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ABSTRACT

This paper presents studies on thermal contact conductance at
light contact loads. Surface profilometry measurements are
presented which show that actual surface asperity height
distributions are not perfectly Gaussian. The highest asperities
are truncated, leading the existing therma contact
conductance models to underpredict experimental data. These
observations have been incorporated into modifications of
existing contact conductance models. The preliminary model
has been compared against thermal contact conductance data
presented in the open literature, and good agreement is
observed. The truncation leads to an enhancement of thermal
contact conductance at light contact pressures. The truncation
is afunction of the roughness level: the rougher the surface,
the more truncated the surface height distribution.

KEY WORDS: light contact pressures, truncated Gaussian
model, bead blasted surfaces, mean separation gap

NOMENCLATURE
A contact area, m*
a mean contact spot radius, semi-major elliptic contact
spot axis, m
b semi-minor elliptic contact spot axis, m
C. dimensionless contact conductance (Eg. 17)
C, Vickers microhardness correl ation coefficient, Pa
c, Vickers microhardness correlation coefficient
E Y oung's modulus, Pa

Ed equivaent Young's modulus, Pa, (Eq. 4)
H plastic contact hardness, Pa

he contact conductance, W/m2K

Ks harmonic mean thermal conductivity, W/mK
=2KnKg/(KatKg)

m mean absol ute roughness profile slope

Nb Niobium

Ni Nickel
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n density of contact spots, m™

P apparent contact pressure, Pa

p probability density function

SS Stainless Steel

v minimum to maximum slope ratio, (=M Mny)
Y mean planes separation, m

Zr Zirconium

Greek symbols

f thermal constriction factor

I normalized mean planes separation, m, (=Y/s)
n Poisson’sratio

s RMS of surface roughness, m

Subscripts

AB contacting bodies

a apparent

r real

mn minimum

mx maximum

trunc  truncation

TG Truncated Gaussian model

INTRODUCTION

Since actual surfaces present deviations from their idealized
geometrical form, known as roughness and waviness, when
two solids are put into contact they will touch only at their
highest asperities. The heat transfer acrosstheinterface of real
solidsisnot as effective asif the solidswere perfectly smooth
and flat. A resistance to heat flow, known as thermal contact
resistance, appears at the interface between solids. Heat
transfer across the interface between two solids has been the
subject of study by various researchers over many years.
Contact heat transfer has many applications in engineering,
such as ball bearings, microelectronic chips and nuclear fuel
elements.

When two solids are pressed together, the contacting asperities
will deform and form small spots of solid-solid contact. Inthe
remaining portion of the apparent contact area the bodies are
separated by very thin gaps. Heat transfer between two
contacting solids can take place by three different modes:

conduction through the contact spots, radiation through the
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gap in the remaining part of the apparent area and conduction
through the gas that fills the gap. These heat transfer modes
are treated separately and the sum of the conductances
associated with each of these heat transfer modes is called
joint conductance.

Thiswork isfocused on the contact conductance, which is due
to conduction through the contact spots. A thermal contact
conductance model is generally composed of three models:

thermal, geometrical and mechanical deformation models. The
thermal model predictsthe contact conductance for agiven set
of contact parameters. shape, size and number of contact

spots. These contact parameters are obtained from a particular
mechanical deformation model, which can be elastic, plastic
or elastoplastic. The deformation model requires a geometric
model of the surface in order to be able to predict the contact
parameters.

Sinceit is extremely difficult to predict or to characterize the
geometry of actual surfaces by deterministic means, statistical
analysis has been generaly employed. It is commonly
assumed that the surface heights of actual surfaces follow the
Gaussian distribution. The Gaussian height distribution model
has been used in several thermal contact conductance models,
such as the Cooper et a. [1] and the Greenwood and
Willliamson [2] models, as well as a number of other models
derived from these two. It has been reported in the literature
[3-6] that these thermal contact models tend to underpredict
experimental data at light contact pressures, and as the
pressure increases the models and measurements agree. The
cause of this behavior was unclear up to now and this subject
is addressed here. This work presents evidence that the cause
for the models to underpredict the experimental data at light
contact pressures is the truncation of the highest asperities.
The Gaussian model fails to predict accurately the contact
parameters at light contact pressures. A new surface geometric
model, called Truncated Gaussian, is proposed here.
Modificationsareincorporated to the well-established thermal
contact conductance models in order to take into account the
truncation of the height distribution of actual surfaces.

