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Abstract

An integral computer code has heen developed for a mechanical and thermal
design and performance analysis of an oxide fuel rod in a pressurized water
reactor. The code designated as FROD 1.0 takes into account the phenomena
of radial power depression within the pellet, cracking, densification and swel-
ling of the pellet, fission gas release, clad creep, pellet-clad contact, heat
transfer to coolant and buildup of corrosion layers on the clad surface. The
FROD 1.0 code yields two-dimensional temperature distributions, dimensional
changes, stresses, and internal pressure of a fuel rod as a function of irra-
diation time within a reasonable computation time. The code may also be used
for the analyses of oxide fuel rods in other thermal reactors. As an applica-
tion of FROD 1.0 the behavior of fuel rod loaded in the first core of Go-ri
Nuclear Power Plant Unit 1 is predicted for the two power histories corres-
ponding to steady state operation and Codition II of the ANS Classification.
The results are compared with the design criteria described in the Final Sa-
fety Analysis Report and a discrepancy between these two values is discussed

herein.
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1. Introuduction

The core power capability of pressurized
water reactor is usually limited by depar-
ture from nucleate boiling, fuel melting,
loss of coolat accident and pellet-clad inte-
raction (PCI), etc., Therefore an accurate
description of the mechanical and thermal
behaviors of fuel rods is essential to sound
design and proper management of the rea-
ctor core.

A fuel rod for the PWR contains cylind-
rical fuel pellets vertically stacked in a
thin wall-clad tube as sketched in Fig. 1.
The sintered uranium dioxide pellets, which
are fabricated with dished end faces, have
a density about 95% of theoretical value.
A soft helical spring in the upper plenum
prevents any bulk movement of the pellet
stack prior to operation. The fuel rod is
pre~pressurized usually with helium gas in
order to reduce the pressure difference bet-
ween inner and outer boundaries of clad
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Fig. 1. Fuel Rod Schematic for a Typical
Pregsurized Water Reactor.

and to improve gap conductance.

the fuel rods
suffer various kinds of damages from the

As the reactor starts up,

physical and chemical phenomena. A con-
siderable amount of experience with oxide
fuel has confirmed that there are two do-
minant modes of dimensional instability
due to irradiation, called densification and
swelling. Densification effects have been
observed as results of either the disappea-
rance of small pores from the oxide matrix
or the migration of fabricated pores toward
the center of fuel under the influence of
thermal gradient. But the latter encount-
ered at very high temperature is limited to
the hotter central regions of pellets and
apparent dimensional changes are masked
by other physical changes in the pellet at
such high temperature. As burnup increa-
ses fuel swells due to retention of solid and
gaseous fission products. Since the most of
stable fission gases are inert gases having
poor solubility in the grains, the fission
gases are readily to nucleate. They are also
subsequently destroyed by fission product
spikings{1]. The nucleated gas bubbles are
able to move and coalesce under the influ-
ence of thermal gradient, eventually some
of the fission gases are released to the void
space of fuel rod and raise the rod internal
pressure. On the other hand the clad def-
orms due to creep with the presence of high
pressure, temperature and fast neutron
flux. On the clad surface, corrosion and
crud deposits are encountered.

The resultant fuel restructuring and clad
damages induce the conspicuous changes in
the thermal and mechanical properties of
the materials.

Hence it is nearly impossible to treat
these intricate and sophisticated behaviorg
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of fuel rod on a first principle. And it can
be committed only to numerical approaches
that involve careful handling of a compre~
hensive amount of mathematical models
made up from experimental results and
theoretical analyses. Now the present me-
thod of analysis is organized into three
steps, viz., temperature profile, dimen-
sional instability and fission gas behavior,

and mechanical analysis of fuel rods.

2. Method of Analysis

2.1. Calculation of Temperature Profile

The temperature profile may be obtained
from the heat conservation equation:

P T)+a" =0 o0 M

The following three assumptions are made
to solve the above equation;

1) Quasi-steady state temperature distri-
bution—a rapid transient power history can
also be investigated in part using the quasi-
model if the power
history is divided into monotonously incre-

steady state thermal

asing and decreasing sections.

2) Axi-symmetric heat flow.

