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empirical constant in Eg. (8).
empirical constart in Eq. (8) with 3 = 1.0.
geometrical contact area, cm®, Eq. (6).
actual contact area, cm®, Eq. (6).
Vickers microhardness (VEN) mumber, kg/mm?.
rumber of materials, Eq. (4).
thermal contact resistance of one interface,
°C em? W-1, Eq. (1).
temperature drop at one interface, Eq. (1).
total temperature drop across two interfaces and one
metal foil, Eq. (2).
radius of a circular solid-solid contact spot, Eq. (3).
empirical constant in Bq. (9).
empirical constant in Eq. (9).
mltiplication factor in Eq. (11b). May be a function of
the root-mean-square slope, m (Appendix B).
empirical constant in Eq. (9).
root-mean-square slope (see ref. 10 and Apperdix B).
mumber of solid-solid contact spots per square
centimeter, Eq. (5).
heat flux perpendicular to the test interface.
thermal resistance of one solid-solid contact, Eq. (3).
metal foil thickness (similates cladding).
constant in Eq. (11).
~3tant in Eq. (11).
root-mean-square surface roughness, cm.

= root-mean-square surface roughness of material 1, cm.

empirical constant in Eq. (8).

thermal conductivity, W cm™1 deg™l.

harmonic mean thermsl conductivity, Eq. (4).
proportionality constant in Eq. (6).

cowpressive stress, psi or kg/mm’, as moted.



MEASUREMENT AND CORRELATION OF THERMAY
RESISTANCES OF UN-METAL INTERFACES

R. K. Williams, T. E. Banks,! and D. L. McElroy

ABSTRACT

We obtained data on therral contact resistance for
contact interfaces between UN and several other metals in
vacuum at sbout 50°C: UN-In, UN—type 11CO Al, UN—Cu,
U8-V-15% Cr—5% Ti, UN-Mo, UN-UN, and three UN—type 302
stainless steel interfaces. Many variables affected the
results, and the correlation of the data showed the rela-
tive importance of stress, hardness, thermal conductivity,
and surface topography. The correlation obtained from
the data also suggests means for reducing thermal contact
resistance in fuel elements: these possibilities are
discussed.

INTRODUCTION

Thermal resistance associated with the interface between two struc-
tural memwbers is very important in many engineering situations.? One
such area is the design of high-performance plate- or rod-types of fuel
elerents for breeder reactors. In this application, carbide or nitride
fuel has a relatively high thermal conductivity, A, but the maximum
permissible operating temperatures are considerably lower than for con-
ventional oxide fuels. For a fuel element of given geometry, the maxi-
mum power density is governed by the thermal resistance of the fuel
element and the acceptable temperature difference between the fuel cen-
ter and ~oolant. The thermel resistance of a rod- or plate-type of fuel

element is in turn composed of contributions from the cladding (minor)

lPresent address: University of Louisville, Louisville, Kentucky.

°E. Fried, "Thermal Conduction Contritution to Heat Transfer at
Contacts,” p. 253 in Thermal Conductivity, wol. 2, ed. by R. P. Tye,
Academic Press, London and New York, 19¢9.




and fuel and the interface between fuel and cladding. As the A of fuels
increases, the interfacial thermal resistance becomes an increasingly
important design consideration, and any measures that reduce the inter-
facial thermal resistance will imprcve the power rating.

Conventional methods for controlling interfacial thermal resistance,
such as liquid-metal, helium, or pressure bonding, have known limita-
tions.3’% fThe goals of our work were to determine which factors were
most important in determining the interfacial resistance between UN and
potential cladding materials and thus show ways of minimizing the effect.

When two solid bodies are placed in contact, the actual area of
solid-solid contact is usually only a small fraction of the area of
geometrical contact.* Heat can be transferrea across the interfaca by
three principal mechanisms: thermal radiation across the voids, con-
duction ard —onvection through any fluid filling the voids, and conduc-
tion through the spots of solid-solid contact. Liquid-metal or helium
bending ennances conduction and convection across the voids, and pres-
sure bonding increases the conduction via solid-solid ccntacts. Since
the so0lid-solid conduction forms an upper limit for the contact con-
ductance, R_ 1, and since a promising method for increasing heat transfer
is to increase the s0iid-~=0lid part of the conductance, we chose this
component for study. The solid-solid part of Rc. can be studied by per-
forming experiments in vacuum and restricting the temperature at the
interface tu levels at which thermal radiation can be neglected.

Many varisbles are known t> affect R (ref. 4), and contacts between
dissimilar materials may be subject o sdditionai complications.® The
property is related to the actual areu of contact, the mumber of contact
3pots per unit area, and the thermal conductivity of the contacting
members.® Experimental studies have shown that stress, surface tonog-
raphy, surface deformation characteristics, corrosion films, and
(indirectly) tempersture huve significant effects on the contact area:

3J. W. Prados, private commnication.

“M. L. Minges, Thermal Comtact Resistance: A Review of the
Literature, vol 1, APML.-TR-65-375 (April 1966).

5J. S. Moon and R. N. Xeeler, Intern. J. Heat Mass Transfer 5
967-971 (1962).




and the density of contact spots. The results we ottained on contacts
between UN and metal: allow an assessment of the relative importance

of stress, th~rmal conductivity, and surface deformation characteristics.
Surface topograpby certainly plays a significant role,* but time did not
permit a quantitative assessment of its importance. Test conditions
were chosen, however, to hold the root-mean-square (rms) surface rough-

ness characteristics approximately constant.

APPARATUS

Determination of Rc involves measurement of the temperature drop
between two surfaces. ATi, and the heat flux perpendicular to the inter-

face, G:

(deg cm® W°1) . (1)

Since Rc is not an intrinsic property, other variables mist be measured
for a reasonably compiete description: sample characteristics, com-
pressive stress at the interface, pressure of gases in the voids
(vacuum), and the average temperature at the interface. A time depen-
dence is also concealed in the sample characteristics, since plastic
flow can produce irreversible surface changes.

The tests were conducted in a modified version of a comparative
axial-flow thermal-conductivity device described by #oore et al.® 1In
this technique, ATi is obtained by measuring temperatures =: several
known positions along two rod samples, least-squares fitting the
temperature-distance data to straight liaes, and extrapolating to
obtain the temperatures at the interface between the two samples. The
heat flux is deriveu from the measured temperature grediemts and experi-
mentzl values for the A cof the rod samples.

