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Thermal Conductance of Cylindrical Joints—A Critical Review
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Presented here is a review of the theoretical and experimental studies conducted over the past 30 years of the
heat transfer characteristics of compound cylinders. For the purpose of this review, such work has been broadly
classified into two categories—application oriented studies and fundamental studies. A majority of the applica-
tion oriented studies deal with heat transfer in finned tubes as used in heat exchangers and heat transfer in
nuclear fuel elements. In all cases, the heat flow is considered to be radially outward. The results of this review
indicate that the contact resistance in heat exchangers is generally measured indirectly and is often assumed to
be constant. The correlations proposed usually apply only to specific types of tubing and prescribed materials.
The fundamental studies, in general, consider idealized surfaces with no large-scale irregularities such as
waviness or. out-of-roundness. In most of the studies, the effect of the axial temperature gradient is not
considered. Finally, it was found that there exists very little experimental data dealing with the fundamental
aspects of heat transfer through cylindrical joints.

Nomenclature
a - radius, defined in Fig. 6
b - radius, defined in Fig. 6
c = radius, defined in Fig. 6
d = indentation diameter
de = diameter of expansion tool
dh = hole or collar inside diameter
d0 - tube outside diameter
EI = modulus of elasticity for the inner material
EQ = modulus of elasticity for the outer material
fpi = fin density
gi = temperature jump distance
#2 = temperature jump distance
hc = thermal contact conductance (W/cm2 K)
hs\ - average height of the surface roughness, surface 1
hs2 = average height of the surface roughness, surface 2
/ = net tube expansion interference
A:gas = thermal conductivity of the gas
N = fins per unit length
Rb = bond resistance
Rc = contact resistance
Rf = fin resistance
Rg = gap resistance
RI = inside film resistance
RQ = measured overall resistance
RT = total resistance
Rt = resistance of the tube wall
t = fin thickness
tw = tube wall thickness
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AT} = temperature difference
Aw/ = radial displacement of the fin
A«, = radial displacement of the tube
a\ = thermal coefficient of the core
oi2 = thermal coefficient of the casing
dA = differential expansion due to the temperature gradients

caused by heat flow
dB = differential expansion caused by the temperature

difference at the interface
dc = initial degree of fit
6eff = effective radial gap
8m = mean physical gap
</)A = angle, defined in Fig. 6
<t>B = angle, defined in Fig. 6

Introduction

OVER the past 40 years, a substantial amount of research
work, both theoretical and experimental, has been con-

ducted on heat flow across plane joints. This has resulted in a
considerable number of publications, the results of which have
been summarized in various reviews and bibliographies.1"7

Over the same period of time, however, the amount of re-
search conducted on cylindrical joints has been quite limited.
For example, over the decade spanning 1970-1980, there were
only about half a dozen publications on cylindrical joints com-
pared to some 150 on flat joints. This is both surprising and
disappointing since cylindrical joints are as prevalent as flat
contacts in engineering practice. Examples include conven-
tional nuclear reactor fuel elements, shrink fit cylinders, and
finned tubes of either the tension-wound or extruded types.

Before reviewing the previously published literature on
cylindrical joints, it is instructive to consider those aspects
which make cylindrical joints different from flat joints:

1) In a flat joint, the contact pressure is explicitly known
and is usually chosen, in both theory and experiment, as the
independent variable controlling the conductance. For a given
cylindrical joint, however, the contact pressure is a function of
the differential expansion of the two cylinders.8'9 According to
classical thermoelastic analysis, the differential expansion, in
turn, is a function of the heat flux.10 Therefore, the heat flux,
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rather than the indirectly estimated contact pressure, becomes
the logical independent variable for the analysis of heat flow
through cylindrical joints.

2) In addition to the surface irregularities encountered in
flat joints, cylindrical surfaces have additional characteristics,
e.g., out-of-roundness, which must be taken into consider-
ation.

3) The location of thermocouples for measurement of tem-
perature is generally more difficult for cylindrical joints than
for flat joints.

It is probably due to the complexities associated with the
three factors listed above that there have been comparatively
fewer investigations of the heat flow across cylindrical joints.

