JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 11, No. 1, January-March 1997

Thermal Contact Conductance of Composite Cylinders
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A review of the experimental and theoretical investigations of the heat transfer characteristics of com-
posite cylinders is presented. While there are more studies devoted to thermal conduction through cylin-
drical contacts than there were six years ago, this phenomenon is rather underrepresented in the litera-
ture. Some studies are more theoretical in nature, dealing primarily with fundamental issues, and are
broadly classified as general studies; others are experimentally based and are classified as applications
studies. Tabulations of previously published correlations, and figures demonstrating the range of available
data in these categories are also presented. Much of the available data for the general studies are pre-
sented in the form of a dimensionless thermal contact conductance as a function of dimensionless interface
heat flux. A correlation for the prediction of the dimensionless contact conductance of composite cylinders
has been proposed. Based on this review, it is evident that some areas of cylindrical thermal contact
conductance have not been adequately investigated. There are still many gaps in our understanding of

cylindrical contacts that need to be explored.

Nomenclature

correlation constant
inner radius
correlation constant
interface radius
model parameter
specific heat at constant pressure
specific heat at constant volume
outer radius
Vickers indention diameter, jum
= tube outer diameter
elastic modulus
eigenfunction
interface heat flux distribution
= number of fins per unit length
bulk microhardness
effective microhardness
Meyer hardness
dimensionless conductance
contact conductance
tube expansion, interference
conductivity
. effective (geometric mean) conductivity
gap gas thermal conductivity
" eigenvalue
k, = harmonic mean of thermal conductivity of joint
materials
L = fin collar length
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= length

contact length

effective asperity slope (geometric mean)
asperity slope of surface i

joint conductance

ambient pressure

= atmospheric pressure

contact pressure

Prandtl number

thermal load

interface heat flux

dimensionless heat flux

overall thermal resistance without gap resistance
contact resistance, 1/h.

gap resistance

inside thermal resistance, including film and fouling
outside thermal resistance including film and fouling
inner radius of shell i

temperature

= temperature at radius a, ambient bulk fluid

temperature

temperature at radius b, fin base temperature
temperature at radius ¢

fabrication temperature for fin and tube

fin thickness

initial interference at interface

mean plane separation

accommodation parameter

linear thermal expansion coefficient of fin material
linear thermal expansion coefficient of tube material
fluid parameter, coefficient of thermal expansion

= mean temperature difference across interface

casing thickness for shell i
molecular mean free path

thermal conductivity of inner tube
thermal conductivity of outer tube
parameter

Poisson ratio

parameter

surface roughness of material i
contact spot half-angle

= half-angle > ¢,
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Introduction

HILE studies dealing with thermal contact conductance

between flat surfaces are common, conductance studies
dealing with cylindrical contacts are limited and deal primarily
with specific applications. Cylindrical contacts occur in such
diverse applications as composite cylindrical tanks, space
structures, power transmission lines, nuclear fuel elements, air
conditioning systems, and pipelines. As a consequence, con-
duction through cylindrical contacts is an important phenom-
enon to understand.

Cylindrical joints behave differently than flat joints. For con-
ductance through flat contacts, pressure (although dependent
on interface heat flux, interface temperature level, heat flow
direction, interstitial fluid, and the thermophysical properties
of the materials that compose the joint) can be monitored and
controlled independently of the heat flux through the interface,
and results are often presented in terms of conductance as a
function of interface pressure. For cylindrical contacts, in ad-
dition to the factors that influence interface pressure for flat
surfaces, the interface pressure is also dependent on the initial
degree of fit, and the differential expansion of the cylinders
caused by the temperature difference at the interface and the
temperature distribution within the individual cylindrical
shells. Of the test parameters, only the heat flux through the
joint may be independently controlled, therefore, the heat flux
is far more important for cylindrical contacts than it is for flat
contacts. As a consequence, the experimental thermal contact
conductance results for cylindrical contacts are presented as a
function of interface heat flux, a function of calculated inter-
face pressure, or as a function of the temperature difference
across one of the cylindrical shells.

Figure 1 illustrates the four different composite cylinder
combinations of thick- and thin-shell geometries that can form
a cylindrical interface, where a thin shell is defined (from a
strength of materials point of view) as one whose thickness is
either less than one-twentieth the nominal radius' or less than
one-tenth the nominal radius.” Thin cylindrical shells are com-
monly found in such places as the cladding of superconducting
wires, tension-wound finned tubes, and large diameter pipes.
Thick cylindrical shells (including solid composite cylinders)
may occur in such applications as nuclear fuel rods and com-
posite pipes. In many studies the thickness of the cylindrical
shell is not given and must be assumed. Unless otherwise spec-
ified, the studies reviewed in this article examine contacts
formed by thick cylindrical shells. Figure 2 shows the nomen-
clature for radii and positive heat flux direction for a generic
cylindrical joint.

In addition to surface irregularities such as waviness and
roughness, conduction through cylindrical contacts involves
other parameters such as out-of-roundness. Furthermore, place-

Fig. 1 Four different types of composite cylinders with inner-
outer shell thickness combinations of a) thick- thick, b) thin- thin,
¢) thick-thin, and d) thin- thick.

Fig. 2 Heat conduction through a thick-shell geometry, compos-
ite cylinder.

ment of instrumentation for studies involving cylindrical con-
tacts is more difficult than it is for flat contacts. It is probable
that these additional complexities discourage investigations
into thermal contact conductance of cylindrical contacts.

