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HEAT TRANSFER COEFFICIENT BETWEEN UC>2 AND ZIRCALOY-2

by

A .M . Ross and R .L , Stoute 

ABSTRACT

This paper provides some experimental values of the heat-transfer 
coefficient between UO2 and Zircaloy-2 surfaces in contact under 
conditions of interfacial pressure, temperature, surface roughness 
and interface atmosphere, that are relevant to UO2/Zircaloy-2 fuel 
elements operating in pressurized-water power reactors. Co
efficients were obtained from eight UO^/Zircaloy-2 pairs in atmos
pheres of helium, argon, krypton or xenon, at atmosphere pressure 
and in vacuum. Interfacial pressures were varied from 50 to 550 
kgf/cm^ while surface roughness heights were in the range 0. 2 x 10 
to 3. 5 x 10'^ cm. The effect on the coefficients of cycling the inter - 
facial pressure, of interface gas pressure and of temperature were 
examined.

The experimental values of the coefficients were used to test the pre
dictions of expressions for the heat-transfer between two solids in 
contact. For the particular UO2/Zircaloy-2 pairs examined, numerical 
values were assigned to several parameters that related the surface 
roughnesses to either the radius of solid/solid contact spots or to the 
mean thickness of the interface voids and that accounted for the im 
perfect accommodation of the void gas on the test surfaces.

Chalk River, Ontario 
June 1962
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A Geometrical area of interface, (cm2)
a Mean radius of contact spots, (cm)
aQ A constant having dimensions (length)’L//2. (cm )l/2

c A dimensionless constant near unity.
dm The bulk density of the solid. (g/cm3)
AT Mean temperature drop across the interface. (°C)
6T The temperature discontinuity at a solid surface. (°C)
e Total emissivity of a solid surface.
g The average temperature-jump distance for a gas at

a solid surface. Subscripts refer to different 
surfaces, (cm)

H Meyer hardness of the softer solid in contact, (kgf/cm2)
h Total heat transfer coefficient. (w/cm?°C)
hc Component of heat transfer coefficient due to free

convection. (,W/cm?°C)
hf Component of heat transfer coefficient due to conduction.

through the gas occupying the voids between the solid/ 
solid contact spots. (W/cm?°C)

hr Component of heat transfer coefficient by radiation
through the void3. (W/cm?°C)
Component of heat transfer coefficient by con' 
through the solid/solid contact spots, (w/cm?

duction
C)

ki & ko The thermal conductivities of the two solids in contact. 
(W/cm. °C)

kf The thermal conductivity of the gas occupying the
interface voids. (W/cm.°C)

kv Measured thermal conductivity of the porous solid.
(W/cm. °C)

kn, Defined by the equation km = ,kg) . (w/cmfc)+ kg)
n Number of contact spots per unit area. (cra“2)
P Pressure normal to the interface, (kgf/cm2)
Q Total heat flow through interface. (W)
Qc Total heat flow through interface contact spots. (W)
Qf Total heat flow through gas occupying interface voids.

(W)

R Defined by the equation R p|Rl2 + J . (cm)

R^ & Rg The arithmetic mean roughness heights of the contacting 
surfaces (cm)

Rc The thermal constriction resistance. (cm2°C/Vl)
Standard deviation in heat transfer coefficient
Stefan's radiation constant 
5.775 x 10-2* W/cm2.°K4
Temperature. (°C)

Usage
as

appropriate

T-, & To Average temperature of each solid surface at the
interface. (°C)

T ^  & T2 Average temperature of the gas in close proximity to
a solid surface. (°C)

t The thickness of a uniform void having the same thermal
resistance as the actual voids, (cm)

x Distance measured normal to the solid surfaces, (cm)
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PART 1

INTRODUCTION

The temperature distribution in an operating reactor 
fuel element consists of temperature drops within the fuel, 
across the fuel/sheath, interface, through the sheath and across 
the sheath/coolant surface film. For UO2 fuel elements clad 
with thin ZIrcaloy-2 and cooled by pressurized water, the sheath 
and sheath/coolant temperature drops are usually small and may 
be calculated from established values of the thermal conductivity 
of Zircaloy-2 and sheath/coolant heat-transfer coefficient.
Both of these properties may be affected by reactor irradiation, 
but the actual temperature drops in these regions will probably 
remain small compared to that within the UO2 . Thus the temperature 
of the inner surface of the sheath can be estimated with some 
certainty.

The magnitude of the fuel/sheath temperature drop has 
not been known with precision, and therefore neither has the 
surface temperature of the fuel. Without the latter the 
temperature drop within the UO2 cannot be estimated. This paper 
provides some experimental values of the heat-transfer co
efficient between UO2 and Zircaloy-2 surfaces in contact under 
conditions of interfacial pressure, temperature, surface rough
ness and interface atmosphere that are relevant to those that 
may be established in U02/Zircaloy-2 fuel elements operating in 
pressurized-water power reactors.

The results are examined in the light of established 
theories of real contact area between solids, constriction 
resistance, and the accommodation of gases on solid surfaces.

PART II

PREVIOUS INVESTIGATIONS

Although metal/metal pairs have been extensively 
investigated, very few measurements have been made on metal/ 
ceramic combinations. Wheeler(l) has obtained three values of 
the heat-transfer coefficient between a U0 2 surface lapped to an 
arithmetic-mean roughness of 0.23 x 10-4 cm and a Zircaloy-2 
surface lathe-turned to a roughness of about 2.3 x 10~4 cm. Two 
of the values were obtained in vacuum at 460°C and 291°C with 
interfacial pressures of 4.5 and 8.1 kgf/cm2 respectively. The 
third value was obtained in 38 cm Hg of helium at 291°C with an
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facial pressure of 8.1 kgf/cm2. One other determination(2) 
provided single values from five U02/Zircaloy-2 interfaces 

.. different roughness in 76 cm Hg of argon with a constant 
..nterfacial pressure of 28 kgf/cm2.

Apart from a few measurements by Wheeler(l) on stainless- 
^eel/tTC^ interfaces and on an aluminum/lead foil/UOo joint; 
there have been no other direct measurements of the neat-transfer 
''.oofficient for metal/ceramic pairs. Cohen, Lustman and 
Eichenberg(3) have deduced heat-transfer coefficients for several 
UO2 stainless steel interfaces from in-pile measurements of the 
central temperature in cylindrical stacks of UO2 pellets and for 
the radial temperature gradients in surrounding thick stainless - 
steel sheaths with various U02 pellet/sheath clearances. However, 
as discussed elsewhere(4), the deduced values are meaningless 
o/ing to an erroneous assumption concerning the values used for 
th- thermal conductivity of UO2 during irradiation.

PART III 
THEORETICAL ASPECTS

The heat transfer across the interface between two 
solid surfaces in contact may be conveniently described by a 
heat-transfer coefficient h. This coefficient represents the 
rate of heat transfer across a unit area of the interface due to 
an interface temperature drop of unity, i.e.

h = (|) f AT ...............................  (1 )
JA.

The heat flow may be considered to consist of two components,
(i) that through solid to solid contact spots

and (ii) that by conduction, by convection and by radiation
through the medium which, is trapped in the voids 
between these spots.

Thus h may be written as the sum of two heat-transfer coefficients.

h = h.s + hf ( 2)

Expressions for hs and hf were developed from established 
theories of real contact area between plane surfaces and of 
constriction resistance, from experimental observations made by 
other investigators and from a consideration of the accommodation 
effect in the simple kinetic theory of gases (see Appendix A).
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PART IV

EXPERIMENTAL

4.1 Apparatus

Figure 1 shows the apparatus used. A cylindrical UO2 
sample, 2.54 cm diameter by 2.54 cm long, was held coaxially 
between the end, faces of two cylindrical Zircaloy-2 probes having 
the same diameter as the UOp sample. The upper probe was in 
contact with a heated stainless-steel stem containing a copper 
insert. The lower probe was supported by a cooled brass stem.
Each stem carried a flange with a peripheral water-cooled O-ring.
A cylindrical stainless-steel sleeve provided an enclosure for 
the probes and UO2 sample by sliding on the O-rings. The enclosure 
could be evacuatedj or filled with an inert gas through a port 
in the lower flange. The stems were attached to the upper and 
lower platens of a metallurgical press. Adjustable stem/platen 
fixtures ensured that the probes and U02 sample could be 
accurately aligned with respect to each other. Constant axial 
pressures of up to 600 kgf/cm2 could be exerted on the probe 
assembly during measurements.

Probe and sample temperatures were measured by ten 
Chromel P/Alumel thermocouples. The beads of each thermocouple 
were prepared by welding in the periphery of an electric arc in 
an atmosphere of argon. The bead diameters varied between O.O38 
and 0.041 cm. After welding, a comparative calibration was made 
at 600°C in helium to indicate the deviations in output between 
the prepared thermocouples. The thermocouples were then inserted 
in radial holes (0.05 cm in diameter, 0.48 cm in depth) in the 
probes and UO2 sample as shown in Figure 1. Satisfactory thermal 
contact was encouraged by securing each thermocouple bead in 
place with rammed copper or silver powder. To minimise heat loss 
from the beads the first few centimetres of the 0 .0 13 cm diameter 
wires of each thermocouple were left bare of insulation (pure 
alumina tubing). Glass-to-metal seals in the lower flange were 
modified to provide a thermal e.m.f.-free passage for the wires 
of each thermocouple.

4.2 Preparation of Probes and Samples

The probes were machined from reactor-grade Zircaloy-2. 
The UO2 samples were obtained from compacts of uranium oxide 
powder sintered in hydrogen at l650°C for 2 hours to a bulk 
density of 10.45 ± 0.05 g/cm3. The sintered samples were centre- 
less and end-ground to right cylinders.
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PRESS PLATEN fj>y> / r r / m
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O-RING
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LEADS 
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FIGURE 1 - Section through heat-transfer coefficient apparatus.
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In the early experiments heat-transfer coefficients 
were obtained from three interfaces "between two lathe-turned probes 
and a UO2 sample ground by a diamond wheel. Later, the end faces 
to be in contact were lapped together to minimise high spots and 
to obtain a more reproducible fit between them. The lapping was 
performed as shown in Figure 2.

I cm■■' 1
FIGURE 2 - Section through lapping holder.
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4.3 Measurement Procedure

After lapping, the probes and sample were immersed in 
an ultrasonic cleaning bath containing successively acetone,
3■;,> yi alcohol and distilled water. (This procedure also removed 
Jebris from the thermocouple holes that were drilled in the probes 
und 'ample before lapping.) They were dried in a stream of warm 
air and positioned coaxially in the heat-transfer apparatus under 
an interfacial pressure of 30 kgf/cm2. The thermocouples were 
secured in their respective holes and the steel sleeve lowered 
around the probes and sample. The enclosure was then evacuated.
The interfacial pressure was adjusted to* and held constant at,
• me chosen low value while the temperature gradient was established 

down the probe assembly.
At thermal equilibrium the individual temperature 

gradients in the probes and UO2 sample were measured. These 
gradients were extrapolated to provide the temperatures of each 
end face of the probe and UOo sample and thus the temperature 
drop at each probe/sample interface. The interfacial pressure 
was then either increased to a new value or held constant while 
the enclosure around the probe assembly was filled with one 
atmosphere of helium,, argon, krypton or xenon. On changing from 
one gas to another the enclosure was evacuated to less than
5 x 1 0“6 cm for at least 30 minutes, filled with one atmosphere 
of the second gas and then re-evacuated and refilled several 
times to ensure gas purity. About four hours were allowed after 
any change in interfacial pressure or enclosure atmosphere before 
temperature measurements were made to ensure that thermal 
equilibrium had been reached.

