significant progress has peen
made in our understanding and ability to
predict thermal contact conductance.
(9,10,11,14,15,13,19,20,22) The study
of thermal contact conductance in a
vacuum is fundamental to our understan-
ding of thermal gap conductance when
interstitial fluids are present. The
present state of knowledge has reached
a point where simple, explicit correla-
tions can be developed for the contacst,
gap and joint conductances.

The purpose of this paper is to
establish correlations for conforming
rough surfaces when interstitial f£fluids
such as greases and gases are present in
the gap. The proposed correlations will
be compared with existing empirical data
to demonstrate quantitatively the valid-
ity of the assumptions used to develop
the models.

Thermal Conductance Correlations

Geometric, Physical and Thermal Assumptions

The contact and gap conductance cor-
relations develoved here are based upon
the following assumptions:

(1) The surfaces are microscopically
rough and macroscopically conform-




ing.

(2) The asperity heights are gaussian and
the asperities are randomly distribu-
ted over the apparent contact area.

(3) The ccntacting asperities deform plas-
tically during the first loading.

(4) The plastic deformation occurs in the
softer solid and the flow pressure is
constant and approximately equal to
three times the elastic limit under
tensile stress.

(5) During the plastic deformation of the
highest peaks, the substrate and the
bulk of the solids undergo elastic
deformation.

(6) As a result of the deformation, there
are. N circular contact spots within
the apparent area A;.

(7) The contact spot radii aj are distri-
butad.

(8) An equivalent circular £flux tube of
radius bj is associated with each
contact spot.

(9) The contact spots are isothermal.

(10) The total heat flow rate through each
flux tube can be separated into two
independent heat flow ratas: contact
spot and gap flow rates.

(11) The effective gap thickness is depend-
ent upon the surface roughness and the
relative contact pressure.

(12) Noencontinuum gas effacts must be taken
into account.

(13) The surfacas are clean free of oxides,
films, etec.

(14) Radiative heat transfer is negligible.

Contact Conductance Correlaticn

The total constriction resistance of
the ith centact spot is

- yeiy . Yeis
4k jaj

1
4k2a; )

where Vcji, and wc1 are the thermal cons-
triction %or sntea ing) parameters which
depend upon the relative size of the con-
tact spot. Because of geometric and ther-
mal symmetry about the contact plane we
can put

aj . 1.5

Yeip =¥eip = ¥ei * 1 - —57) (2)

provided 0 <aj/bj ¢ 0.3.

If we let kg = 2kiky/ (k1 + k3), the
harmonic mean thermal conductivity, then
Eg. (1) can be written as

Rej = ¥ci/2kgaj (3)

The total contact resistance of N con-
tact spots thermally connected in pazallel
is therefore,

d N oa;
1 . 5 L. kg iﬁ; (4)
Re i=1 Rei i=1 ‘ei

The contact conductance can be derived
by means of the following definition:

Qc = hcAaATc = ATC/RC (5)
Therefore,

2k ¥y
hc = _i Y 1 (6)

Ra a1 Yei

Noting that aj/bj £0.3 and 0.85% ¥o;<l

the specific constriction parameter ch
appropriate to each contact spot can be
replaced by the mean value of the constric-
tion parameter Y. based upon the total

set of contact spots.

Therefore we have

boiz¥e = (1 - e)td

(7)
where a/b = ¢ =/ A, 7A . The mean con-
striction parameter depends gpon a and b,
the contact spot and associated f£flux tube
radii respectively determined by the
total real and apparent areas.

A detailed geometric analysis of
interacting conforming rough surfaces
(14,19,20) yields the following impor-
tant geometric results:

i) Contact conductance parameter
¢ _ai 1 m 2
— B e st @XD (=X %) 8)
isl A2 4,37 9 P (
ii) Relative real contact area

e . ;i = 1erte (9)

iii) Contact spot density

m)Z exp (~x2)

no= IK( ectc (x) (10)
iv) Mean contact spot radius
f3 3 s wten

a = /3 5 exp(x®) erfc(x) (11)

whera x = ¥/720 and Y/0 is called the
relative mean plane separation. The
surface parameters O and m are the effac-
tive rms surface roughness and the effac-
tive absolute surface slope respectively.
They are determined as follows:

GZ' = 612 - 0'22 (12)
and
ml = m2 + mzz (13)

Assuming plastic deformation of the
contacting asperities during the first
loading leads to a relationship between
the relative real contact area and the
relative contact pressure. A force
balance on the real and apparent contact
areas gives




; = ;ﬁ =2 = % erfc (x) (14)

This relationship between € and x allows
one to compute the other surface-para-
meters. After substitution of the contact
conductance parameter, Eg. (8), into the
contact conductance expression, Eg. (6),
we obtain after multiplying by J/kg, the
non—-dimensional contact conductance,

che m

ks /277

exn(-xz)
(1-:)1'3

(15)

with x = erfc~1(2P/H) and € = YP/E. The
complex expression of Eq. (15) was corre-
lated by the following simple expres-
sion: .

