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FOREWORD

This report was prepared under Task 7381, "Materials Applications", Project
738106, "besign Information Development" with Merrill L. Minges acting as the pro-
ject engineer. The work was carried out over the period from 1 January 1964 to

1 May 1965.

This report is the first volume of a three volume series dealing with the
theory, measurement and interpretation of interfacial heat transfer effects as they
apply to high temperature components of advanced weapons systems. The second volume,
to be issued shortly, is entitled "Thermal Contact Resistance: An Apparatus for
High Temperature Measurements'". The third volume which is now in preparation will
be entitled "Thermal Contact Resistance: Temperature Dependency".

Manuscript released by the author December 1965 for publication as an RTD
Technical Report.

This technical report has been reviewed and approved.

Ao P

W. P. CONRARDY, Chief
Materials Engineering Branch
Materials Applicdations Division
Air Force Materials Laboratory
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ABSTRACT

The objective of this report has been to critically review the status of
experimental and anzlytical developments in the area of heat transfer across inter-
faces of solids in contact. The nature of the heat flow patterns which develop |
across an imperfect interface are first discussed along with the equations defining
the thermal contact resistance parameter. Following this a general discussion is
given of the practical application areas where interface heat transfer is an impor-
tant design parameter. The next sections of the report give a thorough presentation
of the analytical analyses which have been developed to describe this phenomena.

Surface deformation efiects, geometrical characterization of surfaces and the in-
fluences of void phase conduction are outlined. Correlations of experimental results
with analytical predictions are covered in the' final section using the equations
derived for the single end multiple contact cases. Some of these correlations are
based on limited experinental data, others are more generalized in nature.
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SECTION I
INTRODUCTION

When two surfaces are brought together to form an interface the true soiid-to-
solid contact area between them is generally a small fraction of the apparent area
over whicl. they meet. This direct contact area may be less than 1 percent of the
total and rarely exceeds 10 percent unless bonding agents are introduced. This
characteristic of interfaces has great practical significance in the understanding
of frictional properties of surfaces and in the transfer of electrical and thermal
energy across contiguous surfaces.

In the case of energy transfer when a uniform gradient is applied axially along
adjoining members which have a common interface, as shown in Figure la, the net
effect of the interface on the transport process is the formation of a temperature
or voltage discontinuity as shown. This discontinuity results from the imperfect
nature of the contact as drawn schematically in Figure 1lb. As the interface is
approached the flux lines tend to converge to the direct solid-to-solid contact
points since for metallic contacts this flow path offers considerably less resistance
than the void areas around the contacts which are generally filled with air or may
be evacuated. If the contact members have low conductivity, comparable to that of
the void volume component, the distribution would be altered. This convergence of
the flux lines to the solid-to-solid contact areas produces a "constriction resist-
ance" and an interfacial potential drop to compensate for it. This is demonstra‘.d
in Figure 1b where the equipotential surfaces (:) and (E) which are orthogonal to
the flux field are seen to curve away from the contact plane at the constriction
points., In the heat transfer case this implies that, on the average, the isotherm

is at a higher temperature than it would be in the absence of an interface and
that the isotherm is at a lower average temperature. The net effect then is the
formation of a temperature discontinuity at cthe interface as shown in Figure la.

Quantitatively, this interfacial resistance to energy transport is expressed as
the ratio of the potential drop encountered at the interface divided by the flux
crossing the interface. For the heat transfer case the defaing equ: ion for the
thermal contact resistance RC is as follows,

a ()

o AT
Re T he ( )interfoce

thermal contact resistance, hr-ftz-oF/BTU

thermal contact conductance, BTU/hr-ftz-oF

=
n

=
]

interfacial temperature drop, °F

>
-3
]

interfacial heat flux, BTU/hr-ft2

0
[}

It is clear that this contact resistance is a function of the physical and
chemical characteristics of the contacting surfaces (for example, rough, wavy, oxi-
dized, plated), the compressive force with which they are held together, the ambient
environment, and temperature level. These factors will be considered in detail
later, however, several factors of general importance can be mentioned here.
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Most analytical formulations of contact resistance equations begin by consider-
ing the heat flow through a single idealized contact. The analyses are then ex-
panded to cover more practical interfaces which are made up of a number of contacts.
As will be derived later on, the contact or constriction resistance for a single
contact point resulting from the flux line convergence depicted in Figure 1b is
given in Equation 2 where the contact radius is a.

- |
(Rc)one contact -~ 2ka (2)

k = thermal conductivity, BTU/hr-ft-CF
a = contact radius, ft

The simplicity of Equation 2 belies the nature of the subtle problems encountered in
estending the result to practical multiple-contact interfaces. To do this, mechani-
cal deformation characteristics of the surface asperities must be known since com-
pressive loading is an important parameter. These are difficult to estimate since
both plastic deformation of the asperities and elastic stress field formation in
sublayers occur. These in turn are complicated by work hardening and creep effects.
Surface contamination from oxide films or various impurities may be very important
for two reasons. First, such layers generally have low conducitivity relative to
the contact members. Second, these film resistances are contact area dependent
whereas the constriction resistance, Equation 2, is linear in contact dimension

or proportional to the square root of the contact area. Heat transport across the
void areas may occur by gas phase conduction and radiation. These are dependent
both on the geometry of the void areas which is complex and on the temperature level.
Temperature varlations in turn may influence mechanical deformation characteristics.

In studying any of these factors it is necescary to have complete and accurate
information on the geometry of the surfaces making up the contact. Inattention to
the definition of surface characteristics has greatly limited tke utility of a large
volume of carefully measured contact resistance data. Of particular importance has
been a lack of complete data on the different degrees of roughness encountered with
most practical surfaces. Not only is microscopic roughness resulting from conven-
tional forming and finishing operations present but also roughness on a larger scale
which could be manifested as surface waviness of various degrees or in the extreme
as surface curvature. The influence on the constriction resistance of these differ-
ent types of surface irregularities, which may span several dimensional orders of
magnitude, is clearly shown in Figure 2. Here for several values of the total solid-
solid contact area the contact conductance or the reciprocal of the constriction
resistance has been plotted as a function of the number of contact points making up
this total contact area. For a given total solid-solid contact area, the coatact
conductance increases greatly as the number of contact points making up this area
increases. Thus, if an interface happens to be made up of surfaces that are both
rough and wavy, which is highly likely in most cases, relatively large contact regions
governed by the waviness will be formed. Each of these areas will consist of a
number of smaller solid-to-solid contact points, the size and distribution of which
is governed by the surface roughness. From Figure 2 it is clear that the overall
constriction resistance of the interface may be governed by the surface waviness and
not the roughness.

These considerations should be sufficient to indicate that energy transport
across interfaces is a complex phenomena when practical types of interfaces are
involved. Resistance effects in electrical contacts has been a problem receiving
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Figure 2, Effects of Constriction on Contact Conductance
(Reference 1)
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attention for many years. Recently the electrical resistance of interfaces in
thermoelectric power devices has been studied extensively since this factor greatly
limits their efficiency. It is only in the last few years that the area of thermal
contact resistance has become of real practical importance. The following list
summarizes areas where such information is required in engineering design:

A. AIRCRAFT STRUCTURES

Operation at hypersonic speeds induces substantial heating of structural joints.
Estimation of temperature distributions and in turn thermal stresses requires a
knowledge of the contact conductance between structural components,

B. PROPULSION SYSTEM DESIGN

For high efficiency in both turbine powered engines and in solid and liquid
fueled rockets operation at very high temperatures is desirable. Heat dissipation
from turbine blades and through the composite liners of rocket nozzles and exit
cones is across mechanical interfaces which may be metallic, graphitic, ceramic or
combinations thereof. Contact conductance information is required in these applica-
tions for both thermal and mechanical design.

C. SPACE VEHICLE SYSTEMS

Carefully contrnlled dissipation of heat from electrical power, guidance and
communication modules is required to maintain operating temperatures within narrow
limits, Similar control is also necessary in crew areas. Interfacial heat transfer
under vacuum conditions is an important design parameter in these applicationms.

D, NUCLEAR REACTOR OPERATION

Conventional fuel elements for reactor applications are constructed with a
cladding or sheath usually of a low neutron absorption alloy. Since very high heat
fluxes cross the interface between the fuel and cladding even moderate contact re-
sistance can lead to large, undesirable temperature drops. Since the fuel often
consists of a relatively brittle enriched oxide the contact resistance tends to be
substantial,

E. THERMAL MEASUREMENT EQUIPMENT

In measurements of thermal transport properties of liquids, solids and composites
and in general instrumentation for temperature measurement, precautions are always
taken to minimize temperature discontinuities. Since temperature sensing elements
are most often located in metered heat flux areas both perturbation of the flux field
and temperature reading errors are dependent at least partially on interface resist-
ances. If the arrangement is such that analytical corrections can be made for
interface effects, data on contact resistance coefficients must be available.

In the section that follows dealing with applications, the literature on contact
resistance covering the above areas will be reviewed in some detail. With this
background the remaining sections of the review will be concerned with analytical
analyses and development of quantitative relationships for thermal contact resistance
and their use in correlating experimental data. As indicated earlier the most logical
starting point in the analytical develcpment is with the single contact case., It is
covered in Section III, In Section IV the results are expanded to cover the complex
but practically important cases of multiple contact interfaces.
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Finally, in Sectior V a brief review is made of studies where successful
correlations of experimental results and analytical predictions have been effected
on multiple contact interfaces. These predictions are based on interface contact
models with varying degrees of refinement. In many instances, highly empirical
analyses are used, and thus successful experimental data correlation did not neces-
sarily represent a full understanding of the heat transfer processes involved. This
last section, which is based on the principles discussed in earlier se~tions, is
intended *fo give a fairly clear indication of the present state of affairs in under-
standing the complex thermal-mechanical phenomena which collectively compromise
interfacial contact resistance.
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SECTION II
ENGINEERING APPLICATIONS

Several of the areas where thermal contact resistance is an important design
parameter have been mentioned previously. In this section the role of interfacial
heat transfer in such applications will be summarized. Consideration will be limited
to those instances where heat transfer occurs across solid-solid interfaces since
heat transfer across solid-liquid and solid-gaseous interfaces are physically
different processes and are handled in a different manner analytically. Solid-sclid
interfaces are developed which consist of metallic, ceramic, graphitic or inter-
metallic members as well as various combinations thereof. In addition, composite
interfaces are encountered where soft shim materials in the form of foils or as
plating are used to reduce interfacial resistance; grease coatings have also been
used where their application is practical.

To give an idea of the magnitude of interfacial resistances encountered in
engineering practice, Table I has been prepared. Values can vary greatly with sur-
face finish, compressive loading, temperature, and so forth., The values in the
Table are typical, however, of nominal surface finishes (20 to 200 u in, RMS) at
compressive loading levels common in bolted or riveted structures (up to several
hundred psi) around room temperature, Besides the direct use of interfacial heat
transfer coefficients in heat transfer design, it is common to express interface
resistance values in terms of the equivalent thickness of a given material required
to generate the same temperature drop as that produced by the interface., In some
cases an "equivalent air gap" is used; in Table I the equivalent thickness of stain-
less steel was calculated since this is a more meaningful measure of the resistance
effect of an interface on structucal temperature distributions. From the definition

TABLE I

RANGES OF THERMAL CONTACT CONDUCTANCES UNDER MODERATE LOADS

Equivalent Thickness

Inches of SS:

. Literature

Interface he, BTU/py_g2-0F | (k=175 BTU i/ hr-£t2-OF) | Reference
Ceramic/Ceramic 100 - 500 0.3 - 1.7 2
Ceramic/Metal 250 - 1500 0.1 - 0.7 2, 3
Graphite /Metal 500 - 1000 0.1 - 0.3 2, 4
Steel/Steel 300 - 1500 0.1 - 0.7 4, 5, 6
Aluminum/Aluminum { 500 - 5000 0.03 - 0.3 2, 6
Metal/Metal 5000 - 15, 000 0.01 - 0.03 2, 17
(Joint Filler:
Soft Metal Foil
or Grease)
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of h., Equation 1, the equivalent thickness is clearly the ratio between the stain-
less steel conductivity and the contact conductance value, hee Contact conductance
values can range over more than two orders of magnitude for different types of
interfaces under moderate load conditions. Increases on this same order may occur
for a given interface when the compressive load is increased to several thousand psi.