The next section provides a review of some of the thermal
contact conductance models available in the literature. After
that, the asperity truncation problem isidentified and the new
models are presented. The new models are compared against
experimental data availablein the literature.

REVIEW OF EXISTING MODELS

Most of the thermal contact conductance models available in
the literature employ the same thermal model. Cooper et al.
[1] first presented the solution for the thermal part of the
contact conductance problem. They developed a therma
model for the contact between conforming isotropic rough
surfaces, such as those obtained by lapping and bead blasting.
The contact between surfaces possessing these features
generates approximate circular contact spots randomly
distributed over the apparent contact area. Thethermal contact
conductance between conforming isotropic rough surfacesis
givenby [1,8]:

187

2k
he = — S8 (1)

(1_ m)l.s

where n isthe density of contact spots per unit apparent area, a
is the mean contact spot radius and A, /A, is the red-to-
apparent contact arearatio. The term in the denominator of the
expression aboveis called the thermal constriction factor and
takes into account for the constriction resistance of the heat
flow near the contacting spots. DeVaa [7] extended the
Cooper et a. [1] isotropic model to the contact between
anisotropic surfaces, such as those obtained by grinding. The
contact between such surfaces present elliptical spots rather
than circular. The therma contact conductance between
conforming anisotropic rough surfacesis given by:

h = ksny/p ab @
© T2t (v,A /A,)

where a and b are respectively the mean semi-major and semi-
minor axis of the elliptic contact spots, f is the thermal
constriction factor and v istheratio between the minimum and
the maximum slopes of the surface v=m,,,//m,,. DeVaa [7]
presents the expressions to compute the thermal constriction
factor f in detail.

The contact parameters a, b, n and A, /A, , appearing in Egs.
(1) and (2), are obtained from the surface geometry and the
deformation models. By assuming that the surface heights and
slopes are independent and follow the Gaussian distribution,
as well as assuming that the surfaces undergo plastic
deformation, Cooper et al. [1] presented an analysis to derive
expressions for the contact parameters. Yovanovich [8]
presented the contact parameter expressions for the isotropic
plastic model in a more convenient form. Mikic [9] extended
the Cooper et a. [1] plastic model for the case of elastic
deformation by assuming that the asperities are spherical near
thetipsand using results from the Hertz el astic contact theory.
DeVaal [7] developed the contact parameter expressions for
the contact between anisotropic surfaces under plastic
deformation. Theexpressionsfor the contact parametersfor dl
these models are shown in Table 1.

The dimensionless plastic contact pressure P/H. appearing in
Eq. (8) of Table 1 can be computed using the model proposed
by Song and Y ovanovich [10]:

1
é p 1+0.071c,
gc, (1.625 /m)*2

|

P
'N ®3)

The equivalent Young's modulus E ¢ appearing in Eq. (9) of
Tablelis:

_u? _ulo
Eo-Gi-UA  1-UBZ (4)
§Ea Es 3
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Sridhar and Y ovanovich [5] made an extensive review of the
thermal contact conductance modelsavailableintheliterature.
Most of the models showed similar results & the models
reviewed in this section. The authors also compared the
models against experimental data and concluded that the
models based on the Cooper et a. [1] model, presented in this
section, are very accurate especialy at high contact pressures.
At light loads, the models tend to underpredict the
experimental data. In the next section, it will be shown that the
assumption of Gaussian asperity height distribution leads to
underestimation of thermal contact conductance at light
contact loads. A new model, called Truncated Gaussian
model, is proposed here as the modified geometry model.

