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Abstract—The thermal conductance of uranium dioxide/stainless steel interfaces has been investigated
in a disc-type apparatus under vacuum and with different interface gases (helium, argon, neon), and
ranges of surface roughness ([11-1417] x 10 cm, arithmetical mean height measured from Talysurf
profile records), interface gas pressure (7-1226 mm Hg), contact pressure (0-570 1b/in?), mean
interface temperature (55-410°C), and heat flux (1-5-5 cal/s cm?). To obtain consistent results, the
contact faces of the 2-cm diameter specimens were lapped optically flat and then roughened to a con-
trolled amount. The thermal conductance is the sum of the solid conductance through the small areas
of true contact, and the conductance through the gas in the interface (thermal radiation made a
negligible contribution). The experimental values obtained for the solid conductance were of the same
order as that predicted by the theory of Cetinkale and Fishenden. It was found, as expected, that the
solid conductance between uranium dioxide and stainless steel was very low, owing to the hardness
of the materials and the poor thermal conductivity of the uranium dioxide.

Predicted values of the gas conductance, based on several simple geometrical models of the rough-
ness, and allowing for accommodation effects in collisions between the gas molecules and the surfaces,
have been compared with the present experimental results and with other published data. In nearly
all cases the measured conductance is within a factor two of the predicted value, which is considered
to represent good agreement in view of the very wide range of variables covered by the data and the

inaccuracies inherent in this type of measurement.

NOMENCLATURE A,  mean free path of gas;
cross-sectional area; o, yield stress.
peak-to-peak surface roughness;
wavelength of surface roughness; Subscripts
effective fluid gap width; 1, 2, solids in contact;
fluid gap width; m, harmonic mean;
temperature jump distance; ¢, contact;
conductance/unit area; d . s
thermal conductivity; e} , With r defined in Fig. 4;
dimensionless parameter; £ fluid;
number of contact spots per unit area; 5, solid;
apparent contact pressure; t, total.
radius;
temperature; INTRODUCTION
conductance; ONE of the factors involved in predicting the

Prandt] number;

bt/zg

hy/d 1 . .

4k b, dimensionless parameters;
wky re

accommodation coefficient of gas;
ratio of specific heats of gas;

performance of canned uranium dioxide fuel
elements is the heat transfer coefficient between
fuel and can, and the dependence of this co-
efficient on surface roughness, contact pressure,
and interfacial gas. Theories have been put
forward for estimating the value of the heat
transfer coefficient across various interfaces
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based on the thermal and physical properties
of the materials involved, but few experimental
data have been published for hard materials and
poor thermal conductors such as uranium
dioxide and stainless steel. It was therefore
considered necessary to measure the heat
transfer coefficient across stainless steel/uranium
dioxide interfaces and to compare the results
with theoretical predictions.

The subject of surfaces in contact has been
extensively studied from a variety of points of
view. The best overall reviews are by Holm [1]
and by Bowden and Tabor [2]. A review of
literature on heat transfer between metals in
contact by Putnaerglis [3], whilst of limited
value as an assessment of the state of knowledge,
indicates the complexity of the problem and
provides an extensive bibliography. Several
workers have contributed to a theoretical
analysis of the problem, in particular Cetinkale
and Fishenden [4], Fenech and Rohsenow [5],
and Laming [6], but their results are of limited
application for reasons which will be discussed.

Qualitatively the mechanism of heat transfer
is well understood. For relatively large conform-
ing surfaces, such as two flat surfaces as used in
the present investigation, the solids are only in
contact at discrete points, and the total area of
contact is only a small proportion of the total
cross-sectional area, provided that the contact
pressure is much smaller than the hardness.
Over this contact area the full thermal and
electrical conductivities of both materials are
developed, and heat is transferred by solid
conduction. Over the remaining area, heat is
transferred by conduction in the fluid filling the
space between the solids and by radiation,
convection making a negligible contribution in
practical cases. The contribution of radiation can
be calculated in a straightforward manner, [4],
and added to the calculated fluid and solid
conductance. In most practical cases this contri-
bution is negligible and will not be discussed
further.

EXPERIMENTAL WORK
Description of apparatus
The general arrangement of the apparatus
used in the investigation is shown in Fig. 1.
1t consisted of a central column, 2 cm in diameter,
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containing two uranium dioxide/stainless steel
interfaces. An electrical resistance heater was
housed in the top half of the central molybdenum
rod, and heat flowed down the rod through the
stainless steel disc (2 mm thick), the uranium
dioxide disc {5 mm thick), the lower stainless
steel disc (2 mm thick) and the copper rod which
was water cooled. This column was surrounded
by an outer guard ring assembly designed to
eliminate radial heat losses. The outer guard
ring consisted of two copper cylinders and a
stainless steel cylinder, their thicknesses being
adjusted to give a similar axial temperature
gradient to that in the central column. The guard
ring had its own resistance heater wound round
the upper copper cylinder, and the power input
to this heater could be varied independently of
the central column heater. The voltage supplied
to each heater was adjusted to a suitable value
by means of variable output transformers from
stabilized mains. The guard ring was surrounded
by a shield, designed to minimize heat losses
by convection and radiation, and the test
apparatus was enclosed in a steel housing which
could be evacuated or filled with any desired
gas, water-cooled rubber sealing rings being
used at the upper and lower flanges. Interface
contact load was applied through a lever system
sealed by a flexible bellows fitted on the top
cover plate, and a Nimonic sphere. Ali thermo-
couple wires and heater supply leads were taken
out of the apparatus through wax-filled gas seals.

