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Abstract

At low contact pressures, conduction across the gas gap is the predominant mode of heat transfer in a joint.
Experimental results are presented for the solid spot and the gap conductance for a range of surface ®nishes and
several interstitial gases and gas mixtures. The mean separation distance is then estimated as the di�erence between

the e�ectiive gap thickness and the temperature jump distance. It is seen that a simple relation exists between the
mean separation distance and surface roughness for all the gases and gas mixtures. This correlation satis®es 85% of
data points to within24%. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Engineering surfaces are never absolutely smooth
and surface irregularities are apparent when observed

under a microscope. As a result, when two solids are

pressed together, contact is made only at a few discrete
points separated by relatively large gaps. Due to the

reduction in heat transfer area at the interface of two

solids, there exists an extra resistance to heat ¯ow.
Heat ¯ow across the interface can take place by means

of conduction in solid-to-solid contact spots and con-

duction across the gas gap. Conduction across the gas
gap is particularly important if:

(a) the contact pressure is relatively low [2], and/or

(b) the interface medium is a relatively good con-

ductor.

Radiation also needs to be considered at temperatures
higher than 3008C [1].

Thermal contact conductance is de®ned as the ratio

of heat ¯ux across the joint to the additional tempera-

ture drop due to the imperfect contact at the interface.
Literature reviews indicate that, there exists a sub-

stantial amount of data on the solid spot conductance
[3,4]. However, there is comparatively little infor-

mation on gap conductance, especially of an exper-
imental nature. Further, most of the previous works
on gap conductance deal with single gases.

The present work deals with experimental measure-
ments of conductance across the gap ®lled with either
a single or a mixture of gases. The interface ¯uids used

were helium, argon, carbon dioxide, nitrogen and mix-
tures of argon and helium. It also proposes a corre-
lation for the estimation of the gap conductance.

2. Background

In heat transfer across small gaps, the ``temperature
jump distance'' must be taken into account. If g1 and
g2 are the temperature jump distances for surfaces 1

and 2, respectively, then the gas gap conductance may
be de®ned as:
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hg � kg

�deff � �1�

deff � d� g1 � g2, and d is the mean separation dis-
tance.

Temperature jump distance of a single gas is given
by Kennard [5].
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Thermal conductivity of the gases used in the exper-
iments are estimated from the following correlations:

Helium �6�: kHe � 3:36� 10ÿ3 � T 0:668 �3a�

Argon �6�: kAr � 3:421� 10ÿ4 � T 0:701 �3b�

Carbon dioxide �2�:

kCO2
� 8:1� 10ÿ5 � Tÿ 0:0075

�3c�

Nitrogen �7�:

kN2
� 0:025� 5:84� 10ÿ5 � �Tÿ 273�

�3d�

For an interfacial gas mixture, Eq. (2) is modi®ed as

gmix � kmix
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in which the thermal conductivity of mixtures of gases
are estimated from [8]
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Fij � 0:3765
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Song and Yovanovich [9] developed correlations for
the accommodation coe�cients for helium and argon.
These correlations were based on the results of

previous workers over the period 1950±1982. In the
present work, the accommodation coe�cient for any
mixture was estimated by linear interpolation.

From classical thermodynamics [10]

gmix �
Cpmix

Cvmix

fmix �
X mi

m
fi �6�

in which f is the property such as R, Cp or Cv and

mi=m is the mass fraction of the gas and R � R0=M:

3. Experimental program

3.1. Experimental setup

The experiments were conducted in an axial heat
¯ow cut bar apparatus. A schematic diagram of the ex-
perimental set up is shown in Fig. 1. The experimental

rig consists of heater block, reference heat ¯ux meters,
upper and lower specimens and a heat sink. A band
type heater provides maximum heat input of 80 W.

Nomenclature

C speci®c heat
g temperature jump distance
h thermal conductance across the interface

k thermal conductivity of the gas
m mass fraction of the gas
M molecular weight

P gas pressure
R0 universal gas constant
Rp maximum peak height

Rq e�ective rms surface roughness,
�����������������������
�R 2

q1
� R 2

q2
�

q
T interfacial temperature
x molar fraction of the gas

Greek symbols
a accommodation coe�cient

d mean separation distance
g speci®c heat ratio

Subscripts
1, 2 surfaces 1 and 2
e� e�ective

g gap
mix gas mixture
p constant pressure
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The heat ¯ux meters are made from special reference

material RM 8421, supplied by the National Institute

of Standards and Technology, USA. The heat sink is a

hollow copper cylinder. Cooling is accomplished by

chilled water circulating through the heat sink. The

test column is enclosed inside a glass cylinder that sits

on stainless steel base plate. Stainless steel bellows are

used to facilitate vertical movement of the column.

