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where E int = ¡ j E int j for bound states.7 With the use of Ergodic
theory,1 Eq. (14) will immediately lead to
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@ h J(R, t ) i

@t
+ h J(R, t, t ) i = ¡ k r T ¡ r n̂( r ¢ u) (15)

which is the non-Fourier heat-� ux law for diatomic gases, given
that the gas is incompressible. If Eq. (1) is used in the equation for
b ¤

int and the assumption that W (rm) and h E tr i are uncorrelated is ap-
plied, one gets b ¤

int =3{1 ¡ [l ( d v)2 /3kB T ] + 2W (rm) / 3kB T }. Fur-
thermore,becausethe pair correlationhas a singlemaximum for low
densities that occurs at rm for the Lennard–Jones potential,5 which
representsgases, one may substitute the value of the Lennard–Jones
potential2 at rm for W (rm). Then, assuming it to be at the crit-
ical temperature, one gets the equation2 W (rm) = ¡ 0.77kB Tc,
where theminus sign is causedby the fact that the boundstate is con-
sidered.Assuming the validityof the equationsu2

M = (8kB Tc / p M),
h V 2 i = (3kB Tc / M), u2

l = (8kB Tc / p l ), and h v2 i = (3kB Tc / l ) at
the critical temperature, one gets b ¤

int =1.007. The value for b ¤
int

obtained by Eucken is unity.6 On the other hand, b ¤
tr =3 ¡ 3 +

(8/ p ) =2.547, and b ¤
dia =2.547 ¡ 0.667(1.007) =1.875 at T = Tc,

where the value of c is taken to be c = 1.4 for diatomic gases.
The value for b ¤

dia obtained by Eucken is 1.94. The closeness of
these numberscan be taken as an indicationof the correctapproach.
For a van der Waals gas the translational energy will have an extra
term that is independent of temperature, which will give the same
Eucken number. This could be caused by the fact that the statistical
formalism of a diatomic gas takes into account the effects of the
van der Waals gas model. For example, the � xed distance between
the two point particles generates over time a spherically symmet-
ric shape when all of the rotations are considered. This spherically
symmetric shape resembles the volume of a monoatomic van der
Waals gas molecule. In addition, the van der Waals gas considers
pair potentials,which is the same type of potential that is considered
when one deals with the statistical description of diatomic gases.

Appendix: Internal Energy in Exponential Form
In general, the average internal energy is given by

h E int i = h Ekin i + h Epot i (A1)

Because setting W (r ) = W (rm) indicates negligible kinetic energy
caused by radial motion, the value of h Ekin i equals kB T at equilib-
rium and local equilibrium as well. The value of h Epot i is expected
to be a multiple of kB T , and one can write

h E int i = h E kin i + q h E kin i (A2)

where h j Epot j i =q h Ekin i . If one writes

q =
1

^̀
= 1

[b W (rm )]` / `!

and chooses the Lennard–Jonespotential W (rm ) = ¡ 0.77kB Tc, one
getsq =0.537. Therefore,assumingsmall oscillationsaboutrm , one
gets h Ekin i = kB Tc, which will lead to h j Epot j i = 0.537kB Tc , which
is about the averageenergy contributionfrom a harmonic oscillator.
This is consistentwith our assumption to set W (r) = W (rm ), which
states that the two particles may be in the neighborhood of a � xed
equilibrium distance. Therefore, for temperatures in the neighbor-
hood of Tc , Eq. (A2) can be written as

h E int i = h Ekin i exp[b W (rm)] ´ h E int(v) i exp[b W (rm )] (A3)

From Eq. (A3) one gets E int(v , rm ) = E int(v) exp[b W (rm)]. The
equation

*
C

d3rg(rm)

can be integrated to give

C g(rm ) = 1/ n (A4)
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Introduction

P OLYMERS and organic materials are being employed to a
greater extent in power generating systems, and with greater

use follows an increased interest in the thermal transport properties
of polymers. These properties include thermal conductivity, heat
capacity, and the thermal contact conductance at the interface with
other materials. One important considerationwhere limited knowl-
edge exists is the heat � ow across a metal/polymer interface. Cur-
rently, a usable and veri� able model does not exist for predicting
the thermal performance of metal/polymer joints.