The location of the chromel/alumel thermo-
couples (38 s.w.g. wires) used for measuring
axial temperature gradients down the guard ring
and central column assembly is indicated in
Fig. 1. The molybdenum rod contained eight
thermocouples positioned at 1-cm intervals § cm
deep, in a spiral down the axis of the rod. The
upper and lower stainless steel discs contained
two thermocouples each, positioned at the mid-
plane, diametrically opposed, and the uranium
dioxide sample contained four thermocouples
positioned at 1-mm axial intervals in a spiral.
The lower copper rod contained seven thermo-
couples positioned at l-cm intervals in a spiral
down the axis, and the outer guard ring con-
tained a further nine thermocouples placed at
suitable points in the copper and stainless steel
cylinders.
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F1G. 1. Test apparatus.

Preparation of test specimens

Initial experiments carried out on surface-
ground stainless steel and uranium dioxide
samples resulted in large differences in the
temperatures indicated by the two diametrically
opposed thermocouples in the stainless steel
discs, and in very uneven temperature distribu-
tion down the uranium dioxide disc. These
observations were attributed to non-uniform
heat flux distributions at the interfaces caused by
the surfaces having deviations from flatness,
which were large compared with the surface
roughness, resulting in contact over only limited
areas. Previous results could not be repeated
when the same specimens were re-assembled,
and the influence of changes in surface roughness

and other factors could not be resolved. To
overcome these difficulties the contact surfaces
were first lapped to optical flatness, within one
light wavelength (11-6 x 10-% in), and then
roughened to a controlled degree. The dif-
ferent surface finishes were obtained with the
following abrasives:

Uranium dioxide: 120 Carborundum, IF
Carborundum, 3-micron diamond, polished.

Stainless steel: 120 Carborundum, 302 emery,
3-micron diamond, polished.

Some of the surface finishes obtained by these
abrasives are illustrated in Fig. 2, and the
surface roughness of each sample is given in
Table 1, the traces being obtained with a
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Fi1G. 2. Typical surface profiles of the samples.
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Table 1. Test programme showing combination of surfaces and interfacial gases

|
Uranium dioxide Stainless steel ' Vacuum  Argon Helium Neon

No. Surface by, cm ¢y, M Surface by, cm Cs, €M ‘ 10~ mm Hg

1 i 120 Carborundum 1386 x 10—% 1-53 x 10-*| 120 Carborundum 942 x 10-® 0-79 x 10-%| X X —_ —

2 120 Carborundum 1386 1-53 3-micron diamond 50 013 X X X —

3 120 Carborundum 1386 1-53 302 emery 356 0-37 4 — — —

4 3-micron diamond 40 0-16 302 emery 356 0-37 x X x —

5 1F Carborundum 614 0-4 120 Carborundum 942 0-79 X X x —

6 IF Carborundum 614 0-4 3-micron diamond 50 0-13 X X X —

7 | Polished 16 0-18 Polished 6 01 X X — X

8 120 Carborundum 2000 1-21 120 Carborundum 834 0-60 X x X X

9 120 Carborundum 2000 1-21 302 emery 356 037 X X X x
x = tested

Talysurf surface analyser. Each surface was
thoroughly cleaned before assembly, and care
was taken to ensure that no loose grit or dirt got
into the interface during assembly of the
apparatus.

Test procedure

When the apparatus had been assembled with
a selected combination of surface finishes on the
stainless steel and uranium dioxide discs, a
known contact pressure was applied to the
central column and the chamber was evacuated.
Power was applied to the guard ring and central
column heaters, and a constant flow of cooling
water passed over the lower copper rod. The
assembly usually took 2-3 h to attain steady
temperature conditions, but intermediate tem-
perature checks were taken during this period,
and if the guard ring temperatures differed from
the corresponding temperatures down the central
column, the power input to the guard ring could
be adjusted accordingly. When steady state
conditions had been attained the temperature
readings at all points were measured by means
of a potentiometric indicator. The procedure
was repeated for other values of the power input;
a typical set of test results is shown in Fig. 3.

From the known thermal conductivity values
of molybdenum and copper at the appropriate
temperatures, and the associated temperature
gradients, the heat fluxes down both rods could
be calculated. For the range of tests covered,
these calculated heat fluxes agreed to within
5-10 per cent, and indicate the effectiveness of
the guard ring assembly in minimizing radial
heat losses. Once the thickness of the copper and
stainless steel cylinders forming the guard ring
had been established during preliminary test

runs, no trouble was experienced in obtaining
the required temperature levels by adjusting the
power input to the heater. Some typical guard
ring temperature distributions are included in
Fig. 3.

The calculated heat flux down the molyb-
denum rod was used to obtain the temperature
gradient down the stainless steel discs, and from
the known centre temperatures of the steel discs
the temperature at the contact surfaces could be
determined. From the temperatures at four
positions in the uranium dioxide disc the
temperatures at the surfaces were obtained by
extrapolation of the linear gradient. Hence the
temperature drop at each interface was deter-
mined, and the heat transfer coefficient or
thermal conductance at the interface could then
be calculated. The procedure was repeated for a
range of values of power input, and with helium,
argon or neon gas filling the test chamber.

Nine combinations of surface roughnesses
were investigated (see Table 1) the arithmetical
mean height of the surfaces measured from
Talysurf profile records ranging between
11 x 10-% and 1417 x 10-% cm.

The effects of three interface gases (helium,
argon and neon) were investigated as well as
vacuum, the gas pressures ranging between 7 and
1226 mm Hg.

Interface contact pressure ranged between
0 and 570 1b/in?, and the heat fluxes ranged
between 1 and 5-5 cal/s cm?, the mean interface
temperature ranging between 55°C at the lower
interface and 410°C at the upper interface.
The maximum value of heat flux, and hence
interface temperature, was governed by the
maximum operating temperature of the electrical
heater windings.
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Fic. 3. Typical temperature distribution.

Accuracy of test results

The thermal conductance of an interface is
derived from the estimated heat flux and tem-
perature difference across the interface, and
the accuracy of these measurements in the
present investigation will now be briefly
discussed.

