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Abstract

The confirmed integrity of nuclear fuel cladding materials is an important object during steady
state and transient operations at nuclear power plant. In this context, the clad material yielding
behavior is especially important because of pellet-clad gap expansion.

During the steep power excursion, the in-pile irradiation behavior differences between uranium-
dioxide fuel pellet and zircaloy clad induce the contact pressure between them. If this pressure
reaches the zircaloy clad yield pressure, the zircaloy clad will be plastically deformed. After the
reactor power resumed to normal state, this plastic permanent expansion of clad tube give rise to
the pellet-clad gap expansion.

In this paper, the simple mandrel expansion test method which utilizes thermal expansion
difference between copper mandrel and zircaloy tube was adopted to simulate this phenomenon.
That is, copper mandrel which has approximately three times of thermal expansion coefficient of
zircaloy-4 (PWR fuel cladding material) were used in this experiment at the temperature range
from 400C to 700C. The measured plastic expansion of zircaloy outer radius and derived mathe-
matical relations give the yield pressure, yield stress of zircaloy-4 clad at the various clad wall
temperatures, the activation energy of zircaloy tube yielding, and pellet-clad gap expansion.

The obtained results are in good agreement with previous experimental results. The mathematical
analysis and simple test method prove to be a reliable and simple technique to assess the yielding
behavior and gap expansion measurement between zircaloy-4 tube and uranium-dioxide fuel pellet

under biaxial stress conditions.
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Nomenclature

: original mandrel radius at room tem-

perature(mm)

: original zircaloy inner radius at room

temperature(mm)

: original zircaloy outer radius at room

: changed mandrel

temperature (mm)
radius by thermal

expansion at temperature To(mm)

: changed zircaloy inner radius by thermal

expansion at temperature T,(mm)

: changed zircaloy outer radius by thermal

expansion at temperature 7,(mm)

: changed zircaloy inner radius by elastic

: expansion difference

and plastic deformation at temperature
To(mm)

changed zircaloy outer radius by elastic
and plastic deformation at temperature
To(mm)

between copper
mandrel and zircaloy clad at temperature

To(mm)

: shrinkage allowance by the compatibility

between copper mandrel and zircaloy

clad at temperature T,(mm)

. constant

.

: total mandrel contraction by

initial clearance between mandrel outer
radius and zircaloy inner radius at room
temperature (mm)

contact

pressure at temperature T,(mm)
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: total zircaloy tube expansion by contact

pressure at temperature T,(mm)

: radial contraction of mandrel by elastic

deformation at temperature To(mm)

: radial contraction of mandrel by plastic

deformation which is negligible at this

experiment

: the expansion or contraction of zircaloy

inner radius by elastic deformation at

temperature To(mm)

: the expansion or contraction of zircaloy

outer radius by elastic deformation at

temperature 7,(mm)

: the expansion of zircaloy inner radius

by plastic deformation at temperature
To(mm)

: the expansion of zircaloy outer radius

by plastic deformation at temperature
Ty(mm)

the plastic expansion of zircaloy inner
radius after cooling to room temperature
(mm)

: the plastic expansion of zircaloy outer

radius after cooling to room temperature
(mm)

: thermal expansion coefficient of copper

mandrel at the reference temperature of
298K (mm/mmK)

: thermal expansion coefficient of zircaloy

clad at the reference temperature of 308
K(mm/mmK)

: thickness of zircaloy clad at T,(mm)

: thickness of zircaloy clad under contact
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pressure and temperature To(mm)

4t :change of zircaloy clad thickness by
contact pressure at temperature T,(mm)

E, :Young’s modulus of copper mandrel
(MPa) |

E, :Young’s modulus of zircaloy clad(MPa)

Vi : Poisson’s ratio of copper mandrel

Vs : Poisson’s ratio of zircaloy clad

T : temperature(K)

T, . test temperature(K)

T,0om : room temperature(K)

T, :melting temperature of copper(1356K)

AT  : To— Trum(K)

P : contact pressure of zircaloy tube at yield
point(MPa)
ag : hoop stress(MPa)

oy : radial stress(MPa)

o, . uniaxial yield stress of zircaloy(MPa)
g.sr - effective stress of zircaloy tube(MPa)
E;  : hoop strain(m/m)

E, :radial strain(m/m)

E, :axial strain(m/m)

4G : gap expansion deformation(mm)
4G o, : the percentage of gap expansion(%)
r : radius(mm)