4.4 Measurement Precision and Absolute Accuracy

The maximum values of the errors in measuring thermo
couple position and temperature were estimated for a confidence 
level of 95$. Prom these, standard deviations in the values of 
interface heat flux and temperature drop were calculated for a 
typical temperature distribution at a probe/sample interface.
The resulting standard deviations(a) in heat-transfer coefficients 
of 1 , 2 , 3 and 4 W/cm2 °C, and thus the probable errors* were 
respectively ± 0.054, ±0.22, ±0.48 and ± 0.88 W/cm2 °C. These 
errors should be considered when comparing coefficients obtained 
from different U02/Zircaloy-2 parts.

For a given pair the error in measuring and converting 
thermocouple e.m.f.'s to temperature mainly determined the 
deviations in the coefficients, for the remaining errors in

* Probable error = ± O .675 x c
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thermocouple position and calibration were probably constant.
These deviations were approximately an order of magnitude less 
than those obtained above and should be considered when comparing 
coefficients from a given pair.

The precision of measuring coefficients would also be 
affected by misalignment of the probes and U02 samples, by 
unsatisfactory thermal contact at the thermocouple junctions and 
by non-uniform temperatures in the probes and samples measured 
in a radial direction. Their importance was not examined 
directly although great care was taken in the measurement procedure 
to minimize their effects. Satisfactory alignment was indicated 
by the reproducibility of the coefficients obtained at three 
different positions of contact after rotations of the TJOg sample 
relative to the probes.

The absolute accuracy of the coefficients was mainly 
dependent on that of the value for the thermal conductivity of 
Zircaloy-2 used to calculate the interface heat flux. Prom the 
spread in the published values(5) it was evident that the accuracy 
which could be assigned to the thermal conductivity value used 
here (0.14 W/cm °C at temperatures between 100 and 400°C), and 
thus to the heat-transfer coefficients, was about ± 10$.

In the present measurements systematic errors in the 
calculated coefficients would arise from a uniform heat loss 
from the probes and samples causing a progressive decrease in 
heat flux. Experimentally it was found that these decreases were 
insignificant in vacuum and appreciable only when helium was 
present. However, they were not uniform and for a given probe/ 
sample assembly occurred mainly in the upper probe and upper part 
of the UO2 sample. From the measured changes in heat flux, first 
order corrections were made to the linear extrapolations of 
temperatures and temperature gradients that provided the Inter
face temperature drop and heat flux respectively. Where the 
resulting corrections in the heat-transfer coefficients were 
significant the corrected values have been given.

4.5 Surface Roughness Measurements

Two commercially manufactured instruments were used to 
assess the roughness of each test surface (or of a similarly 
prepared surface). The first instrument was a Mototrace Skid- 
Type ProfHometer, Micrometrical Manufacturing Company, Ann Arbor, 
Michigan, U.S.A. This instrument would not respond to surface 
asperities whose separations were greater than 0.075 cm. The 
second instrument, a Model 3 'Talysurf1 Surface Measuring 
Instrument, Taylor, Taylor and Hobson, Leicester, England, would 
respond to surface asperities whose separations were up to 0 .2 5 cm 
and gave values of roughness height that were about 25$ higher 
than those obtained with the Profilometer. This latter instrument
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was the only one available for most of the measurements and the 
roughness values given in this report are those obtained with it 
rather than those from the Talysurf instrument.

4.6 Microhardness Measurements

The Meyer microhardness of the Zircaloy-2 used in these 
experiments was measured with a projection-microscope hardness 
tester having a square-based 1 3 6° pyramid diamond indentor. 
Indentations were made at 50, 100, 150 and 200 gram loads at room 
temperature both before and after use in the heat transfer apparatus.

4.7 Metallography

Several of the test surfaces were examined metallo- 
graphically after the heat-transfer measurements had been made.
The microstructure of the Zircaloy-2 probes close to the contact 
surface was obtained by mechanical polishing and by chemical 
polishing using a mixture of concentrated HNOq (45 parts bv 
volume), 48$ aqueous HP (10 parts) and glycerine (45 parts). The 
UO2 samples were mechanically polished and then etched for 
approximately 90 seconds in a mixture of concentrated H2SO4 (l 
part by volume) and 30$ H2O2 (9 parts). Surface profiles of 
several test surfaces were also obtained by mechanically polishing 
oblique sections(6 ).

PART V

RESULTS AND DISCUSSION

5.1 Measurements in Vacuum

The heat-transfer coefficients that were obtained from 
eight U02/Zircaloy-2 pair on first increasing the interfacial 
pressure are shown in Figures 3 and 4. In these and subsequent 
figures, the interface temperatures shown are mean values for the 
whole range of interfacial pressure. The interface temperatures 
at any given pressure were normally within ± 5°C of the mean 
values. Also shown are the arithmetic-mean roughness heights for 
the surfaces of each pair. Those heights shown in parentheses 
were not obtained from the test surfaces directly but from surfaces 
prepared in exactly the same manner and of similar appearance.
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INTERFACIAL PRESSURE, kg/cm2

FIGURE 3 - Heat-transfer coefficients obtained in vacuum from 
pairs Ho. 1, 4, 5, 6 and 7 on first increasing the 
interfacial pressure.
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SYMBOL AND ROUGHNESS, MEAN 1
PAIR No. (cm1x 10 INTERFACE

U02 ZIRCALOY-2 tem pera tu re ]
' A , 2 (1) (0.5) 205 1

o , 3 0.25 0.18 360
▼ , 8 2.47 1.13 210 1

100 200 300 400
INTERFACIAL PRESSURE, kg/cm'

600

FIGURE 4 - Heat-transfer coefficients obtained in vacuum from 
pairs No. 2, 3 and 8 on first increasing the inter 
facial pressure.
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The results in Figures 3 and 4 illustrate the dependence 
of heat-transfer coefficient upon increasing interfacial pressure. 
A simple dependence on surface roughness was evident in Figure 3 
where a linear dependence on interfacial pressure was followed.
The smoother the contacting surfaces the higher the coefficients 
obtained at all pressures. No clear dependence on roughness was 
evident in Figure 4.

Heat transfer coefficients obtained on decreasing the 
interfacial pressure were either close to or significantly higher 
than those obtained on first increasing the pressure. Values 
obtained for three pairs that showed marked differences between 
increasing and decreasing pressure are shown in Figure 5. (A 
few measurements were made while purposely cycling the interfacial 
pressure between 100 and 550 kgf/cm2 . The results are given in 
more detail below, but they indicated that where differences 
occurred, the majority of coefficients obtained in vacuum on 
successive pressure cycles tended to reproduce those values 
obtained on first decreasing the interfacial pressure.)

The heat-transfer coefficients obtained here in vacuum 
were assumed to provide the values of hg, the coefficient for 
heat transfer by conduction through solTd/solid contact spots.
In Appendix A the dependence of hs upon interfacial pressure P 
and upon the various physical parameters of the contacting 
surfaces was described by the equation

k_.. P
hs - .....  ........................  (A-9)aQ .R1/2 .H

According to this equation, the coefficients obtained in vacuum 
from a given pair should be linearly proportional to the inter
facial pressure while for a given interfacial pressure, higher 
coefficients should be obtained the smoother the contacting 
surfaces. It was therefore clear that the results shown in Figure
3 conformed more to the qualitative predictions of equation (A.9) 
than did those in Figure 4.

Quantitatively the predictions of equation (A.9) may 
be tested by calculating values of hs for values of kra, P, R 
and H that are believed approprlate~To each U02/ZircaToy-2 pair, 
and comparing them to the corresponding experiemntal ones.
However, equation (A.9) was obtained from two others, namely

km .P
h g =  ---------------

a.H
and

a = a0 .R1//2

(A.6 ) 

(A.8)
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INTERFACIAL PRESSURE, kg/cm2

FIGURE 5 - Heat-transfer coefficients obtained in vacuum from 
pairs No. 3, 7 and 8 on first increasing (broken 
line) and decreasing (solid line) the interfacial 
pressure.
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Thus If a is calculated from equation (A. 6 ) by using the 
experimental values of hg_, km , P and H, the values of a so 
obtained when plotted againsT R V 2 should conform to a straight 
line if proportionality between a and R1/ 2 exists. Furthermore, 
the line should have a slope close to unity (aQ = 1 cm1/2) if 
quantitative agreement exists between the experimental values 
of hs and those predicted by equation (A. 9). Hence values of a 
were calculated from values of hs at 1 0 0, 2 0 0, 300, 400 and 500 
kgf/cm2 . The values of h^ were"Tnterpolated from straight lines 
joining the experimental points in Figures 3 and 4. Plots of a 
versus R1/ 2 were then made for the five interfacial pressures.

As noted previously, coefficients obtained on decreas
ing the interfacial pressure and on subsequent pressure cycling 
were sometimes significantly greater than those obtained on first 
increasing the interfacial pressure. Accordingly, values of a 
were also calculated from values of hs interpolated from data 
obtained on first decreasing the interfacial pressure. Corres
ponding plots of a versus R1/ 2 were then made.

Four of the plots of a versus R1/ 2 for first increasing 
the interfacial pressure are shown in Figure 6 , while the 
corresponding plots for first decreasing the interfacial pressure 
are shown in Figure 7. The interpolated values of hs that were 
used are summarised in Table 1 in which the values Tn parentheses 
were those obtained by short extrapolations of the lines joining 
experimental points. Footnotes to Table 1 give the surface 
preparation methods for each pair.

Table 2 summarises the calculated values of a for both 
increasing and decreasing pressure. The table also contains the 
corresponding values of n, the number of contact spots per unit 
area, calculated from equation (A. 7) In Appendix A. The values 
of and H that were used are derived in Appendix B.

In Figures 6 and 7, broken lines drawn from the origins of each plot represent the proportionality described by equation 
(A. 8) for a© equal either to 1 or to 1/2 cm1/2 . It was evident 
from FigureTfi' that the majority of the pairs examined provided 
values of a that were consistent with the proportionality of, 
equation (A. 8) but that ag could lie between 1/2 and 1 cm1/2.
From Figure 7 it appeared~that values of hs obtained on first 
decreasing the interfacial pressure provided values of a whose 
proportionality to R1/ 2 were a little better than those obtained 
for increasing interfacial pressure. However, a greater number of 
pairs provided values of a that were consistent with aQ = 1 /2  
rather than 1 cm1/2. For either increasing or decreasing inter
facial pressure, the higher the interfacial pressure the closer 
the proportionality between ;a and R1/2. It should be noted here 
that if roughness heights obtained with the Talysurf instrument 
had been used a slightly lower value of aQ would have been deduced.