6j. P. Mocre, T. G. Kollie, R. S. Graves, and D. L. McElroy,
Thermal Conductivity Measurements on Solids Between 20 and 15C°C Using
a Comparative-Longitudinal Apparatus: Results on MgO, BeO, ThO,,
ThxU;_gO>4y and A1-UO, Cermets, ORNL-4121 |june 1967).
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Pressures of about 2 to 3 X 107% torr were routinely obtained in
the apparatus, assuring elimination of fluid conduction and convection
through all open pores.

A schematic diagram of the modified apparatus is shown in Fig. 1.
Major alterations of the version described by Moore et al.® included
the following:

1. The rigidity at the mechanical loading system was increased,
and the O-ring feed-through was replaced with a bellows seal.

2. A calibrated Baldwin-Lima-Hamilton Type Ul load cell was
inserted for determination of the campressive stress. The load cell

was calibrated by replacing the sample column with a second calibrated
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Fig. 1. Schematic View of Apparatus for Measuring Thermal Contact
Resistance.
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load cell and reading both load cells at several lozd levels. A correc-
tion for the load from the bellows feed-through was also determined
eéxperimentaily.

3. Two UN samples and a metal foil, which was sandwiched between
them, were included in the sample column. This part of the column sim-
lated the interface between fuel (UN) and cladding (foil) in a fuel ele-
ment. A molybdemum rod and an Armco iron bar and two thick (0.038 cm)
lead foils were also included in the column, as shown in Fig. 1.

4. Extra Chromel-P vs Constantan thermocouples were attached to
the two UN samples so that two independent Rc calculations could be made.
The two rows of thermocouples were positioned 90° apart on the samples,
and one row was aligned with the axis defined by the load arm. This
arrangement was included because an anisotropic stress distribution
across the UN—-foil interface was sometimes ~ucountered.

With the experimental arrangement shown in Fig. 1, the average con-

tact resistance of one interface is given by:

S S S
R z—z_"...<_ , (2)

where
t = foil (cladding) thickness, and
AT = total temperature drop between the UN samples.

T
In these experimentis, the conductive thermai resistance, t/?\, was

/Afl'l_.
usually 10% or less of the total resistance k"‘_c*l%./ Tne ueat flux values
used for the calculation were obtained from the temperature gradient

and the A for the UN samples. The ¢ value from the Armco iron meter
bar was used as a secondary check. The q values usually irdicated a

progressive heat loss of 5 to 10% between the top UN specimer. and the
Armco iron meter bar; therefore, we used the average of the q values
from the two UN samples in computing Rc.

The procedure for calculating the determinant error in the Rc values
was discussed by Moore et al.® The errors arice fiom uncerteinties in
tenperature measurement, thermocouple location, heat flux, t foil and

A foil’ the total maximua determinant errors were calculated assuming

NP Cmed e s s s e m e v ey .
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#0.1°C, $6.35 X 1072 cm, #0.05 q, *2.54 X 10~% cm, and *3.15 Apoiy TOT

these respective uncertainties. These calculations showed that the P’c

il
values were usually uncertein to sbout *10 to 0% at R, levels of 5 to
10 deg cm® W~!. Error bands shown with the R, data correspond to the
calculated maximum determinant error.

Uncertainty in the compressive stress, o, was also a source of
error. The calibrations of the load cell showed that the loading and
unloading curves consistently differed by about i00 psi. The stresses
were calculated from the average of the two curves, and are, therefore,
uncertain to at least *50 psi. Additional uncertainty from the calihra-
tion of the load cell amounted to about #10 psi; therefore, the stress
values are probably uncertain to about *60 psi.

SAMPLES

The two UN samples were prepared by pressing and sintering UN powder.’
These samples were grourd to final size (2.54 cm long X 1.27C cm in
diameter), and the two heat-transfer surfaces were lapped flat on a
glass plate. The surface appearance of the UN sampies is shown in
Fig. 2. Profilometer measurements indicated an rms surface roughness
of 1.5 t0 2.0 X 10~° cm for ail heat-transfer suifaces. Vickers
microhardness (VHN) tests at a 50-g load on a companion sample yielded
a value of 649 kg/ma® (ref. 8). Measurements of immersion density indi-
cated that the samples were 95.8% cof theoretical density. Otker char-
acteristics of the samples were presented by Scarbrough et al.® The
thermal conductivity of both UN samples was determined in the orig:i.nal10

comparative heat-flow apparatus; these cata are shown in Fig. 3.

7H. L. Whaley, W. Fulkerson, and R. A. Potter, J. Nucl. Mater. 31,
345 (1969). =

8

W. Fulkerson. private commnication.

°J. 0. Scarbrough, H. L. Davis, W. Fulkerson, and J. O. Betterton, Jr.,
Phys. Rev. 176, 666 (1968).

107, P. Moore, T. G. Koliie, R. S. Graves, and D. L. McElroy,
Thermal Conductivity Measurements on Solids Between 20 and 150°C Using
a Comparative-Longitudinal Apparatus: Results on Mg0Q, BeO, ThO,,
ThyglU;—0>+y and A1-UO; Cermets, ORNL-4121 (June 1967).




Fig. 2. Surface of Bottom UN Sample. lique light. 150%,
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Characteristics of the eight metal foil (cladding) samples are
shown in Table 1. In addition, values measured for electrical resis-
tivity of th= three stainless steel foils are shown in Table 2. The
latter results were obtained to check for a possible variation in 2
amonz the threz stainless steel camples and do not indicate an impor-
tant effect. The effect of load (25, 50, and 100 g) on measured micro-
hardness values was also determined for the three stainless steel samples
and the copper foil. None Of these tests showed a significant dependence
of hardness on test load between 25 and 100 g.

Photomicrographs of the surfaces of the foil samples are shown in
Pigs. 4 through 11. Except for the copper sample, which had been etched
in dilute HNO3;, all of the feils had surfaces characterized by parallel
ridees and valleys. This type of surface is usually obtained from the
surface imperfections on a rolling mill. The 1100 alumirm foil showed
evidence of plastic deformation and improvement of the surface finish

during the Rc test. Counts of the relative density of ridges are
included in Table 1.