The existing literature can be divided into two major catego-
ries, specific applications and fundamental studies of com-
pound cylinders. The following is a review of the literature for
each of these categories.

Cylindrical Joint Applications
Since the impetus for basic research must, ideally, arise from

problems encountered in practice, it is best to first consider the
research work conducted in regard to specific engineering ap-
plications. As far as cylindrical joints are concerned, the inves-
tigations may be considered in two main categories: 1) heat
exchangers and 2) nuclear reactors.

Heat Exchangers
Thermal contact resistance plays an important role in the

heat transfer behavior of finned tubes. In particular, the per-
formance of the three primary types of heat exchanger tubes
are significantly affected by variations in thermal contact re-
sistance:

1) Tension-wound tubes (see Figs, la and Ib)—In this type
of finned tube, a strip of metal, usually aluminum, is spirally
wound under high tension over a base tube of a material such
as carbon steel, copper, or aluminum.

2) Extruded fin or "muff tubes (see Fig. lc)—An outer
tube of large wall thickness, usually aluminum, is swaged over
an inner base tube and extruded into high fins in one opera-
tion.

3) Plate fin tube (see Fig. Id)—In this case, the joints be-
tween the fins and the tubes are usually formed by first insert-
ing the tube into the fin stack and then mechanically expanding
the tube into the plastic deformation zone until an interference
fit is obtained between the tube and the fin collar. Such expan-
sion is commonly achieved by forcing an expanding tool
through the tube or by hydraulic expansion.

One of the earlier investigations of the thermal contact in
plate fin tubes indicated that the joint between the fin and the
tube was an important parameter in the characterization of
heat exchanger performance.11 In this method, the mechani-
cally bonded tube was compared with a metallurgically bonded
(soldered) tube assumed to have no contact resistance. The
difference in the two overall resistances yields a value referred
to as the bond resistance.

A detailed analytical and experimental study of interference
fit finned tubes was conducted by Gardner and Carnavos.12

The authors noted that, as the operating temperature in-
creased, the fins expanded away from the tube wall due to the
larger expansion coefficient/As the temperature was increased
further, a successively greater proportion of the heat was
transferred through the gas gap than through the actual metal-
to-metal contact area. Eventually, a point was reached where
the gap between the fin base and the tube wall was opened to
such an extent that the heat transferred through metal-to-
metal contact was deemed to be zero and all of the heat was
assumed to pass through the entrapped fluid.

In this analysis, the radial displacements of the fin and the
tube, Aw/and Aw,, respectively, were computed by means of
thermoelastic equations. If the difference in these displace-
ments, Aw/ — Aw,, was positive, a radial gap would exist, and

Fig. la Edge wound "I" fin. Fig. Ib L-footfin.

Fig. lc Extruded fin or muff.

Fig. Id Plate fin tube.

the contact pressure would be zero. Since the authors were
mainly interested in the gap resistance, they did not consider
negative values of Aw/ - Aw,, which would serve to reduce this
resistance. It would also appear that the gap resistance Rg was
for a continuous annulus of gas and not that of individual
pockets of gas surrounding the actual contact spots, as is usu-
ally assumed.

The experimental studies of Gardner and Carnavos12 investi-
gated finned tubes of three different types—mechanically em-
bedded, tension-wound, and muff—produced by three differ-
ent manufacturers. The sum of the outside resistance
(film + fluid) R0 and the contact resistance Rc was found by
subtracting the computed values of inside film Ri9 the tube
wall Rt, and the fin resistance Rf from the measured overall
resistance RT, such that

RT - (Rf +Rt+ Rf) = (1)

An equation was then developed relating RQ + RC to air mass
velocity. (In the experiments conducted, steam was used as the
heating fluid in the tube and air as the cooling fluid over the
fins.) At low temperatures the gap resistance was neglected,
but at high temperatures the gap resistance was included.

