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Contact Heat Transfer—The Last Decade
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Nomenclature
a = radius of contact spot, m
A =area, m2

b = radius of heat flow channel, m
&! = radius of contour area, m
d = dimension defining specimen size, m
E = Young's modulus of elasticity, N/m2

E' = effective elastic modulus,

a = coefficient of linear thermal expansion, 1/K
5 = effective thickness of gas gap, m; also, separation be-

tween mean surface planes
X =mean free path of gas molecules, m
v =Poisson's ratio
£ =waviness number, =Wd/E'al
p = radius of curvature, m
a =rms surface roughness, m
a{ = total rms surface roughness (dependent on a and d), m
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= constriction alleviation factor
= temperature- jump distance, m
= thermal conductance, W/m2-K
= microhardness of softer material, N/m2

= harmonic mean of the thermal conductivities of the
two solids in contact, W/m-K

= moment of the power spectral density of the surface
profile (units depend on the order of the moment)

= number of contact spots
= density of contact spots, 1/m2

= contact pressure, N/m2

= heat flux, W/m2

= heat flow, W
= radial coordinate, m
= resistance, m2 • K/W
= ultimate strength of the softer material, N/m2

= thickness of surface film, m
= temperature, K or °C
= temperature difference, K
= total load on the surface, N

Subscripts
av = average
c = constriction
cd =disk constriction
/ = surface film
g =gas
/ = individual
n — nominal
T = total
1,2 = solids in contact

Introduction

T HERMAL contact resistance is the resistance to
flow offered by a joint because the area of actual

tact is only a small fraction of the nominal area (Fig. 1).
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The thermal contact conductance is then

, Q/A
AT (2)

The conductance should be high for applications such as
nuclear reactors, gas turbines, aircraft structural joints, sur-
face temperature measurements by thermocouples, cooking
on a hot plate, and the setting process during a total hip
prosthesis.1"8 When mechanically strong insulation is re-
quired, however, such as in the storage of cryogenic liquids,
thermal isolation of spacecraft components, mechanically
strong insulating cylinders for internal combustion engines,
and thermal insulation of high-temperature batteries,9"12 the
contact resistance must be as high as possible.

The heat transfer across a joint may take place by conduc-
tion through the actual contact spots, conduction through
the interstitial material, and radiation across the gaps. Since
radiation is significant only at high temperatures, this mode
of heat transfer is usually neglected. This paper, therefore,
considers only the theoretical and experimental studies of
conduction through the actual contact spots and through the
interstitial material. Special problems introduced because of
the geometry of contact, cycling of load, and heat flux are
also discussed. The review is restricted to steady-state
problems.

It must be pointed out that bibliographies and views
exist that cover the work done in the field of contact heat
transfer into the late 1960's.13"21 The present paper deals
primarily with more recent work, i.e., since 1970. Where
reference has been made to an earlier work, it is with a
view to developing a particular topic systematically.

Resistance of a Single Constriction
Since thermal resistance results from most of the heat be-

ing constrained to flow through actual contact spots, the
first logical step in determining the contact resistance would
be to estimate the resistance associated with a single contact
spot. The constriction resistance of such a spot is a measure
of the additional temperature drop due to the presence of the
constriction. The shape of a constriction and associated
boundary conditions depend upon the nature of the problem
being considered.

Disk Constriction in Vacuum
The solutions to the constriction resistance problem date

back to 1949.22"27 Gibson28 attempted a direct solution to the
mixed boundary value problem at the interface. His ap-
proach is very similar to that of Hunter and Williams,26 and
his result can be expressed as

=!- 409183 (tf/
(3)

where / is the nondimensional constriction resistance
(Rc/Rcd}\ Rc is the constriction resistance based on total
heat flow, and Rcd = l/(4ak), the constriction resistance of a
disk of radius a in a half-space. Note that / is always less
than 1 and is sometimes called the "constriction alleviation
factor." It may also be pointed out that Gibson's solution
differs very little from Roess' approximate solution22 derived
in 1949.

Yovanovich29 obtained solutions for the preceding prob-
lem after replacing the constant temperature boundary con-
dition on the contact area by the condition that the heat flux
over the contact area is proportional to (1 -(r/a)2)^. It may
be noted that a similar approach was considered earlier by
Roess22 and Cooper et al.25 Yovanovich developed relations
for the nondimensional resistance almost identical to those
developed by Cooper et al.25

Conical Constrictions
Since the asperities in contact can be considered to be

cones of large semiangle ( — 80 deg), it is desirable to
estimate the resistance offered to heat flow by a conical con-
striction. With such a model, it is a straightforward matter
to include the effect of the fluid surrounding the con-
striction.

Theoretical and experimental studies of the thermal
resistance of a conical frustum with a semiangle up to 80 deg
in vacuum were studied by Williams,30 who found that his
theoretical predictions, in general, overestimated the thermal
resistances. The difference was considered due to the contact
areas being actually larger than those predicted using Meyer
hardness.

The problem of conical constriction in vacuum was
simulated in an electrolytic tank analog by Major and
Williams.31 The maximum value of the cone semiangle used
in the experiments was 60 deg. The authors found that the
resistance decreased as the cone semiangle increased.

A numerical and experimental analysis of the problem of
conical constrictions has been considered by Madhusu-
dana.32 He considered cones of semiangles up to 85 deg sur-
rounded by a vacuum or a conducting medium. He found
that the presence of a conducting fluid significantly reduces
the resistance, especially at the practically important low
radius ratios. He also found that in a vacuum and for large
values of the cone semiangle ( — 85 deg), there is very little
difference between conical and disk constriction resistance.
Therefore, for nominally flat, rough surfaces, whose
asperities have small slopes with respect to the contact plane,
the disk constriction resistance values could be used with
confidence.

Major33 has also presented a finite difference analysis of
the problem of conical constriction in vacuum, although the
configuration used is slightly different. Results were ob-
tained for values of the cone semiangle up to 68 deg.

Constrictions of Other Shapes
In some applications, the constriction to heat flow may be

other than a circular area. These studies34"41 are presented in
Table 1 and deal primarily with constrictions on the bound-
ary of a half-space. Therefore, caution must be exercised
when applying the results of these studies to specific prob-
lems.

Fig. 1 Heat flow through a joint.
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Table 1 Summary of studies dealing with constrictions
on the boundary of a half-space

Author(s) Types of constriction Results

Veziroglu and
Chandra34

Veziroglu et al.35

Yovanovich36

Yovanovich and
Schneider37

Schneider38

Symmetrical two-dimensional Graphical
and nonsymmetrical

Circular and rectangular

Circular, rectangular,
annular

Circular annular

Circular, rectangular,
annular

Yovanovich et al.39 Annular, circular,
rectangular, triangular

Yovanovich et al.40 Circular, square, astroidal

Yovanovich and
Burde41

Triangular, semicircular,
L-shaped

Graphical

Tabular form

Closed form

Tabular form

Correlations and
tabular form

Tabular

Correlations

Thermal Resistance of Multiple Contact
Spots in Vacuum

If RJ is the resistance associated with a single contact spot
and the fluid surrounding it, the overall resistance of the
joint of the heat flow is given by

1 1

where n is the number of contact spots in the joints.
In terms of conductances, one could write

Since each side of a constriction has a resistance equal to
fi/(4ak), the resistance of a contact spot in vacuum is
fi/(2ak). If the contact is between two different solids, then
k would be the harmonic mean of the two conductivities.
Thus, for joints in vacuum,

and

* = E //

(6)

(7)

If a. is the average radius of the contact spot and the varia-
tion in the constriction alleviation factor / is neglected, then

R =f/2ndk

h = 2ndk/f

(8)

(9)

Thus the problem reduces to one of determining n and a.
Now n and a both depend on 6, the separation between
planes that defines the mean height of surface profiles
(Fig. 1). Also, n depends on the profile height distribution,
while a. may be expected to depend on the profile slope
distribution. Thus, both deformation and surface analyses
would be required in estimating the contact conductance.

First, it is necessary to know whether the deformation of
the asperities is elastic or plastic. Greenwood42 had shown
that, unless the surfaces were carefully polished, the defor-
mation would be plastic even at the lightest loads. His
analysis was based on asperities of spherical shape.

Mikic43 suggested the use of an index

= H/(E' I t a n f l l ) (10)

where H is the microhardness of the softer material, E' the
effective elastic modulus, and tan 6 the mean absolute slope
of the surface profiles. According to Mikic, the deformation
is predominately plastic for y < 0.3 3 (for most surfaces

Based on statistical geometry theory, Bush and Gibson44

defined a new plasticity index that depends on mQ, m2, and
m4 (the first three moments of the power spectral density of
the surface profile), as well as on E and H. The asperities are
expected to deform plastically if \l/>2. It may be noted that
mQ and m2 are, in fact, related to the standard deviation of
profile height (i.e., the surface roughness, a) and tan 6,
respectively.

It is clear from the preceding discussion that the statistical
nature of surface profiles controls not only the number and
size of contact spots, but the mode of deformation as well.
The statistical nature of contact conductance was demon-
strated experimentally by Veziroglu,45 who found variations
of up to ±60% in the measured value of conductance of 15
pairs of apparently similarly finished surfaces.

Nominally Flat Rough Surfaces
If the average contact spot radius is assumed to be a con-

stant, then the number of contact spots and, therefore, the
conductance, are directly proportional to the actual contact
area, Aact. Popov46 empirically determined that

(H)

where Anom is the nominal contact area, P the contact
pressure, and B a function depending upon the sum of the
average heights of asperities of the two surfaces in contact.
Thus, according to Popov, the conductance is proportional
to P°-8. No mathematical expression for B was given in
Popov's paper.

Novikov47'48 derived the relationship between the thermal
resistance and the load by performing a statistical analysis
assuming spherical asperities whose heights obeyed a Gaus-
sian distribution. He used Cetinkale and Fishenden's23 ex-
pression for constriction resistance. For elastic deformations
at low loads, the resistance was found to vary exponentially
with the separation (and, therefore, the load) between the
surfaces; at larger loads, the variation was found to be
linear. For elastic-plastic contacts, the ratio of the number of
plastically deformed contact spots to their total number was
taken to be exp(-Z?*/a), where b* is the critical deformation
at which the projections begin to deform plastically.

In the statistical analysis of Tsukizoe and Hisakado,49'50 it
was assumed that the asperities were conical in shape, with
normally distributed heights. The thermal resistance could
then be expressed as a function of the dimensionless separa-
tion between the surfaces. Separation is a function of the ap-
plied load and, thus, a relationship between the thermal
resistance and the load is established. The deformations were
assumed to be plastic under a constant flow pressure. A
noteworthy feature of this work is that a tentative correla-
tion was proposed between the profile slope and the maxi-
mum height of asperities which took into account different
types of surface finish.

