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Prediction of Thermal Contact Conductance in Vacuum
Using Monte Carlo Simulation

S. Sunil Kumar¤ and K. Ramamurthi†
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Predictions of thermal contact conductance between two conforming � at surfaces in vacuum are carried out.
The prediction model considers heat � ow through the contact zones of asperities on the surfaces by conduction.The
probability of occurrence of contact between the surface asperities is evaluated using a Monte Carlo simulation.
A Gaussian distribution of asperity heights on the surfaces, which has been validated earlier, is assumed. The
distribution of these contact spots and their respective contact areas are determined in the model and used for
evaluating the thermal contact conductance. Predictions are carried out for different materials at varying contact
pressures in a vacuum environment. A wide range of surface characteristics is considered. The predictions show
excellent agreement with the measured values of thermal contact conductance.

Nomenclature
A = area, m2

a = radius of contact spot, m
b = radius of an adiabatic channel for a given contact

point, m
H = microhardnessof the softer material, Pa
h = thermal contact conductance,W/m2 K
h¤ = nondimensional contact conductance
k = thermal conductivity,W/mK
m = slope of the asperity
N = total number of asperities
NT = density of asperities, per m2

n = number of uniform random number
P = contact pressure, Pa
P¤ = nondimensional contact pressure
Q = heat � ow rate, W
S = sum of n uniform random numbers
Ux = Gaussian random number
x = summit height, m
1T = temperature difference
± = summit penetration depth, m
" = clearance between the surfaces, m
¹ = mean roughness, m
¾ = standard deviation in summit heights, m
Ã = constriction alleviation factor

Subscripts

a = apparent
c = contact
G = Gaussian distribution
i = i th asperity
max = maximum
r = real
1, 2 = surfaces 1 and 2

Introduction

A LL solid surfaces are characterizedby certain degree of rough-
ness. Two solid surfaces in contact will touch each other only

at a few points, depending on the degree of the surface roughness.
Even at relatively high contact pressures, the actual area of contact
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for most metallic surfaces is less than about 2% of the nominal con-
tact area.1;2 The small contact area impedes the � ow of heat across
the interface and introduces thermal resistance at the joint. This re-
sistance, known as thermal contact resistance, manifests itself as
a sudden temperature drop at the interface. This is schematically
shown by 1Tc in Fig. 1. When the interstitialmaterial at the joint is
a poor heat conductor,such as air, the heat � ow lines converge to the
discrete solid–solid contact spots as illustrated in Fig. 2. Convec-
tion and radiation heat transfer at the joint is negligible.3 However,
the heat � ow through the gaps cannot be neglected if the solids are
relatively poor conductors.

The thermal contact conductance, also known as solid spot con-
ductance and denoted by h, is de� ned as the ratio of the heat � ux
Q=A to the additional temperature drop 1Tc , shown in Fig. 1, due
to the presence of the joint. It is given by

h D Q=.1Tc A/ (1)

There are several applicationswhere a low value of thermal con-
tact conductanceis desirable.These include low-conductivitystruc-
tural supports for storage and transportof cryogenic� uids and ther-
mal isolation joints for spacecraft components. It is necessary to be
able to design joints for speci� ed values of thermal contact con-
ductance. This is speci� cally required for small-scale heat removal
systems such as in microelectronics4;5 and heat transfer between
superconductor� lms and substrates.6 Other areas of application in-
cludethermalrecti� cation7 andconductanceenhancementbymetal-
lic coatings.8;9

A number of theoretical and experimental studies of the ther-
mal contactconductancebetween two conformingmetallic surfaces
have been reported in the literature.2¡7 The theoretical studies are
based on the considerationof heat � owing throughone microscopic
contact region and extending it for the surface using a constriction
alleviation factor.2 In the absence of heat transfer via the interstitial
mediumand heat transferby radiation,the heat � ow acrossa pressed
contact occurs across the distributed microcontacts. Yovanovich10

assumes that the contactingasperities undergo plastic deformation.
The Vicker’s microhardness is used to relate the actual contact area
and the applied pressure. The methodology reasonably predicts the
values of contact conductanceof pressed joints.

