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SUMMARY

An investigation was made of clad-pellet contact conductance for reactor
fuel elements. Standard plane geometry correlations were shown to be unreliable
whereas suitable cylindrical geometry measurcments both in- and out-of-pile
were accounted for by theoretical and experimental analysis. Both the gas
conduction and the metal-to-metal conduction components were studied using
as parameters the elastic and plastic properties of the materials in contact,
contact pressure, surface finish and nature of the fluid in the gap.
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Aluminium Powder as pellet and clad.
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Contact h-eat transf-r betwen =2o0lild surfac:g

13 o méjor operating factor in such oyasioms ag bea-

rings, switching contacts and reactor fuel clement
ge. In some instances it may become & con-
g

design parameter,

Study and comparis=on of the pubblished cor-
rilations showasd an uncsetainty of at least one or-
der of magnitude when faced with the problem of ac-
tually assreving a value to a thormal contact con-
ductance.

. A three year rescérch program was therefore
carried out, involving on one hand a2 study of pos-
sible refinements of the available theories and on
th» other hand a dir~ct exp-rimental study, in-
clusive of separate determination of such parame-
tere asg surface hardness, geometry, mechanical
finieh, fluid atmospher-,

A final sct of expsriments bearing dirszcetly
on the problem on hansd, i.=2. the therm2l distri-
bution in a SAP-clad UC element wag carrisd out under
irradiation in the proper geometry to simulate an
actual reactor fuel in operation.
. The corrszlations obtainad in the present stu-
¢y arn thought Lo =nable the designer to asvegs a
contact confuctance value within :30% with a con-

fidence leval in excess of 90%.

’ Manuscript received on August 16, 1966.




2. Theorstical

mEEmEmEESEImAEE=EZET

In most cases, real contact between two surfaces is
limited to & minor fraction of the total apparent contact

ar=d.

Thz resistanc- to heat conduction will therzfore be
due to thw combined effect of the constriction of flux
lines through the rzal contact points and to the distri-
bution of these contact points on the surfaces.

An analytical solution of the Laplace problem re-
lative to two semi-infinite bodies connected through a
circle of radius a is known. The registance is 1/2 ak.

If the semi-spaces are connected by a number of such
circles, and if the rest of the boundary transfers heat
by conduction and radiation through the fluid, no cloged-
form analytical solution exists. This constitutes one of
the difficulties of even the simplest model. PFurther,
another difficulty conc=rns bthe astimate of the number
of actual contact spote per unit surface n and the radii
of such spots when ths bodies are loaded in a given man-

ner.

At any rat-, @ basis for any theoretical model in-
volves two r=lations, derived as follows.

The actual pressure on the surface of a single con-
tact point is equal 3o the contact hardness, an ill-de-
fined property iato which we shall go later (Appendix I),
yielding the rslation:

a . a® Lu=0p (1)

The conductance will b= the sum of the parallsl
conductances of the fluid and the solid spots

u = Kf/J +n . 2ak T (2)




where the apparsnt mezn fluid thinknessggxsa.function
of surface accomodation =ffects and geometry whercas
the factor correzcts the solid conductance for the

interaction of several contact gpots.

Besides the problem of correctly estimatingcg,
H and , which is offen an open question, rslations
(1) and (2) constitute a sebt of two =quations in three

unknowns, u, n @and a.

The choice of a thirdi rzlation which makes the sy-
gstem defined constitutes the difference between the
theories proposed by different authors.
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Cetinkale and Fishenden ref. (2) give the fac-
tor‘ﬁ of eq. (2) as

f _ mo
X,
-1 1 f
2 tan 1 - —= -1
aq’ﬁ n U ud

which is readily verified to approach unity when the

(3)

radiue and the deneity of contact points is small.

The third relation, experimentally determined in
ref. (2) can be reduced in this case to

Y3
()\1+ 2)

n = 3.5 x 10-8

: (4)

a

Combining (1), (2), (3) end (4) we obiain the

required conductance correlation

_ %, 208k [P/H] 43

u = .
s X+ ~1)y ) 1o )

tan

Laming Ref (4) studies the case of surfaces en-
dowed with parallel ridges, which have therefore a con-
stant number of contact spots and arrives to the fol-

lowing:
fr
1/2 (6)
P 1
1f1.41 7 :
1- f/uS

wherao

_ 1

N (7)
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However, he explains the discrepancies between his
theory and measurements by allowing for a variable

contact hardness empirically estimated as:

4
H = 1.8 x 10 (8)
(>\1 )5)1/2 P1/2

independent of the nature of the solid involved (alumi-
num, bress, steel). Combining (1), (2), (6), (7) and

(8), Laming's correlation can be expresged as:

£ .oosaz P4 x

e e e i (9)
3

1/4
(X 2%) / 1 -

L \J1 - Kf/us

Ross &nd Stoute ref. (6), following & model of Boescho-

ten and Ven der Held ref. (7) and modifying an empirical
correlation by Ascoli and Germegnoli ref. (8), assume a

pressure-independent radius of contact pointe given by

2= .53/2 (10)
whereas f ie teken as unity, for moderate pressures.
Combining (1), (2) and (10) and rounding off conetents

f KPP

(11
SR/ H )

Fenech and Rohsenow ref. (9) discount the poesibility
of giving a general correlation betiween n and a. They
suggest a graphical determination to be made on the re-
corded surface profile to obtain n versus pressure.
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dow ver thoir r2osultbts point out to a p‘7 dependenca of n.
Their formula can be simplifi=d, in the case of surface

roughnessces of bthe same ordsr, to

K, 2.13 K \m (p/m) /2
W = e + (12)

§

4.26 \a d .1

(1-p/H) (1-X./K)
(2/1)1/2

It is to be noticed that the datum é'appears in (12)
aven in the casa Kf = 0. In order to compare solid-solid
conductances eshtimatad by means of the different formulas,
ws shall use two assumptions which will give an estimate

of § an n to use in (12).

The "mean distance betwzen surfaces" will vary bet-
ween a valus of the order of the sum of the amplitudes
of the surface rugosities for zero pressure, to a value
zero, when the préssure will equal the hardness.

Although & P72 depsndence of §is likely to give
a better description of the physical situation, for the
purpose of comparing (12) to the other expressions, we
shall assume @ lin=arity, within a limited range, of &
vs. P. On the other hand, the amplitude of surface rugo-
sitics is well approximated by 4 times the arithmetic mean

R. We shall use ther:fore an expression

§ = 8 Rr(1- 3) (12a)

As to n, assuming n=c(P‘7 and supposing that when
the pressure is half the hardness we attain the maxi-
mum number of contact points, i.e. b’)g, it will be:

1 Py.7
—>2' =°<-(§)
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and ]
n = %\.2 (§)~7 (12b)
Inserting (12a) and (12b) into (12) we obtair the

approximate expression:

2.715 X (5%
u = (12¢)

A= By |84 OFAR

Kragel'skii and Demkin ref. (10) studied the ef-
fect of work hardening and surface waviness on the true
contact area, but the exponent of pressure in their cor-
relations has an uncertainty of one order of magnitude.
However, they attained the important conclusion that
linearity between arez of contact and load does noti proof
the existence of a fully plastic contact.

Having briefly reviewed the main available correla-
tions, let us now compare them by applying them to a con-
crete example.

Assuming & SAP-UC contact with R1 = R2 = 5 microns,
Kp<< K, N, = 72~2 = 300 microns, K = .384 W/cmoC,
H = 2,856 Kg/cm“, figure 1 shows the contact conductarn-
ces to be expected by means of the different correlations.

Plots obtained with our model, described in paragraph
2.3, span a range of D = 50 to 400 cm and N = 3 cm—z—

The estimates based on the different correlations
span & full order of magnitude, lowering the confidence
level to an unacceptable value to the designer.
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2.3. Suggested model

Our out-of-pile sget of measurements had originally
the scope of selecting and rifining the exisling corre-
lations. However, with equal surface finish and the sa-
me materials, our experiments, reported further on, sho-
wed & large scatier of results, ranging anywhere from
curve (1) to curve (2) of fig. 1. It waes therefore ap-
parent that more parameters than those used so far ought
to be introduced into a correlation to explain such an er-
ratic behaviour.

The most obvious difference between two suppose-
dly "equal" contacts, as mentioned above, was the exi-
stence of lumpirg zones with high contact point density,
due to waviness of surfaces, a fact which wag already
rointed out in ref. (10) where the matter was however
not quantitatively accounted for.

As shown in ref. (11), the density of contact spots

oY

on single patch is well correlated by

H
T
1 Rt
Combining (1), (2) and (13) we have

. 06 P 1
u = 2 — K =
\‘ ~ ‘T Ry (14)

(13)

If, on the other hand the constriction resistances
of the patches and of the a-spots is taken into account,
the following is obtained, ref. (11)
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T ox ()

u = 1 e s
H
R, tan” | (F)1/2 - tan™! | (o2 ) /21
o+
H . 1
.06 (%).9125(%1)1/4 NT,& (15)

The factor'% in formula (14) is derived by compa-
ring (14) with (7.8) of ref. (11):

ar
- (16)
-1 H )1/"

2 tan (H

We considered in this derivation.H1 as the macro-
gcopic hardness of the patch. It is in fact an average pres-
sure on the patch, which for the case of a load on the
patch lower than the yield strength of the softer mate-
rial, will be given by the Hertz law

H, = .662 5:2/3(-—;«- y1/3 (17)

1 ND

Figure 2 shows a plot of the metal to metal con-
ductance in the case of SAP-Armco iron, R1=R2=5/wm>~1=
X,=300 pm, K=.797 W/cm°C and E=2,856 kg/cm®. Our cur-
veg (5) and (6) are plotted with N=3 andé D from 50 to
400 cm.