A, AIRCRAFT STRUCTURES

Temperature effects on structural stress distributions and mechanical strength
become significant only for high speed flight. They become of concern in supersonic
aircraft design and may be critical for sustained hypersonic flight or atmospheric
re-entry when very hizh temperature - high heat flux conditions occur.

Most of the experimental studies in this area have relied on highly empirical
correlations., Small sections of bolted, welded or riveted structural components
have been exposed to both steady state and transient heating while joint temperatures
discontinuities are being observed (References 8, 9, 10, and 1l1).

Early work at Syracuse University by Barzelay and co-workers under NASA sponsor-
ship first attacked the problem of thermal resistances in aircraft structural joints
by conducting a large number of steady-~state measurements using simple disk specimens
of aluminum allow and stainless steel aircraft alloys (References 12, 13). Bare
metal-metal contacts were studied along with contacts separated by thin foils of
brass, insulating sheets of asbestos, and adhesively bonded interfaces. Interface
conductance values ranging from about 100 to 4000 BTU/hr-ftz-oF were observed; the
high conductivity shim materials improved the conductance significantly. This work
was later extended to measurements on riveted skin-stringer combinations under
transient heating conditions. It was found that the range of normal conductances
for those aluminum and steel alloy simulated structural components was somewhat
lower than that of the simple disk specimen combinations because flatness control was
more difficult, (References 14, 15). Similar tests were conducted with riveted
skin-stringer combinations of high temperature Inconel and titanium alloys (Reference
16). Aralysis of the transient heating results indicated that the riveted interfaces
had significant effects on the temperature distributions on all geometries tested
and therefore on the stress distribution calculations. It was found that the inter-
face conductance values depended both on heating rate and local temperature drop.
This effect was associated with warpage of the components during heating. A similar
dependence of normal stresses induced by contact resistance on heat input and geometry
was observed by Gatewood (Reference 17),

Variations in rivet size, pitch and placement were found to cause variations in
the average interface heat transfer coefficient. This effect is caused by the fact
that the compressive load on the joint varies with different rivet geometries while
the overall load distribution along the joint changes with rivet placement. On the
average a 30 percent variation in load was observed between the rivet area and point
midway between the rivets.

Instead of measuring overall joint conductance values for riveted structures
which averages out load variations along the joints a more refined approach would be
to calculate the compressive load distributions around various rivet configurations
and then apply contact conductance data as a function of load for simple interfaces
in an area integration to obtain the average joint conductance. This approach has
been studied by Lardner (References 18, and 19). After the form of the midplane
stress distribution around a bolted joint with cylindrical symmetry had been
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established the effect of variable joint conductance on the axial temperature
discontinuity was calculated. With data available on the functional relationship
between contact conductance and load, the spatial variation in interface conductance
wvas immediately established from the load distribution. For a linear radial varia-
tion in the contact conductance it was found that the average interfacial tempera-
ture drop was higher than for the case where the conductance was assumed constant,

A similar approach was used by Aron and Colombo (Reference 20) in studying the radial
variation in contact conductance around bolted joints simulating those between space-
craft electronic components and heat sinks,

Detailed studies of joint conductance effects on the performance of rather com-
plex skin-stiffener panels were conducted by Griffith, et., al (References 21, and 22).
The test sections consisted of two skin members separated by a stiffener and heated
on their outer surfaces. As observed elsewhere, the joints greatly alter temperature
distributions and increase thermal stresses. Internal radiation tended to smooth the
temperature distributions and thus reduce stresses. At higher temperatures these
two effects tended to cancel one another. In a Mach 2 jet tunnel test of a multiweb
wing section, flutter and dynamic failure resulting from poor thermal contact in the
riveted joint was observed.

In cases where it is possible to define an average contact resistance parameter
independent of localized stress distributions, generalized design curves with contact
resistance as an explicit parameter have been worked out to predict the effects of
joint discontinuities on temperature and stress distributions. This approach has
been pursued by Pohle, et. al (Reference 23) and Barber, et. al., (Reference 24)., The
use of such generalized approaches depends on the availability of accurate interface
resistance data which covers a substantial range of materials, surface condition and
loads. The fact that highly empirical testing of practical structural joints has
been the accepted engineering practice in estimating contact conductances rather than
more general but highly refined analysis based on load distributions reflects the
complexities encountered in the latter.

B. PROPULSION APPLICATIONS

Both turbine and rocket nozzle applications are characterized by high tempera-
tures, reactive enviromments, and thermal transients produced under high heat flux
conditions, Estimating intercomponent heat transfer is a difficult design problem
since the geometry of high temperature sections of jet propulsion units are obviously
quite complex; the same may be true in ablative and regeneratively cooled rocket
nozzle throats and extensions.

As in reactor fuel element applications analyses of interface conductance effects
in rocket nozzles are complicated by the presence of cylindrical contact surfaces
and by substantial thermal expansion differentials between adjacent layers produced
as a result of wide temperature variations under operation., The idea of using re-
fractory metal liners directly in contact with the gas stream in liquid rocket
engines to produce an insulating thermal resistance layer to inhibit radial heat
flow has been studied by Hines (Reference 25). If the contact resistance were con-
trolled within a rather wide interval it was indicated that the liner could be used
to replace or supplement regenerative cooling. This approach is then a useful appli-
cation of a resistance effect which has been troublesome in liquid rocket engines -
the formation of a high thermal impedance coating or deposit which reduces the
cooled chamber wall temperature and increases the temperature of the internal nozzle
surface (Reference 26), Hines concluded that contact conductance values between the
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liner and nozzle sublayers in the range from 500 to 7000 BTU/hr-£t2-F were required
to produce effective liners at rocket nozzle heat flux levels up to 18 BTU/in2 -~ sec.
The required conductances are within the range shown in Table I. Depending on
specific operating conditions the allowable interface conductance values may fall in
a narrow interval, If the interface conductance were too low, the liner temperature
could increase beyond the limit of the refractory metal since gas temperatures are
often 5000°F or higher. If the conductance were too high, the liner would not be
effective. The results of simple tests with a cylindrical liner-heater arrangement
indicated that the approach was at least qualitetively feasible. It was also con-
cluded that, for a rigidly contained system, differential thermal expansion had the
greatest effect on h..

In turbine applications the maximum flux levels are considerably below those of
liquid rockets, ranging from 0.1 to 1.0 BTU/in? - sec. Russian authors have done a
considerable amount of work on contact conductance effects on these turbine propulsion
systems (References 27, 28, and 29). This activity concerning heat transfer between
contacting surfaces of different metals was initiated in 1953 at the Institute of
Power Engineering of the Academy of Sciences of the UkSSR., A listing of a large
number of papers on the subject published by the Institute are included in Reference
27. 1t was found that interfacial temperature drops between turbine components could
range up to 100°F at the higher flux levels. Differential thermal expansion under
these conditions couid have a detrimental effect on press-fit joints through relaxa-
tion of the compressive load. Experimental investigations of interface heat transfer
coefficients were carried out with specimens forming planar interfaces representative
of different groups of turbine construction materials. Several steels, copper, brass
aluminum alloys were tested having surface finishes in classes 7 to 9 (20 to 200 u
in.) .

Experimental and analytical studies with fipned tubing components having joints
similar to those of turbine components were made by Gardner and Carnavos (Reference
30). Fins of aluminym or copper were interference fitted in grooved stainless steel
tubing., The condition of complete loss of intermetallic contact as a result of
thermal relaxation of the contact pressure was investigated with the formulation of
equations for predicting initial contact pressures and the variation in gap resist-
ance as a function of temperature. Experimental substantiation of the results was

fair,

For high efficiency and greater thrust levels operating temperatures in turbines
are increasing as are the pressures and temperatures in rocket engines. Because of
the multiple starts these power units encounter in use, it is difficult to estimate
intercomponent loading which arises from differential expansions; temperature induced
plastic deformation and cree; are complicating factors. The geometries encountered
are complex too so that contact conductance studies in the area have generally been
limited to establishing the ranges of values likely to be encountered across inter-
faces of typical turbine and rocket construction materials. Planar interfaces are
usually studied under variable compressive loading.

C. SPACECRAFT APPLICATIONS

Only recently has any great emphasis been placed on the measurement of contact
resistance under vacuum conditions. Heat transfer calculations in space vehicle
systems have lead to requirements for this type of information. Several general
studies in the area have been sponsored recently by NASA (References 31, 32, and 33).
Similar studies have been NASA sponsored dealing specifically with the Saturn system

10
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(References 34, and 35). Other work under vacuum conditions covering the cryogenic
temperature range has been completed on spacecraft alloys by Bloom (Reference 37),

and for the Apollo project by Jannson (Reference 36). In most instances the objective
has been a reduction in the contact resistance to as low a level as practical., It
has been generally observed that vacuum environment contact resistances are high
compared with values for the same interfaces in air due to the absence of gas conduc-
tion contributions. However, since the interfaces operate at relatively low tempera-
tures in most spacecraft systems a variety of low vapor pressure greases and thin
foils of soft metals such as lead, indium and gold could be used to decrease the
contact resistance,

Tests at very low interface loads (5 to 35 psi) in vacuum with large, flat
aluminum alloy specimens conducted by Fried (Reference 38) showed that lead and
aluminum foils decreased the contact reszistance by a factor of 2 or 3, A silicone
grease was found to yield about the same reduction in contact resistance., As would
be expected, the grease was effective even at loads of about 2 psi (Reference 39).
A similar investigation by Cunnington (Reference 7) with magnesium and aluminum
alloys in the load range from 5 to 100 psi showed that silicone grease increased the
interface conductance by a factor of 10 (from about 100 to 1000 BTU/hr-£ft2-CF), One
mil indium foil as the filler material increased the conductance another factor of 10
to around 10,000, Values above 10,000 were measured on aluminum and beryllium inter-
faces with indium foil fillers in the Apollo project studies (Reference 36).

In the Saturn IB/V vehicle most of the electronic equipment units are mounted
directly to liquid cooled heat sink panels. Since operation is under space environ-
ment conditions all heat will be dissipated by solid conduction across the interface
between the component housing and the cold plate, These interfaces of dissimilar
light metals were designed with contact pressures of about 1000 psi., Experimental
measurements on the magnesium and aluminum alloys used in the vehicle indicated that
the interface conductance values were high enough to cause interface temperature
differentials of only about 2°F (References 34, and 35)2 Heat loads in these applica-
tions are low, howrser, averaging around 1200 BTU/hr-ft<,

Further tests with practical spacecraft interfaces and components at low inter-
face loads were carried out by Petri (Reference 41) and Stubstad (Reference 40), Of
the 20 different filler materials coneidered by Stubstad indifum foil was rated among
the best., It was suggested that interfaces formed in air at atmospheric pressure
and then tested in vacuum would not reach the same condition as the vacuum environ-
ment thus complicating analysis of the experimental results. Results of another
experimental study on the gas leak through metallic contacts showed that in the
molecular flow regime the conductance of the interface for lateral gas flow was pro-
portional to the square of the surface roughness (Reference 42), If waviness were
significant the gas conductance would be substantially greater. For extremely smooth
surfaces the waviiizss can be substantial, thus unless soft fillers are used or the
initial compressive loads are very high, the interface voids should rapidly reach
the same gas pressure levels as the surroundings.