Marotta and Fletcher1 measured the thermal conductivityand the
thermalcontactconductanceof severalwidelyavailablethermoplas-
tic and thermosettingpolymers. They compared the experimentally
measured data with the current thermal contact models developed
for metal/metal contact, such as the elastic contactmodel developed
by Mikic2 and the plastic contact model developedby Cooper et al.
(CMY).3 The Mikic and CMY models are accepted and proven for
metal/metal contacts, but it was observed that a new thermal contact
model was needed for a metal in contactwith a much softerpolymer
layer with either � nite or in� nite length (half-space solution).

Problem Statement
The goal was to obtain a veri� able and usable analytical model

for the prediction of thermal joint resistance between a metal and
a polymer. The scope of this investigationwas limited to assuming
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nearly optically � at surfaces at a uniform interface pressure, a vac-
uum environment,and to the class of thermoplasticand elastomeric
polymers. The desire was to develop an analytical model from sur-
face contact mechanics principles that incorporates the polymer’s
basic properties to make the model more accurate.

The joint resistance to heat � ow, which incorporates the bulk
properties of the polymer, can be de� ned as

R j = Rmicro,1 + Rbulk + Rmicro,2 (1)

where Rmicro is the thermal contact resistance at the interface and
Rbulk is the thermal resistancedue to the bulk propertiesof the poly-
mer. By rede� ning the resistance using the de� nition of conduc-
tance, Eq. (1) can be written as

h j = 1/ (1/ hmicro,1 + 1/ hbulk + 1/ hmicro,2) (2)

An interesting fact in bare metal to metal contacts is that the
real contact area is always less than the apparent contact area A,
yet because thermoplastic and elastomeric polymers have compar-
atively lower modulus of elasticity, the calculated real contact area
can actually be greater than the apparent area.

In relation to the thermal contact conductance, this increase in
contact area as it approaches and then becomes greater than the
apparent contact area will cause the contact resistance to become
negligible. The contact mechanics behavior of the interface is why
a joint conductancehas been chosen to be modeled. A joint conduc-
tancemodel will be able to incorporatethe microscopic resistanceat
low loads, both the microscopic and bulk resistance at intermediate
loads, and then the bulk resistance at the higher loads.

The present analytical model is compared to experimental data
previously gathered by Marotta and Fletcher1 for common poly-
mers: Delrin®, Te� on®, polycarbonate, and polyvinyl chloride
(PVC). These polymers were chosen based on their commercial
importance in current engineering applications and the availability
of their material properties from standardchemical handbooks.The
four polymers also displayed a range of Young’s modulus between
5.52 £ 108 and 4.14 £ 109 Pa.

For the present investigation, the mode of deformation between
the metal and the softer polymer is assumed to be elastic during
light to moderate loading. This assumption is supported by the ex-
perimental study conducted by Parihar and Wright,4 in which the
rms roughnessand the asperity slope of the steel � ux meters and the
silicone specimen before and after loadingwas measured.The mea-
sured values remained unchanged, which, they concluded, implies
elastic deformation during the loading and unloading cycle.

Note the thickness of the elastic layer t. Because the polymer
layer is usually in contact with a much harder underlying sub-
strate, that is, Al 6101-T6, the substrate could affect the contact
mechanics of the metal/polymer joint. Makushkin5 studied the in-
� uence of the underlying substrate and the thickness of an elastic
layer during spherical indentorpenetration.He deriveda mathemat-
ical expression for the critical polymer layer thickness t ¤ beyond
which the substrate will not in� uence the deformationof the elastic
layer:

t ¤ = 16.8( r t q

E p ) [ (E p / Es)0.11

v0.41
p v0.003

s ] (3)

By the use of the geometric propertiesmeasured by Marotta and
Fletcher,1 the critical polymer thickness for the four selected poly-
mers were calculated and are as follows: Te� on 80.0 l m, Delrin
26.1 l m, PVC 17.2 l m, and polycarbonate 28.2 l m. The thick-
ness of the polymers employed by Marotta and Fletcher1 ranged
from 1.65 to 12.7 mm, which is well above the calculated critical
polymer thickness for the respective polymer.