Tablel. Contact Parameter Expressions

Surface Contact Parameters
n_1aemo expl- |2 ®)
16 gs o erfc /V2
2\/k_s pg'— erfc (6)
I sotropic
| =Y/s :,/Eerfc'l(ZAr /Aa) @)
1 P/H, for plastic  (8)
Ar /Aa —.I.
{ J2P/mE¢ for dasic  (9)
K _12, for plastic
} 1, forelastic (10)
n=_L 1 aemo expl- |2 11
16 gs g erfc /V2 (11)
24 5
——2‘/\/_5 ms X aq;jerfcael—g (12
Anisotropic P mn 2 20
(plastic 5
deformation 242 s B20 2 0
b=—— — Terfc! + 13
only) b M 2 (13)
| =Y/s =\/§erfc'l(2Ar /A,) (14)
Ar/Aa:P/Hc (15)
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ACTUAL SURFACE HEIGHT DISTRIBUTIONS
The assumption of Gaussian height distribution was first
analyzed in more detail by Greenwood and Williamson [2].
They measured surface roughness profiles of bead blasted
aluminum surfaces and concluded that the Gaussian
distribution is a good approximation at least in the range of
surface heights between +2s, where s is the RMS of the
heights of the profile.

Figure 1 shows measured surface height distributions obtained
from three different profiles of atypical bead blasted SS 304
surface. The Gaussian model is aso plotted in thisgraph and it
is in good agreement with the measurements for surface
heightsin the range, especially in therange of 1.5 £ z/s £ 3.7.
In typica engineering applications, the mean separation
between the contacting surfaces lies in this range. If this
surface is brought into contact with a flat lapped surface, for
instance, under a contact pressure of P/H.=10°, whichisa
very light contact pressure, one can use Egs. (7) and (8) to
calculate a mean separation gap of Y@4.7s, according to the
Gaussian geometry model. However, the measured profile
height distributions do not show asperities higher than 3.7s.
The profile height distributions follow the Gaussian
distribution up to z@3.7s, where they are truncated. This is
expected to be the maximum mean plane separation under the
lightest contact load. Therefore, the Gaussian model seemsto
overpredict the mean plane separation under these
circumstances. Since the actual mean plane separation is
smaller than predicted by the Gaussian model, the actua

thermal contact conductance will be larger than predicted.

SS 304 Bead Blasted

Gaussian model
profile 1
profile 2
profile 3

0.65

>

[o ]

©

b w € .

[9)]
rrrtrrrrrrtrrrrrrrrrrtrtrrrtd

Fig. 1. Measured height distributions of three different profiles
of a SS 304 bead blasted surface and comparison with
the Gaussian model
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Several other researchers [6, 7, 11, among others] also
measured profile height distributions of actual machined
surfaces and concluded that the Gaussian model is a good
approximation. They presented actual surface profile height
measurements truncated between 3 and 4s, but they did not
observe the truncation. Only Song [11] identified the
consequences of the asperity truncation on the contact
conductance problem. He studied the gap conductance
problem and proposed a modified expression to compute the
mean plane separation between the contacting surfaces.

This expression was derived assuming that the asperity height
distribution follows the Gaussian model but is truncated at
some height level, called herel ... The modified expression
for the mean plane separation | 1¢ is written in the following
form:

Y é A S o)
|16 =12 =2erfc '@ +erfcc— U 5 (16)
s g A V2 o

where, TG stands for Truncated Gaussian and | . iS the
normalized height above which the Gaussian distribution is
truncated. Therefore, | IS the height of the highest
(truncated) asperities, whilel 1¢ is the separation between two
surfaces in contact according to the Truncated Gaussian
model. When the real -to-apparent area ratio A, /A, is small,
that is, the contact pressure is small (approximately less than
10™), the second term between the square brackets of Eq. (16)
has the same order of magnitude as A, /A,. That means that the
truncation of the asperities is very important below this
contact pressurelevel. Asthe contact pressure increasesA, /A,
becomes much larger than erfc(l tru,,6/1/5), and Eq. (16) can
be approximated by Egs. (7) and (14), which represent the
fully Gaussian model. Physicaly, this means that as the
pressure increases, more and more asperities come into
contact, and as a consequence, the effect of the very few
truncated asperities becomes negligible.