Nevertheless, conduction through cylindrical contacts is
increasingly important and additional studies are warranted.
This article provides an overall review of the analytical and
experimental studies of the thermal contact conductance of
composite cylinders and associated configurations, and pro-
vides a comparison of existing experimental data and corre-
lations, insofar as possible.

Literature Review

A brief summary of selected investigations dealing with cy-
lindrical thermal contact conductance is provided. Some stud-
ies are more theoretical in nature, dealing primarily with fun-
damental issues. Others are experimentally based, addressing
applications. To facilitate this review, the studies have been
categorized as either general studies or applications studies.

Madhusudana et al.” reviewed studies of theoretical and ex-
perimental investigations of heat transfer in compound cylin-
ders, categorizing these studies as application oriented (and
appropriate to specific materials and tubing) or fundamental
(utilizing idealized surfaces and geometries). They found that
there are significant holes in the state of knowledge of heat
transfer through cylindrical contacts, and that only a modest
effort has been made to fill these gaps. They conclude that
there are several important shortcomings in the literature: con-
tact resistance is measured indirectly from total resistance and
computed material resistances; contact resistance is assumed
to be constant (neglecting the effects of differential expansion);
fundamental studies consider idealized surfaces that bear little
resemblance to engineering surfaces; and that application-ori-
ented studies generally refer to specific conditions and mate-
rials. Furthermore, they recognize that there is a dearth of data
that can be used to confirm theoretical models.

Hrnjak and Sheffield* produced a similar review of plate-
fin studies. They identify thermal contact conductance between
the fin and tube as a neglected phenomenon, as far as most
heat exchanger studies are concerned. They concluded that
only a limited amount of experimental data is generally avail-
able, and that many parameters important to current contact
conductance theories are not reported.

General Studies

General studies of thermal contact conductance through cy-
lindrical contacts consist of investigations dealing with com-
posite cylinders and cylindrical shells. For the most part, the
heat flow through composite cylinders is axisymmetric and
radial. While some of these studies are for specific materials
and applications, it is fairly easy to extend their results to more
general cases. Appendix A provides a summary of conductance
correlations obtained from the investigations reviewed in this
section.

Brutto et al.” conducted a study of compound tubes in a
vacuum environment. Their study was motivated by the prob-
lem of extracting heat from clad cylindrical nuclear fuel ele-
ments at interface heat fluxes between 3 X 10° and 9 X 10°
W/m®. The experimental thermal contact conductance results
are presented as a function of the temperature of the water
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surrounding the fuel elements, and cannot be compared to
other published results of theories. They found that the method
of joining the cladding to the fuel had a significant effect on
the thermal behavior of the interface, because of the existence
of metallurgical bonding, plastic deformation of tube layers,
and contact pressure caused by residual elastic strain. The au-
thors suggest surface roughness at the interface as a contrib-
uting factor to the contact resistance. They also recommend
that the cladding process (i.e., how the cladding is bonded to
the fuel) be taken into account when making studies in this
field, suggesting further that a metallic bond between the fuel
and the cladding material is superior to a mechanical bond.

Cohen et al.° studied the conductance between cylindrical
uranium-dioxide pellets and thin stainless-steel cladding.
They performed in-pile experiments, measuring the centerline
temperature of the fuel pellet from 100°C to nearly 1200°C.
They obtained experimental thermal contact conductance data
as functions of contact pressure, which were calculated from
the relative thermal expansion of the pellet and the cladding.
They identified operating factors that influence the interface
pressure (including fuel cracking, initial clearance, and assem-
bly method). Among the interesting phenomenon observed was
the variation of thermal contact conductance with each startup
and as a function of time during the operating cycle.

Williams and Madhusudana’ identified some basic problems
associated with studies of conductance in cylindrical contacts,
and presented the experimental results of two geometries: 1)
partial cylindrical contacts (included angle less than 20 deg)
and 2) full cylindrical contacts. The experimental thermal con-
tact conductance data were obtained over a range between
1 X 10° and 5 X 10° W/m> with both air and vacuum as
interstitial gasses. Some of the problems they encountered in-
cluded difficulty in obtaining truly cylindrical contacts and the
facilitation of a uniform heat flux through the interface. They
reported that partial cylindrical contacts behave very similarly
to flat contacts, so much so that they may be simplified as such
for many cases. Full cylindrical contacts were found to be very
susceptible to small out-of-roundness deviations in the inter-
facial area. They recommend interference fits to enhance the
conduction through the joint, in fact, the thermal resistance
through such interfaces was too small to be accurately deter-
mined.

Novikov et al.® conducted a study of the heat transfer be-
tween coaxial cylindrical casings in vacuum, and determined
that the contact pressure is strongly related to the ratio of ther-
mal expansion coefficients, the initial stress state of the com-
posite tube, and the thermal load. One of their conclusions is
that when the thermal expansion coefficient of the outer casing
is greater than that of the inner cylinder, the interface pressure
will decrease and that contact resistance will increase with in-
creasing, radially outward thermal load. Their model takes into
account the thermophysical and mechanical properties of the
cylindrical casings, but neglects surface conditions and imper-
fections. The experimental data used for their model devel-
opment were not available for comparison.

