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ABSTRACT

The resistance to heat flow at interfaces formed be-
tween contacting solids plays a key role in nuclear
reactor systems. In many instances, these contacts
occur at elevated temperatures and in oxidizing or
corrosive environments. These environments normally
lead to increased thermal resistance (decreased con-
ductance), which recent theoretical predictions have
related to (i) thermal conductivity of the oxide lay-
er, (ii) layer thickness, (iii) effective hardness of
the surface and (iv) surface microtopography.

Experiments with oxidized zirconium specimens have
confirmed these predictions and revealed that the con-
tact conductance in vacuum increases as the ratio of
layer thickness to contact-spot radius increases.

This study is of particular importance in our efforts
to predict the rate of heat flow from an overheated
ANDU pressure tube when it comes into contact with
e surrounding calandria tube during a postulated
loss-of-coolant accident.

NOMENCLATURE

apparent and real areas of contact, w?

a contact-spot radius, um

b . flux tube radius, um

H,He hardness and effective hardness, MPa

hg,h thermal contact conductance, with and with-
out layer, W/(mZ.°C)

k thermal conductivity, W/(m.°C)

m mean asperity slope

N number of microcontacts

n contact-spot density

Pa contact pressure, MPa

Qs steady-state heat flow, W

Rg»R thermal constriction resistance, with and
without layer, °C/W

AT interface temperature drop, °C

oxide layer thickness, um

Y/¥Y20

separation between mean surface planes, um

<Kot

Greek Symbols

conductivity parameter, (x-1)/(x+l)
geometric parameter, t/b

relative layer thickness, t/a

geometric parameter, a/b

conductivity ratio, ko/ky

eigenvalue

standard deviation of asperity heights, um
thermal parameter wsl(nw)

¢5,¢ thermal constriction parameter, with and
without layer
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Subscripts
1,2 upper and lower specimen
o,m oxide and metal

INTRODUCTION

For the most severe loss-of-coolant accident (LOCA)
in CANDU reactors, it is predicted that decay heat
generated in some of the fuel channels is initially
transferred to the cool heavy-water moderator sur-
rounding the fuel channels (1). A key factor in
determining the rate of heat transfer is the magni-
tude of the thermal contact conductance (TCC), or
resistance to heat flow, at the interface between the
pressure and calandria tubes.

Correlations have been developed (2,3) to predict the
steady-state TCC when two clean, conforming, rough
surfaces contact under a normal mechanical load. The
predictions of these correlations are uanreliable,
however, when coatings or films are present on the
surfaces. In the case of Zr-2.5 wtX Nb pressure tubes,
an oxide layer 1-2 um thick is formed on the outer
surface during autoclaving. The thickness of this
layer may increase during subsequent normal operation
and perhaps during the high-temperature transient
associated with certain types of LOCA. Since it is
generally known that zirconium oxide is a poor thermal
conductor, and much less ductile than the parent metal,
its presence on the pressure tube surface would lead

to a higher resistance to heat flow, i.e. a lower TCC.
This introduces a largé uncertainty in our ability to
predict TCC with a surface oxide layer present at the
pressure tube-calandria tube (PT-CT) interface.

Previous attempts by other investigators (4,5) to
account for the influence of oxide layers have met
with moderate success in predicting the results of
their laboratory experiments. However, their models
are cumbersome and tend to mask the physics of the
phenomenon, making direct application to the PT-CT
problem unfeasible. We desired a more direct approach,
in which the role of the important geometric and
thermophysical parameters could be clearly defined.

MODELLING AND ANALYSIS
Thermal Model

We consider the problem of determining the TCC for
two conforming, rough, oxidized surfaces brought into
contact under a normal mechanical load, as shown in
Figure 1(a). Out-of-flatness or waviness is ignored,
and consideration is given only to heat conduction at
the points of contact. A very low pressure or vacuum
environment is assumed so that heat transfer through
the interstitial gaps is negligible. Radiative heat
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transfer across the interface is also ignored. It is
assumed that the oxide layer is in intimate thermal
contact with the substrate and the surface roughness
heights can be characterized by a Gaussian distribu-
tion: a good assumption for surfaces generated by
random processes such as grit blasting or grinding
and lapping.