7o : original ralidus at room tomperature(mm)
u : displacement (mm/mm)

I : legth(mm)

R : gas constant, 8.3144J/°C mole

Q

: activation energy of yielding process of
zircaloy tube(KJ/mole)

1. Introduction

The occurrence of thermal transients at the
nuclear power plant may impose severe thermal
and mechanical stresses on the reactor com-
ponents. These transient conditions include both
those occurring durring normal operation, such
as start up, shut down and power level change
(load following operation), and those occurring
as the result of a plant malfunction. The in-

tensity of these induced stresses depends on the
magnitude and the rate of temperature change of
the coolant and on the variation of the rate of
radiation-induced internal heat generation in the
structure which, in turn, is affected by changes
in the reactor power level.

The transient mechanical response of nuclear
reactor fuel cladding has recentely attracted much
attention in conjunction with the integrity of fuel
elements during anticipated reactor transients,
The cladding response under the loss of coolant
accident (LOCA) and the pellet-clad ding inter-
action (PCI) mechanism followed by power ramp
are fairly studied by many investigators.

Chung et al. %2 have studied the mechanical
response of zircaloy-4 cladding under the simula-
ted condition of LOCA. They have indicated
that the present criteria, namely, total oxidation
limit of 17% of the wall thickness and maximum
cladding temperature of 1477K, are conservative.

The material properity under power cycle have
also been studied by the EPRI® and Puill et
al. ) The ramp-temperature tests using uniaxial
data, with an internal pressurization of 6.2
MPa to 9.6 MPa failed at temperature near
1033K. ¥

Load following operations typically require
power excurtion or cool down of 5% full power
per minute under the unprogrammed load
follow™® or a change 10% of full power per
minute under the programmed load follow. ®
Anticipated consequences for the fuel rods under
the power ramp have been analyzed. Fuel rods
are submitted to two types of thermal-mechanical
transients, which can be possibly combined:

-Local power ramps, provoking PCI when the
gap between pellets and cladding is sufficiently
closed up.

-Cyeclic low-level stress-strain variations which
could damage the cladding by fatigue.

The failure mechanism of zircaloy-4 tube
under steady and transient state have been
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believed as stress corrosion cracking (SCC)

mechanism® by many investigators. however,
Chung et. al. have introduced the radiation-
induced ZrO, precipitations which cause brittle
fracture by dislocation blockage. (7>

The design and operating remedies have been
introduced in an attempt to alleviate the impact
of PCI on plant capacity. ® Design remedis have
addressed the mechanical-chemical nature of
PCI, namely the reduction of clad stresses, fuel
temperature, and/or fission release. Operation
remedies have emphasized the reduced severity
of the duty cycle through less uses of control
rods for achieving power maneuvers and power
shaping. This remedy is expensive in view of
output loss during the slow increase to high
Therefore,

incentive for understanding the basic mechanisms

power. there is a clear economic
of these cladding failure, in order that effective
operational, design or material remedies can be
developed.

During the severe thermal excursion, the fuel
pellet diameter may become larger than the
zircaloy inner diameter because of temperature
distribution difference and in-pile irradiation
behavior difference. Thus, the elastic and plastic
deformation of zircaloy tube has to accommodate
the expansion of fuel pellet. After the reactor
power resumed to normal operation state, the
plastic expansion expansion difference between
fuel and zircaloy clad may cause fuel-pellet gap

expansion. Under these conditions, the heat

conduction of the gap is reduced. Then, the
temperature of fuel-pellet center line is increased.
And the undesireable phenomena in the fuel rod
occur. (e.g. such as fuel melting, fission gas
release, plennum gas pressure build up, etc.)
In this paper, the zircaloy tube yield pressure
and yield stress, the activation energy of yielding
of zircaloy tube, and the pellet-clad gap expan-
sion are obtained by the mathematical analysis
of the experimental data of simple mandrel
thermal expansion test to simulate power excur-

sion conditions mechanically.
II. Theoretical Basis

During the steep power excursion, the different
in-pile irradiation behavior between zircaloy clad
and uranium-dioxide fuel pellet induces the
contact pressure between them.