Fig. 1 and 2 make it obvious that for the case of a
nominally "plene" contact, no correlation can be expected
t0 hold if the parameters D and N do not appear in the
geometrical description of the surface.
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3. Fxperimental

4 — Y S o S—— T i b dbhne SO U v S T 2

3.1, Fxperimental apparatus

The test assembly consisted irn a press, & coil hea-
ter placed vertically on top of the test samples and a
cooled S.S. plate. (see Pig. 3).

The press wag made by & lever loaded with lead
bricke at different positions 1o increase the pressu-
re gredually. A sirain gauge head measured the applied
loade. An Armco cylinder transmitted both pressure and
heat flux to 1lhe specimens.

, The maximum totel load on the test section was
50C kg, the minimum, 4 kg (weight of the measurement
head and the Armco cylinder).

A nichrome hegter rated 1 KW was coiled in a cy-
lindrical refractory brick and enclosed in & 5.S. box to
congtitute the heater. The power input to this heater was
about 200 Watt in most runs.

The cooling system consisted into two cylindrical
boxes. The larger one was located under the specimen
support wheregs & sm&ller cooled box prevented the
heating of the pressure gauge-head.

The cooling rate was regulated by varying the water
flow through the lower cooler.

Ten Chromel-Alumel thermocoupleg were inserted in
holes (0.8 - 1 mm dia.) vp to the center of the Armco
and S.A.P. cylinders, (see fig.4). All thermocouples
were connected through a switch to & recorder and to
& precision bridge. Temperatures drops across contactes
were derived by extrapolation of the temperature profiles.
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A 12.8 mm. dia S.A.P. sample wag pressed between
two Armco cylinders and yielded, for each pressure, a
high and a low temperature contact.

Contacting surfaces were prepared by various me-
described later and roughnesses were measured

wilh a surface analizer before each test.
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3.2. Surface preparation

12.8 mm dia, bars of S.A.P. and Armco iron were
cut with different lengths and the specimens were clam-
ped ingide a large diameter (6 cm) S.S. cylinder before
polishing, to obtain as lerge a radius of curvature of
the polished sample as possible.

The required surface finish was obtained in two
staeges. The specimen surface was ground gradually using
different abrasive papers in a turning machire and the sur-
face finish recorded was approximately Rt=1—2‘ym at the
end of the first stage.

The specimen was then transferred to an automatic
polishing table using diamond paste. The surface finiesh
N < =0 -
recorded wasg Rt C.1 O.S/wn.

Rugosities were then generated on the surfzce as
parallel ricges, pyramide and stochastic scratches.

Couples of samples with parallel ridges were ag-
sembled with the respective ridges orthogonal to each
other to determine by visual inspection the number and
the area of the contact points after the runs. Fig. 5
shows two tyrical surfaces after a run.

A number of runs were carried out with pyremidal
asperities pressing on optically flat planes (see fig. 6)
and pyramids against pyramids (fig. 7) Prophilograph
records however showed that the pyramidal asperities
had a very irregular vertex since the machining operation
had generated small craters on tor of the pyramids and
the actual contact was made on the perimeters of such
craters. For this reason the machined surfaces were
lightly polished before each run.

A third series of samples were hand~roughened with
different abrasive papers to obtain stochastic finishes
which were shown by the surface analyzer to have velueg
of Rt between 1 M and 40 .
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FIG. 6 .

PYRAMIDAL ASPERITY TEST PLANE
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3.3. Measurement of the surface finigh

The surface finish was characterized by means of
& Forster mod. 5815 surface analyzer endowed with a
variable reluctance exploring stylus, modulating a car-
rier frequency, passing a wideband amplifier, & series

of irtegrating operational amplifiers and a recorder.

Refering to fig. 8, several mean roughnesses we-

re determined, defined as follows:

B
.
R. (center-lin=-average) = — f(x)| 8x
@ B-A
A
R, = Average of (Max f(x) - Min f(x) )
B
1 , 2
Rg = (Roci-Nean) = _ f(x) ax
square B-A

A

The stylus woulc explore a length of &bout 1 cm
on the sample. Curvatures with wavelengthe longer than
7 mm would fall out of the pase-band of the system.

Typical values for Ra, and R, of a series of sam- .

t
rles are reported hereafter and show that our runs span-

ned a range of Ry from about 1 to 30 wm.

FIG. 8
AMPLIFIED SURFACE PROFILE
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SPECIMEN ROUGHNESS

TEST N°

UPPFR CONTACT

LOWER CONTACT

29
30
31
32
33
34
35
36
37
38
39
40
41

ARNMCO SAP 7 % SAP 7 % ARNMCO
Ra(u) | R,(u) Ra(m)| R,(m)| Ra(p) R, (p)|Ra(u)|R, (0)
2.05 [ 13 3.8 |13 4.5 {20 1.95 | 14
0.60 4.51 17 30 0.1% 0.56]0.56 3.2
0.60| 4.5| ©.85 | 6.5 | 0.40 .50/0.56 | 3.2
5.42 | 24 6.42 | 25 1 .5 {5.02 (28
6 24 1.4 8.5 | 6.4 40 7.15 |30
0.94] 5.5 1.25| 9.5 | 4.25 |26 0.15 | 1.5
0.27| 1.8] 0.22 | 11.9 3.2 |19 0.95 | 4.9
2.6 | 15 1.7 8 1.9 |12 2.6 {18
3.5 | 18 4.1 | 22 4 18 3.7 |18
0.75| 4 1.8 | 12.5 | 1.6 3.9 |2.75 | 14.5
1.5 7.5( 0.45| 4.5 12.3 |13 1.2 7.3
2.7 | 17 0.5 4.9 | 2.17 [12.5 [4.37 |22
1.1 6.3 2.2 | 17 2.87 [16.75(3.55 |24
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3.4. Fxperimental data

In each run the load was increased stepwise from
18 kg to 450 kg and temperature readings were taken .
at each step.

Contact thermal conductance ie:

u = —Q; (18)
AT
where Q is the heat flux through the specimen.
AT* is the extrapolated temperature discontinuity
&t the contact. Heat flux through the contact is:
K1AT1

Q= — (19)
11 .

where Kﬁ, ASIH and l1 are respectively the thermal
conductivity, the temperature drop and length of
the Armco specimen.

Substituting Eq (18) into Eg (19) we obiein the
thermal contact conductance (Watt/cm2 °C)

K,AT,
u = ——————— (20)
11£3T*

We show hereafter in detail the data measured
during & typical run (test n® 26). This specific test
was one of the series where a parallel-ridge surface
was pressed againet another parallel-ridge surface, at
right engles.
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Upper contact Lower contact

Armco | SAP 7% SAP 7%| Armco
wavelength (microns) 806 1200 1195 800
mean width of the peaks " 146 120 119 200
mean depth of the valleys" 450 600 600 450

Thermocouple readings are plotted and extrapo-
lated in fig. 9 to obtain the experimentel ATY.

Thermal conductance calculations for each va-

lue of the pressure are tabulatd below.
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TEST No 26 ( UPPFR CONTACT)

F P, ARMCO AT T T K ARMCO T AT AT AT U,
(kg) (kg/cn) (mV) ©  ARNMCO  ARMCO ARINCO (Watt/cmOC) SAP CONTACT CONTACT ARINCO (Watt/cm“oC)
upper lower (mV) (mV) (°C) (mV) (mV) X x
1 ARMCO X ARMCO
0.2 0.156 15.58 12.98 2.60 14.28 350 0.518 7.50 5.48 12.80 1.35 0.105
20 15.6 13.83 9.97 3.86 11.90 292 0.552 8.41 1.56 3.66 2.13 0.583
40 31.3 13.34 9.37 3.97 11.35 279 0.560 8.25 1.12 2.63 2.22 0.845
60 46.8 13.13 9.16 3.97 11.14 274 0.563 8.25 0.91 2.14 2.23 1.04
100 78 12.89 8.84 4.05 10. 86 267 C.567 8.21 .63 1.48 2.3 1.55
150 117 12.65 8.48 4.17 10.56 260 0.571 8.08 0.40 0.94 2.38 2.53
200 156 12.5C 8.34 4.16 10.42 257 0.573 8.05 0.2¢@ 0.68 2.238 3.50
250 195 12.33 8.21 4.12 10.27 253 0.575 8.02 0.19 0.446 2.36 5.30
300 234 12.44 8.30 4.14 10.37 256 0.573 8.16 0.14 0.329 2.37 7.20 !
[\)
Ne
e )
TTST 70 26 ( LCWLR CONTACT )
0.2 0.156 2.86 1.95 (.01 2.40 59 0.705 6.72 3.86 9.22 O.64 0.0695
20 15.6 5.52 3.39 2.13 4,45 108 0.665 6.79 1.27 3.03 1.42 0.468
4C 31.3 5.55 3.390 2.16 4.47 109 C.664 .52 0.97 2.32 1.43 C.617
60 46.8 5,66 3.33 2.33 4.49 109 C.664 6.48 0.82 1.96 1.55 0.792
100 78 5.60 3,10 2.59 4.39 107 C.666 6.30 0.61 1.46 1.72 1.18
150 117 5.53 2.82 2.71 4.17 102 0.670 €.06 0.53 1.27 1.82 1.43
200 15€ 5.56  2.74 2.82 4.15 101 0.671 5.97 0. 41 0.98 1.89 1.03
250 195 5.6C  2.71 2.8¢ 4.15 101 C.671 5.95 C.35 0.836 1.04 2.32
300 234 5.67 2,60 2,98 4.18 102 0.670C 6.02 C.55% ¢.836 2.00 2.4C

$
|
'
!
1
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Experimental conductances given by Tg. (20)
are plotted in fig. 10 vs. applied pressures. Substitu-
ting in Fg. 9 the harmonic mean conductivities 0.875W/cmoC
and 0.995W/cm®C and the measured wavelengths, the con-
tact conductances, for the upper and the lower contacts

are given by

0.0237 P4 0.0254 p3/%

1-0. 00328 p>/4 1-0. 00328 p3/4

u (Watt/cm2°C) being the contact conductance of the
gsolids.