Figure 1(a). Schematic View of Contact Between

quinally Flat, Rough and Ogidized Surfaces

" solid |

Interface

solid 2

For these conditions, the sole resistance to heat flow
at the interface is the constriction of the heat flow
lines at each of the points of solid comntact, and it

is defined as

R = g—: eV

where AT is the temperature drop required to overcome
the thermal resistance of the contacts and Qg is the
steady-state heat flow. The TCC is defined as

Q. /a)
s a __1
Bs = 73T Rgha @

where A, is the total projected area of . the surface
perpendicular to the direction of flow - commonly
referred to as the apparent area of contact.

This complex thermal problem is made tractable by
visualizing the total heat flow separated into indivi-
dual flows corresponding to each microcontact and its
associated gap. We can then define an elemental heat
flux tube, of radius b, as a volume that encompasses

a microcontact, of radius a, and extends some distance
into both solids, as indicated in Figure 1(b). The
problem is thus reduced to heat flow through a single
circular contact-spot located centrally in a compound
cylindrical region. Application of this thermal model
to a number of microcontact spots appropriately dis-
tributed over an area of apparent comntact, A5, between
real solids will be discussed in a later section.

Figure 1(b). Heat Flux Tube for Individual Microcontact

A general expression for determining the thermal con-
striction resistance of a circular area supplying heat
to a compound right-circular cylinder has been obtained
by Yovanovich, Tien and Schneider (6). From this work
the constriction resistance of one-half of the cylin-
der, composed of a hard resistive layer (oxide) on a
metal substrate, is given by

@

2 Z
RS ak Te
[o]

n=1

exp(ZAny) + B Jl(k s)sin(kns)

n
exp (A 1) - 8 3 2o 3
n Q n

where 8 = (x=-1)/(x+1) and « = k,/ky. This expression
has been derived assuming an infinitely long cylinder’
with an isothermal temperature prescribed over the
circular contact. The remainder of the cylinder sur-
face is assumed to be impervious to heat transfer.

A non-dimensional constriction parameter is defined
as Y5 = bakgRg, so that the contact conductance fo¥g
one-half of the flux tube shown in Figure 1l(b) is
given by

4ak° 1
hy = —— =— (4)
() "bZ b

Values of the constriction parameter, ws, for the
range of geometric and thermal parameters of interest
in this investigation were obtained by programming the
expression given in equation (3) for summation on a
CDC-6600 computer. Some results are shown in Figure
2, where ¢5 is plotted as a function of the ratio of
the layer thickness to the contact-spot radius, § =
t/a, for conductivity ratios of x = 0.01 and ¢ = 0.1.
The effect of varying the ratio of comtact-spot radius
to flux~tube radius, € = a/b, is also shown. We see
that the constriction parameter increases (hg de-
creases) with increasing & and approaches unity when

§ 2 10. In fact, when 8 2 2.0, y5 has achieved about
80% of its maximum value, indicating that most of the
constriction is occurring in the oxide layer and the
contact conductance is approaching the value hg =
4akg/1b2,

Figure 2. Constriction Parameter Vs
Relative Layer Thickness
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@Ware given in Table 1.

Figure 3. Profiles of Contacting Surfaces
(Vertical Scale Magnified)

These relationships are used to obtain an expressibn
for the contact conductance between oxidized surfaces
in vacuum, given by

1
h. = 1l m exg(—xz) ° + ) (13)
§ /v o ¥ Tk k
LY o,

where x = erfc~1(P,/H,) and ¢ = (‘r"a/l{e);i
APPLICATION OF LAYER MODEL

To simplify application of this model, we will con-
sider a special case in which both solids are the same
material and only the lower specimen surface is cov-
.red with an oxide layer., In this case 61 =0, 9 =
and k. = k_ . Then equation (13) can be written
b
in non-dimensional form as

ch 2
8 . 1 exp(-x") r 2
mks (2.721\' " >L(1 + ¢2)] (14)

2k

m

where ks = is the harmonic mean thermal

) km +km
1 72
conductivity of the substrates.