Ihe p 0.95
Ts = 1.25 a E) (16)

which agrees with the exact expression to
within £ 1.5% for 2 < ¥/9%4.7S.

Alternate Development

of Contact Conductance

Here we assume N microcontact spots
all having the same mean radius a and
associated circular flux tube of mean rad-
ius b. The total contact resistances is as
above

'Rc,m":_:a_ (17)
and the contact conductance is
he = 2nakg/Ve (18)
where n is the contact spot density.

The preduct of Egs. (10) and (1l1l)

yields

2 exp(~x2) (19)

4/ ° .
Substitution of Eq. (19) into Eq. (18)
gives Eg. (15). To simply further calcu-
lations, two additional correlations for
Y/0 and a will be derived.

na =

From Eq. (l4) we obtain

P.547

V2% = ¥/ = 1.184{-1n(3.132p/H) {20)

Multiplying Eg. (ll) through by x gives

B ax ,f%" xexp (x2)erfe (x) (21)

In the range of interest 1.41< xs
3.16, we can write

xexp(xz)erfc(x)=0.52 (22)
Substitution of Egs. (20) and (22) into
Egq. (21) yields

12 2 0.99(-1n(3.1320/m 170347 (23)

Rnowing the surface characteristics
m and ¢ as well as the relative contact
pressure P/H one can compute the mean con=-
tact spot radius by means of Eg. (23).

Gap Conductance Corralation

Heat transfer across the gap is very
difficult to analyse because of the com-~
plexity of the geometry of the gap which
determines whether the local heat transfer
can be modelled as continuum, slip or rare~
fied. To overcome these difficulties it is
necessary to model the heat transfer from
an overall point of view. To this end it
will be assumed that the gap heat transfer
can be modelled as heat transfer between
two isothermal parallel plates which are
separated by the distance Y, which is the
effective gap thickness. The effective gap
thickness is some fraction of the distance
between the mean planes Y.

The simplest model assumes Yo = Y for
greases and liquids which completely wet the
two surfaces, and for gases we take

Tg = ¥ + aB8A (24)

In Egq. (24) o is the accommodatioen
coefficient defined as
-2y 2-34

PRyt (231

where =; and G5 are the accommodation co-
efficients. These coefficients are complex
parameters which depend upon the micro-
geometry; the gas and solid molecular
weights; and surface contaminants such as
oxides, films, etc. They are usually decer=-
mined empirically; typical values for a1y
range of gases are reported by Shlykov.

The £luid parameter 8 is detarmined by

- (27 1
8 (711)5? (26)

where Y is the specific heat ratic and Pr
is the Prandtl number.

The molecular mean free path A is de-

pendent upon the gap mean temperaturs T and
the gap pressure Pg,

A = Ay (T/Tg) (qu/?g) (27)

In BEq. (27) the subscript refers to some
reference level.

Por the effective gap heat transfer
area, we have

Ag = Ay (l-€2) =a, . (28)

because £50.3; therefore, for the .gap con-
ductance, we have

hg = —Kga_ (29)
v+ aBA

To nondimensicnalize Eg. (29) multi-
ply by (3/ks) to obtain the gap conduct-
ance correlation




Thg (kgo/ks)

= (30)
s (Y/0) +a8Aq (T/Tg) (Pgo/Pg)
or for convenience we write
h
99 . X (31)

Xy - (T/9T+H

The relative gap thickness (¥/0) is
determined by means of Eg. (20).

For most practical contact problems
the various parameters appearing in Eq.
(30) are limited to the ranges shown in
Table 1.

Table 1 Tyoical Ranges of the Parameters

10=5 <p/E <10~2 -
4.26 >Y/qg >2.34

0.2um < o <4um
0.03 <m <0.3
2 < a <10
1 < 8 <2
0.04um < A <0.19um

0.01 <A°/0 <1l.0
-1074 <kgo/ks<2xlo'2

Joint Conductance Correlation

The contact and gap heat transfer
rates are approximately independent for
the practical contact problems of inter-
est here. Therefore, the total or joint
conductance hy is equal to the sum of the
contact and gap conductances,

hj = hc - hg (32)
Multiplying by (9/kg) gives

Kg ke kg

or for convenience as
Cj =G+ G (34)
Comparison of Theoretical and

Experimental Results

The joint conductance correlation
developed in this paper will be compared
with the experimental results reported in
references 22 and 23. The pertinent
geometric, physical and thermal para-
meters are given in Tables 2 and 3.

