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Estimation of Thermal Contact Resistance Using
Ultrasonic Waves!

P. Z. Cong,> X. Zhang,>* and M. Fujii’

In this paper, numerical simulations of both the three-dimensional heat
conduction and two-dimensional elastic wave propagation at the interface of
contact solids have been carried out. Numerical results of heat conduction
simulations show that both the true contact area and thermal contact con-
ductance increase linearly with an increase in the contact pressure. Numerical
results of the ultrasonic wave propagation show that the intensity of a trans-
mitted wave is very weak but depends clearly on the contact pressure. On the
other hand, the intensity of reflected wave amounts to more than 99% of the
standard reflected wave that results from the case of one cylindrical speci-
men without contact. However, the intensity of the modified reflected wave
defined by the difference between the reflected wave and standard reflected
wave shows the same tendency as that of the transmitted wave. The intensi-
ties of both transmitted and modified reflected waves could be expressed by
the same power function of the contact pressure. By comparing the results
of heat conduction with those of ultrasonic propagation calculations, a power
functional correlation between the thermal contact conductance and transmit-
ted or modified reflected intensity has been obtained. Using this correlation,
it will be possible to estimate the thermal contact conductance between two
solids through measuring the intensity of either reflected or transmitted ultra-
sonic waves.
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1. INTRODUCTION

The thermal contact resistance (TCR) is an important issue for thermal
designers of electronic devices as it is directly related to the cooling per-
formance of central processing units (CPUs) [1]. Although many theoreti-
cal and empirical correlations have been developed for predicting the TCR
in the past five decades [2], it is still difficult to know an exact value in
an actual case where the contact pressure is generally unknown. There-
fore, it is desirable to develop an in situ diagnostic method to estimate
the TCR. Since ultrasonic waves can be applied to metallic, non-metallic,
transparent and opaque materials, an ultrasonic technique is considered to
be one of the candidates for in situ and nondestructive measurements of
the TCR. Kendall and Tabor [3] conducted theoretical and experimental
studies to determine quantitatively the true contact area at the interface
of stationary and sliding contacts by means of an ultrasonic technique.
Alterman and Loewenthal [4] described how to use finite difference meth-
ods to obtain complete theoretical seismograms for a source in a lay-
ered half-space, in wedges, and in a sphere. Tomimura et al. [5] reported
a method to estimate the thermal contact conductance (TCC) of metals
by measuring ultrasonic transmitted waves. Fujii et al. [6] further studied
numerically ultrasound propagation through a solid-solid interface.

In the present paper, we will report how to use reflected and
transmitted ultrasonic intensities to estimate the thermal contact resistance
or thermal contact conductance (TCC = 1/TCR) for two end-contacted
cylindrical specimens with a random roughness at the contact interface.
Numerical simulations have been done to clarify the effects of the contact
pressure on the intensities of reflected and transmitted ultrasonic waves
and on both the true contact area and TCC. A functional correlation
between the TCC and the transmitted and reflected intensities has been
presented. Further, by using this correlation, an in situ and nondestructive
method for measurement of the TCR or TCC is proposed through mea-
suring either the intensity of modified reflected or transmitted ultrasonic
waves.

2. CALCULATIONS
2.1. Heat Conduction

Figure 1 shows the physical model and coordinate system. A pair of
cylindrical specimens of height H and diameter D is pressed together with
an equivalent mean nominal contact pressure p. Specimens I and II have
thermal conductivities k1 and kjj, and maximum roughness heights Ryax1
and Rpaxip, respectively. For the heat conduction simulations a uniform
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Fig. 1. Physical model.

heat flux is supplied at the bottom surface of the lower specimen, a uni-
form temperature is assumed at the top surface of the upper specimen,
and the peripheral surfaces of the two specimens are thermally insulated.

The dimensionless surface roughness, Z (R, 6), is constructed with a
random number surface model as expressed by

Z,(R,0)=B) sin (1)
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where R and 6 are the dimensionless radius and angle in cylindrical coor-
dinates, L; is the dimensionless wavelength, and B is the dimensionless
scale factor. These are defined as
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where R, is the mean surface roughness, Ry is the dimensionless radius of
specimen, n is the upper limit number of superposed waves used to con-
struct the surface, and /;, ¢;, and «; are the wavelength, initial phase and
orientation at the number i of superposed waves. When two surfaces with
similar roughness expressed by Eq. (1) come into contact and are pressur-
ized, each asperity of roughness is assumed to be deformed under fully
plastic conditions.

The equiperipheral grid system as shown in Fig. 2 has been developed
and used to obtain a real contact spot distribution as shown in Fig. 3, and
also to solve the three-dimensional heat conduction. A new network method
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Fig. 3. Distribution of contact spots.