RESULTS

Experimentai data from nine runs are tabulated in Appendix A. Thkese
tabulations explain the time-temperature-stress sequence for data from
each run. Scme Gata were discarded because the mechanical loading sys-
tem frequently produced an anisotropic stress distribution at the test
interface. The failure could readily be detected by comparing the two
independent Rc values, which were calculated from each set of gteady-
state data. The t770 values usually ag:reed well (1.e., within the com-
bined maximm determinant errors) at low {300 to i0GO psi) stresses,
but their ratio frequently showed a systematic deviation frcs unity as
the stress wus increased further. Data were rejected when the ratio of
the two R, values lay outside the range 0.80 to 1.20. For low (about
300 psi) stresses, thic criterion approximately corresponds to the com-
bined maximm determinant error, but at high stresses, where R<= is
smaller, it is mich less than the calculated error. The apparent incon-
sistency of discarding data for high stress, wnich disagree by less thaa

M e MR e e




Table 1. Properties of Materisls Used in Tests of Interfacial Resistance

Thermal Vickers Hardness
Conduotivity Root-Mean-8quare at 30- d Density of Ridges Thicknoss of
Materisl at 50°C_  Surface Roughness, om ____(g[fg) (1ines/cm) Sample Remarks
(W om™ deg™) " porore After  Before  After Before After (on)
x 1077 x 1074
Indium 0.758* 0.87* 0.00127
1100 aluminva 2.29 2.0 1.4 27 30 1324 994 0.0127
Copper 3,70 1.2 63 0.017 Annealed 2 hr at 253°C
in Ha. Li‘ht HNCO 5
etch.
Annealed type 302 159 1.9 2.0 200 1565 1436 N.0127
stainless steel
w15% Cr=5% ™ allay  0.15° 1.1 1.1 203 230 930 876 0.0127 Argonne National
Labvorstory Metallurgy
Division Fabrication
Technology firoup.
Item 282.
Molybdenum 1.0 1.0 0.8 329 321 1122 1033 0.0076
Fall-hard type 302 0.1%6 L.3 1.5 78 1161 120% 0.0127
stainless steel
All-hard type 302 0.133 1.2 1.2 458 950 891 0.0076
stainless steel
uN 0.137 1.8 649°
*N. Marisoni, R. X. Williess, end D. L. McElroy, "Physical Properties of Indium from 77 to 350 K, " pp. 279292 ir Copductivity,
Proc. 7th Conf. Gaithers yla Nev. 13=-16 967 t . . 4. . Publ. 302, ed. by D. R. nm and B. A. avy, Jr.,
Htional Nureeu of ﬁ, snifﬁon, b.C., ﬁkr gﬁu
“mased on data for V=20 $ T4, R. J. Dunworth, Anmwl Progress Report for 1965: Mstallurgy Division, ANL-7155, p. 36.

%W. Pulkerson, Oak Ridge Naticnal Laboratory, private communication.
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the combined experimental errors, is removed by considering two facts.
First, the deviations nearly always Cock place gradually and always in
the same nonrandom fashion as the stress was increased. This observa-
ticn indicated nomuniform heat flow at the tect interface. Second,
since the R values obtained at high stresses (Rc =~ 0.5 deg cm® W™ 1)
were uncertain by nearly +*100%, they added little to the study.

The test temperatures should have had some effect on the Rcvaluu,
either through a small amount of radiation transfer or softening of the
cladding. Several attempts (for interfaces of UN with In, Al, Cu,
annealed type 302 stainless steel, V-15% Cr-5% Ti, and UP) vere made
to decermine the effect, but test time (stress hysteresis) effects
usually intervened. Also, the time response of the test columm was too
sluggish to allow experimental adjustment of all data to> a commson tem-
perature. Fortumately, all tests indicated that temperatvre effects
were small; and, in any case, most of the dats were taken within
20 deg of 50°C, so only small corrections for temperature effects
were required.
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The Rc data for all of the interfaces and at all stress levels
were corrected to 50°C by means of data ottained on the irterface cf
UN with annealed type 33X stainless steel. These results are shown
in Fig- 12. These data were obtained by rumming the cariridge heaters
(Pig. 1) at their power limits and adding additionmal radiation shielding
around the loea arm. Since it was necessary to replace seversal themo-
couples after this series of “ests. we did 0t comsider repealing Lhe
meagurementg in the extended tesmersinmre rarge with other foile amd at
other stress lewvels to be justified. The data showm in Fig. 12 indi-
cate a temperature coefficient of about ~0.7%/deg near 5C°C; we zssumed
this coefficient to be valid for cur computations »f all of the Rzo’c
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vaiues shown in Appendix A. Figures 13 to 21 show the Rgc°c values for

individual runs plotted as a function of ccmpressive stress. The error

bands included for representative points are the maximum determinant
error calculated from a conventionsl error analysis.!!

113, P. Moore, T. G. Kollie, R. S. Graves, and D. L. McElroy,
Thermal Conductivity Measurements on Solids Between 20 and 150°C Using
a_Comparative-Longitudinal Apparatus: Results on MgO, BeO, ThO,,
MyUy 02 +y and A1-UO, Cermets, ORNL-4121 (June 1967).
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DISCUSSTON

The principal goael of this study was to determine the relative
importence of zeveral variables that probebly affect the thermal con-
tact resistance of UN-metal interfaces. As previously mentioned, thes:
variables include stress, surface deformation characteristics, surface
Lopography, and thermal conductivity. Minges!? gave a clear descrip-
tion of how these parameters enter the picture. A single solid-solid
contact is the basic unit of heat transfer for an interface, and the
resistance to heat transfer across this unit, r,, can be written as

.
Te 22’ (3)

o
i

contact radius, cm, and

A = the thermei conductivity of the solid.

For the case of contacts between dissimilar materials, A is usually
rep:aced by the harmonic mean conductivity, 7\‘:

A= I, %)

where N is the mmber of materials. This procedure is equivelent to
computing the average thermal resistivity of a contact and thus assumes
that the individual contacts are composed of equal amounts of the two
meterials. This assumption would not be justified if one of the two
surfaces vag quite rough whiie the other was very smooth.

To illustrate the effects of the variables, consider a simplified
hypothetical interface with n uniform contacts per unit area. The
thermal resistance per wiit ares, Aa" is Rc, and the heat flow is through
n contact resistances acting in parallel:

R"1 =Z’r'1 = 2o\ & . (5)

12y, L. Mingez, Thermal Contact Resistance: A Review of the
Literature, vol 1, AFML-TR-G5-375 (April 1966).
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The actual contact ares, Ac, is a fractiocn, §, of the geometriczl con-
tact area, Ah(l ca?):

Ac/Aa =& . (6)
Also,
¢ = nna® | (7)
and
R - A . (7)

c " 2 (en)2/2 Ay

Equation (7) illustrates the fact that R, depends on both the actual
contact area, £, and the mumber of contact spots per unit ares, n. All
other variables except corrosion films enter the problem because they
change n and §.

Application of a stress can increase the sire of existing contacts
and can create new ones; the deformation charact:ristics of the surface
determine how effective a given stress level will be in creating and
enlarging surface contacts. Surface topography controls the initial
mumber and size of the contact spots and also influernces the number cf
new contacts formed when a larger stress is applied. Thus, the problem
of d«termining Rc is very complicated, and there is a strong likelihood
that the variables will interact. Also, since the interfaces examined
in this study represent a wide range of conditions, it seems unlikely
that a simple, semiempirical correlation would describe all of the
effects. There is no single, general correlation to which all of the
data can be compared, but published work does provide a useful guide
for determining the probable effects of the variables. Therefore, it
seems logical first to examine some of the individual variables.