These correlations plotted in fig. 10 appear to
yield results lower than the observed experimental con-
ductances. Cne must nolice that the Laming correlations
are based upon the assumption that the microhardness
decreases 1inearly with the square root of the applied
load, an assumption which was not confirmed by our ob-
servations, which, on the contrary, pointed out to a
constant microhardness, 8t a given temperature. Infact,
fig. 11 shows & hardness plot vs. applied load with
no appearent variation.

Ref. (4) does not actually carry out microinden-
tation teste, but deduces an "apparent" hardness from
the observed values of metzl-metal conductance. Being
there no real evidence of such a variation, we also
plotted in fig. 10 a conductance derived as in Ref. (4)
but under the assumption of a constant microhardness:

0.1495 p'/? 0.16 p/2

U upper = and U lower =
1-0.021 p1/2 1-0.0198 p1/2
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which fit the experimental results no worse that the
correlations based on the assumption of a veariable H.

Test N° 26 is carried out in air and fluic¢ con-
ductances are neglected because they are one order of
magnitude lower than solid-solid conductances, since
the fluid thickness is very large. All experimental
contact conductances obtained with surfeces endowed
with stochastic surface finish are shown in fig. 12.

THEORY OF REF. 4 i )
MODIFIED WITH CONSTAI‘J/@ (© UPPER CONTACT

HARDNESS .
(0]
/ .

o .

B LOWER CONTACT

THEORY OF REF. 4

FIG. 10
RESULTS OF TYPICAL RUN

1 1 A 1 ] 1 Pt I 5 i |

| 1 1 i
100 PRESSURE [Kg/cmz]

1000
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4. Fluid conductance

In any contact, beside the solid-go0lid contact con-

ductance, there is & parallel conductance due to the
fluid enclosed between the contect spots. We have so
fer accounted for such a conductance by:

. -
We shall hereafter discuss the most appropriate
values to be used for both Kf and .

If the distances involved are much larger than
the mean free path of the fluid molecules, Kf will be
the classical gas conductivity. If this is not so, one
must take into account the accommodation effects of the
fluid on the solid surfaces either by using formula (2)
ref. (12) or by increasing the geometrical cGistances in-
volved by extrapolation widths, reported in appendix
IT ref. (12)

f

e = /1 , (21)
1/2 1/2
5—2L , TR/ + 1/
K, 7.36 x 10° P

For fission gases at 1 atm pressure, such extrapo-
lation widths are of the order of O.S/Mn on each sgide of
the gap, suggesting an @dditional width of 1/Mn) to be
added to the actual geometrical wall ¢istence.

In the great majority of our tests and in practi-
cally all situations concerning & fuel pellet-gheath
contect, the voids involved are much larger than the
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1 above mentioned go that it is roasonable to lump
the extrapolation width into an "effective fluid thick-
negg" 5'experimentally determined.

By extrapolation to zero solid-golid contact pres-
sure, we obiained in about 30 runs, values for S s whick
we correlated against Z:Rt' The results, tabuleted here-
efter, where B is the ratio eS/ZRt are to be found at
the end of this paragrarph.

The arithmetic mean B was found to be 0.74 with
a mean square deviation C.58. Tiescarding all values
S F which 7nU heyoad tha mean squars deviation, one

P

finds

°

B = 0.67 £ 0.5 with a confidence level of 90%
It ies therefore recommended, for design pur-
poses, to use
u, = Kf

whiclk is in liné with experimental evidence of ref. (4)
end, although it may be a8ffected of a large uncerlain-
ty, ie infact often negligible whenever & moderate golid-
80lid contact is present.
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msT 2R U, S F A:\ﬂ.va-:@‘ N
N© S (‘u’/gtnlzc’C) (}J)
2 26 C. 403 8.7  (.3:4  0.406 0.164
34 0.242  14.5  L.427  0.313 0.008
34.5  0.304  11.5  0.334  0.406 0. 164
30 3,76 0.494 7.08 1.880  1.14C 1,300
11 0.620 5.65 0.54d4  0.226 0,051
31 5.7 0.248  14.1 2,480  1.74C 3.040
£ 0.279 12,5  0.256  0.484 0.234
32 33,4 0.143  24.5  0.735  0.005 -
32,5 0,20 5.8 C.486 0.254 0.064
' 33 70 LLt2n 20,2 0.418  0.322 0.104
18 0.475% 7.38 0,402 0.248 0.062
34 27.5  0.229  15.3  °.556  0.184 0.034
3.75  0.586 € 1,610 0.870 0.760
35 23.9  0.427 8.2 0.343  0.397 0.158
23 0.305  11.5  0.500  0.240 0.057
36 30 0.158  20.2  0.740 O -
40 0.242  14.5  C.363  0.377 0. 142
31 36 0.258  13.5 0.375 0.365  0.132
16.5  0.605 5.8 0.351  0.389 0.152
38 18.4  0.325  10.6  C.587  0.153 0.023
12 0.142  24.7  2.060  1.320 1.740
39 10.3  0.274  12.8  1.240  0©.500 0.250
21.9  0.405 8.65 0.395  0.345 0.119
40 34.5  0.157  22.3  0.646  0.094 -
23.3  0.320  10.3  C.442  ©.298 2. 089
41 40.75  0.127  27.6  0.€78  0.062 -
19.242 8010
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5. _Cylindrical contact

_— vd—pndeme ¥ e S os et et

The cylindrical contact typical of a fuel pellet-
clad situation is in many respaects & more reproducible
and geometrically definable system than the plane con-
tact discussed in chapter 2.3.

The main reason is that the ridging of the surfa-
ces into contact is not as important as in a plane con-
tact. As soon as a moderate presgsure between fuel and
clad is prescnt, the slenderness of the sheath tube is
such to match the sheath and pellst surfaces in such a
way as to avoid the "patching" effect, reducing the si-
tuation to one where the microroughness will be the con-
trolling factor in determining the number of contact spots.

This appears?to be true for "thin clads" i.e.
metal clads which do not =2xced 1 mm thickness. This
fact was verifisd by optical inspections of pellets che-
mically swnll2d by oxidation (UC to UOZ) in S.A.P. tubes
endowed with an original e21lliptical cross-section.

The eolid-solid conductance, in such a case will
be given by (ref. 11):

U= a3 s (7 1 (23)
t tan= (§)1/2_ 1
using for Rt the larger of the two rugositiss, which

in the cascg we observed is that of the centerless
ground fuel pellet.
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In a seriss of measurements carried out on the in-
gide of a S.A.P. tube, we found an average Rt = 2.4 m
whereas fuel pellets had typical Rt's of 15 to 20 .

In the case of UC-SAP with a 400°C clad temperature,
R,= 17 x 107%cm H = 3,200 kg/em®, K = 0.34, S=2/3x
x 20 x 10" %and the total conductance is

.9125 K
y= 29572 + £ (24)

san” | [56.5P-1/2— 1] 13.3 x 10~%

A natural -U UC pellet of density 13.4 g/cm3, exXpo--
sed to & thermal neutron flux @, will have a heat genera-
tion, discounting the effects of gamma heating:

2.7 x 10°13g x 13.4 x 238 = 3.44 x 107198 W/cmd
250

The center-to-surface temperature drop in the UC
pellet, with K = 0.15 W/cm ©°C and a radius r,, will be

12, .2

3.44 x 107 g r

-12, .2
AT = 2 = 5,73 x 10 '“Fr
ue 4 x 0.15 °

°C
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The hot radial gap will be given by the cold assem-
bly cleeérance, decreased by the UC swelling and corrected

for the diffesrential =xpansion of UC and SAP, i.e.

1= = 1
Cv = C—gpr +r \T - 20 -r (T - T -

+3}

T is the gap tempe-

On the other hand, o

ratuces dcop, =gqual to the hea

m -
zskuc
t flux divided by the con-

S

Auctance, l.e.

) ~ -
3.44 x 107128 x W r° 172 x 1071%4 ¢
Al = o _ 0
= -
2urO X Uy U,

1.72x10" 1%g ¢

T =T+ AT, + AT =T+ © 4 5.73x107'2g r°
U

whenes

o e b 1n=5 m_1a=17, 1.72 3

Cto= Car_ | -5-2 x 107741077 T-107 14 ro(“EZ‘ +3.82 r ) (25)

To complately dctarmine the system, one must express

P as o funaotion of thes pellet-clad operating interferen-
cey 23 in 8.1. and 8.2. (ref. 11).

to have an actual contact, it must be

- ’
C'€ 0 ia nq. 25. The pressure in the case of an inter-
1

foremes = £ will be (ref. 11;
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- C'/r
P = 9 (26)
2 2
1 2r_ + t°7 + 2r t +‘)+1_Qp
E c _
c t(t + 2ro) .
For the case UC-SAP
5 2
E, =5 x 10 kg/cm (ref. 11)
Ep = 2.2 X 106 " (ref. 13)
Oc = 0.4 (ref. 15)
b = 0.3 (estimated)

Fquation 26, using these values and assuming't<<rh

will become:

P=-5x10 St (27)

r
0O

Introducing (27) into (24), we obtain, with Ks
for fission gas s -qusl (5 X+ + 1 Kv> rgtinatod to

be 0.97 x 10°% W/cmoC

0.9125
3 1-C't
8.7 x 10 [—?—_ ]

r

ut = C.073 + 0 (28)
L -005
tan~ 1] 8 x 10“2(- Qél -
L

with C' given by (25)



For the case T = 400 °C 1t = 0.1 cm ry = 1.5 cm
g = 1014n/cm2 X sac

formulas (25) and (28) become:

3.87 x 1073

Uy

C' = C = 1.58 - 7.19 x 1073 -

0.073 + 509 (-c!)0-9125

u_t—
tan™ 1 | 0.38(~C1) "2 -1

Combining (29) and (30) one can relate u, to C
and s and also obtain the operating contact pressure

from (27) i.e.:
P=-2.22 x 10% x ¢ (31)

such expressions being valid, of course, for C'< 0,
that is, for the case of an actusl contact between

surfaces.