Employment of cryogenic fluids as power ources for space vehicles has been
found to be practical because long term -roragze is facilitated by the use of reflec-
tive foil composite thermal insulations. I“ese insulations are highly efficient when
vented to the hard vacuum of space, Serious design problems can occur, however, as
a result of heat shorts from structural supr«c¢t members and piping. The same prob-
lem is encountered in ground hold and transport of cryogenic fluids. As a possible
solution to the problem of designing structural supports which are of low conductivity
Mikesell and Scott (Ref~vence 43) have proposed the use of a layered arrangement of

11
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thin metallic disks. The insulating effect of the composite is derived from the
series arrangement of the contact resistances between the disks. For 0.0008 inch
stainless steel, heat conduction through the piates at a load of 100 psi was only

2 percent that of the metal. Thicker plates had a higher resistance per contact
since deformation was less, however, the thin plates had a greater resistance per
unit length of stack since the number of interfaces was greater., Similar tests with
0.002 inch stainless steel disks were conducted by Thomas and Probert (Reference 44),

For such cryogenic tankage applications particularly at the extremely low
temperatures encountered with liquid or slush hydrogen (209K) the temperature de-
pendence of the contact conductance may be an important consideration. Berman
(References 45, and 46) has found that this conductance is proportional to the
square of the temperature level at helium temperature (4°K) for a variety of inter-
face combinations. The dependence on temperature decreased as the temperature level
increased. A similar temperature effect was observed by Little (Reference 47) where
the heat flow was shown to be proportional to the difference of the fourth powers of
the temperatures on each side of the interface. To date no systematic study has been
made of the change in insulative efficiency of the disk composite with temperature
in the cryogeric range.

In the design of complete satellite and spacecraft vehicles thermal scaling has
been widely used. Subscale models have the obvious advantage of being readily
accommodated in space simulation chambers of modest size. For thermal scale modeling
in a high vacuum only conductive and radiative heat transfer occur. Based on these
transport processes a series of eight basic dimensionless scaling groups can be
defined (Reference 48). Under practical conditions Vickers has shown that only two
scaling techniques should be considered (Reference 48), the technique of preserving
temperature equality from model to spacecraft and the technique of preserving
materials from model to spacecraft. In both cases one of the fundamental dimension-
less groups is the contact conductance expressed in Biot modulus form., As a result
of experimental studies on the applicability of scaling laws to simplified spacecraft
models (Reference 49) it was concluded that extensive information was required on
thermal contact conductance under vacuum conditions. In addition, practical methods
of simulating interface conductances were found to be required since in some cases
the scaling procedure required that the conductance ratio between model and space-
craft deviate from unity (e.g. identical materials case). A current effort under
Air Force sponsorship is considering similar problems in radiative and interface heat
transfer associated with the prediction of space vehicle thermal performance (Ref-
erence 50).

Finally, in the area of space power conversion a continuing problem has been
efficient rejection of heat to the space environment via radiation. Effective heat
dissipation implies large radiative areas while weight considerations,deployment and
the protection of working fluid channels from meteoroid penetration impose serious
practical constraints on radiator size. As a possible solution to these problems
Rocketdyne has proposed the use of a moving belt radiator (Reference 51), This
concept relies on the transfer of heat from the power system condensor, in the form
of a rotating drum, to a moving belt which dissipates the heat tc space.

The important design considerations in this ,concept are (1) materials compati-
bility, (?2) interface conductance between belt and drum and (3) high temperature
bearings all in the hard vacuum of space. The contact time between a given portion
of the belt and the drum which operates around 1100°F is on the order of 250 milli--
seconds, It was establishec that the thermal diffusivity of the belt was high enough
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that the efficiency of heat transfer was not limited by thermal inertia effects but
rather wvas determined by the interfacial contact resistance. The fact that contact
pressures tere low, on the order of 1 to 5 psi, was largely responsible for poor
interfacial transfer. Contact conductance values averaged about 300 BTU/hr-ft2-OF
in ultra high vacuum. Application of soft metallic coatings to the belt and drum
units was found to increase the conductance values. Work on all aspects of the
design are continuing under Air Force sponsorship (Reference 52).

D, REACTOR APPLICATIONS

The greatest number of investigations of interfacial heat transfer related to a
specific application are in the area of nuclear reactor fuel element technology. The
fuel elements, generally cylindrical in shape are constructed with a low mneutron
absorption metallic sheath encasing the fuel., The heat flux levels across the inter-
face between the fuel and the sheath are very high ranging up to about 5.0x10° BTU/hr-
ft2, Under these conditions moderate interface resistances can have serious effects
on fuel element performance. The heat trarsfer coefficient on the coolant or working
fluid side of the sheath can readily be determined while the contact conductance
coefficient adjacent to the fuel surface is difficult to estimate for several reasonms,
First, it is very difficult experimentally to measure contact conductance values
across cylindrical surfaces. Second, proper application of data measured in the
conventional manner with flat surface specimens is dii{icult due to such factors as
differential thermal expansion and heat flux variations with fuel burn up. Third,
the fuel may be in the form of an enriched refractory oxide which produces inherently
low interface conductances aud which deforms mechanically in a very complex fashion
under thermal cycling.

The difficulties involved are exemplified in a study by Brutto (Reference 53)
who conducted contact resistance measurements with cylindrical metal surfaces using
copper to simulate the fuel. The contacts between the aluminum and zircaloy canning
materials and the simulated fuel were mechanical in nature, nQ metallurgical bonding
being used. Contact conductangce values over 20,000 BTU/hr-ft“-OF were measured and
there was some evidence of f n during the tests. However, it was impossible to
estimate the loading across the contact interface with the geometries employed.

As in space vehicle applications ome of the important objectives in reactor fuel
interface design is to make the contact resistance as low as possible. An additional
problem which has not been as difficult to resolve in space vehicle systems is
estimating the interface resistance in the first place and determining its variation
during reactor operation. As pointed out by Wheeler who conducted extensive investi-
gation on interface resistances in zupport of the Hanford reactor developments,
"thermal resistance of the contact between the core and the jacket of unbonded fuel
elements may easily be the iargest source of error in core temperature predictions”.
(Reference 54) .

Boeschoten discussed various approaches for improving fuel-sheath heat transfer
across a uranium-aluminum joint (Reference 55). The use of high conductivity gases
in interfacial voids was not effective since most of the heat appeared to flow across
the solid-solid contact spotsg. Solid lining such as graphite gave only limited im-
provement, It was concluded that compressive loading or the use of a liquid lining
of low neutron absorption cross-section such as sodium, bismuth or tin were the most
promising methods of increasing the interfacial transfer. Recently Fenech and
Rohsenow (Reference 56) have estimated the interfacial conductance between uranium
metal fuel rods and various canning materials including stainless steel, zirconium,
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zircaloy 2, columbium, beryllium, aluminum, and magnox A-12, With helium occupying
the interface voids, contact conductance values averaging 8000 BTU/hr-£ft2-OF were
calcule ed, with NaK alloy values as high as 1,0x106,

Investigations at the MIT Heat Transfer Laboratory under AEC sponsorship were
initiated to develop a generalized procedure for the prediction of contact conduct-
ances based on physical and geometrical characteristics of the fuel-canning contact
members. The method developed accounted for heat flow across both the solid-solid
contacts and the void area and was applicable to planar interfaces (References 56,
and 57)., Because of calculational complexities involved in estimating the required
surface parameters an analog computer technique was perfected to perform the neces-
sary computations (References 58, 59, and 60). Important aspects of the analytical
formulation will be discussed later. During the course of the work at the Heat
Transfer Laboratory experimental investigations were conducted on stainless steel
contacts (References 5, 56, and 58), Armco Iron-aluminum contacts (Reference 56), and
tungsten-graphite contacts (Reference 59).

A large percentage of recent work on fuel element contact conductance problems
has involved the measurement of the heat transfer across flat contact of uranium,
uranium dioxide and various canning materials. Variations in the gas present in
the interface voids has been an important parameter in most cases. Many have simply
reported conductances as a function of compressive load, temperature level, surface
finish and interface gas pressure. Important aspects of analytical correlations,
related to reactor applications where they have been attempted, are discussed in
Sections III and IV, Table II gives a summary of the interfaces studied in support
of reactor applications.

E., ELECTRICAL POWER AND THERMAL MEASUREMENT APPLICATIONS

. The earliest interest in contact resistance of an electrical nature was
associated with the design of switches where it was desirable to minimize Joule
heating across the contact. Several references on various aspects of the subject
including both static and sliding contacts are available (References 72, 73, 74, 75,
and 76)., Since vector field equations of the same form govern both electrical and
thermal energy transfer across a constriction in an isotropic medium, electrical
measurements have been often used in studying thermal contact resistances. The
major problem encountered in this approach is that the analogy is valid only for
clean interfaces, the electrical and thermal conductivities of contaminating films
being widely different.

More recently the wide interest in the design of devices for thermoelectric
power applications has resulted in increased interest in the thermal and electrical
resistances of semiconductor-metal contacts (Reference 77). As pointed out by
Epstein (Reference 78), threas factors are important in lir-"ting the efficiency of
thermoelectric devices:

(1) Electrode compatibility

(2) Output stability during operation

(3) Contact resistance

The contact resistance produces dissipative Joule heating which of course can have
significant effects on performance (Reference 79), This same effect can lead to
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errors in the measurement of the thermoelectric parameters (Seebeck coefficient, o ,
thermal conductivity, k, and electrical resistivity, p ) and in turn the thermo-
electric figure of merit, ‘Qzlk;> (References 79, and 80).

There have been some instances where the constriction of a flow field in a
material has been used as a basis for transport property measurements. It is clear
from Equation 2 that if the comstriction resistance can be measured directly, it is
then possible to calculate the thermal conductivity in a simple manner. The same is
true for the electrical analogy. Cutler (Reference 80) has applied the method for
high temperature measurements of the thermal and electrical conductivity of tantalum.
A physical constriction or necked down section was machined in the bar specimen with
potential probes being mounted on either side.

- A variation in geometry still utilizing the constriction phenomena was used by
Cutler for very small specimens. Heat generated by an electric current was caused
to flow across the small specimen area (constriction) into a much larger heat sink,
the temperature drop being measured indirectly from the electrical resistance charge,
Based on Equation 2 the ratio of the temperature drop to the heat flux is then
proportional to the product of the specimen conductivity and the radius of the con-
striction.

The thermal comparator developed by R. W. Pcwell (Reference 81) is a thermal
conductivity measuring device which utilizes the principle of constricted flow and
vhich, in the words of the inventor, "gives quantitative expression to the qualita-
tive difference in 'coldness' commonly experienced when handling at room temperature
materials covering a range of thermal conductivities" (Reference 82). The method
consists in measuring the temperature differential generated when one of & pair of
metal spheres, -initially at the same temperature is brought in contact with the
specimen at a lower temperature. When the geometry of the sphere-specimen contact
remains constant the temperature differential between the twc spheres is proportional
to the square root of the thermal conluctivity of the specimex. The device has been
used effectively over wide ranges of specimen conductivity from c¢opper to rubber.

It is clear that the comparator ca&n be regarded as a system of iwo semi-infinite
solids at different temperatures in contact over a small circula: area. It is shown
by Clark and Powell (Reference 82) that in the absence of surface films the constric-
tion resistance is given by Equation 2 and thus the governing equations are the

same as those in the Cutler small area contact method. Powell and his associates

have shown that the method may also be used to study contact resistance, surface
roughness, the effective area of contact and its variation with load, and in determin-
ing the thickness of foils and surface deposits (References 81, 82, 83, and 84).
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SECTION III
ANALYTICAL ANALYSES - SINGLE CONTACT CASE

From the discussion in the foregoing section it is clear that the engineering
use of contact conductance data is limited by the sensitivity of this parameter to
the physical and chemical condition of the contacting members, the compressive load-
ing and complicating effects induced through such variables as thermal cycling,
Highly empirical stvudies to establish broad ranges of contact conductances expected
for practical joints has been an accepted approach since analytical prediction
procedures may be complex and often lack generality. Thus, even though it is
recognized that factors such as surface characterization are very important when
studying the mechanics of interface energy transport, inattention to the analyses
of these is not necessarily an error of omission for engineering applications,

Since 1948, however, emphasis has been placed as much on analytical analyses
which allow quantitative prediction of contact conductance as on the generation of
practical data on interfaces likely to be encountered in practice. Even though
some of these prediction procedures are difficult to use, they have lead to semi-~
quantitative or in some cases, completely explicit methods of predicting contact
resistance in terms of the more important independent variables. A review of these
analytical developnents is presented in the next two sections. These analyses usual-
ly begin with consideration of the characteristics of the single contact, and the
derivation of the constriction resistance equation.