3) No axial heat conduction—error intro-
duced by this assumption is known to be
less than 0.5% for most power reactors(2].

Within the pellet we obtain,
T (r) 1

Sy kD =g [[iptry-rt-arJar

2)
where the normalized power distribution
funcition f(r) takes into account the radial
power depression due to attenuation of ther-
mal neutron flux toward the center of fuel.
The normalized power distribution func-
tion, which depznds on the atomic number
density of fissile materials and hence on
burnup, is determined by making use of a

theoretical calculation of radial distribution
of thermal and fast neutron fluxes in the
pellet(3]. The integrated thermal conducti-
vity of UQ; in Eq (2) is adjusted with tem-
perature, porosity and fuel restructuring.

About 97.4% of the total fission energy
is converted into heat within the fuel. The
heat is transferred from the fuel across the
gap to clad via radiation, free convection
of gap gas and conduction through the gap
gas and the contact spots between fuel and
clad. However the effect of free convection
is slight enough to neglect. For open gap,
the thermal conduction through gas mixture
composed of the pre-pressurized and the
released gases is estimated by averaging
the thermal conductivity effectively weig-
hted by respective mole fraction of gap
constitutents{4]. Fuel-clad contact enhances
the gap conductance appreciably. Several
model(s)5,6 are available to evaluate the
contact conductance with the presence of
contact pressure between pellet and clad.
The resultant models on gap or contact
conductance utilize empirical constants wh-
ich were calibrated with the help of experi-
mental results.

Even though a small amount of heat is
génerated in the clad mostly due to the
irradiation of gamma-rays and fast neut-
rons, this heat is considered negligible.

On the surface of clad, a layer of oxide
is introduced due to dynamic corrosion of
clad material by attack of active coolant,
and another layer of corrosion product de-
posits (crud) is built which originates from
the inner surface of primary cooling loops
and impurities in the coolant. Even though
the total thickness of the layers is only a
magnitude of mil and temperature drop
across them will not be ignored because of
their poor thermal conductivities(7]). The
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rate of oxide weight gain is related with
the corrosion governing temperature,
water chemistry and fast

sur-
face heat flux,
neutron flux.

The amount of crud deposit is somewhat
different among the reactors with different
system configuration.

To calculate the forced convection heat
transfer confficient for Newton’s Cooling
Law, a Dittus-Boelter correlation[8] is used
with the properties of coolant evaluated at
bulk fluid condition.
in-pipe flow has been shown to be conser-
vative for rod bundle geometry[9] adopting
the unit cell model characterized by the
hydraulic diameter. The onset of nucleate
boiling is calculated when the clad surface

The correlation for

temperature reaches a few degree above the
saturation temperature. The several heat
treansfer coefficients are utilized for nuc-
leate boiling region. The axial profile of
bulk fluid temperature is determined from

energy balance:

T@ =T+, ¢"de (3)

2.2. Dimensional Instability and
Fission Gas Behaior

Early in life, fuel pellets are densified
due to disappearance of small porse distri-
buted uniformaly in the as-fabricated fuels.
This dimensional change is apparent in di-
rection of fuel axis however with negligible
radial shrinkage. Therefore the magnitude
of the decrease in fuel stack length is rela-
ted to the volume decrease due to fuel den-
The rate of densification is a
strong function of operating temperature,

sification.

pellet sintering temperature and fabricated
density. Obtainable peak density for fuel in
Go-ri unit 1 is expected to be about 9% of
t the theoretical density. The resultant dec-

rease in fuel stack length burdens the fuel
rods with additional linear heat rate.

~ On the other hand, fuel swells due to the
retention of fission products. The dimensi-
onal changes due to irradiation growth and
irradiation creep are not felt in the isotropic
oxide fuels[10). Fission product swelling
contains two separate components associated
with solid fission products and gaseous
fission products. The swelling due to solid
fission products is believed to occur isotro-
pically. Over the wide ranges of typical
performance parameters, the amount of
solid swelling is in direct proportion to
burnup, with a value of 0.35% per 102 fis-
sion/em[®11), because the solid fission frag-
ments have little chance to be released from
the pellet zone.