Tam® and Hsu and Tam'’ conducted experiments in air with
composite cylinders, varying the heat flux and surface rough-
ness of the inner side of the interface. They identified phenom-
ena that might explain the difference in the thermal contact
conductance behavior of materials in cylindrical contacts and
flat contacts. Predictions of contact conductance calculated by
modified flat contact models'"'> are much lower than experi-
mental data in Refs. 9 and 10. They propose as a possible
explanation the lateral expansion of flat contacts, which would
reduce the thermally induced strain at the interface and in-
crease the associated microcontact area. They also identify the
effects of surface waviness, interfacial heat flux, oxidation, and
radius of curvature as important parameters that should be ac-
counted for in future correlations.

Madhusudana and Fletcher" present results of thermal con-
tact conductance tests for cylindrical interface heat fluxes be-

tween 8 X 10° and 4.2 X 10 They report that joints with an
interference fit exhibit negligible thermal contact resistance,
and that the increase of the joint conductance in air compared
to the increase in vacuum was of the same order of magnitude
as the ratio of the thermal conductivity of air to the amount
of initial clearance. They further assert that the primary factors
of importance for predicting the thermal contact conductance
are the initial fit, the differential expansion due to the temper-
ature gradient within the cylindrical shells, and the differential
expansion due to the temperature difference across the inter-
face. They suggest that, as a result of the coupling between
the contact resistance, interface pressure, and interface tem-
perature difference, predictions of the contact conductance
must be solved iteratively.

Wang and Nowak'* conducted a theoretical analysis of the
interface between duplex tubes where there is a sector at the
interface where the tubes are not in contact with each other.
Both isothermal and isoflux boundary conditions at the inter-
face were studied through the use of an electrical analog tank
and a computer model of a representative sector of the duplex
tube. Results in the form of a predictive model for the contact
resistance are presented, but no thermal contact conductance
data are given in their study.

Madhusudana® presents a predictive model for the thermal
contact conductance through a cylindrical joint based on ma-
terial properties, cylinder geometry, surface finish, and initial
degree of fit. He illustrates the influence of thermal load, ma-
terial combination, and interstitial fluid on interface pressure
and contact conductance. In general, the model predicts that
contact pressure increases with heatload. One interesting result
of his model is that a material combination with a lower ef-
fective conductivity (defined as the harmonic mean of the two
material thermal conductivities) may result in a higher contact
conductance than a material combination of a higher effective
conductivity, depending on the direction of the heat flow. He
concludes that there is a strong relation between the contact
pressure and material combination, and between conductance
and the properties of the interstitial medium (especially at low
thermal loads). He also states that there is a weak relation
between the contact pressure and the properties of the inter-
stitial medium. However, there are no comparisons with ex-
perimental data.

Lemczyk and Yovanovich'® offer a predictive model for the
conductance of cylindrical contacts based on advanced models
for conductance of flat contacts that considers contact pressure,
microhardness, and surface roughness. The model is iterative
in nature, and results are presented in the form of thermal
contact conductance as a function of an estimated contact pres-
sure. Good agreement is found with the data of Hsu and Tam,"
although some surface properties (which were not provided),
were estimated. Comparisons are made with modified flat con-
tact models of Shlykov and Ganin," Veziroglu,"” and Ross and
Stoute,' demonstrating that the Lemczyk- Yovanovich model "
is more effective for prediction of the contact conductance of
realistic (rough and wavy) surfaces than the other three mod-
els. They recommend that, in future models, the difference
between axial and circumferential roughness be taken into ac-
count.

Madhusudana and Litvak'® conducted an experimental study
of conduction through a composite cylinder, focusing on the
design, construction, and validation of an experimental test
facility. The test facility consisted of a composite cylindrical
shell (stainless-steel 303 and aluminum 2011), which was
heated on the interior by hot fluid and cooled on the exterior
by cool fluid. They present the thermal contact conductance as
a function of temperature difference across the interior
cylinder, although they also give heat rates (and through cal-
culation, interfacial heat fluxes). There is no mention of the
clearance between the cylindrical shells or the surface char-
acteristics (roughness and waviness). They call attention to the
effect of the interstitial fluid and emphasize that the interface
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pressure can only be estimated, and should not be used to
present data. They recommend that theoretical models be re-
fined to take into account large-scale irregularities (such as out-
of-roundness and waviness) at the interface.

Srinivasan and France'® analytically studied heat transfer in
prestressed duplex tubes. Their study, prompted by the erratic
performance in the steam generator of an experimental nuclear
reactor, suggested that the multiple operating conditions were
explained by the time relaxation of the initial prestress. Ana-
lytical models showed that sufficiently low prestresses at the
interface of the duplex tube would lead to nonunique solutions.
This was explained by the shape of the thermal contact resis-
tance curve assumed in their calculations. One suggested con-
sequence of low prestress is the propagation of the noncontact
region through the tube, leading to widespread separation of
the layers of the tube. An increase in the temperatures through-
out the tube and an increase in the heat flux in the contacting
regions is also expected as a consequence of this separation.
However, the results of the study cannot be compared with
other published studies since the results are presented in ar-
bitrary units.

Barber’®”' also studied the nonuniqueness of analytic solu-
tions for the temperature distribution in prestressed duplex
tubes studies by Srinivasan and France." Specifically, he ex-
amined the influence of the phenomenon on the axial temper-
ature variation in the duplex tubes, and the stability of the
temperature distribution solutions. He found that there is al-
ways an odd number of solutions, alternating between stable
and unstable, and that the phenomenon is sensitive to a number
of conditions, including the initial stress state of the composite
tube, the temperature level at the interface, and the thermo-
physical properties of the tube materials.