TABLE I
Interpolated Values of hs on First Increasing and Decreasing the Interfacial Pressure

iair No. 
and

Arithmetic-Mean 
Roughness Heights (cm) x 104

hg , W/cm2. °C
A * -R *; Symbol U02 Zircaloy-2 100 200 300 400 500 500 400 300 200 100

1, A (1 ) (0.5) 0 . 1 2 0.25 0.41 O .52 (0.70) - 0.59 0.49 0.33 0.17
2, ▲ (1 ) (0.5) 0 . 1 2 0. 1 8 0.33 0.80 (2.7) - 1.3 0.55 0.31 0.18

3 * O 0.25 0. 18 0 . 0 3 0 . 1 0 0. 22 0.49 1 . 0 1.3 0.80 0.46 0. 23 0. 11

4, • 1 . 0 (0.5) 0 . 1 5 0 . 2 7 0.62 0.84 0.95 0.94 0.95 0.88 0. 62 0.40
5, □ 3.4 1.7 0.06 0 . 1 2 0.16 0.24 O .32 0.34 0.26 0.16 0 . 1 2 0.07
6 , ■ 0 . 2 5 (0.5) 0.64 0.91 1 . 2 1.3 1.4 1.45 1.4 1 . 2 0.97 0.53
1, v 1.58 0.79 0 .2 1 0.34 0.45 0 . 5 2 0.60 0.67 0.66 0.59 0.43 (0.24)
8, ▼ 2.47 1.13 0.24 0.35 0.47 0. 62 0. 81 0.97 0.88 O .69 0.49 (0.25)

* Interfacial Pressure, kgf/cm2, A - increasing, B - decreasing
Preparation MethodsPair Nos. 1, 2 and 4; U02 diamond wheel-ground, Zircaloy-2 lathe-turnedPair No. 3; UO2 and Zircaloy-2 surfaces lapped together with 1 micron

diamond powder paste Pair No. 5; UO2 and Zircaloy-2 surfaces lapped together with 250 micron 
Silicon Carbide powder paste 

Pair No. 6 ; UOg lapped separately with 1 micron diamond powder paste,Zircaloy-2 same surface as for Pair No. 2 
Pair No. 7; Surfaces lapped together with 18 to 44 micron Silicon

Carbide powder paste Pair No. 8; Surfaces lapped together with 105 micron Silicon Carbide 
powder paste



TABLE 2
Values of a and n Calculated from the Values of hs in Table 1

Pair No. a, (cm) x 104 and n . cm 2
A * B

100 200 300 400 500 500 400 300 200 100

1 a 91 87 80 84 (78) _ 74 67 66 64n 88 191 343 414 (599) — 532 490 334 176
2 a 19 106 87 48 , ^18 1

- 29 52 62 53n 85 96 215 950 (8650) 2500 600 285 192
3 a 362 217 148 89 54 41 54 71 95 99n 6 31 99 368 1220 2060 977 432 161 74
4 a 64 71 46 46 50 51 40 33 31 24

n 133 217 760 1050 1070 1050 1340 1535 1140 950

5 a 181 181 204 181 170 160 167 204 181 155n 22 44 52 88 125 142 103 52 44 30
6 a 15 21 24 29 34 33 27 24 20 18

n 2430 2460 2850 2510 2330 2500 2900 2850 2780 1665

7 a 52 64 73 84 91 81 66 56 51 (45)n 270 353 414 4l4 442 550 667 700 567 (353)
8 a 40 55 61 62 59 50 44 42 39 (38)n 340 362 437 569 778 1100 1130 941 710 (371)

ft Interfacial Pressure, kgf/cm2, A - increasing, B - decreasing
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FIGURE 6 - Plots of a versus at interfacial pressures
(increasing) of 1 0 0, 2 0 0, 300 and 400 kgf/cm .

Several factors may account for the large spread in 
the points of Figures 6 and J. For example, the values of km 
and H that were used to calculate a were those for the bulk 
materials (see Appendix B). It was assumed that these values 
were appropriate to the regions in each material very close to 
the contacting surfaces, i.e. where the constriction of heat 
flow is greatest. Thus any work hardening or oxidation of the 
test surfaces that occurred in their preparation or during the 
experiment may have introduced significant errors into the 
calculated values of a.

Examination of the chemically polished sections of 
several Zircaloy-2 test s\arfaces showed that they had been 
plastically deformed to depths of 10 to 30 x 10”̂  cm. Polish
ing the same sections mechanically did not reveal any
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FIGURE 7 " Plots of a versus R^ / 2 at Interfacial pressures 
(decreasing) of 100, 2 0 0, 300 and 400 kgf/cm2.

significant oxidation, but because of possible edge-smearing, an 
oxide layer up to 1 x 10 cm deep could have gone undetected. 
The polished and etched UO2 sections showed no evidence of bulk 
oxidation but, again, a shallow oxidation of the test surfaces 
would not have been detected. This limit of detection may be 
critical. Sanderson(7) has demonstrated that an increase in 
thickness of the oxide layer on a uranium surface from 0 .7 5 x 
10_4 to 1 .2 5  x 1 0 - 4 cm decreased the heat-transfer coefficient 
between this surface and a Magnox surface by a factor of two. 
Although his measurements were made in argon, the experimental 
conditions of temperature and pressure were such that the solid/ 
solid heat flow component was important. Thus the result is of 
interest in the present discussion.
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The test surfaces were also under pressure at elevated 
temperatures for a considerable time during the heat-transfer 
measurements. Though not allowed for here, the possibility of a 
resulting reduction in the hardness was appreciated(°).

It is also possible to significantly alter the wave 
form of the roughness of a surface while changing the arithmetic- 
mean roughness height very little(9a)(9b)(9c). Thus different 
pairs of surfaces may provide similar values of the roughness 
function R, but their mode of contact, and thus the values of 
both a and n, could vary from pair to pair.

Some of the spread in the data of Figures 6 and 7 may 
have been due to a dependence of the heat-transfer coefficients on 
direction of heat flow. Such a dependence would result in a 
corresponding dependence, though in the opposite sense of the 
values of a, for these were calculated from the experimental 
values of hs using equation (A. 6 ). In Figures 6 and 7 the closed 
points were“"for pairs where the heat flow was in the direction 
UC>2 to Zircaloy-2 whereas the open points were those for the 
opposite direction. In either figure the closed points are, with 
few exceptions, lower than the open ones. Thus it would appear 
that coefficients obtained for a UOg/Zircaloy^ direction may be 
higher than those obtained for a Zircaloy-2/TTC>2 direction.

A dependence on heat-flow direction has been observed 
by Rogers for aluminum/steel p a i r s (10). Coefficients obtained 
in air were 20% higher in the aluminum/steel direction. In 
vacuum the numerical difference between the coefficient ts was 
similar to that obtained in air, but because the coefficients 
themselves were lower the difference was about 100$. The 
magnitude of the effect in Rogers’ measurements in vacuum was 
similar to that obtained here, although in Rogers' work, the 
higher coefficients were obtained when heat flowed from the softer 
to the harder material whereas the reverse effect was apparent 
for the U02/Zircaloy-2 pairs examined here.

The possible dependence on heat flow direction based on 
the present results should be viewed with reserve. The mean 
interface temperatures where the heat flow was from U02 to 
Zircaloy-2 were about 150°C lower than those where the direction 
was the opposite. Thus the possible effects of oxidation and 
time of application of load may have been significantly different.

Lastly, although the calculated values of a for a given 
pair of surfaces were subject to the errors noted above, they 
were very much greater than the probable width of the asperities 
on either of the surfaces. From the profiles of surfaces obtained 
for many materials by several investigators (6 )(9a)(9b)(ll)(1 2)(1 3) 
it is evident that the widths of asperities are generally from
10 to 20 times their heights. Thus for most of the surfaces
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examined, here, the mean widths of asperities varied between 
5 x 10-^ and 60 x 10“^ cm depending on the roughness. On the 
other hand, the values of a in Table 2 varied from about 
40 x 10”^ to 180 x 1 0 _4 cm. It would appear that each solid/solid 
contact spot embraced, on the average, several asperities.

This mode of contact would occur if the test surfaces 
possessed either waviness or error of form. These arbitrary 
components of surface testure and their relation to surface 
roughness have been discussed elsewhere (9) (9t>) (9c) and are 
illustrated in Figure 8 . Solid/solid contacts would be limited 
first to the intersections of the crests of the waves while the 
error of form would further limit the number of intersections 
that would make contact. As a result, a number of asperities 
grouped together would support the load at these contact positions, 
rather than an even distribution of single asperities. Further 
evidence for waviness and error of form is given below.

SURFACE

ROUGHNESS

ERROR OF FORM

FIGURE 8 - Relationship between surface roughness, waviness and
error of form (simplified sketch; vertical magnification 
much greater than horizontal magnification).
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It is unlikely that the spacing of the waves and error 
~>f form would he constant from surface to surface and thus 
variations in the calculated values of a for pairs of nominally 
equal surface roughness should not be unusual. The variations 
are, however, one more factor that may account for the spread in 
data such as was shown in Figures 6 and 7; the empirical and 
approximate nature of the correlation of a with roughness should 
be emphasized.

5.2 Measurements in Gases

Heat-transfer coefficients were obtained from six pairs 
in 76 cm Hg of helium (Figure 9), of argon (Figure 10), of krypton 
(Figure 11) and of xenon (Figure 12). A comparison between the 
coefficients obtained in the various gases from a given pair may 
be made in Table 3 which, summarises values interpolated at several 
interfacial pressures. The interpolated values were again obtained 
from straight lines joining experimental points obtained on first 
increasing the interfacial pressure, (Figures 9 to 12). Similar 
plots were made for first decreasing the interfacial pressure and 
the corresponding interpolated values of heat-transfer coefficients 
are included in Table 3-

As seen from Table 3* the coefficients obtained in 
either argon, krypton or xenon were similar and were about one 
half to one third of those obtained in helium. Most of the 
coefficients obtained in the gases were considerably higher than 
those obtained in vacuum and the larger errors in measuring the 
correspondingly smaller interface temperature drops were 
appreciated. Nevertheless the experimental values were again used 
to test the predictions of the model developed in Appendix A.

For example, the expression for the overall heat-transfer 
coefficient h for two contact surfaces with a gas occupying the 
interface voids was written in Appendix A as follows:

km ,p kf ...(A.19)
a0 .R1//2.H c (Rx + R2) + (Si + g2)

Qualitatively the equation indicates that the co
efficients obtained from a given interface should increase with 
both increasing interfacial pressure and increasing thermal 
conductivity of the gas that occupies the interface voids. 
Experimentally, most of the pairs did provide coefficients that 
increased linearly with increasing interfacial pressure (Figures
9 to 12), while for a given interface and pressure, higher
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INTERFACE
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0 . 3 0.25 0.18 265
• > 4 1.0 (0.5) 145
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■ , 6 0.25 (0.5) 155
^ , 7 1.58 0.79 255
" ,  8 2.47 1.13 140
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FIGURE 9 -  Heat-transfer co effic ien ts obtained in 76 cm Hg of 
helium.
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FIGURE 10 - Heat-transfer coefficients obtained in 76 cm Hg of
argon.
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SYMBOL AND 
PAIR No.