If it is assumed that there are N solid-to-solid contact spots per unit super-
ficial area of contact, and that these true contact spots are uniformly distributed
and of equal size, then each of the contacting members can be divided into N imag-
inary elementary cylinders transferring no heat to one another, each containing or
"feeding'" one solid spot. The sketch in Figure lb indicates that this approximation
has some physical justification. The analysis then reduces to consideration of one
of these "contact elements" and determining the additional resistance imposed by
constricting flow to the area of the solid spot when moving from one elementary
cylinder to the other across the interface. Figure 3a presents a cross-section of
the element under consideration; 'b' is the radius of the "feeder" contact element
and 'a' the radius of the circular, solid-sclid contact.

The classical electrical analogy of determining the "constriction resistance
induced in an electrical conductor exhibiting a discontinuous reduction in cross-
section, Figure 3a, was worked out many years ago by Kottler (Reference 85) as
recently discussed by Holm (Reference 86). As indicated in Figure 3b, the flux lines
are approximated by a family of hyperbolic curves, the orthogonal equipotential sur-
faces then being elliptical in shape possessing common foci with the flux curves.

The final result of the calculation is given in Equation 2a

p
(2a)
> 20

P 4
"

where,
Rc = constriction resistance
P = electrical resistivity of the solids

a = contact radius
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An expanded treatment of essentially the same problem related specifically to
the thermal contact case was carried out by Centinkale and Fishenden (Reference 87).
In their analysis, some heat flow across the fluid gap (a< r<b, Figure 3a) is
allowed as well as across the solid contact area. The problem involves - 2lution of
the Laplace equation,

V- (kVT) =0 (3)

with a potential field distribution nearly the same as that shown in Figure 3b. 1In
general from elementary potential field theory, i1f a potential function Y is defined,
then the resistance to flow between any two equipotential surface elements \Il. » and
Yy, 1s given by,

potential difference |“’ ~Y, |
R-= : = (4)
flux density “f aAI

A

vhere,
k = thermal conductivity

Y = potential function

A = cross section of "stream tube" bounded by constant flux lines

9
dn

A geometric schematic of the equipotential surfaces (isotherms) in the proximity of
the thermal contact is given in Figure 4. The dividing flow line separates the

heat which eventually flows through the solid and fluid parts of the resistance.

The dotted isotherm would coincide with the plane z = 0 if there were no gap between
the solids., Thus, the solid resistance introduced by the gap is that between this
isotherm and the plane y = 0, As in the case of the electrical constriction resist-
ance (Figure 3b) this field is approximated by elliptical isotherms with their foci
at x = tga,

= normal differential

Using Equation 4, the solid resistance is expressed geometrically as

Yo o dist bet AB
Rs g l+f f istance between and CD dVdw (5a)
o o areo generated by AB
oo [l aw f Vv Lt Xg=0
T % ) Twg (—4%—) (5b)

s ——— tan
/a? vz 2mak

If (xd-a)—-co (i.e., Figure 3b) Equation 5b reduces to Equation 2a when (1/p )

is replaced by k. (Equation 5b must be multiplied by two to account for the fact
that each contact is made up of two members).
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The above problem can be handled in exact terms, of course, because the poten=-
tial function may be written explicitly. Similiarly if the heat flow through the
fluid is assumed to be linear the following simple expression for the fluid or gas
phase resistance results,

- )
"o T Tz K, (6)
Values of Rg and calculated from the above equations are compared by Cetinkale

and Fishenden with values obtained with isotherms established by the Southwell re-
laxation method. Agreement was within 2 percent for various ratios of a/b and

bkgls ko

The more general derivation of the constriction resistance equation is obtained
by considering the flow of heat between two semi-infinite regions which are at
different temperatures and are in contact over an area of radius a, Under conditions
where no heat flow occurs across the region z = 0, r <a the Laplacian equation is
rewritten in cylindrical coordinates and the solution obtained by transform tech-
niques. Applying the boundary conditions, the form of the temperature field becomes
(Reference 82)

® -z d\

T=To[l—.,l,.—f e (sinko)Jo(kr)—-X—] (7)
0

In turn applying this result in Equation 8 leads directly to the constriction

resistance equation,

AT
Rc-—%= T : 5 (8)
27rkf f(—) dr
0 dz 'z=0
Considering the region in the immediate proximity of the solid conduction
channel, if a perfect contact exists as depicted in Figure 3a a necessary boundary
condition describing the temperature field is
T(r,o0) = Tinterfoce O<r<a (9a)
If an imperfect contact exists in the region o<r<a the definition of R given in
Equation & does not hold and in the 1limit of a high resistance in the region con-
sidered, the isothermal boundary condition, Equation 9a is replaced by a constant
heat flux boundary condition,
oT
-k 3 {r,0) =q, OSr<a (9b)
z

Holm (Reference 86) has shown that for this constant heat flux case the "1/2" in
Equation 2a is replaced by (1/m ) based on the temperature at the center of the
contact, Thus, there appears to be about a 25 percent difference in the calculated
value of Re for the two cases. However, Clausing and Chao (Reference 88) point out
that evaluation of the constant heat flux case should be carried out with a variable
radial temperature along the plane z *0 rather than using the maximum center line value

assumed by Holm. Temperature distribution data giving T = f(r)z -0 O<r<a for
9
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different heat flux levels were obtained by Roess (Reference 89); using this reslation-
ship Clausing and Chao performed the evaluation of R¢ by numerical integration. The
results indicated that Equation 2a is valid for both toundary conditions, Equations

9a and 9b,

The next important consideration to be discussed in relation to the characteris-
tics of the simplified model in Figure 3a is the case where "a" increases until it
becomes comparable to "b"., Physically this would be the case encountered at very
high loads or with very smooth surfaces. Qualitatively the N adiabatic rods into
which the contact members were originally divided no longer are truly isolated but
interact with a net reduction of the constriction resistance. This effect has been
termed "constriction alleviation" and has been expressed in terms of the ratio x =
a/b. An analog study of the case where a constant potential circular spot of radius
"a" feeds a coaxial cylinder of radius "b" yields the following result for the con-
striction alleviation factor g(x),

glx)= |- 1 +0925x = 0.29591 x> = 0.05254 x> +—— —— (10)

There is experimental evidence, mainly from liquid analog studies conducted by
Clausing (Reference 88), that this expression holds fo x<0.65. A more generalized
form of Equation 2a then becomes

R = (1)

Laming (Reference 90) has concluded that at loads ranging from 2000 to 8000 psi on
fairly rough metallic interfaces (150-1500 .. in.) significant constriction allevia-
tion effects are observed.

The length, L, of elementary heat conduction channel (r = b) does not influence
the value of R, for L/b greater than 1.0. The effect, if present, is greatest for
values of x near unity. An important correllary to this observation is tlat the
axial distance from the interface in which the temperature field is perturbed as a
result of imperfect contacts is on the order of separation of the surface asperities.

The other basic method of analyzing the heat transport in the simplified one-
contact model presented in Figure 3a is carried out by rewriting the Laplacian
equation in cylindrical coordinates and solving the resultant zero-order Bessel
equation with appropriate boundary conditions. The simplest approach using this
method is to assume zero heat flow across the void area as was done by Clark and
Powell (c.f. Equations 7 and 8). If heat transfer across the void area is allowed,
the solution procedure is somewhat more complex. Fenech and Rohsenow (Reference 57)
have derived equations for this case by making several simplifying approximations.
First, the idealized contact was divided into several reﬁions as shown in Figure 5a.
The solution of the steady state conduction equation, V4T = 0 in each region was
then by the method of separation of variables. Explicit solution of the problem is
only possible if average boundary and coupling conditions are written for the various
regions along with the assumption of pure axial conduction through the fluid gap and
in the cylindrical contact region of radius a and height o) 1 82. Only the more

important nteps of the lengthy solution will be included here. A representative
average boundary condition is given in Equation 12a, while the axial flow coupling
condition between the contact members and the fluid in the void or gap is given in
Equation 12b,
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a

z=0, Oc< r<0.f (TI'—To)rdr =0 (1za)
0
b b b
oT T 3
a<r<b.fk|-——'-| rdr = - kz-——zl rdr=fkf (T -Tp) rdr (12b)

A solution of the form given in Equation 13 for the region I is assumed,

-Qz

TI=T°+q(z+d)+ AJ,(ar) e (13)

where,
J° = Zero order Bessel function of the first kind
A, = Constants

The factor gd is essentially a "temperature displacement" term which arises from the
contact disturbance. Thus, the external solution T, + g(z+d)} tends to the tempera-
ture T + gd as z — 0 rather than to T,. Based on the definition of the interfacial
conductance, we have the following,

q
hn = - ( A ) = ! (14)
¢: = =
R A Tinterfoce _— - ——

Evaluation of the temperature displacement terms is quite involv:d, however, the
final solution is in the form of a sum of two terms

2
ma ‘T| "Tz) 2 2 kf (TI—TZ)
q =q .,+q . = +mT(b —a) (15)
total solid void _8_'_+ _8_2_ S, +82
ky k2
hence,
K 8 3
S s e (g e )
h. = A = '+ 2 ' s (16)
c =
T 3 L3
ky  kp
where,
A o
b

Added terms from the analytical solution which describe exactly the temperature--heat
flux field corresponding to the assumed boundary and coupling conditions are included
in an equation similar in form to Equation 16. !

24



AFML-TR-65-375
Volume 1

Physically, the differences between this model and that discussed earlier are
sketched out in Figure 5b. Coupling conditions of the form given in Equation 12b
caugse the heat flux lines (dotted curves, Figure 5b) to have a steeper slope near
the constriction so that the heat flux through the solid and void areas in the region
x = 8 are directly proportional to kg and k¢ respectively. This in turn requires
that the plane z = g be isothermal which of course could be a rather questionable
approximation. The isotherms are in turn more flat and less distorted than in the
true physical case. Some flattening in the actual isotherms would be expected
because of heat flow through the voids but not to the extent forced by the analysis.
Fenech and Rohsenow indicate that their somewhat limited experimental data has
shown the initial approximations to be of no serious consequence.

The results of the boundary value solution of Fenech and Rohsenow can be com—
pared with the basic constriction resistance equation, Fquation 2a, by reducing the
equation to the case where k, = kj and the void phase conduction is zero (Reference
91). The result is

3
i 2'4T +2 |
Rc = = = -——) (17)
he 2.4 7 ak 1.7 ak -
8=°

The equivalent constriction resistance is then slightly greater than that given by
Equation 2a when 8 is on the order of a.

