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Abstract

New gap conductance models are developed to
account for gas properties and pressure, and sur-
face roughness and its deformation under load.
Both slip and rarefied gas conditioms are incorp-
orated in the thermal model. Dimensionless gap
conductance correlations are presented in integral-
and graphical form. The conductance is depeandent
upon a modified Knudsen number, relative gap sep-
aration and a conductivity ratio. The proposed
correlations are in good agreement with limited
experimental data.

Nomenclature

A, = gpparent or unominal coutact area
Ag = projected gap area, Ag = Ay - Ap
ag = gap area variable
Ap = real contact area
B = gas parameter, B = (2y/y + 1)/Pr

Cg dimensionless gap conductance,
Cg = chglks

g,;» 8, = temperature jump distance for surface 1
and surface 2 respectively

B = hardness of the softer contacting solid

hy = gap conductance, h, = 1/(Rgd,)

K = gas-solid conductivity ratio, ¥ = k /kg

kl’ kz = conductivities of the contacting solids

kg = gas conductivity

kg = harmonic mean conductivity,

kg = 2k,k,/ (k) + k,)
gas parameter, M = aBA/o

M =

o = molecular weight of the gas

P = apparent contact pressure

Pg, Pgo = gas pressure and gas pressure at
reference conditions

Pr = Prandtl number, Pr = ucp/kg

Q = heat flow rate

q heat flux

gap resistance
gap resistance of an individual flux
tube

of?

Ro = uyniversal gas coustant

Tys T, = surface temperatures of the contacting
solids

To = reference gas temperature

T = mean gas temperature, T = (T1 + Tz)/Z

t = local gap thickness

Y = separation between the surfaces

* Professor, Associace Fellow ATAA

+ Graduate Research Assistant

Copyright © American Institute of Aeronsutics and
Astronautics, Inc., 1982. All rights reserved.

Greek Symbols

a = accommodation parameter

ay, a, = accommodation coefficients for solid 1
and solid 2 respectively

Y = ratio of specific heats, vy = cp/cv

A, Ao = molecular mean free path

4 = affective surface roughness, =/q% + g%

Oy, G = standard deviation of suriace heights of
surface 1 and 2 respectively

Introduction

The purpose of this paper is to present a com-
prehensive mechod for cazlculating the heat transfer
which occurs across the gap between couforming
rough surfaces under the presence of an inter-
sritial gas. The model requires that the surfaces
have Gaussian surface height distributions, having
no preferred lay difection, and that the deform~
ation of the comtacting asperities will be plastic
in nature. Although these restrictioms apply to
this particular solution, there is no reascn why
the basic approach suggestzd here camnot be used in
more general surface contact situationms.

Decreases in gas pressure which, according to
the kinetic theory of gases, lead to a redudtion
in the gas conductivity can successfully be
modelled by the methods presented here.

Thermal Gap Conductance: Geometric

Physical and Theraal Assumptioms

The gap conductance model developed here is
based on the following assumptions:

(1) The surfaces are microscopically rough but
: macroscopically conforzing.

(2) As mentioned in the introduction, the coan-
tacting surfaces have isotropic Gaussian
surface height distributions and conracting
asperities of the softer solid deform
plastically.

(3) The contact spots, and adjacent surfaces not
in contact, are isothermal, 2ach having the
temperature extrapolated from the body of the
solids.

(4) The total heat flow rate can be separated
into independent heat flow racas: contact
and gap flow rates.

(5) Nomcontinuum gas effects must be taken into
account.

(6) The variable gap thickmess will influence the
gap conductance and Tust thus be taken into
account.

(7) The surfaces are clean,
etc.

(8) Radiative heat transfer is megligible.

ree of oxides, films,
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Slio Flow Development

Consider heat
gas layer between
At atmospheric pressure,

transfer by conduction through a
two parallel {sothermal surfaces.
and with a fairly large

distance between the surfaces, the temperature dis-

cribution across the gap will be seen to be limear

{f the temperature difference
is not large. The resistance
across such a gap,
can be written as

Rg’en = t/(kgAg)

1f, however,
nonlinear temperature
served, with distinct

ature at the wall (see Fig. 1).
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across the surfaces
to heat transfer
under these continuum conditions,

the gas pressure is reduced, 2
profile in the gap is ob-
discontinuities cccurring
berween the wall temperature and the gas temper—

v

Fig. 1 Parallel Isothermal Plates Showing

Temperature Jump Phenomena

This discontinuity, or temperature jump, re—
sults from an incompleta energy transfer between
gas molecules and the molecules of the wall

material.