RT - (Ri + Rt + Rf) = (2)

The results were tabulated from the various groups, except
mechanically embedded tubes, for two different steam temper-
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atures: 157°C (315°F) and 193°C (380°F).
The experimental values of R0 + Rc + Rg showed favorable

agreement with the calculated values. The authors concluded
that although the bond resistance may be negligible, gap resis-
tance is a significant part of the total resistance when the
service temperatures are sufficiently high.

The pioneering nature of this work is without question. The
summary just presented, however, prompts several comments.

1) In deducing Rc + R0 from RT, several correlations,
rather than actual measurements, are used to determine the
remaining resistances, especially Rf.

2) It is assumed that Rc remains constant with temperature.
3) The experimental results are presented only for specific

tubing at two different temperatures. Thus the results are not
sufficiently general to be used by other workers.

Apart from these limitations, the work represents an impor-
tant contribution to the study of heat transfer in finned tubing.

The heat transfer in bimetallic finned tubes of the muff type
as used in air-cooled equipment has been analyzed.13 The au-
thors noted that although initial contact pressures of 24 to 30
MPa (3500-4300 psi) existed in the tubing at fabrication tem-
peratures of 21 °C (70°F), the pressure was reduced to zero at
temperatures around 100°C (212°F), and an air gap was estab-
lished.

The theory of Kulkarni and Young13 was based on the re-
sults of Shlykov and Ganin14 for contact and gap resistance,
and contact pressure was calculated using the Gardner and
Carnavos12 relations. This theory was valid for predicting the
bond resistance after a gap had been established, and the
Shlykov and Ganin theory14 was applicable when no continu-
ous gap existed. The discontinuity between the two results at
zero contact pressure was removed by assuming that, at zero
contact pressure, the bond resistance could be expressed as

hs2)
(2kg)

(3)

This expression is, in fact, part of the Shlykov and Ganin
equation for the total contact resistance.

Kulkarni and Young13 computed results for the contact and
bond resistance as a function of the tube side fluid temperature
over the range 20°C to 540°C (70°F to 1000°F). The film and
fouling resistances (both inside and outside) were also consid-
ered. In all cases, an abrupt increase in the resistance between
100°C and 200°C (200°F and 400°F) was observed. Pre-
sumably, this range corresponds to the situation where the
contact was broken and the gap established.

Overall this investigation is both logical and complete. It
does not suffer from discontinuities or sweeping assumptions.
It is based on the accepted literature available at the time, and
the results are presented in a general and usable format. In
view of these, it is surprising that it has not received wider
acceptance.

Eckels15 applied a semitheoretical approach to the investiga-
tion of the thermal resistance of plate fin tubes. The interfacial
pressure and the contact conductance were related to the de-
sign parameters by

he = 256<

t(fpi\

(4)

Based upon the experimental data from six coils, the proba-
ble error band of Eq. (4) was estimated to be 30% at 1.1352W/
cm2-K (2000 BTU/h-ft2-°F) and diminished to 15% at
0.5676W/cm2-K (1000 BTU/h-ft2-°F). Eckels15 found the
most significant sources of error to be the temperature and the
mass flow rate measurements along with the value of the fin
resistance. It should be noted that the above correlation only

applies to specific types of tubing with prescribed materials.
Christensen and Fernades16 experimentally measured the

thermal resistance and the inside fouling resistance of pneu-
matically expanded plate fin tubes. The tube materials were
copper, cupronickel, and stainless steel, and the. fins were
made of copper. From the overall resistance, the computed
tube side film resistance and the tube and fin material resis-
tances were subtracted to obtain the combined contact resis-
tance and the fouling resistance. By conducting similar tests in
freon, the fouling resistance was eliminated thereby isolating
the contact resistance.

The results indicate that the contact resistance was larger
than the fouling resistance. However, the experimental errors
were of the same magnitude as either of these resistances.
Hence, the results cannot be viewed in absolute terms, but
rather as a domain of possible values.