Table 2 Geometric, Phvsical, Thermal

Parameters of Reference 22

Solids: Stainless Steel 416 Pair

k1 = kg = 25.26 W/mK

kg = 25.26 W/mK

Hy = 8, = 2.59x10° »a

H = 2.59x10° pa

61 = 3.8lum g, 1.57um
g = 4.1lum

m; = 0.092 mp = 0.092
m = 0.130

Fluid: Aair at 377 R and one atmosphere
Kgo = 0.0298 W/mK .. K = 1.18x1073
Assume 31 = a5 = 0.9 ..o = 2.24

8 = 1.64

iy = 6.40x10°8 m .. &2 = 1.s0x10-2

T . Pgo ,
o 1.31, Pg 1.0

M = a8 (A5/0) (T/Tg) (Pge/Pg) = 0.081

Table 3 Geometric, Phvsical, Thermal

Parameters of Reference 23

Solids: Molybdenum Copper
k (W/mR) 140 380
g(10-8pa) 18 5.0
kg (W/mK) 204.6
H(10-8pa) 5.0

P 6.90x104%pa
p/H ' 1.38x107¢

g1 = g2 = 0.625um .. ¢ = 0.884um

my = mp = 0.07 (assumed) .. m = 0.10

Fluid:
kgo = 0.0337 W/mK
@ = 2.33
= 1.64
6.40x10~8 m

Air at 288 X and one atmosphere
o K = 1.63x10”4

- w
o
]

-
[0

7.24x10~2

?
1.00, 539 =1
g

Q
s
L]

M = aglAs/c) (T/To) (Pgo/Pg) = 0.277




Using Egs. (16) and (30) with the
data given in Table 2, we can develop the
following joint conductance correlation
for the contact described in refarance
22:

?.0.95 1.18x10-3

Cj=0.163(§) +*

(35)
The contact, gap and joint conductances
predicted by the theory and the measured
joint conductances are presented in Table
4. It can be seen that there is good
agreement between the theory and the mea-
sured values at three of the five relative
contact pressures. The predicted values
of C4 are approximately 35% below the mea-
Sured values at the lowest load and the
intermediate load. The author believes
that the measured value of C; = 17.66x10~¢
is questicnable because it i3 not consis-
tent with the other measured values. It
is difficult at this time to say anything
about the discrepancy between the theory
and the test result corresponding to the
lowest value of P/H. .

Table 4 Comparison between Theory

and Experiment (Ref 22)

104p/E 8.92 21.6 40.5 108 216
lod4c,  2.07  4.79 8.70 22.1 42.7
104cg 3.71  4.05 4.35 4.98 5.63
104¢;
(Tne%:y)5'73 8.84 13.05 27.08 48.33
104c;

b
(Expy) 7-72 9.25 17.66 25.43 43.46
% Dif-
forence~33:6 ~4.64 =35.3 +6.09 +10.1

By means of Egs. (16) and (30) and
the data given in Table 3, one can deter-
mine the contact, gap_and zoint conduc-
tances: he = 6.23x103 w/m?K, hg_= 9.75x
103 w/m2K and hy = 15.98x103 w/@2K. The
measured value feported in reference 23
is hy = 17.22x103 W/mK. It is seen that
the agreement is quite good.

In reference 23, a test result with
silicon grease is also presented. The
experimentally determined joint conduc-
tange was found to be: hs = 71.76x103
W/méK. The present model’predicts the
gap conductance to be

k k
hg = % = —E-g_ (36)
(F)o
With kg = 0.20 W/mK for silicon grease (23)
Eq. (3%) predicts hg = 62.36x103 w/m2g.
Adding this value to_he =_6.23x103 w/m2K
yields hsy = 68.59x103 W/m2K. The predic-

ted and the measured values are in very
good agreement.

0.081+1.184(-1n(3.1325)17-347

Conclusions and Recommendations

The reasonably good agreement between
the theoretical and measured values of :the
joint conductance is most encouraging.
However, much more empirical data is re-
quired before one can conclude that the
contact, 4gap and joint conductance corre-
lations presented in this paper are valid
for all contact conditions. It is recom-
mended that an experimental program should
be undertaken to obtain accurate test
results for a range of the important con-
tact parameters: P/H, ¢/m, K and M.
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