The magnitude of the temperature jump depends

on many factors, some of which are

(1) The ratio of molecular weights of gas and
wall material.

(2) Surface condition and oxide layers on the
surface.

(3) The gas molecular mean free path.

Traditionally, the temperature jump has been
the extra distances, g
and g,, which must be added to the gap thickness to

modelled by considering

maintain the temperature gradient as linear be-

tween the wall temperatures.
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_An expression relating the temperature jump,
through the temperature jump distance, g, TO the
accommodation coefficient can be obtained from the
kinetic theory of gases and is presented directly

here as
g - o) o @
ay tr + 1) Pr
If we define the accommodation parameter, &, as
g . @-ep) @) @
a, ey
the temperature jump distances will be given by
1
o )

g8 T8 T 1) Pr

Collecting together the variables relatad to
the gas behaviour the parameter B is defined
w2 L
Br D Br )
Recognizing that the mean free path, &, is
proportional to temperature and inversely propor-
tional to pressure we can say

?
g + 8y = o3ho G (F) (6)

represent some ref-

where the subscripted values
arence conditiou.

Adding the temperature jump distances to the
gap’thickness yields the following expression for
the resistance to heat transfer across the gap for
parallel surfaces in the slip flow regime.*

’ P
Rg,s1 = & + Bl () (T 1/ (kgha) )

Transition Flow Development

As the gas prassure in the gap is reduced
further such that the ratio of the molecular mean
free path divided by the gap thickness (defined as
the Knudsen number) becomes very large a condition
tmown as free molecular flow results. In this con-
dicion each gas molecule travels directly from one
surface to the other without experiencing any ocher
collisions, and, as a result of this, the gap
thickness between the surfaces has no physical
significance.

An expression for the heat transfer between LWO
surfaces in the free molecular regime (xa >> 1) is
given by Kaganer 2 as

S +D fR

Pg
s AaTy - T,)

Um = &y - 1) /B ®
where

AY
3= 1/[;1;4-15; %- nl (9

* Note: The authors originally cthought that the
above expression could only be usad in the slip
flow regime but later fouad that this axpression

is valid over the entire free moleculs te con=
tinuum range.




If the assumption 1s made that Agl = Ag for
two rough surfaces in contact we can say

1 1 1 a
< (°1 + 3, -1) = 7 . : (10)

using our previous definition of the accommodation
paramecer.

Rewriting the expression in terms of the re-
sistance gives

=1 /MT :
Revfm * * G F 1) Py /Ag an

The constant /E,/27 is equal to 36.38 if
q = Q/Ag is expressed in W/mz, Pg in N/m?, and
T in °K.

The above expression for resistance is only
valid for very large values of the Xnudsen number.
As the gas pressure 1s increased the probability
of a gas molecule travelling unimpeded between the
surfaces rapidly becomes small., Collisions between
gas molecules, typical of heat conduction in the
continuum regime, begin to predominate as the
pressure approaches atmospheric from vacuum con-
ditions.

It has been demonstrated experimentally that
heat conduction in the transition regime between
the free molecular flow regime and the continuum
regime can be predicted sufficiently accurately by
summing the heat fluxes in parallel, yielding the
following relation .

"qpp = aw/[1 + @ /ag,] " (12)
For a fixed system the heat flux can be ex-

pressed as ¢ = (T, - T )/AgR3 allowing equation
(12) to be rewrltten as

Rg,er = Rg,e + Rg g (13)

The resistance to heat counduction across the
gap for parallel isothermal surfaces in the tran-
sition regime is thus

(v - 1) f2Zm VT
(r +1) YRo Py

='[t+u.

Rg,er kgl/ (kgdg) (14)

The above expression bears a striking resem-
blance to equarion (7) developed earlier for com-
duction in the slip regime, Indeed, the term:

Jr =) fr /T
(Y + 1) RO Pg g (15)

is identical to the term:
P
aBho () (22 (16)
o g

The equivalency of these two terms is best
illuscrated by Dushman 3, pg 56, during nis devel-
opment of another similar expression for heat loss
from parallel plates at low gas pressures.
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Fig. 2 Heat Flux Relacions as a Functiom of
Inverse Xnudsen Number

The two expressions for gap rasistance between
parallel plates developed thus far will both model
the heat transfer between parallel isothermal sur-
faces over the full range of Knudsen number,
Figure 2 illustraces the parallel addition of heat
fluxes used in developing the second model. The,
various heat transfer regimes are noted on the
graph but should not be thought of as indicaring a2
specific mode of conduction in a given Kaudsen
range but should be considered as a guide to the
mix between free molecular flow and continuum
conditions in that range.