The number and averagesize of the numerousmicrocontactsneed
to be known to a priori predict the thermal contact conductance.
GreenwoodandWilliamson11 proposedone of the � rst contactmod-
els to incorporate the statistical nature of the contact between two
surfaces.

More recently, Leung et al.12 developed a statistical model for
predicting the contact conductance for nominally � at surfaces.
The physical foundation of this statistical approach is based on the
analogy that surface asperities are comparable to particles in the
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Fig. 1 Schematic of heat conduction at interface.

Fig. 2 Pro� les of contacting surfaces and heat � ow across contacts.

traditional sense of a microscopic viewpoint. The Boltzman statis-
tical model is applied to determine the most probable distribution
of asperityheights for a homogeneous,isotropic rough surface.The
analysis showed the distribution of contact points to be Gaussian,
which was assumed earlier but not rigorously substantiated. A re-
lationship was derived, using Boltzman statistical analysis, for the
thermal contact conductance as a function of pressure at the joint.
This correlation could predict contact conductance within about
30% of the experimental data.

The in� uence of roughness and waviness has been studied by
Yovanovich.13 Predictionsof thermal contact conductancefor nom-
inally � at surfaces were carried out by Hsieh.14 Hsieh also devel-
oped correlations for thermal contact conductance and made a crit-
ical evaluation of the role of surface geometrical parameters for a
nominally � at surface model. Yovanovich10 developed theoretical
relationships for determining contact, gap, and joint conductances
for conforming rough surfaces and found reasonably good agree-
ment between theoretically predicted and measured values.

The existing predictions are based on phenomenological mod-
els using experimental inputs. The contact resistance is due to
the reduced area of contact of the surfaces. The contact surface
area can be determined from the number of contact points and
their respective areas, following which the thermal contact con-
ductance can be predicted. This approach is adopted in the present
investigation.

A simple but potentially promising simulation procedure of
Monte Carlo using random numbers is applied to estimate theo-
retically the thermal contact conductance.Junctions formed by two
� at dissimilar or similar materials in a vacuum are considered.The
distribution characteristics of the asperities are combined with a
Gaussian random number approach to de� ne the probability of the
height of the asperities and the nature of the contact between the as-
perities of the two surfaces in contact with each other. The thermal
contact conductance is determined for a given interfacial pressure
from the number and surface area of the contact spots,when consid-

eration of the plastic deformationof asperities is taken into account.
The approach is promising in view of the simplicity in the formula-
tion of the macroscopic contact probabilities and the versatility of
accommodating different contact surface geometries.

Theoretical Formulation
All three modes of heat transfer, namely, conduction,convection,

and radiation, prevail across a pressed contact. Energy transfer pri-
marily occurs by radiation and conduction through the interstitial
medium and by conductionthrough the microcontacts.At relatively
low temperatures (·500 K), the heat transfer across pressed con-
tacts, located within a vacuum environment (<10¡3 torr), would
be dominated by conduction through the actual contact area.15 In
the following, the problem of contact conductancefor joints in vac-
uum at low temperature is formulated. The following geometrical,
physical, and thermal assumptions are made:

1) The surfaces are microscopically rough and macroscopically
conforming.

2) The distribution of asperity heights is Gaussian and the asper-
ities are randomly distributed over the apparent contact area.

3) The contacting asperities deform plastically during loading,
and the deformation occurs in the softer solid.

4)As a resultof thedeformation,thereare N circularcontactspots
within the apparent area Aa having a contact radii ai . An equivalent
circular � ow tube of radii bi is associated with each contact spot16

and is shown in Fig. 3.
5) Radiative heat transfer is negligible and the surfaces are free

of oxides or other � lms.
The heat � ow under steady-state conditions across the joint will

be distributed among the contact spots of different sizes existing
at the contact plane. With the assumption that the contact point is
circularwith a radiusai , theheat � ow rate for each individualcontact
can be written as17

Q i D 2kai 1Tc.1=Ãi / (2)

where 1Tc is the temperature drop across the interface. For geo-
metrically similar contacts (i.e., when the contact plane is the sur-
face of symmetry), 1Tc is the same for all contact points. Here,
Ãi is a geometrical factor equal to unity for a single contact be-
longing to an in� nite apparent area. The value of the geometrical
factor has been exmainedby different authors,both analyticallyand
numerically.18¡20 For appropriatelydistributedcontactshavingcon-
tact points at the centerof mating asperities,a simple expressionthat
closely approximates the analytical and numerical solution is given
by21

Ãi D [1 ¡ .ai =bi /]1:5 (3)

In the preceding equation, ai =bi can be replaced21 by (P=H /0:5.
When the variation in Ã is neglected from contact to contact, the
value of Ã becomes

Fig. 3 Construction of heat � ow tube at contact spot.
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Fig. 4 De� nition of roughness parameters Ra and Rt.