A statistical analysis was carried out on a
random selection of test results, and showed
that for 95 per cent confidence limits the surface
temperatures of the uranium dioxide samples,
estimated by extrapolation of the gradient in
the sample, were accurate to -2-7 degC.
Similarly, the surface temperatures of the
stainless steel discs were accurate to +1-8 degC
and the temperature differences at the interfaces
were therefore accurate to 4-3-2 degC. This is

large compared with the measured temperature
differences with helium as the interfacial gas,
and accounts for the scatter in results at low
heat fluxes.

In calculating the heat fluxes down the
molybdenum and copper rods, the thermal
conductivities at the appropriate temperature
were assumed to be accurate to =5 per cent,
and analysis of the temperature gradients down
the molybdenum and copper rods showed that
these were accurate to +4-80 and +4-97 per cent
respectively. The estimated accuracy of the heat
fiux values is therefore approximately -7 per
cent, and as previously mentioned the agreement
obtained between the calculated heat fluxes down
the molybdenum and copper rods was within
these limits.
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THEORETICAL TREATMENT

Surface contact

When two surfaces are brought together, they
come into contact at only a number of discrete
points. The distribution of these points of con-
tact clearly depends on both the accuracy to
which the surfaces have the same overall
geometry and the type of surface roughness. The
following discussion is confined to surfaces
which, over the contact area considered, conform
to each other to an accuracy of a small propor-
tion of the larger peak-to-trough roughness. In
practice this is achieved by either machining the
surfaces to the same shape or making one of the
surfaces sufficiently flexible and deforming it
into contact by pressure. It is in fact difficult to

nohi +hi nifarmi
acnieve wuis UUhGrudty of contacts unless very

special precautions are taken. Ordinary machine
tools do not produce surfaces geometrically
accurate to the same order as the surface rough-
ness. Although a surface may be flexible enough
to deform into contact over the area in general,
it may still be stiff enough to form “bridges”
large compared with the roughness. This is a
serious limitation of much experimental work
and will be discussed later. Many parameters
are required to completely specify the roughness
of a surface. The surface is examined by taking
profiles in various directions across it. The usual
parameter quoted is either the average or the
r.m.s. value about the mean line, but for
the thermal conductance we are interested in the
average wavelength, or spacing between the
major peaks on the surface, ¢, and the mean
height between major peaks and troughs, b.
Usually ¢ is of the order of 10b. Most surfaces
in practice are ridged, i.e. ¢ varies with the
direction in which the traverse is taken.

Solid conductance

Solid conductance is the sum of the con-
ductances of all the contact spots. Meaningful
experimental results will only be obtained if the
contact spots are all of the same order of size,
and uniformly distributed over the area in-
vestigated. The number of points of contact
and their distribution has been discussed in
detail [1-6]. In most experimental work, the
roughness has been produced by machining
either regular ridges [4-6] or pyramids [5] on
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flat surfaces. For artificial pyramids in contact
with a flat surface, the number of contact spots
per unit area, n, is defined. For systematic
ridges, Laming [6] used

n="n? )

€16y

where ¢ is the angle between the direction of the
ridges, but found that ¢ has little effect. The
probable explanation of this is that the crests
of the ridges on the rougher surface have
irregularities of the same order of size as the
irregularities on the smoother surface. Since no
special precautions were taken about the flatness
of the surfaces these results are suspect, par-

aely at Tawy cantant meacouirae Fanaph
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Rohsenow [5] use the surface profiles to deter-
mine » for various amounts of overlap, but do
not take changes in profile due to the deforma-
tion of the peaks into account.

In the present work, the roughnesses investi-
gated are isotropic, i.e. they show no systematic
variation of profile with direction and are of
relatively small height. With the careful method
of surface preparation and relatively low contact
pressures used, the number of contact spots is
determined by the peaks on the rougher surfaces.

A line traverse of this surface is unlikely to
include a peak, but it will include a major
undulation for every peak inside a strip of width
2re, where r, is the average “equivalent” radius
associated with each contact spot (Fig. 4)
given by

1
n :————2
ar,

o, number of peaksfunit length of traverse

= = = 2ieh

~“ic 2

Small undulations will tend to be neglected and

this estimate of n will only be approximate,
When an apparent contact pressure p is

applied to the interface, the area in the softer
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FiG. 4. Idealized contact spot.

material around each contact spot is plastically

deformed until
contact area /7 apparent pressure p 3
total area  r¢  indentation hardness’ @)
This enables the average radius of a contact spot,
Fe, 10 be estimated if the indentation hardness is
known. The choice of the value of indentation
hardness to use is discussed in the Appendix.
The heat flowing through the area radius r. is
drawn from a cylinder radius rg in the body of
the material (Fig. 4). This constriction of the
heat flow gives rise to an additional tempera-
ture drop in the solid. It is a standard result,
discussed in detail by Holm [1] and reproduced
by Cetinkale and Fishenden [4], that this
constriction effect can be expressed as

conductance of one spot u
heat flux
~ additional temperature drop
2rreks
= @i [(ra— rorel

4
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- 4rks for rqg > re. (5

If there is a temperature drop on each side of the
spot in materials of conductivities kg and ks,
and

2 1 4 | 6
kom — k" ks ©®

then
— W?'cksm (7)

tan T ea — rorsy
1t follows from equations (2), (3) and (7) that
conductance/unit area = A; = un

™ Ksm ( p )
%ﬁf}u indentation hardness ®)

tan—! @:7 e

¢

ks 4 ). :
T (indentati&h’ hardness)* " > *

Fluid conductance

In calculating fluid conductance, three factors
have to be taken into account: (a) the “accoms-
modation” effect of gas molecules contacting a
surface at a different temperature, and only
acquiring part of the temperature difference, (b)
free molecule conductance when the gap be-
comes of the same oider of size as the mean free
path of the molecules, (¢) non-uniformity of
the gap.