Mikic's43 analysis considered the Gaussian distribution of
profile heights and slopes and the constriction alleviation
factor given by Cooper et al.51 Whether the deformation was
plastic or elastic, Mikic found that the conductance was pro-
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portional to p°-94. He also developed a theory for the in-
crease in conductance, including the elastic deformation of
the substrate.

Sayles and Thomas52 considered elastic deformation of
rough Gaussian surfaces and found that the number of con-
tacts was proportional to load, while the mean contact spot
size was almost independent of load. This resulted in the
conductance being nearly proportional to the load and the
mean slope, confirming Mikic's results. Sayles and Thomas
also discussed how their method could be extended to
anisotropic surfaces. No constriction alleviation factor was
used in their analysis.

As mentioned earlier in this section, Bush and Gibson44

considered statistical geometry theory to evaluate the con-
ductance. The constriction alleviation factor used was that of
Gibson.28 Like Mikic, they found that whether the contacts
were plastic or elastic, the thermal contact conductance was
proportional to p°-94. In view of the asperity interactions, the
theory is not applicable for large loads.

The preceding discussion of nominally flat rough surfaces
in a vacuum reveals that

1) whether the contact is elastic or plastic, the thermal
conductance varies nearly linearly with the load; and 2) the
thermal conductance is proportional to mean absolute slope
of surface profiles. The first of these conclusions implies that
the average contact spot size remains substantially constant
with the load. If the number of contact spots remained con-
stant however, the conductance would be proportional to the
(load)0-5.

Effects of Large-Scale Surface Irregularities
Most practical surfaces contain, in addition to roughness,

large-scale errors of form such as waviness and deviation
from flatness. These departures from an ideal flat surface
will also affect the thermal resistance.

If two rough spherical surfaces (or the crests of two wavy
and rough surfaces) are in contact, the configuration can be
considered to be as shown in Fig. 3. The contact geometry
would be similar if one of the surfaces were flat. In these
cases, the resistance is obtained by adding the constriction
resistance of the "contour" area of radius b to the constric-
tion resistance of the multiple contact spots distributed
within the contour area.53

In most of the work carried out before 1970, the size and
distribution of the contact spots were assumed to be known.
Actually, these have to be determined as functions of the
mechanical loading, surface characteristics, and mechanical
properties of the contacting solids. It is usually assumed that
the roughness heights deform plastically while the large-scale
irregularities deform elastically. The work of McMillian and
Mikic54 was based on the above considerations. One of the
unexpected conclusions from their work was that the con-
ductance of wavy surfaces can be increased by making the
surfaces rough, thereby increasing the contour area.

Hsieh et al.55 approximated the contact of two rough wavy
surfaces by a model consisting of a smooth spherical surface
in contact with a flat rough surface. The roughness asperities
were assumed to be conical in shape and normally
distributed. The results showed that conductance is strongly
dependent on surface roughness, and the resistance of the
macroscopic constriction, due to waviness, can be neglected.
This conclusion is contrary to that of Clausing and Chao,56

whose experimental work suggested that the microscopic
constriction is of secondary importance for many surfaces.
Yovanovich57 considered the contour area to be a very long
spiral when a soft turned surface is in contact with a harder,
smooth flat surface. At relatively high loads (P///<0.05),
the contact would be continuous along the spiral whose
resistance alone would be the thermal resistance. At
moderate and low loads (P///<0.03), however, a contribu-
tion due to roughness must be added.

Fig. 3 Contact of two spherically convex surfaces.

All of the work discussed thus far considered the total
resistance to be the sum of the resistance due to roughness
and the resistance due to waviness or flatness deviation. A
different approach was adopted by Popov and Yanin,58 who
considered the total resistance to be given by

= Rr(An/Ac) (12)

in which Rr is the resistance due to roughness, An the
nominal area, and Ac the contour area. The contour areas
were determined assuming elastic deformation of the waves.
For spherical waves, the contour area was found to be pro-
portional to P2/3, whereas for cylindrical waves, the contour
area varied as P1/a. The experiments cleary demonstrated that
the resistance increased when waviness or flatness deviation
was present. It was also noted that the resistance for a
spherical surface was larger than the resistance for a cor-
responding cylindrical surface. However, it must be pointed
out that all of the tests were conducted in air and, therefore,
the resistance and its variation would be affected by the ef-
fective gap thickness.

A vertical section through a surface can be considered to
contain a continuous spectrum of wavelengths extending
down to atomic dimensions. Therefore, Thomas and Sayles59

argued that waviness and roughness should be discussed in
terms of the bandwidths of the spectrum rather than of fixed
wavelengths. They found that the dimensionless contour
radius b{/b was given by

= 0.44^/3 (13)

where £= WE'la^d, the "waviness number"; W is the total
load on the surface; and ol the "total" rms roughness.

It was found that the effect of waviness could be neglected
if £ > 1. Since in all practical situations £ < 1, the authors
concluded that the waviness effect should never be neglected.

Dundurs and Panek60 solved the elasticity and heat con-
duction equations simultaneously so that the contact area
could be expressed as a function of both the applied pressure
and the heat flux. They considered a two-dimensional wavy
surface, completely ignoring the roughness and the statistical
nature of the waviness. They found that, due to heat trans-
mission, perfectly flat surfaces might become wavy.

The experiments of Edmonds et al.61 also confirmed that,
at low pressures, the effect of waviness predominates; this is
indicated by a lower value (~ 2A) for the load exponent. At
higher loads, the waviness undulations would have been
mostly flattened and microconstriction due to roughness
would become more important.

Correlations for Thermal Contact Conductance
in a Vacuum

Several correlations between the conductance and the
parameters affecting it have been developed over the past 20
years. However, in keeping with the constraints of the pres-
ent paper, attention will be focused on the more recent ones.
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A least-squares analysis of some 92 experimental data
points led Mal'kov62 to the following correlation:

(14)

where Su is the ultimate strength of the softer material and
Kl a constant depending on the average of the surface
roughness heights. Apart from the use of 3SU for the hard-
ness, the major difference between this and the correlations
proposed earlier by different authors is the rather low value
(0.66) of the exponent.

Fletcher and Gyorog,63 in their correlation for similar
metals in contact, considered the following additional fac-
tors: 1) the mean June ?on temperature, 2) a gap dimension
parameter accounting for the roughness as well as the
flatness deviation, and 3) the variation of the above para-
meter with contact presure. They also made use of the
Young's modulus E, rather than the microhardness, to non-
dimensionalize the pressure. The correlation fitted some 400
data points, representing the work of seven investigators,
with an error of less than 24%.

The dimensional analysis of Thomas and Probert64 con-
sidered that the nominal contact area did not play an impor-
tant role in the variation of the conductance and therefore
the total load, rather than the interface pressure, was taken
to be one of the- variables. Their analysis yielded two
dimensionless groups, C* = C/(a/c) and W* = W/o2H, where
C is the total conductance of the contact. The data for stain-
less-steel/stainless-steel and aluminum/aluminum surfaces
fell into two distinct groups, indicating that the dimensional
analysis was incomplete.

The data for aluminum in the preceding work were com-
bined with other data by O'Callaghan and Probert,65

resulting in a total of 344 points, which followed the
correlation

(15)

However, when the stainless-steel data were also added, the
scatter increased.

The experimental results of Al-Astrabadi et al.66 were also
found to belong to the correlation for stainless-steel surfaces
proposed by Thomas and Probert.64 The experiments of Ed-
monds et al,67 on the contact of optically flat copper sur-
faces with stainless-steel surfaces of various degrees of sur-
face finish, on the whole, obeyed the relationship

(16)

However, when the data were grouped into two regions ac-
cording to their roughnesses, the load term exponents were
0.60 and 0.61 for high and low roughness regions, respec-
tively, indicating that both roughness and waviness con-
tributed to the resistance.

Popov68 proposed a correlation similar to that of
Mal'kov,62 except that the analysis was restricted to
nominally flat rough surfaces. The pressure term exponent
was found to be 0.956—the higher value indicating the
absence of waviness.

Theoretical correlations assuming Gaussian distribution of
asperity weights and elastic deformation of asperities were
proposed by Blahey et al.69 Their analysis showed that the
pressure term exponent had a range of 0.93-0.95, depending
on the asperity tip radius and surface roughness.

Effect of Surface Films
The existence of a surface film may be either intentional,

as in electroplated surfaces, or unavoidable, as in oxidized
surfaces. A comprehensive review of the literature, covering
the work until the late 1960's on the effect of oxide films on
thermal resistance, has been presented by Gale.70 A generally
accepted conclusion is that oxide films, unless sufficiently

thick, do not appreciably increase the resistance although
they may have a major effect in electrical contact resistance.
Assuming one-dimensional flow through the film and no
interaction between the solid spot and film resistances, Gale
obtained the following approximate expression for the
resistance of a single spot:

(17)

where t is the thickness of the film and kf its conductivity.
Based on this equation, a constriction magnification factor
Cm was defined as

Cm = 1 + (4tk/Trakf) (18)

which shows that the increase in resistance is proportional to
the ratio of the thickness of film to contact spot radius and
the ratio of the conductivity of the parent metal to that of
the oxide film. The oxide film contributes to the total
resistance for contacts having radii less than 10.

The experiments of Tsao and Heimburg71 on aluminum
7075-T6 surfaces in dry air showed expected trends, namely,
that the time of exposure increased the resistance, while
degassing of the surfaces decreased resistance. However,
exactly opposite trends were noted for the specimens aged in
laboratory (humid) air. This anomalous behavior was
thought to be due to the decrease of fracture stress of the
aluminum oxide films in the presence of absorbed gases,
especially moisture.

The analytic solution of Mikic and Carnascialli72 is based
on the premise that, for a fixed geometry, any increase in the
thermal conductivity in the vicinity of contact points should
reduce the value of the resistance. Their results showed that
the increase in conductance due to plating is directly depen-
dent on t/a and kp/k, where kp is the conductivity of the
plating material. For wavy surfaces in contact, the contour
area radius is so large that the plating must be very thick to
achieve any significant reduction in resistance.

Based on experimental measurements, Tsukizoe and
Hisakado49'50 estimated that, for copper surfaces covered
with oxide films, the ratio of the thermally conducting area
to the apparent area of contact was larger than the cor-
responding ratio for the electrically conducting area. This
again confirms that electrically insulating surface films may
be thermally conducting since they permit a flow of phonons
even though the motion of electrons is inhibited. It was also
suggested that, for smooth surfaces, the slope of asperities is
small and, therefore, the oxide films are less likely to break
down. Thus, if the oxide films are present, the smoother sur-
faces may have higher resistance.