For this experimental simulation, the uranium-
dioxide pellet is replaced with large thermal
expansion copper rod to induce high thermal
contact pressure between mandrel and clad. The
copper mandrel has approximately three times
of thermal expansion coefficient of zircaloy clad.
To calculate the desired values, several mathe-
matical equations are derived. The data for
copper mandrell® and zircaloy-4 tube®? used
for calculations are tabulated in table I. The
deriving procedures are as follows;

II.1. Yielding Contact Pressure

II,1.1. The expansion difference between

Table I Copper and Zircaloy-4 Data.

Thermal Expansion Copper l a= 0 3 +2. 167>< 10 3>< (T~JOO)]/ {100 X (T——ZQS)}
Coefficient a — -
(mm/mm°C) Zircaloy-4 j a=(6. 72 10° -2, ()7><10 3)/('177—308)
Young s Modulus Copper E={117.24 -3X7X (T/T 0.22)} x 103 for T/T <0.5
(Pa) E={111.4—3X7X (T/Tn—0.5)} x 10® for T/Tx >0 5
Zircaloy-4 | E= (9. 900 % 105—566. 9 (T—273)) x9, 81 x 10-*
Poisson’s Ratio v Copper l 0.33
Zircaloy-4 l v=0, 3303+8. 376 X 1075(T—273. 15)
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mandrel and zircaloy clad.
The changed radius of solid copper mandrel

by thermal expansion at temperature 7T, is;

a’'=aq+aadT
=a(l+a4T) ey

Fig. 1, Changed Radius of Mandrel

The changed radius of zircaloy clad is also;

-—
- ~

o' =b+abdT
=b(1+adT) &)

' =c+ayxcdT
=c(14+a,dT) 3

ST

Fig. 2. Changed Radius of Zircaloy Tube

The initial clearance between copper mandrel
and zircaloy tube is defined.
d=a—b @
So the expansion difference between mandrel
and clad at elevated furnace temperature T is;
d1=a’—b
={a—b)+ (aa—ab)4T
=d+ (aja—ab) AT (5)
Zry. clad

Fig. 3. Expansion Difference between Mandrel
and Zircaloy Tube

II. 1. 2. Shrinkage allowance
The shrinkage allowance 811 by the combina-
tion of mandrel and zircaloy tube at temperature
T, is;
ou=d,+d,
=d,+di+d] (6
where

Fig. 4. Shrinkage Allowance

di=d,+d,
=d,
and
dy=di+d;,
Since copper mandrel was not deformed plas-

tically during thermal expansion and contrac-

tion cycle throughout the experiment, there-
fore, d,=0 in eq. (6).
To calculate d at eq. (6), the procedure using

strain superposition is as follows;

oo
o P

a
"W o oo e

Q.

. plastic displacement
(a) (v) (ec) ’

Fig. 5. Thickness Change Procedure

From Fig. 5, the thickness change of zircaloy
clad by contact pressure at temperature T is;

At=t—t,
=@ =b)— (=)
=(d+d}) — (di+d}) @
So eq. (7) gives
dy=dO+dy—di— 1 ®
Substituting eq. (8) into eq. (6);
511=d,+d2+d2—4t ©))

This eq. (9) is composed of 4 terms. The first
d, and the second d? term depend on the contact
pressure at the zircaloy tube yielding point. The
third term 49 is calculated from experimental
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results d$ and the last term 4t is also calculated.

i) The relation between d$ and d9 is
4’ 10
1—a, 4T (
ii) To calculate 4¢, the

assumed; namely, the zircaloy tube is thin wall

=

followings are

cylinder, the axial deformation is negligible,
and the dilatation by elastic stress is negligible
too.

Under the above assumptions, the strains are;

Il

eg—ln—r—0 ~In-< = (1
e,=In*- 12)
to

As the dilatation of plastic deformation is zero;
€+¢€+€=0 (13)
From no axial deformation assumption, eq.

(13) is
&= —¢ (14

Substituting eq. (11) and eq. (12) into eq. (14)

gives

t ¢!
In *;:ln o7
o
t=ty—7;
o
=t
C o' rdltd,
:[0 1

+ (@ +ap
=ty {1+ 2-(a2+ap}

=t {1- 1 @rap} (15)
because of (1+2) 7 l=
So the thickness change is;
dt=t—t, (16)
which is negative value.