The first two effects are fully discussed by
Kennard [8]. Firstly he shows that the accom-
modation effect can be considered as increasing
the gas conduction path at each surface by a
“temperature jump distance” g given in terms
of the mean free path of the gas A by his equation
(238b) which may be rewritten

g 2 2—a_ vy
ATPY a Sy @
where P is the Prandtl number, o is the accom-
modation coefficient, v is the ratio of specific
heats.

Secondly he considers the case when collisions
between molecules can be neglected. When the

accommodation coefficient is the same at both
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F1G. 5. Idealized surface profiles.

surfaces it can be shown, from his equations
(242a, b, ¢), that the effective width of gap of gas
of normal conductivity is 2g where g is again
given in terms of A by equation (9). The values
of A and conductivity used must be those deter-
mining the diffusion of molecules into the gap.
When the gap is sufficiently small over only a
small proportion of the total contact area, it is
the conditions in the adjacent wider sections
that are relevant. If however the gap is small
everywhere, it is the conditions outside the gap
that must be used. In the present experimental
work, the guard heater arrangement ensures
that conditions immediately outside the gap are
similar to those inside.

The type of non-uniformity of gap width to be
expected can be seen from the typical surface
profiles in Fig. 2. For the purpose of calculating
this effect, several idealized variations of total
gap-width f with traverse direction x have been
assumed. These are shown in Fig. 5. f varies

from zero at the contact points spaced at
intervals ¢ to a maximum of b, = b, + b, where
b is the mean change in height between the main
peaks and troughs on the surface profile.

At any point the effective gap width is f 4 2¢
assuming the same accommodation coefficient
at each surface. A mean effective gap d can be
defined in two ways: firstly as the simple
average of f + 2g, or secondly, since the local
conductance is proportional to the reciprocal of
the local gap and the sum of these conductances
in parallel is required, as the reciprocal mean
reciprocal (r.m.r.) value. Two types of surface
have been considered, firstly ridges having
idealized profiles in a direction perpendicular
to the ridges, “arithmetic means”, and secondly
surfaces having gaps with radial symmetry about
the contact points, “volumetric means”, e.g.
the volumetric mean for a linear variation of f
corresponds to contact points which are cones
(the solution for pyramids is exactly the same).
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The expressions for d in terms of g and by, or
more conveniently, Y bifd in terms of
X = by/2g are summarized in Fig. 5 and some
v.r.m.r. values are plotted in Fig. 6. As would
be expected all the cases give Y - X for small
values of X, i.e. d - 2g. For larger values of X,
the small gaps near the contact points become
dominant in calculating r.m.r. values. No
simple expression was found for the v.r.m.r.
for the sinusoidal profile but it should, under
these conditions, be close to the value for the
parabolic profile of the same radius of curvature
contact, i.e. m = 2/m (the a.r.m.r. expressions
tend to the same limit for this value of m) or
m? == 0-4. Tt was checked by numerical methods
that this is the case.

It has been assumed in these calculations that
the area of solid contact is negligible, and that
each solid surface is at a constant temperature.
As a result of this, some solutions predict that
Y increases indefinitely with increasing X, but
this requires a large concentration of heat
flux round the contact points and additional
temperature drops due to the constriction
effect. This is a complicated problem to solve
exactly, but an estimate of the magnitude of this
effect can be obtained by assuming that solid
conductance is dominant inside a radius r]

defined as the radius at which the average con-
ductance due to the constriction effects equals
the conductance due to the local gas gap. The
two analytical expressions for v.r.m.r. (Fig. 5)
modified in this way for large values of X give:

(a) Cones
Y - 2, as before, together with

temperature drop across fluid in

interface _7_ 4 ks by
additional temperature drop in 7 ky 1o
solid on one side due to constric-
tion effect (10)
(b) Paraboloids
Z
Y*>1+2m210ge;h. (1

For many combinations of solids and gases
found in practice Z is of the order of 10, cor-
responding to an upper limit for Y of 3-2 for
m? == 0-4. This limit is insensitive to the value
of Z used.

CORRELATION OF EXPERIMENTAL RESULTS

Solid conductance
Tests under vacuum to determine the solid
conductance were carried out with contact
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pressures between zero and 570 Ib/in®. The
results were independent of heat flux and inter-
face temperature to the accuracy of the experi-
ment. There was a general increase of conduc-
tance with increase of contact pressure, but the
variation was not as great as predicted
theoretically. There are several possible reasons
for this. The maximum contact pressure avail-
able, whilst representative of the pressures of
practical interest, is very small compared with the
hardness of the materials used. The method of
preparation of the specimens results in the
tips of the peaks being sections of the original
optical flats. At low loads, therefore, the
effective value of ¢ may be much smaller than
the value estimated from the surface profiles.
The gradual increase in the effective value of ¢
with increase in pressure could account for the
variation of conductance being smaller than
predicted. The method used to apply the load
did not ensure that its line of action passed
through the centre of the specimens, and the
contact pressure may not be uniform. This was
certainly true at very low loads, when the
results were not very consistent. A constant

407

pressure of 91 Ib/in? was used for most of the
tests, to ensure that a consistent and reproducible
value of solid conductance was maintained whilst
the fluid conductance was investigated.

Putting the following values into equation (8),

p =91 Ib/in*
indentation hardness of stainless steel
=6 x 10°Ib/in?
= 0015 cal/s cm degC for uranium
dioxide
ks2 == 0-040 cal/s cm degC for stainless steel
ksm = 0-022 cal/s cm degC

we have

ks

N 3 x 104

5= farger ¢ cal/cm?® s degC.