The theoretical work of Kharitoncv et al.73 considered the
effects of both oxide films and coatings of higher conduc-
tivity metals, and led to the following conclusions:

1) For flat rough surfaces, the coating of a few-tens-of-
microns thick will noticeably reduce the thermal contact
resistance.

2) For wavy surfaces the contour radius might have a
value of a fraction of 1 mm, and the coating thickness men-
tioned in point 1 would be ineffective.

3) Since the oxide layers usually have thicknesses of 1 /xm
and their conductivity is smaller than that of metals by fac-
tors of 3-30, the resistance depends only weakly on the oxide
layer.

It may be added that the last conclusion may not be quite
valid in view of the findings of Gale70 previously mentioned.

Yip,74 considering Gaussian surfaces and assuming
uniform thickness of oxide films, demonstrated that the
oxide films can cause a drastic increase in the resistance. His
experiments on three pairs of aluminum alloy (6061-T6) sur-
faces clearly demonstrated that the effect of oxide film is
more pronounced for smoother surfaces.
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The results of previous investigators were confirmed in the
experiments of Mian et al.75 on steel-steel (EN3B) surfaces in
a vacuum. They also found that the initial thickness of the
oxide caused a considerable rise in the resistance, but addi-
tional thicknesses of oxide led to smaller increments of
resistance.

Effect of Interstitial Materials
Whereas the solid spot constriction resistance is in series

with the surface film, it is in parallel with the resistance of
the interstitial material. In the following discussion, the
interstitial media is broadly classified as gaseous and non-
gaseous.

Heat Flow Through the Interstitial Gaseous Medium
Since the heat transfer across the gas filling the voids be-

tween the contacting surfaces is principally by conduction,
then

hg = kg/5 (19)

where hg is the heat-transfer coefficient for the gas gap, kg the
thermal conductivity of the gas, and 5 the effective thickness
of the gas gap.

For normal engineering surfaces in contact, the effective
gap thickness would be similar in magnitude to the mean
free path of the gas molecules. Under these conditions the
"temperature-jump" effect becomes important (see Fig. 4),
so that Eq. (20) is modified to

(20)

Thus, the problem of determining the gap thermal conduc-
tance for a given gas (or gas mixture) reduces to one of
determining the effective gap width and the temperature-
jump distances.

Some investigators (for example, Cohen et al.76) had
observed that the conductance between the fuel and the
jacket in a nuclear reactor was independent of the gas com-
position. Kharitonov et al.77 offered an explanation based on
the fact that the accommodation coefficient a. depends on
the molecular mass of the gas. Thus, for helium with a low
molecular mass, the accommodation coefficient will also be
small. In such a case, the temperature-jump distance is ap-
proximately given by

g = \/a (21)

where X is the mean free path of the gas molecules.
Now, if X is large compared to 5, Eq. (21) may be written

hg-kg/g-kga/\ (22)

Thus, although the conductivity of helium is very high, its
accommodation coefficient is low, and, by Eq. (22), the gas
conductance is only weakly dependent on the nature of the
gas. For example, for pure surfaces of heavy metals, the gas
conductance of xenon can be shown to be greater than that
of helium although the conductivity of helium is 30 times
that of xenon.

The experimental work of Madhusudana78 indicated that
the gas conductance increased with contact pressure due to
the reduction in gap thickness with load. It was also found
that, at any given contact pressure, the reduction in fluid
conduction contribution was noticeable only at absolute
pressures below 100 Torr (13 kPa).

The following expression for the gas gap conductance was
proposed by Popov and Krasnoborod'ko.79

where /zmaxl and hmax2 are the maximum heights of roughness
for surfaces 1 and 2, respectively; e is the approach of sur-

faces under load; and Yl is a function of (1-e), the max-
imum thickness of the gas layer and the temperature-jump
distances.

The temperature-jump distance gm for a mixture of gases
was determined by Vickerman and Harris80 to be

(24)

where gf is the temperature-jump distance of constituent gas
/, Xj the mass fraction of constituent gas i, and ra, the
molecular mass of constituent gas /. Their results for He-N2
and He-Ar mixtures showed fair agreement with the data
available in the literature.

The theoretical expressions such as Eq. (20) predict first an
increase and then a decrease of gas conductance with tem-
perature. However, the experiments of Gamier and Begej81

indicated a continual increase of gas conductance with
temperature, especially when the gap widths were com-
paratively small. The authors considered this to be due to the
presence of free molecular conduction. Yovanovich et al.82'83

have proposed correlations for the estimation of gas gap
conductance. The correlations are somewhat similar to that
of Dutkiewicz.84

A comprehensive review summarizing the current state of
knowledge on gas gap conductance has been presented by
Madhusudana and Fletcher.85

Effect of Nongaseous Interstitial Materials
The interstices may be filled with materials with a view to

either decreasing or increasing resistance, thus providing a
means for thermal control. Furthermore, a joint with a filler
material is less sensitive to loads and surface conditions and
thus offers the advantage of predictability of heat-transfer
behavior. The interstitial materials may be metal foils, wire
screens, greases, powders, or insulating sheets, depending on
the application.

The use of interstitial materials as a means of thermal con-
trol, especially in spacecraft systems, has been discussed by
Fletcher and co-workers.86"92 These works also contain
reviews of previous experimental work on low- and high-
conductance filler materials. To classify various interstitial
material/base metal combinations, Fletcher13 proposed the
use of a nondimensional conductance 77,

tl=(hct)f/(hcd0)b (25)

where hc is the contact conductance, t the thickness of filler
material, 50 the equivalent gap thickness,/the junction with
filler material, and b the base metallic junction.

It was observed that combinations for which l<r /<10
(e.g., carbon fiber paper) offer excellent thermal isolation
qualities and light weight. But, if strength is also required,
then the use of medium mesh screen wire of low thermal
conductivity material was recommended. Thermal control
materials, for which 100<^<1000, enhance contact heat
transfer. Indium foil and filled silicon grease appeared to be
the most suitable materials in this category, although grease
may not provide a good environmental seal.

Feldman et al.93 investigated the thermal conductance of
selected thermal joint compounds to ascertain their thermal
conductivity, weight loss, and resistance to hardening.
Results indicated that silicon base thermal joint compounds
had reasonable thermal conductivity and moderate weight
loss over the range of test conditions.

A theoretical model for the prediction of the conductance
of a screen wire contacting two solids was proposed by
Cividino et al.94 The model assumed elastic deformation of
smooth clean wires and equal loading of all modes. Probably
because of these and other simplifying assumptions, the
theory consistently overestimated the conductance when
compared with measured values.
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Fig. 4 Temperature-jump distance.

The experimental results of O'Callaghan et al.95 indicated
that the presence of a copper wire gauze between stainless-
steel surfaces increased the conductance in a vacuum but
decreased it in air. Further work by Al-Astrabadi et al.96

showed that macroscopic constriction effects, due to either
thermal distortion or badly mating surfaces, can be reduced
or even eliminated by the insertion of such gauzes. They also
noted that the method of weaving the screen wires results in
the weft being a series of almost straight wires all in one
plane with the warp interlaced. Therefore, contact occurs only
between the warp and the solid surfaces, i.e., only at every
other wire crossing. Another reason why Cividino et al.94

overestimated the conductance is that they assumed contact
to occur at every crossing instead of every other crossing.

Sauer et al.97 found that with screens the conductance in-
creased with increasing mesh size and the corresponding in-
crease in the number of contacting regions. In another ex-
perimental work, Sauer et al.98 found that films of lithium,
graphite, silicon, and molykote lubricants improved the con-
ductance of stainless-steel joints; such improvements being
more noticeable (eight- to seventyfold) in a vacuum than in
air (zero- to sixfold).

Effect of Heat Flow Direction
Some investigators99'100 observed that the conductance is

sensitive to direction of heat flow, especially if the joint is
made up of dissimilar materials. This phenomenon, which
may be called thermal rectification, could have applications
in thermal control of systems; that is, suitable material com-
binations could be used as thermal switches.

Since the solid-state theory of Moon and Keeler101 cannot
explain the rectification behavior observed in joints of
similar materials, it is now generally accepted that thermal
rectification is caused by the distortion of the contact surface
due to local temperature gradients.

The experimental studies of Williams102 indicated, among
other things, that the contact elements do not have to be
dissimilar to exhibit rectification, and that the rectification
effect decreases rapidly as the number of reversals increases.
His experiments on a pair of Nilo 36 (an alloy of low ther-
mal expansion) specimens revealed no effect on direction,
confirming that the thermal distortion of contacting surfaces
is necessary for rectification.

Veziroglu and Chandra103 noted that the temperature gra-
dients in the two specimens, causing differential radial ex-
pansions, result in the change of curvatures of the contacting
surfaces. This theory, however, cannot explain the direction
effect observed for similar materials.

A different approach to the problem was proposed by
Barber,104 who found the steady-state temperature distribu-
tion in two semi-infinite solids with spherical surfaces in con-
tact, assuming no heat flow across the interface except
through the circular contact area. This temperature distribu-
tion causes thermal strains through which one can find the
load that must be applied to the solids to establish a contact
area of the assumed size. Thus, the contact resistance, which
depends on the contact area, was expressed as a function of
the load as well as the heat flux (and its direction). Elastic
deformation was assumed. Again, Barber's theory cannot
explain the rectification behavior observed with similar
materials.

Thomas and Probert,105 in their experiments on stainless-
steel/stainless-steel contacts, observed a large direction effect
when one of the surfaces was bead-blasted and the other
lapped; the conductance was higher when the heat flowed
from the rougher to the smoother surface. When both sur-
faces were rough (bead-blasted), however, the rectification
effect was not as significant. According to the models of
Veziroglu and Chandra103 or Clausing,106 the conductance
for heat flow in the SS-*A1 direction must be greater.
Thomas and Probert concluded that the geometrical theories
could not explain their results. Also, contrary to William's
observations,102 they noted that the directional effect in-
creased with the number of reversals.

Using the principle of rectification, O'Callaghan et al.107

constructed a thermal rectifier consisting of a multilayer
stack of thin disks, each disk having one surface roughened,
the other surface smoother, and so arranged that all of the
rough surfaces were pointing in the same direction. For the
stack consisting of brass disks, the conductance was higher
when heat flowed from a rough to a smooth surface, while
the opposite was true for stainless-steel stacks.