The next step was to de� ne the microscopic and bulk resistance.
A possiblecandidatefor de� ning the microscopicresistancewas the

well-establishedMikic elastic model. The dimensionalizedcontact
conductancehc was de� ned by Mikic2 as

hc =
ks

4
p

p

mab

r

exp( ¡ k 2 / 2)

[1 ¡ Ï 1
4 erfc( k /

p
2)]

1.5
(4)

where k is the dimensionless separation distance and is de� ned as

k =
p

2 erfc ¡ 1(4P / He) (5)

The Mikic model assumes the elastic mode of deformationof the
asperities, but the elastic hardness is de� ned for metal/metal con-
tacts and not metal/polymer contacts. By assuming a Gaussian dis-
tribution of asperity heights, Greenwood and Williamson6 showed
that the area of contact of nominally � at surfaces is almost exactly
proportional to the load. They de� ne an elastic contact hardness
that controls the area of contact by Helastic =CEmab , where C is a
constant found by plotting dimensionless mean pressure vs dimen-
sionless load. In the present investigation,the constantwas found to
be approximately 0.433; therefore, a polymer elastic hardness was
de� ned as

Hep = E pmab / 2.3 (6)

By inserting the new polymer elastic hardness into Eqs. (4) and
(5), the predicted microscopic contact conductance was obtained.
Figure 1 shows a plot of the dimensionlesscontact conductanceas a
function of dimensionless interface pressure incorporating the new
polymer elastic hardness. With the use of the analytical model and
polymer elastic hardness, a simple correlation was obtained for the
dimensionless microscopic contact conductance:

hc r

ksmab
= 1.49( 2.3P

E pmab )
0.935

(7)

The bulk thermal conductance term was de� ned as

hbulk = kp / t f (8)

where t f is the polymer’s � nal thickness after load compression.
Note that because the polymer is modeled as an elastic and com-
pressible layer that the thickness will be a function of load. By
de� ning the � nal thickness it terms of strain, the following expres-
sion was derived:

t f = to[1 ¡ ( P / E p )] (9)

By substituting Eqs. (8) and (9) into Eq. (2), the joint conductance
was de� ned as

h j = 1/ { 1
hmicro,1

+
to[1 ¡ (P / E p)]

kp

+
1

hmicro,2 } (10)

Summary and Discussion
The present joint conductancemodel was comparedwith the pub-

lished data of Marotta and Fletcher.1 They reported an 11.7% un-
certainty in the thermal conductivity values and an uncertainty of
16.7% in the thermal contact conductancevalues.The experimental
data of Marotta and Fletcher1 were gatheredwith the use of thermal
grease applied to contact surface 2. The thermal grease allows for
almost total area contact between the polymer and the metal, thus
causing the 1/hmc,2 term to be negligible. By neglecting the resis-
tance at interface 2, Eq. (10) reduces to the following expression:

h j, p = 1/ { 1
hmicro,1

+
to[1 ¡ (P / E p)]

kp } (11)

Equation (11) was employed for comparison to the experimental
data.

Figure 2 compares the joint conductance model to Marotta and
Fletcher’s1 experimental data using the microscopic conductance
model de� ned by the polymer elastic hardness. The dimensionless
joint conductance was plotted vs the dimensionless load. As one
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Fig. 1 Dimensionless contact conductance vs dimensionless pressure for selected polymers: correlation equation.

Fig. 2 Dimensionless joint conductance vs dimensionless load: alternative microscopic model with experimental data.

can observe, the data compare quite favorably with the joint con-
ductance model. By the plotting of the data against the joint con-
ductance model, it is indicated why the measured resistances were
fairly independentof pressure.It was observedthat the experimental
data were taken at loads where most of the in� uence of the contact
resistancehad become negligible.Marotta and Fletcher had mainly
measured the bulk resistanceof the respectivepolymer,which is not
a function of load.

Conclusion
In conclusion, a joint conductance model has been proposed for

predicting the heat transfer across a metal/polymer joint. The joint
conductance model includes both the resistance due to the micro-
scopic contact heat transfer and resistancedue to the bulk properties

of the polymer. A new polymer elastic hardness has been de� ned to
predict better the contact mechanics at the interface.