This simplified theory does not account for the
strain of the clad due to the fuel-clad interference.
It leads to typical results as shown in fig. 13, whidh
are not conservative for design purposes as far as the
thermal resistance is concerned. The mechanical stress on
the clad will infact yield a lower fuel-clad pressure
and therefore a higher thermal resistence, in most pra-
tical cases.
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5.2. Complete theory

This model is closer to the actual physical situa-
tion than the former. We shall account for the strains
of both fuel and clad due to the effects of the con-

tact presgure.

We have thus

é% = Strain of fuel pellet::cfb (TS-ZO)-&Q"p AKTp _ Pr, (1- V)
2(1- v) E b
p P
. I.o P \)C
6(3 = Strain of clad =°(é(T-20) + - Ec (1~ - )

On the other hand, the fuel temperature drop is

2
r
AT = 1.61 x 10711 £Ced o (32)
P M X
p
The hot operating radial gap is
' 1L - - -
Gt =C - sr_+ ro(éc 6p)
whence, by substitution
AN - A_a ol (T-2 To P Vo ol
L= v—~r0+ro 3 - O) + =T EC (1— 5 ) - p(TS-Z’O) -
1.61 x 107 Tt gca rl
.H1 r Pr
- L S 2 s —2(1-) (33)
2(1- V) M K Ep b

p b
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Interference fit and contact pressure will b= r=o-
lated by a simplified version of formula of formula
(26),i.e.

- C'/rO
P = (34)
r V.
£ (2 (D)
¢ p
and, finally, fuel surface and clad temperature are rela-
ted by
_ gcadr
T_= T+ 3.215 x 107 20 (35)
Mu
where u, the total conductance, is
K _
f 434 X ,P,.9125 1
S T A .
: . tc,m-1[(%)1/2 _ 1]
(36)

Substituting in (33) the values of C' and T, from
(34) and (35) and solving for P, one obtains the value
of the fuel-clad contact pressure during opsration:

~11 AC dr o< 1 r
-C/r +e- (T-20) (X -04)+3.215x107 | — OB} = + — 2
o Y4k (1—gp
P= e = = = e e e et 2 o mt e D
(1-9) r Y
p 1 "0r,_ Yo
s = el (1+I‘O)+ Ec —Tt-—(2 2——)4- ‘)(‘
b

(37)
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Equations (36) and (37) determine complately both the
contact‘pressure and the conductance between fuel and
clad, once the physical dimensions, physical properties
thermal flux and enrichment are known. Of course the
clad temperature T must also be specified.

All properties relating to clads, fuels and filling
fluide have been left in symbolic form in (36) and (37)
for easc of application to any system of materials, such
as U02, UC, U metal, clad with Al, Zircaloy, Stainless
Steel, Magnox, filled with He, fission gases etc.

For the purpose of illustrating the application of
(36) and (37) *to pratical situations close. of interest
to the fuel elesment designer, & number of computations
have been carried out and plotted in fig. (14) to (23).
A listing of the computation procedure, in FORTRAN 2 V
3 is shown hereafter, as a help to the fuel element de-
signer. The equivalence of symbols in our text and in the

machine program is shown below

TEXT F2Vv3 TEXT F2Vv3
c C ro R
C, cg Ry RT
d DENS 2R SRT
Ec =C ] S
Ep EP 1 TT
H DURC T T
K CHAR u U
K, CHNDUC °‘c ALFAC
K, CZNDG okp ALFAP
Kp CZNDP Jo) FI, Fg
M PESYZ OC } XNU
P P

‘)p
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CLAC-PELLET CCNDUCTANCE
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Appendix IV givesg the valuzs of the physical
congtants used in the sample computations and plot-
ted in PFig. (14) to (23). No account has been taken
of gamma heating in the fuel and of creep proper-

ties of the clad material in such sample computations.
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5.3. Plagtic 0lad

Fig. 14 to 23, plotted according to th-~ formu~
las of chapter 5.2., ere reliable only in the ran-
ge for which relation (34) holds, i.e. as long as
the behaviour of the clad can be accounted for by
the laws of elasticity.

It is apparsnt, how-ver that quite often, a con-
tact pressure P induces a tangential stress in the
clad Efﬁ in excess of the elastic limits. In this
case oﬁe must account for the plastic strain of the
clad and modify eq. (37) accordingly.

A plastic deformation of the clad will result
in an increase of the inner bore radius and will pre-
vent the contact pressur: from increasing beyond cer-
tain limits.

The transition from the "elastic" to the "pla-
stic" situation will be controlled by the creep pro-
pertics of the clad material. We may however study
the final thermal situation, which will corrsspond
to a plastically deformed material.

We shall illustrate the above with a concrete
cage, which will avoid the uncertainty of selecting
ona or the oth-r description of th- strain-stress
curves in the plastic state, hardly amenable to ge-
neralizations.

With a 7% S.A.P. clad at a temperature of 450°C,
it ig shown in ref. 11 that the total strain in the
plastic region can be approximated by

©= 732 - 752 exp (- 1,120&) (38)

Detracting from the total strain the contri-

v

bution . of the elastic strain, we obtain ag a
c




vormanent deformation, with V= .Pro/t

752

in
™
or
732 - 2Xa
t
The hot operating gap from eg. (33) must therzfore

be increaged by an amount ro X 60, yielding

r N
C'=C-sr_+r_ | o& (T-20)+ 2 I (1- S )~ *p(T_-20)-

c

752
732-Pro/t‘

which, in combination with (32), (35), (34) and (36)
will describe the behaviour of the clad material in the
plastic range.

Figs. 24 and 25 show the effect of accounting for
the plastic strain of the clad: a small assembly cle-
arance or an interference fit between clad and pellet
will eventually lead to a maximum initial operating
contact pressure of tha order of 50 kg/cm2 and will
prevent the contact resistance from falling below va-
lues of 0.95%5 and 0.35 °C/W/cm2, regpectively, with
fission gases and He in the gaps.

Whereas the values of the thermal resistance in
the plastic range are time-independent (left scale of
figs. 24 and 25), the operating pressures (right scale)
will of course decrease with time, since although the
density and area of contact spots may remain the same,
the operating pressure will b= releaved by the creep
of the clad material.
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5.4. Out-of-pile experiments

A series of measurzmentg of contact conductance
in cylindrical geometry were carried out on metal pel-
lete loosely inserted or shrink fitted into metal clads.
A number of metals were choscen for the pellet and the
clad, including Aluminium, S.A.P., Armco-iron and Invar,
in order to operate with different expansion coefficients.

Surface roughnesses in the range R,=5 to 100 mm
were used and axial heat generation was obtained by
means of a W wire. Temperatures of the clad and of two
different radial positions in the pellets were moni-
tored.

Tests were made in vacuo, in air and in argon.

Fig. 26 shows a typical test carried out with an
SAP pellet 17.86 mm 0.D. clad in Invar. Differential
thermal expansions were estimated and compared to
gaps deduced from temperature discontinuity at the
contact gap.

The effect of Rt on conductance is clearly seen
to affect the nominal gap by an amount 2/3 Ry, as pre-
viously discussed.
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5.5. In-pile experiments

Two rigs ware irradiated by the Physical Chemistry
Branch of C.C.R. Ispra to measure the fuel-clad contact .
conductance. Each rig contained three test assemblies
made of Uranium Carbide pellets sheathed in gintered a-
luminium powder (S.A.P.) with a Xenon atmosphare.

The first rig was exposed to a flux of 4.5 x 1O13
n/cm2 sec. maximum (unpsrturbed) in channel N°9 of the
Ispra 1 reactor.

Nominal Cold radial clearances between fuel and
sheath were 0,.0023, 0.0046,0.0104 cm in the first three
agegembliss and 0.001% cm in the others.

Operating temperaturz distributions in the fuel and
sheath system were measured during irradiation and indi-
cated fuel temperaturzs lower than theoretically expected.

To reproiuce the thermal flux pravailing in an Or-
gel reactor, the same rigs were irradiated once again in
the central channel at a thermal flux of 1014.

Daily readings of the UC central temperature were
plotted as a function of the irradiation time in Figs.
27 and 28.

UC Temperatures dropped some 50,100,150 °C in cans
A,B,C of rig 1 during the first full power reactor pe-
riod (about two weeks). '

Heat transfer coefficient between sheath and coo-
ling heavy water was assumed to be constant and ths neu-~
tron flux was therefore assumed to be well enough corre-
lated to the sheéath-water temperature drop.

The best fit over several reactor periods gave an
expression for the thermal flux (see appendix III)

g =074 + o.1/32
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Heat generation, temperature distributions and
fuel-clad temperature drop were calculated taking into
account both the fission heat and the gamma heating.

Gap conductances are given by (App. III)

U:———E——-— = 15.5¢

AT, Tc-T-45.3 &

Experimental data are shown plotted in Fig. 29,
29a and 30 ag thermal resistance versus irradiation
time. It is apparent that the thermal resistance un-
derwent & striking decreasc throughout the irradiation.

With 0.0023, 0.0046, 0.0104 cm nominal radial gaps
in cans A,B,C, of rig N°1 and 0.0015 cm in all three cang
of rig. N°2 and since UC and SAP have thermal expansion
coefficients of about 10 x 10—6/°C ref. (13) and 21.5 x
p' 10—6/°C ref. (14), the operating clearances ought to
increase during irradiation.

The reasons of the centre temperature decreasge can
be explained by:

- a) pcllet cracks leading to a diametral increase of
the pellet,

- b) variation of thermocouple e.m.f. during irradiation,

- ¢) UC swelling due to fission gases,

- d) chemical transformations in the pellet leading to
a "chemical swelling",

- e) creep or rupturs of 33 container,

- f) Shrinkage of the S.A.P. bore.