Artyukhin et al.”> constructed a computational algorithm to
determine the thermal contact resistance between nuclear fuel
pellets and cladding by solving the inverse heat transfer prob-
lem, with the aim of using the model for nonsteady experi-
mental studies inside reactors. Their results suggest the optimal
placement of temperature sensors within the fuel element and
the means that may be used to analyze and process the data
from nonsteady thermal experiments.

Danes and Simon® used a modification of the transient
method used by Bourouga and Bardon™ to determine the tran-
sient thermal contact resistance between two cylinders. They
used several samples (constructed of an inner stainless-steel
cylinder and an outer tin cylinder) and determined an expo-
nential correlation dependent on temperature. They report a
reduction in the measurement error of 50%. However, Bour-
ouga and Bardon™ cite an experimental uncertainty that is of
the same order of magnitude as their measurement.

Application Studies

A majority of the application studies deal with heat exchang-
ers, including the installation of fins or extended surfaces. Typ-
ical finned-tube configurations are shown in Fig. 3. Thermal
contact resistance accounts for a significant portion of the ther-
mal resistance in plate finned heat exchangers. Appendix B
lists conductance correlations resulting from the investigations
dealing with the thermal contact conductance of fin-tube in-
terfaces. From a geometric viewpoint, tension wound, footed
fins have a dual nature. At the foot, they might be expected to
behave as thin cylindrical shells. At the point where the fin
rises from the foot, they might be expected to behave as thick
cylindrical shells. Therefore, analysis of the heat transfer
through the fin-tube interface requires careful consideration
of the geometry.

The effects of the thermal resistance of the fin-tube bond
are of considerable interest. Kim™ identified a major deficiency
in the state of the art, specifically the lack of theoretical or
empirical prediction techniques for the thermal contact resis-
tance of all types of finned tubes. Kim® describes the objec-
tives of a proposed study that was to investigate the effects of

Fig. 3 Typical heat exchanger fin types: a) edge-wound [ fins, b)
edge-wound foot fins, ¢) extruded muff fins, and d) plate fins.

material properties, fin-tube geometry, and surface coating
with the result of a correlation of joint conductance as a func-
tion of fin-tube geometry and mechanical properties.

Dart™ described a method of measuring the effect of fin
bond on the heat transfer through the fin-tube contact and con-
ducted a series of experimental tests to demonstrate the utility
of the method. The method described in this seminal work was
refined by Eckels®*® and later by Abuebid,” Sheffield et al.,”
Ernest et al.,*’ Sheffield et al.,** Wood et al.,*** Sheffield et
al.,” and Sauer and Sheffield.”® The method that uses geomet-
ric parameters to predict the heat transfer through the bond
does not consider the effect of thermophysical properties.

Gardner and Carnavos™ presented a model for the thermal
contact resistance of the bond between various types of fins
on tubing, based on finned-tube geometry (shown in Fig. 3),
material properties, and fluid temperatures. They observed that
the interface pressure (caused by elastic stresses in the tube
and the fins) can be calculated with the method of Timoshenko
and Goodier.”” Experimental data include information from
tests on tension wound fins and muff-type fins. They also pro-
posed correlations to predict the gap resistance (bond resis-
tance) as a function of operating conditions, material proper-
ties, and fabrication processes. They conclude that the
bond-resistance of interference-fit finned tubes is negligible for
air-cooled heat transfer equipment, but may be significant at
extreme temperature level conditions. They also observe that
the concentricity of the tube wall and the muff-fin base has
little effect on the contact resistance, provided that the gap
resistance is less than one-fifth the overall resistance, and the
error introduced is less than 3%. They also observe that lon-
gitudinal variation of the interfacial diameters has a more dra-
matic effect on the thermal contact resistance.

Young and Briggs™ and Kulkarni and Young® recognized
that contact resistance can be a significant part of the overall
thermal resistance in finned-tube heat exchangers. They pro-
duced design charts predicting the contact resistance as a func-
tion of air and fluid temperature operating conditions and clas-
sified them according to fin number and diameter. These charts
assume an initial contact pressure and fabrication temperature,
and were constructed from data for aluminum muff-type fins
on steel tubes. Bond resistance (including contact resistance)
is presented as a function of the temperature of the inside tube,
which may not be uniform through the thickness or along the
axis of the tube. Further, for different types of tubing or fin
material, these charts may not be accurate, and they do not
apply to different types of fin geometries such as tension
wound fins.

Smith et al.*’ utilized a single tube test rig to characterize
the performance of steel and aluminum tubes with aluminum
tension-wound and footed fins. Both steady and cyclic opera-
tion tests were performed at tube temperatures between 330-
375°C. They found that there was an increase in thermal re-
sistance with tube wall temperature, and that thin fins deform
with temperature (changing the pressure distribution of the in-
terface).