ROUGHNESS, 
(cm)x I04

MEAN
INTERFACE
TEMPERATURE,-

°CU02 ZIRCALOY-2

D , 5 3.4 1.7 335
■ , 6 0.25 (0.5) 200
" , 7 1 .58 0.79 320
* , 8 2.47 1.13 1 80

0 _________ 1_________I_________ 1_________ 1_________ I-------
0 100 200 300 400 500 600

INTERFACIAL PRESSURE, kg/cm2

FIGURE 11 - Heat-transfer coefficients obtained in j6 cm Hg of
krypton.
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2.0

oo

1.5

L0

0.5

0
0 100 200 300 400 500 60C

INTERFACIAL PRESSURE, Kg/cm2

SYMBOL AND 
PAIR No.

ROUGHNESS,
(cm)xl04

MEAN
INTERFACE
TEMPERATURE,"

°CU02 ZiRCALOY-2
□ , 5 3.4 1.7 335
■ i 6 0.25 (0.5) 200
v , 7 1.58 0.79 325
▼ , 8 2,47 1.13 185

l

FIGURE 12 - Heat-transfer coefficients obtained in 76 cm Hg of
xenon.



TABLE 3
Interpolated Values of h Obtained in 76 cm Hg of Various Gases on First Increasing and Decreasing the Interfacial Pressure

Pair No. 
and
Symbol

Atmosphere
h, W/cm2 . °C

A * B *
100 200 300 400 500 500 400 300 200 100

3, O Helium
Argon

2.45
1 . 0

4.5
1.6

4.92.4 5-73.2
4.6
5.2 4.0

n.d.
4.0
n.d.

3.6
n.d. 3-3n.d.

3 2
1.3

4, • Helium
Argon 2.55

1.3 3.11.45
3.4
1.7

4.25
2 .1

4.6
2.55

6 . 2  
n.d.

6 . 2  
n.d.

6.4
n.d.

5.4
n.d.

3.0 
1 3

5, □
Helium
Argon
Krypton
Xenon

1.05
0 . 2 5
0.21
0.17

1.1
0.32
0.26
0.21

1.250.41
0.37
0.31

1.25
0 . 5 0
0.490.42

1.3
0.600.64
0.46

1.5
0 . 6 0
0.640.46

1-5
0 . 5 00.48
0.42

1.4
0.41
0.37
0.31

1-3
0.350.27
0.21

1 . 2
0 . 3 0
0.21
0.17

6, ■
Helium
Argon
Krypton
Xenon

1.9
0. 71
0.81
0.7^

2 . 2 5
0.8
0.890.84

2.45
0.950.98
0.95

2.85
1 . 0
1.05
1.05

3-3
1. 1
1 . 1 0
1 . 2 0

2 .8
1 . 1
1 . 1
1 . 2

2.8
1 . 0
1 . 0
1 . 2

2 .8
1 . 0
0.93
1.15

2.50.9O .83
1 . 0

2 . 2
0. 8
0.66
0.68

7, V
Helium
Argon
Krypton
Xenon

1.25
0.490.45
0.29

1.3
0.61
0.60
0.45

1.30.72
0.68
0.55

1.4
0.750.73
0. 62

1.150.89
0.79
0 . 6 7

1.5 0.94 
n.d. 
0.71

1.5
0.95
n.d.
0 . 7 0

1.50.91
n.d.
0.66

1.45
0.75n.d.O .58

I1'45)(0.63)n.d.
0.41

►
•»

CO

Helium
Argon
Krypton
Xenon

1.30.40
0.36
0.29

1.55
0.550.52
0.43

1.70.72
0.6 9
0.55

1.90.92
0.86
0.70

2 . 1
1.15
1 . 0
0.93

2.3
1 . 2
n.d.
0.97

2.05
1.05 
n.d. O .83

1.9O .89
n.d.
0.69

1.7
0 . 7 0
n.d,0.52

(1 .6 )(0.52)
n.d.
(0.35)

n.d. - Not determined
ft - Interfacial Pressure, kgf/cm2 , A - increasing, B - decreasing
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coefficients were usually obtained for higher thermal conductivity 
of the interface gas (Table 3)-

Equation (A.19) indicates that for a given interfacial 
pressure and gas, higher coefficients should be obtained from the 
smoother surfaces. Although some exceptions may be noted in 
Figures 9 to 12, the majority of the six pairs examined did 
provide coefficients that followed this relationship. Thus the 
experimental values of the coefficients obtained in 76 cm Hg of 
the various gases appeared to follow the qualitative predications 
of this equation.

The heat transfer coefficients obtained in vacuum were 
shown above to be consistent, within about a factor of two, with 
the predictions of the first term in equation (A.19). Whether 
or not the coefficients obtained in the various gases were 
quantitatively consistent with the predictions of the equation 
as a whole could not be determined, because the appropriate 
values of the parameter c_ and the temperature jump distances g^ 
and go were not known. An attempt was therefore made to evaluate 
these quantities and thus determine the importance of the 
accommodation effect and its relation to surface roughness for the 
pairs examined.

5.2.1 Evaluation of (gi + g^) and c

The measurements in vacuum were assumed to provide the 
values of h^ while those in the various gases were assumed to 
provide the values of the sum (hs + h.f). Thus the values of h£ 
for a particular pair of surfaces in a given gas may be obtained 
by subtracting the values of the coefficients obtained in vacuum 
from those obtained in the gas at the same interfacial pressure 
and mean temperature. Unfortunately, the particular condition of 
equal interface temperature could not be exactly satisfied by the 
limited number of experimental results available. The subtraction 
of the coefficients h^ and h could only be made here for the mean 
interface temperatures indicated in Figures 3 to 11. This inexact
ness should not have introduced large errors into the derivation 
of hf in argon, krypton or xenon, for the interface temperatures 
in "these gases were close to those in vacuum. However, the 
errors introduced into the values of hf for helium may possibly 
have been significant, for in this gas the interface temperatures 
for a given pair were from 6 0 ° to 100°C lower than those in 
vacuum. Table 4 summarises the values of hf obtained by subtract
ing the interpolated values of ĥ _ in Table~T from the appropriate 
interpolated values of h in Table 3-

The coefficient hf is described by the second term in 
equation (A.19), i.e.
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hf = __________..............  ..............  (A.15)
c.(Rx + R2) + (g1 + g2)

This equation may "be written

= c . ^  + Rg) + (S l + gg) .................................  (3)

For a given pair of surfaces and a given gas, R-p R2 and kf are 
known. Provided that c and (g^ + g2) do not vary from pair to 
pair they may be evaluated graphically from a plot of the ratio 
kf—  at a given interfacial pressure, versus the sum (Rj + R2).
Such a plot for the six U02/Zircaloy pairs in helium (76 cm Hg) at 
an interfacial pressure of 100 kgf/cm* is shown in Figure 13.
The straight line shown was fitted by the method of least squares. 
It was noteworthy that the line made a positive intercept with the 
k fpj-p axis, indicating a finite value of the sum (g-̂  + g2;. The
slope of the line (c) and the value of (g-̂  + g2) are indicated.

Similar plots were made from the data obtained in the 
other gases. That for argon provided essentially the same value 
for c_ and again a positive value for (g]_ + go) which was, however, 
about one half of that obtained in helium. Plots made for krypton 
and xenon also provided the same value of c_ but even smaller 
positive intercepts on the kf axis. Graphical evaluation of

hf
(gl + g2) for these gases was particularly difficult because 
fewer experimental values of hf were available in these gases and
the spread in the data was as large as that in Figure 13. The 
spread in the data in Figure 13 was typical of that in similar 
plots made from the values of hf obtained at 200, 3 0 0, 400 and 
500 kgf/cm^ in either helium or argon. The cause of the spread 
may have been the use of the arithmetic-mean roughness heights.
The possibility that these quantities do not account 
satisfactorily for the mode of contact between two surfaces has 
been previously suggested by the spread in the data of Figures 6 
and 7. In addition, both c and (g]_ + g2) may have varied from 
pair to pair. A comparative evaluation of (g^ + go) was therefore 
made in which the use of the quantity c.(R-̂  + R2) was avoided.

From equation (3 ) and for a given interface and inter
facial pressure,
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(R, + R 2) , (cm) x I 0 4

FIGURE 13 - Plot of versus (FU + Rp) for six pairs inV* -Lf
76 cm Hg of helium.
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f e L
= (g]_ + g?\ ~ (gx + g2) --- (*0^ / h p H n m  ftT»crnnhelium ' arffnn helium argon

lc^»Thus the experimental values of the ratio __L were used to determinehf
the difference between the sums (g^ + g») for the various gases, 
rather than their a'bs'olute values. Similar subtractions were 
made for argon-krypton and krypton-xenon. Table 5 shows the . .
results of these subtractions using the indicated values kf (^) 
and the values of hf in Table 4. —

The differences confirmed that
(Si + So), > (gi + So) > (g-i + go),-1  ̂helium -1- ^ argon ^ krypton

From the last column in Table 5 it was apparent that for pairs
7 and 8

(si + S2krypton < (sl + s2 x̂enon
whereas the reverse was apparent for pair 5 . However, the 
significance that could be attached to any of the differences 
for krypton-xenon was small due to the large errors inherent in 
the small values of h^ in xenon (see Table 4). The values of h^ 
m  xenon for pair 5 were, however, the largest and the differences 
in Table 5 for this pair were preferred to those for pairs 7 and 
8 . It was therefore concluded that the sum (g^ + g2) for the 
U02/Zircaloy-2 pairs examined here decreased in the order helium, 
argon, krypton and xenon.

