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1. INTRODUCTION

The expansion of Zircaloy during a temperature

transient in steam is complicated. Irregularities

occur in the thermal expansion of Zircaloy in

connection with transformation between a- and 8-

phase. Volume expansion occurs in connection with

oxidation to ZrO-. The thermal expansion of ZrO_

shows anomalous changes of length in the neigh-

bourhood of 1 000 C due to phase transformation.

Zircaloy expands when oxygen is dissolved in the

metal.

The construction of BWR fuel elements allows

large axial expansions of the fuel rods as long

as the expansion of tie rods is not much smaller

than the expansion of other rods.

Out-of-pile experiments simulating LOCA condi-

tions show axial expansions of Zircaloy tubes

around 1 %.

Irradiation induced axial growth will have a

size around 10 during fuel life time (1) and

will be of minor importance in the discussion of

mechanical interaction in a BWR fuel assembly.

2. CONSTRUCTION OP BWR FUEL ELEMENTS

The tie rods are screwed to the top and bottom

plates of the element. The other fuel rods are

standing on the bottom plate and held in position

by a spring at the top plate. Different fuel

suppliers use different positions for the tie

rods in the element. Figure A.I shows the posi-

tion of tie rods in 8 x 8 fuel elements manu-

factured by ASEA-ATOM and Exxon. The compression

springs at the top plate allows differential

thermal expansion around 8 - 9mm (~ 0.2 % ) .
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3. THERMAL EXPANSION OF ZIRCALOY

Irregularities occur in the thermal expansion

of Zircaloy as shown in Figure A.2. The thermal

expansion coefficient is largest in the high

temperature range above the transition tempera-

ture. 0.2 % differential thermal expansion

corresponds to approximately a temperature

difference of 200 C in this temperature range.

The differential thermal expansion between the

hottest rods and the tie rods can be expected

to be less than 0.2 % at least during the early

part of a LOCA transient.

4. EXPANSION DUE TO OXIDATION

The density of Zircaloy-2 is 6.55 g/cm (room

temperature) and the density of zirconium oxide

is 5.56 g/cm (monoclinic zirconia at room tem-

perature, 2) corresponding to 4.12 g Zr/cm .

Oxidation at room temperature will consequently

result in a volume increase of nearly 60 %.

Tetragonal zirconia, which is stable above 1 000 C

has a higher density and a volume decrease

amounting to about 9 % will occur at the trans-

formation on heating (2). The volume increase

by oxidation will consequently be large also at

high temperatures. The oxidation occurs as a sur-

face reaction between the metal and the oxide

and the volume increase will mainly result in

radial expansion.

5. THERMAL EXPANSION OF ZIRCONIUM DIOXIDE

The thermal expansion of zirconium dioxide is

complicated by the change of lattice structure

in the upper part of the temperature region,

which is of interest in connection with a LOCA.
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The appearance of the thermal expansion is shown

in Figure A.3. A comparison with Figure A.2 shows

that the expansion due to phase change upon

cooling occurs around 900°C for both ZrO2 and Zr

and thct the expansion is largest for ZrO-,

(~ 0.4 - 0.5 % ) .

fc. EXPANSION DUE TO DISSOLVED OXYGEN

The lattice constants of a-zirconium increases

when oxygen is dissolved. According to data for

lattice parameters in (5) a linear expansion of

0.68 % is expected when Zr is oxidized to ZrO_ __.

According to the O-Zr phase diagram (Figure A.4)

ot-stabilized Zr at 1 200°C contains more than

10 atomic % O. Under unfavorable conditions the

expansion due to dissolved oxygen alone can ex-

ceed the constructional space for differential

expansion in a BWR fuel element. It should be

remembered that no contraction due to phase

change will occur in a-stabiiized Zircaloy,

and that the ductility of the n-phase is far

less than that of the 6-phase.

7. EXPERIMENTAL DATA FOR FUEL ROD ELONGATION

Performed multirodburst tests simulating BWR fuel

elements show more or less severe deformation of

fuel rods mostly due to internal pressure (7),

but these experiments are not easily analyzed

with regard to axial elongations from published

data.

LOCA experiments for SGH17R in Britain (max temp

1 200°C) show residual elongations of fuel rods

around 1 % in experiments where the rods are

free to expand axially (8).
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Zircaloy tubes which have been exposed to tempe-

rature transients in Studsvik (9) simulating a

LOCA show significant length increases. The tem-

perature transients are shown in Figure A.5 and

measured elongations in the table below.

Table 1

Measured residual rod elongations.

Hottest rods

Tie rods

Corner rods

Max temp °C

1200

1110

860

8. DISCUSSION

Number of
specimens

60

3

3

Residual elon-
gation %

1.1 * 0.2

1.5 * 0.1

0.47 t 0.3

The size of the rod elongation by oxidation is so

large that deformation of a standard BWR fuel ele-

ment with tie rods in the outer row will surely

occur during a LOCA transient typical for BWRs

with external pumps. Available data does not

however show whether this deformation will occur

early in the transient or during the cooling.

Combined effects of thermal expansion of zircaloy

and expansion due to oxidation and dissolution of

oxygen can be expected to be large enough to

cause rod bowing early in a LOCA transient. It is

however not impossible that observed residual

expansion of zircaloy tubes to a dominating ex-

tent are caused through expansion of zirconium

oxide during cool-down. Length measurements of

zircaloy tubes during a transient are desirable.
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Appendix A.I (5)
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Figure A.I

Position of tie rods in 8 x 8 BWR fuel elements
manufactured by Exxon (Ex) and ASEA-ATOM (AA).
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Appendix A.2
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Figure A.2

Axial thermal expansion of zircaloy tubing (1).
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Appendix A.3

0-7

06

I I I I I I \ I I

I I I
lOO 400 COO tOO WOO 1200

T«nptroture,%

Figure A.3

Thermal expansion of monoclinic ZrO2 (after

Weber, 1964) (3) .
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Apoendix A.4
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Figure A.4

O-Zr phase diagram (6).
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Figure A.5

Temperature-time relations during simulated LOCA transients (9).
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