This equation is plotted in Fig. 7 as contours of
hs on a graph of the wavelength for the uranium
dioxide surface against the wavelength for the
stainless steel surface with the experimental
results of Table 2 superimposed. The biggest
discrepancies between the theoretical predictions
and experimental results occur when one of the
contact surfaces is polished stainless steel. Under

Conductance 107° cal/em2 s deg C
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Fi1c. 7. Solid conductance results,
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these conditions the sections of the original
optical flats on the uranium dioxide will con-
tact an optically flat steel surface giving a higher
conductance than predicted. For ‘“hard”
materials, solid conductance usually only contri-
butes a small proportion of the total conductance,
and it was not the object of the present investiga-
tion to determine this accurately.

Fluid conductance

The fluid conductance was obtained by
subtracting the solid conductance, the conduc-
tance of the same surface combination in
vacuum, from the total conductance. The
effective gap was calculated as the thermal con-
ductivity of the fluid at the interface temperature,
divided by the fluid conductance:

ks
=i
Values of accommodation length g were calcu-
lated from Table 3, assuming that the mean
free path is proportional to the absolute tem-
perature divided by the gas pressure. The peak-
to-trough roughness of a surface was taken as
twice the arithmetical mean roughness, as
measured with a Talysurf. The peak-to-peak
roughness of the combination of surfaces was
taken as the sum of the peak-to-trough roughness
of the two surfaces.

d (12)

Surface combination (see Table 1) i 2 3

Table 2. Solid conductance with 91 in* contact pressure
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X and Y were calculated for each experimental
result* and plotted in Fig. 8. Also shown on this
figure is the expression:

0-6
&S 1_{:*(?/53;3 + 0dlog. (1 +2X). (13)

This is the result predicted for paraboloids
with m? = 0-4 but with X multiplied by a factor
two. It is seen to be a good representation of the
experimental results. The results for a par-
ticular combination of surfaces are shown
separately in Fig. 9. The correlation between
different gases is seen to be very good, sug-
gesting that the method of correlation and values
of accommodation coefficient used are appro-
priate. A wide range of accommodation
coefficients is sometimes quoted, particularly
for helium, but usually the values which differ
substantially from those in Table 3 have been
found at specially prepared urfaces.

There are several possible explanations of the
fact that the experimental values would have
agreed well with theory if X had been found to
be twice as large. Firstly the temperature jump
distance could be over-estimated by equation
(9). It is very difficult to measure this distance
by direct experiment to check the theory. It was

* A table giving detailed results of 200 tests may be
obtained from the authors.

4 5 6 7 8a 8b

Thermal conductance
cal/cm?® s degC < 1073 19 50 14

Table 3. Gas properties

a A
Gas v P (International _Zé' at n.t.p.
at 300°C  Critical Tables) X {cm = 10-%)
Helium 1-667 0-72 0-38 14-8 28-5
MNeon 1-667 0-70 0-65 7-4 195
Argon 1-667 0-67 0-85 510 100
Air 1-403 0-71 0-83 46 96
Hydrogen 1-41 071 026 22-1 16-0
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FiG. 8. Gaseous conductance results,

stated in the previous section that appropriate
temperature and pressure values to use in calcu-
lating g tend to be those in the pressure vessel
rather than in the gap when A becomes large,
i.e. particularly for helium at low pressures.

This could increase X by a factor of two in the.

worst case. Secondly, the peak-to-trough rough-
ness may have been under-estimated by the
assumptions made. Thirdly, with the method
used to prepare the surfaces, parts of the
original optical flats will exist near the contact
points, making the proportion of relatively
small gap greater than is assumed for the idealized
surfaces.

GENERAL DISCUSSION AND COMPARISON
WITH PREVIOUS WORK
Solid conductance
The theoretical derivation of the conductance
of a single contact spot gives the result expressed
in equation (4), and this would appear to be

2D

sufficiently accurate for most purposes. Two
attempts have, however, been made to confirm
the theoretical predictions. Firstly Cetinkale and
Fishenden [4] have used relaxation methods to
solve this problem and shown that their results
are in good agreement with equation {4).
Secondly Fenech and Rohsenow [5] have carried
out experiments on large-scale models of the
idealized contact spot (Fig. 4) with various
fluids in the gap. It is possible to predict the
results for each of their experiments by finding a
value of rq by trial and error such that the tem-
perature drop across the fluid is the same as the
temperature drop due to the constriction effect
in the metal on each side of the junction plus the
temperature drop in the metal column forming
the spot. Such predictions are in much better
general agreement with the experimental results
than the predictions of Fenech and Rohsenow’s
much more complicated theory. The use of
equation (4) would seem therefore to be justified.
The “alleviation effect”, the increase in conduc-
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Fic. 9. Gaseous conductance results for a particular surface combination.

tance due to adjacent spots, is found by dividing
equation {(4) by equation (5) giving

2 ¥a — F
1/~tan'1—d—-—c.
m tre

For most practical cases this can be taken as 1
but it is sometimes necessary to apply this
correction, Laming [6] uses a different correction
due to Roess which seriously over-estimates
this effect.

In most experimental work on solid conduc-
tance no special precautions have been taken to
ensure uniformity of engagement of the contact
surfaces, and agreement with theory for the
variation of conductance with contact pressure
is poor.

Fenech and Rohsenow [5] give results of the
variation of A with p which on logarithmetic
scales give a slope of 1/2 for low p, increasing to 1
for large p. They explain this result by a very
large increase in the number of contact spots as
p is increased, but the same effect would be

produced by a decrease in hardness. This is more
consistent with the fact that they were able to
reproduce this result on repeated loading, since
the variation of number of contact points with
load would not be expected to be the same before
and after plastic deformation.