Streas

Compressive stress, o, has a strong influence on thermal contact
resistance. Consideration of single solid-solid contacts leads to the
predictions??



23

R, 1/01/ 3 (elastic compression)

R, = 1/0'1/ 2 (plastic compression) .
As shown in Figs. 13 to 21, fitting the Rc values to the equation
R, = A/c® (8)

Produces exponents of 0.83 to 1.38. This type of behavior is usually
explained by assuming that the mimber of contact spots per unit area
created as the stress increases and the old spots enlarge). Obtaining
a8 larger stress exponent would also suggest that most of the deforma-
tion would be plastic. If this were true, the Rc values should depend
on the hardness or temsile strength of the scfter =sterial rather than
on elastic moduli. The differences between exponents, &, obtained for
various interfaces are probably not significant because the data for Rc

ircreeses with increasing load (i.e., that new contact spots sre

at high stress were not very accurate, and the stress range for the
data seemed to influence the value of the exponent (Figs. 16 and 19).
Thus, representation of the R_ data by Eq. (8) mmst be viewed as only
a convenient method for smoothing data for a limited range of stress.
A corollary of this observation is that use of a single exponent to
describe the stress dependence for all the interfaces would probably
be justified.

Time at Stress

For some of the softer materials, the Rc curves shifted aftcer pro-
longed application of high stresses, probably because of the deformation
characteristics of the surface material. This behavior is illustrsted
by the 12% decrease in 10 aays found for indium (Appendix A) and the
major hysteresis noted with copper and 1100 aluminum foils. The da%a
for the UN—Cu interface (Fig. 15) show that prolonged application of
5350-psi stress reduced Rc by about a factor of 2 and also seemed to
alter the dependence on stress. These changes are presumably due to
creep at the solid-solid contacts, which would tend to increase the

t
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size of the individual contacts. Further reductions in Rc might, there-
fore, be expected if the creep rate were increas 1 through increases in
temperature or stress level.

The data for 1100 alumimum (Fig. 14) show a similar =ffect. Tn
this case, loading and unloading dia not change the curve for Rc versus
o, but Rc increased when the foil was moved relative to the two UN
specimens. This increase in Rc was then removed and the original curve
for Rc versus ¢ was reestablished when the semple was held at a stress
of 5700 psi for 23 days. Data for surface rcughness ani metallographic
examination of the 1100 alumirum (Table 1 and Figs. 4 and 5) surface
indicate that a considerable amount of plastic flow took place during
the tests; the sample appeared smoother after the tests. The observa-
tions for 1100 sluminum are rationalized as follows:

1. The creep rate of 110C slumimum was higher than that of copper;
this permitted more rapid plastic deformation at the solid-solid con-
tacts. The initial 300-psi load may even have caused a considerable
amount or’ plastic flow. Under these conditions the loading and unloading
curves would be expected to superimpose.

2. When the samples were moved, the asperities on the UN sawples
were indenting cold-worked material, and the surface match created by
the first load cycle was lost. This increased Rc (decreased the arer
of solid-solid contact), but the increase was removed by further plastic
deformation at 5700 psi.

3. The fact that the data obtained after the stress cycle fell on
the original curve for Rc versus O suggests that the surface characteris-
tics of the UN controlled the contact area.

The data for the interface between UN and In also seem to show some
time dependence, and, furthermore, the Rc values were considerably higher
than expected. The latter point is illustrated by comparing the value
for R, at 300 psi, 3.2 deg cm? W-1, witi values obtained by Moore et al.l3
for interfaces between Fe and In, 0.C6 deg cm?® W-1, and the value quoted

135. P. Moore, T. G. Kollie, R. S. Graves, and D. L. McElroy,
Thermal Conductivity Measurements on Solids Between 20 and 150°C Using
a Comparative-Longitudinal Apparatus: Results on MgO, BeO, ThO,,
ThyU; _xOo+y and Al-UO, Cermets, ORNL-4121 (June 19€7).
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by Bauerle et al.l% for indium soldered surfaces, 0.05 deg cm® W~!. If
the R value for soldered surfaces is taken to represent "complete” solid-
solid contact, then extrapolation of the data would indicate that a stress
of about 16,000 psi would be required for total solid-solid contact at

the UN-In interface studied. The relatively high Rc value obtained for
the UN-In interface also makes it difficult to apply the data to some
existing, semiempirical R, correlations. 15 These correlations generally
predict that Rc is a product of several factors, one of which should
approach zero as the meterial becomes very scft. The leck of agreement
with the data of Mcore et al.l? is not a serious problem, since their
Armco iron surfaces were much smoother taan the surfaces of the UN
specimens and since the difference in A between Armco iron and UN also
favors a lower value for R, [Eq. (7)]. Also, the errors are large for
both sets of data, and the stress levels determir=2 by Moore et al.l’
Were considerably more uncertain than the present wvalues.

A time dependence for the area of individual solid-solid contacts
does not offer a reasonable explanation of the high Rc values. For
indium, 50°C is a very high temperature, and plastic flow is quite
rapid. Both the hardness and tensile strength (380 psi) (ref. 16) of
indium are only about 3% of the values for 1100 alumirum. With this
situation, the plastic flow obtained after an increase in stress should
take place long before the thermal steady state is reestablished (10 to
12 hr), and no time dependence should be noted. Also, since the com-
pressive stresses employed were greater than the ultimate tensile stress,
full plastic flow should be initiated for all stresses. Unfortunately,
since the run was catastrophically terminuted before Rc values for the

143. E. Bauerle, P. H. Sutter, and R. W. Ure, Jr., "Measurements of
Properties of Thermoelectric Materials,” p. 285 in Thermoelectricity:
Science and Engineering, ed. by R. R. Heikes and R. W. Ure, Jr.,
Interscience, New York and London (1961).

15c. L. Tien, "A Correlation for Thermal Contact Conductance of
Pominally-Flat Surfaces in Vacuum,” pp. 755-759 in Thermal Conductivity,
Proc. 7th Conf., Nat. Bur. Std. Tech. Publ. 302, ed. by D. R. Flynn
and B. A. Peavy, Jr., National Bureau of Standards, Washington, D. C.,
September 1968.