The results from a series of investigations17'19 dealing with
fin-to-tube joint characteristics including the thermal contact
conductance of mechanically expanded plate fin tube heat ex-
changers has been reported in the literature. The first of these
investigations dealt with the surface characteristics of a finned
tube heat exchanger.17 The majority of the work was ex-
ploratory in nature. It was found that, for a given fin number,
the surface roughness of the fin collar increased as the expan-
sion increased. This conclusion is somewhat surprising since
the roughness would normally be expected to decrease with
increasing expansion, especially since the authors state in the
conclusions that "the ridges seen on the surface before expan-
sion becomes plateaus after being expanded." In the second of
these investigations, the mechanical bond between the tube
and the fin was characterized.18 It was found that the maxi-
mum force obtained during a tube pullout could be used as a
good descriptor of such a bond. For thinner fins and higher fin
numbers, the amount of interference was less influential than
other parameters. At sufficiently high interferences, the fin
thickness was the dominant factor affecting the pullout force.
Since the heat exchanger industry is attempting to reduce fin
thickness to improve performance and save material, a com-
promise is clearly necessary.

The third investigation19 presented an empirical correlation
of the contact conductance. An end view of the plate fin tube
heat exchanger evaluated is shown in Fig. 2, together with a
schematic of a single hot tube and the surroundings. Test coils
contained three rows of tubes with 12 tubes per row. Hot water
passed through the center row and cold water through the two
outer rows. The technique was similar to that used by Dart11

and Eckels15; although Dart and Eckels did not conduct their
tests in a vacuum. For the "dry" tests, the vacuum was of the
order of 40 x 10 ~3 mm Hg and for the "wet" tests, in which
water was sprayed on the coil, the vacuum increased to
900 x 10-3mmHg.
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- COLD TUBE ROW
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Fig. 2 The heat exchanger and mathematical model.19
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CONTACT

Fig. 3 Temperature jump distance.

The authors assumed that the contact resistance remained
the same for the hot and cold sides. This is not a valid assump-
tion since the contact resistance depends on the differential
expansion and, therefore, on the temperature. The authors
further noted that the maximum gap height in the contact
region was - 3.2 x 10~3mm(1.25x 10 ~4 hi.), and the mean
free path for air "molecules" at 40 x 10 ~3 mm Hg is 6.6 mm.
Therefore, it was concluded that for heat transfer to take place
through the air trapped in the gap, the gap height must be at
least 6.6 mm. As a result, it was assumed that no heat was
transferred through the trapped air in the gap. This conclusion
is contradictory to what has been previously reported. The
smaller the gap, the greater the probability that the gas
molecules will conduct heat by direct impact with the solid
surfaces. Increasing the gap would have the opposite effect. It
has been established21 that the heat transfer coefficient for
rarefield gas in small gaps may be approximated by

+ gl + £2
(5)

where dm is the mean physical gap and gi and g2 are the temper-
ature jump distances (see Fig. 3), which depend on the mean
free path. Hence, the greater the physical gap, the less likeli-
hood of heat conduction through the gap. The experimental
facility for measuring the contact conductance of plate finned
tube heat exchangers is described in another reference21 arising
from the same investigation.

In a related investigation,22 a similar problem was studied,
and the following correlation for the contact conductance of
plate fin tubes was proposed.

hc = exp(6.092 + 2.889[(//p/ d/d0)°-15(tfpi)1-25]} (6)

where the terms d0, t, andfpi are the same as used in the Eckels
correlation.15 This correlation was found to predict the con-
ductance values, within an error band of ± 20%, for approx-
imately half the total number of coils tested.22

The effect of various parameters on the contact conductance
of fin tubes has also been investigated.23 In this investigation
it was observed that the contact conductance increased with
interference but decreased as the tube diameter increased. The
authors found that the contact resistance was not significant
and could not be predicted accurately enough as a variable
independently evaluated from the air-side resistance to restruc-
ture the American Refrigeration Institute (ARI) coil testing
standards (ARI 1981). However, they indicated that an in-
crease in the contact resistance, over a period of time, could be
used to determine when the tool wear had become critical and
used as a guideline for manufacturing processes and tool re-
placement.