Further experiments of O'Callaghan and Probert108 in-
dicated that all contacts between dissimilar materials or
dissimilar surfaces of the same material exhibited rectifica-
tion with the exception of the contact between Fluorosint
(reinforced PTFE) and Invar. Repeated thermal cycling
reduced the direction effect to zero, endorsing the observa-
tion of Williams.102

Jones et al.109'110 observed that, in the absence of radial
heat losses, a constant axial temperature gradient causes the
flat sections to bow with a radius of curvature, with the hot-
ter end of each specimen becoming convex and the colder
end concave. Thus if heat flows from material 1 to 2, where
al/k1 >oi2/k2, the contact would be peripheral, whereas for
flow direction 2^1, the contact would be central (Fig. 5).
The experiments on stainless-steel/aluminum contacts in a
vacuum confirmed the theory. It may be noted that the con-
striction of heat flow toward a central contact is greater than
the constriction when the heat flow is peripheral. Therefore,
the conductance for the SS^Al direction must be higher.
This is in contrast to the results observed by previous in-
vestigators of flat contacts.99'100'108'111

The experiments of Al-Astrabadi et al.112 indicated that
the conductance values were always higher for the heat flow
in the SS^Cu direction irrespective of whether one surface
was initially flat and the other surface convex. Thus, their
results for flat contacts again disagree with those of previous
workers. A possible reason is that, the surfaces being optically
flat, the microscopic resistance would be small compared
to the macroscopic resistance. Also in Refs. 109, 110, and
112, the order in which the joints were tested is not specified.
This factor could be important in the rectification behavior
of dissimilar materials.102 Their results for convex/flat sur-
faces, however, follow expected trends, since the resistance
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Fig. 5 Distortion of initially flat surfaces due to heat flow.109'110

in this case is obviously due to macroscopic constriction. Al-
Astrabadi et al.112 also observed that for stainless-steel
(convex)Xcopper (optically flat) surfaces in contact, the con-
ductance increased by a factor of 68 as the heat flux in the
SS-Cu direction increased from 0 to 30 kW/m2. This was
due to a decrease in the disk-type constriction. For heat flow
in the Cu —SS direction, the opposite was true, although the
decrease in the conductance was only slight.

The theoretical study of Dundurs and Panek,60 discussed
earlier, also indicated that the conductance is higher for heat
flowing from the material with the higher "distortivity."
Thus, for example, the conductance for the SS^Cu direc-
tion would be higher than for the opposite direction. This is
in agreement with the results of previous investigators of
macroscopic contacts, except those of Thomas and
Probert.105

The surfaces used by Somers et al.113 in their experiments
on conductance of dissimilar materials had substantial flat-
ness deviations. Their results, therefore, confirmed the
macroscopic theory, with the conductance for heat flow
from the material of higher a/k being the greater in all cases
except zircaloy/aluminum, for which no directional effect
could be found.

A novel thermal rectifier making use of a stack of
stainless-steel disks and an aluminum bar expansion element
has been described by Jones et al.114 In this device, the dif-
ferences in resistance due to heat flow direction were on the
order of 35-50%.

The preceding discussion shows that the following conclu-
sions may be made regarding the thermal rectification effect,
although some anomalies still remain.

1) For surfaces that are initially convex, the conductance is
higher when the heat flows from the material with the higher
a/k ratio. This conclusion is also generally true for flat-
smooth surfaces.

2) For flat-rough surfaces, the conductance is higher when
the heat flows from the material with the lower a/k ratio.

3) Similar materials with dissimilar surfaces may exhibit
the rectification effect.

4) At present, no satisfactory theory exists to explain the
rectification behavior observed for similar materials in
contact.

5) The rectification effect decreases as the number of
reversals increases; however, results opposite to this conclu-
sion have been observed.

Some Special Topics in Contact Heat Transfer
Stacks of Laminations

Heat transfer takes place through stacks of thin lamina-
tions in electrical machinery such as transformers and
generators. Such stacks have also been used as strong in-
sulating structures for cryogenic tanks and in thermal isola-
tion systems for spacecraft.115

The theoretical work of Williams116 indicated that the ef-
fective thermal conductivity of a typical turbogenerator core
when immersed in hydrogen would be about three times the
value in normal atmospheric air. Williams' experiments117 on
stacks of steel laminations in different atmospheres showed
that, for tests in air, the solid spot conductance was pre-
dominant. As the conductivity of the interface fluid was in-
creased, however, the fluid conductance contribution became
progressively more significant, and with helium as the in-
terstitial fluid, the proportion of the solid spot conductance
was quite negligible.

O'Callaghan et al.,4 in their experiments on grain-
orientated silicon-steel and nonorientated electric-steel
laminations, found that the resistance per lamination-to-
lamination was independent of the number of laminations.
The resistance initially decreased with load, presumably due
to the pressing out of any slight buckle present in the lamina-
tions, but it reached an asymptotic value at a contact
pressure of about 1 kPa. At pressures up to this value, there
was no electrical breakdown of the insulating surface films.
Therefore, to reduce the equilibrium temperatures and,
hence, increase the thermal efficiency, the authors recom-
mended that the transformer lamination cores be prestressed
to 1 kPa.

The theoretical work of Veziroglu et al.35 considered the
heat flow channel to be finite, a necessary requirement when
the contacts are between thin sheets. The predicted conduc-
tances were consistently higher than the experimentally
measured conductances of Williams.117 A possible reason for
the discrepancy is that the theoretical analysis considered
bare steel sheets, whereas the experiments were performed on
enameled sheets. The experimental results of Veziroglu et
al.35 on stainless-steel stacks in air, however, showed good
agreement with their theory. A definite hysteresis behavior
was observed for this stack of laminations, with the conduc-
tance values during unloading larger than the corresponding
values during loading.

The experimental work of Sheffield et al.118 on stacks of
electrically insulated sheets in a vacuum resulted in a simple
correlation

k* = 1.24VP* (26)

where k*=kcff/ks; fceff is the effective thermal conductivity
of the stack and P* =P/H.

Contrary to the observation of O'Callaghan et al.,4 the
conductance was found to increase continuously throughout
the loading (10-45 MPa).

Al-Astrabadi et al.119 proposed the following correlation
for the conductance of stacks of thin layers in vacuum:

z* = 3.025(P*)0-58 (27)

where h*=hllt/ks; hn is the thermal conductance from
layer to layer; and t the thickness of an individual layer.

The correlation was based on the results of 18 experiments
obtained in 6 separate investigations and was deemed to be
successful since the scatter band was relatively narrow.
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Hysteresis
The hyteresis effect refers to the experimental observation

that, when a joint is subjected to cyclic loading, the conduc-
tance values during unloading are usually higher than the
corresponding values during the first loading. The work
done prior to the period under review indicated the following
as possible causes for hysteresis.

1) During first loading, the actual contact is formed by the
elastoplastic deformation of asperities in contact, coupled
with the elastic deformation of the underlying material. Dur-
ing unloading, the reduction of the contact area is due only
to the elastic recovery of both the asperities and the bulk
sublayers. Thus the formation of the contact area during
loading is greater than the recovery during unloading for a
given change in the load. This would result in the actual con-
tact area and, therefore, the conductance being higher during
unloading.

2) Cold welding occurs between perfectly clean surfaces
immediately on the establishment of the metal-to-metal con-
tact. This effect would be more significant for soft metals
such as copper, rather than for harder materials such as
tungsten. Since the spots where cold welding has taken place
will remain in contact even when the load is removed, the
contact area and therefore the conductance can be expected
to be higher than the corresponding values during loading.

Since the hardness of metals decreases with the
temperature and duration of stress (see, for example, Ref.
120), the conductance can also be expected to increase with
the duration of the loading. Thus, the conductance values
during subsequent unloading and reloading must be higher
than those during first loading. This effort of contact dura-
tion, however, would be significant only at temperatures
considerably higher than ambient temperatures.

McKenzie121 observed that when the contact pressure was
changed from 0.8 to 1.07 MPa, it took more than 50 h
before equilibrium was restored. Therefore, he suggested
that the hysteresis effects might have been caused by the un-
intentional use of nonsteady-state data.

In a theoretical study, Mikic122 considered a Gaussian
distribution of asperity heights and assumed that during first
loading the asperities deformed plastically, while for a reduc-
tion and a subsequent increase (up to the maximum load
achieved in the first loading) the asperities deformed
elastically. This would result in the actual contact areas dur-
ing unloading (and subsequent reloading) being greater than
those during first loading. The analysis showed that the
number of contact spots was also substantially higher in
descending loading. As a result of both of these effects, the
conductance would also be higher during unloading. It
should be noted that Mikic's analysis applies to nominally
flat, rough surfaces in a vacuum and does not consider the
deformation of the bulk material.

In the experimental work of Madhusudana and
Williams,123 eight different pairs of surface combinations
were tested. Hysteresis was observed in all cases, whether the
materials were similar or dissimilar and whether the tests
were conducted in a vacuum or in air. For specially prepared
surface combinations, such as pyramids contacting flats, the
hysteresis effect was more striking than for contacts between
randomly rough flat surfaces. This was explained by the fact
that, in the former case, all of the contact spots are nearly
coplanar and break simultaneously on complete removal of
loads; with the second type of surfaces, however, the contact
spots will not be in the same place, and the area reduction on
decreasing load takes place more gradually. It was also
pointed out that the observed hysteresis effect was most
probably not due to cold welding since the contacting sur-
faces were most likely contaminated.

Bolted Joints
Most contact heat-transfer studies assume that the contact

pressure is uniform over the interface. However, the pressure

distribution is nonuniform over the contact area formed be-
tween metal surfaces joined together by means of bolts,
screws, or rivets. The usual contact heat-transfer theories,
therefore, require some modification when applied to bolted
joints.

Whitehurst and Durbin124 considered the analytical solu-
tion for a bolted joint to be very complicated and, therefore,
suggested an experimental method called the "effective fin
method." Basically, this method would involve the measure-
ment of temperature gradients on both sides of the joint,
and an effective thermal conductivity of the joint based on
the length of the overlap and the temperature difference be-
tween the two ends of the overlap. This method would be
somewhat impractical when a large number of joints is in-
volved, since this would mean that many models would need
to be constructed and tested unless all of the joints were
standardized.

In the theoretical study of Veilleux and Mark,125 the
physical contact between the metal sheets was assumed to oc-
cur only under the head of the bolts fastening the sheets
together. The good agreement between theory and experi-
ment confirmed this assumption.

Bradley et al.126 used a stress-freezing technique to deter-
mined the pressure distribution over the interface of a bolted
joint. It was found that the interface pressure distribution
depended upon the radius of the bolt, the bolt-head dimen-
sion, and the plate thickness.

The finite element analysis of Gould and Mikic127'128 also
considered bolted joints of smooth surfaces. The area of
contact was measured by both optical and autoradiograph
methods. There was good agreement between theory and ex-
periment. The results indicated, in conformity with those of
Bradley et al.,126 that the interface pressure reduced from a
maximum value at the bolt axis to zero at a distance of
about 2 bolt diameters from the axis.

Roca and Mikic129 also took surface roughness into con-
sideration in their analytical study of thermal conductance of
bolted joints. One significant conclusion of this work was
that, for a given pair of plates and loading conditions, the
radius of contact increased with the surface roughness. This
means that the macroscopic constriction decreases as the sur-
face roughness increases, while the opposite is true of the
microscopic constriction.