Absolute Values of (g^ + g2)

The comparative data of Table 5 and graphical data 
typified by Figure 13 were used to estimate the absolute values 
of (g-i + g2) for each. gas. It has been shown elsewhere that the 
degree of accommodation of a given gas on various surfaces of 
the same material may vary considerably due to variations in the 
physical and chemical nature of the surfaces. The variations were 
most pronounced where the molecular weight of the gas was small 
compared to that of the surface, for instance hydrogen on 
platinum(!5) and helium on tungsten(l°). Thus no attempt was made 
here to obtain values for individual U02/Zircaloy-2 pairs but 
rather to provide mean values of (g-̂  + g2) that were consistent



TABLE 4
Values of Obtained by Subtracting the Values of hs in Table 1 from 

the Appropriate Values of h in Table 3

hf , w /cm2 .°C
Pair Atmosphere A * B *
Wo. 100 200 300 400 500 500 400 300 200 100

3 Helium
Argon

2.42
0.97

4.4
1.5

4.68
2.18

5-21
2 .7 1

3.64.2 2.7 3-2 3.14 3-07 3-09
1.19

4 Helium
Argon

2.4
1.15

2.83
1 .18

2.78
1.08

3.41
1.26

3-75
1.6

5.26 5.25 5.52 4.78 2 .6 0
0.9

Helium
Argon
Krypton
Xenon

0.990.190.15
0.11

0.98
0 . 2 00.14
0.09

1.09
0.25
0. 21
0.15

1 .0 1
0.26O .25
0. 18

0.98
0.28
0.320.14

1.16
0.26
0 .3 0
0 .1 2

1.24
0.24
0 . 2 2
0.16

1.24
0.25
0.21
0.15

1.18
0.23
0 . 1 5
0.09

1.13
0.230.14
0 . 1 0

6

Helium
Argon
Krypton
Xenon

1.26
0.07
0.17
0 . 1 0

1.34-0 . 11
-0. 02
-0.07

1.25-0 . 2 5
-0 . 2 2
-0.25

1.55-0.30
-0.25
-0.25

1.9-0 .3 0
-0 .3 0-0. 20

1.35-0.35
-0.35-0.25

1.4-0.40
-0.40-0 . 2 0

1.6  
-0.20  
-0.27 
-0.05

1.53-0.07-0.14
0.03

1.670.27
0 . 1 3
0 . 1 5

7
Helium
Argon
Krypton
Xenon

1.04
0. 28
0.24
0 .0 8

0.96
0 . 27
0.26
0.11

O .85
0.27
0.23
0 . 10

0.88
0 . 2 3
0 .2 1
0 . 1 0

0.550.29
0.19
0.07

0.88
0.27
0.04

0.84
0.29
.0.04

0.910.32
0.07

1 .0 2
0 . 3 2

0 . 1 5

C1 • 2)(0.39)
(0.17)

8

Helium
Argon
Krypton
Xenon

1.06
0.16
0 . 1 2
0.05

1 . 2
0 . 2 0
0.17
0.08

1.2 3
0.25
0 . 2 2
0.08

1.28
0.300.24
0.08

1.290.34
0.21
0. 12

1.330.23
0

1.170.17
-0.05

1.21
0 .2 0

0

1.21
0.21

0.03

C1 *3 5) (0.27)
(0 .1 0)

o
& - Interfacial Pressure, kgf/cm , A - increasing, B - decreasing
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TABLE 5
Differences Between kf Obtained in the Various Gases at Several

^f Interfacial Pressures
r ................
!

Pair No. |

Interfacial 
Pressure, 
kgf/cm2

f e l  -  f e i

(cm) x 10^

v 'A \ Kr

(cm) x 10^

v 1 'Kr ' Xe 

(cm) x 10^
100 6
200 3

3 300 4 - -

400 3
500 5
100 6
200 54 300 5 - -

400 4
500 3
100 6 4 2
200 9 3 1

5 300 7 4 1
400 11 4 1
500 12 5 -2
100 10 4 -6
200 11 3 -3

7 300 14 5 -3
400 11 5 -2
500j 28 1 -5
100 2 4 -5
200 3 4 -3

8 300 6 5 -5400 7 4 -5
500 7 0 0

Values of (W/cm°C) used were
(a) for pairs No. 4 and No. 8

1.9 x 10-3 in helium, 2.5 x 10~^ in argon, 1.4 x 10“  ̂in krypton
and 0.84 x 10“^ in xenon

(b) for pairs No. 3, No. 5 and No. 7
2.1 x 10~3 in helium, 2.9 x 10~^ in argon, 1.7 x 10“  ̂in krypton
and 1.0 x 1 0 in xenon
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with, most of the experimental data. Thus, at 76 cm Hg gas 
pressure and for the Interface temperatures given in Figures 9 to 
12, (g-̂  + g2) for helium was about 10 x 10-^ cm, for argon about
5 x 10"^ cm, for krypton about 1 x 10"^ cm, and for xenon less 
than 1 x 10“^ cm.

Thus, within the terms of the model described by equation 
(A.15), the accommodation effect for the pairs examined here 
appeared to be important. That it may also be Important for metal/ 
metal pairs is clear from data of other investigators. For example, 
when perfect accommodation occurs, the void thickness between two 
surfaces In contact in a gas of thermal conductivity kf Is given by

t - £ ........................................ (5)hf
When accommodation Is not perfect, t may be written

t = ^  ( _______■=• >r 1 + r 2>_______^ .........  (6)
hf ^.(Ri + R2) + (gx + g2) J

If the effect of accommodation is ignored, the values of t calculated 
from measured values of h£ and an assumed bulk conductivity kf, 
will vary for a given pair according to the gas present,
Increasing as the degree of accommodation decreases.

The apparent dependence of t_ upon the interface gas has
been shown by the results of Boeschoten and Van der Held\li).
Values of t for aluminum/uranium, aluminum/iron and aluminum/ 
aluminum pairs in helium or hydrogen were all about twice those 
obtained in air. A similar dependence is apparent in data obtained 
from uranium/Magnox pairs In helium and argon by Dilworth(l°) 
and by Sanderson(7).

It is also clear from equation (6) that, if accommodation 
is ignored, the calculated values of t_ may be considerably greater 
than the true values, particularly when accommodation is poor and
when the contacting surfaces are smooth. This effect Is shown by
Boeschoten and Van der Held's data obtained in helium from their 
aluminum/uranium pair and also by Wheeler's datav1) for a U02/ 
Zircaloy-2 pair in 38 cm Hg of helium.

Values of c

At an Interfacial pressure of 100 kgf/cm2 a value c <= 2.5 
was most consistent with the mean absolute values of (g-̂  + g2)
given above and with the experimental values of and (R^ + Rg)•

h.f
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At higher pressures the values of c_ were less and decreased to 
about 1 . 5 at 500 kgf/cm2 .

The value c = 2.5 was higher than that which can be 
deduced from a simple model of contact between plane, but rough, 
surfaces (see Appendix A). The higher value obtained here and 
its apparent dependence on pressure were thought to be further 
evidence of waviness and error of form of the test surfaces. For 
example, the mean distance that separates two wavy surfaces making 
contact would be greater than that between two plane surfaces.
The distance would therefore be characterised by a higher value 
of c_.

Some confirmation that waviness and error of form were, 
in fact, present in the test surfaces was obtained from stylus 
trace profiles of several U02 and Zircaloy-2 surfaces that had 
been prepared by the same procedure as given in Section 4.2. The 
profiles were obtained using the Talysurf instrument and are shown 
in Figures 14 to 16 . Two oblique metallographic sections of the 
UO2 surfaces from parts No. 4 and 5 are shown in Figure 1 7. Both 
waviness and error of form were evident on most of the surfaces.

The apparent decrease in c with increasing interfacial 
pressure was believed to be due to Fhe softer Zircaloy-2 surfaces 
partially assuming the wavlness and error of form of the UOp 
surfaces. This would decrease t and thus, from equation (5), 
increase hf. Such an increase occurred here for the majority of 
pairs exaUmTed (see Table 4). Because the values of hf were 
analysed in terms of equation (3 ) above, a decrease irr-̂  was a 
apparent.

It may be difficult to describe the mean distance 
separating two surfaces in terms of waviness and error of form as 
well as surface roughness. Kragelsky and D e m k i n ( 1 9) have given 
an analysis of the contact area between surfaces that are both 
rough and wavy, while Laming(20) has considered the effect of 
waviness on the solid/solid component of the heat-transfer co
efficient. However, the results from either of these studies 
cannot be used to improve the expressions for each, component of 
the heat-transfer coefficient obtained here in Appendix A. The 
expressions are convenient to use in their present forms but the 
possibility of an apparent dependence of c_ on interfacial pressure 
should be appreciated while the empirical and approximate nature 
of the dependence of a, and thus h^, on surface roughness has been 
emphasized previously. That waviness and error of form may be 
encountered on the heat-transfer surfaces of fuel element components 
is evident in Figure 18. Thus the present results were appropriate 
to operating U02/Zircaloy-2 clad fuel elements.



500
0X 

. 
50

00
X

- 34 - C R F D -1 0 7 5

FIGURE 14 - Talysurf surface profiles: Upper-U02_. lower-Zircaloy-2.
Lapped together using 6 micron diamond paste to produce 
arithmetic-mean roughness heights of 0 ,3 0 x 10-4 cm 
and 0.16 x 10-4 cm respectively. (Note differences 
between vertical and horizontal magnification,)
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FIGURE 15 - Talysurf surface profiles: Upper-U02, lower-Zircaloy-2.
Lapped together using 18 to 44 micron SiC powder to 
produce arithmetic-mean roughness heights of 1.9 x 
1 0“4 cm and 0.8 x 1 0"4 cra respectively. (Note differences 
between vertical and horizontal magnification.)
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FIGURE 16 - Talysurf surface profile: Upper-UOo. lower-Zircaloy-2 . Lapped together using 250 micron SIC powder to produce 
arithmetic-mean roughness heights of 3 . 0 x 1 0 cm 
and 1.9 x 10~^ cm respectively. (Note differences 
between vertical and horizontal magnification.)
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FIGURE 17 - Metallographic oblique sections on U02 test surfaces: 
Upper-test surface No. b, lower-test surface No 5 . 
Arithmetic-mean roughness heights of 1.0 x 1 0 cm 
and 3.4 x lO-^ cm respectively. (Note differences 
between vertical and horizontal magnification.)
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FIGURE 18 - Talysurf surface profiles: Upper-centreless ground U02 
surface, lower-internal surface of a Zircaloy-2 tube. 
Arithmetic-mean roughness heights of 0.7 x 10 cm 
and 0.6 x lO-^ cm respectively. (Note differences 
between vertical and horizontal magnification.)
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5.3 Effect of Cycling the Interfacial Pressure

For some of the U02/Zircaloy-2 pairs examined the heat- 
transfer coefficients obtained on first increasing the interfacial 
pressure were significantly different from those obtained on 
subsequently decreasing the pressure (Figure 5 and Tables 1 and 3). 
Similar differences have been observed by other investigatorsW U 2 )  
[2 2;(23) bUt no clear explanation of the effect has been given.
The effect was examined here by obtaining coefficients in vacuum 
or in one atmosphere of helium from pairs 7 and 8 in cycling the 
interfacial pressure three times between 110 and 550 kgf/cm2.
Though not as complete,, similar measurements were also made on 
pairs 3 and 4.

It was again assumed that the measurements in vacuum 
gave values of h^. Interpolated values for this coefficient for 
the four pairs examined are summarized in Table 6. By reading 
horizontally in Table 6 it was evident that the values of hg_ for 
pairs 7 and 8 were reproducible at a given interfacial pressure 
whereas those for pairs No. 3 and 4 were only reproducible after 
the first increase in interfacial pressure.