[7] based on the equiperipheral grid system is applied for the heat conduc-
tion calculation. Figure 4 shows a typical network of the equiperipheral grid
system in the r-6 plane. To calculate the heat flows across the control sur-
faces perpendicular to the radial direction, the interpolated temperatures are
used at the fictitious nodes 1 and 4 adjacent to the control volume 0. The
temperatures at the peripherally adjacent nodes 2 and 3 are directly used
to calculate the heat flows across the related control surfaces. In the present
calculations, 80 grids in the radial direction are used to obtain the numerical
results that are independent of the number of grids [7].
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Fig. 4. Equiperipheral grids.

2.2. Ultrasound Propagation

Based on the physical model shown in Fig. 1, two transducers with
the same diameter as the specimens are attached to the bottom and top
surfaces of the specimens. The incident wave is radiated from the top sur-
face. Therefore, the upper transducer receives the reflected signal and the
lower one receives the transmitted signal. The dimensionless equations of
elastic wave motion in R-Z plane are expressed by
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where R and Z are the dimensionless cylindrical coordinates, U and W are
the dimensionless displacements in R- and Z-directions, respectively, and t
is the dimensionless time. These dimensionless variables are defined by

U=—, W=—, T=—, R=—, Z=— (6)

u
D

where r and z are the coordinates, u and w are the displacements in
r- and z-directions, ¢ is time, and ¢, is the duration of pulse. The
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dimensionless density, ®, and dimensionless Lamé constants, A and M,
are further defined by
D? A
o=, oA=L, M= ()
tpE E E
where p is the density, £ is Young’s modulus, and A and p are Lamé con-
stants.
The initial boundary conditions describe the free of strain conditions
and the incidence of ultrasound radiation, and are expressed by
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where o,, and o, are the shearing stresses in the r- and z-directions, F(t)
is the dimensionless source function of the pulse pressure supplied to the
top surface and defined by
Py sin?(2 <r<l
F(r)= v sin“(2wt)  (0<t<]) (10)
0 (t>1)

Here, Py is the dimensionless amplitude of source function.
The free boundary conditions applied for the noncontact interface,
that is, the gap and peripheral surface, are expressed by
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where o, and o,, are the normal stresses in the z- and r-directions.
The conditions of continuity of stresses and displacements are set at
the real contact spots. These are expressed by
awl U’ awll — au!!
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Finite difference formulations [4] were used to separate the elastic differ-
ential equations of motion described above. Stability conditions given by
Alterman and Loewenthal [4] were used in the present calculations. Since
two specimens are assumed to be the same materials, the ultrasonic wave
at the contact spots is perfectly transmitted, but the wave is reflected per-
fectly at a gap due to the large difference of acoustic impedance between
air and the solid specimen. In the present calculations, a 601 by 1001 grid
is used in the R- and Z-directions, respectively. The present results agree
well with those obtained numerically by Hatano et al. [§].

3. RESULTS AND DISCUSSION

Figure 5 shows the time evolution of strain observed at the top sur-
face for a single cylindrical specimen without contact. In this case, the
ultrasonic wave is perfectly reflected at the end surface. The incident wave
1s observed within 7 =1, while the first reflected wave is observed at t =6.9
to 7.9. In the present paper, this reflected wave is designated as the stan-
dard reflected wave (SRW).

Figure 6 shows the relationship between the true contact area A
obtained by assuming the specimens to be fully plastic and contact pres-
sure P(P=p/E). The true contact area increases linearly with an increase
in the contact pressure. Figure 7 shows the relation between the calculated
TCC, that is, H,,(H,, =h, R,/k) and the contact pressure. It is clear that
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Fig. 5. Strain of reflected wave for one cylindrical specimen.
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Fig. 6. Relation between true contact area and contact pressure.
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Fig. 7. Relation between H, and P.

H,, also increases linearly with the contact pressure P. At a lower con-
tact pressure, the true contact area is less than 1% of the total area of the
interface. Therefore, the strain difference between the reflected wave and
SRW is also expected to be less than 1% of the strain caused by SRW. To
make this difference clear, the modified strain, A, is defined as the differ-
ence between the strain of the reflected wave and the standard reflected
wave by
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Fig. 8. Difference of strain of reflected wave.
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Fig. 9. Strain of transmitted wave.
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Here, ¢ is the area averaged strain of SRW and &!! is the average strain
of the reflected wave observed at the top surface. Figure 8 shows the time
evolution of the modified strain at the top surface. The modified strain is
clearly shown to be dependent on the contact pressure.