A general expression capable of handling nonuniform
pressure distributions for the thermal resistance in vacuum
was derived by Yip.130 His calculations indicated that
nonuniform stress distributions did not appreciably affect
the microcontact resistance. It should be noted, however,
that the extent of the contact zone and, therefore, the
macroscopic resistance, will still depend upon the stress
distribution.

The conductance of two aluminum plates bolted together
was investigated by Oehler et al.131 The conductance values
in air were found to be about twice the values obtained in
vacuum, but the joints loaded with grease in a vacuum were
only about 10% more conducting than the dry joints in a
vacuum. No information was given about the surface texture
of the plates. It was also found that the contact conduc-
tances based on steady-state tests were about 50% higher
than those based on transient tests. Since it was stated that
transient measurements were subject to greater degrees of er-
ror, the suitability of the transient technique becomes
questionable.

Cylindrical Joints
When the heat flow is radial across a joint formed by two

concentric cylinders, the contact pressure is not explicitly
known but depends on the

1) initial interference or clearance between the cylinders,
2) differential expansion of the cylinders due to the tem-

perature gradient caused by the heat flow,
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3) thermal and mechanical properties of the cylinder
materials, and

4) differential expansion due to the temperature drop AT
at the interface.

Therefore, for a given pair of cylinders, the contact
pressure depends upon the heat flux. It is also to be noted
that AT is itself, by definition, dependent upon the contact
conductance and, therefore, the contact pressure. In other
words, the contact pressure and the temperature drop are
interdependent.

In the work prior to the period under review, the re-
sistance of cylindrical joints was usually estimated indirectly.
In such a procedure, the overall resistance to heat flow
from the fluid heating the inner of the two concentric
cylinders to the coolant surrounding the outer cylinder is
measured. The individual component resistances, except the
contact resistance, are then either measured or estimated
separately and subtracted from the overall resistance to ob-
tain the contact resistance. One serious drawback of such a
method is that large errors are likely to occur when the con-
tact resistance is relatively small and is determined as the dif-
ference between two comparatively large resistances.

In the direct method, the temperatures are measured at
various radial locations in the cylinders, and the temperature
distributions are then extrapolated to obtain the temperature
drop at the interface directly. Thus, this method is similar to
the usual method for flat surfaces, except that the heat flux,
rather than the implicit contact pressure, would be the in-
dependent variable.

Williams and Madhusudana132 described a simple
theoretical analysis of heat flow across cylindrical joints of
similar materials in a vacuum. The theory showed that the
contact pressure and, therefore, the solid spot conductance
increased directly with heat flux. For stainless-steel
specimens with initial clearance, the experimental results ob-
tained by the direct method confirmed the theoretical find-
ings. The theory also showed that, for specimens with initial
interference fit, the contact pressures are so high that the
contact resistance becomes insignificant. This was verified by
the experimental observation that no measurable interface
temperature drop existed for stainless-steel specimens with
an initial interference fit. However, their experimental results
for specimens with initial zero clearance showed no definite
trends and were therefore inconclusive.

Direct measurements of resistance in a compound cylinder
have also been reported by Hsu and Tarn.133 In this case, the
cylinder was of aluminum alloy on which a stainless-steel
tube was shrunk. The heat flow was radially outward, and,
since aluminum has a higher coefficient of thermal expan-
sion, it is to be expected that the resistance would reduce
with heat flux.134 This fact was confirmed by experiments
conducted in air.

More recently, Madhusudana135 extended the theory
presented in Ref. 132 to include dissimilar materials, also
taking into account the more refined general contact heat-
transfer theories that had become available since the first
theory was published. The following additional conclusions
were drawn.

1) For a given heat flux, the material combination in
which the inner cylinder has the higher a/E ratio would yield
higher values of the contact conductance if the heat flow is
radially outward; the opposite would be true for inward
flow.

2) For cylindrical joints, the contact pressure increases
with the surface roughness. Therefore, the contact conduc-
tance would be expected to increase with the surface rough-
ness. However, since the constriction resistance also in-
creases with roughness, the relation between conductance
and roughness in the case of cylindrical contacts is more
complex than for flat contacts.

Nuclear Reactor Fuel Elements
A considerable amount of analytical and experimental

work was carried out in the 1950's and 1960's on the conduc-
tance and strength of nuclear elements.

Based on the Mikic model,51 Jacobs and Todreas136 pro-
posed a correlation for the solid spot conductance in reactor
fuel elements. This correlation was tested against the data of
Dean,137 Ross and Stoute,138 and Rapier et al.139 Dean's tests
were actually conducted in an argon atmosphere, and Jacobs
and Todreas deduced the solid spot conductance values
assuming that the fluid conductance contribution was 10%
of the total. Since the information regarding Itan 01 was not
available in most of the tests, the data for one run of each
surface was first normalized before a comparison was made
between the proposed correlation and the experimental
results. Thus the agreement between the correlation and the
data was forced to a certain extent.

A model (GEGAP-III) for the calculation of pellet-
cladding conductance in boiling water reactor fuel rods was
presented in Ref. 140. Separate expressions were given for
the solid spot, gas, and radiant heat-transfer coefficients.
Comparison with experimental values showed that this
model slightly underestimated the conductances.

A review of methods applicable to the calculation of gap
conductance in zircaloy-clad uranium dioxide fuel rods was
reported by Lanning and Hann.141 They recommended the
use of the Jacobs-Todreas model (reduced by a factor of 4)
for the prediction of solid spot conductance until more data
became available. Their expression for the gas conductance
made allowance for the reduction of gap width with the con-
tact pressure. The work of Lanning and Hann was extended
by Beyer et al.,142 whose correlation for the solid spot con-
ductance also took into account the waviness of the surfaces,
but not the profile slope.

As mentioned previously, Gamier and Begej81 measured
the gap conductance between uranium dioxide and zircaloy-4
surfaces in nominal contact. The experiments with helium,
argon, and a 50:50 mixture of helium and argon indicated a
continual increase of gas conductance with temperature. This
is in contrast to the trend predicted by, for example,
GAPCON-Thermal-2.142

Experimental results for the conductance of zirca-
loy-2/uranium dioxide interfaces have also been reported by
Cross and Fletcher143 and Madhusudana.144 Tests were con-
ducted in a vacuum, as well as in atmospheres of argon and
helium. The improvement in conductance due to the
presence of helium ranged from about 800 to 60% as the
contact pressure increased from 0.89 to 20.13 MPa. Over the
same range, the improvement due to the presence of argon
ranged from about 400 to 10%.

A correlation for the solid spot thermal conductance of
zircaloy-2/uranium dioxide interfaces has been proposed by
Madhusudana and Fletcher.145 This correlation considers all
available data on direct measurements for this joint com-
bination and thus includes data in Refs. 136, 137, 143, 145,
and 146. This correlation takes into account the variation in
the mean junction temperature obtained in the tests by dif-
ferent investigators, but does not include the effect of slope
since, as pointed out earlier in this section, this information
is not reported in most of the literature reviewed. The
following correlation fitted 78 data points with remarkably
small scatter:

ho/k= 12.29x10-* (P/H) 0.66 (28)

It was suggested that further work on this type of contacts
should include: 1) experimental investigation of the effect of
varying the mean junction temperature; 2) quantitative
evaluation of surface parameters, other than roughness, on
the solid spot conductance; and 3) direct measurement (in a
vacuum) of the solid spot conductance over the pressure
range 0.00\<P/H<0.005.
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Recommendations for Future Work
The preceding review of the research on contact heat

transfer over the past decade identifies the following as some
areas where need exists for further research.

1) Resistance of noncircular constrictions located at the
ends of semi-infinite cylinders or prisms.

2) Conductance of rough wavy surfaces and comparison
of the performance of these surfaces with that of rough flat
surfaces.

3) Accommodation coefficient for practical gas/solid
interfaces.

4) Determination of a reliable effective gap width for the
calculation of conduction through the interstitial gas.

5) A theory for the explanation of the rectification effect
observed in similar materials in contact.

6) Effect of mean-junction temperature on the conduc-
tance of nuclear fuel elements. (Experimental data over a
significant range of contact pressures are also lacking for
nuclear fuel elements.)

7) Resistance of a circular annulus and the pressure
distribution in a bolt joint necessary to determine the con-
ductance of such joints.

8) Direct experimental measurement of the thermal con-
ductance of cylindrical joints and the extension of the pres-
ent theory for such joints to include the effect of the in-
terstitial medium on the heat transfer.

References
Skipper, R. G. S. and Wootton, K. J., "Thermal Resistance be-

tween Uranium and Can," Proceedings of the 2nd International
Conference on the Peaceful Uses of Atomic Energy, Geneva, Paper
P/87, Sept. 1958.

2Il'Chenki, O. T. and Kapinos, V. M., "Thermal Resistance of
Tail Connections of Turbine Blades," Energomashinostroyeniye,
Vol. 5, No. 6, 1959, pp. 23-26 (in Russian). (Translation by Foreign
Technology Div., Wright-Patterson AFB, OH, 1965.)

3Gardner, K. A. and Carnavos, T. C., "Thermal Contact
Resistance in a Finned Tubing," ASME Journal of Heat Transfer,
Vol. 82, No. 2, 1960, pp. 279-293.

4O'Callaghan, P. W., Jones, A. M., and Probert, S. D., "Effect
of Thermal Contact Resistance on the Performance of Transformer
Lamination Stacks," Applied Energy, Vol. 3, 1977, pp. 13-22.

5Barzelay, M. E., Tong, K. N., and Holio, G., "Thermal Con-
ductance of Contacts in Aircraft Joints," NASA TN 3167, March
1954.

6Kaspareck, W. E. and Dailey, R. M., "Measurements of Ther-
mal Conductance between Dissimilar Metals in Vacuum," ASME
Paper 64-HT-38, Aug. 1964.

7Huiskes, R., "Some Fundamental Aspects of Human Joint Re-
placement," Act a Orthopaedica Scandinavia, Munksgaard,
Copenhagen, 1980, Supp. 185.

8Cull, J. P., "Thermal Contact Resistance in Transient Conduc-
tivity Measurements," Journal of Physics E: Scientific Instruments,
Vol. 11, 1978, pp. 323-326.

9Mikesell, R. P. and Scott, R. B., "Heat Conduction Through In-
sulating Supports in Very Low Temperature Equipment," National
Bureau of Standards Journal of Research, Vol. 57, No. 6, 1956, pp.
371-378.

10Smuda, P. A. and Gyorog, D. A., "Thermal Isolation with Low
Conductance Interstitial Materials Under Compressive Loads,"
AIAA Paper 69-25, Jan. 1969.