- a) Pellet cracks were thought very likely, since exa-
mination of the unirradiated pellet stock showed
radial cracks caused by relaxation the internal ten-
gion generated during cooling after fusion combi-
ned with oxidation. A typical picture is shown
in Fig. 31.
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- b) E.m.f. variations caused by ircradiation of Pt-10%
RhPt thermocouplse to an integrat=d thermal doso
of 6 x 1019 par cycle at approx. 600°C are cstima-
ted to be negligible.

- ¢) Swelling of the UC pellet due to fission gases was
unlikely since the operating temperatures and the
burnups were too low to have any appreciable effect.
Rough Ref. (19) estimated a volume increase from so-
1id fission products for UC of 1.0 to 1.6% per atomb
burnup (1 atom% of U burnup is equivalent to 9400
MWD/Ton U) and from Fig. 32 which is plotted for

reference, he concluded that swelling is caused by the
cumulation of so0lid fission products if temparaturcs
are lower than 800°C and burnups smaller than
25.000 MWD/Ton ge In our case the temperatures were
lower than 800°C and burnups were 580 MWD/Ton U
for Rig N° 2 and 725 MWD/Ton y for Rig. N°1. From
Fig. 32 the volume increase of UC pellet was esti-
mated to be of the order of 1 to 2%,. Therefore
swelling due to fission products is negligiblo.

- d) Presence of a different gas in the initial Xenon
charge could have occured if som2 Helium infiltra-
ted into the¢psules through cracks in the welds.

In this case the conductivity of the gas in the gap
would gradually increase and the UC pellet tempera-
ture decrease. The possibility of gas release from
the SAP clad was rejected because temperatures were
too low (150°-200°C). However, the possibility re-
mains of an oxidation of UC to UO2 dus to water or
oxygen released from the MgO pellets. Interaction
of UC and UO2 during irradiation may have lad to a
formation of free U and liberation of CO with sub-
soquent swelling.

- ¢) Creep of the SS capsules at a temperature of approx.
50°C could not occur.

- f) Some shrinkage of the S.A.P. bore by stregs relieving un-
der the combined effect of the temperature and radia-
tion could occur.




5.6. Pogt-irradiation examination

The two irradiation rigs were dismantled after a
1- year decay in the hot-ccll of the Ispra-1 reactor with
the help of the hot-cell operators.
Scope of the examination wasg:
1 - A check on the pellet and the bore diameters to esti-
mate the amount of swelling or creep, if any.
2 - # check on the flux by Y activation measurements. The
outar appesarance of the UC-SAP asscmblies in their
cang showed no obvious deformation or cracks in the
cans. It was impossible to locate the cobalt flux
monitorg. Therefore a sampling was made of
- Two S.S. fillings for each can (S.S5. contained
.026% Co) which were ¥ counted (fig.33).
- A few fragments of ths UC pellets were thoroughly
examined by M. Bresesti of the Nuclear Chemistry
service to determine burnups.

The latter examinations yielded beside the shape of
the thermal neutron flux (Figs 34, 35 and 36) also the

maximum actual value it attained in rig. n° 1(5.29 x 1013)
and n° 2(5.05 x 1013).

It was shown that during the irradiations a conti-
nuous increase of the fission heat generation was due
to Pu formation (11% and 7% contribution of Pu, respec-—
tively, for rig n°® 1 and 2).

Fig. 37, which shows the flux as estimat=d from tem-
peraturs indications checks with the above results, and
shows a flux increase 20 to 25% at the end of irradiation.

The UC pellsts were extracted from their S.A.P. clad
by heating the assembly to 300-350°C. The differential ther-
mal expansion of S.A.P. and UC allowed this extraction with
no difficulty in most cases. A slight pressure was exer-
ted on the pellet by means of a vacuum-controlled piston
extractor. The irradiatad pellet diameters were measured
in the hot-cell itself by means of a microgage giving
a precision of x 1 Mm. The S.A.P. bores were also m=a-
gursd in a plain glove box. The results of these measu-
rements are:
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RIG, 1

Nominal (pre-irradiation) measur:mente

— . et -t . — A st g

Pellet Max.Diam. Min.Diam. I:an Diam. Mean Bore Diametral

no cm. cn. cm. Diam.cm. Clearance
cnm.

1 1.905508 1.904797
Cean A 1.905336 1.909953  0.004622
2 1.905635 1.905406

e e IR e e T M e . e . ot o~

3 1.906016 1.905127

Can B 1.975616 1.914842 0.009206
4 1.906163 1.905154
5 1.906524 1.905843

Can C 1.906092 1.926907 0.020814

6 1.906168 1.325813

———————— S —— 28 AB et R U M M M W W i AN I e et W et e TN At A T o S A e ettt A Al A Al S S S N

Postb—-irrazdiation meésurcments

- - . A - I 20 D D it D ol D il A e il ettt N e e R e

3 1.9180 1.9104

Can B 1.913520.0017 1.9103  -0.0032
4 1.9159 1.9106
5 1.9339 1.9102

can C 1.91878%0.0036 1.92306  0.07428
6 1.9273 1.9186

Sw=1lling of UC was

L Al THE I W M e A SS A AD s b T W S - - ...

Diametral Swelling Max.Irrad. Burnup
Swelling cm. °/° Temperaturs: °C MWD/*on U
1%

Can B 0.0079%0.0017  0.415 650 725

A A A ot A TG N2 Y Y kel TR T T A 2D AP D il ke B D -8 st N~ AR et Y r—— - w—

Can C 0.0127%0.0036  0.668 800 725
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RIG. 2

Nominal (pre-irradiation) measurements

L Al et ) T et Gy W W RS EEEE e e e e in o TR TR W TR e S Y

Pellet Max.Diam. MWMin.Diam. Mean Diam.

Mean Bore Diametral

n° Ch. cm, cn. Diam. Clearance
cnm. cm.

7 1.907667 1.906778

Can A 1.906735 1.909673 0.002946
8 1.906778 1.905711
9 1.906270 1.905609

Can B 1.906251 1.909445 0.003200
10 1.906727 1.906397
11 1.905762 1.905508

Can C 12 1.905127 1.904695 1.905478 1.908454 0.003072
13 1.806016 1.905762

Post=irradiation measurcaents

. o . T ot T T~ . - ]

Can A CRACKED
9 1.9248 1.9123
Can B 1.917565 1.90493 -0.01263
10 1.9302 1.9143
Can C IMPOSSIBLE TO RXTRACT
Swelling of UC was:
Diametral S@alling Max. Irrad. Burnup
Swelling ° Temperature
o /0 og T “ /ton U
Can B 0.0113%0.0040  0.58 580 580
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A remakable swelling had taken place. It is very
likely that this swelling was dus to oxidation during
heating for pellat extraction.

S.A.P. bores dicreased by 45 um for can B, 38 um
for can C of rig n°1 and 45 um of can B of rig 2. Ou-
ter diameter of the clad showed decreases of the order
of 5 am. It is however believed that a permanent
strain of the 3.A.P. could have occursd by strass-re-
lieving =ven though temperature never exceeded 400°C.

Analysis of the results of the irradiations point
out to a few discrepancias:

1 - Contact conductance values were too high on the
basig of the nominal cold gaps.

2 - A sudden increase of conductance wag scen when shif-
ting rig n°1 from channel n°9 to the central channel.

3 - Contact conductance seemed to increase with time du-
ring irradiation.

On the light of the post-irradiation examination,
the Causes for the above discrepancies are thought to be:

1 - Cold assembly gaps were smaller than specified.

2 - The sudden increase of conductance was due to the
pellet cracks and bore decrease by stress relax-
tion.

3 = Increase of conductance during irradiation is due
to enhanced fission heat generation because of Pu
buildup. A more detailed analysis follows:

Rig no 2
Gas conductance wag
Ugas = Kf/2/32[Rt = 0.1 w/cm2 x oC

Inial value or Up, ¢ is about 0.4 W/cm2°C (see fig. 30)

2
Therefore U ..., = 0.3 W/em© x °C

Using formula 8.5 of ref. 11 with 2 constriction allevia-
tion factor 2/7
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= 2434 2 P,.9125
Upetal =7 © & ()
t
With TSAP = 200 °(C K= .276 W/cm°O Rt - 15 x 10—4cm
H= 4,700 kg/em? U _ 2.29 x 1072 p*9125

me tal

and th- contaclh pregsure must have been in the neighbor-

: 2 .
hood of 1.4 Kg/cm“. This low value of the contact pressu-
rc shows that the hot gup was closed without an apprecia-

ble amount of interference.

Initial clearance (sec appendix III) was
6,=G,-1.89x107 Te3.4x107423.02x10744+9.53x 10701 _
and with T=200 °C #=5 T _= 550 °C G =3 um
The 3.A.P. bore must have had a diameter given by:

p-1let dia + assembly clearance i.e.

1.90625 + .0006 cm = 1.90685 em
which checks with the post-irradiation determination of

At the end of the irradiation, u, . was about 1W/cm2C’
corregponding to a contact pressure of about 3.4 Kg/cmz.
Interference fit must have been g2bout 0.12 um and the-
refore Go is again estimatad at 3 jm.

Rig n° 1

Gas conductance is sagain 0.1 W/cm2°C. Conductance
dzta at the beginning of irradiation are (see fig. 29
and 29a)

Utotal Umeggl
can A 0.172 0.07
can B 0. 149 0.0%
can C 0.0625 -
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Cans A and B had thhrzfor: contact without ianterference
fit at operating conditions.

Estimating G_ as before, with T = 125 °C, f —2x1013
TC = 390°C in can A and 490° in can C we obtain

11 um
20.5 pm

whereas for can C thz apparsznt hot gup was:

Go can A
G can B
o}

K gas/Uy i,q = 17-6 pm
The portion of gap due to the effect of surface
roughness(%Z,Rt) was 10 pam. Then, The actual radial hot
clearance wag 7.6 um.
With T = 125 °C, 4 = 2, T, = 700 °C we estimate
G, can C = 48 pm

At the end of the irradiation, tharmel data were:

Utota% Umetal
Can A 0.25 0.15
Can B 0.20 0.10
Can C 0.105 -

which show that the cold gap in cas A and B went
pratically unchanged whereas th= cold gap in can C is
cetimated to be 40 pm, with a decrease of abt. 8 um.