A more recent investigation24 summarized the experimental

Fig. 4 Test core and element of interest.26

test results for 31 typical coils by means of the correlation

hc = exp(8.6379 + 0.1844 [7 N (d/dQ)°-15 x (t N)1-25]} (7)

The authors noted that the correlation was valid only for me-
chanically expanded copper tubes with aluminum fins. It was
also noted that in many instances the thermal contact
resistance plays a significant role in plate finned tube heat
exchangers.

Later, Taborek25 summarized the current status of the bond
resistance and design temperatures for finned tubes and con-
cluded

1) The temperatures recommended by previous investiga-
tors, were far too conservative due to the improved manufac-
turing techniques and quality control now obtainable.26

2) Many manufacturers rely on a "pull test" alone to mea-
sure the fin bond quality.

3) Some manufacturers perform simple comparative heat
transfer tests on the coils as they come out of the firming
machines to ensure quality control.
All three of these observations are in agreement with the
conclusions of Wood et al.22

Taborek25 also noted that over the past 20 years, little
progress had been made in establishing orderly standards for
testing or accepted practices which could serve as a guide to
manufacturers and users. In addition, the currently recom-
mended maximum bond temperatures for several types of
finned tubes were summarized in Table 1.

Table 1 Maximum recommended bond temperatures

USA Europe
//-footed tubes
Extended fins

176°C (350°F)
230°C (400°F)

150°C (300°F)
250°C (480°F)

Nho and Yovanovich27'28 reported experimental results for
five different cores (finned tubes). The test core and element of
interest are shown in Fig. 4. The tubes were constructed from
a copper alloy, C12200, and the fin material was aluminum
alloy, MR-160. Three different "bullet" sizes were used to
obtain "reasonable" contact pressure levels, and three differ-
ent collar lengths were used to obtain different fin densities.
Tests were conducted in a vacuum environment.

The measured conductance values ranged from 2488 to 5460
W/m2K and agreed well with the correlation proposed by
Sheffield et al. An uncertainty analysis, however, was not
presented for this experimental investigation.

A thermal mechanical model of a plate fin-tube heat ex-
changer was developed by Burgers.29 In addition to the ther-
momechanical properties, the expansion interference and the
differential expansion of the collar and the tubes, it was noted
that the work hardening exponents of the materials also influ-
enced the joint pressure. It was further noted that the increase
of the thermal contact resistance with the age of a sample may
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not only be due to the buildup of oxide layers within the joint
but also to the leaching of the oil out of the joint.

In summary the following conclusions can be made in regard
to finned tube heat transfer characteristics:

1) The contact resistance is never directly measured; it is
usually determined as the difference between the measured
overall resistance and the estimated sum of resistances other
than the contact resistance, as determined by a correlation,
formula, or experiments on a metallurgically bonded tube.

2) Most of the results apply to specific types of tubing and
are not sufficiently general.

3) The bond resistance is usually considered to be a small
part (< 15%) of the overall resistance.

Nuclear Reactor Applications
Although the heat flow path in a conventional fuel element

is radially outward between concentric cylinders, the majority
of the experimental studies conducted involving the contact
conductance in nuclear fuel and container materials make use
of the flat joint between the ends of two cylinders whose axes
are collinear.30~33 The two studies discussed below are unusual
in that they attempt to simulate the situation more realistically.

The work of Brutto et al.34 deals with a comparison of
different cladding processes such as cold drawing, hot draw-
ing, and hydrostatic pressing. To avoid estimating convection
resistances by approximate correlations, tests were conducted
on a clad tube and a similar but unclad tube. Radially outward
heat flow was achieved by internal heating with hot water (40
to 80°C) and external cooling by cold water. The difference,
after correcting for the cladding tube wall resistance, resulted
in a value for the contact resistance. This method resulted in an
increase in the accuracy and eliminated systematic errors. In
order to minimize the error in the measurement of the contact
resistance, the fluid flow rates, both internal and external,
were maintained as high as possible, and a copper tube was
used to simulate the fuel rod. Since the contact resistance
depends on the heat flux, the heat fluxes used in the experi-
ments were of the same order of magnitude as in a reactor (300
to 900 kW/m2). The results indicate that in this heat flux
range, the contact resistance remained nearly constant except
for the aluminum clad tube, which showed a decrease in resis-
tance over the range of 40 to 80°C. The authors point out this

Direction of
Heat Flow

Temperature Profile

Fig. 5 Heat conduction in a composite cylinder.

method gives only an average value of contact resistance; it
does not reveal isolated areas of poor contact.