Song [11] used Eq. (16) in his gap conductance model and
when he compared the results against experimental data he
observed good agreement. However, when he tried to use the
modified mean plane separation expression to predict contact
conductance dita, the results of the TG model were much
worse than the fully Gaussian model. The present authors now
believe that Song [11] was not successful in applying the TG
geometry model in the contact conductance model because he
used the same expression for the mean contact spot radius as
the fully Gaussian model (Eg. 6). A new expression for the
mean contact spot radius is proposed in this work and is
presented in the next section.

TRUNCATED GAUSSIAN CONTACT
CONDUCTANCE MODEL
The asperity height distributions shown in Fig. 1 were
obtained from a bead blasted surface, but the authors also
analyzed ground and lapped surfaces and found that the results
were very similar to bead blasted surfaces: the distributions
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were truncated at some height level between 3 and 4s,
approximately. These commonly employed machining
processes do not generate asperities higher than thislevel. The
reason for thisisstill unclear.

In the Truncated Gaussian model, it is assumed that the higher
asperities are shorter than predicted by the fully Gaussian
model, but they are not missing. The total number of asperities
remains the same, athough the highest asperities are
truncated. Based on this model, the expression for the contact
spot density n, Egs. (5) and (11), are till valid. The correct
expression to compute the mean separation gap is now Eq.
(16), instead of Egs. (7) and (14). Also, the mean contact spot
radius a (Eq. 6) must be corrected using the following
expression:

ore =a 1. e/ V2
¢ erf ITG/JE

where ar¢ is the mean contact spot radius according to the
Truncated Gaussian model and a is the mean contact spot
radius according to fully Gaussian model (Eqg. 6). The
expression above was  obtained by solving
(np a’; = A, | A,) for arg, where A, / A, is obtained from
Eq. (16). The expressions for the semi-major and semi-minor
axes for the mean elliptical contact spot of the anisotropic
plastic model, Egs. (12) and (13), become similar to the above
expression. The real-to-apparent contact area ratio, the last
required contact parameter is computed in the same way as
before (Egs. 7, 8 and 15) because these expressions are
obtained from force balances and do not depend on the
geometric model used.

(17)

The next section presents a comparison between the TG
contact conductance model and experimental data availablein
theliterature.

COMPARISON BETWEEN TG MODEL
AND EXPERIMENTAL DATA

Hegazy [4] collected a large quantity of thermal contact
conductance data between lapped and bead blasted specimens
of SS 304, Ni 200, Zr-4 and Zr-Nb possessing various
roughness levels. He compared his data with the Cooper et al.
[1] isotropic plastic model and noticed that at light contact
pressuresthe model underpredictsthe datafor all the materials
and roughness levels tested. He proposed an explanation for
this unexpected behavior as being a consequence of thermal
strain and flatness deviations of the test specimens. However,
he clearly stated that this explanation was not definitive and
further work was needed to clarify this phenomenon. This
issueis addressed here and is explained in the light of the new
Truncated Gaussian geometric model.

Figures 2 through 4 show the thermal contact conductance
experimental data obtained by Hegazy [4] for different metals
and different roughness levels. The TG model is aso plotted
in these graphs as aset of curvesfor different truncation levels
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| vunc bECaUse Hegazy [4] did not provide information about
the surface height distribution truncation level of his test
specimens. The plots show the dimensionless thermal contact
conductance C. as a function of dimensionless contact
pressure P/H.. The dimensionless contact pressure was
computed using Eq. (3), and the dimensionless contact
conductance is defined as:

(18)