Laming [6] produces results which differ from
predictions in several respects, and explains the
discrepancies by the high hardness observed with
very small point loads. He uses, as a justification
for his choice of fluid conductance value, the
fact that the remaining solid conductance varies
linearly with load on logarithmic scales, with a
slope of about 3/4 and not 1/2 as predicted by
theory. A relatively small change in the value of
fluid conductance could alter this slope appreci-
ably at the lower loads. He dismisses the idea of
the number of contact spots increasing with load
on the grounds that the slope should decrease
with increasing load if this were happening. If,
however, there is a work-hardened layer or high
microhardness, it could hide this effect. For his
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finest surfaces, flatness correct to a few micro-
inches, which can only be achieved by optical
manufacturing techniques, would be required for
engagement to be complete at relatively low
loads. At higher pressures the slope becomes 3/4,
after using the correction due to Roess discussed
above, and it is the difference of this value from
1/2 that leads to the predicted variation of
hardness with load per spot. At these higher
loads a correction for the effective reduction in
hardness as the contact spots became close
together could appreciably alter this slope
and conclusion. It is impossible to separate all
these effects. Although there is some evidence for
increase in hardness with decrease of load per
spot, very small changes in the assumptions
made in the calculations could eliminate the
need for postulating “fabulously high” values.

Cohen, Lustman and Eichenberg [10]
measured the conductance between a uranium
dioxide pellet and a thick steel cylinder. The
contact pressure is deduced from the differential
expansion of the pellet and the cylinder, A very
rapid increase in conductance is observed at a
contact pressure very much lower than the
hardness value. The reasons for this are discussed
in the Appendix.

The theoretical estimate of the solid conduc-
tance per unit area of an interface is given by
equation (8). There is no satisfactory experimen-
tal confirmation of this estimate, although very
approximate agreement has been shown for
some cases. The most important reason for this
is the difficulty in determining the value of two
of the parameters applicable under the experi-
mental conditions. Firstly, under some con-
ditions, the appropriate indentation hardness
will not be the value normally measured, as
discussed in Appendix I. Secondly, it is difficult
to determine the true mean value of the pitch
of the contact spots, ¢;, from examination of
surface profiles. Also in most work, no pre-
cautions were taken to ensure that the surfaces
were geometrically accurate enough for contact
to occur at all the roughness peaks, particularly
at relatively low contact pressures.

There is still scope for an investigation using
carefully prepared specimens, under vacuum,
over a wide range of contact pressures, to
provide experimental confirmation of the theo-
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retical predictions of solid conductance. The
difficulties of experimentally determining
conductance could equally well be put as
difficulties of estimating it for practical cases.

Fluid conductance

Experimental results for gaseous conductance
have been taken from various references, and are
shown plotted as Y against X in Fig. 10. Some
authors have quoted values of gaseous conduc-
tance, but where this has not been done values
have been deduced, usually by extrapolation to
zero contact pressure of the variation of con-
ductance with contact pressure. Cetinkale and

Fishenden [4, 9] deduce the correlation
equivalent to
1
Y =5305 1 1%

which is effectively the arithmetic mean value
with a different numerical constant. Their
experimental results were for large values of X,
and in fact only confirm that ¥ == 1/0-305 in
this region.

An analysis by Fenech and Rohsenow {5]
concludes that

maximum gap
volumetric average gap

4-8.

The accommodation effect is not considered.
One of their experimental points, ¥ = 1-6,
X = 1660, is deduced from tests with artificial
pyramids on an optical flat, and is in good
agreement with the prediction of Y slightly less
than 2 for this arrangement. Laming’s [6]
conclusion is that ¥ = 3.

Cohen, Lustman and Eichenberg [10] measure
the “effective” conductivity of a uranium dioxide
cylinder and its surrounding gas gap when
enclosed in a thick-walled steel cylinder and
heated by nuclear irradiation. In order to
calculate the gap conductance, assumptions have
to be made about the conductivity of the
uranium dioxide. The mean gap under operating
conditions is calculated from the initial gap and
the expansions of the components. They con-
clude that the properties of the gas in the gap
do not influence the gap conductance. They
attempt to explain this by large variations in the
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accommodation coefficients of some gases, but,
as can be seen from Fig. 10, most of their results
are for values of X where this is unimportant.
They discuss a different derivation of the accom-
modation effect. However if equation (9)
and the values in Table 3 are used to recalculate
their Fig. 16, almost exact agreement is obtained
with their theoretical predictions. A possible
reason for their anomalous experimental results
is that the uranium dioxide does not remain
central in the steel cylinder, but touches it at
one side. Predictions of gap conductance on this
assumption are much closer to the observed
values, and the predicted effect of gas properties
is much smaller. A second possible reason is
that, unless special precautions have been
taken to clean and de-gas both can and fuel
before assembly, relatively large quantities of
gas will be evolved on heating, possibly forming
the bulk of the interface gas in every case. It
must also be remembered that this particular
experiment is not at all an accurate method of
determining gap conductance.

Ross and Stoute [11] have measured the
conductance between zircaloy and uranium
dioxide for the gases helium, argon, krypton and
xenon,

Boeschoten and Van der Held [12] used
helium, hydrogen and air at pressures from
zero to atmospheric.

A general method of correlation has been
suggested for gaseous conductance. This has been
applied to the results of several investigations,
covering a wide range of gases, types of surface,
interface temperatures and gas pressures. Con-
sidering the inaccuracies inherent in this type of
measurement, good correlation has been ob-
tained. Most of the previous work has been
carried out under conditions where the accom-
modation effect of gases is not important. The
present work provides an extension to the region
where the gap becomes comparable with the
“accommodation length”. The correlation of
the gaseous conduction results is given by
equation (13).
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APPENDIX
Indentation hardness

It is usual to estimate the actual area of
contact from equation (3).

The use of the value of indentation hardness
as normally measured is only valid for a limited
range of conditions. To examine these limitations
in detail would require a discussion of the plastic
properties and theory of deformation of
materials beyond the scope of the present work.
A Dbrief outline only of the points to be con-
sidered is given below. For the detailed back-
ground the reader is referred to one of the
standard books on the subject, e.g. Hill [15],
and for the specific application to hardness to
Tabor [14].