Referring to earlier work by Yovanovich (3), the term
in round brackets can be expressed in terms of P,/He
by the simple correlation 1.25 (Pa/He)o'gs, so that
equation (l4) becomes

0.95

ohs . 2
ak, - B\E [mfr)'] @
s e 2 .

We see that the term 2/(1 + ¢;) modifies the correla-
tion for conforming rough surfaces to account for the
effect of the layer. This effect is dominated by the
magnitude of the thermal conductivity ratio, but there
is some dependence on P,/H, through the ratio wG/w.

We compared this correlation with results reported in
the literature by Mian et al (9) for oxidized steel
‘urfaces. Pertinent geometric and thermal parameters
For the effective hardness, H,
we used the value for steel, since it is softer than
the oxidized surface. The reported value was in-
creased to reflect the surface hardening effect
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observed by Yovanovich, Hegazy and Devaal (10) for
metal surfaces prepared by grinding and lapping.

Table 1. Geometric and Thermal Parameters of
Samples From Reference 9

Specimen ¢ H, t km L3N
Pair (um) m (MPa) (um) W/(m.°C) W/(m.°C)
a 0.629 0.059 2610 - 47.0 -
b 0.144 0.046 2610 0.35 47.0 0.875
c 2.326 0.214 2610 very 47.0 0.875

thick

Comparisons were made with measurements from specimens
with (a) no oxide layer, (b) a thin 0.35 um layer and
(c) a very thick layer for which it is assumed that
all of the comstriction occurred in the oxide layer.
The good agreement with the predictions of equation
(15), shown in Figure 4, is reassuring and indicates
that the model has successfully incorporated the
effects of the oxide layer. The poorer agreement
with the very thick layer was not unexpected since
Mian et al (9) reported that the surface roughness
deviated from a Gaussian distribution.

Figure 4. Comparison of Experimental and Theoretical
Results of TCC for an Oxidized Steel Surface
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TCC BETIWEEN OXIDIZED ZR-2.5 WIT% NB AND ZIRCALOY-4
Experimental Measurements

Cylindrical specimens of Zr-2.5 wtZ Nb and Zr-4, 25.4
mm in diameter and 25.4 mm long, were cut from'bar
stock, and the ends were ground and lapped to produce
nominally flat, smooth surfaces.

The Zr-2.5 wtZ Nb specimens were prepared for con-
trolled oxide growth in a high~-temperature autoclave
by ultrasonic cleaning in acetone, followed by iso-
propyl alcohol. The surfaces were then swabbed with
a caustic wash to remove any remaining contaminants.

N
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Table 3. Thermophysical Properties for Oxidized
Zr-2.5 wt’ Nb/Zr-4 Pairs

II k

, He
Specimen W/ (m.°C)  (MPa)
Zr-4 15.42 1950
Zr-2.5 weZ Nb 19.54 1607
Zr0, 4.0 7200

The results show that the conductance decreases with
an increase in oxide thickness and that this decrease
is controlled by the thermal conductivity of the
oxide and the ratio of layer thickness to contact-
spot radius. The relative decrease in conductance,
compared to the specimen pair without an oxide layer,
is practically independent of contact pressure when
Pa/He is greater than 10~3. These trends agree with
the results for oxidized steel pairs reported by Mian
et al (9).

CONCLUSIONS

A theoretical model has been developed that adequately
describes the effect of oxide layers on the TCC be-
tween contacting zirconium alloy surfaces. For the
limited range of parameters investigated in this work,
this effect appears to simply modify the constant term
in the standard correlation for conforming rough sur-
faces. A thorough investigation over a wider range of
geometric, material and thermal parameters is required

to counfirm this observation and develop a suitable
correlation when oxide layers are present at the
interface. Further work is also required to reduce

thermal con-
a key para=-

the large uncertainty in the value of the
ductivity of zirconium oxide, since it is
meter in modelling this phenomenon.
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