When using in our formulasg the derived above, ob-
scrved conductances during irradicétiion check quite well
with those that were actually obscrved.

!
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Appendix I

Meagurement of S,A.P. hardness

AWl b P kit A 8 ol et — it

Hardness is generally understood &g the resistan-—
ce of a body to plastic deformation under a pressurs ap-

plied to A portion of its surface.

The deformation which determines the load bearing
area (sum of all small contact arcas), is howerver,
elagstic up to certain pressure limits. Hardness will there-
for= be bar-ly definable as the average pregsure in a
ball indentation test.
It would be incorr=ct to assume a definite upper

pressure limit for the eclastic deformation, bayond
which plastic yielding takes place, becausgs the cau-

e of Jdeformation is a non-isotrop’c stress and not

a hydrostatic pressure.

The average pressure for plastic flow to start
will depend on the initial shape of the contacting
surfaces of the two bodies.

{laterials in contact will be deformed both «la-
stically and plastically since the local pressure will
vary from point to point, generating elastic defor-
mations in som> rogions and plastic deformation in

oth=ars.
A relation has becn shown to ~xist between hard-

ness H and yi=zld strength Y

H=3Yto 4Y

However, this relation is valid when &1l the con-
tact region has yielded plastically. Up to p = 1.1 Y
the Hertz law can be assumed to hold (=lastic region) and

1.1 Y&pg3 Y
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some interpolated pressure-doformation law can be
uged to predict the deformed area (Ref.3).

Vickers microhardness tests were used in our
investigation, using 2 projection microscope tester
having a pyramid diamond identer. Identations were made
with loads of 25, 50, 100, 200, 300 and 500 grams,
at varioug temporatures batwzen 21 and 330°C for S.A.P.
(4% and 7% A1203). Vickers hardness was given by the

expregsion
g . 1,854 P
d
where

P is the test weight (grams)
d is the diagonal length of the pyramidal
identation (micronsg)

and was plottzd in fig. 38 and 39 as a function of
the temperaturess. Experimental measurcments are ta-
bulated below.
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500

Test weights (gm) 25 50 100 200 300
Temparaturs 259C
Diagonal lenghth 2{m) 24.6  35.1 49.6 = 69.2 86.27 115.4
Herdnose H(kg/em®) 7080 7510 7550 7750 7470 6950
147°C 4 32.17 44.7 61.42  86.44 106.35  137.1
H 4475 4635 4925 4970 4900 4940
1910C d 33.28 47.22 64.90 91.77 110.75 144 .57
H 4170 4160 4400 4410 4540 4440
203°C 4 34.60  49.47 65.52 94.50 117.20 151.35
H 3865 3785 4330 4140 3770 4050
259¢°C d 35.60 51.72 7T70.87 98.95 127.55 161.57
H 3645 3470 3690 3795 3425 3550
3219C da 40.55 56.50 78.00 108.35 135.65 171.10

H 2145 2900 3050

- S Ty g g

3155

3025

3160




SAP. T %
Test woights(gm) 25 50 100 200 300 500
Temperature 21°C
Dingonal length 4§ 26.82 37.32 52.38 7T4.35 90.48 120.70
Hardness H(kg/cm®) 6440 6650 6770 6710 6800 6360
69°C d 27.55 38.45 59.62 78.48 93.80 124.50
H 6100 6270 5210 6020 6330 5980
1080C d 29.85 39.08 55.85 79.52 96.15 134.50
H 5200 6070 5940 5870 602G 5120
1500C d 29.72 43.38 6190 86.32 105.05 137.40
H 5249 4930 4840 4970 5040 4910
200 d 31.92 41.52 51.12 88.35 108.48 137.80
H 4540 5370 4960 4750 4749 4880
2559¢C a 32.92 47.00 £€5.60 94.23 115.02 149.58
H 4270 4200 4310 4170 4210 4140
- 330¢C d 35.80 53.30 75.88 104.90 130.68 169.48
H 3610 3260 3220 3370 3260 3230
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Appeniix IT

Number of contact points

A graphical method along tha lines suggested by ref.
(3) was used to determine the probable number of the con-
tact points. It consisted in an analysis of recorded sur-
face profiles supposing that a rough surface was pressad

against a flat plane.

Experimental work was done with four SAP 7% spe-
cimens A,B,C,D. Their surfaces were roughened stocha-
stically and their profiles wers recorded with the sur-
faco analyzer. Surface finishes woer: as follows:

A B C D
Ra (u) 1.2 0.8 Te1 0.4 1st measursment
R, (m) 8 6.5 8 3
Ré () 1 1.3 0.9 0.35 2nd measurement
R, (m) 10 7.5 6 2.8
Ra (u) 1.4 1.4 1.2 0.45 3rd measuremont
R, (p) 8.5 7.5 6.5 3.1

Our analysis wag careied out along 1 m. of profile
record, corrzsponding to a real length of 2.5 cm along
the specimen surface.

The initial position wag established by a "datum
line" which join-3 the two highest points of the pro-
fils. The pressur: increase was gimulatsd by a parallel
tranglation of the datun line towards the bottom of the
profils. The number of the contact points were counted
for wach position and the width of the actual contacts

was measur~d and summed.
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To a first approximation, the square of this sum
yielded a value for the real contazet area, which, mul-
tiplind by the hardasss, would give the apparent pres-
Sur:.

In our case thz hardness of SAP 7% determined expe-
. n 2
rimentally was 2800 kg/cm” at 420 °C.

Thz number of the contact points per unit area are
plotted in fig. 40 versus pressure. The slope of the ex-
perimental poiants is about 2/3 in line with results from
rzf. (9) and ref. (11).

Another graphical dstermination was based on ref.
(11) to deteramine th2 nuabsr of the contact points var-
sus pressure for the case of two rough surfaces in con- ’
tact.

1) & rzcorded surface profile made on a transparent pa-
per wasg approached to the record of the other surfa-
ce profile till first contact was attained. A mean
"datum lin=" was drawn through the contacts.

2) The arcasg A1 and A2 of all empty sepaces wers mea-
sured by a planimeter above and below the datum

lin=.

3) The mean height of the empty space wag caleculated as

A A
1 = a

where a is the total record length.

4) A parallel to the "datum line" was drawn at a d4i-
stance 2/3 of the smaller y, on the side of the
datum line pertaining to the larger of the two'f .

5)Along this line, the width of the voids was detor-

mined and the quantities ’
2:11 void 2512 void
oL, = o S
1 a 2 a ‘

were calculated.
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The total volume of the voids on the 3-dimengionzl sur-

face is
R Vvoid = 2a x A - overlap

The amount of overlapping is determined from the pro-
file by

overlap = &Xx a2 x"f

whzre the smaller T’is chosen.
Substituting

Vvoid = ald (2-X)
The mean height of the voids is calculated as

y A
(2-¢) and T =
2

‘ |
1

'

6) The relation 5 ={(T)

The distanceSfrom the bage to the contact point is
given by

_ Vvoid _

ol >

(2-%)

o |

whare Kf and Ki ars fluid and solid thermal con-
ductivity. Since the ratio Kf/Ki is small, one can

congider that

T' =S and.T' =§
1 1 2 2

7) To fluid thermal conluctance can b. caleulatsd for
E= 0 vy
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rr

i
S, R 2N (Watt/cm® oC) (T)

o A A sl D o N e sttt v,

K S 1 §

1—3———5—30‘ (r*‘ K—"Z')
1+ ©2 1 2

wheare K1 and K2 are the thermal conductivity of the
two solids.

8) An increasc of contact pressure is simulated by ap-
proaching the profile records to each other. Tc in-
crease the randomness of contacts at each approaching
step, a relative translation of the two profiles is
oparated; parallel to the datum line.

At each position of the datum line, the following
ware determined
a) Number of contact points N
b) Width of contacts along the datum line QZI)
The nunber of contact points per unit was

givan by
n = N° N2 x (horizontal amplification)2
= —
a a2

The ratio 5? between the contact and ths total arca was

& - 2
R

The applied pressurs was

2
P= & H
where H ig the hardness of the softer solid.

The method just described was appliesd to the pro-
files of test 32 (upper contact).

The surfac= finish was:

Armco Ra = 5.42 um Ry = 24 jum
SAP Ra = 6.42 unm Ry = 25 um
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Assunming

Thermal conductivity of air 4 x 104 Watt/cmoC at 200°C
" " " Armco 0.55 Watt/cm°C at 300°C
" " " SAP 2 Watt/cmC at 200°C
SAP hardness 4600 Kg/om® at 2000C

The thermal conductance of the fluid calculated by
Fq. (T) ie h = 0.085 Watt/cm2 o0, The number of contact
points per unit arza and th= mean deameter of the points
are plotted vs. the applied pressure in fig. 41.

This graphical method was applied to 2 UC-SAP sur-
face as well using the recorded profile of a UC pellet
and a fuel clad of the NMetallurgy Dep't.

With
Thermal conductivity of UC = 0.2 W/cm°C
' " " SAP =2 W/cemo°C
" " fluid(fission gasce 5 Xe+1 Kr)
k- =B 4 e - (0 x 3.17)| 4.18 =

V5 + 1 T+ 5

0.97 x 10~% Watt/cmoC

]

: SAD HARDNESS = 2900 kg/cm® at 400°C

The thermal conductance of the fluid calculated by
Bq. (1) is h = 0.0745 W/emoC.

The number of the contact points per unit arsa and
the mean diametsr of the points are plottzad ve. the ap-
plied pressure in fig. 42.

From fig. 41 and 42 it appears that the number of
the contact points for unit arsa increascs with a power

of the applied pressure close to 0.5.
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hypendix ITI

Data on the in-pile experirents

NDescription of tgg_ﬂggqﬁqssemblx

The rig consited of three acsemblicrs (sce in Fig.