Substituting eq. (15) into eq. (16);
At:__,- (do+d3)

1—z for z<£1

d,° -
1—a, AT ) an

Substituting eq. (10) and eq. (17) into eq. (9)

— ’Cf’ (a4

gives;
dn=d,+d’+d3— 4t
d 0
=d,+do
to o dy°
+ ¢’ (d - 1— azAT )

:de+dg<1+{3 )
+ ‘izszf(H ) (18)
IL. 1. 3. Yielding Pressure of Zircaloy Tube
The expanded radius of copper mandrel must
be accommodated in the inner radius of zircaloy
tube because of compatibility requirement be-
tween mandrel and zircaloy tube. This is shown
in Fig. 8. and Fig. 4. So 61 must be equal to
o1, that is,
01=011 (19)
Substituting 8; and 8y into eq. (19);
d+ (aia—a,) 4T

_ @,,) dy° 7< &)
—a’a+dg<1+ A s ol G
and rearrangement gives;

de+dg(1+—i‘3 )

=d+ (@a—ab) AT~ - ‘i’; A—rr—(1+—%‘ja)
(20)

To solve d. and d°in eq. (20), the procedures
using displacement equations® are as follows;

s {0+ )

and for solid cylinder; a=0, r—=b=da’,

From =

e’
de:—’iE{—u—»o

From u—f(_bz—) {(1 v) + (l—i—u)*l;—:}

and for the present case, a=b’, b=c’, r=c’
d°: 1 2b,2€,1)

E‘2 ° 'C_/qu—
. 22
Substitutlng the above two egs. into eq. (20);

e 2., b o
P{ E, (I—w)+ E, t R pe <1+ C'>
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=d+ (qja—ap)4T

d,0
- (1+-% = 1)
Therefore eq. (21) gives the yield pressure of

aar (1)

zircaloy tube;
d-+ (aja—ab) 4T

P=—
b2 ]
‘E* (1_”1) +E—2 E (1'{’_63“)
(22)
I1.2. Stresses of Zircaloy tube
The hoop stress o4 of zircaloy tube is;
_ ¥ +d))
ty+4t @3
The radial stress o, of zircaloy tube is;
__bt
== 24)
The axial stress o, of zircaloy tube is;
o,=0 (25)

because there is negligible friction between
mandrel and zircaloy tube interphase in
axial direction, therefore, no axial stress.

From the effective stress definition;
Gott= 09— 0d,)2+ (0,—0a.)?
= J 5 {(es—0a,)2+( )

+ (0. 09)%} 172 (26)
and the effective stress of zircaloy tube at yield
contact pressure under this experimental con-

ditions is

Cess—" 4/ 7 {08 +0,"+ (05—0,)% 12 @n
this may be equal to uniaxial tensile yield stress

under Von-Mises theorem.
I1.3. Gap Expansion

The gap expansion by plastic deformation of-

zircaloy tube is as follows from eq. (8) and

appropriate substitions;

4G=d,
—d di—dt—d
_L Ay
=F, " oi—pr T—adT
30
0,
o (‘“L - azAT>

1 b/3
e At o

()] @8)

By assuming that the pellet-clad gap is 0. 2mm
at the pressurized water reactor(PWR), the gap
expansion percent by plastic deformation of
zircaloy tube under these experimental conditions
is;

G(%)—é’—ix 100 (29)

II1. Experimental Procedure

III. 1. Materials
The zircaloy specimen used in this experiment
stress-relieved
SANDVIK zircaloy-4 tube with 25mm length.
Its measured dimension is 9, 480mm of inner

was the commercially produced,

10. 702mm of outer diameter, and
0.611mm of thickness.
Copper 1od is commercially produced 99%

diameter,

copper and it was machined to 40mm length
and various diameter size to 0, 005mm accuracy
to give differential initial clearance, d, value.
III. 2. Test Apparatus
The specimen set is composed with copper
mandrel, zircaloy-4 clad, and chromel-alumel
medium size thormocouple. They are shown in
fig. 6 and 7. To reduce the initial copper
mandrel diameter, liquid nitrogen is used. Then,
copper mandrel is easily inserted into zircaloy
tube. The heating system is composed with
furnace and temperature controller.
III. 3. Procedures
The experimental procedures are as follows;

i. Set furnace at Ty: 400, 450, 500, 600,

and 700C.
10 ‘ 40 15 Thermocouple
Insulating Tube
Tor center Temp
B S Tl B —=— " r1.Cc. (2)
T.C. (1)
20 25 l 30
| |

where (I) is mandrel protection and
repeatable mandrel & zry. tube temp.
measurement system.