If either of the above approaches are to be used successfully in analysis of
thermal contact resistance phenomena where solid and gaseous conduction are the
predominant modes of interfacial heat transfer, the characteristics of the ccntact-
ing surfaces must somehow be reduced to expressions involving the parameters a, b,
and 8. This 1s where the real problem arises in correlations between experimental
data and analytical predictions. To date, only very marginal success has been
realized, mainly on physically elementary surfaces. When the main experimental
variable is the compressive load, the surface parameters a, b, and § become complex
functions of the elastic and plastic mechanical characteristics of the mating mate-
rials. Since real surfaces may exhibit several types of surface roughness and
waviness, definition of geometrical surface characterizing parameters often becomes
a difficult or impossible task in itself. Surface contamination, low conductivity
surface filus, and radiation heat transfer contributions are complicating influences
which may be of importauce.
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SECTION IV

CONTACT RESISTANCES ANALYSES OF REAL MULTIPLE
CONTACT INTERFACES SURFACES

A. GENERAL APPROACH

Starting with a relationship of the form of Equation 11, the simplest expression
for "a" in terms of physically measurable quantities is obtained as follows., Assum-
ing N circular solid-solid contact spots, the total solid-solid contact area Ag is

Ag= Nma? (18)
If it is argued that the loads which can be supported by elastic deformation are
extremely small, then it can be assumed that the pressure over each solid-solid
contact spot is equal to the yield pressure of the contact members (the yield pres-
sure of the softer material if the contact is made up of different materials). The
yield pressure is nearly equal to the Meyer hardness, Hy. Thus, if the load on the
contact is L, the applied pressure, p , and the total area Ar,

L =Hp Ag = PAT (19q)
or,

o:(' > et )Vz (19b)

Substituting in Equation 11,

Rs = 2% N TP

Rsolid )
In cases where solid-solid conduction predominates, and where the simplifying assump-

tions concerning the use of the Meyer hardness are valid, the contact resistance

should vary as L-l/z. If the contact interface is subjected to extremely low com-

pressive loads or if the surfaces are very smooth, the deformation could possibly be
elastic. In this case the classical Hertzian elastic deformation equation for the
solid-solid contact area (Reference 92) can be applied,

1/
L. L)) (21)

o=[—43—- L(—-L-ﬁ-

~
D
FE
)
+

where,
i = Poisson's ratio
E = modulus of elasticity
r = radii of contacting asperities

Hence in the case of elastic deformation the contact resistance becomes proportional

-1/3

toL for the simple case assumed., The discussion concerning the validity and

26




AFML-TR-65-375
Volume I

limitations of Equation 20 falls logically into two areas: first, the deformation
characteristics of the surfaces in contact associated with the term Hy; second, the
geometrical characteristics of the surfaces involved in the evaluation of N, These
are considered separately as follows:

B, SURFACE DEFORMATION CHARACTERISTICS

In estimating the true solid-solid contact areas as a function of compressive
load, a correction to Equation 19a is often employed as follows,

Ag = —= (22)

§EH
where,

H = hardness, (Vickers, Meyer, etc.)
£ = empirical deformation factor

If full plastic flow is initiated, with no complicating factors such as work hardening,
then £ = 1 and the area available for direct solid conduction, Ag, will be the
applied load divided by the Meyer or Vickers hardness. These hardness values should
be employed since they are defined in terms of the projected area of the indentation
rather than the total area. The projected area 1is, of course, that available for

heat transfer. In actual cases, many complex factors lead to values of { < 1.0;
these will be discussed further., Generally 1/3< f <1 since both work hardening

and elastic deformation may be significant,

If a plot of mean yield pressure, Pp, as a function of load is made for a typi-
cal metal undergoing compression, the curve in Figure 6 would be obtained where the
Y is the elastic limit of the metal in tension. The deformation is elastic up to
about Py = 1,1 Y., O to x, Figure 6. Plastic flow is fully initiated when Py =
3.0 Y. Beyond this point (y to z, Figure 6) the mean pressure on the contact surface
is consicnt and the contact area becomes directly proportional to the load. Since
hardness, H, 1s defined as the load per unit area of real contact, the following
important relationship can be written for the plastic flow region in Figure 6,

L .
H = '—A—s— = Pm= 3Y (23)

In hardness measurements with spherical indenters the nature of the deformation
is related to the size of the indentation; empirically it has been shown that the
percentage of strain or deformation of the indentation edge is given by the factor
(20 d/D), where d = indentation diameter, D = indenter diameter (Reference Y3).

Full plasticity is reached when d/D 20.1 or at strains greater than 2 percent. For
conical and pyramidal indenters, full plastic flow is initiated immediately when

the point touches the surface, In the case of the pyramidal Vickers indenter the
strain is approximately constant at about 8 percent (Reference 94); hence, it is
possible to estimate the Vickers hardmess from stress-strain characteristics of the
material, In this case, as opposed to the case with spherical indenters, the hard-
ness should be independent of the load and indentation size according to Equation
23, For work in contact resistance then Vickers and Meyer hardness values have more
physical significance than Rockwell or Brinnell values which are obtained with
spherical indenters.
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Figure 6. Yield Pressure as a Function of Load
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Figure 7. Stress-Strain Characteristics of a Real Metal
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For annealed materials that work harden the elastic limit, Y, increases with

deformation and the area of contact, A, is proportional to L‘ls, whereas for fully

worked material Aj a Ll. Referring to Figure 7, two characteristics of partially
wvorked metals are of importance in determining deformation under cycling loads. If
the material has been brought to a state with strain = € , on removal of the load it
will recover elastically to a condition with residual strain €,. The modulus of the
material is little affected by work hardening, thus the slope of the dotted curve in
Figure 7 is essentially the same as the slope of the curve in the elastic region
near the origin (0 to X). Because of the deformation €, the yield stress for this
material is now much greater than the initial elastic limit. For the fully worked
material it will equal the ultimate tensile strength. A cross plot of contact area
as a function of load is given in Figure 8 for a typical cycling compression. For

a surface where the load is high enough for both the asperities and the substrate

to undergo plastic deformation, the mean pressure will be the yield strength of the
bulk material. This is because the asperities can support a much greater load due
to their more severe work hardening.

Another important ohservation based on the same behavior is the fact that for
partially worked materials, larger indentations are required to produce full plastic-
ity than on the annealed material. Hence, for small indentations in such materials
when hardness values based on full plastic flow are used in calculations of contact
area considerable error could result. However, in the case of different materials
undergoing cyclic compression the harder material will undergo a greater elastic
recovery than a soft material and thus the possibly greater surface adhesion between
the hard surfaces will tend to nullify differences in hysteresis for interfaces made
up of materials with different hardness.

For real metals, it has been observed that the hardness is not indepeudent of
load and thus when estimating values of H for contact resistance studies it is neces-
sary to work in the microhardness range where the indentation areas are comparable
to the solid-solid contact areas developed between the asperities of contacting sur-
faces. This range is defined generally according to the following Table (Reference
95).

TABLE III

HARDNESS RANGES

Indenter Load Hardness Range

10 kgm Macrohardness

10 kgm - 200 gm Low-load hardness
lgm- 200 gm Microharéness

Both increases and decreases in hardness at low loads have been observed by different
investigators on various metals. Although the explanation is yet unresolved, in-
creased apparent hardness with decreasing load is attributed to metallurgical effects
whereas decreases in hardness with reduced load is most often attributed to inaccurate
or faulty measurement techniques (Reference 96). An increase in both Vickers and
Knoop microhardness of stainless steel at low loads has been observed by Henry in the
range of solid-solid contact areas found with contacting surfaces (Reference 58).
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Microhardness values of up to 6X10° psi were obtained by Henry as compared with a

nominal value of around 3X10°, Laming (Reference 90) calculated microhardness

values as high as 1x107 psi for mild steel in correlating observed contact resistance
data., However, other factors such as surface waviness contributions at low loads

may have caused these calculations to be greatly in error. In work on fairly coarse
gun metal contacts, Tachibana (Reference 97) found that experimental Brinnell hard-
ness values had to be multiplied by an empirical factor of 2.5 to correlate the
experimental contact resistance data when an equation similar to Equation 19 was

used to estimate the solid-solid contact area.

The important and also complex role which elastic-plastic deformatici contribu-
tions make to thermal contact resistance ;é shown in the extensive empirical work of
Cordier, Maimi, and Bory (References 98, 99, and 100)., The variability in the ob-
served contact resistance values as a function of load and load-cycle history illus-
trate that a great degree of caution must be exercised in the estimation of solid
contact areas from hardness measurements. The work was conducted with high roughness
interface contacts of brass and steel (120 to 1800 4 in,) at loads up to 2500 psi.
The results are summarized in Figure 9. The first compression~decompression cycle
is outlined by the solid curve in Figure 9a. When the maximum load is maintained
for several hours, the contact resistance decreases and then follows the lower solid
curve on decompression., All subsequent compression-decompression cycles to load
levels below the initial maximum fall within the envelope outlined by the dashed
curves (a) - @, Figure 9a. Figure 9b is an expanded plot of the (a) - @ envelope
with several intermediate load cycles shown. Thus depending on the manner in which
a given load level is achieved, the contact resistance can assume any value within
the well defined limits, - (). At least qualitatively these effects are ex-
pected from the variation in solid-solid contact area under cyling loads which was
discussed in connection with Figure 8.

Once the - envelope had been defined after cycling to a fixed maximum
load, various intermediate loads were maintained for extended periods of time to
examine relaxation effects. On the compressive leg at a given load, it was found
that the contact resistance decreased with time. At the same load on the decom-
pression leg it was found that the contact resistance increased. Since the final
two values of the contact resistance reached on the compression and decompression
legs at any given load were nearly identical, it was concluded by these authors that
only one equilibrium curve, R, = f (L), existed. The equilibrium curve was unique
only at load levels below the maximum experienced by the contact. The compression-
decompression envelope was thus attributed to non-equilibrium measurements at the
various intermediate loads. 'Non-equilibrium" in this context was defined as a
compression-decompression cycle extending over a two day period. At any given load
level, the equilibrium contact resistance values were attained only after a period
of 4 to 5 days.

C. GEOMETRICAL CHARACTERISTICS

Hardness measurements would allow straight forward determination of the solid-
solid contact area available for heat transfer i1f it were not for complicating
effects of elastic deformation, work hardening and other factors aforementioned.
Since hardness correlations give no irnformation on the size, shape or distribution
of the contacts (Reference 21) examination of the geometrical properties of the con-
tact surfaces from visual or photographic observation, profilometer traces or surface
sensitive parameters such as specular emittance is often employed to provide addition-
al information relatable to the physical nature of the contact. In general, at least

31







AFML-TR=-65-=375
Volume I

two qualities of nominally flat surfaces, free of gross imperfections and superficial
damage: e.g. scratches, pits, must be considered immediately in determining surface
characteristics. The first is surface roughness which can be defined as those sur-
face irregularities which are microscopic in nature; the second is surface waviness
which can be considered as macroscopic deviations from overall surface flatness.

As with other aspects of thermal contact resistance work there is disagreement
as to the proper application of such data in analyzing experimental results. It is
intuitive that rough surfaces make poor contact whereas smooth surfaces likely pro-
vide better contact and that compressive loading improves the contact in both cases.
Beyond this observation, for which qualifications must often be made, very little of
a general nature can be said.

Several references are available which describe methods of surface finish
analysis and which discuss the types of finishes which can be obtained through vari-
ous mechanical operations (References 101, 102, and 103) and thus these items will
not be discussed further. The following will emphasize the methods of surface
property analysis which seem to have been successful in understanding contact resist-
ance phenomena,

Conventional lathe or milling machine operations yield surface contours with a
definite lay or directional character (parallel grooves or scratches, concentric
circles and the like). If surfaces finished in this manner are brought into contact
the nature of the interface is dependent on the relative orientation of the contact
members., This is in contrast to an interface made up of specimens with a random
lay as might be achieved with a sand-blasting operation. In this instance the
character of the interface should be independent of relative orientation of the
contact members.

Thus, the nature of the surface finishing process may greatly influence the
distribution and number of the solid contacts as a function of load. Through con-
trast microscopy studies Dyson and Hirst (Reference 104) found that the true area of
contact between lapped steel surfaces was made up of a very great number of small
contacts which increased in number but not size with increasing load. Polished sur-
faces of the same specimens exhibited contact uniformity across the macroscopic con-
tact area, In studies with true surface profile traces on roughly milled (150 u in.
rms) iron—aluminum contacts, Fenech (Reference 57) found an increase in both number
and size of the contact areas with increasing load. Work hardening effects were not
considered, in this analysis. Several authors have observed that the number of solid
contacts increases in the same manner with increasing load as the total contact area,
the average size of the contacts remaining constant. Results from a series of rough
metallic interfaces (400 w in.) performed by Boeschoten and van der Held (Reference
67) indicated that the average solid contact radius was approximately 120 u in.