414

The most important characteristic of a
material which is being plastically deformed is its
resistance to deformation. A convenient measure
of this is its flow stress, o, under simple uniaxial
stress—the same value in tension or compression
for an ideal plastic material, The commonest
measure of hardness is the contact pressure
between the material and a blunt, pyramid, cone
or ball, indenter. It is found that, provided the
material is homogeneous and initially stress
free and the specimen sufficiently large, the
indentation hardness 1s always very nearly Jo.

Three properties of real materials may
invalidate the use of this value of hardness,
inhomogeneity, creep, and work hardened
surface layers, the effects becoming relatively
more important as the size of the indentation is
reduced.

The effective indentation hardness will also
be influenced by any stresses in the material
around the indentation additional to those due
to the indenter ifself. Two cases are important
for the present discussion:

{a) Stresses <ue to adjacent indenters will in
general reduce the effective indentation
hardness. The most important factors
influencing this reduction are the ratio
re/re, the ratio of the thickness to the
width of the body of the material which is
being made to flow, the rate of work
hardening, and the friction between the
surfaces. If either the friction is small
enough or the thickness-to-width ratio
large enough, the average compressive
stress in the body of the material cannot
exceed o, i.e. as contact over the total area
is approached, the effective indentation
hardness drops from 3o to o.

(b) Transverse stresses in the surface. For the
present discussion the Tresca yield condi-
tion is assumed to represent the plastic
behaviour of materials sufficiently ac-
curately. This states that the material will
flow when the modulus of any shear stress
exceeds o/2. Consider an indentation
stress of oy, i.€. a pressure of —oz, applied
to a surface which has principal stresses
oy and o, in the plane of the surface. If
6y < oy << oy, the yield criterion is
oy = oy — O.

A. C. RAPIER, T. M. JONES and J. E. McINTOSH

Of particular intgrest is the expansion of one
cylinder inside another. If the radius of the
interface is r and the outer cylinder has a
wall thickness s, the elastic stresses ratios are:

Ty
T
. . 3
yielding occurs when op =~ — L
[22
-3 0, g_x e § :
Tz
P’ N o
yielding occurs when oy = ~— >

This shows that complete contact will be ob-
tained at g contact pressure of one sixth of the
normal indentation hardness for a thick-walled
cylinder and at much lower values for thin-
walled cylinders. Contact sufficient to give
very high values of solid conductance will be
obtained at even lower values of contact pressure.
This explains the observetions of Cohen,
Lustman and Eichenberg [10].

On reducing p from a maximum value p the
contact area will be reduced. Bowden and Tabor
{71 use the Hertz theory of elastic contact of
spheres to deduce the expression, reproduced by
Cetinkale and Fishenden [4]:

“_r
g

15 (14)

This assumes that the elastic stress system behind
a contact is very similar to that in a sphere of a
diameter which gives the same contact area for
the contact load. This will not be the case when
the plastic zone has extended an appreciable
distance into the material. To take the limiting
case of full contact, the stress system is simple
compression. On reducing load, full contact
would be expected to be maintained, even down
to zero load. In practice very small relative
movement due to vibration etc. of the surfaces
restores the conditions of equation (3). Holm
[1] quotes full contact being maintained down
to 006 o when the specimens have polished
surfaces and small relative movemenis are
prevented.
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Résumé—On a étudié la conduction thermique aux interfaces bioxyde d’uranium/acier inoxydable
dans un appareil du type disque, sous vide et avec différents gaz & I'interface (helium, argon, néon),
pour les domaines suivants des différents facteurs: rugosité de la surface: 11-1417 . 10-% cm, hauteur
moyenne arithmétique, mesurée par un analyseur Talysurf—pression du gaz a Uinterface: 7-1226 mm
Hg—pression de contact: 0-570 Ib/in®*—température moyenne a linterface: 55-410°C—flux de
chaleur: 1-55 cal/s.cm?.

Afin d’obtenir des résultats cohérents, les surfaces de contact des échantillons de 2 cm de diamétre,

étaient d’abord rendues optiquement planes, puis rugueuses de fagon bien déterminée. La conduc- -

tibilité thermique est la somme de 1a conductibilité solide par les petites surfaces de contact et de la
conductibilité par la gaz a Uinterface (le rayonnement est négligeable). Les valeurs expérimentales
obtenues pour la conductibilité par le solide sont du méme ordre que celles prévues par la théorie de
Cetinkale et Fishenden. On a trouvé, comme prévu, que la conduction par voie solide entre le bioxyde
d’uranium et ’acier inoxydable était trés faible en raison de la dureté des matériaux et de la faible
conductibilité thermique du bioxyde d’uranium.

Les valeurs de la conduction par le gaz, calculées d’aprés des modéles géométriques simples de la
rugosité, et en tenant compte des effets d’accommodation lors des collisions entre les molécules de
gaz et les surfaces, ont été comparées aux résultats expérimentaux actuels et & d’autres données
publiées. Dans la presque totalité des cas, la conductibilité mesurée est dans un rapport inférieur 3
2 avec la valeur calculée, ce que 'on considére comme un bon accord, étant donné le trés grand
domaine de variation des paramétres couvert par les expériences et 'imprécision inhérente a ce type

de mesures.