HThomsen, D. M. and Zavoico, A. B., "Conductive Heat
Transfer Resistance of Compound Barrel Interface," U. S. Army
Weapons Command, Research Development and Engineering Direc-
torate, Weapons Lab., Rock Island, RE TR 73-36, 1971.

12Reiss, H., "An Evacuated Powder Insulation for a High
Temperatures Na/S Battery," AIAA Paper 81-1107, 1981.

13Fletcher, L. S., "A Review of Thermal Control Materials for
Metallic Junctions," Journal of Spacecraft and Rockets, Vol. 9,
Dec. 1972, pp. 849-850.

14Wong, H. Y., "A Survey of Thermal Conductance of Metallic
Contacts," ARC CP 973, Her Majesty's Stationery Office, London,
1968.

15Minges, M. L., "Thermal Contact Resistance, Volume 1—A
Review of the Literature," AFML-TR-65-375, April 1966.

16Williams, A., "Heat Transfer Across Metallic Joints,"
Mechanical and Chemical Engineering Transactions, Institution of
Engineers, Australia, Paper 2305, Nov. 1968, pp. 247-254.

17Gex, R. C., "Thermal Resistance of Metal-to-Metal Contacts,
an Annotated Bibliography," Lockheed Missiles and Space Div.,
Sunnyvale, CA, Rept. 58-61-30, July 1961.

18Atkins, H., "Bibliography on Thermal Metallic Contact Con-
ductance," NASA TMS-53227, April 1965.

19Vidoni, G. M., "Thermal Resistance of Contacting Surfaces:
Heat Transfer Bibliography," Lawrence Radiation Lab., Univ. of
California, Livermore, CA, AEC Contract W-7405-ENG-48, June
1965.

20Fry, E. M., "Bibliography—Thermal Contact Conductance (to
1966)," Bell Telephone Labs., Whippany, NJ, Rept. 101, Dec. 1966.

21 Moore, C. J., Atkins, H., and Blum, H. A., "Subject
Classification Bibliography for Thermal Contact Resistance
Studies," ASME Paper 68-WA/HT-18, New York, 1968.

22Roess, L. C., "Theory of Spreading Conductance," Beacon
Labs, of Texas, Beacon, NY, unpublished report, 1949, App. A.

23Cetinkale, T. N. and Fishenden, M., "Thermal Conductance of
Metallic Surfaces in Contact," Proceedings of the General Discus-
sion on Heat Transfer, Institution of Mechanical Engineers, Lon-
don, Sept. 1951, pp. 271-275.

24Fenech, H. and Rohsenow, W. M., "Prediction of Thermal
Conductance of Metallic Surfaces in Contact," ASME Journal of
Heat Transfer, Vol. 85, Feb. 1963, pp. 15-24.

25Cooper, M. G., Mikic, B. B., and Yovanovich, M. M., "Ther-
mal Contact Conductance," International Journal of Heat and Mass
Transfer, Vol. 12, 1969, pp. 279-300.

26Hunter, A. J. and Williams, A., "Heat Flow Across Metallic
Joints—The Constriction Alleviation Factor," International Journal
of Heat and Mass Transfer, Vol. 12, 1969, pp. 524-526.

27Sanokawa, K., "Heat Transfer Between Metallic Surfaces in
Contact, 1st Report," Bulletin of the Japan Society of Mechanical
Engineers, Vol. 11, No. 4, 1968, pp. 253-263.

28Gibson, R. D., "The Contact Resistance for a Semi-infinite
Cylinder in Vacuum," Applied Energy, Vol. 2, 1976, pp. 57-65.

29Yovanovich, M. M., "General Expressions for Circular Con-
striction Resistance for Arbitrary Flux Distribution," AIAA Paper
75-188, Jan. 1975.

30Williams, A., "Heat Flow Through Single Spots of Metallic
Contacts of Simple Shapes," AIAA Paper 74-692, July 1974.

31 Major, S. J. and Williams, A., "The Solution of a Steady State
Conduction Heat Transfer Problem Using and Electrolytic Tank
Analogue," Mechanical Engineering Transactions, Institution of
Engineers, Australia, 1977, pp. 7-11.

32Madhusudana, C. V., "Heat Flow Through Conical Constric-
tions in Vacuum and in Conducting Media," AIAA Paper 79-1071,
June 1979.

33Major, S. J., "The Finite Difference Solution of Conduction
Problems in Cylindrical Coordinates," Mechanical Engineering
Transactions, Institution of Engineers, Australia, 1980, pp. 28-34.

34Veziroglu, T. N. and Chandra, S., "Thermal Conductance of
Two Dimensional Constrictions," AIAA Paper 68-761, June 1968.

35Veziroglu, T. N., Williams, A., Kakac, S., and Nayak, P.,
"Prediction and Measurement of the Thermal Conductance of
Laminated Stacks," International Journal of Heat and Mass
Transfer, Vol. 22, No. 3, pp. 447-459.

36Yovanovich, M. M., "Thermal Constriction Parameters of
Contacts on a Half Space: Integral Formulation," AIAA Paper
75-708, May 1975.

37Yovanovich, M. M., and Schneider, G. E., "Thermal Constric-
tion Resistance due to a Circular Annular Contact," AIAA Paper
76-142, Jan. 1976.

38Schneider, G. E., "Thermal Resistance due to Arbitrary
Dirichlet Contacts on a Half Space," AIAA Paper 78-870, May
1978.

39Yovanovich, M. M., Martin, K. A., and Schneider, G. E.,
"Constriction Resistance of Doubly Connected Areas Under
Uniform Flux," AIAA Paper 79-1070, June 1979.

40Yovanovich, M. M., Burde, S. S., and Thompson, J. C.,
"Thermal Constriction Resistance of Arbitrary Planar Contact with
Constant Flux," Progress in Astronautics and Aeronautics, Ther-
mophysics of Spacecraft and Outer Planet Entry Probes, edited by
A. M. Smith, Vol. 56, AIAA, New York, 1977, pp. 127-140.

41 Yovanovich, M. M. and Burde, S. S., "Centroidal and Area
Average Resistances Non-Symmetric, Singly Connected Contacts,"
AIAA Journal, Vol. 15, 1977, pp. 1523-1525.

42Greenwood, J. A., "The Area of Contact between Rough Sur-
faces and Flats," ASME Journal of Lubrication Technology, Vol.



MARCH 1986 CONTACT HEAT TRANSFER—THE LAST DECADE 521

89, Ser. F., Jan. 1967, pp. 81-91.
43Mikic, B. B., "Thermal Contact Conductance: Theoretical Con-

siderations," International Journal of Heat and Mass Transfer, Vol.
17, 1974, pp. 205-214.

44Bush, A. W., and Gibson, R. D., "A Theoretical Investigation
of Thermal Contact Conductance," Applied Energy, Vol. 5, 1979,
pp. 11-22.

45Veziroglu, T. N., "Statistical Study of Thermal Contact Con-
ductance," Univ. of Miami, Coral Gables, FL, NASA Grant NG
10-007-010 Report, June 1972.

46Popov, V. M., "Determination of the Thermal Contact
Resistance of Plane-Rough Surfaces with the Roughnesses Deform-
ing in Different Manners," Heat Transfer—Soviet Research, Vol. 2,
Sept. 1970, pp. 26-31.

47Novikov, V. S., "The Thermal Contact Resistance as a Func-
tion of Compression of Rough Surfaces," Heat Transfer—Soviet
Research, Vol. 2, Nov. 1970, pp. 160-165.

48Novikov, V. S., "Thermal Contact Resistance of Rough Sur-
faces under Compression," Heat Transfer—Soviet Research, Vol. 5,
Sept.-Oct. 1973, pp. 151-159.

49Tsukizoe, T. and Hisakado, T., "On the Mechanism of Heat
Transfer between Metal Surfaces in Cotnact, Part 1," Heat
Transfer—Japanese Research, Vol. 1, Jan.-March 1972, pp.
104-112.

50Tsukiizoe, T. and Hisakado, T., "On the Mechanism of Heat
Transfer between Metal Surfaces in Contact, 2nd Report," Heat
Transfer—Japanese Research, Vol. 1, April-June 1972, pp. 23-31.

51Cooper, M. G., Mikic, B. B., and Yovanovich, M. M., "Ther-
mal Contact Conductance," International Journal of Heat and Mass
Transfer, Vol. 12, 1969, pp. 279-300.

52Sayles, R. S. and Thomas, T. R., "Thermal Conductance of a
Rough Elastic Contact," Applied Energy, Vol. 2, 1976, pp. 249-267.

53Holm, R., Electric Contacts—Theory and Application, 4th Ed.,
Springer-Verlag, New York, 1967, p. 16.

54McMillan, R. Jr., and Mikic, B. B., "Thermal Contact
Resistance with Non-uniform Interface Pressures," Dept. of
Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA, Rept. DSR 72105-70, Nov. 1970.

55Hsieh, C. K., Yeddanapudi, K. M., and Touloukian, Y. S.,
"An Analytical Study of Thermal Contact Conductance for Two
Rough and Wavy Surfaces Under a Pressure Contact," Proceedings
of the Ninth Conference on Thermal Conductivity, Ames, IA, April
1970, pp. 554-570.

56Clausing, A. M. and Chao, B. T., "Thermal Contact Resistance
in a Vacuum Environment," ASME Journal of Heat Transfer, Vol.
93, 1964.

57Yovanovich, M. M., "Thermal Contact Conductance of Turned
Surfaces," AIAA Paper 71-80, Jan. 1971.

58Popov, V. M. and Yanin, L. F., "Heat Transfer during Contact
of Machined Surfaces with Waviness and Microroughnesses," Heat
Transfer—Soviet Research, Vol. 4, 1972, pp. 162-167.

59Thomas, T. R. and Sayles, R. S., "Random-Process Analysis of
the Effect of Waviness on Thermal Contact Resistance," AIAA
Paper 74-691, July 1974.

60Dundurs, J. and Panek, C., "Heat Conduction between Bodies
with Wavy Surfaces," International Journal of Heat and Mass
Transfer, Vol. 19, 1976, pp. 731-736.

61Edmonds, M. J., Jones, A. M., and Probert, S. D., "Thermal
Contact Resistance of Hard Machined Surfaces Pressed Against
Relatively Soft Optical Flats," Applied Energy, Vol. 6, 1980, pp.
405-427.

62Mal'kov, V. A., "Thermal Contact Resistance of Machined
Metal Surfaces in a Vacuum Environment," Heat Transfer—Soviet
Research, Vol. 2, 1970, pp. 24-33.

63Fletcher, L. S., and Gyorog, D. A., "Prediction of Thermal
Contact Conductance between Similar Metal Surfaces," AIAA
Paper 70-852, 1970.