43 the rig sketch)

— A stainless steel shield plug tubs and a cement shiel-
ding.

_ The. sccond containment consiste of a stainless steel
tube attached to the shield plug which carrios the
specimsn can agcemblies and a water jacket. Two hea-
ter type leak detectors are put at the bottom of the
gsecond containment to detect any inward water leak
from the water jacket. The water jacket is a water
annulus formed by the sccond containment and the: wa-
ter guide tube.

The water guide aluminium tube ig attached to-th2 se-
cond containment and the reactor heavy water enters
the annulus at the bottom.

- The specimen can assembly congigts in three S5 cap-
sules joined end to end by connecting poste and loca-
ted into the second containment.

As shown in Fig. 44 to obtain a total fuel lzngth
of 3.81 cm, each can contains two UC pellets(1.906
om nominal diameter) fitted into a 3SAP hollow cylin-
der walls 1.916 cm of inner and 4.93 cm outsr nomi-
nal diameter contained into a 0.088 cm thick 55 can.

The fuel was arc-fused natural uranium carbide with
4 carbon content 5%50.1 weight.

Fuel pellets wers produced by centreless grinding
and care was taken to check that they conform as near-

ly as possible to a perfactly circular crogs-scction.
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The finished diameter of each pellet wag ad-

justed to satisfy the fuel-sheath clearances requi- ‘
rad.

Pellets of 98% MgO are located between each
end cap of UC pellet to prevent heat lossos.

The SS capsule is evacuated and filled with
Xenon gas at atmosph=ric pregsure.

Five thermocouples are located in each capsule
to determine ths radial heat flow through the spe-

cimen can.

The centre P, - 10% Rh - P, and four chromel- '
alumel thermocouples which are located in two pairs
of holes at different radii, measure resgpectively ¢
the UC and SAP temperature.
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Rig. 1

The experiment was irradiated in fuel channel
N° 9 during a given reactor cycle (2weeks) and operated
throughout the period without incident.

Expected values from presvious calculations of the
facility showed that under normal operating conditions
the UC temperature would attain 1000°C and the SAP,
400°C approximatively. Infact, the temperature values
were about 600°C in the UC and 150°C in %the SAP width
a maximum unperturbed thermal neutron flux of 4.5 x 1013

n/cm2 sec.

The low UC temperaturss did not permit an expansion
of the UC pellets sufficient to obtain a contact between
UC and SAP. For this reason the rig was later re-irradia-
ted in the central channel to double the thermal neu-
tron flux.

During a second reactor cycle higher center tem-
peratures were achieved, but some thermocouples were
apparzntly damaged when the assembly was moved.

Infact, the only difficulty encountercd was that
the central thermocouple of thes can A and C became er-
ratic after 340 hours. The can A thermocouple was recon-
nected by pulling a vacuum in the outer container but
for a short time only.

During a third and fourth rsactor cycle the ex-

periment yielded temperaturzs for a capsule only.

The total irradiation time was 1012 hours with
a tharmal neutron flux of 6.9 x 1013 n/cm2 gec.
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Rig. 2

The cxperiment oyerated during two reactor
cycles. Total irradiestion time was 816 hours
. - 1 2
with 2 thermal neutron flux of 6.9 x 10 3 n/cmsec.

The radial heat flow calculation method utili-
zed the temperature difference in the gap and the
heat thermal flux on the pellet surface to deter-
mine the gap conductance.

The heat generation in UC was known from the
values of the thermal neutron flux and the gamma het-

ting rate.

The thermal neutron flux hés been estimated
under the assumption that the heat trénsfer coeffi-
cient between SAF sheath and the cooling heavy wa-

ter ig constent.

The differences between the mean SAT tempera-
turce and the inlet heavy waeler temperature during
the raising and felling steps of reactor power are
rlotted in Fig. 45 &g a function of the thermal

I:’CW(;I‘ .

Assuming & mexinmum unperturbed thermal flux at

. , . 1 r 2 .
the center of thie reactor of 10 x 10 3 n/em- sec, its

s
Sy
o

i

)

veriation law been obteined by fitting the experi-
mental points with & parabvolic expression of flux ver-

sus tempcrature difference:

P =c.7a@+ 017
wnere
F3==6V+O.O4 T, - 0.04 Tw(mV) is temperature

A+B+C+T
4

drop sheath - heavy water and &=

The arithmetic meen readings for each can of the
SAP thermocouples mV.
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The gemma h-&ting value usced in the caleuld
tions has boen determined experimentally by means s
of the leak detactor thermocouple resadings. Howe-
ver the leak doatocotor position was about 20 cm be-
low the last capsule in the rig. The gamme heating
in the asscmblies wag -stimab-1 to be about 10 per-

cent higher.
The method was Lthe following:

The electrical supply of the leak detector was
~gwitched off aand the temperature increase due to the
gamma heating alone was measur«d as difference bet-

ween the leak detector and the heavy water temperaturss.

The temperaturs risc ATy is plotted in Fig. 46
versus leak detector electrical power.

In resctor channel N° 9 with & perturbed neu-
tron flux of 3.66 X 1013n/cm2sec. the gamme heating
wag O.SZVWatt/gr and in the central channel with a
perturbed neutron flux of 8.2 x 1013n/cm2sec, th=

gamme heating was twice as much.

Gamma heating in all materials is agsum=d to
vary linsarly with flux. )

In reactor channel N° 9 with a perturbed neu-
tron flux 3.66 X 1013n/cm23ac, gamma heating is found
from Fig. 46 to be ¥y = 0.5 Watt/gr - Gamma heating rate
ag a function of neutron flux is:

Y = D2 g . 0.1367 ¢
3.66
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Temperature difference between surface and centre

of the UC pellet

Ae noted previously, the UC centre temperature
was measures?d with a Pt - 10% Rh - P, thermocouple
for «ach capsule.

The temperaturse difference between UC surfece
and centre is given by

Pr2

AT = —2

0
4K

Heat generation rate &g a function of the neu-

tron flux is:

#x 2.7 x 238 x 50

+ Potyx SO = 36.23 £ Watt/cmo

250
Taking K = 0.2 Watt/cmoC Ref.(13)
end r, = 0.853 cm
36.23 x (0.953)°

AT = ' 227 # =418 °C
4 x 0.2

UC gurface temperature is:

- T - = T o {
Ty = T, ATO-lC 41 £ oC

Temperatur« drops across SAP

As noted previously, the SAP temperature is mea-
sured with two pairs of Chromel/Alumel thermocouples
at different radii. Temperature drop across SAP is
given by:

- K2dT

_T/T—g x2‘tTf=Q+T|'(/’2—r§)x Sszotaf




The total heat generated ig:

4 . ,
Via t'b/cm
(0]
where s

fector accounting for the axial heat loes.

& factor eccounting for the ratio of the
UC length to the SAP length.

Teking K, = 1.45 Watt/cmoC Ref. (16) and substi-
tuting:

- K,dT,
e 2 2T p -[36.23x0.9x1°5 xW x TO53° 4
d/ 1.75

R e )

+ (j? - r? ) x 2.8 x 0.1367 ] 2

, = - _;f (8.76 £ + 0.1329 § pP)

integrating

, (T2 g T2 _
AT, = - 8.76 y/ 73 - 0.1329 ;z/ S ap =
Ty

Tyq

2 0.1239 2 2
—8.762’111?1—- (rz—r1)=

8.6 4 oC
SAP inner surface temperature

T, =T + 4.3 g ocC




SAP outer ‘surfeace temperature

T, =T - 4.3 g oC

Temperature drop &crose the gap

Temperature drops across the UC/SAP interface is:

AT, moo— 41 ) - (T + 4.3 8) =

C
TC—T—45.3¢

m

In our case AT, O. This condition must be always

1
VEI‘ifi(‘d .

Heat flux at the gep

The heat flux at the UC outer surface:

36.23 £ x r2 5
F = -2 = 17.23 @ Wett/cm

P
20hr
(¢]

Multiplying by s = C.9 (axial conduction)
15.5 ¢

Gap conductance

It is given by the ratio of the gap heat flux

and the temperature drops acroes the gap.

U = z - 15.5¢ Wa‘t't/szoC
AT, T -T-45.38
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Fuel-sheath gaps caused by differential thermal expangion

and contraction

In the case of a sheathed fuel, thermal cycling
produces internal stresses which can cause cracking
if the linear heat rating is not limited to a value
below which eracking occurs.

The calculation of the operating gaps &t each
temperature is made by estimating the thermal ex-
pansion of the sheath and fuel material ang by assu-
ming thet the fuel remains centered within the metal
sheathing.

The hot geaps are:

G1 = GO + thermal expansion of SAP - thermal
expansion of UC,
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UC pellet ceformatior

In & solid cylinder, radial and tongential stress

ere given by the expression Ref. (21)

1 r
O( Trdr-— Ty dr)
Q;'ad T ?,// r ,é/

R r
w ol -m 1 R 1 m 2
teng _'T—s (-T+ _E? Tr dr + ;E_ Tr dr)
0

o

where R and r is the cylinder and genericel radiue re-

spectively

n ie the diffeorence between a local and the
surface tomperature

F is Young's modulus

Y is Foisson's ratio

olis thermal expension coefficient.