Eckels®® designed a test facility that used a large number
of tube-fin interfaces in a tube coil to determine the average
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contact conductance between tubes and plate fins. The uncer-
tainty of the thermal contact conductance values given by this
technique were estimated to be on the order of 20%. Sheffield
et al.”>* and Saver and Sheffield® used this technique in the
studies reviewed here. In a second study, Eckels™ utilized the
previously designed test facility to obtain experimental values
of the thermal contact conductance through a dry, mechani-
cally expanded plate-finned tube, and produced a correlation
that is dependent on geometry alone. He found that the values
of temperature, mass flow rate, and the fin resistance were the
most significant sources of error in his relation, and that the
error in the results increases with heat flux (approximately
15% at 5.676 kW/m?> K, and 30% at 11.3 kW/m” K).

Kuntysh et al.*' studied the thermal contact resistance of L-
footed fins. They used two different tube boundary conditions
in their investigation: 1) constant tube wall temperature and 2)
a varying tube temperature. They provide two power-law cor-
relations of contact resistance as a function of interface heat
flux. Their correlation does not take into account the common
thermophysical properties and surface characteristics that are
considered in more recent thermal contact conductance theo-
ries, nor are these parameters presented in their study. Without
these parameters, their data (thermal contact resistance as a
function of heat flux) are difficult to use in any subsequent
modeling without assuming too much information. Further,
their correlation does not explicitly have any dependence on
the boundary conditions in tests used to generate the empirical
data.

Stafford™ and Sheffield et al.*’ used scanning electron mi-
croscopy to study the effects of expansion and other geometric
parameters (such as waviness) on the characteristics of tube-
fin interface surfaces. They determined that tube surface
roughness decreases with decreasing fin number (fins per unit
length) and increases with increasing tube expansion.

Christensen and Fernandes* studied the contact and fouling
resistances in pneumatically expanded finned-tube heat ex-
changers, constructed of copper fins on copper, copper-nickel,
or stainless-steel tubes. They presented order of magnitude
results that suggest that the contact resistance is greater than
the fouling resistance. They report an uncertainty in the contact
resistance results that is of the same order as the contact re-
sistance. Their thermal contact resistance data are not pre-
sented as functions of interface temperature, pressure, or heat
flux. Further, they do not mention the influence of thermo-
physical properties or surface conditions on the thermal contact
resistance.

Abuebid” and Sheffield et al.** used the method of Eckels”
to determine the contact conductance of plate-finned, mechan-
ically expanded tubes. Although Sheffield et al.* identify many
parameters that are commonly accepted as being of importance
in thermal contact conductance models, their correlation has
no dependence on material properties, exhibits no influence of
contact pressure or heat flux, and neglects surface roughness
and out-of-roundness. The correlation is essentially a least-
squares fit through data for a specific geometry.

Experimental studies investigating the thermal contact re-
sistance of plate-finned tube coils in a vacuum were con-
ducted’ 7 In their apparatus, the plate fins of several tubes
were joined to form tube sheets. The apparatus circulated cold
water through the outer banks of tubes and hot water through
a center bank of tubes in the coil. They assumed that the tube
conduction resistance and contact resistance are the same for
both the hot and cold tubes. However, since the contact resis-
tance is dependent on the differential expansion of the con-
tacting materials, it is indirectly dependent on the temperature.

Ernest et al.” investigated the quality of the mechanical
bond between the fins and the tube, determining that a pullout
test is an appropriate measure of the strength of the bond, and
thus, the quality of the contact. The actual contact area, how-
ever, is dependent upon surface characteristics and fabrication
process, therefore, such a pull test may not be appropriate for
all configurations. Sheffield et al.” describe a technique de-

veloped to test plate-fin tube heat exchangers and to investi-
gate the effects of varying geometry and manufacturing
method.

Wood et al.*** conducted experimental studies investigating
the thermal contact resistance of plate-finned tube coils, and
the effects of various tube coil parameters on the thermal con-
tact resistance using the same apparatus of Sheffield et al.*
The results seem to imply that there is no dependence of the
contact conductance on temperature, and roughly half of the
results presented are within 20% of the experimental correla-
tion. In their second study, Wood et al.* conducted 32 exper-
iments that examined the effects of the number of fins per inch,
tube passes, fin conduction shape factor, fin-tube interference,
and fin thickness on the contact conductance. They concluded
that thermal contact conductance increases with interference,
but decreases with tube diameter. Such conclusions are appro-
priate since interference fits increase the contact area and in-
creased tube diameter usually involves more out-of-roundness
and a nonuniform pressure distribution.

Sheffield et al.* and Sauer and Sheffield® conducted an ex-
perimental study investigating the thermal contact resistance
of plate-finned tube coils in a vacuum. The apparatus was sim-
ilar to that of their previous study. They again assumed that
the tube conduction resistance and contact resistance are the
same for both the hot and cold tubes. The correlation presented
in this article extends the range of the one presented in their
1985 study.™

Nho and Yovanovich**® experimentally studied the effects
of surface condition on the thermal contact conductance of
plate-finned tube heat exchangers. The method used was sim-
ilar to that used by Sheffield et al.,” except that the fins ap-
peared to be instrumented with more thermocouples. In addi-
tion to the same fin and tube parameters generally provided in
this type of study, surface condition information including
hardness, roughness, and asperity slope for both the tube and
fin surfaces was provided. The hardness and conductivity of
the oxide layer found on the contacting surfaces were also
given, although no new correlation that uses this information
was provided. They also examined the contact between the fin
and the tube and found that the apparent contact area varies
with the amount of expansion of the tube into the fin, causing
the foot of the fin to either curl, buckle, or to displace the heel
of the adjacent fin foot. Each of these factors affects the con-
tact area, and thus, the conductance. The averaged conductance
for each of the finned-tube units compares well with the model
of Sheffield et al.,” being within the uncertainty of the model
for most of the finned-tube units.