Fig. 6. Specimen Set Layout.
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Fig. 7. Zircaloy-4 Cladding Tube Specimen and
Copper Rod Mandrel (a) and Specimen
Set without Thermocuple (b)

ii. Copper mandrel is inserted to zircaloy tube
after mandrel diameter was reduced by liquid
nitrogen.

iii. Mandrel, zircaloy tube, and mandrel pro-
tection and temperature measurement system
are assembled.

iv. Assembled specimen set is put into the
furnace and if T(1) and T(2) reach equal
test temperature, it is air cooled to the
room temperature.

v, Then, the outer diameter is measured by
micrometer.

vi. The above process is repeated with different
mandrel diameters and furnace temperatures.

As the result of these procedures, the plastic
deformation of zircaloy tube was measured under
variouss temperature and mandrel diameter com-

binations.
IV. Results and Discussion

The measured values of d} are inserted into
the derived equations. And the zircaloy tube
yield pressure, yield stress, activation energy of
yield process, and the percentage of the pellet-

cladding gap expansion are calculated.

(Mpa)

40

Zry. Tube Yield Pressure

20

700 300 600 760 (°C )

Zry. Tube Wall Temp.

Fig. 8. Zircaloy Tube Yield Pressure vs. Tube
Wall Temperature.

IV.1. Zircaloy-4 Tube Yield Pressure
versus Temperature.

By inserting the measured values of 49 into
eq. (22), the zircaloy yield pressure is calcula-
ted. This yield pressure vs. zircaloy tube tem-
perature is plotted in fig. 8 In this figure, the
yield pressure of zircaloy tube decreases with
temperature increase. The yield pressure dec-
reases linearly at 400 —600°C temperature range,
whereas, above 600°C, the yield pressure dec-
reases at lesser steep rate.

IV. 2. Effective Stress at yield pressure vs.
Temperature.

As the yield pressure of zircaloy tube is cal-
culated, the hoop stress, the radial stress, and
the effective stress of the zircaloy tube are also
calculated from egs. in section II 2. The effective

stress in this case is equivalent with the uniaxial
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A
(Mpa)
L
2
=
=
. 300t
<)
19 L
N
G4
o
@
]
& \
w
@
-
a
o 200 t+
@
bl
G
=3
100 r e
O 4}1 1 —1 —1 i i
v 400 500 600 700 “C)

Zry. Tube Wall Temp.

Fig. 9. Effective Stress of Zry. at Yield Pressure
ve. Zry. Tube Wall Temperature.
yield stress of zircaloy-4 tube at that temperature
by Von-Mises yield theorem. So the uniaxial
yield stress of zircaloy tube under this experi-
mental conditions is plotted with zircaloy tube
temperature in fig. 9. These yield stresses are
well accorded with other experimental results
or computer code results, @* Therefore, the above
all ‘mathematical equations and experimental
results are proven to be proper.

Using the above results of data, it is possible
to guess the yielding prossure of zircaloy tube
which is conducted internal gas pressurization
test. 19

Using eq. (26) and for the tube burst test,
0,==d¢/2 and ¢,=(0 Substituting these stresses
into the right hand side of eq. (26) gives

V3 o (30)

L
To determine the internal gas pressure that

Oeft~—

should cause yielding of a closed tube, we set
Gots==0y and use the eq. (23) of hoop stress.

(Mpa)

so b

4s |

4o |

35

30

Calculated Biaxial Yield Pressure

a5 |

AN

L — >
600 700 {°C)
Zry. Tubs Wall Temp.

) % n I
h 400 500

Fig. 10. Biaxial Yield Pressure by Internal
Pressurization Method vs. Zry. Tube
Wall Temperature

Then eq. (30) gives;

o 1 ty-+ At
P(yielding) = \/Zg v bg idp" *oy

3D
The calculated yield pressure for tube burst
test by eq. (31) is plotted in Fig. 10. These
values fairly agree with other experimental
results®® for 400°C.
IV. 3. Activation Energy for Yield Process
The derived yield stress and pressure are
strongly dependent upon the test temperatures.
This phenomena is related with thermally
activated deformation process at elevated tem-
perature. The temperature dependence of flow
stress is generally represented at constant strain
and strain rate(6;
6=Aexp(Q/RT)|e,é 32
If this expression is obeyed, a plot of log o
versus 1/ T will give a straight line with a slope
Q/2. 303R, that is,

log o=log A+ Q 1

2.303R ~ T €
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‘\,x 102j

'
'
i
'
1
L

Fig. 11. Activation Energy of Zry-4 Tube

For this experimental conditions, € is the strain
at the yielding point and ¢ is given by
. a,0/C
&= Specimen Heating Time L)
where the calulated é by eq. (34) is nearly the

order of 10~¢/sec for this experimental conditions.