1éMetals Handbook, 3tk Edition, 1961, p. 120.
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unloading cycle could be obtained, we do not know if hysteresis would
have been obtained. However, if we judge on the busis of the bebavior
of 1100 alumimum, this does not seem to be a likely possibility.

The most likely explamation of the high Rc values for the UN-In
interface is that something prevented plastic flow of the indium into
the valleys between asperities. This could have been caused by trapped
air or possibly a reaction between UN and indium. Indinm forms a good
vacuum seal, and assembly of the test column was carried out in air arni
involved application of stresses of about 1000 psi; air might kawve been
trapped in the crater-like (Fig. 2) surfaces of the UN. Also, the high
self-diffusion coefficient of indium might lsave promoted formation of
an amalgam-like product with UN. Fczever, cursory examination of the
indium foil after the *est did nmot reveel any obvious reactioun product.
Long-range plastic fiow and extrusion of indium out of the interface
probably gave rise to the small time dependence. 7his process would
have the effect of moving the indium parallel to the UN surfaces and
thus might be expected to have ~reated some additional area of solié-
solid contact by a smearing action.

Time also seeaedtohmaninﬂuenceonncnlues for the least
plastic, highest Rc interface studied, that between UN and UN. Data
obtained during the first 10 days of the run show n;"'c decreased 20%
at 300 psi. The column was then unloaded to replace the bottom lead
foil with indium, and the two specimens vere reassembled. After this
alteration. the Rc of the interface at 300 psi returned to the origiml
value. This variation wes presumably due to thermal cycling, since the
largest change toox place when the teaperature of the interface was
altered. Presumably, differential theral expansion or vibratiom could
have permitted the two mating surfaces to move slightly and to provide
a greater area of contact.

The hyeteresis effects noted above clearly show that time at stress
and/or the maximum stress lev=l would have to be included in a general
correlation that would describe all of the data that have heen presented.
In wrinciple, this could be accomplished by inciuding a mathesatical
description of the time-dependent deformation of surfaze asperities,
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tut. the problen appears tc be quite formidable. A simpler altermative

is to exaxine the belmvior of the more-or-less stable Rc values obtained
after high stresses had been applied. A correlation Lased on these data
sbould still show the effects of short-time deformation (hardress) and
thermal conductivity of the meting surfaces. However, t™e available
surface dsta (Table 1) are probably rather weak, since profi:ometer rms
roughness values do not give a full surface characterization.1? Also,
since the variables are expected to interact, 12 discussion of th» effects
of single parameters cannot be coatimed; a more general approack is
indicated.

Correlation Via Tiem's Method

C. L. Tien!® (see Appendix B) proposed a semiempirical correlation
for nominalily flat, random sarfaces in vacume that might apply to data
cbtained in this study. 7The correlation, which employs three dimersice-
less groups, can be stated as

ib;:uﬁ(ﬁ)d ) ()

7 = rms surface roughness,
=J/73 + 73 for random surfaces (ref. 15),
b, g, 4 = constants,
m = rms slope (ref. 15), and
H = bardness.
The parameter = is included to account for the effect of contact density
Bq. (7)] om R Tien!’ showed that this correlation worxcd reasonably

17H. E. Benmett and J. O. Portens, J. Opt. Soc. Am. 51, 123 (1961).

15y, L. Mingez, Thermal Comtact Resistance: A Review of the
Literature, vol 1, APIL-TR-65-375 1966).
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well far 17°° < 7'/Rc7\lll < 2 x 10°? and 107 < %( 3 X 10~ and proposed

for the constants

b= 0 /J,
g =1.2, end
d = 9.25.

\lthough the assumption of s random surfece is suspect, data from this
study can be used to test the hypcthesis

d
v . 9
R,,X_
The sppropriate plot is shown in Fig. 22, but values for thu interface
between UM =il In were omitted because a reliable value for the surface
parsaster ¥; sould not be obtained for indium. The correlation is
roughly equivalent to that shown in Tien’s Figs. 1 and 2 (ref. 19),

1% 1. Tienm, "A Correlstion for Thermal Contact Conductance of
Mm?‘y'ﬂm Siriaces in Vacuum” pp. 755~759 in Thermal Conductivity,

’ il ;ﬂ:. Bur. Std. Tech. Publ. 302, ed. by D. R. Flymn
and B. Petr-, Jr., National Bureau of Standards, Washington, D. C.,
Sep e ler 598
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and the dimensionless variatles calculated for data froa ocur study lie
in tte same range as the results considered by Tien.

This correlation is really not very s=2.igfying or useful, for it
produces a family of roughly parallel lines, and the offsets must be
explained by invoking an unmeasured quantity, m, the rms slope. Further-
more, if the average ridge densities are combined with the data fo:
surface roughness (Tavie 1) to yield relative values of the rms slope,

m, for the foils, Table 3 si.ows that the m values do not correlate with

the offgets shown in Fig. 22.

Table 3. Offsets of Curves Shown in Pig. 22%

\ ]
Interface 7/u¢)‘;‘/,=i 5 x 1073 ®ro11®
x 10~3 x 1072
UN-type 302 stainless steel 1.23 1.05
(full hard)
UN-—L 1.44
UN4type 302 stainless steel 1.56 1.77
(half hard)
UN-type 302 stainless steel 1.7C 2.88
(annealed)
UN=V=-15% Cr-5% T 2.80 0.53,
UN-Mo 3.12 0.90,
{N-Cu 5.40
UN=1100 Al 12.3 1.39

®Pien's co.relation (ref. C. L. Tien, "A Correlation for Thermal
Contact Conductance of Nominally-Flat Surfaces in Vacuum," pp. 755739

in Thermel Conductivity, Proc. 7th Conf., Nat. 3ur. Std. Tech. Fubl.
392, ed. by D. R. rml!!andn. A. Peavy, Jr., National Bureau of
Standards, Washington, D.C., September 1%.8.)

bhhtivc m values for the foils vere compuied from the relation-
ship

= 9D,
vhere
y » rms surface roughness, ca, and
D = relative density of ridgec (Tudble 1), lines/cm.
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Further examination of Fig. 22 and Table 3 suggests that the off-
sets are related to the hardness of the interrace materials. Since this
trend also holds for 11 of the 12 sets of data used by Tienl? (Figs. 1
and 2 of Appendix B), further examination of the variation is warranted.
Rearranging Tien's correlation equation yields

d
)4 H R
¢ bA.-B .