Although the surfaces of pair 3 were lapped together, 
and were very smooth (0 .2 5 x 10_i|- and 0.18 x 10 *■ cm roughness 
heights) compared to those of pairs 7 and 8 , the non-reproducibility 
In the results obtained for this pair probably reflected the 
difficulty of matching two smooth surfaces where waviness and 
error of form can be more important than for those surfaces of 
greater roughness.

In i:he pressure cycling experiments one atmosphere of 
helium was Introduced after each measurement in vacuum. Thus the 
effect of pressure cycling on the coefficient h in helium was also 
obtained. Interpolated values are summarized in Table 7- The 
reproducibility of the coefficients was probably within the 
experimental error, although the majority of values obtained in 
the third pressure cycle were greater than those obtained in the 
first.

Table 8 summarizes the corresponding values of the 
coefficient h£ obtained by subtracting the values of hg_ in Table
6 from the appropriate values of h in Table 7• There was a 
similar tendency for h£ to be somewhat larger in the third pressure 
cycle but the possible errors associated with the derivation of 
the values in Table 8 were appreciated.

It was evident from the results in the tables that no 
large changes in the coefficients occurred. Thus the previous 
values of a^ and c would not be expected to change appreciably 
as a resultDf cycling the interfacial pressure.
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TABLE 6

Interpolated Values of hg Obtained for Pairs No. 3 j 4, 7 
and 8 on Cycling the Interfacial Pressure Three Times

Pair No.
hg, W/cmV.°C

X t l L C  3? X 
Pressure, 
kgf/cm2

First
Cycle

Second
Cycle

Third
Cycle

110 0.043 0.11 0.10
330 0.29 - -

3 ______ 55Q_____________ __ 1*6_____ ____ 2 t23____
550 1.9330 0.57 - -
110 0.12 0.10 0.10
110 0.15 0.42 0.38
330 0.69 - -

4 550 1.01 1.0 1 .0 5
550 1.04 - -
330 0.92 - -
110 0.42 O .38 0.3 4

100 0.18 0.17 0.18
300 0.37 0.40 0.3 8

7 500 0.52 0 .53 0 .5 2

500 0.56 0 .5 5 0 .5 4
300 0.43 0.43 0.41
100 0.17 0.18 0.16

100 0.30 0 .3 0 0.32
300 0.6l 0 .7 2 0.74

8 500 0.99 1.14 1.12
500 1.11 1.17 1.14
300 0.80 0.79 0.76
100 0.30 0.32 0.29
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TABLE 7

Interpolated Values of h Obtained for pairs No. 3* 7
and 8 on Cycling the Interfacial Pressure Three Times

Pair No.
Interfacial 
Pressure, 
kgf/cm2

h., W/cm2 . °C
First
Cycle

Second
Cycle

Third
Cycle

110 2.5 2 .85
330 4.62 “ -

3 ______ 559_______ 4.2 — 5 s.5 _.__
550

____
3.94 -

330 3.77 - -
110 3.4 2.8 5 2.9

110 2.57 - 2.9330 3.60 - -
4 550 6.^4 4.1

550 6.34
_____________

330 6 .56 - -
110 3-14 2.9 2.9
100 1.04 1 .1 0 1.12
300 I .23 1 .2 9 1.25

7 ^00 l.^i ____U 2 2 ___j 1.22
500 1 .3 0 1.33 1.34
300 1.21 1 .2 7 1.30
100 1.10 1 . 1 2 1.10
100 1.32 1.59 1.62
300 I .89 1.95 2.10

8 _____ 5QQ______ ___ 2J.2____ ___ 2^29 2*.54__
500 2.14 2.34 2 .50
300 2.01 2 . 1 2 1.96100 1.59 1 .6 2 1 .62
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TABLE 8

Values of hf Obtained by Subtracting the Values of hs in 
Table 6 from the Appropriate Values of h in Table 7

Pair No.
Interfacial 
Pressure, 
kgf/cm2

hf, W/cm2 . 0

L
C

First
Cycle

Second
Cycle

Third
Cycle

110 2.46 2.75330 4.33 - -
3 550 2-3*1 1.97 2.6

550 2.04 — _
330 3.20 - -
110 3 .28 2.75 2.8
110 2.42 — 2 .5 2
330 2.91 - -

4 550 5.33 3.3 3 . 0 5

550 5.30 — _
330 5.64 - -
110 2.72 2 . 5 2 2.56

100 0.86 0.93 0.94
300 0.86 0.89 0.87

7 ^00 0.80 , 0.80

500
____

0.74 O .78 0.80
300 0.78 0.84 0.89100 0.93 0.94 0.94

100 1 .0.2 1.29 1 .3 0
300 1.28 1.23 1.368 500 1.13 1.15 1.42
500 1.03 1.17 1.36
300 1.21 1.33 1.20
100 1.29 1,30

------ --- 1--
1.33
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5.4 Effect of Decreasing the Interface Temperature

Heat-transfer coefficients in either vacuum., helium or 
argon were obtained from four pairs on decreasing the mean inter
face temperature while maintaining the interfacial pressure very 
nearly constant at 100 kgf/cm2. With the apparatus used the heat- 
flux was not constant, but decreased by approximately 40$ as the 
interface temperature was decreased from the maximum to the minimum 
values shown below.

Table 9 summarizes the results obtained; Figure 19 
illustrates the results for pairs 7 and 8. For these pairs the 
mean interface temperature was subsequently restored to its initial 
value and the coefficients in vacuum were remeasured. The values 
obtained are shown in parentheses in Table 9 .

FIGURE 19 - Variations of'heat-transfer coefficients for pairs
No. 7 and 8 on decreasing the mean interface temperature.
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Heat-Transfer Coefficients Obtained from Pairs No. 5, 6 ., 7 and 8 on Decreasing the Interface Temperature while Keeping the Inter
facial Pressure Constant

Interface No. Mean
and Interface Heat-Transfer

Atmosphere Temperature, Coefficient,
°C W/cm2.°C

328 0.092
314 O.O89

5 300 0.093Vacuum® 280 0 . 1 0
2 66 0 . 1 0
233 0.11
201 0 . 1 2
207 0.54
200 0.46
193 0.46

Vacuum 185 0.44
176 0.39
158 0.40
141 0.44
355 0 . 1 2
330 0 . 1 2

7, 305 0 . 2 2
Vacuum 284 0. 23

261 0.24241 0.30
219 0 . 3 0
(359) (0 .1 2)
205 0.24
195 0 . 2 0
184 0.19

8, 172 0.17Vacuum 161 0.16
151 0.17140 0.16
(207) (0.25)
313 0. 62

7, 258 0.65Argon*® 188 O .65
174 0.49

8, 146 0.46
Argon 115 0.41

260 1 .28
7 > ^ 213 1.27Helium®® 156 1.41

138 1.56
8, 116 1-30Helium 94 1.18

ft Less than 5 x 1 0 “6 cm Hg ftft 76 cm Hg
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The changes in the coefficients in one atmosphere of 
either helium or argon were not large and were comparable to 
those in coefficients obtained bv several investigators from 
metal/metal pairs in air(lO)(ll)l22). Much larger changes have 
been observed, however, by Skipper and Wooton in the coefficients 
in either helium or argon from uranium/Magnox pairs

The possible errors in the experimental values of the 
coefficient h£, owing to differences between the temperatures 
at which the appropriate values of hs and h were obtained, have 
been acknowledged previously. From“£he results in Table 9 and 
Figure 19 these errors could have been large where the values of 
h^_were a significant fraction of the values of h, i.e. for pairs 
r t o  8 in argon, krypton or xenon (Tables 1 and 3). In 
particular, these errors may account for the apparently negative 
values of h.f in these gases for pair 6 (Table 4).

5.5 Effect of Reducing the Interface Gas Pressure

To examine this effect heat-transfer coefficients were 
first obtained in one atmosphere of a chosen gas. The gas 
pressure was then reduced by decrements and coefficients were 
obtained at each gas pressure and finally in vacuum (5 x 1 0”° cm Hg). 
The interfacial pressure throughout the measurements was maintained 
constant at 100 kgf/cm2 but the mean interface temperature 
increased as the gas pressure was reduced. The interface heat 
flux did not alter significantly.

To examine the experimental results in terms of 
Equation (A.19), the final coefficient obtained in vacuum was 
subtracted from the preceding coefficients obtained at each gas 
pressure. The gas component of each coefficient so obtained was 
then expressed as a percentage of the component obtained at a 
gas pressure of 76 cm Hg. In Figure 20 these relative components 
are shown as functions of the gas pressure expressed as a 
percentage of one atmosphere.

The mean interface temperature of each pair at gas 
pressures of 76 and 5 x 10-6 cm Hg are indicated in the columns 
headed 'A' and 'B1 respectively. At intermediate gas pressures 
the interface temperatures were proportionately between these 
extreme values.

The results in Figure 20 show that for the U02/Zircaloy-2 
pairs examined, the gas component of the coefficients was 
dependent on gas pressure even at pressures near one atmosphere.
The calculated values of the mean free paths of helium and argon, 
at 2 5 0°C and one atmosphere pressure are respectively 0 .3 8 x 10“^
(25) and 0.13 x 10-4- cm(26), From equation (A. 11) in Appendix A 
the calculated values of the average gap width for pairs 3 , 4, 7 
and 8 at 100 kgf/cm2 interfacial pressure (c = 2 .5) were
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respectively 1 . 1 x 1 0“ ,̂ 3 .8 x 1 0“ ,̂ 5-9 x 1 0“ ,̂ and 9-0 x 1 0"^ cm. 
The molecular mean free paths of the gases at one atmosphere 
pressure were therefore considerably less than the average gap 
widths. Thus the significant decreases of the gas components in 
Figure 20 at gas pressures near one atmosphere might be considered 
unusual. However* similar decreases are evident in the data 
obtained by Sanderson(7) from uranium/Magnox interfaces in either 
argon or helium while from measurements in uranium/aluminum pairs other i n v e s t i g a t o r s (24) have concluded that the gas conductance 
began to decrease at a mean free path in the gas of about l/40th, 
of the average gap between the contacting surfaces.

FIGURE 20 - Variation of gas component of heat-transfer coefficients with gas pressure.
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The decrease In hf with decreasing gas pressure near 
one atmosphere may have been due to an increase in the temperature 
jump distances g-, and g2. These are proportional to the molecular 
mean free path or the particular gas(27) and are therefore 
inversely proportional to gas pressure. From equation (A.15) 
above, a decrease in hf would result from an increase in either 
Si or £2 an<̂  •̂lrie resuTts Figure 20 could be explained on this basis. In addition, the interface temperatures increased on 
decreasing the gas pressure. This would also increase the mean 
free path, g]_ and g2, and thus further decrease hf*. The decreases 
in h£ in argon were not as great as those in helium. The sum 
(gi + g2) for helium was about twice that obtained in argon. The 
pairs in Figure 20 that provided results in helium were also 
smoother than those in argon. Thus the relative change in the 
denominator of equation (A.1 5) with decreasing gas pressure, and 
therefore of hf also, should have been greater for the pairs 
examined hereTn helium.