Figure 9 shows the strain of transmitted wave, e/, observed at the
bottom surface. As expected, the modified strain and the strain of the
transmitted wave are almost equal, which means that the energy balance
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Fig. 10. Relation between E,, E; and contact pressure.

is reasonable in the present calculations. Consequently, both of the strains
at the top and bottom surfaces increase with an increase of the contact
pressure.

In order to show the relationship between the strains and contact
pressure, the normalized strains E, and E;, are introduced that are defined
as the ratios of intensity of modified strain and that of transmitted wave,
respectively, to the intensity of SRW and expressed by
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Fig. 11. Relation between H,, and E,, E;.
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Based on the definition described above, the relation between these nor-
malized intensities and contact pressure is obtained and shown in Fig. 10.
It is clear that both intensities can be expressed by the same power func-
tional correlation with the contact pressure.

By comparing the results of E,, E,; and contact pressure with that of
TCC and P, a power functional correlation between H,, and intensities E,
or E; is obtained and shown in Fig. 11. Using this correlation, it is pos-
sible to estimate the TCC between two solids though measuring either the
intensity of a reflected or transmitted ultrasonic wave.

4. CONCLUSIONS

Numerical simulations have been performed on heat conduction and
ultrasonic propagation through a solid-solid contact interface. The main
conclusions are as follows:

(a) The true contact area and thermal contact conductance are line-
arly proportional to the contact pressure in the present pressure
range.

(b) There is a power functional relation between the thermal con-
tact conductance and both the transmitted and reflected ultra-
sonic intensities.

(c) It is possible to estimate the thermal contact conductance by mea-
suring either the intensity of reflected or transmitted ultrasonic
waves.

NOMENCLATURE

dimensionless true contact area

dimensionless scale factor

diameter of specimen (m)

Young’s modulus (Pa)

dimensionless area averaged strain in Z-direction
height of specimen (m)

dimensionless thermal contact conductance
thermal conductivity of specimen
dimensionless wavelength of surface roughness
wavelength of surface roughness (m)

grid number in radial direction

~N

5Eé“‘m®°=>

Saainke
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N grid number in peripheral direction

n upper limit number of superposed waves

P dimensionless mean nominal contact pressure
p mean nominal contact pressure (Pa)

P dimensionless amplitude of source function

q heat flux (W-m~2)

R dimensionless radius in cylindrical coordinates
r radius in cylindrical coordinates (m)

Ro dimensionless radius of specimen

R, mean roughness (m)

RND random number

Rinax maximum roughness (m)

t time (s)

T, temperature at the top surface (K)

tp duration of pulse (s)

U dimensionless displacement in R-direction
u displacement in r-direction (m)
w dimensionless displacement in Z-direction
w displacement in z-direction (m)

Z dimensionless axis in cylindrical coordinates

z axis in cylindrical coordinates

Zs(R,0) dimensionless height of surface roughness

o orientation

A difference between the strain of reflected wave and SRW

E . E, ratios of intensities of transmitted and modified reflected
to the intensity of SRW

0 angle in cylindrical coordinates

AM dimensionless lamé constants

A Lamé constants (Pa)

o normal stress in the r-direction

Orz shearing stress in the r-direction

ozr shearing stress in the z-direction

0.z normal stress in the z-direction

T dimensionless time

0 density of specimens (kg-m~3)

0] dimensionless density of specimen

©i initial phase

Subscripts

0 standard reflected wave

I specimen I

II specimen II

i number

min minimum
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max maximum

r reflected wave

t transmitted wave
REFERENCES

1. V. Sartre and M. Lallemand, Appl. Therm. Eng. 21:221 (2001).

2. M. G. Cooper, B. B. Mikic, and M. M. Yovanovich, Int. J Heat Mass Transfer 12:279
(1969).

3. K. Kendall and D. Tabor, Proc. R. Soc. London, Ser. A 323:321 (1971).

4. Z. Alterman and D. Loewenthal, in Methods in Computational Physics (Academic Press,
New York and London, 1972), pp. 36-43.

S. T. Tomimura, T. Kurozumi, X. Zhang, and M. Fujii, Proceedings of 33rd National Heat
Transfer Symposium of Japan 1:159 (1996).

6. M. Fujii, Y. Matsuda, X. Zhang, and M. Tomimura, Proceedings of 38th National Heat
Transfer Symposium of Japan 111, 771 (2001).

7. X. Zhang, P. Z. Cong, S. Fujiwara, and M. Fujii, Int. J Heat Mass Transfer 47:1091
(2004).

8. H. Hatano, F. Hoki, and O. Matsuda, Acoustic Soc. Jpn. 51:755 (1995).