Ã D 1 ¡ P=H
1:5

(4)

Heat � ow per unit apparent area Aa is given by

Q

Aa
D

Q i

Ai
D 2k1Tc

ai =Aa

Ãi

»D
2k1Tc

Ã Aa
ai (5)

The thermal contact conductance h can be determined from the
preceding equation to be

h D
Q=Aa

1Tc
D 2k

Ã Aa
ai (6)

The value of

ai

is obtained from considerationof the surface parameters and is de-
tailed in the following sections.

Surface Representation
The surface roughness is usually characterized by an average

surface roughnessvalue Ra and a peak-to-valleysurface roughness
value Rt . Figure 4 illustrates these two characteristicroughnesspa-
rameters. Whereas Ra gives the arithmetic average heights of the
protrusionsabout the mean reference plane, Rt gives the maximum
peak-to-valleyroughnessheight measured parallel to the mean line.

The distributionof the asperityheights is assumed to be Gaussian.
This is based on the extensive experimental observation of ac-
tual surfaces.11;22;23 Predictions12 made using a Boltzman statistical
model showed that themost probabledistributionof asperityheights
for a homogeneous, isotropically rough surface is Gaussian in na-
ture. The distribution is given as

f .x/ D 1=
p

2¼¾ exp ¡ 1
2
[.x ¡ ¹/=¾ ]2 (7)

In the present study, the surface parameters are described by a
standarddeviationforcombinedheightdistribution¾ andanaverage
absolute slope m D tan µ .

The irregularities on the rough surface are modeled as conical
asperities of identical gradients m and various heights, resting on a
common � at plane, and are illustrated in Fig. 5. This model14 has
been shown to be a good representation of surfaces prepared by
grinding, lapping, honing, bead blasting, anodizing, and accurate
casting. The summit height distribution given by Eq. (7) leads to
some useful characteristics14 of the number of asperities and their
heights as given in the following. The density of surface asperities
(number per unit area) is

NT D .m=7:308¾ /2 (8)

Maximum summit height (peak-to-valleyroughness Rt ) is

xmax D 8¾ (9)

Fig. 5 Rough surface model with conical asperities.

Fig. 6 Rough surface contact model.

Fig. 7 Idealized contact
element.

The mean summit height is

¹ D 4¾ (10)

Note that the asperities having heights beyond xmax are less than
0.02%(negligiblysmall) of the total populationdescribedby Eq. (7)
(Ref. 12).

The formation of the true contact areas is modeled following
the scheme shown in Fig. 6. The � rst step in modeling is to repre-
sent each rough surface by the conical asperities. Perfect alignment
between a pair of touching asperities rarely occurs. Nevertheless,
the degree of misalignment is expected to be statistically constant
becausethe macroscopicpropertiessuch as the thermal contactcon-
ductanceand the surface friction are reproducible.12 It has also been
reported that the theoretical prediction of thermal contact conduc-
tance can be corrected, if necessary, by a multiplying factor, which
is close to unity as shown by Hsieh.14

The fundamentalunit for the study of conductanceat an interface
is a single contact formed by a pair of touching asperities shown
in Fig. 7. In the mechanical analysis, touching asperities “resemble
blunt indentureswhose summit undergoesa plastic deformation.”12
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Based on simple geometry, this mechanism results in the contact
spot radius

a D 0 if ± · 0

D ±=2m if ± > 0 (11)

where ± is the summit penetration depth depicted in Fig. 6. A value
of ± less than zero implies that the two asperities are not in contact.