The lowest curve of each graph is for | ,,c=+¥, which is
equivaent to the fully Gaussian model. For practical purposes,
avaue of | ;=5 is sufficient for the TG model to coincide
with the fully Gaussian model. The curve for the fully
Gaussian model appears as astraight line in the log-log plots.
The curvesfor the TG mode for | ,,<5 are concave: they lie
above the fully Gaussian model at light contact pressures and
tend to the fully Gaussian model as the contact pressure
increases. The higher the truncation level (smaller | ), the
larger the departure of the TG model from the fully Gaussian
model. The TG model seems to predict the experimental data
trend very well. The experimental data lie between the curve
of | yune=34 and the curve of the fully Gaussian Model

(I trunc=+¥ )

LEVELSOF TRUNCATION OF REAL SURFACES
Figure 5 shows a graph of the values of |, that best fit
Hegazy’s [4] data as a function of s/m. Different |, are
observed for distinct metals possessing the same s/m,
athough in general | .. decreases with s/m. The values of
| wunc fOr different metals are scattered between 3.5 and4.5 for
small s/mand tend to approximately 3.5 for larges/m.

[ Datafor SS 304 - Hegazy (1985)
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Fig. 2: Therma contact conductance data for SS 304 from
Hegazy [4] and comparison against the TG model
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Data for Ni 200 - Hegazy (1985)
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Fig. 3: Thermal contact conductance datafor Ni 200 from
Hegazy [4] and comparison against the TG model

[ Data for Zr-alloys - Hegazy (1985)
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Fig. 4: Thermal contact conductance data for Zr-alloys from
Hegazy [4] and comparison against the TG model

The question now is how to predict | 4, for different metals
and for different roughness levels? Given the difficulty in
modeling analytically the bead blasting process or any other
machining process, it seems very difficult to predict | yunc
theoretically. Another option is to measure |, Using a
profilometer, the same equipment used to measure s and m.
Most of the profilometers available commercially measure a
roughness parameter that represents the height of the highest
peak of the profile, generally known as R, [mm]. Song [11]
used the R, collected from a single profilometer trace as a
measure for the truncation (| yunc=Ry/S). However, it looks
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very unlikely that a single trace is able to pass through the
peak of the highest asperity of the surface. On the other hand,
if one decidesto take several different profiles and one of the
traces comes across an asperity much higher than the others,
this single asperity could not represent the truncation level of
the entire surface either because one single asperity can not
support the entire contact oad alone, even avery light contact
load.

In an effort to better understand the truncation of real surface
height distributions, the authors decided to undertake a more
detailed study of the surface generation process. The authors
chose the bead blasting process for this study for various
reasons. One can start from a flat lapped surface and by
bombarding the surface with glass beads at high speeds, one
can “grow” the asperities on the surface at practicaly any
desired RMSroughness level (R,).

Several bead blasting parameters, such as bead size, air
pressure and exposure time can be adjusted in order to
generate the desired roughness level. Moreover, this process
has been applied very successfully by other thermal contact
resistance researchers [3, 4, 6, 11, among others] to generate
randomly distributed asperities on the surface without
affecting its flatness, which is very important in order to
guarantee that the surface geometry is in accordance with the
geometric model.

Truncation of bead blasted surfaces

The bead blasting study consisted of measuring the roughness
parameters R, (maximum profile height), s (profile height
RMS) and m (profile mean absolute slope) as well as the
general trend of the asperity height distribution as a function
of bead blasting exposure time between 1 and 16 minutes.
Three different blasting pressures (10, 20 and40 psi) and three
different glass bead sizeranges (125-180 mm, 279-420 nmand
590-840 mm) were used. Four profileswere assessed over each
generated surface, resulting in a total of 136 profile
measurements. The minimum and maximum s/m ratios
measured during the tests were 12 and 44 mm, respectively.
The first important conclusion from this study was that the
general trend of the surface height distribution was Gaussian
independent of the blasting parameter combinations analyzed.
Both the profile height RM S (s) and mean absol ute slope (m)
as well the ratio s/mincrease with increasing exposure time
and blasting pressure, as expected, especialy for the smaller
glass beads. For the largest bead size range tested, the
exposure time did not significantly affect either s or m. The
blasting pressure was found to be the most important
parameter in determining the roughness level.