The experimental data fram this study can be described by equations of
the form

R, = A/c® (8)

vhere 0.8 S 5 =<1.4. Tien's correlation assumed the exponent 4 to be
common to all interfaces; therefore, a common vialue for 5 must be chosen
before proceeding. As previously mentioned, the differences between
esmpirical 3 values are nct very significant; therefore, for simplicity's
sake, ve assume 5 = 1.0 for all interfaces. A new A value for each foil,
4', [Eq. (8)] can then ve calculated, and the variation in A’ should be
consistent with Tien's correlation. Sfince the most accurate Rc data

are the values for low stresses, we computed the A’ values for the
lowes® stresses available for esch run. Substitution of Eq. f8), with

8 =1, into Eq. (9a) yields

A = I (W) , (10)
blnlg

anmd, since 7\‘ and 7 values are svtilable for most foils, we would expect

The most important feature shown in the hardness plot in Pig. 23 is that
the dats roughly follow the equation

A’A
]

=+ B8H . (11)




31
ORNL-0NE T1-90%
!
o un
22 --
e Mo
20 4
13 re
|
Kig /y = 21.53 (320.54 W)
"

V-t3% Cr-2% Ti ®

// i

A /y (kg/mat)
>
|

(NALF HARD)

/ e TYPE 302 STAINLESS STEEL

R

/ & TYPE 302 STANLESS STEEL
/ (FULL MARD)

7

1 TYPE 302 STAIW.LESS STEEL
(AXNEALED)

0s

Fig. 23. Effect of Foil Hardness (7HN) on the Parameter

200 300 400 500 €060 700
HARONESS (ka/mm?)

r
A }m

¥

The presence of an intercept was aisc ccnsistent with the results for
the UN-In interface, which indicated that Rc did nct approach zero for

a very soft foil.

Individual points are scattered about the line for the least-squares

A’
_7_2 = 21.53 (320.5 + H) ,

(11s)

by as much as +55%, but Eq. (9a) indicates that this difficulty might be
rms slope factor, m. The relative m valves for

due to neglecting the

the foils shown in Table 3 can be used to test this hypothesis.
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the deviations tor individual points in terms of a miltiplication
factor, f(m),

A’A
—7—' = £(m) (a +B8H) , (11v)

we would expect

fcn-g

where g & 1.0 (Tien). Figure 24 shows that for five of the six interfaces

f = 4.107 X 1072 w0-750 (12)

'this observation indicates that the demsity of contact points is an

important parameter for UN-metal interfaces, and the exponent g is
reasonably close to Tien's estimate.

ORNL- DWE 71-9013
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Data for the sixth interface, that between UN and full-hard type 302
stainless steel, do not follow this trend. This aunomaly might possibly
be related to additional contact area caused by elastic deformation.

This work-hardened foil was also very smocth (Teble 1), and, under these
conditions, plastic flow might not have been responsible 1or all of the

contact area.
However, a modified form of Tien's correlation gives a rea:sonahle

description of most of the data:

0.884 y(320.5 ~ H) (13)
575

vhere ¢ is :n kg/me?. The value of b (0.884°1) [Eq. (9)] is just over
a factor of 2 larger thar the b obtained by Tien (0.55), but inclusion
of a second copstart [ in Eq. (11)] teads to offset this difference.
The two correlation equations would thus be in good mumerical agreement
for hardness values around 300 kg/mm?, and this agreement means that the
Rc data for UN-metal interfaces are also roughly consistent with the
results of the experimental studies used by 7Tien.

Deviations of the smoothed R data from Eq. (13) a2 shom in
Fig. 25. Relative mis slope values were not available for the inter-

faces of UN with indium, corper, and UN, but data from these runs are

also roughly consistent with Eq. (13). Values of y/m®'7° for the three

interfaces were caiculated from Eq. (13) and found to lie within the
range of 7/m®-7° for the other six interfaces.

Once a correlation ithat describes most of the 1 data has been
obtaincd, it i3 instructive to consider itow much theb':ar;-:us ractors
affec: the R of UN interfaces. If we choose the interface o UN with
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320.5 + 649 _ 3 oo

H: =357 = .

for indium and UN, for a maximum hypothetical materials factor of 5.8.

The surface factor is more complicated. Deta for the interface of UN

with UN indicate 7/m®-7% x 6.55 X 10™%*. Two mating surfaces with

y =1.27 X 10°¢ cm and m = 0.1 (ref. 20) would procuce 7/m% 7% = 1.0 x 10~3
or an improvement by a factor of 65. Surface modifications thus appear

to offer a more promising method for reducing Rc, but routine production
of high-quality mating surfaces would not be cheap or easy.

CONCLUSIONS AND RECOMMENDATIONS FOK FUTURE WORK

Analysis of the experiments performed in this study leads to the
following conclnsions.

200, L. Tien, "A Correlation for Thermal Contact Conductance of
Nominally-Flat Surfaces in Vacuws,” pp. 755759 in Thermal Conductivity,
Proc. 7th Conf., Nat. Bur. Std. Tech. Publ. 302, ed. by D. R. Flymn
and B. A. Peavy, Jr., National Jaureau of Standards, Washingtcnm, D. C.,
September 1968.
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1. Thermal contact resistarce decreases as the compressive stress
at an interface is increased. Over limited stress ranges, the decrease
can usually be described by an empirical equation:

_ (o)
Rc = A/o

where 5 = 1.0. Data obtained over a larger range of compressii. stress
would be useful for testing thii: equation, since the results of tais
study suzggest that the exponent & decreases at high stresses.

2. At the temperature levels used in this study, P'c decreases
slowly with increasing temperature. Further investigation of the tem-
perature dependence is needed, and it would be particularly interesting
to obtain Rc data at tke knee of curves for hot hardness versus tempera-
ture. Such an experiment could most readily ve carried out by choosing
a foil material that scftened rapidly near room temperature. Tin, lead,
and their alloys are likely candidates for this study.

3. Hysteresis was found to be significant for the 1100 aluminum
and copper foils; the Rc values decreased with time at stress and maxi-
mm stress level. A more Juantitative understanding of these changes
is greatly needed if successful R predictions sre required.

4. Other factors that affec; Rc seem to be roughly consistent with
Tien's ccrrelation, but a broader range of experiments would be useful
in determining the range of vaiidity of this correlation. In particular:

(a) The observaiion that R_ did not approach zero for the softest
foils should be investigated further. Factors that prevent complele
solid-solicl contact are obviously importeat for practical applications,
and identification 2f those factors might lead to significant improve-
ments in the performance of fuel elements.