The top plate sits on the glass cylinder. Load can be

applied to the test column by a hanging weight

arrangement. A diaphragm type valve is provided to

facilitate the gas introduction. The chamber is evacu-

ated by an oil sealed rotary vane pump. Temperature

measurements are made by fourteen type K thermo-

couples. The data acquisition set up is composed of

two 8 channel ADAM, 4018 analogue/thermocouple

input modules, one ADAM RS 232 to RS 422/RS 485

converter, and a computer.

3.2. Test specimens and gases

The stainless steel AISI 304 specimens and heat ¯ux
meters were machined to cylindrical shape having di-
ameter 18 mm and length 25 mm. Each specimen had

three holes of 1 mm diameter and 9 mm depth for
locating thermocouples. The holes were 7 mm apart
from the ®rst one and 5.5 mm from the contact sur-

face. The contact surfaces were ®rst polished with a 3
mm diamond polish. The surfaces were cleaned using
acetone and then bead blasted. Surface measurements

were made with a Talysurf 4 and a PC installed with
A/D card. Typically 11 traces were randomly selected.
Table 1 lists the RMS roughness of the test specimens
and mixture ratio of the interfacial gases.

3.3. Experimental procedure

The specimens were insulated with two half cut

Fig. 1. Schematic diagram of the experimental setup.
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Te¯on tubes having a clearance of 1 mm. Grooving

was provided to facilitate thermocouple wires to be
inserted on the specimens. The Te¯on tube itself was
insulated with Kao Wool Blanket, and the gap
between the Kao Wool blanket and the Te¯on was

®lled up with glass wool.
Thermal conductivity of the test specimens was ®rst

established by comparing the heat ¯ux through the

specimens with that measured by the heat ¯ux meters.
The tests were conducted at a contact pressure of

0.433 MPa in the following order:

. Tests in vacuum (3 � 10ÿ2 mbar) to determine the
solid spot conductance.

. Series of tests with interfacial gases at an average

gas pressure of 0.12 MPa, that is, slightly above at-
mospheric pressure.

. Repeat of tests with di�erent RMS roughness.

Pure helium and argon were mixed according to a
process described by Wahid et al. [11]. The conduc-

tance measurements were made over a range of mean
interfacial temperatures from 308 to 958C. The surface

temperature at the interface was obtained by extrapo-
lating the temperature readings in each specimen using
the method of least squares.

The errors in the experiments include the heat losses
from the specimens, uncertainties in the location of the
thermocouples, the conductivity of the materials and

the calibration of thermocouples. The overall exper-
imental uncertainty in this experimental procedure was
estimated to range from 3 to 12% depending on

whether tests were conducted in vacuum or a conduct-
ing environment.

4. Experimental results and discussion

The gap conductance was determined as the di�er-
ence between the total conductance and the solid spot
conductance.

The temperature jump distances were determined
from Eqs. (2) and (4). Conductivity of the gases was
evaluated using Eqs. (3) and (5). Then, for each case,
deff was determined from the measured values of gap

conductance, using Eq. (1). The mean separation dis-
tance, d, was found by subtracting the sum of tempera-
ture jump distances for the two surfaces from deff : The
mean separation distance was non-dimensionalised by
dividing it by the combined surface roughness.
The results are plotted in Fig. 2. The following

simple correlation is evident from the plot:

Table 1

The interfacial medium and the roughness of the stainless

steel (AISI 304) surfaces

Interfacial gas or gas mixture Rq (mm)

He He:Ar He:Ar He:Ar Ar N2 CO2

100 75:25 50:50 25:75 100 ± ± 5.4

100 75:25 50:50 25:75 100 100 100 14.3

100 75:25 50:50 25:75 100 100 100 21.2

Fig. 2. Gap separation distance for a range of gases.
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d12:7 Rq �7�

It is noted that 85% of the experimental results (173
data points, three di�erent surface roughnesses and

seven di�erent gases and gas mixtures) fall within
24% of this correlation.
It is instructive to compare this correlation with the

approximate correlation due to Song et al. [12].

d1Rp �8�

However, the correlation of Eq. (8) applies speci®cally
to the contact of a rough surface with a smooth sur-
face at light load and Rp refers to the rough surface
only. Also, the temperature jump distances have not

been separately identi®ed. Note that the relationship
between Rp and Rq depends on the type of surface ®n-
ish.

5. Conclusions

1. Gap conductance data for a range of interfacial
gases were generated experimentally.

2. The e�ective gap thickness at the interface was

determined experimentally, and the mean separation
distance was deduced from subtracting the tempera-
ture jump distance from the e�ective gap thickness.

3. A simple relation was found to exist between the

mean separation distance and surface roughness for
all the gases and gas mixtures. This correlation is
shown to be very good, satisfying 85% of data

points to within24%.
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