Temperature ¢ifference between centre and surface

or at a gencricel yposition is regpectively:

g2 2
T,- T = 2or 1 -t = Ir
4K 4K

T = t-7_ = -2 (R%-r?)
4 X

where P = heat generation rate

K = thermal conductivity
By substitution
T _E | _ B (% —
tang 4.9 4 X (R°x%) T (R eor « ‘

]




1 T P
—— (R
?/ 4 X

¢

Integrating

PEX

teng T (1-9)2x &~

At the surfaces for R=r
2

S PoCER
tEng T gr(1-y)

The elongation to the stress distribution

é= ‘_7(_1-_9_21 - P'><R2(1+9),= AAT(1+ V)
E

8K 2

In the case of UC rellet the total elongation
is the sum of the thermal and the stress elongation

ol AT
=9 (0,-20) + 29 (1,9}
2

[¢]
1072 oc™" ang 9= 0.3
-5
1077(2 +0.654 T -20)

Substituting a temperature values ag g funciion
of thermal neutron flux A.To = 41 & and T,=T,-41 £

= 10~ 15q _ -5 -4
éo = 10 Tc 4.3 x 1077 g -2 x 10




Stainlese stecl container deformation

Thermal cxpension of the SAP cylincer pressing
ageinst the container gives o glress Ref. (21)
P r3
S

V.—_

The gtrain dus to thie stresgs is:

- T -
3 !’3

totel strain is the suw of the thermal

strese axpansion:

'3
+ og('r3-20)

Sheath cylinder deformétion

Stresses in & thick cylinder pressed by en ex-

ternal pressure are given by the cxpression Ref. (21)

2
)
r2 (bz—az)

(compression)

bz(r2 + az)

)

(compression)

2

rz(bz—a
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where b, &, r are outer, inner and generical ra—
dius, respectively.
Strege due to the thermel gredisnt 8 T in the

game cylinder are given by the expression Ref.(21)

TAM ’e]
q;nng out .= oXrar (1- —=2 1n g) (traction)
2(1-9) 1n2 pe - g2
AT 2
q;ang inm.= =aRifi : (1- _EEP..§, 1in g ) (compression)
* ot AR b b"™ - &

o

Composition of sireins éue to ihe external pressure
and the thermal gradient are given by

X

£ . 8x_ 0% )Y

B 1D F
The total elongation of the cylindear outer andg

inner radii ie the sum of th: thermel end the com-

posed expansions:

2
AT 2 b
- (m - — -—) -
tol.outer.” (*out 20)+ b (1 b2 - L2 n g
211‘1:— =
c
. 2
_ % a +b2 + QIP




G

1
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2

- . RAT 2b by _
ot i, Ty 720 == Um0 g)
2-Ln d (&9
a
D 2b2
From the ratio
SAD redive _ | T €01, S8
SS radius 1 + 6tot.out. SAT
Substituling
pr
149 (7.220) + —3
r 373 E.S
2 . 3
r3 AT 2r2 r r2+r2
1498 (T ,-20) + "2 (1= gty 10 =2 )4 & (V)= ——5 )
2\ "2 r 2 2 r 3 1 T2 2
2 ro=-r, 1 2 ra—0r
21n — 2 1 2 1
1

Solving for the contac! pressure

p= 1387, + O.488AT2- C.934 T3 + 30.7

2
Substituting TQ,Aﬂé, T3 es a function of neutron flux
r = 0.466 T + 7.46 @ + 30.7

Combining and solving

€ = 1.975 x 1070 T + 18.37 x 10774 5.5 x 107

The radial hot gap is given by

=¢_+r (€, €)=G_+1. 89x10™°M-3.4x10™%+3. 02x 1 o‘4¢—9;53x1o’6wc




C swaelling

Permanent swelling measursments wore not pos-
gible till the capsules were digmantled. Swelling
of the UC pellstg wags then estimated 2s 4 function
of th» gap thermal resistance, the gas thermal con-
ductivity and the thermal sxpansions.

The hot clearance can be calculated by the

eXpregsion,

clearance = R X K3

R = gap thermal registance cm2°C/Watt

K,= gas thermal conductivity Watt/emoC.

3

Assuming that the fuel remains centered within
the metal sheathing, the hot clearance can be cal-
culated by the difference between the residual clea-
rance due to thermal expansion and the fuel swelling.

The exprzssion

hot el=arance = G,‘ - Aro

G1 is due to the thermel expansion
A:ro ig the fuel radial swelling.

RK3
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Gag thermal conductivity

Since the.capsules were filled with Xenon
gas &t aimospheric pressure, the thermal conduc-
tivity of Xenon is calculated as a function of the
operating temperatures from

.824

Ky = 5.35 X 1077 (4 + 273) Ref. (17)




Experimental data analyseis

The claboration of the experimental data was made with
a 7090 IBM computer code using equations of appandix III.
Symbols used ar- explained hereafter.

Input data were

T
GAP
TAMB
TUC
TAQ
T EMP

i
N

VT (N, M)
T(N,M)
DELT(N,M)
FI(N,M)
GAMMA (N, M)

TUCS (N, M)
TS(N, M)
POT(N, M)
COND(N, M)
A(N,M)
GAC(N,M)

X

XKX

SAP thermocouple readings

nominal gap values

room temperaturss

UC thermocouple readings

inlet heavy water temperature
irradiation time values asg referred to a

maximum flux of 6.9x1013n/om2sec.(hours)

Test readings number

specimen can number

SAP arithmetic mean temperature

SAP true mean temperature

Temperatur: drop sheath-heavy water

thermal neutron flux

Gamma heating ag a function of the ne-

utron flux

UC pellet surface temperature as a

function of the neutron flux

SAP sheath inner surface temperature asg

a& function of ths neutron flux

Gap heat flux as a function of neutron flux
Watt/cm2°C
cm2°C/Watt

thermal gap conductance

thermal gap resistance

hot gap due to the thermal expansion
and the thermal stregs

arithmetic mean temperature between
UC and SAP inner surface

Xenon gas thermal conductivity as a
function of the oparating temperatures Watt/cmoC
UC pellet radial percent swelling




"hs outputl data includad

2
theemel noutron flux n/em“scc.

gnp heat flux Watt/cmz

therasl gap conduchanc: Watt/cmz ol
hot gap due to tharmel cxpansions cm

UC p:rllet csntrs temprratue- oC

SAT sheath arithmetic mean temperaturs oC

thernal gap resistance cm2°C/W8tt
UC prllet ralial p-rcent swilling

irradiation times hours

Results arc printed as follows

In the fircst lin- Togt numbsr and corregpon-
ding irradiation tim=.

Tn the following three Outpul data for can A, B and

lines C regpechbively.

In the last thrse lines Input =xperimental data in

the same oraer

The same cole was usadl bto slaborate the data of
the sccond irradiated rig. Howevaer the following sym-
bols were changed:

1) TSAP (W,M) = TS (N,H)
2) FLGAP (N,M)= POT (N,)
3) ’RES (N,)= A (N, M)

Compering the two programs listed hoercafter one
can si¢ that the gap value is omitted in the input
qeta of the socond rig boecause the threc capsulszs wa-

r built with an ~qual nominzl clearance.
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Notation for Appandix III

UC pellst radius

SAP inner radiugs

SAP ouler radius

33 container inner ralius

Generical radius

S5 container thickness - 0.088

UC thermal sxpaneion coefficient TOX1O—5/°C ref,
(13)
21.5x1@6/°c ref,
(14)
14.5x107% /g
2

2.2x106kg/cm
ref.(13)

O.6X1O6kg/0m2
ref.o(14)

S " = 2x10%g /on?
Poisson's ratio 0.3
SAP " " 0.4 ref.(15)
UC density 13.4 gr/cm3
ref.(13)
SAP o 2.8 gr/cm3
ref.(14)

L

N

5
)
$
0
§
2

-3

UC centr= temperaturs °C
UC surface n oC
SAP innzr surface temperature °C
SAP outer " " °C
SS inner M " °C

SAP mean temperature °C

L=
o

w N - 0O

UCTO—SAP, mean surface temp-raturs °oC

oo 83 g

room temperaturs °C
inlet temperature of heavy wa- °C
tor

temperature difference belbween - °C
centre and surface of U2 pellet




Lemporaturs drop across SAP

tompe rabucse Arop SCross UC-S8APD

interface _
rominal radial olearance UC-3SAP-

hot radial clearance UC-3AP -
{:]

radial deformation of UC pellet-
surface
" of SAP inner surface
" of SAP outer surface
" of 335 inner surface
pressure to SAP-S5S container in-

tor face

- kg/cm2
neutron flux n/cmsee
powsr generalion ia the uc Watt/cm3
linear heat rating for UC Watt/cm
grmma heating Watt/gr
heat flux at UC surface - Watt/cm2
contaclh or gap tharmal conductan-—
co - ?att/cm2°C
contact or gap thermal raSistance—cm2°C/Watt
UC thermal conductivity - Watt/cmoC ref.
(13)
SAP thernal conductivity Watt/cmoC ref.
(16)
Xenon gas thermal conductivity Watt/cmoC ref.
(17)

swrlling of UC pellet

o

apithmebtic moan of SAP readings dell-

A‘,(,
4

IS
i P

shcath-heavy temperature drop wa-
ter defined by

B=0+0.04 T - 0.04 7T,




Apprndix IV

Phiysical constenbs in the sample computations

TIETIIS A A it 1t et it St otk 0 e g o

[ T,

me

Gzs Thermel conductivity
Fission gages Helium

=5 -3
Kf 9.7x10 2.5x10 W/ cmoC
Sum of nax. microroughnesses

2z, 2x10”

e ximun microroughness

7, 1.8x1073

Pellet radine

[8]6;

13.4

Thermal conduchivity

!
(3

0.15 W/cmOC

2Xpansion coefficient




= Fuel Young's moiulus

Uc UO2

Ep 2%x10° 2%12°

0lad op-rating Temperatuc:
T = 4000°C

Microhariness at operating temperature

AP MAGNOX ZRYZ2 S.5.

3,270 1,050 2,900 5,400 Ke/cm®

Thermzl conductivity
SA? HMAGNOX \ ZRY?2 3.3,

1.7 1.25 0.17 0.16 W/cm°C

Thermal rxpansion coecfficlent

MAGNOX ZRY2
- _C:
5. 6x107° 1.17x107°

2d Young's modulus

SAT NAGNOX ZRY?2 S5.5.

5%10° 1.4%x10° 6.44%x10° 1.45x10%kg/cn®
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