64Thomas, T. R. and Probert, S. D., "Correlations for Thermal
Contact Conductance in Vacuo," ASME Journal of Heat Transfer,
Vol. 94, Aug. 1972, pp. 276-281.

65O'Callaghan, P. W., and Probert, S. A., "Thermal Resistance
and Directional Index of Pressed Contacts between Smooth Non-
Wavy Surfaces," Journal of Mechanical Engineering Science, Vol.
16, 1974, pp. 41-55.

66Al-Astrabadi, F. R., O'Callaghan, P. W., and Probert, S. D.,
"Thermal Contact Resistance Dependence on Surface Topography,"
AIAA Paper 79-1065, July 1979.

67Edmonds, J. J., Jones, A. M., and Probert, S. D., "Thermal
Contact Resistances for Hard Machined Surfaces Pressed Against
Relatively Soft Optical-Flats," Applied Energy, Vol. 6, 1980, pp.
405-427.

68Popov, V. M., "Concerning the Problem of Investigating Ther-
mal Contact Resistance," Power Engineering (NY) Vol. 14, 1976,
pp. 158-163.

69Blahey, A., Tevaarwerk, J. L., and Yovanovich, M. M., "Con-
tact Conductance Correlations of Elastically Deforming Flat Rough
Surfaces," AIAA Paper 80-1470, July 1980.

70Gale, E. H. Jr., "Effect of Surface Films on Thermal Contact
Conductance: Part 1—Microscopic Experiments" ASME Paper
70-HT/SpT-26, June 1970.

71Tsao, Y. H. and Heimburg, R. W., "Effects of Surface Films
on Thermal Contact Conductance: Part 2—Macroscopic Ex-
periments," ASME Paper 70-HT/SpT-27, June 1970.

72Mikic, B. and Carnasciali, G., "The Effect of Thermal Conduc-
tivity of Plating Material on Thermal Contact Resistance," ASME
Journal of Heat Transfer, Aug. 1970, pp. 475-482.

73Kharitonov, V. V., Kokorev, L. S., and Tyurin, Yu. A., "Ef-
fect of Thermal Conductivity of Surface Layer on Contact Thermal
Resistance," Soviet Atomic Energy, Vol. 36, April 1974, pp.
385-387.

74Yip, F. C., "The Effect of Oxide Films on Thermal Contact
Resistance," AIAA Paper 74-693, July 1974.

75Mian, M. N., Al-Astrabadi, F. R., O'Callaghan, P. W., and
Probert, S. D., "Thermal Resistance of Pressed Contacts between
Steel Surfaces: Influence of Oxide Films," Journal of Mechanical
Engineering Science, Vol. 21, 1979, pp. 159-166.

76Cohen, I., Lustman, B., and Eichenberg, J. D., "Measurement
of Thermal Conductivity of Metal Clad Uranium Oxide Rods during
Irradiation," U. S. Atomic Energy Commission, Westinghouse Elec-
tric Corporation, Pittsburgh, PA, Rept. WAPD-228, 1960.

77Kharitonov, V. V., Kokorev, L. S., and Del'vin, N. N., "The
Role of the Accommodation Coefficient in Contact Heat Ex-
changer," Soviet Atomic Energy, Vol. 35, 1973, pp. 1050-1051.

78Madhusudana, C. V., "The Effect of Interface Fluid on Ther-
mal Contact Conductance," International Journal of Heat and Mass
Transfer, Vol. 18, 1975, pp. 989-991.

79Popov, V. M., and Krasnoborod'ko, A. I., "Thermal Contact
Resistance in a Gaseous Medium," Journal of Engineering Physics,
Vol. 28, 1975, pp. 633-638.

80Vickerman, R. H. and Harris, R., "The Thermal Conductivity
and Temperature Jump Distance of Gas Mixtures," paper presented
at the American Nuclear Society Winter Meeting, San Francisco,
CA, Nov. 1975.

81 Gamier, J. E. and Begej, S., "Ex-Reactor Determination of
Thermal Gap Conductance between Uranium-Dioxide: Zircaloy-4
Interfaces," Thermal Conductivity, Vol. 15, Plenum Press, New
York, 1978, pp. 115-123.

82Yovanovich, M. M., Hegazy, A. H., and DeVaal, J., "Surface
Hardness Distribution Effects Upon Contact, Gap and Joint Con-
ductance," AIAA Paper 82-0887, June 1982.

83Yovanovich, M. M., DeVaal, J., and Hegazy, A. H., "A
Statistical Model to Predict Thermal Gap Conductance between
Conforming Rough Surfaces," AIAA Paper 82-0888, June 1982.

84Dutkiewicz, R. K., "Interfacial Gas Gap for Heat Transfer be-
tween Two Randomly Rough Surfaces," Proceeding of the 3rd In-
ternational Heat Transfer Conference, Vol. IV, 1966, pp. 118-126.

85Madhusudana, C. V. and Fletcher, L. S., "Gas Conductance
Contribution to Contact Heat Transfer," AIAA Paper 81-1163,
June 1981.

86Fletcher, L. S., "Thermal Control in Space Shuttle Systems,"
Proceedings of the First Western Space Congress, Santa Maria, CA,
Oct. 1970, pp. 856-865.

87Miller, R. G. and Fletcher, L. S., "Thermal Conductance of
Gasket Materials for Spacecrafts Joints," Progress in Astronautics
and Aeronautics, Thermophysics and Spacecraft Thermal Contol,
Vol. 35, edited by R. G. Hering, AIAA, New York, 1974, pp.
335-339.

88Miller, R. G. and Fletcher, L. S., "Thermal Contact Conductance
of Porous Materials in a Vacuum Environment," Progress in
Astronautics and Aeronautics, Thermophysics and Spacecraft Ther-
mal Control, Vol. 35, edited by R. G. Hering, AIAA, New York, 1975,
pp. 321-334.

89Miller, R. G. and Fletcher, L. S., "A Thermal Contact Conduc-
tance Correlation for Porous Metals," Progress in Astronautics and
Aeronautics, Heat Transfer with Thermal Control Applications,
Vol. 39, edited by M. M. Yovanovich, AIAA, New York, 1975, pp.
81-92.

90Fletcher, L. S., and Ott, W. R., "Thermal Conductance of
Lead Ferrite and Boron Nitride," ASME Journal of Heat Transfer,
Vol. 98, May 1976, pp. 331-332.



522 C. V. MADHUSUDANA AND L. S. FLETCHER AIAA JOURNAL

91Fletcher, L. S., "Thermal Control Materials for Spacecraft
Systems," Proceedings of the Tenth International Symposium on
Space Technology and Science, Tokyo, Sept. 1973, pp. 579-586.

92Fletcher, L. S., Cerza, M. R., and Boysen, R. L., "Thermal
Conductance and Thermal Conductivity of Selected Polyethylene In-
sulation Materials," Progress in Astronautics and Aeronautics,
Radiative Transfer and Thermal Control, Vol. 49, edited by A. M.
Smith, AIAA, New York, Dec. 1976, pp. 371-380.

93Feldman, K., Hong, Y., and Marjon, P., "Test of Thermal
Joint Compounds to 200°C," AIAA Paper 80-1466, July 1980.

94Cividino, S., Yovanovich, M. M., and Fletcher, L. S., "A
Model for Predicting the Joint Conductance and Woven Wire
Screen Contacting Solids," Progress in Astronautics and Aero-
nautics, Heat Transfer with Thermal Control Applications, Vol. 39,
AIAA, New York, 1975, pp. 111-128.

95O'Callaghan, P. W., Jones, A. M., and Probert, S. D.,
"Research Note: The Thermal Behavior of Gauzes as Inter facial In-
serts between Solids," Journal of Mechanical Engineering Science,
Vol. 17, 1975, pp. 233-236.

96Al-Astrabadi, F. R., Probert, S. D., O'Callaghan, P. W., and
Jones, A. M., "Reduction of Energy Dissipations at Thermally
Distorted Pressed Contacts," Applied Energy, Vol. 5, 1979, pp.
23-51.

97Sauer, Jr., H. J., Remington, C. R., Stewart, W. E., Jr., and
Lin, J. T., "Thermal Contact Conductance with Several Interstitial
Materials," Proceedings of the llth International Conference on
Thermal Conductivity, Albuquerque, NM, Sept.-Oct. 1971, pp.
22-23.

98Sauer, H. J., Jr., Remington, C. R., and Heizer, G. A., "Ther-
mal Contact Conductance of Lubricant Films," Proceedings of the
llth International Conference on Thermal Conductivity, Albuquer-
que, NM, Sept.-Oct. 1971, pp. 24-25.

"Barzelay, M. E., Tong, K. N., and Holloway, G. F., "Effect of
Pressure on Thermal Conductance of Joints," NACA TN-3295,
1955.

100Rogers, G. F. C., "Heat Transfer at the Interface of Dissimilar
Metals," International Journal of Heat and Mass Transfer, Vol. 2,
1961. pp. 150-154.

101Moon, J. S., and Keeler, R. N., "A Theoretical Consideration
of Directional Effects of Heat Flow at the Interface of Dissimilar
Metals," International Journal of Heat and Mass Transfer, Vol. 5,
1962. pp. 967-971.

102Williams, A., "Directional Effects of Heat Flow Across
Metallic Joints," Mechanical Engineering Transactions, Institution
of Engineers, Australia, Paper 3448, 1976.

103Veziroglu, T. N. and Chandra, A., "Direction Effect in Ther-
mal Contact Resistance," Heat Transfer 1970, Vol. I, Paper Cu 3-5,
Elsevier, Amsterdam, 1970. (See also discussion in Vol. X.)

104Barber, J. R., "The Effect of Thermal Distortion on Constric-
tion Resistance," International Journal of Heat and Mass Transfer,
Vol. 14, 1971, pp. 751-766.

105Thomas, T. R. and Probert, S. D., "Thermal Contact
Resistance: The Directional Effect and Other Problems," Interna-
tional Journal of Heat and Mass Transfer, Vol. 13, 1970, pp.
789-807.

106Clausing, A. M., "Heat Transfer at the Interface of Dissimilar
Metals—The Influence of Thermal Strain," International Journal of
Heat and Mass Transfer, Vol. 19, 1966, pp. 791-801.

107O'Callaghan, P. W., Probert, S. D., and Jones, A., "A Ther-
mal Rectifier," Journal of Physics D: Applied Physics, Vol. 3, 1970,
pp. 1352-1358.

108O'Callaghan, P. W. and Probert, S. D., "Thermal Resistance
and Directional Index of Pressed Contacts between Smooth Non-
Wavy Surfaces," Journal of Mechanical Engineering Science, Vol.
16, 1974, pp. 41-55.