Apulication of the Model to Rough Surfaces

In considering heat transfer across the gap
between contacting rough surfaces, the variable
gap thickness presents a formidable obstacle to
determining the gap resistance. In areas where
the gap thickness is thin, the resistance to heat
transfer will be very different from areas wnich
have a large gap thickness; the ratio of free
molecular flow te comtinuum f£lux. will also differ
with the local gap thickness (see Fig. 3). This
large differeace in resistance between thin and
thick gap areas would in reality cause a variationm
in the surface temperatures but if the surfaces are
considered to be isothermal the resistances of the
various gap thickunesses can be added in parailel to
find the total gap resistance. The effect of pre-.
scribing isothermal surfaces is to slightly over-
predict the gap conductance or underpredict the
gap resistance.

The assumption of isothermal surfaces is in
keeping with the extremely useful concept of
thermal contact resistance where the extrapolated
interface temperature difference is used for all
contacts regardless of cheir size and individual
coustriction parameters.

The parallel plate model is applisd to the
variable gap by determining the fractiou of pro-
jected gap area having a given thickaess, finding
the resiscance for chis area, and then adding it
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Fig. 3 Cross-Section Through Contacring Surfaces
Tllustrating the Range of Flux Conditions
Occurring in the Gap

in parallel with the resistances of other gap
areas, ranging over the full gap area and 211
possible thicknesses in the process.

Ia this integral method the slope of the sur-
face 1s disregarded but, as the mean slope of most
rough surfaces is usually under ten percent, the
error introduced by this assumption can be con~
sidered sm#ll for most engineering purposes.

The parallel plate model is first applied.to an
elemental flux tube spanning the gap between the
two isothermal surfaces as follows:

Heat Transfer Relations for an Elemental

Flux Tube in the Gap

The resistance for an elemental flux tube
spanning the gap between two surfaces can be given

as follows:
®

Adg

Kg
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Fig. 4 Heat Transfer Relations for an
Elemental Flux Tube in the Gap

For continuum conditions

A;‘fg- - k(1) = T)/E an
Let this be the ith flux tube

Rg = 305 (18)
o Ry = ti/(Ragky) (19)

For the slip flow model, g; + g, can be added
to the gap thickness giving,

3
Rgt = (g + oA (1) F21/ agiy) (20)

Or, in the case of the alternative development,

(x - 1) [Zw /T

G D /& 7, kg]/(Aagkg) ¢3))

Rgi = [ti +a

Combining Surfaces Having
Gaussian Height Distributiocns

Contact between two rough surfaces having
Gaussian height distriburicuns can be modelled by
considering a rougher combined surface, still
Gaussian in distriburion, in contact with a smooth
flat plane. The standard deviation of this new
combined surface is given by

o = Y67 + 0% (22)
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Fig. 5 Combining Two Rough Surfaces to Yield
the Equivalent Rough Surface in
Contact with a Smooth Plaue

The area ratio in contact for first loading
between the two rougn surfaces is given by

A 1 ® _52/2 . .
&?f e ds ; s = z/ag 23)
Y/q

T
H O A




which is usually written

2. %:. - % erfe(1//30) (24)

The area not in comtact, or the gap area, is
thus given by

/o
LY -s2/2
Ag ——m —[a e ds (25)

Introducing the variable t as the local gap
thickness between the combined rough surface and
the intersecting smooth plane allows us to describe
the gap area below a given thickness as

(Y/o - t/o)
e-sz/2 ds

A
Ag(e/o) = 2= / (26)

At this point the variable ag = Ag(t/c) can be in-
troduced’ freeing to mean the total gap .area in
any contact situation. The derivative of the
above expression with respect to the gap thickness
will relate how the-gap area changes as a function
of gap thickness.

da Aa 2
_d.t& - exp(~(¥/o - tfa) /2] @n

Gap Conductance Integrals

1f the flux tubes spamning the gap are devel~-
oped by considering all of the gap area da, having
a thickness between t and t + dt the follow situ-~
ation results.
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e D

552

A

Fig. 6 Combined Rough Surface Illustrating a
Single Flux Tube Spanning a Given Gap
Thickness Between the Surfaces

Flux tubes, or sheets, are now s2en to exist
surrounding contact spots such that a given thick~
ness has associated with it a flux tube of a cer-
tain area. As the flux tubes are cousidered to
have adlabatic boundaries the fact that any given
flux tube is discoutinuous, as shown in the dia-
gram, is irrelevant in calculating the gap conduct-
ance.