(30 .£) independent of load and independent of the metals making up the contact.
Through optical determination of contact area as a function of load on tramnsparert
plexiglas models Shvetsova (Reference 105) found that both the total area and the
number of individual contact points increased linearily with load. Hence the aver-
age size of the individual contacts remained constant and was calculated to be
approximately 0,020mm“ (r=30004in.). This value was obtained for plexiglas impres-
sions from both 200 u in, and 2800 u in, Armco Iron surfaces.

It is quite generally agreed that for common machining and finishing operationms,
the wavelength of both roughness and waviness irregularities is greater than the
anplitude, often by more than an order of magnitude. Indicative characteristics are
summarized in Table IV,
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TABLE IV
SURFACE ROUGHNESS CHARACTERISTICS (106)

Surface Roughness Peak- Roughness

Specimen Preparation (Arithmetic Av.,) Height Wavelength
M in, M in. B in.

Beryllium Hand Lapping 1.0 4.5 5500
Steel Machine Lapped 0.9 5.8 700

3pu  diamond

abrasive
Steel Machine Lapped 13.3 81.5 700

20 4 diamond

abrasive
Steel Commercial 1.9 8.4 600

Machine Lapp

Because of this general character observed with surfaces produced by a diversity of
machining and finishing operations the void area normel to the direction of inter-
facial heat transfer is greater than the solid contact area, often over 99 percent
of the total. ‘

If an equation for the thermal contact conductance, h., is written in the form,

= keL" (24)

|
he Re
it will be recalled that the one contact model yields a value of n = 1/3 for elastic
deformation and n = 1/2 for plastic deformation., However, when extending the analy-
sis to the multiple contact case associated with practical interfaces different
values of n may be obtained depending on the distribution of the total contact area
between different types of contacts. Variation of this distribution as a function
of load is, of course, related to surface roughness and waviness. The pitfalls in
disregarding "higher order" surface irregularities (e.g. waviness) when applying a
relationship such as Equation 24 have been discussed by Archard (Reference 107). In
the case where surface waviness is important, the constriction resistance resulting
from individual closely spaced contact may be negligible compared with the large
constriction resistance of the general contact area. Archard points to experiments
with crossed cylinders having rough surfaces, where the contact is poor, which give
values of contact conductance agreeing well with theoretical values based on smooth
contact members. If surface films are present and their thermal conductivity is
low, the overall constriction becomes area dependent rather than radius dependent
(Equation 2a); in turn, the single contact exponent in Equation 24 is doubled.

For any model which assumes that increasing load gives an increase in both
number and size of the contacts, the exponent in Equation 24 will be higher than the
single contact case. Experimental measurements of Holm (Reference 86) and Bowden
and Tabor (Reference 93) and analytical studies of Ling (Reference 108) confirm this.
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If an interface is made up of surfaces which have been especially prepared
with macroscopic irregularities such as pyramids (Refererence 57), unidirectional
ruling (Referenr= 90) or spherical curvatures (Reference 88), it is possible to
write a relatively simple geometrical equation for the contact area and void dimen-
sion as a function of relative surface orientation and to write approximate expres-
sions for the variation of these quantities with compressive load. For surfaces
developed through more conventional means in which both microscopic and macroscopic
roughness patterns are formed, the surface characterization in cterms of simple
parameters becomes difficult, The following approaches which can be applied for
roughness and/cr waviness description have been suggested:

1. Direct Numerical Integration Analysis
2. Derivative Analysis
3. Statistical Analysis

Direct numerical integration of true surface profile data has been used succese-
fully in estimating solid-solid contact area, Ag, average void thickness, S, and
the number of contacts per unit area, n. To simulate the effect of compressive
loading Fenech (Reference 57) displaced superpositioned profiles of the contacting
surfaces such that they overlapped to varying degrees., This was done with two pro-
files from both contacting surfaces taken perpendicular to each other. Equations
of the following form were thus developed,

n m
2 X o b;
Ag izl j=I
= (250)
At £, 4,
Ny ny
A (25b)

where,

a, = width of the ith contact between two superimposed profiles taken
along the "x" direction

b, = width of the ith contact betwean two superimposed profiles taken

perpendicular to "x" along "y" direction
lx’l = total length of the recorded profiles
n = number of contacts between the superimposed profiles

The major difficulty associated with the above technique is the great amount of
effort involved in surface profile analysis. In order to simplify the procedure,
Henry (Reference 58) developed an analog computer program which could handle the
calculations. The results from random lay, stainless steel surfaces, prepared by
blasting with glass spheres, are presented in Table V. One specimen had an RMS
roughness of 62 ;1 in,, the other of 150 ux in. Comparison of analog computations
on glass-blasteJusurfaces with direct determination of the number of contact per
unit area through radioactive counting techniques showed excellent agreement.
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TABLE V

CHARACTERISTICS OF RANDOM LAY FINISH,

STAINLESS STEEL CONTACT (Reference 58)
Load, psi S in. AglAyoial (Ag/A)/n, mils?
1750 322 0.005 2. 37
3460 305 0.01 3. 31
6860 0.02 4.20
10200 v 03 . 4.75
17000 0. 05 5.33

3

A second method of surface profile analysis which could be employed when the
roughness patterns are of a fairly regular nature is d'ibed bv Meyers (Reference
109), according to the following equations: «

S, =stondard rms = e fy'dy (26a)
roughness L ()

_ A L, dy
82- | st derivative -—L—\/_/; h—) dx (26b)
L a2 2
_ U f dy
Ss' 2 nd derivative = L f (_d;_{_) dx (26¢)

0

These parameters are of no direct use in analyses requiring explicit definition of
surface irregularity dimensions. However, f£or scue types of contacts with more or
less regular surface undulations, the parameters Sy or S3 may be a sensitive index
of contact resistance variations. It is clear that the S, parameter would be par-
ticularly effective index for correlating reflectance characteristics of roughened
surfaces. For two surfaces in contact, the number of ccntact points per unit length
of profile would be the number of times a positive slope is encountered in moving
along the profile at some reference height corresponding to the surface mean., Meyers
indicates that the parameters Sy, Sz, and S3 were computed by analog techniques in
studies of surface friction characteristics. As would be expected, the first deriv-
ative parameter, S) was the most sensitive index of variations in sliding contact
measurements.,

For surface finishes which are nearly random in nature a third method of surface
characterization may be useful, The method is based on the fact that in many cases
surface irregularities may have nearly a Gaussian aistribution. If this condition
is met, only one parameter, the standard deviation, 0 , is required to specify the
distribution of surface irregularities. If two such surfaces are brought together

36



AFML~-TR=65-=375
Volume 1

the distribution of their sum is also Gaussian. If Z), and Z, are the heights of

the two surface profiles above their respective means and if the profile means are
separated by a distance Z, the probability per unit length that the profiles will

overlap is given by the probability that Z, + Z2 >Z, Thus

(2,42, /20,

) L e (1T e% vz, ‘.
e-p(Z,+Zz>Z)-fz (27)
J2mw O

Z,+2,

The integral is a tabulated probability function. The separation Z is the average
void thicknes. 8§ . The number of solid-solid contacts per unit profile length is
obtained by finding the standard deviation of the profile slopes.

The assumption of normal distribution was verified by Henry (Reference 60) on
glass-sphere blasted stainless steel surfaces. Calculation of thermal contact con-
ductance values based on this random process theory were in fair agreement witch
experimental results,

The degree of applicability of the above surface characterization methods in
contact resistance correlation is dependent to a great extent on the types of
finishes encountered and on the order of surface irregularity which is predominant.
In addition, for the derivative and statistical approaches no correction is in-
cluded for change in asperity geometry with load. Incorporation of such a factor
is difficult since complex elastic-plastic deformations must be converted to
explicit geometrical correction factors.

D, VOID PHASE CONDUCTION

As discussed connection with Equations 6 and 16, the void conduction contribu-
tion is usually estimated from some function of the void phase conductivity divided
by an effective or average void thickness. In some cases it is assumed that radia-
tion contributions are included in an effective gaseous conductance (Reference 57).
Implicit in the definition of an effective gap width, 3 , is the assumption that
the heat flow through the gaps is along parallel lines and hence that this resist-
ance is independent of the shapes of the irregularities (Reference 97). As dis-
cussed earlier this condition was incorporated in the expression developed by Fenech
and Rohsenow. By direct analysis of profilometer traces Henry (Reference 60) ob-
tained values of & = 300 in, for sandblasted surfaces with RMS roughness values
around 50 i in, The more widely used approach is to estimate void conduction con-
tributions by varying the gaseous enviromment or by calculating the difference
between total contact conductance and the estimated solid-contact conductance,
Sanderson (Reference 61) found for smooth (10 i in. CLA) uranium-magnesium alloy

interfaces that hh >h >h o The difference steadily decreased with
elium argon vacuum

increased compressive load, however, so that at higher loads about 80 percent of the
conduction is across the solid-solid contacts. Somewhat contradictory results con-
cerning the importance of the gaseous conduction component are reported by Held who
maintains that even at loads up to 500-600 psi on steel and aluminum surfaces gase-
ous conduction is overwhelmingly important (Reference 110)., On varying the gas
pressure Sanderson observed that below 5 torr gas conduction was approximately zero
in all cases, A similar limit for gas conduction contributions was observed by
Shlykov and Ganin (References 111, and 112) and by Boeschoten and van der Held
(Reference 67).
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In the Russian worl. of Dyban and Shvets (References 27, and 113) it was con-
cluded that gaseous condiction was overwhelmingly important at all load levels,
Based on more or less qualitative analysis of extensive contact resistance data for
steel, copper, brass and aluminum alloy interfaces these authors maintain that the
decrease of the interfacial resistance with increasing load is due mainly to a
reduction in the effective thickness of the gas film rather than to increased solid-
solid contact area. Further, at higher compressive loads it is maintained that the
thermal resistance of the contact decreases with increasing temperature level as a
result of increased gas phase thermal conductivity rather than to decreased metal
hardness. Similar conclusions are drawn by Sonokama in tests at moderate loads
(Reference 114), 1In order to better understand these apparent contradictions, the
results of Dyban and Shvets and the results of Sanderson (Reference 61) for different
gaseous environments are compared in Figure 10,

To sketch the plots on the same basis and to eliminate effects due to variable
test temperature and test material the independent coordinate chosen is the applied
load divided by the hardness at temperature., From Equation 19 this variable is
seen to be proportional to the solid-solid contact area. The comparison helps to
explein, in at least a qualitative sense, the differences in conclusions drawn by
the investigators. It also illustrates the fact that generalized conclusions based
oni limited testing are often more misleading than they are useful, Even though com-
pressive loads up to 5600 psi were used in the Russian work as compared to a maximum
load of 285 psi used by Sanderson, the solid-solid contact areas are comparable,

The fact that the roughness levels are different is highly significant even though
L/H ranges are similar. The constriction res. tance is substantially higher for the
rougher surfaces studied by Shvets and Dyban and it is seen from Figure 10 that this
condition masks effects of the higher aluminum alloy conductivity which would tend

to increase the solid conduction contribution. Here gas conduction is clearly im-
portant at all load levls whereas Sanderson's results show that the gas conduction
contributions were eliminated at L/H values between 0.04 and 0,05, Further it is
clear that the relative proportion of gas phase conduction is different in these two
sets of curves and changes in dissimilar fashions with increase in load., The differ-
ences in both constriction resistance and thermal conductivity of the contacting
members influence the nature of the net variation in overall contact resistance with
load. Thus the conclusions of these investigators regarding gas conduction contri-
butions are really not contradictory. Effects of higher order surface irregularities
(e.g. waviness) could produce essentially the same results. However, these authors
did not provide sufficient surface characterization data to allow further analysis.