5.6 Effect of Changing the Position of Contact

This effect was examined for pairs 7 and 8. After the 
heat-transfer coefficients (given above in Tables 1 and 3 ) had 
been obtained, the probes and sample were cooled and the surround
ing steel sleeve in Figure 1 raised. The interfacial pressure 
was relieved and the UOo sample rotated about its axis. The 
thermocouples attached to the sample limited its rotation to 
approximately 20 degrees in either direction. Coefficients were 
remeasured in vacuum helium and argon. The U02 sample was then 
rotated in the reverse direction by an equal amount from the 
initial position of contact. The corresponding coefficients 
for this third contact position were obtained. Table 10 summarizes 
the measured values of the coefficients obtained at three inter
facial pressures. The measured values were used to provide
interpolated values of the coefficients at interfacial pressures 
of 150, 350 and 550 kgf/cm2. From these values the gas components 
hf of the coefficients in helium and argon were obtained and are 
summarized in Table 11.

From Table 10 it was evident that the coefficients 
obtained in any of the atmospheres were reproducible at a given 
interfacial pressure within the probable experimental error.
The reproducibility of the values of hf in Table 11 indicated
that no significant changes occurred Tn the average gap width as
a result of varying the position of contact by a small amount.

The results just described apply to rotation only. Since 
the probes and U0o samples were prepared by the lapping procedure 
described in Section 4.2 above, their mating surfaces possessed a 
certain degree of cylindrical symmetry. The results may only be 
appropriate to the present test surfaces and not to surfaces 
prepared independently or by other methods.
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TABLE 10

Heat-Transfer Coefficients Obtained from Pairs No. 7 and 8 
on Chamging the Position of Contact

Pair
No.

Interface
Atmosphere

Heat-Transfer Coefficient,W/cm?°C
Interfacial 
Pressure, 
kgf/cm2

First
Contact

Second
Contact

Third
Contact

150 0.25(5) 0 .2 5 0.23
Vacuum* 370 0.49 0.47 0.43

590 0.67(5) 0.59 0.58

110 0.51 0 .5 0 0.44(5)
7 Argon** 330 0.82 0.77 0.64

550 0.94 0.92 0.75

110 1.28 1.16 1.05Helium** 330 1.28 1-34 1.26
550 1.45 1.45 1.32

150 0.28 0.42(5) O .38
Vacuum 370 0.56 O .76 0.70

590 1.04 1 .1 0 1 .2 0

110 0.43 0.55 0.46
8 Argon 330 0.80 0.94 0.91(5)

550 1.26 1.31 1.49

110 1.33 1.53 1.35Helium 330 1.87 1.76 1.99
550 2.41 2.41 2.16

* Less than 5 x 10"^ cm Hg
ft* 76 cm Hg
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TABLE 11
Values of hf Obtained from Pairs No. 7 and 8 on Changing

the Position of Contact

Pair 
tfo . Atmosphere

h W/cm?°C
Interfacial 
Pressure, 
kgf/cm2

First
Contact

Second
Contact

Third
Contact

150 1.02 0.94 0.86
Helium 350 O .87 0.90 0.85

7
550 0.80 0.88 0.77
150 0.29 0.29 0.27

Argon 350 0.30 0.33 0.24
550 0.29 0.35 0.20

150 1.14 1.14 1.07
Helium 350 1.32 1.09 1-33550 1.47 1-37 1 .0 5

8
150 0.20 0.19 0.18

Argon 350 0.29 0.24 0.29
550 0.32 0.27 0.3 8
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PART VT

SUMMARY AND CONCLUSIONS

6.1 Measurements in Vacuum

Heat-transfer coefficients were obtained in vacuum from 
eight U02/Zircaloy-2 pairs of different surface roughnesses and 
at interfacial pressures between 50 and 550 kgf/cm2. Most of the 
coefficients increased almost linearly with first increasing 
interfacial pressure and the smoother the surfaces the higher the 
coefficients. The remaining coefficients increased more rapidly 
with increasing pressure but showed no simple relation to roughness. 
The coefficients obtained on subsequently decreasing the inter
facial pressure were either close to or greater than those obtained 
on first increasing the pressure.

It was concluded that the solid/solid component of the 
heat transfer coefficient for the U02/Zircaloy-2 pairs examined 
could be represented, within a factor of approximately two by the 
expression

hs = _ ! 5 ^ ! —  ......................... (a.9)
a«. R1/2. H‘o

1/2where the value of aQ was about 0.5 cm
For any of the pairs examined the numerical values of 

a calculated from equation (A.6) were considerably greater than 
the widths of the asperities on the appropriate contacting surfaces 
It was concluded that the difference was due to waviness (and 
possibly error of form) of the test surfaces which resulted in 
each solid/solid contact spot being a group of mating asperities 
located at the intersections of crests of the waves.

6.2 Measurements in Gases

Heat-transfer coefficients were obtained in 76 cm Hg 
of either helium, argon, krypton or xenon from six of the UOo/ 2
Zircaloy-2 pairs at interfacial pressures between 50 and 550 lcgf/cm . 
The coefficients obtained in helium were considerably greater 
than those obtained in vacuum. For a given pair the coefficients 
obtained in either argon, krypton or xenon were similar and were 
about one half to one third of those obtained in helium.
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An expression for hf was derived: 
kf

hf = ............................. ........... (A.15)
C .  ( R ^  + R g )  +  ( g ^  + gg}

6.2.1 Value of c
At low interfacial pressures (100 kgf/cm2) a value for 

c_ of about 2.5 was found. At higher pressures the values of c_ 
were less and decreased to about 1 . 5 at 500 kgf/cm2 .

It was concluded that the numerical values of c_ obtained 
here and their apparent decrease with increasing interfacial pressure 
were further effects of waviness and error of form of the test 
surfaces.
6.2.2 Values of (g^ + gp)

In either helium or argon finite values of the sum 
(Si + So) were deduced from the experimental values of h£. For the 
six U02/Zircaloy-2 pairs examined it was concluded that (g-̂  + g2) 
decreased in the order helium, argon, krypton and xenon. For a 
gas pressure of 76 cm Hg and for the temperature ranges shown, mean 
values of (g^ + g2) for each gas were about

10 x 1 0 cm in helium (150° to 250°C),
5 x 10~^ cm in argon (l80° to 320°C),
1 x 10"^ cm in krypton (l80° to 330°C),

and less than 1 x 10~^ cm in xenon (l80° to 330°C),
and that the effect of imperfect accommodation was particularly 
important in either helium or argon where, for normal surface 
roughnesses, the sum (g-̂  + g2) would be comparable to the term
c^R-^ + R2) in equation (A.15).

6 . 3  Effect of Cycling the Interfacial Pressure

Heat-transfer coefficients were obtained in vacuum and 
in one atmosphere of helium from four of the U02/Zircaloy-2 pairs 
on cycling the interfacial pressure between 110 and 550 kgf/cm2 
three times. No large changes occurred in the coefficients and 
thus the values of aQ and c_ given above were not appreciably altered
by cycling the interfacial pressure.
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6.4 Effect of Decreasing the Interface Temperature

Heat-transfer coefficients in either vacuum, helium and 
argon were obtained from four pairs on decreasing the mean inter
face temperature while maintaining the interfacial pressure very 
nearly constant at 100 kgf/cm2 .

6.5 Effect of Reducing the Interface Gas Pressure

Heat-transfer coefficients were obtained from four 
pairs in one atmosphere of either helium or argon.

The gas components (hf) of the coefficients decreased 
almost linearly with decreasing gas pressure. The results were 
consistent with the theoretical dependence on gas pressure of the 
temperature-jump distances g^ and gg and of the gas thermal 
conductivity kf.

6.6 Effect of Changing the Position of Contact

Heat-transfer coefficients were obtained from two pairs 
in either vacuum or helium at three different positions of contact 
and at several interfacial pressures. The results showed that 
altering the position of contact by a small amount did not change 
the solid/solid or the gas components of the heat-transfer 
coefficients.

6.7 Conclusions Regarding Fuel Elements

The present results were obtained from pairs of UOp and 
Zircaloy-2 surfaces that possessed waviness and error of form.
These components of surface texture were believed to be important 
in determining the numerical values of the parameters a and c_ and 
thus of the coefficients ĥ _ an<3 hf • Waviness and error of form 
were also shown to be present on-the relevant surfaces of centreless- 
ground UOp and Zircaloy-2 tubing. Thus the coefficients obtained 
in this investigation were appropriate to cylindrical U02/Zircaloy-2 
clad fuel elements.

The possible effects of reactor irradiation on the heat- 
transfer coefficient between UOp and Zircaloy-2 have been considered 
elsewhere and were thought to be s m a l l  (4). For fuel elements of 
centreless-ground UO2 clad with thin Zircaloy-2, each having
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arithmetic-mean surface roughnesses in the range 0.5 to 1 x 10"^ 
cm, operating in a pressurized coolant, the UOo/Zircaloy-2 inter
facial pressure is from 100 to 200 kgf/cm2 . It was therefore 
concluded that the heat-transfer coefficient at the interface 
would be from 2 to 2.5 W/cm2.°C in one atmosphere of helium near 
300°C; in the same pressure of either argon, krypton or xenon and 
at the s'ame temperature the coefficient would be from 0.7 to 1 
W/cm2.°C. It was also concluded that cycles in the reactor power 
(that may result in corresponding cycles in interfacial pressure 
and temperature and possible small changes in the position of 
contact) would not affect these values appreciably.
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APPENDIX A

Derivation of Expressions for bs and hf

It has been well established that when nominally plane 
surfaces are brought together the actual area of contact ia only 
a small fraction of the geometrical area of the interface(6)(12;
(1 3)(28)(29)(3 0). Even if the surfaces are very carefully 
polished microscopic hills and valleys will still be present.
When placed in contact the surfaces support each other on the tips 
of their hills or asperities. These contact spots are separated 
by areas that are relatively large and where the surfaces are 
separated by a distance determined by the heights of .the asperities. 
Following the analysis by Boeshoten and Van der Heldv1?) the heat 
transferred across the interface between two surfaces in contact 
may consist of two components.

(i) that by thermal conduction through solid/solid 
contact spots

and
(ii) that by conduction, convection and radiation through 

the medium which is trapped in the voids between 
these spots.

Derived here are expressions* that describe the real 
contact area between plane surfaces and constriction resistance to 
thermal flow. The expressions are then combined to describe 
component (i) above in terms of measurable physical parameters of 
the contacting surfaces. Following this, an expression is obtained 
for component (ii). Finally the expressions for each component 
are combined to provide a heat-transfer equation that was used to 
test the experimental results obtained from the UC>2/Zircaloy-2  
pairs examined here.

A .1 Area of Real Contact

Let two plane surfaces be brought together under a 
constant pressure P normal to the interface between them. If it
is assumed that the contact spots are circular areas of equal size
having a radius a, the number of contact spots per unit area, n,
is given by the force equation.