The results of a series of in-pile experiments were reported
by Cphen et al.35 in which the effective thermal conductivity of
stainless steel clad uranium dioxide rods during irradiation was
measured.

For one sample within a zero initial clearance, results of
contact conductance as a function of contact pressure were
given. For this case, the contact pressure was estimated by
formulas for a press-fit assembly after calculating the-relative
thermal expansions of the fuel U02 and the cladding, Stainless
Steel 304. For the other specimens, with an initial clearance,
the gap conductance was plotted as a function of the initial
diametral gap. To theoretically estimate the gap conductance,
the method of Cetinkale and Fishenden36 was used and illus-
trated favorable quantitative agreement between the theory
and experiment.

In addition, Cohen et al.35 found that the gap conductance
was insensitive to the gas medium within the sheath. For exam-
ple, in the computation of the conductance it did not matter
whether the gas was helium or a mixture of xenon and kryp-
ton. As demonstrated by Madhusudaria and Fletcher,37 this
can be explained by means of a dependence of the accommo-
dation coefficients on the molecular weights of the gases.

Cylindrical Joint Fundamental Studies
The fundamental studies of cylindrical joints consider heat

flow through concentric cylinders in vacuum or in a conduct-
ing medium. In a majority of these studies, the direction of
heat flow is radial and axisymmetric (see Fig. 5). These studies
attempt to be as general as possible without regard to specific
material or interstitial gas. It must, however, be noted that
although the heat flow is two dimensional from a macroscopic
point of view, it is three dimensional from a microscopic con-
sideration since, in general, the actual contact spots are iso-
lated areas and not uniform strips.

One of the first published studies of this phenomenon was
by Williams and Madhusudana.38 In this study, it was found
that the interference and, therefore, the contact pressure be-
tween the two cylinders, consisted of three components,
namely, the following:

1) dA—differential expansion due to the temperature gradi-
ents caused by heat flow, which can be calculated by the well-
known thermoelastic equations,

2) SB—differential expansion caused by the fact that the
two surfaces at the interface would be at two different temper-
atures because of the contact resistance, and

3) dc—the initial degree of fit.
The interactive nature of the conductance and the contact

pressure, unique to cylindrical joints, was therefore noted. It
was anticipated that because of the second component 5^, the
heat flux should be the controlling variable for a given pair of
cylinders.

In the experiments conducted on stainless steel cylinders, the
contact resistance was determined by measuring the radial
temperature profile in the two cylinders. The results indicated
that 1) the resistance decreased with heat flux, and
2) resistance decreased by nearly an order of magnitude when
the vacuum was replaced by air.

Novikov et al.39 presented a summary of experimental re-
sults for composite cylinders of different materials in a vac-
uum. Their results indicate that when a2< <*B the confcaetTresis-
tance decreased with thermal load, i.e., heat fluxv These results
are in complete agreement with those of Williams and Mad-
husudana.38

Experimental results on interference fit compound cylinders
were also reported by Hsu and Tarn.40 The inner cylinder was
made of aluminum and the outer cylinder of Stainless Steel
304. All tests were conducted in air, as was the case previously,
and the contact resistance was determined by direct measure-
ment. The results were presented graphically for contact resis-
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ADIABATIC BOUNDARIES

Fig. 6 The two-dimensional model of Wang and Nowak.41

tance as a function of heat flux as well as contact resistance as
a function of estimated contact pressure. The measured results
were considerably less than those predicted using the theory of
Shlykov and Ganin.14 The following points are also worth
noting: 1) although the overall temperature drop across the
two cylinders was approximately 30 °C, the inter facial temper-
ature drop was less than or equal to 1°C; and 2) the error
bands on the data indicated an error of ±9%.