(b) Thermal ~onductivity does not appear to be a very critical
parameter, but this cbservation shculd be checked by additional experi-
ments on low )«. interfaces such as those between UN and Teflcn or UN and
glass. The validity of the ). average ghould also be investigated, since
)\. may not apply wvhen surfaces with significantly different rms rough-

negses are involved.
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(c) Surface characteristics seem to play an important role and
should ve investigated on a more quantitative basis. In particular, the
large improvements in R values suggested for high rms slope (m) sur-
faces should be checked experimentally, and, if these are confirmed,
practical methods for producing high m surfaces shouid be developed.
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Table A-1. Thermei Contact Resistance Data for Interface
of UN and Indium

8 , ®3:°C Campressive
(}:’.") rq;éu)':un RZ/!Z’b ) §c‘ ‘ R . ) Stress Semarks
deg om° W ') ‘deg om’ W' ‘pei
1 34.52 1.15 3. % <76 2
3 &4.00 1."¢ 2.7 3.5 g S Resligwd colam:
loaded %o 10C pe!
before talkiar dats.
5 20,24 1.7 2.9 3.2C g
6 43.92 1.09 3.73 3.29 &%
7 47.7N 1.02 1.28 1.95 L
17 47.78 1.00 1.72 1.7 L3 12.€¢ decresse in
12 dows Snems)i.
zed lest 3 poimts
by this amounmt.
19 49.27 0.98 1.40 1.9 by,
21 52.72 0.82 0.6 2.67 115

¢ -om beginning of run when losd first applied.
bht'.lo of two independent Rc values.

Tairle A-2. Thermal Tontact Resistance Deta for Interface
of UN and 110C Aluminum

y Y s0°C Coupressive
(_2&) uq;:;zn,re R:/R:O R, ‘c ) ot " \
-aeys (deg cm? W) (seg @’ W) (pss)
1l 42.25 1.20 3.92 e 2% Bo high stresses prior
tH this seesurenent.
7 53.73 0. 9% 1.60 1.64 62
8 50. 59 0.84 1.41 1.42 73
924 Stress raised to
7:00 psi and veleased.
25 58. 89 1.01 0.421 0.448 23)¢
28 57.83 1.10 0. 559 0. 590 164
2941 Stress reised to
6200 psi wnd released;
specimnn moved slightly
after all losd removed.
42 48.57 1.01 5.02 T 4 29%¢
49 51.23 0.9 3.20 .23 62
50 53.92 0.7 2.64 2.71 73%
52 57.73 0. 34 1.69 1.78 133¢
53~76 Stress raised to
$700 psi and reloassd.
T 58.38 1.03 0.739 0. 783 1489
78 57.53 1.15 0. 960 1.911 11906
91 51.40 1.12 2.65 2.68 296
92 61.95 1.19 2.27 2. &S 296
296

9% 34.16 1.06 2.10 1.90

[

T £ &t il oee B g by By b




T — T

BLANK PAGE




40

Table A-3. Therml Contact Resistance Data for In‘erface
of UN and Copper

(eaye ' '(.,..,.'m ";l‘l:' : 'c; - ‘e :c. ‘ m". emmrns
gz o ¥ dog c=” W) ‘pai)
1 &0, 22 | P R e e
z L3, PRRY LI LI v
3 “ye2 L & L L 1. & 241
¢ &).¢a PR 163 7ed2 g
7 o2, M A 1, # ). »» “
8 <317 1.7% 2.3 e =
» &8 L5 .71 i e 2.%% oo 3
) 12] AN ) '.r LIS 3 . Y g
b 1 &, % .11 Lo s tre
| 79 &9, 22 o b § 2.™ 1% 4
&3 50y 1.1} e e 252 ra
1 401,49 5. M 1.5 1.7¢ ™
2% 9,85 A 1.7 .m ux
26 Nress raised >
SO i and relrased.
L(] ‘.. Tt 3.4 e} 7 L1202
38 5,6 1.2 1.1 1. L3 3
¥ WA .37 &, o 5. 0 2%
&2 2.9 3, 4% .94 ) PRA Y ¢
i) &Y. 1, 29 1.2 o, ¥ 127
&% 7.1 9, ) Q, S84 Ael1) b ¥
Lot 2iress reised to
40 psi and reicesed.
€7 *), (%} G 2 5, Qe L85
7 ¢, 27 1.11 C. % 2, Lt 1024
‘n “2,24 1.1¢ G, G, ‘") G
T 8, .17 0,14 £. 8 ppsd
n & N .19 o, 12? 6,97 TG
7 53,04 1.2C 1.3¢ 1.Y7 g7
8 *3.1° j.20 2.8 2.8 23}
L %0, % 1.19 3.2G 3.21 %
o €l.4) 1.23 321 ).&7 2%
s 0, % 1.17 3. 44 3.7y %
91 M, 41 1.1% 2.7 Z.47 g
% 4&8.10 1.17 1. ). 9t
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Table A-4. Thermal Ccntact Resistance Deta for Interface
of UN and Amissled Type 1302 Stainless Steel

... . A L of m!ﬂ
eﬂh M?«N !r-’t;‘ ‘c_ te o Nrese hemarks
N “1.&Y) 1,97 . t)? A | A1 » &
1 .- # . Tl BIRAE | €29
[ ¥4 i T Lo e s,y 1
1< v 6} T M 1. » e a)
i T R . 1, - &) Lo
fr 8 & % U | s B T et
r ).y Y 2 Le} w2 <27
b3 e, ) o - 3§ s Yy
e s 1.8 ot R, v
(rig. 1)
L PN { B 5/ 1. % b Y B £ W lewpersture
Sirig. L)
&S 2, - oW 1.3  \o el R w
Crrg. LY
= | Ll 1. 1.2¢ a7 ’C(“ :
rig. 1
Takle A-5. Thvi;mal Contact Resistanice Data for I“terface
of UN and V-13% Cr—-%¢% Ti Alloy
. T m‘*
!““, ""‘3“"" L ‘c. » i _ Rress Mrenrks
oy ‘dag on’ ¥°7)  ‘deg om W"}) (yei)
1 &“. L8 2.7P 1.9 11. 42 &N
p Nrest reisd o
130 poi rad relonsed.
3 «f,¢7 5. 8L %, &4 ey 7 4 ¥t
o €7, )4 .32 1.1k | B €l
» 1 A .25 . 1. 1c &n
2 &}. # 1. 1.2 £.41 o7~ £4
£3 Rree: ruised to
&40 pei ard relensed.
Ly 2. %) o . i lc(n tm’
attempt
L) 28.¢5 1.7 13.9¢ 7% 'e vS tempireture
(utteomge )
L) e, 3.2) 1.2 2% ‘c R COmpereiuore
(kP
&b e L .22 1.2 g 2 Ic v tempersture
{attemyt )

o et _;.;sss‘?"nq




Table A-5. Thermal Contact Resistance Data for Interface
of UN ard Half-Hard Type 302 Stainless Stleel