Egorov et al.¥’ studied contact heat transfer resistance in
finned-duplex tubes, which were manufactured by either draw-
ing or pressing. They present results of contact conductance
as a function of interfacial heat flux. They observed the effects
of unstable contact between the tube layers, which was inves-
tigated in greater detail by Srinivasan and France' and Bar-
ber*?

Matal et al.** studied duplex tubes for use in a liquid-so-
dium-heated, steam-generator component of a nuclear power-
plant. The two tubes studied have either a set of grooves cut
into the outer tube at the interface, or a set of three lands on
the inner tube at the interface, to facilitate leak checking. Ther-
mal contact resistance is given as a function of the temperature
difference between the liquid sodium inside the tubes and the
steam outside the tubes, and cannot be compared to other pub-
lished results. Other results are given as a function of time.
Many parameters are not reported, including surface finish,
conductivity of the tube material, and interface heat flux. Fur-
ther, in contrast to their figure relating thermal contact resis-
tance to temperature difference, they claim to have perfect con-
tact between the two tube layers.

Huang® used a finite element technique to model the flow
of heat between tubes connected by a plate fin to determine
the conduction resistance associated with the geometry. This
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method can be used in conjunction with experimental data for
plate-finned tube heat exchangers to determine the resistance
resulting from contact between the tubes and fins.> > Previ-
ously, electrical analog techniques were used to determine the
effect of the fin-tube geometry on the conduction resistance.
The results of the method were compared with experimental
data of Sheffield et al.”> For 17 of the 32 datasets used for
comparison, Huang® found that the average absolute error
caused by measurement was 78%, and the average absolute
error caused by the one-dimensional model was 68%. Further,
his calculations for the same 17 datasets show that while the
one-dimensional model used in the experimental study results
in a contact resistance of approximately 20% of the total re-
sistance, a modification of the one-dimensional model results
in a thermal contact resistance of approximately 16% of the
total resistance. A two-dimensional model results in a thermal
contact resistance of approximately 11%, which indicates that
analyses based on previous experimental studies have over-
estimated the fraction of the total thermal resistance caused by
contact resistance by about 8%. Huang® concludes that his
analysis would improve the experimental results because it
does not assume a one-dimensional conduction between hot
and cold tubes, and is able to avoid the error associated with
that assumption.

Results and Discussion

To provide a comparison of the published correlations for
the thermal conductance of cylindrical contacts, the models
were categorized as shown in Appendices A and B. Appendix
A compares correlations that are more fundamental in nature,
and have general applicability. These correlations borrow
heavily from flat contact models, and have (for the most part),
the familiar hardness and roughness terms. Newer models for
heat transfer through flat contacts may be modified to better
account for out-of-roundness and longitudinal waviness. Ap-
pendix B compares the available correlations for conductance
through cylindrical contacts found in finned tubes and tube
collars. Much of this work is empirical, and thus applicable
only to specific geometries and material combinations. Of par-
ticular interest is the absence of hardness and surface charac-

“““ Modified Ross and Stoute'?
***** Shlykov and Ganin'2
— -Vezeroglu'?

Lemczyk and Yovanovich!® 1
®  Hsuand Tam®

Thermal Contact Conductance, W/m2K

2107 3107
Contact Pressure, Pa

Fig. 4 Comparison between the experimental data of Hsu and
Tam™ for 4.826-um AlI2011 inside 1.65-um SS304 and models of
Ross and Stoute," Shlykov and Ganin," Vezeroglu,"” and Lemczyk
and Yovanovich."

teristics such as roughness or waviness terms in the correla-
tions.

Figure 4 shows a comparison between the conductance data
of Hsu and Tam'® as a function of apparent contact pressure
and the models of Ross and Stoute," Shlykov and Ganin,"”
Vezeroglu,” and Lemczyk and Yovanovich.'® Clearly, the
model of Lemczyk and Yovanovich'® (using the effective hard-
ness) fits the data well, whereas the other models underpredict
the data to varying degrees (between 20% for Ross and
Stoute'' and 60% for Vezeroglu”). For flat and near-flat con-
tacts, pressure is often chosen as an independent experimental
parameter. In the case of cylindrical contact conductance phe-
nomenon, contact pressure cannot be easily measured, much
less independently controlled.

Published experimental data are shown in Fig. 5 to dem-
onstrate the range of available information as a function of
interface heat flux. While heat flux is of relatively little influ-
ence for flat and near flat contacts, it appears to be very influ-
ential in cylindrical contact conductance phenomenon. The
conductance-interface heat flux data fall in families, which can
be nondimensionalized.