Firally there are several additional factors which should be kept in mind in
assessing void phase conduction contributions. First, the effective gaseous con-
ductivity becomes a function of the gap geometry when the molecular mean free path,
A\ , becomes comparable to the effective gap width, 8 . This situation could exist
at atmospheric pressure wvhen & & )\, depending on what gas is present. Of course,
as the gas pressure is reduced this condition will be reached eventually for any
value of O . Second, the exchange of energy between the gas and solid at their
interface may be highly inefficient as reflected in accommodation coefficients con-
siderably less than unity. In this case a correction may be applied to Equation 6
by increasing & to account for this effect as suggested by Robertson et, al. (Refer-
ence 62), Expressions for effective gas conductivities as a function of temperature
pressure and accommodation coefficient are developed in standard texts and will not
be considered further except to indicate that accurate estimation of accommodation
coefficients for real surfaces is extremely difficult, Further discussion of these
effects will be included in Section V,
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The final general observation relating to gas conduction effects concerns the
widely used approximation that the total thermal contact conductance is equal to the
sum of the solid-solid conduction and the effective void conduction where the solid
conduction contribution is established through the measurements in vacuum environ-
ment, For the physical situation encountered across an interface, superposition
of the heat flows is only a valid approximation when one of the components is highly
predominate, Thus, in cases where there is an apparent transition from heat flow
predominantly across the void area to heat flow predominantly across the solid
contacts, it is highly unlikely that the simple superposition approach is applicable.
It is difficult to attempt quantitative assessment of void phase conduction contri-
butions by varying gas thermal conductivity while assuming a constant solid-solid
conduction component since significant redistributions of the heat flux between the
solid and gas paths may be occurring.
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SECTION V
EXPERIMENTAL~-ANALYTICAL CORRELATIONS
A. CORRELATIONS BASED ON LIMITED DATA

To conclude this review a brief discussion is made of those investigations in
vhich a successful correlation has been affected between analytical predictions and
experimental results. In early studies during the 40's, surface characterization
vag generally limfted to the determination of the arithmetic or RMS roughness. These
values were used in either qualitative or empirical correlations of contact resist-
ance variations as a function of applied lvad (References 114, 115, 116).

The first analytical study of any depth was that of Cetinkale and Fishenden
(Reference 87) who expanded on the one-contact model to include effects of gas
conduction across the void area. The expressions for the solid and gaseous conduc-
tion components given in Equations 5b and 6 were combined as in Equation 28 below,

2
! | | b k¢ 2mwaokg
h z s + = (28)
total RfO'O' Rg RS ] 'Oﬂ-. [(Xg; a) ]
The final equation for h was converted to dimensionless form to establish the

total
general functional dependence of the contact conductance on three dimensionless

groups: the constriction number, C = a/b, the conductivity number K = kg/kg and the
fluid thickness number, B = 3/b. The dimensionless conductance number, U = hy Slk8
was then given by the following expression,

u:hT—§-=|+ 12 (29)
kg k tan”' {—::— .,/(l-—:‘—)-l}

These groups were written in terms of empirical factors which were evaluated for a
series of very rough (8,000 to 34,000 i in. peak-to-peak) metallic interfaces. Al-
though none of the experimental contact resistance data was presented, it was stated
that the empirical correlation was successful for steel, aluminum and brass inter-
faces with air, spindle oil and glycerol as the interfacial fluid.

Using a relationship similar to Equation 22 in estimating the solid-solid
conduction area from hardness data and assuming that the gaseous conduction component
is proportional to the ratio of the effective gap width to the gas conductivity,
Tachibana (Reference 97) expressed the overall thermal contact conductance as the
sum of the solid and gas phase components. The equivalent thickness notation was
used, one being equal to R, times an effective thermal conductivity. The final
relationship is given by Equatiomn 30.

' (! )P ' kg

- = ¢ + (30)
Y + Y

- CH Y ke

The effective mean height of the surface irregularities, y, was found to be constant
for a given type of surface machining operation; the factor, yc, is a small correc-
tion to y accounting for minute irregularities across the areas of direct contact.

A generally linear relationship was found experimentally between %and P thus
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confirming the validity of Equation 30. The values of C and y were determined from
data obtained with surfaces having variable finishes. The empirical deformation
factor, C, (§ in Equation 22) assumes a value of 2.5 in order to correlate the data.
The contact resistance measurements were made with gun metal specimens of three
peak-to-peak roughnesses: 140, 600 and 1200 microinches. Parafin, oil and air
were used as void phase materials. Even though it was concluded that the single
surface finish parameter y was sufficient to provide a correlation, the experimental
verification of this simple contact conductance equation can only be considered as
qualitative, however, since only limited data on very rough specimens was obtained.

Starting with the one contact model, Held (Reference 110) used the classical
Hertz equations for elastic deformation to write a simple equation for the resistance
of one contact as a function of load. Based on the elastic deformation equations
an expression was also written for the "degree of flattening", u; this parameter is
the amount by which the surfaces approach each other as a function of load. Even
for the elastic deformation case, to extend the one contact equation to the true
multiple contact interface encountered in practice it was necessary to establish a
relationship between the load (or u in this analysis) and the number of contacts, n.
Assuming no interaction between adjacent contacts Held employs an equation of the
form

n = f(u) =MuM (31)

where,

M, m = empirical constants

The final expression for the contact conductance of an interface where the asperities
are being elastically deformed, is then in terms of m, M, u, r - the average radius
of curvature of the asperities, and the material properties. The radius of curvature,
r, 1s estimated from profilometer traces of the surfaces.

2m+| _2 2 m+l|
2m+3 — \2M+3 2m+3
helastic = 2ka B(M‘/T’ ) L

(32)

where,

Q
"

1.5(1-;;2)/E, (i = Poisson ratio, E = elastic modulus)

[e>)
]

constant = f(m)

r = asperity radius of curvature
M,m = constants defined by Equation 31
L = load

The same approach was employed for the plastic deformation range by defining
the plastic deformation analogy of Equation 31 in terms of the two constants M* and
ml, For this case it is assumed that the true area of contact is equal to the load
divided by the Brinnell hardness. Since the thermal contact conductance equations
derived in this manner are of the form,

(33)

[3,B = constants

N W
IAIA
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¢ plastic deformation

AT
=t



AFML=-TR-65=375
Volume 1

the experimental results of contact conductance, hy, as a function of load, L, in
air environment were plotted on log-log coordinates, Seven different degrees of
roughness on steel specimens were developed ranging from polished and lapped to
coarsely lathed interfaces although no quantitative description of the various sur-
faces was given, Both compression and decompression cycles were run, a substantial
hysteresis being observed for all ranges of surface roughness. The fact that the
log-log plots of contact conductance as a function of load gave straight-line curves
at loads up to 3800 psi with slopes between 0.5 and 1.0, was said to confirm the
validity of the principles upon which the theory is based. No further analysis is
given beyond establishing the range of the exponent in Equation 33,

Starting with Equation 28, Shlykov, Ganin and Demkin (References 111, and 112)
attempted to establish a simple relationship between the compressive load, the mean
gap width, & , and the solid-solid area of contact. Through analysis of surface
profile traces on steel specimens it was concluded that the simple relationship given
in Equation 34 was sufficient to geometrically characterize the surface under load.

_s d
Omax —3 ) (34)

A
€ = -A—i =b(
T Smax
where,

S = maximum height of the asperities
max
d = mean gap width which is a function of load
b,d = empirical constants

For lathe turned and milled surfaces d = 2 and b = 2-3; for ground surfaces d = 3
and b = 5; for buffed surfaces d = 3 and b = 10-15, The experimental results indi-
cated that the "relative approach", ((3 e 3)/ Smax) , did not exceed 0.1 for
the steel surfaces considered. On the basis of this observation the gas conduction

contribution was calculated using Smax’ the corrections in terms of d and b being

neglected, i.e., Rg = dmax/k,s The solid conduction component was derived from
Equation 34 employing the assumption that the size of the contact spots remained
essentially unchanged during compression, and that the enlargement of the actual
field of contact occirs primarily because of the increase in the number of contacts.
This assumption together with an assumec asperity radius of 30 i was based on the
experimental observations of Holm (Reference 86), Shvetzova (Reference 105) and
Boeschoten and van der Held (Reference 67). The extent of elastic deformation as a
function of the relative approach was estimated from the Hertz equations. Plastic
deformation was assumed to be fully initiated when the contact stress (hardness)
equalled 3Y, where Y is the yield limit of the work hardened material, With the
above assumptions the solid conduction contribution was calculated using Equation 2b

_| =2 an ks (2b)

Rg
where,

a = average radius of solid-solid contact = 30

n = number of contact spcts per unit area,
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The results of the full deviation are given in Equatiom 35.

I b 2Kg 2Ks [_P d Y4 (P \ d-I
RT B Rg 2 RS" 1] l,d + Ta [ H + 2 €b ( H"") S— ] (35)
amox [l- Hb

Extensive further simplifications were made in Equation 35 before comparison with
experimental results by assuming that elastic deformation contributions were small
and that Ag/Ar is simply the ratio of the compressive force to the material hardness.
On this basis the second terms in the right-hand bracket, Equation 35 was eliminated.
The final result used, for comparison with the experimental results was then quite
simple, as shown in Equation 35a,

| . 2% cus(%) (350)

Smax
where,

C = constant

Experimental data on contact conductance as a function of load was presented
for stainless steel specimens ranging in roughness from about 40 41 in. to 400 u in.
(4th to 9th class finishes). In general the agreement between the data and the
simplified analytical equation, Equation 35a was within about 20 percent. At loads
above 1500 psi the deviations for rough finish contacts were attributed to increase
in the solid-~solid contact area due to flattening of the asperities which was not
accounted for in the equations used. It is interesting to note that because the
relative approach of the steel interface members was limited to about 0.1, these
authors conclude that the reduction in contact resistance with load is due to the
enlarged solid-solid contact area rather than to a reduced gas-layer thickness. On
the other hand the Russian work of Dyban and Shvets (References 30, 31) on steel
specimens with similar finishes showed that reduction in gas layer thickness was of
great importance in reducing the overall contact resistance,

The derivation of the comtact conductance equation obtained in the boundary
value solution for the one contact model with void-phase conduction was discussed in
connection with Equation 16, In this contact conductance equation, developed by
Fenech and Rohsenow (Reference 57), the physical variables n, Ac/Ar and & were
obtained by matching the profilometer traces obtained on the contacting surfaces.
Experimental verification of the analytical results was first attempted with a single
contact cylinder (Figvnre 3a) using air, water and mercury in the annular groove. The
results of these tests were successfully correlated with predictions. Contact con-
ductance teats on an interface made up of roughly milled Armco iron ( ~ 100, in. RMS)
and aluminum ( ~ 50 ;2 in., RMS) were completed to check validity of the theory for a
more practical interface. The experimental rcsults here agreed with the predicted
conductance values within about 5 percent over a load range from 100 to 2600 psi.
The large hysteresis observed omn cycling of the compressive load for the iron-
aluminum contact could not be accounted for quantitatively since elastic deformation
was not included in the amalysis; nor was the effect of plastic flow along the
asperity surfaces considered. Further work based on the equations formulated by
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Fenech was carried out by Henry (Reference 58) who developed an analog computer
technique for evaluation of the surface profile parameters, n, Ac/At, and § . The
computer input was in the form of analog voltage traces of the surface profiles on
magnetic tape, Two recorded profiles were fed simultaneously in the computer to
allow calculation of the interface contact parameters. Experimental tests were con-
ducted on an interface consisting of two stainless steel specimens with roughness of
62 and 150 4 in, RMS., Blasting with glass spheres produced a specimen surface finish
with random lay. Thermal contact conductance data as a function of compressive load
from 300 to 20,000 psi were obtained at three mean in interface temperatures: 1000,
200° and 350°F, The comparison between analytical predictions and experimental re-
sults were plotted as log he vs log P so that it is difficult to accurately estimate
agreement., It was stated that the maximum deviation of predicted values from the
experimental data was 30 percent, occurring 2t the righer loads. Experimental accu-
racy is of course reduced at high loads because the interfacial temperature drops
are very low. The author reported values on the order of 1 to 3°F at 20,000 psi.