The total gap resistance can also be seen to be
the sum of the individual flux tube resistances in
parallel

R |
1 (28)

Rg Rgi

The gap resistance for both developments respect—
ively becomes

£ T, ,F
= | (tagkg)/[eg + oBlo () (‘égf)] (29

A
Rg
and

1 _E ) y -1 fix /M
R, Tt (Aag"z)/[“i*'“ﬁv/;: 7, k2l GO

[}

The summation process caa be dropped in favour of
integracion giving

i=ng 2 ag (31

d
P
o Lo+ ado D]

To solve the above integratiom the ralacionship
between gap thickness and gap area, {c = t(ag)], is
required. A more comvenient integratiocn results
if, instead of integrating over the gap area, a
change of variable is made and the incegrarica
occurs over the gap thickness. Using the diffaren—
tial relationship developed in the last section and
non-dimensionalizing the integral gives

For the slip development

1 kgAa

exol-(¥/c - £/a) /2] d(e/a) (32)

Rg o/Zn A [e/o + 4]
where
aBA P
w2 D (33
° 3
: ho = L ang, 230
Recognizing that, hg Rgaa and, €z

allows the gap incegrals to be writtez in a com-
pletely non-dimensiocnal form

2
Ce = K'T;‘w'fa exel-@o - e/9) /2] 4(z/a) (o)
Q

[e/o + 4]
where
- CBAQ _T_ PG’O -
M - (To) (-P"g-) (35)
or
Magly=D fx A 36)

Gr+ 1) /% ?g 8

At this point it is suggested that aunmerical
iategration of equation (34) be avoided for small
values of M. A transformed versioa of the above
expression was developed for use whem ¥ < 2.30 and
is presenced here directly.

-2 R w2
s2 £1(42/2)]
Cg = K e{—?— ;[e {1 + erf(s - ¥//2)]1ds + 5 (37)§



where
c = (Y/o + M)//2 (38)

and El is the expomential integral defined as:

E1(z) =f i 3
z

For large values of M, indicative of near
vacuum conditions, the original expressions can
be integrated safely.

t
dt (/arg z/< ) (39)

Table | Non-dimensional Gap Conductance Cg/K versus Relative Separation Y/o

M 2.00 2.20 2.60
0.010
0.020
0.030
0.040
0.050
0.060
0.070
0.080
0.0%0
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.500
1.000

0.8072
0.7638
0.7365
0.7160
0.6992
0.6850
0.6724
0.6611
0.6509
0.6414
0.5719
0.5247
0.4881
0.4580
0.4325
0.4103
0.3907
0.3733
0.3576

0.6891
0.6594
0.6405
0.6260
0.6140
0.6037
0.5%45 0.
0.5862 0.5211
0.5786
0.5715 0.5103
0.5180
0.4802
0.4501 0.4147
0.4250 0.3938
0.4033
0.3843 0.3592
0.3674 0.3446
0.3521 0.3314
0.3383

0.5142
0.5014
0.4928
0.4860
0.4801
0.4749
0.4702
0.4658
0.4617
0.4578
0.4266
0.4026
0.3825
0.3651
0.3496
0.3357
0.3231
0.3116
0.3010

Example Calculation

This example is taken from reference 4 with
the original experimental data taken from
J.J. Henry, reference 5.