Figure 6 presents dimensionless thermal contact conduc-
tance as a function of dimensionless interface heat flux. Heat
flow is assumed to be radially outward through an interface
formed by two thick cylindrical shells. The terms selected to
form the dimensionless heat flux were chosen to form mean-

ingful groupings:
<hCRe>
hE = | ==
k.m (1)

o (2BRN (N (BN [L(, .2\
Tk ) \w)\B) |2 P

The dimensionless conductance is the familiar dimensionless
term used in flat contact studies, where contact conductance is
nondimensionalized by the ratio of the effective roughness to
the product of the effective conductivity and asperity slope.
The first term in the dimensionless heat flux is a nondimen-
sionalization of the heat flux with effective (geometric mean)
thermal expansion, effective surface roughness, and effective
conductivity. The second term was chosen to account for the
effects of effective hardness and elasticity, increasing hardness
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Fig. 6 Dimensionless thermal contact conductance data for cy-
lindrical contacts as functions of dimensionless interface heat flux.

will diminish the conductance, whereas increased elasticity is
expected to increase it. The ratio of the coefficients of thermal
expansions was chosen to account for the effect of the differ-
ential thermal expansion of the two shells. If the inner shell
expands faster than the outer shell, then the interface pressure
will increase, and so will the conductance. The fourth term is
included to represent the effects of an interstitial gas. Conduc-
tance is expected to be higher when there is an interstitial gas.
The whole number exponents of the third and fourth terms
were selected to align the data. Since the calculation of the
interface pressures is beyond the scope of this study, no at-
tempt is made to account for their influence. As predicted by
Madhusudana,"” the effect of interface fluid on the conductance
is smaller than that of the relative expansion of the cylinders
that make the interface. A power-law fit through the experi-
mental data serves as a point of departure for further analytical
studies:

h* = 81.803(g™*)**” 2)

This correlation has a Pearson’s 7> value of 0.982, indicating
a fairly good fit.

Figure 7 compares the relative fit of various plate-finned
tube correlations with experimental data. Experimental data
from the studies of Dart,” Eckels,” Sheffield et al.,”® and Nho
and Yovanovich** were compared with the values predicted
by the correlations of Eckels,” Sheffield et al.,* Wood et al.,”
and Sheffield et al.*® at the same conditions. The horizontal
axis indicates the measured conductance value, and the vertical
axis indicates the conductance value predicted by the corre-
lations. The data points in the figure are placed at the inter-
section of the experimental value and the predicted value for
a specific set of conditions. A solid line at 45 deg to the hor-
izontal indicates where the data points would fall if the ex-
perimental results were exactly predicted by a correlation.
Straight lines parallel to the 45-deg solid line are a least-
squares fit through all of the data points for each of the four
correlations, and indicate the average overprediction or under-
prediction of the corresponding correlation. Lines that are
above the solid line indicate that the corresponding correlations
overpredict the experimental data, whereas lines that are below
the solid line indicate that the corresponding correlations un-
derpredict the experimental data. The patterns made by the
data on this figure are also of interest. While the data are scat-
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Fig. 7 Comparison of correlation predicted values of contact
conductance with measured values for plate-finned tubes.

tered over the entire domain of the plot, a careful analysis of
the data indicates that conductance values for finned tubes are
generally low.

Examination of Fig. 7 shows that the correlation of Eckels™
underpredicts the data by approximately 50%. The pattern
formed by the data points is a wideband across the center part
of the figure. The correlation of Sheffield et al.* overpredicts
the experimental values by approximately 200%. Also, the cor-
relation both underpredicts and overpredicts the experimental
data (as exhibited by the wide scatter of corresponding data
points). Further, the values predicted by this correlation span
more than two orders of magnitude, whereas the experimental
data spans slightly more than one. Some of the data points for
this correlation lie near the bottom of the figure, whereas oth-
ers lie near the top. This wide range of predicted values may
be a result of the large exponent of the fin thickness-tube di-
ameter ratio. The correlation of Wood et al.”® underpredicts the
data by approximately 70%, and the associated data points
exhibit a banded pattern across the lower part of the figure.
The correlation by Sheffield et al.*® overpredicts the data by
an average of approximately 75%. The data points associated
with the correlation exhibit a banded pattern across the upper
part of the figure. The proposed correlations of Wood et al.”
and Sheffield et al.*® have limited utility at low values of ther-
mal contact conductance, since both have a lower bound in-
herent in the form of the correlation.

Conclusions and Recommendations

Cylindrical contacts occur in many diverse applications. As
a consequence, conduction through cylindrical contacts is an
important phenomenon to understand. Cylindrical joints be-
have differently than flat joints. In flat contacts, interface pres-
sure can be monitored and controlled independently of the heat
flux through the interface, and thermal contact conductance
results are often presented as a function of interface pressure.
In cylindrical contacts, the interface pressure is dependent on
the initial degree of fit and the differential expansion of the
cylinders (which is because of the temperature difference at
the interface and because of the temperature distribution within
the individual cylindrical shells). As a consequence, the heat
flux is far more important for cylindrical contacts than it is for
flat contacts.

This article provides a comparative study of the thermal con-
tact conductance in cylindrical contacts for selected materials
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and conditions. While there are more studies devoted to ther-
mal conduction through cylindrical contacts than there were
six years ago, this phenomenon is still rather underrepresented
in the literature. There is a need for more quality experimental
data. The available experimental data may not include all of
the information required by current contact conductance mod-
els, including material designation, microhardness, or surface
roughness and waviness (axially and circumferentially). Suf-
ficiently complex models may be able to more adequately pre-
dict the behavior of specific finned-tube applications.

Based on this review, it is evident that some areas of cylin-
drical thermal contact conductance have not been adequately
investigated, including the effects of macroscopic eccentricities
such as out-of-roundness and waviness. There are still many
gaps in our understanding that need to be explored.