The main goal of the bead blasting study was to anayze the
truncation levels of the surface height distributions for every
combination of blasting parameters. It was found that the
measured Ry/s (normalized maximum profile height)
presented very different valuesfor different profiles collected
from the same surface. The largest Ry/s difference measured
from different profiles on a single surface was more than
100%. The variation between Ry/s values measured on the
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same surface was much larger than the variation between the
mean values of Ry/s from different surfaces. Also, the average
of the four Ry/s readings on each surface varied randomly
among different surfaces. In other words, the Ry/s ratio
seemed not to be controlled by any of the bead blasting
parameters.

The authors then decided to verify whether the measured R,/s
values could be related to the roughness level of the surface,
as observed from the comparison between the TG model and
the experimental data [4], independent of the blasting
parameters employed. Figure 6 shows a plot of al 136
measured Ry/s values as a function of s/m for all
combinations of blasting parameters analyzed. The Ry/s
vauesliein alarge band, which seems to become narrower as
s/m increases. The mean value of R)/s aso seems to
experience a dlight decrease with increasing s/m These
observations are in accordance with the previous conclusion
from the comparison between the TG model and the thermal
data from Hegazy [4] that | . decreases with increasing s/m
(Fig. 5). Also, the observation from the thermal teststhat! .
is larger than 3.5 also is consistent with the Ry/s
measurements presented in Fig. 6.

The question of how to predict |, from roughness
measurements still remains unanswered. However, it is clear
that asingle profile measurement is not sufficiently accurate to
measure | . becausethereare only afew truncated asperities
and the probability of asingle profiletrace capture at least one
of the truncated asperitiesis very small. Asit can be see from
Figs. 2 through 4, the TG model is very sensitive to the value
of | 4rync, @d the measured R,/s present large variations for the
same surface. The authors believe that the best way to obtain
information on the correct truncation level is from thermal

contact conductance experiments.

Truncation values that best
4k fit Hegazy's (1985) data
a5
° o  SS304
425 a Ni 200
v Zr-Nb
= < Zr-4
g 4AF
- o
a
3.75F °
a a
35 v v o vo o® v o a
325}
3 1 1 1 1 1 1
0 10 20 30 40 50 60 70
s/m

Fig. 5: | yunc valuesthat best fit TG model to experimental data
from Hegazy [4] versuss/m
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Fig. 6: Ry/s versuss/mfor bead blasted SS 304 surfaces

Similar to the method used to obtain the values presented in
Fig. 5, by inputting thel . value that best fitsthe TG contact
conductance model to the experimental data one can extract
information on |, Therefore, more thermal contact
conductance data need to be generated for this purpose,
especially in the light contact pressure range.

SUMMARY AND CONCLUSIONS

The observation that the existing thermal contact conductance
models underpredict experimental data at light contact
pressures is reported in several previous therma contact
conductance studies. This work presents evidence that the
well-accepted Gaussian surface height distribution geometry
model causes the thermal contact conductance models to
underpredict the experimental data at light contact pressures.
Surface height distribution measurements show that athough
thedistributionsfollow the Gaussian model for surface heights
larger than 1.5s, the distributions are truncated generaly
between 3 and 4s. A new thermal contact conductance model
isproposed based on the Truncated Gaussian geometry model.
The preliminary results show that the new model predicts the
data trend very well. The new model requires another surface
parameter, called | un¢, in addition to the parameterss and m.
It is not clear at this point how to obtain this third surface
parameter from profilometer traces. The use of thermal contact
conductance data seems to be the best way to obtain this
information.

The truncation of the surface height distribution and its effects
on the thermal contact conductance problem is a very
important finding but also very recent. Additional studies are
needed in order to clarify the questions raised here, especialy
regarding to the prediction and/or the control of the truncation
level of actual machined surfaces.
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