Using these relations, the calculated log ¢ is
poltted versus 1/7 in fig. 11. The calculated Q
values from the slope are

Q,=10. 75KJ/mole
for the temperature range of 400 —474°C
Q,=26. 06KJ/mole
for the temperature range of 474—700°C
The activation energy of yielding process is
changed near 474°C. Evidently, the mechanism
of zircaloy tube yielding process is changed at
that temperature.
IV.4. The Expansion Percentage of Pellet-
Cladding Gap versus the Percentage of
Mandrel Expansion beyond Zircaloy
tube Inner Radius.

By assuming that the original gap size is 0.2
mm, the gap size expansion as a consequence of
mandrel expansion beyond zircaloy inner radius
is calculated with eq. (28) and eq. (29). These
values are plotted in Fig. 12. The gap expansion
depends on mandrel expansion and zircaloy

tube temperature. In this figure, the gap ex-

H 'l
1.4 1.5 1/7(x 1073)
1/T(X107%
Yielding along Tube Wall Temperature
'Y
(%)
i3 /
&
R
]
& /
10
A 700 °C
] 600 °C
5t 4 500 °C
m 400 °C
0 g3 ) 57 T ] )

Mandrel Expansion beyond Inner Radius

Fig. 12. Gap Expansion vs. Mandrel Expansion
beyond Zircaloy-4 Tube Inner Radius

pansion by plastic deformation is about 17% at

700°C and 0.9% mandrel expansion beyond
zircaloy inner radius.

From design criteria, the hoop strain of

zircaloy clad is maintained below 1% of its

steady state diameter. This value is equivalent

to about 239 of gap expansion. The criterion
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seems much more conservative than the present
experimental results.

But if mandrel expansion exceeds over 1.2%
beyond zircaloy inner radius at 700°C during
steep power change, the gap expansion might
exceed the design criteria.

If the test is proceeded with internal gas
pressurization method, this uniform gap expan-
sion measurement is difficult because of local
plastic instability. So in relation with gap
expansion estimation, this simple mandrel ex-
pansion test method has its superiority.

IV.5. The Gap Expansion vs. Zircaloy Clad
Temperature under Constant Mandrel
Expansion.

To study the zircaloy tube wall temperature
effect on gap expansion, the gap expansion is
plotted with zircaloy tube wall temperature at
the 0.55% of mandrel expansion in Fig. 13.

This results indicate that the gap expansion
has linear proportional behavior to zircaloy tube
temperature for 400—600°C range. The incre-
mental rate of gap expansion decrease over
600°C. This behavior coincides with the tem-
perature dependence of zircaloy yield stress.

(%)
10k
®r
c
o]
c
<
o
>
o
a,
©
o
j‘_
0 : L ! L
400 500 [SRely 700 (°C)

Zry. Tubte Wall Temp.

Fig. 13. Gap Expansion % vs. Zry. Tube Temp,
under 0, 55% Mandrel Expansion

Y. Conclusions

The experimental conclusions are as follows;

(1) Zircaloy-4 tube yield pressure and yield
stress decrease linearly with temperature in the
range of 400—600°C. Above 600°C, the decrea-
sing rate is reduced.

(2) The activation energy of yielding under
constant strain and strain rate is 10. 75K]J/mole
for 400—474°C and 26, 06KJ/mole for 474—700
°C. Therefore the
zircaloy-4 tube is changed at that temperature.

yielding mechanism of

(3) The pellet-clad gap expansion by plastic
deformation of zircaloy clad is about 17% at
700°C and 0.9% mandrel expansion. From the
design criteria of 1% hoop strain, the calculated
gap expansion is about 23%, If mandrel or
uranium-dioxide pellet expansion exceeds over
1.2% beyond zircaloy inner radius at 700°C
temperature by steep power excursion, the gap
expansion might exceed the design criterion.

(4) For the zircaloy clad yielding and pellet-
clad gap expansion study, this simple mandrel
expansion test method and the derived mathe-
matical equations prove to be a reliable and

simple technique.
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