109Jones, A. M., O'Callaghan, P. W., and Probert, S. D., "Ef-
fect of Interfacial Distortions on Thermal Contact Resistance of
Coaxial Cylinders," AIAA Paper 74-689, July 1974.

110Jones, A. M., O'Callaghan, P. W., and Probert, S. D., "Ther-
mal Rectification Due to Distortions Induced by Heat Fluxes across
Contact between Smooth Surfaces," Journal of Mechanical
Engineering Science, Vol. 17, 1975, pp. 252-261.

1HLewis, D. W., and Perkins, H. C., "Heat Transfer at the Inter-
face of Stainless Steel and Aluminum—The Influence of Surface
Conditions on the Directional Effect," International Journal of
Heat and Mass Transfer, Vol. 12, 1968, pp. 1371-1383.

112Al-Astrabadi, F. R., Jones, A. M., Probert, S. D., and
O'Callaghan, P. W., "Effect of Surface Distortions on the Thermal
Resistance of Pressed Contacts," Journal of Mechanical Engineering
Science, Vol. 21, 1979, pp. 317-322.

113Somers, R. R., II, Miller, J. W., and Fletcher, L. S., "Thermal
Contact Conductance of Dissimilar Metals," Progress in
Astronautics and Aeronautics, Thermophysics and Thermal Control,
Vol. 65, edited by R. Viskanta, AIAA, New York, March 1979, pp.
149-175.

114Jones, A., O'Callaghan, P. W., and Probert, S. D., "Differen-
tial Expansion Thermal Rectifier," Journal of Physics E: Scientific
Instruments, Vol. 4, 1971, pp. 438-440.

115Androulakis, J. G., "Effective Thermal Conductivity Parallel
to the Laminations of Multilayer Insulation," AIAA Paper 70-846,
June-July 1970.

116Williams, A., "Heat Flow Across Stacks of Steel Lamina-
tions," Journal of Mechanical Engineering Science, Vol. 13, 1971,
pp. 217-233.

117Williams, A., "Experiments on the Flow of Heat Across Stacks
of Steel Laminations," Journal of Mechanical Engineering Science,
Vol. 14, 1972 pp. 151-154.

118Sheffield, J. W., Veziroglu, T. N., and Williams, A., "An Ex-
perimental Investigation of Thermal Contact Conductance of
Multilayered Electrically Insulated Sheets," AIAA Paper 79-1067,
June 1979.

119Al-Astrabadi, F. R., O'Callaghan, P. W., Probert, S. E., and
Jones, A. M., "Thermal Contact Conductance Correlation for
Stacks of Thin Layers in High Vacuums," ASME Journal of Heat
Transfer, Vol. 99, Feb. 1977, pp. 139-142.

120Bordzdyka, A. M., "Elevated Temperature Testing of Metals,"
Israel Program for Scientific Transactions, Jerusalem, 1965.

121McKenzie, D. J. Jr., "Experimental Confirmation of Cyclic
Thermal Join Conductance," AIAA Paper 70-853, June-July 1970.

122Mikic, B., "Analytical Studies of Contact of Nominally Flat
Surfaces; Effect of Previous Loading," ASME Journal of Lubrica-
tion Technology, Vol. XX, Oct. 1971, pp. 451-456.

123Madhusudana, C. V. and Williams, A., "Heat Flow Through
Metallic Contacts—The Influence of Cycling the Contact Pressure,"
Proceedings of the First Australia Conference on Heat and Mass
Transfer, Melbourne, Australia, 1973, Sec. 4.1, pp. 33-40.

124Whitehurst, C. A. and Durbin, W. T., "A Study of the Ther-
mal Conductance of Bolted Joints," NASA-CR-102639, 1970.

125Veilleux, E. and Mark, M., "Thermal Resistance of Bolted or
Screened Sheet Metal Joints in a Vacuum," Journal of Spacecraft
and Rockets, Vol. 6, 1969, pp. 339-342.

126Bradley, T. L., Lardner, T. J., and Mikic, B. B., "Bolted Joint
Interface Pressure for Thermal Contact Resistance," ASME Journal
of Applied Mechanics, June 1971, pp. 542-545.

127Gould, H. H., and Mikic, B. B., "Areas of Contact and
Pressure Distribution in Bolted Joints," Engineering Projects
Laboratory, Department of Mechanical Engineering, Massachusetts
Institute of Technology, Cambridge, MA, Rept. OSR 71821-68,
1970.

128Gould, H. H., and Mikic, B. B., "Areas of Contact and
Pressure Distribution in Bolted Joints," ASME Paper 71-WA/DE-3,
Nov.-Dec. 1971.

129Roca, R. T. and Mikic, B. B., "Thermal Conductance in a
Bolted Joint," AIAA Paper 72-282, April 1972.

130Yip, F. C., "Theory of Thermal Contact Resistance in Vacuum
with an Application to Bolted Joints," AIAA Paper 72-281, April
1972.

131Oehler, S. A., McMordie, R. K., and Allerton, A. B., "Ther-
mal Contact Conductance Across a Bolted Joint in a Vacuum,"
AIAA Paper 79-1068, June 1979.

132Williams, A. and Madhusudana, C. V., "Heat Flow Across
Cylindrical Metallic Joints," Heat Transfer 1970, Paper Cu 3-6,
Elsevier, Amsterdam, 1970.

133Hsu, T. R. and Tarn, W. K., "On Thermal Contact Resistance
in Compound Cylinders," AIAA Paper 79-1069, June 1979.

134Novikov, I. I., Kokorev, L. S., and Del'vin, N. N., "Ex-
perimental Investigation of Contact Heat Exchange between Coaxial
Cylindrical Casings in Vacuum," Soviet Atomic Energy, Vol. 32,
June 1972, pp. 474-475.

135Madhusudana, C. V., "Contact Heat Transfer between Coaxial
Cylinders of Similar of Dissimilar Materials," Proceedings of the
ASME-JSME Thermal Engineering Joint Conference, Vol. Ill,
Honolulu, HI, March 1983, pp. 317-322.

136Jacobs, G. and Todreas, N., "Thermal Contact Conductance
in Reactor Fuel Elements," Nuclear Science and Engineering, Vol.
50, 1973, pp. 283-290.

137Dean, R. A., "Thermal Contact Conductance between UO and
Zircaloy-2," Atomic Power, Div., Westinghouse Electric Corp.,
Pittsburgh, PA, Rept. CVNA-127, May 1962.



MARCH 1986 CONTACT HEAT TRANSFER—THE LAST DECADE 523

138Ross, A. M. and Stoute, R. L., "Heat Transfer Coefficient be-
tween UO and Zircaloy-2," Atomic Energy of Canada Ltd., Chalk
River, Ontario, Rept. CRFD-1075, 1962.

139Rapier, A. C., Jones, T. M., and Mclntosh, J. E., "The Ther-
mal Conductance of Uranium Dioxide/Stainless Steel Interface," In-
ternational Journal of Heat and Mass Transfer, Vol. 6, 1963, pp.
397-416.

140 "A Model for the Prediction of Pellet-Cladding Thermal Con-
ductance in BWR Fuel Rods," Boiling Water Reactors Dept.,
General Electric Co., San Jose, CA, Rept. NEDO-20181, Nov. 1973.

141Lanning, D. D. and Hann, C. R., "Review of Methods Ap-
plicable to the Calculation of Gap Conductance in Zircaloy-Clad
UO Fuel Rods," Batelle Pacific Northwest Labs., Richland, WA,
Rept. BNWL-1894, April 1975.

142Beyer, C. E., Hann, C. R., Lanning, D. D., Panisko, F. E.,
and Pachen, L. J., "GAPCON-Thermal-2: A Computer Program

for Calculating the Thermal Behavior of an Oxide Fuel Rod,"
Batelle Pacific Northwest Labs. Richland, WA, Rept. BNWL-1898,
Nov. 1975.

143Cross, R. W. and Fletcher, L. S., "Thermal Contact Conduc-
tance of Uranium Dioxide-Zircaloy Interfaces," AIAA Paper 78-85,
Jan. 1978.

144Madhusudana, C. V., "Experiments on Heat Flow Through
Zircaloy-2/Uranium Dioxide Surfaces in Contact," Journal of
Nuclear Materials, Vol. 92, 1980, pp. 345-348.

145Madhusudana, C. V. and Fletcher, L. S., "Solid Spot Thermal
Conductance of Zircaloy-2/Uranium Dioxide Interfaces," Nuclear
Science and Engineering, Vol. 83, 1983, pp. 327-332.

146Garnier, J. S. and Begej, S., "Ex-Reactor Determination of
Thermal Gap and Contact Conductance between Uranium Dioxide:
Ziracloy-4 Interfaces Stage I: Low Gas Pressure," Pacific Northwest
Lab., Richland, WA, Rept PNL-2696, April 1979.

From the AIAA Progress in Astronautics and Aeronautics Series...

GASDYNAMICS OF DETONATIONS
AND EXPLOSIONS—v. 75

and
COMBUSTION IN REACTIVE SYSTEMS—v. 76

Edited by J. RayBowen, University of Wisconsin,
N.Manson, Universite de Poitiers,

A. K. Oppenheim, University of California,
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The papers in Volumes 75 and 76 of this Series comprise, on a selective basis, the revised and edited manuscripts of the
presentations made at the 7th International Colloquium on Gasdynamics of Explosions and Reactive Systems, held in
Gottingen, Germany, in August 1979. In the general field of cohibustion and flames, the phenomena of explosions and
detonations involve some of the most complex processes ever to challenge the combustion scientist or gasdynamicist,
simply for the reason that both gasdynamics and chemical reaction kinetics occur in an interactive manner in a very short
time.

It has been only in the past two decades or so that research in the field of explosion phenomena has made substantial
progress, largely due to advances in fast-response solid-state instrumentation for diagnostic experimentation and high-
capacity electronic digital computers for carrying out complex theoretical studies. As the pace of such explosion research
quickened, it became evident to research scientists on a broad international scale that it would be desirable to hold a regular
series of international conferences devoted specifically to this aspect of combustion science (which might equally be called
a special aspect of fluid-mechanical science). As the series continued to develop over the years, the topics included such
special phenomena as liquid- and solid-phase explosions, initiation and ignition, nonequilibrium processes, turbulence
effects, propagation of explosive waves, the detailed gasdynamic structure of detonation waves, and so on. These topics, as
well as others, are included in the present two volumes. Volume 75, Gasdynamics of Detonations and Explosions, covers
wall and confinement effects, liquid- and solid-phase phenomena, and cellular structure of detonations; Volume 76,
Combustion in Reactive Systems, covers nonequilibrium processes, ignition, turbulence, propagation phenomena, and
detailed kinetic modeling. The two volumes are recommended to the attention not only of combustion scientists in general
but also to those concerned with the evolving interdisciplinary field of reactive gasdynamics.
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