When both sides of the contact spot are made of dissimilarmate-
rials, the total resistanceis simply the sum of the resistancesfor each
side of the contact. Therefore, if k1 and k2 are the thermal conduc-
tivities of the two solids in contact, then the equivalent conductivity
k (to be used in the equation to estimate h) is taken as the harmonic
mean of the conductivities:

k D 2k1k2=.k1 C k2/ (12)

Similarly, if the conforming surfaces have different standard de-
viationsof asperity heights¾1 and ¾2 and respectiveslopes of tan µ1

and tanµ2, then their equivalent values are taken as

¾ D ¾ 2
1 C ¾ 2

2

0:5
(13)

tan µ D tan µ 2
1 C tan µ 2

2

0:5
(14)

The separation distance between the reference planes of the two
conforming surfaces, otherwise denoted as the average clearance
between the surfaces, is given by

" D
p

2¾ erfc¡1.2Ar =Aa/

D
p

2¾ erfc¡1[2P=.P C H /] (15)

In the preceding expression, Ar =Aa is approximated for plastic
deformationas P=.P C H / followingMikic.17 This assumptionhas
been shown2;17 not to introduce signi� cant errors for the contact
pressures that are of general interest in practical applications.

Monte Carlo Random Number Approach
The probabilisticnature of the surface characteristicsis simulated

using random numbers. The respective surface asperity heights, na-
ture of contact, and their distribution are considered. The main ob-
jective is to � nd out the number of contacts and their respective
contact spot radii ai .

Number of Contacting Asperities

For two contactingsurfaceshavingsame surfacetexture,the num-
ber of asperities in an area Aa is given by

N D NT £ Aa (16)

The heightof an asperityrandomlylocatedoneithersurfacecould
vary between 0 and xmax . The individual heights would follow a
Gaussian distribution. If xmax 1 and xmax 2 are the respective max-
imum asperity heights of the mating surfaces 1 and 2, and if we
choose randomly one asperity each on either surface of height x1

and x2 , then

x1=xmax 1 · 1 (17)

x2=xmax 2 · 1 (18)

The ratio of x1=xmax 1 and x2=xmax 2 could take any Gaussian ran-
dom number Ux between 0 and 1, that is,

x1=xmax 1 D Ux1 (19)

x2=xmax 2 D Ux2 (20)

Now, by randomly assigning two Gaussian random numbers for
Ux1 and Ux2 for the two precedingexpressions,the individualasper-
ity heightsof the conformingsurfacescan be estimated.An idealiza-

tion that is made here and that was discussedearlier is that these two
asperities are facing each other with perfect alignment. The errors
associated with the assumptions are discussed subsequently.

The clearancebetween the surfaces,whichdependson the surface
characteristicsand on the applied pressure and material hardness, is
given by Eq. (15). This is applicable only for Ar =Aa < 0:5. Clear-
ance would be negligible if Ar =Aa is greater than 0.5. Studies have
shown1;2 that in almost all applications this ratio is well below 0.5.

If the combined heights of the asperities is larger than the clear-
ance, then these asperities will touch each other. Accordingly, if

x1 C x2 > " (21)

a contact is madebetween theasperities.A contactcounter is opened
that increments for the each additionalcontact that is made, namely,
nc D nc C 1.

Interface Area of Contacting Asperities

Having estimated the number of contacting asperities between
the surfaces, the area of their respective contact zones is to be de-
termined.

The penetration depth of the asperity is given by

± D x1 C x2 ¡ " (22)

where " is the clearance between the surfaces.
Once ± is known, the spot contact radii ai (Fig. 7) can be cal-

culated from the expression [Eq. (11)] derived earlier. The method
is repeated for all of the asperities in the region N . At the end of
this exercise, the total number of contact spots and their respective
contact radii are known.

In the preceding analysis, Gaussian random numbers are gener-
ated from a set of uniform random numbers. The Gaussian random
number generator uses the following expression for the analysis:

Ux D .S ¡ n=2/ £ ¾G £ 12=n C ¹G (23)

Here, ¾G and ¹G are derived, respectively, from the standard
deviation ¾ and mean ¹ of the surface roughness characteristics.
This is done by transforming the Gaussian distribution of asperity
heights to a Gaussian random number distribution between 0 and 1
and equating the peak value to 8¾G , where ¾G corresponds to the
standard deviation of the required random number distribution.