Appendix A: General Cylindrical
Conductance Correlations

Modified flat contact model, with some dependent on ther-
momechanical properties (Ross and Stoute'"):

. k.P.
T 0.05H Va: + o2

Modified flat contact model, with some dependence on
thermomechanical properties (Shlykov and Ganin"):

kP k
=42 % 10 =< £

1
— +
R. d (345 MPa) o, + o>

Modified flat contact model, with some dependence on ther-
momechanical properties (Veziroglu'’):

B+C+
N =
7" tan”'[(1/CHV1 — (1/N,) — 1]

where

B = 0 335(C+)0.315(1C/1)0»l37
C" = (P./H,)" N = keok,
Semitheoretical model for thin shells and power-law corre-
lations for resistance as a function of instantaneous interface
pressure, with some dependence on thermophysical properties
(Novikov et al.®).
P. = yield stress:

g o e Peo {r?”[s(l — v

ral3a = v
Qayr,

Ela?/z E.8,r ilzo'i/z
Theoretical model for duplex tubes with spot contacts and

an arbitrary heat flux, constant fluid temperatures, and steady,
two-dimensional temperature distribution (Wang and Nowak'):

o2k { 1 D L [(b/a) "= 1} sin k..

7T¢a A (b/ﬂl)zk" +1 kn(rl)a
1 w1 (c/b)* — 1] sin k.,

+ — — F(k,¢.,
A, ; n (knpa) |:(c/b)2k” + 1 kb

where F(k,$,) = [& f(d)cos(k,P) de.

General theoretical cylindrical model; C; are calculation pa-
rameters, with some dependence on composite cylinder geom-
etry, material properties, gas properties, and surface character-
istics (Madhusudana®):

k PNk
h =|— —=< + =0
‘ <G> |:C9 <H> C110':|

where

< CI(CZ + Vz) + (C3 - "

+ Cio(1 + Cy) 1 + Uc
2 €n(bla) | | Co(PIH)*™ + C\\(kJk) b

Modification of standard conductance model for conforming
surfaces, with calculated interface pressures. P. is calculated
through an iterative process that involves integration (Lemczyk
and Yovanovich'®): 1 X 107° =P, H, =1 X 1075234 =Y/
o= 4.26;0.14 um = o = 14 um; 9.33 um = o/m = 40
pm; 0.015 = m =< 0.35;0.001 =< ApJo=15,1=8=2;
0.04 pum = Ao = 0.19 pm; 1 X 107* = kolk, =< 2 X 1077

0.95
h_125k“_m & +L
T Y+ aBA

p

) <a1AT {(C4 — CsCsCy)

where

2¢,/C, \ 1
h= <c,,/c‘, + 1> pr
Appendix B: Correlations for Conductance Through
Cylindrical Contacts in Finned Tubes

and Tube Sheets

For interference-fit finned-tubes, pressure based on elastic
theory. Constant fluid temperatures, fin base, and tube wall are
concentric and smooth, effect of fluid pressure is negligible
(Gardner and Carnavos™).

P < 0.43(d — 1)

ro
R, = — )T, — To) — o — |11 ——
P{(af a )T, 0) = MPco |:0‘.f< R +Rg>

i
— af<1 __R* +Rg>:| (T/z_ Ta)}

Empirical curve fit, air-air heat transfer, coaxial circular
find, and interface heat flux between 25-70 kW/m? (Kuntysh
et al.*).

Constant tube wall temperature, between 350-365 K:

R.=0.552 %%

Varying tube wall temperature, approximately linear from
345 to 510 K:

R.=0.004185¢ "

Semitheoretical, apropos to a specific geometry and material
combination, no temperature or material property dependence
(Eckels®)

t 1

25 0.6422
h.=2.5556 X 10° e
{do [(fpi/t) - 1} }

Mechanically expanded tubes and tube collars, minor de-
pendence on material properties, no influence of contact pres-
sure or heat load, apropos to a specific geometry and material
combination, with no temperature dependence (Sheffield
et al.*): 6.73% = error = 18.35%; d, = 0.009525 m; 6 = N
= 20; 0.001196 m = L = 0.004219; and 0.000165 m = [ =
0.000279 m:

10.035 5867
ho=2.815% 10° (= 1+0.0005207
=2, . .

o
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Mechanically expanded, plate-finned tubes— copper tubes
and aluminum fins, mechanically expanded tubes, apropos to
a specific geometry and material combination, with no tem-
perature dependence; nearly one-half of the coils tested fell
within 20% of this correlation (Ref. 33): 0.00635 m = d, =
0.015875 m; 6 = fpi = 18; 0.000114 m = ¢t = 0.000231 m;
0.000076 m = I = 0.000191 m:

0.75
Ifpid
h.=5.67826exp {6.092 +2.889 [(Z’—l> (tfpi)l'25:|}

Mechanically expanded, plate-finned tubes, with minor de-
pendence on material properties, no influence of contact pres-
sure or heat load—Ileast-squares fit for data apropos to a
specific geometry and material combination, and no tempera-
ture dependence (Ref. 35): 0.009525 m = d, = 0.015875 m;
6 = fpi = 18; 0.000102 m = ¢t = 0.000231 m; 0.000076 m
=1 =0.000191 m:

0.75
Ifpid
h.=5.67826exp {7.828 +2.889 [(Z’—’) (tfpi)l'25:|}

o
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