Because of the limited amount of publisheddata, an experimental
study is needed to completely verify the joint conductance model,
especially at light loads. In real applications, Young’s modulus of
a polymer is a function of temperature; therefore, it is desired to
include an expression for the Young’s modulus as a function of
temperature into the joint conductancemodel and also to investigate
the effect of nonuniform pressure distributions.
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Introduction

J ET impingement is a commonly used technique for heat trans-
fer enhancement. Several applications such as heat treatment

of metals, paper drying, electronic component cooling, and turbine
component cooling have bene� tted from the high heat transfer rate
associated with jet impingement. Several geometrical and � ow pa-
rameters are known to affect the heat transfer rate for jet impinge-
ment. Perry,1 Chupp et al.,2 Kercher and Tabakoff,3 Flourschuetz
et al.,4,5 Behbahani and Goldstein,6 and Downs and James7 studied
the effects of various parameters relating to jet impingement heat
transfer. All of these studies had orthogonal jet impingement. They
summarized the effects of geometry, temperature, interference and
cross� ow, turbulence levels, surface curvature, and nonuniformity
of jet array on heat and mass transfer.

Goldstein and Franchett,8 Steven and Webb,9 and Ichimaya10

studied the effects of inclined jet impingement and found that in-
clined jets produce less heat transfer enhancement than orthogonal
jets. However, they did not investigatethe effectsof cross� ow on in-
clined jet impingement.Huang et al.11 studiedthe effectof cross� ow
direction on jet impingement heat transfer for orthogonal imping-
ing jets. They reported the highest heat transfer coef� cients for the
jets where the cross� ow exits in both directions. The present study
investigatesthe same cross� ow effects of Huang et al.11 for inclined
jet impingement.

The present study provides detailed surface heat transfer coef� -
cient distributionsfor the target plate using a transient liquid crystal
technique.This is the same methodologyappliedby the same group
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of authorsas in the studies by Huang et al.11 and Ekkad et al.12 In the
present study, the effect of cross� ow direction and jet inclination
angle is presented for a single jet average Reynolds number of
1.28 £ 104.

Test Description and Apparatus
A detailed description of the test setup and instrumentation is

provided by Huang et al.11 The test section has been modi� ed to
accept jet impingementplates with inclined angled holes. There are
48 impingement holes of 0.635-cm diam arranged in an array of 12
columns and 4 rows. The jet-to-jet spacing S /d is four hole diam-
eters. The jet plate to target plate spacing H / d (shortest distance
between jet hole plate and target plate) is three hole diameters. The
� ow enters the pressure plenum through a narrow channel and exits
through the impingement holes and impinges on the target surface.
The � ow exit (cross� ow) direction can be altered by changing the
discharge openingsafter impingement.Figure 1 shows the schemes
of the impinging jets at §45 deg to the vertical on to the targetplate.
Cases 1–3 are for different cross� ow directionsfor the +45-deg an-
gled jets, and cases 4–6 are for different cross� ow directionsfor the
¡ 45-deg angled jets. The axial location is measured from the inlet
side of the pressureplenumbefore impingement.The plate length X
is normalized with the hole diameter d from 0 to 48. The hole L / d
ratio is 1.0 for the orhtogonal jets and is 1.41 for the inclined jets.
The hole length is not long enough to provide a fully developedand
directed jet. However, the jet appears to be inclined suf� ciently to
providedifferentsurfaceheat transfer results than for the orthogonal
jets.

To avoid redundancy, details on the experimental technique and
test procedure are not repeated. Huang et al.10 and Ekkad et al.11

describe the test section, experimental technique,and testing proce-
dure in detail. A transient liquid crystal technique is used to obtain
the two-dimensional surface heat transfer coef� cient distributions.
The test surface is coated with a thin layer of thermochromic liquid
crystals.A heated� ow is suddenlydirected into the test section.The
time of color change from colorless to green at every pixel location
on the targetsurface is measuredusing the image processingsystem.
The heat transfer coef� cient at every location is calculatedusing the
one-dimensional transient conduction equation and a semi-in� nite
solid assumption. The average experimental uncertainty in the heat
transfercoef� cientmeasurementis around §6.4% with a maximum
of around §10% near edges.

Results and Discussion
Figure 2 presents the detailedNusselt number (Nu = hd / kair) dis-

tributions on the target plate for the six cases shown in Fig. 1 at a
jet average Reynolds number (Re j = q V j d / l ) of 1.28 £ 104 . The
results are presented from X / d = 3.5 to 44.5. The total length to
jet hole diameter ratio of the target plate is 48. The measurements
are presented over the entire span of the test section, Y / d = 24.
Figure 2a shows the detailed Nusselt number distributions for the

Fig. 1 Schematic of the inclined jet geometry and cross� ow directions,
cases 1–6.