Results and Discussion
The Microsoft FORTRAN uniform random number generator

subroutineRANDOM is usedfor generatingGaussianrandomnum-
bers for de� ning various probability functions. This subroutine re-
turns a variablewhose valuevariesbetween0 and 1 for an input seed
value.The computer programwas written in FORTRAN-77 and run
on a Pentium class 350-MHz machine. A typical run with a surface
having roughness Ra of 0.125 ¹m took about 820 CPU s. The ac-
curacy of the predictionswas veri� ed by repeating the computation
for the same input seed value used for the generation of uniform
random numbers. The results reproduced within 0.1%. When the
number of random numbers used for the generation of Gaussian
random numbers was doubled, the deviationswere found to be even
smaller. The relative difference in the estimated values of conduc-
tance for doubleprecisionand singleprecisioncalculationswas less
than 0.16%. The dispersionsshowed a marginal increasewhen very
rough surfaces were considered.

To assess the robustness of the model and the suitability and
accuracy of the predictions, the estimated values of contact con-
ductances are compared with the existing experimental data16;24 in
Fig. 8. The experimental data are for two different stainless steel
materials (SS416 and SS303) under vacuum obtained at different
values of applied pressure. The contact conductance varies almost
linearly with the applied pressure. Also note that variations in the
predictedvaluesand measured data are within the uncertaintyin the
experimental data. However, the plot may not be a direct represen-
tation of the material properties alone because the materials under
test had different surface characteristics.



KUMAR AND RAMAMURTHI 31

Fig. 8 Comparison of predictions with experimental data.

Fig. 9 Variation of contact conductance with changes in contact pres-
sure and surface roughness.

The analysis was further extended for three different cases of
surface roughness with the material combination of aluminum and
stainless steel.Three values of roughnessparametersof the two sur-
face were chosen, namely, 1) 1.25 ¹m and 1.25 ¹m (rough/rough),
2) 0.125 ¹m and 0.125 ¹m (smooth/smooth), and 3) 1.25 ¹m and
0.125 ¹m (rough/smooth). The estimated values of thermal contact
conductance for these combinations for various applied loads are
illustrated in Fig. 9. As expected, the smooth/smooth combination
gave highest values of conductance,whereas a rough-to-roughsur-
face and rough-to-smooth surface combination gave lower values
that were almost similar. For smooth surfaces, the number of as-
perities in contact is high, and, therefore, the actual area of contact
is higher and thereby results in higher contact conductance values.
On the other hand, when the rough surfaces are in contact, there is
a higher number of asperities that are not in contact. This results
in a lower value of thermal contact conductance.The conductance
values coincidewith those of a rough surface joined to a smooth sur-
face.This is becausein the presentstudy only plasticdeformationof
the asperity is consideredand its � ow is not considered.Under pres-
sure, the softer metal deforms against the harder metal leading to

Fig. 10 In� uence of surface roughness on thermal contact conduc-
tance.

Fig. 11 Nondimensional representation of thermal contact conduc-
tance.

identicalvalues of thermal contact conductancefor the rough/rough
and rough/smooth surface. This observation is in agreement with
the � ndings of other researchers.2

Figure 10 shows the predicted values of surface contact conduc-
tance for stainless steel contacts having same roughnessparameters
on either side. Results again show that smooth surfaces give higher
valuesof conductancecomparedto roughersurfaces.For very rough
surfaceswith surface roughnessparameter Ra D 50 ¹m, the thermal
contact conductance values do not vary signi� cantly with changes
in applied pressure.

The signi� cance of the changes in thermal contact conductance
due to the changes in the surface roughness is further highlightedin
Fig. 11. Calculationswere carried out for a stainlesssteel/aluminum
contact under 30 MPa contact pressure with different mean surface
roughness values. A rapid reduction in contact conductance is seen
when the surface roughness changes from smooth to moderately
rough.The changesare lesspronounced,and theconductancevalues
tend to insigni� cantlevelsforveryroughsurfaces.Note thatsurfaces
having very high mean roughnesswill have lot of void spaces even
at high contactpressures,resultingin the low valuesof conductance.
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In all, some 79 sets of data on thermal contact conductancewere
obtained by varying surface parameters, material properties, and
contact pressure. They are nondimensionalizedfor the thermal con-
tact conductance and contact pressures. The dimensionless contact
conductance is given by

h¤ D .h¾=m/=k (24)

Because the length scale ¾ /m is representativeof the total contact
area made between the asperities, the term h¾=m in the preceding
expression is proportional to the equivalent thermal conductivity
arising from the reducedcontact area at the interfaceof the contact-
ing surfaces. Therefore, the dimensionless thermal contact conduc-
tance is a measure of the reduced heat transfer due to the interface.