A two-dimensional theoretical analysis of the constriction
resistance for radial heat flux in duplex tubes was presented by
Wang and Nowak.41 The heat conduction domain analyzed is
shown in Fig. 6. Two cases—uniform heat flux and isothermal
conduction—were considered at the contact land. The results
for the two cases did not differ significantly (about 4-5%) and
agreed well with results of a two-dimensional conduction sheet
analog and the results of a numerical analysis. Results for only
one set of parameters were presented, and there were no gen-
eral tables or graphs covering a range of <f>A, </>B, a, b, and c.
Even if such data were presented, it is apparent that it could
only be applied to two-dimensional contacts such as grooves or
ridges in a vacuum.

A theory predicting the contact pressure and contact con-
ductance as a function of the heat flux was presented by Mad-
husudana.8 This presents a development of the ideas indicated
in Williams and Madhusudana38 and extends the ideas to in-
clude similar as well as dissimilar materials in vacuum; results
were presented, for radially outward flow, in the form of
graphs. Since the temperature drop AT7/ across the inner cylin-
der, for example, is a measure of the heat flux, the plots
showed pressure as a function of AT"/ as well as hC9 contact
conductance as a function of AT/. Other parameters consid-
ered were the degree of initial fit, surface roughness, and the
material combination. The following conclusions were drawn.

1) Contact pressure and contact conductance increase with
heat flux.

2) Contact conductance is higher for a/ > aQ.
3) Contact conductance is higher for EJ<EQ.
4) The p is dependent on the surface roughness also, and

hence contact conductance is not a simple function of the
surface roughness unlike the situation in a flat joint.

The above work was further extended by Madhusudana9 to
include the heat transfer through the fluid contained in the
interstitial gaps. The following additional conclusions were
drawn:

1) Contact pressure is only a weak function of the fluid
contained in the gaps.

2) If (a/E)i > (a/E)o9 then large contact pressures are devel-
oped even for small heat fluxes.

3) Material combination with Ipwer effective thermal con-
ductivity [2kjk0-/ki + k0] can, in fact, exhibit higher contact
conductance than one with much higher effective conductivity,
provided (a/fi1)/ > (<x/E)0. This is in striking contrast to the
case for flat joints.

4) Contact conductance is significantly influenced by the
interstitial medium (although p is not) especially at low heat
fluxes.

It should be noted that the two theories just discussed as-
sume an idealized interface with no large-scale surface irregu-
larities such as out of roundness or waviness. Further, the gas
conductance is calculated using a simple correlation of the
form (A:g/6eff). The effect of an interstitial medium should be
explored further taking into account the accommodation coef-
ficients which are applicable to particular gas/surface combi-
nations.

An analysis for predicting contact resistance in compound
cylinders and finned tubes was presented by Lemczyk and
Yovanovich.42 This analysis utilized a logic and approach sim-
ilar to the earlier work of Williams and Madhusudana38 and
Madhusudana.8'9 Lemczyk and Yovanovich42 utilized the re-
sults of Hsu and Tarn40 for comparison with their theory;
although the values of Vickers hardness differed from those
reported by Hsu and Tarn. The thermal resistance was pre-
sented as a function of an estimated parameter (i.e., the con-
tact pressure) rather than a measured value (i.e., the radial
heat flux); therefore it is difficult to compare the results with
other investigators. A similar analysis was developed by Lem-
czyk and Yovanovich42 for plate fin tubes in which the tube
was considered to be in a state of plane strain and the fin in a
state of plane stress with air as the interstitial gas.

The Lemczyk and Yovanovich42 investigation included sev-
eral novel features, such as convection boundary conditions
for the free surfaces of the cylinders and the effects of surface
roughness at the tube/fin interface.