Zusammenfassung—Die Wirmeleitung durch die Berithrungsfliche Uranrioxyd/rostfreier Stahl
wurde in einer Scheibenapparatur untersucht, sowohl unter Vakuum als auch mit versch’»~denen
Zwischengasen (Helium, Argon, Neon). Variiert wurden: die Rauhigkeit (11-1417) x 10-% cm, als
arithmetisch gemittelte Hohe aus Talysurf Profilkurven ausgemessen; der Druck des Zwischengases
(7-1226 mm Hg); der Anpressdruck (040 kp/cm?); die mittlere Zwischentemperatur (55-410°C) und
die Warmestromdichte (1-23 W/cm?). Um konsictente Ergebnisse zu erreichen, wurden die Kontakt-
flachen der Probestiicke vom Durchmesser 2 cm optisch e%en geldppt und dann auf den vorgeschrie-
benen Betrag angerauht. Die Wirmeleitfdhigkeit ergibt sich als Summe der Leitfahigkeit der Fest-
korper an den kleinen, unmittelbaren Beriihrungsstellen und der Leitfihigkeit des Gases in der
Zwischenschicht (der Beitrag der Wirmestrahlung ist vernachldssigbar). Die Versuchsergebnisse fiir
die Leitfahigkeit der FestkOrper waren von gleicher Grossenordnung wie die nach der Theorie von
Cetinkale und Fishenden ermittelten Werte. Wie erwartet erwies sich der Anteil der Festkorperleitung
zwischen Urandioxyd und rostfreiem Stahl als sehr gering wegen der Hirte der Materialien und der
kleinen Warmeleitfahigkeit des Urandioxyds.

Berechnete Werte der Leitfdhigkeit des Gases basieren auf verschiedenen einfachen geometrischen
Modellen fiir die Rauhigkeit unter Beriicksichtigung von Akkomodationseffekten beim Aufprall
der Gasmolekiile auf die Oberflichen. Diese Werte wurden mit vorliegenden Versuchsergebnissen
und anderen Vertffentlichungen verglichen. In nahezu allen Fillen unterscheidet sich die gemessene
Leitfahigkeit von der berechneten um weniger als den Faktor zwei, was als gute Ubereinstimmung
angesehen wird im Hinblick auf den grossen Bereich der betrachteten Variablen und die dem Messver-

fahren anhaftenden Ungenauigkeiten.

Annoranus—B BaxyyHOIl YCTaROBKE JHCKOBOIO THIA MCCIEXOBAIACH TEILIONPOBOLHOCTD
HA rPAHALe pasfesa ABYOKHCH YPaHA M HEPHaBeloIiell CTAamM NPH HATHYAH PaBIUYHEIX
TasoB Mem[y NOBEPXHOCTAMH paspgeia (remu#t, aprom, meom). CremeHb MIEPOXOBATOCTH
HOBEPXHOCTH M3MEHANACH B Mpedenax (11-1417) X 10~ cm (apudMeTHYecKU CPeHAA BHCOTa,
PACCUMTAHHAA 10 NOKABaHUAM HPOPMIIOMETPA), HaBieHMe ra3a HA I'PAHMIE PasfeNa—ot 7 Ko
1226 mm Hg, mecrHoe AaBiIeHHe CONPHKOCHOBEHMA—OT 0 10 570 (IyHT/KB.IIOHM, cpemuAn
TeMIEpaTypa Ha rpaHmne pasjgena-—otT 55 10 410°C M WJIOTHOCTE TENJI0BOTO TOTOKA~—OT 1
mo 55 wanfeex cM®. C melbio NOMYHYEHHA MOCHENOBATENBHOTO DAJR PE3yibTATOB CONpHuKa-
CAoMueCH NOBEPXHOCTH 00pasnoB NHAMETPOM B 2 CM ONTHYECKH IUTOCKO HTH(OBAIHCE,
8 3aTeéM MM NPHUAABANACh COOTBATCIBYIOWAA CTENEHb epOXOBATOCTH. VICKOMAA Temronposo-
AHOCTb ONpeJenA;iach N0 3HAYCHUAM TENIOHPOBOXHOCTH TBEPHOTO BeIeCTBA B MECTaX
HEHOCPEACTBEHHOI0 CONPUKOCHOBEHWA M TELIONPOBOXHOCTM Tasa HAa TpAHUNE pasiena
(BIMAHMEM TEMJIOBOTO MBNYYEHHWA NpemeGperaiM BBMXY MajoCTH). DKCIEPUMEHTAJILHEE
AAHHBIE 10 TeUJONPOBORHOCTH TBEPXOTO BEM[ECTBA XOpPOIIO COTACUBHBAJNCH C NAHHHEMHE,
paccunrannumu erunnane u @umengenoym. Kak u Ipeanonaramocs, TEMIOHPOBONHOCTE
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TBEPAOr0 BEIECTBA IIPH HEMOCPEeNCTBEHHOM CONPMKOCHOBEHMM [IBYOKHCH YPaHA H HepHiaBe-
Iomei cranxm OnIa HeBeaWKa 0JIarojapA 3HAYUTENBHON TBEDAOCTHM BemeCTB M ILIOXOit
TEINIONPOBOJHOCTY ABYOKHMCH ypaHa.

PacuéTHple BHAYEHHA TEINIONPOBOAHOCTH TIa3a, NOJYYeHHBle IIA mnpocrefiumx d¢opm
HIEPOXO0BATOCTH M YYHTHBAalOmMe »POeKTH AKKOMOJALMM NpU YAapax MOIEKYd rasa o
MOBEPXHOCTH, CPABHHUBAINCHL C DHKCHEPUMEHTAILHBHIMHI pe3yibTaTaMM [aHHO# pafoTel u
Ipyrux onyOonukoBaHHHX pabot, Ilodrn Bo Beex CaydaAx sKCMePHMMEHTAIbHEE H PACYSTHBIE
3HAYEHHA He OTIMYAJIUCH APYr OT Apyra 0ojee 4eM B 2 pa3a. YTO CYMTAETCA XODPOIIHMM

COTJIACOBAaHMEM BBHAY GOJBLIOTO AMANA30HA IMepeMeHHLIX M HEeTOYHOCTe! N3MepeHuA.