Force on interface = Total force on asperities
or P.A = H.7T.a2.n.A,................ (A.l)

ft The expressions have been derived previously?). The derivations 
are given here for the sake of completeness.
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Holm(28) has found that experimentally the mean force on each 
contact spot only attains values equivalent to between 0.5 and 
0,"7 x (H.Tr.a2). This is consistent with profiles of surface 
indentations obtained by Moore(13) which have shown that some of 
the force applied to surfaces in contact may be transmitted by 
the contacting asperities to the bulk material beneath them. 
Elastic followed by plastic deformation of the latter may then 
occur, relieving some of the stress on the asperities. As a 
result, the asperities may retain their individual identities 
up to pressures where complete plastic deformation of all 
asperities would have been expected. Thus equation (A.l) may be 
written

P = (0.6) .H.Tr.a2 .n,.................... (A.2)

It is clear from this equation that even for the softest metals, 
where H is about 3 x 1(P kgf/cm2, the fraction of an interface 
between them which is in actual contact at normal pressures, 
where P is about 1 x 102 kgf/cm2, is very small and does not 
exceed about ten percent.

A.2 Constriction Resistance

If a thermal current passes between two contacting 
surfaces in vacuum, the flow of heat across the interface will 
take place by conduction through mating asperities and by 
radiation across the voids between them. At normal temperatures 
the latter is small compared to the former and the heat flow is 
constricted to the contact spots. Because of this constriction 
the temperature difference across the interface is usually much 
larger than that which would have been produced by the same heat 
flow passing uniformly across the interface. This temperature 
difference, AT, averaged over the whole interface and if divided 
by the heat flux, defines the constriction resistance R^ for the 
interface,namely

Rc = A T  t (?c) ..................  (A.3)
A

It may be shown(17)(28)(29)(31) that if there are n circular 
spots per unit area each of radius a whose distances apart are 
large compared to a, then Rc is approximately given by

^ = 2.n.a.k^ ...................  (A.4)
nc
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A .3 Heat Transfer Through Solid/Solid Contacts

By combining equations (A.2) and (A.4), h„, the 
appropriate coefficient of heat transfer may be written

h = I = 1.06 km-P............  (A.5)b R aTH1 c

Holm^2®̂  has shown that if the contact spots are not of equal size, 
Rc should be increased by about ten percent. Equation (A.5) may
therefore be satisfactorily written

hs = km .P  ̂ approximately...... (A.6)
a. H

Alternatively, if a had been eliminated previously from equations 
(A.2) and (A.4), hs may be written in terms of n the number of 
contact spots perUnit area, namely

/2.n. p V -/2
hs = km- I— ^— 7 J approximately... (A.7)

Each of these equations describe hs in parameters that, . 
except for a and n, are either known or measurable. The replace
ment of a with a function of surface roughness will therefore be 
introduced here. It is first necessary to justify this replacement 
by discussing the observed dependence of a upon the interfacial 
pressure P.

Electrical contact-resistance measurements on steel 
flats by Tabor(30) have shown that as IP was increased from zero 
to 20 kgf/cm2, the values of a_ calculated from an equation 
analogous to equation (A.6) increased initially but then became 
very nearly constant. Similar electrical measurements by Diban, 
Kondac and Shvets(23) have indicated that at higher pressures,
(up to 400 kgf/cm2), a is essentially constant. Thermal-resistance 
measurements in vacuum by Ascoli and Germagnoli(32) confirm, 
though not conclusively, the constant nature of a at moderate or 
high pressures. This behaviour is consistent with Moore's 
observations on profiles of surface indentations discussed 
previously.

Provided then that a is nearly constant at moderate or 
high pressures, it appears reasonable to replace this parameter 
with a function of surface roughness. The measurements of Ascoli 
and Germagnoli(32) on steel/aluminum pairs of roughness heights 
in the range 0.2 x 10~^ to 30 x 10-4 cm provide the empirical 
correlation
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a = aQ .R1/2 (A.8)

(Where R and a were in centimeters the value aQ = 1 cm1/2 was found)

From equations (A.6) and (A.8) hs may now he written in 
terms of surface roughness, namely

a0 .R1/2.H
(A.9)

A.4 Heat Transfer Through Medium in Interface Voids

A.4.1 By Conduction
Figure A1 represents, schematically, the temperature 

distribution across the interface between two solids A and B in a 
region where, because of asperity contact elsewhere, a finite 
distance t_ separates the two surfaces. Let the space between the 
surfaces be occupied by a gas of thermal conductivity kj*. If the 
contacting surfaces are plane and parallel to each other and have 
normal surface roughnesses, the distance t_ may easily be of the 
same order as the mean free path of the gas in the void. Under 
this condition the temperature difference (Tn1 - Tp1) imposed upon 
the gas may be appreciably less than that between fhe §olid 
surfaces (T]_ - Tg) because of the accommodation effect(27)(33).
The resulting average temperature gradient imposed upon the gas 
occupying all the interface voids may be written

V  - t 2X

By geometry in Figure A1

1 _ rn 1±1 lg (Ti - T 2)
t + (g-L + g2)

■ (A.10)
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FIGURE A1 - Schematic temperature distribution across a void 
in the interface between two solids A and B.
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The terms g-j_ and g2 are defined by a general equation^?)

6T = -g.— .....................(A. 10.a)dx
A theoretical analysis shows the value of to be directly 
proportional to the molecular mean free path of the gasv2') and 
thus the value increases with decreasing gas pressure and increas
ing temperature. The average temperature gradient described by 
equation (A.IO) is therefore appropriate to specific values of gas 
pressure and temperature.

The value of t will depend on the mean roughness heights 
of the contacting surfaces, on the form of each roughness and on 
the interfacial pressure. For nominally plane surfaces just 
touching whose roughness consists of hemispheres or paraboloids of 
uniform height and array, ;t may be written

t = c. (F^ + R2) ................(A.11)

The relationship has been found to hold for several metal pairs 
by Cetinkale and Fishenden(3l) who find a value for c_ of 1.2. The 
subsequent variation of t_ on increasing the interfacial pressure 
to moderate or high values is of interest here for this variation 
may affect the temperature gradient imposed upon the gas. in the 
void (equation A.10).

As discussed previously, when two plane surfaces make 
contact under pressure, asperities are plastically deformed to 
accommodate the load. Some reduction in the height of asperities 
must therefore occur and thus the surfaces will come closer 
together as the interfacial pressure is increased. However, the 
percentage reduction in asperity height will be comparable to the 
true area of contact expressed as a percentage of the geometrical 
area of the interface (see section A.l of this appendix). Thus 
even at high pressures the reduction in asperity height, and thus 
t, would not be expected to exceed about ten percent. Moreover, 
if allowance is made for the elastic and plastic deformation of 
the material beneath the surface asperities(ll)(13), the reduction 
in asperity height may be still less. Thus any decrease in t_ 
with increasing interfacial pressure is probably small and, like a 
the mean radius of contact spots, may be very nearly constant at 
moderate or high pressures.

Thus t_ may be represented satisfactorily by equation 
(A.11) and the mean temperature gradient imposed upon the void gas 
may be written
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(Tj - T 2)_______
c. (R-l + R2) + (gx + g2)

(A.12)

Lastly, a heat-transfer coefficient h- may he defined 
by the equation —

( A . 1 3 )A
The heat flow Qf. may also be written in terms of the mean tempera' 
ture gradient fmposed upon the void gas, namely

Q-p-  = lcf x <T 1 - t 2> (a .14)

and therefore
( A . 1 5 )

A.4.2 By Radiation
The amount of heat transferred by radiation across the 

voids may be represented, approximately, by a heat-transfer 
coefficient 3ln where

hr =  o  X  e x (T-^ - T24) .................(a.16)
(Tx - T2)

Fenech and Rohsenow(H) have calculated the ratio of h^ to h^
above. For two surfaces making contact in air, each of roughness
1.5 x 10 "4 cm and emissivity 0.74, this ratio was only 0 .0 03 5 at 
600°C. In the present investigation no measurements were above 
400°C and therefore the radiation contribution described by 
equation (A.l6) will not be considered.
A.4.3 By Free Convection

For plane surfaces in contact the mean thickness of the 
voids is very small. For such a condition the heat transfer by 
free convection is insignificant compared to that by conduction and 
may therefore be neglected.
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For a given interface between the plane surfaces of 
two solids in pressure contact an overall heat-transfer coefficient 
may be defined by the expression

h = ($) - (T-l - T2) ...................(A.17)

At ordinary interfacial pressures the constriction 
effect discussed in Section A.2 will not be significantly altered 
by the presence of a gas in the Interface voids, provided that kf, 
the gas conductivity, is very small compared to kl the harmonic 
mean of the conductivities of the contacting sollcrs. (In the 
present investigation this ratio in helium was about 0.02 while in 
argon the ratio was nearer 0,003.) For this condition h may be 
written as the sum

h = hs + hf + h-p + hc ................(A. 18)

Here hr> and hr. will be neglected and thus, from equationsn c r c  1 a.Liu U.Q
(A.9), (A.15) and (A.lBj

h kra. P k.
— — — —— —  _j_ ....
a0 .Rl/2.H c. (Rx + R2) + (g^ + g2)

..(a.19)
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APPENDIX B

Derivation of values for km and H

The value of km the harmortic mean of the thermal 
conductivities of the twcr solids, k^ and k2 respectively, is given 
by ~  —

km = 2 ,kl tk2 
(kx + k2)

The appropriate values of k-i were interpolated from the published 
values of the thermal conductivity of U02. These latter values 
are summarized in Figure B1. For reasons given e l s e w h e r e (4) it is 
most probable that the thermal conductivity of pure UOp lies within 
the range defined by the data of Lucks and Deeml34), Kingery et al 
(35), Howard and G u l y i n ( 3 6 )  and Scott(37), rather than those of 
Hedge and Fieldhouse(3°) and Reiswig(39). Thus the interpolated 
values for kn used here were 0.064 and 0.051 W/cmfC at 210° and 
360°C respectively. The spread in the published data is 
considerable at these temperatures and the errors associated with 
the interpolated values of k^ were appreciated.
. The values of kp were taken as those for bulk Zircaloy-2
(5), namely 0.14 W/cmfC at" both 210° and 360°C. Thus the values 
of km for these temperatures were respectively 0.088 and 0 .0 7 5
W/cm?C.

The values of H at 210° and 36 0°C were obtained as 
follows. The measured Meyer microhardness of the Zircaloy-2 
material used here was 2 x 10^ kg/cm2 at room temperature. It was 
assumed that the hardness was proportional to the yield strength.
The latter for annealed Zircaloy-2 is approximately 3-5 x 103, . .
1.6 x 103 and 1.2 x 103 kg/cm2 at 20°, 210° and 36 0°C respectively'^0 ' 
Thus the calculated values of H were

1.6
(2 x 10^) x --- = 9.2 x 103 kg/cm2 at 210°C

3 - 5

and (2 x 10 -̂) x  ̂*2 = 6 .9 x 10^ kg/cm^ at 360°C
3 . 5
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FIGURE B1 - Published values of the thermal conductivity of
polycrystalline U02 normalized to 95$ of the theoretical 
density dT by the relation