Results of an experimental program on the contact conduc-
tance of composite cylinders were presented by Madhusudana
and Litvak.43 The material combinations tested were Stainless
Steel 303-Stainless Steel 303 (SS-SS) and Stainless Steel
303-Aluminum 2011 (SS-AL). The interstitial medium was
air with the heat flow radially outward. The initial fit corre-
sponded to ANSI locational interference fit, Class LN1. The
contact conductance was estimated by comparing the results of
the tests on compound cylinders with that of a solid cylinder
tested at identical conditions. For the SS—>AL combination,
the overall resistance for a hypothetical compound cylinder
with no interface resistance was computed and compared with
that measured in the actual composite cylinder. The uncer-
tainty in contact conductance was estimated to be from 15 to
18%. The results were plotted for contact conductance as a
function of AT/. The scatter in the experimental results was of
the same order of magnitude as the uncertainty. The agree-
ment between experimental data and theory of Madhusudana9

was also of the same order.
All of the studies considered this far assume no axial temper-

ature gradients. Srinivasan and France44 however, in their
study of heat transfer in prestressed duplex tubes used in the
steam generators of an experimental breeder reactor (EBR),
considered such a gradient. Initially, it was assumed that an
arbitrary longitudinal temperature distribution between the
inner and outer tubes existed. The interface condition along
the length (i.e., the contact pressure or gap width) was deter-
mined as a function of the longitudinal temperature distribu-
tion, and hence the thermal resistance could be calculated.
With the thermal resistance specified at several nodes along the
length of the tube, the heat transfer was determined, and new
values of the temperature difference were determined and
compared with the original distribution. If the two distribu-
tions did not coincide, the procedure was repeated with the
most recent values of temperature difference.

It was found that when the initial contact pressures were
relatively high, 13.79 MPa (2000 psi), the different initial trial
distributions always converged to a unique final distribution.
When the pressure was lower, 10.34 MPa (1500 psi), the differ-
ent initial distributions did not necessarily converge to a single
final solution. In fact, there were three distinct solutions: the
first corresponding to good contact along the entire length of
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Fig. 7 Variation of thermal contact resistance by Srinivasan and
France44 and

the tube, the second corresponding to 94% contact, and the
third corresponding to contact over only 33% of the length
(i.e., separation over 2/3 length). The reduction in heat-trans-
fer capacity was of the right order of magnitude to account for
the degradation of heat transfer experimentally observec).

The authors indicated that the mechanism responsible for
nqnuniqueness was related to the nature of the contact resis-
tance curve (see Fig. 7) assumed in their calculations. If the
time variation of boundary conditions during the ascent-to-
power run of the plant were such that the contact pressure at
the interface throughout the length of the tube was in the flat
region on the right side of the curve, then the steady-state value
would correspond to that obtained for full contact. On the
other hand, if a transient event caused a low contact pressure
over some part of the tube, the resulting increase in contact
resistance would in turn cause an increase in AT. This change
in temperature difference would cause further loss of contact
and ultimately lead to the separation of tubes over either a
shorter or longer part of their length.

The multiple solutions, however, did not exist at the higher
temperatures. As a result, it was postulated that there was
some critical initial pressure below which multiple solutions
would be obtained. This conclusion was confirmed by the
theoretical investigations of Barber,45'46 who found that multi-
ple solutions existed only if the initial value of the interference
was less than a minimum value.

Conclusions
The current review reveals that there are significant gaps in

the current state of knowledge and understanding of heat flow
through cylindrical joints. Over the past 30 years, a very mod-
erate effort and modest progress has been made by the heat-
transfer community to explore the rather unique heat-transfer
behavior of composite cylinders.

Although a considerable amount of the reviewed work dealt
with heat transfer in finned tubes, such studies, in general,
seem to suffer from the following shortcomings.

1) Contact resistance is invariably measured indirectly by
subtracting computed film resistance, etc. from the overall
resistance.

2) Contact resistance is usually assumed to be constant. In
particular the change in contact resistance caused by tempera-
ture related differential expansion is often neglected. It is also
not sufficient to merely consider the average effect over the
appropriate temperature range (see p. 282 of Ref. 12).

3) Studies usually refer to specific types of tubes and mate-
rials. The correlations proposed usually apply to a restricted
class of heat exchanger coils and are not generally applicable.

The fundamental studies discussed herein also have several
drawbacks. In particular, they consider idealized surfaces with
no waviness or out of roundness. In general, they do not
consider axial temperature gradients. Finally, experimental
data with which the theories can be confirmed is also very
limited.
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