The dimensionless pressure is de� ned by

P¤ D P=H (25)

The dimensionless pressure term takes into account the material
hardness. The preceding dimensionless parameters have been used
in previous correlation studies.12;21;25

A least-squares � t of the predictions gives the following correla-
tion:

h¤ D 0:128 £ .P¤/0:651 (26)

The load exponent of 0.651 is valid over the range of dimen-
sionless loadingparameter P¤ between 0.002 and 0.1. The standard
error in the h¤ estimate is 0.008.

The load exponent of 0.651 is much lower than the theoretically
derivedvalueof 0.95 by Yovanvich.10 A summary of load exponents
used in the earlier correlations for thermal contact conductance for
nominally� at surfacesin vacuumis reportedbyLeung et al.12 These
are given in Table 1 (see Refs. 10, 12, and 25–32).

Note that the exponent of 0.651, arrived at in the present set of
predictions, is in close agreement with the experimental investiga-
tions of Edmonds et al.,26 Ma’lkov,27 Madhusudana and Fletcher,28

and those reported by Leung et al.12 using statistical mechanics.
Experimental data for stainless steel,16;24 nickel 200 (Ref. 29),

zirconium29 and zircoloy29 with the surface roughness variations
between 0.338 ¹m (smooth) and 9.86 ¹m (rough) are shown in
Fig. 12 along with the predictions of the present study in dimen-
sionless form. Note that the predictionscompare very well with the
experimental results16;24 over a wide range of pressures.

The maximum deviation of the prediction from the experimental
data seems to be about 14% when the data of Hegazy29 over a range
of P¤ are considered. However, they are found to match well with
the prediction when P¤ are less than 0.006. For higher values of
P¤ , the model tends to underpredict the contact conductance and
the deviations increases with P¤. Note that the experimental data
of Hegazy29 at higher dimensionless contact pressures also do not
agree well those reported12;16;24 earlier.

Overall, the model underpredicts thermal contact conductance,
especially at large values of contact pressures. The reason for the
underpredictioncould be traced to the assumption that all contact-
ing asperities are in perfect centerline alignment. In reality, there
will be asperities having sliding contact with one another without

Table 1 Load exponent values reported
in literature

Reference Load exponent

Yovanovich10 0.95
Hegazy29 0.95
Edmonds et al.26 0.60
Popov30 0.956
Thomas and Probert31 0.743–0.72
Fletcher and Gyorog32 0.56
Mal’kov27 0.66
Tien25 0.85
Leung et al.12 0.693
Madhusudana and Fletcher28 0.66

Fig. 12 Comparison of predictions with experimental data in dimen-
sionless form.

undergoing any deformation, thus creating a higher area of contact
than those availableby centerlinecontact alone. This would explain
the lower estimates of the thermal contact conductance.

Conclusions
Excellent prediction of thermal contact conductance using the

Monte Carlo simulation procedure is demonstrated.The most prob-
able distribution of contact spots is determined in the model, fol-
lowing which a relationship between the thermal contact conduc-
tance and the pressure is derived. Explicit dependence of contact
conductance on surface roughness and the materials of contact is
determined.

The predictionsagreewell with themeasureddataon thermalcon-
tact conductancepublishedfor differentmaterialsof varyingsurface
roughness under different contact pressures.The theory constitutes
a viable tool for the heat transfer analyst. It is relatively easy to
implement, and the results are demonstrated to be accurate.A least-
squares� t of the predicteddata gives a correlationwith the exponent
of the load factor being 0.651. The work brings to focus the poten-
tial applicationof Monte Carlo approach for accurate prediction of
thermal contact conductance.
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