The problem of surface characterization can add substantial complexities to
even semi-empirical analyses of contact conductance as indicated in the above para-
graphs., In attempting to avoid this problem Laming (Reference 90) used contacting
members which had regularly machined patterns in the form of parallel grooves, cut
with a fine, single point tool. The resulting finishes were fairly rough, with
peak-to-mean distances ranging from 170 to 2000 wxin. The wavelength of the grooves
averaged approximately 10 times the peak-to-mean distance. Following the same line
of reasoning used in arriving at Equation 20, the following expression was developed
for the total contact conductance, h..

!
k 2k i z
f s sin a L 2
h, = + -

8 -t ["k. A, H ]

The first term in the bracket gives the number of solid-solid contacts per unit
area for ruled surfaces having wavelengths A1, and X9 and which are oriented at
a relative angle @ ., The term (1/1-f) accounts for constricticn alleviation at high
loads (cf Equation 10)., Laming assumed that the gaseous conduction component as a
given by the first term of Equation 36 was load independent. Since f and Hy in the
solid conduction term of this equation are load dependent, the author assumed that
the entire term was a simple exponential function of the load. Log-log plots of
the experimental contact conductance data as function of load were prepared followed
by the determination of a constant (representing Kf/ & ) which, when substracted
from h., resulted in a straight line on the plot. Determination of the gas conduc-
tion component by this method gave results which agreed favorably with direct ex-
perimental data on the gaseous conduction components obtained by varying the inter-
facial fluid at constant load. The equivalent film thickness was found to be & =
2/3 [ where [ is the peak-to-mean distance.

(36)

Observed deficiencies in the use of Equation 36 were: 1) conductances were not
as high as predicted, 2) a slope > 0.5 was found for the log-log conductance vs load
plots, and 3) conductance values for interfaces with fine finishes had proportionate-
ly lower conductances than the coarse-finish interfaces. Increased apparent hardness
of the finer contact points was said to account for most of these effects.

Using Equation 36 with empirically determined constriction alleviation factor
and load dependent hardness, good correlation was obtained for contacts made up of
brass, steel and aluminum surfaces with both similar and dissimilar peak-to-mean
roughnesses,
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The fact that contacting svrfaces undoubtedly have some degree of waviness or
surface undulation on a macroscopic scale in addition to the more commonly studied
microscopic roughness has been recognized as discussed earlier, Clausing and Chao
(Reference 88) pointed out that neglect of waviness effects have raised seriocus
reservations about the conclusions drawn by other investigators considering only
microscopic roughness contributions. Thus in the results of Boeschoten and van der
Held discussed earlier (Reference 67) the relatively large contact area diameter
(60 o ) appeared to be inconsistent with the low surface roughness values (around
10 i in,); the inconsistency is attributed to neglect of surface waviness by Clausing
and Chao. Other investigators have used the value of 60 i for nominal contact point
diameters in developing their correlations as discussed earlier. In the analysis by
Laming (Reference 90) where the same type of analytical contact conductance equation
was used, a very high value of surface hardness was required to correlate the ex-
perimental data. Clausing and Chao postulate that since the solid-solid contact
conductance term included the macroscopic constriction resistance due to waviness,
the extremely high hardness value is a natural consequence of neglecting this con-
tribution,

In their experimental-analytical correlation work, Clausing and Chao considered
only macroscopic resistance or waviness effects, beginning their analytical develop-
ment with Equation 11, Assuming that the macroscopic constriction region was
established through elastic deformation only, the contact area or more properly the
parameter x = 2/b can be written as a function at the waviness amplitude. In
dimensionless form this deformation parameter was defined as the elastic conformity

modulus, § ,
G =) (5] (37)

where,
a, = radius of macroscopic constructioniregion (Figure la)
d = equivalent flatness deviation
(d ¥ waviness amplitude)

€ 1s the ratio of the elastic deformation to the flatness deviation and is a
measure on a macroscopic scale of the degree of conformity of the mating surfaces.
Writing the dimensionless macroscopic contact conductance in Biot modulus form
where X = 8/b Equation 11 Lecomes,

ham 2X
ks 7rg(x) f(E)

(38)

Experimental investigations to check the analytical predictions were limited to
very smooth surfaces (3;; in. roughness) where only macroscopic construction resist-
ances would be anticipated. Surface waviness characterization was accomplished by
optical interference pattern analysis. This technique, of course, is limited to
surfaces with very low roughness - on the order of 10 y in, or less, After polishing
it was generally observed that the surfaces of the brass, aluminum, stainless steel
and magnesium specimen were nearly spherical., Fairly good agreement between pre-
dicted and measured contact conductances was found for all test materials when the
Biot modulus was plotted as a fraction of the elastic conformity modulus. Relative~
ly poor correlation in the case of aluminum was attributed to oxide film formation.
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Hysteresiaz in the contact conductance on load cycling was obgerved, This effect was
not included in the initiai derivation based on purely elastic deformation., The
dimensionless parameter correlation, however, seemed somewhat insensitive to such
deviations,

The correlations discussed in this section have been baged On experimental
results which are generally very limited usually those obtained by the author. Even
under these circumstances, many of the developments were semj-empirical. Comparisons
of experimental results among different investigators have not been outstandingly
successful for reasons which should now be apparent, Two efforts along these lines
deserve mention however and are discussed in the last section of this review.

B. GENERALIZED CORRELATIONS

Recalling the discussion in Section IV-D on Void Phase Conduction, it was pointed
out that imperfect transfer of energy from gas to solid could reduce the net gas
phase conduction and thus increases the effective gap width, This phenomena was
considered in some detail by Rapier, Jones and McIntosh in the course of a study on
gas conduction contribution to the contact conductance (Reference 63). In their
work with uranium dioxide-stainless steel interfaces, the solid Conduction contribu-
tion was low in all cases due to the hardness of the contacting members and the low
conductivity of the uranium dioxide. The experimental values obtained for the golid
conductance were of the same order as that predicted by Centinkale and Fishenden
(Reference 87) using Equations 5a-5b., The gas phase contribution was studied ex-
tensively since for the reactor applications where canned U0, fuel elements are
used, a low overall interfacial resistance could be achieved by increasing the gas
phase conduction,

The increase in the effective interfacial gap width distance due to the gas-
solid accommodation effect was expressed in terms of an accommodation coefficient
jump distance, g, derived from kinetic theory, Equation 118,

oo 5 E) (55 ] @

A = mean free path of the gas molecules

where,

NpPr = Prandtl Number
a = accommodation coefficient
y = specific heat ratio

Several expressions were developed for the effective gap width including this
contribution assuming a number of idealized surface geometries., The parabolic

7

47




AFML~TR=-65-=375
Volume I

profile indicated on the preceding page was used to define a surface having gaps
with radial symmetry about the contact points, The result of the integration gives
the following expression for a dimensionless gap width parameter, Y, in texws of a
dimensionless accommo.ation coefficient factor, X.

0.6
Y = + .4 + 4
(1 : ) (0] jn.(l 2X) (40)

where,

Y = Smox/ 8eff

X = Smm/ 29
Smox = 8| + 82 = maximum gap width of two surfaces in contact having

paraboloid asperities,
Seff = effective "volumetric" mean gap width

In Equation 40 the 'X' term coefficients were arbitrarily multiplied by a factor of
2.0 in order to yield good agreement with the experimental data obtained by these

authors, No quantitative explanations were offered for the fact that the measured

X values were low by a factor of two, however, the following effects were cited as

contributing causes:

(1) Uncertainties, particularly overestimates, in the jump distance, g.

(2) Underestimates of Smax due to difficulties encountered in surface profile
definition.

An extensive number of experimental contact conductance measurements with the
U0, -stainless steel interfaces were made in vacuum and various inert gases to estab-
lish the generality of Equation 40, The effective gap width was determined from
Equation 41,

k k
§ - —+ - 1 (41)

where the solid contact, hg, was obtained from vacuum environment measurements. The
g values for helium, neon and argon were calculated from Equation 39 using accommoda-
tion coefficient data from the International Critical Tables. In a plot of X as a
function of Y over the range 0.1 X 50, all the data points obtained bty the authors

fell along the curve defined by Equation 40.

Comparisons were then prepared between predicted gas conduction values given
by Equation 40 and the experimental results of other investigators. The overall
results are given in Figure 11 including the data of these authors. Considering the
wide variety of test materials, measurement methods and interface gases which these
data points represent, the agreement is quite good. In particular Rapier, Jones and
McIntosh have obtained extensive data in the region where the accommodation coeffi-
cient jump is comparable to or greater than the geometrical gap width (X <1.0).
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The variables X and Y have characteristics which tend to minimize scatter of
the experimental data about the plot of Equation 40, particularly on a log-log rep-
resentation., The equation is somewhat insensitive to surface profile variations
since the factor Smax appears as a coefficient of both the dependent and independent

variables, Where X is large and Y is above unity the correlation is nct really
meaningful since the accommodation effects are small, the plot indicz2tcing only that
for a given surface the geometrical relationship between g) and is rela-
tively independent of variations in Smax' X o

It has been suggested by Graff (Reference 120) that generalized correlation of
thermal contact resistance data can be affected by plotting the dimensionless con-
ductance, h, as a function of the dimensionless compressive pressure, p. These
parameters are defined by Equations 42a and 42b,

e = P (420)
kp

5 . B

p . (42b)

The success of this approach is indicated in Figures 12a and 12b where thermal con-
ductance data from a number of literature sources are plotted for ferrous and non-
ferrous metals at mean interface temperatures between 70 and 200°F, Graff indicates
that the spread of the curves in these figures is due mainly to variations in surface
roughness, Data presentation in this form is clearly a convenient method of dis-
playing results on a wide variety of materials having substantial variations in
interface characteristics. Thus, the co-ordinates are suitable to the extent that
it becomes possible to present a great amount of data in a single figure which is
relatively easy to use in design applications. However, it is necessary to point
out several characteristics of the plot which limit its significance as a true
correlation procedure,

The appearance of the compressive force, P, in both the dependent and independ-
ent varjiables forces a superficial smoothing of the data and greatly decreases
sensitivity of the plot to the several factors exerting an influence on the contact
conductance., The independent variable P/H can be used with some physical justifica-
tion since the ratio of the applied compressive force to the hardness is proportional
to the area of direct contact (Equation 19a). Exactly what hardness value is used
and whether it is load independent is difficult to decide as was discussed earlier
in Section IV-B, Except for the pure elastic deformation case, where a parameter
such as the elastic conformity modulus may be used, (Equation 37) it 1is reasonable
to assume that the ratio R/H is proportional to the direct solid-solid contact area.
It should be pointed out, though, that R/H values much greater than unity are
difficult to rationalize physically.

For true data correlation it is doubtful that h, as defined in Equation 42 is
a valid dependent variable. Dividing through the coordinates of Figure 12 by the
compressive force P and assuming that the quantity P x k is constant for a given
material, it is found that the contact conductance is inversely proportional to the
hardness of the contacting members and directly proportiocnal to some power of the
compressive force; based on the fact that the curves in Figures 12a and 12b have
slopes greater than unity, this power is positive. This dependence is expected
physically, however, if the dimensionless contact conductance, p, is written in the
form of the Biot modulus, h §/k, from Equation 4la, & = P/p . 1If the correlation
were to be truly significant, the length term, d , must be more directly related to
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the effective gap width at the interface than the quantity P/p . As discussed in
connection with Figure 10, the proper & term can be most simply estimated from
experimental measurements through the use of Equation 40. hg is the conductance
measured in vacuum and hy is the value measured in a gaseous environment. Corrections
to k. for mean free path and accommodation coefficient effects were discussed earlier.
A more extensive presentation of literature data using a similar approach was
developed by Hsiech (Reference 123).
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