Time RO /pre LA R cu::.m hesaris
(mge)  (*2) €7 (aeg ca? V')  leeg ca? V") (pet)
1 Stress n ised to
5100 pss end released.
2 ‘2.3 0.8 0. 828 Z. 841 I8
b | 72.48 1.14 7.7 2.0 296
3 2. & 1.9 1.15 1.17 1792
Pl

51.28 °.N 0. 587 C.8% B >o) |

Table A-7. Therml CTontact Resistance Data for Interface
of UN and Molybdenum

Time =~ Tompamster  pome k, Bee v Remarks
(dage) t*c) €7C  (aeg cu’ ¥°!)  (Geg m? V°?) fpes)
=2 Nress raised to
4600 psi snd relessed.
b | o6L. 56 A9 Q. .62 30
9 9.» 1.13 2.9 .01 296
19 .44 1.7 1.4 Y 121
1 8.9 0.9 1.0 112 173
12 @.¢9 0. 0,824 e 2%

Table A-8. Thermal Contact Resistance Data for Interface
of UN end Full-Hard Typz 302 Stainless Steel

n Touperet '9°C Compgressivs
(m) "C) .a,c.;e ‘e '; Stress Resar'xs
' ¢ (dog ca’ V") (deg o W°!) (psi)
 § st es raised to
3500 pi! and relessed.
e $3.™ 2.1 1.0 1.16 1598
) . 3 0.2 1.08 1.1 2010
¥ 20.40 O, % 6. M 8.09 29%
¥4 . 1.1? 1.7 1.8 13%9




Resarks

(psi)

Comgressive

50°C

Thermal Contact Resistance Data for Interface
of JN and UN
(deg cm? W"1) (deg cm? W~1)

0 90
RCIRC

i)

Temperature

Table A-9.

Time

(ays)

reseated specimens.
Stress raised to
5300 psi
Strass lowered to
2300 psi

2saligned test column;
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A Correlation for Therms] Comtact Conductance of
Bominally-Flat Serfaces im 2 Vacuum

C. L. Tien!

Univerzity of Californis
Berkeley, Califormia 94720

A sami-empirical correlation for the thermsl conductance of nomimally-flst
surfaces in s vacuum has been proposed in terms of three dimeasionless groups, which
characterize, respectively, the thermal comtact coaductance, the comtact pressure,
dvd the surface irregularities. The proposed correlstiosn is showm to be supported
quantitatively by previous amelytical and experimentsl investigatioms.

Xsy Vords: Thermel comtact comductance, thermsl contact resistence,
thermel conduct\vity, "eat comduction, hest trsasfer,

l. Introduction

The problem of thermal comtact conductance has received coasidersble attention in recent years.
Comprebensive surveys of litessture om the subject can be found in referenccs [1,2,3,5.‘2. In particu-
lar, signiricart progress hes b2en made tovard a gquantitative anslysis of thermal contect conductasce
in & vacum enviromment. Not only is the study of thermal contact conductance in a vacuum of great
importance in the thermal design o spacecrafts, but also it serves as a logicsl starting point for the
analysis of the sore complex problem involving interscitial fluids. Indeed, impressive analyticsl
grount=sok has been laid down by Clsusing and Cheo [1,5]) for mecroecopic comstriction resistance due to
surfecs vaviness or flatness devistions, and by Yovanovich and Penech (6] and Mikic and Rohsenow (7]
for microvcwypic constriction resiscance dae to surface roughness of nominally-flat swfaces. Receat
analytical sttempts alisc considered the conbined effect of surfece roughiness and vaviness upon the
oversll thermal vontact resistance [7,8]. On the other hand, s vast amount of experimental informstion
bhas become avaiiable in recent yesars. Hhile further anslyticsl and experias.'al works are needed, the
present state of knovisdge seems to have reached such a stage that a workable engineering correlation
sould be constructed for the thermsl contast conductance in & vacuum.

L
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The prvsent pager is to estsblish a correlation for the tharmal contact conductance of nominally-
flat mstallic swfisces 1in & vacuum envircament. Accordingly the effect 5f surface vaviness of flatness
deviations is neglected. The corrélation, which i_ beswl on sirple dimensional consideration, comsists
| of three iimsnsionless groups charactericzing respectively the thermal contact conductance, the contect
pressure, and the surface irregularities. It is chown that the proposed correlation is in quantitstive
sgreemsnt vith previous amalytical and eiperimstital results.

2. Lisensional Oonsideration

Consider two sia’'la. petals of rcxinally-flat, rough surfaces in contect i:a & vacuim. Jor dfssimi-
lar mstals, it is customary to proceed. as in the cass of similar mstals except for the replacemsnt of thw
metaV' ¢ physical property by the harmomic msan of thoss of the dissimilar metals. I® is possible,
however, to have other complicstions such as directiomal effects {9] in the case of dissimilar metals.
Por this reeson, discussions in the present papur vill be restricted to the case of similar metals.

The rough surfaces under zonsiderstion are nomimally-flat so that there ~xists no largs-scele wavinses

LY P G Vet L PR g Sl TR ST Y A L PR T Y L A

Lpssociate Professar of Mechanicsl EBngineering

2719::: in brackets indicste the literature references st the end of this papsr.
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veristioa of dats trend ai large val:es of (p/n
dus t0 & change of deformatiocmn charscteristic fros

choched qualitatively from the data
follows wat all investigations except for
to 0.13, or in terms of sngle, from 1/2 to
owrface charecterization stulies [19]. e

50

) in some series of date (notabiy, CC, and HA) could be
plastic to elastic range [6].

A

Prom their smalysts (7], Mikic and Rohsenovhave cbtained g=1i in (5). This power dependence on
maqo-um.aupdmvxumumwcdm. This functional form may also be

presented in figures 1 and 2. Assuming g = 1 snd 4 = 0.85, it

CC. have surfaces vith a rms slope a in the range froms 0.0l
degrees. This seems tO agrze qualitatively vith other

value of m for CC, data is extresely small (m = 0.0001),

dmowuwwummmitmmtedo .
Vith given values of g and &, toe coeTelation can nov be established from the experiamental infor-

astion. It is thus proposed the following correlsat

flat sstallic suwriace in & vacum}

ion for the thermal contact conductance of nominally-

0.85
ho P
(T) = 0.5 m (i')

(7

7he ebove correlstion differs slightly from the amalytical result of Mikic and Rohsenow [7], but appears
to be in better agreeman® vith existing experimental iaformstion.
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Pigure 1. Thermal comtact conductance for
noninally-flat surfaces in a vacuwuu

(data group 1).
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Pigure 2. Therms]l contact conductance for

aonimlly-flat surfaces in & vacuum

(data group 2).
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