Solids: Stainless Steel 416 Pair
ky = k; = 25.26 W/m°K

. . kg = 25,26 W/n’°K
Hy = H, = 3.80 x 1010 pa
gy = 3.81 um, g, = 1.57 um

o= 4,12 um

Fluid : Adr at 377°K and one atmosphere
Using the slip development:
kg = 0.0298 W/n°K, .
Assume o) = ap = 0,9, _°,

B = 1.64 . ,
Ao = 6.40x107%, , . 27 1-33x10

. K = 1.18x10"3
a = 2,44

- P
(?*-) = 1.31, (—52) = 1.0

“o L ) (2 P20

M= ) = 0,081

Usirg the transition development.
a = 2.4k, y = 1,40, [

T

= 36.38

Y/o

3.00

0.4036
0.3985
0.3946
0.3914
0.3886
0.3859
0.3834
0.3811
0.3788
0.3766
0.3379
0.3422
0.3285
0.3162
0.3051
0.2948
0.2853
0.27635
0.2683

v

3.20 3.40 3.60 3.80 4.00 M
0.3650
0.3616
0.3590
0.35638
0.3547
0.3527
0.3509
0.3491
0.3474
0.3457
0.3308
0.3179
0.3064
0.2959
0.2863
0.2774
0.2691
0.2613

0.2541

0.3340
0.3318
0.3299
0.3283
0.3267
0.3252
0.3238
0.3224
0.3210
0.3197
0.3075
0.2968
0.2870
0.2779
0.2696
0.2618
0.2545
0.2478
0.2412

0.3087
0.3072
0.3058
0.3045
0.3033
0.3021
0.3010
0.2999
0.2988
0.2977
0.2876
0.2784
0.2699
0.2621
0.2547
0.2478
0.2414
0.2352
0.2295

0.2877
0.2866
0.2855
0.2845
0.2835
0.2825
0.2816
0.2807
0.2797
0.2788
0.2702
0.2623
0.2549
0.2480
0.2415
0.2354
0.2296
0.2241
0.2188

0.2699
0.2690
0.2681
0.2673
0.2665
0.2657
0.2649
0.2641
0.2633
0.2625
0.2550
0.2481
0.2416
0.2354
0.2296
0.2241
0.2189
0.2139
0.2092

0.010
0.020
0.030
0.040
0.050
0.060
0.070
0.080
0.090
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000

0.0298 W/m°K, Pg = 1.013x 10°Pa
4,12 pm, M = 28.97

(y-1) f2z /T k

£ .
GFD Pg 0.083

J

Integraring expression (37) using the follow-
ing inpuzs: p/H = 21.6 x 107", gives a separation
of ¥/o = 2.85. Also

K=1.18 x 1073, ¥ = 0.082 which
results in:

hed
= =482 x 107
S

Cg

hg = 2.96 x 10° W/m2°x

J.J. Henry reports a value of non-dimensional
joint conductance, Cj = 9,25 x 107", and a value
of non-dimensional contact conductance,
€. = 5.79 x 107%, Subtracting these two values
will give the axperimentally determined gap.con-
ductance as follows: '

’Cj—cc
4.46 x 1074

Conparing this measured value to the calculated

conductance %ives an error of

|4.46 - 4.82]
4.48

. Sz
. Cg =

x 100 = 8.1% in this particular case.
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A table of Cg/K for 0.01 S M5 1.0 with sep- 5. Hemry, J.J., "Thermal Contact Resistance",
arations of 2.00 £ Y/o £ 4.00 is included for ease Ph.D. Thesis, MIT, 1964.
of calculation. This data is also available in 6. Abramowitz, M. and Stegun, I., "Handbook of
graphical form in Fig. 7. The range of M plotted Mathematical Functions”", Dover Publicatioms,
covers most common gases, surface roughnesses, New York, 1965.

interface temperatures, and gas conductivities
found near atmospheric pressure.

Acknowledgements

The authors wish to acknowledge the financial
support of Aromic Energy of Canada Limited, White-
shell Nuclear Research Establishment. The senior
author acknowledges the partal support of the
Canadian National Science and Engineering Research
Council.

The tecbnical assistance oler. C.E. Hermance
is gratefully acknowledged. We also wish to thank
Dr. M.3. Schankula for his support of this research.

Refarences

1. Kennard, E.H., "Kinetic Theory of Gases",
McGraw Hill, New York & Londom, 1938, pp. 311-
315.

2. Kaganer, M.G., "Thermal Iasulation in Cryogenic
Engineering', Istael Program for Sciearific
Translatiorns, Jerusalem, 1969.

3. Dushman, Szul, "Scientific Foumdaticns of
Vacuum Tachnique", Jonn Wiley & Sons Ltd., New
York, Chapman & Hall Ltd., Londom, 1949.

4., Yovanovich, M.M., "New Contact and Gap Conduct-
ance Corralations for Conforming Rough Sur-
faces", AIAA-81-1164, presented June 23-25,
1981, Palo Alto, Cal.