About thirty atoms of stable fission gases
are produced from every hundred thermal
fissions. The rate of gaseous swelling de-
pends on the gas solubilities, nucleated
bubble size and the rate of fission gas rele-
ase. Therefore the temperature is an imp-
ortant factor of gaseous swelling. In here
several temperature zones of different grain
structure are assorted to account different
amount of gaseous swelling. The rate of
gaseous swelling is rather low at the begi-
nning of life due to fabricated pores acco-
modating some of the volvume increase.
And the rate
nup.

The fission gas atoms, uniformly prod-
uced over a grain, collect in pores and
migrate to the grain boundary toward the
temperature gradient. Possible mechanisms
for the movement of fission gas bubbles are

increases with further bur-

surface diffusion of matrix atoms around
the interface between gas and fuel, together
with volume self-diffusion of fuel molecules
ecross the bubbles, Tre pore migration ig
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also influenced by strain energy gradients
{14]. Small migrating bubbles can be pin-
ned and accumulated on the dislocations and
energetic boundaries en route. Some of the
pinned bubbles can also be released with
the help of intergrannular pellet cracking
or as a result of subequent mobilization of
coalesced bubbles. A model on these diffu-
sion and pinning phenomena, that showed
good agreement with experimental data, is
employed to estimate the fraction of fiSsion
gas release. Then internal pressure of fuel
rod is predicted according to gas state equa-
tion for ideal gas mixure in iso-baric equi-
librium with the temperture gradient.

2.3. Mechanical Analysis of Fuel Rods.

The pellet dimensional change is calcu-
lated taking into account the thermal ex-
pansion, densification and swelling, and
the clad deformation is computed taking
into account the creep and irradiation gro-
wth and the elastic deflection due to ther-
mal stress and the pressure differential.
The fuel densification and swelling behav-
ior are already described in the preceding
section. In the formulation of the equili-
brium equations and the compatility equa-
tions, three conventional
made:

1) the pellet and the clad and their asso-

ciated stresses and strains have an axi-

assumptions are

symmetry,
2) the pellet and clad planes perpendicular

to their axis remain planes after deforma-
tion.

3) the pellet-clad friction and body forces
are negligible.

However some amount of errior is inhe-
rent due to localized strain concentrations
in the vicinity of pellet cracks and ridges
and due to the developed qvality of clad
during the deformation,

To take pellet cracking into consideration
the pellet is idealized to be extremely bri-
ttle. Or any strain incompatibilities due to
differential exansion of pellet under the
high thermal gradient can not be accomod-
ated without cracking.

The pellet cracking improves the gap
conductance but reduce the thermal conduc-
tivity of pellet[13].

Thermal expansion and swelling of pellet
can be transmitted as a dominant source of
clad stress after pellet and clad are in con-
tact. The contact pressure P... between
fuel([) and clad(l) was determined by
elastic analys is with the help of following
interface conditions;

1) ol(r=a') =0, (r=b') =—Peon., |

2) a=b f @
The result is

P.ont. =Econs. (' —a'),
and

__EIEI;(_Z% ___1\)
&/ B 15145 (1)

12
+HEY (G —1) (11—, (B)

Econt. =

where E.... is called strength coefficient,
and a/, ¥’ and ¢’ represent the fictious values
of a,b and ¢, respectively, that the fuel rod
would have in hot state in absence of con-
tact pressure. But it is evident that the
contact pressure does not exsist in the open
gap where b’ is greater than a'.

Clad stresses are determined taking into
account the rod internal pressure, contact
pressure, system pressure and thermal
load for a long pipe with unrestrained ends

as a state of plane stress(14]. Thisis;

— bzcz(P:—Pi_Pcont.)
Ir= (cz_bz2.,.2 -
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The creep of Zircaloy clad for the very
slow strain rate of importance in nuclear
reactors, includes irradiation-enhanced cr-
eep and the growth-directed irradiation
creep as well as thermal creep. The irra-
diation-enhanced creep is due to the pro-
motion of the stress relaxation in the pre-
sence of fast flux. The irradiation-creep
depends only upon the fast neutron fluence
and the strain can be estimated by some
power of fluence. Then the creep rate is
evaluated at the averaged values of tempe-
rature and effective stress of Von Mises

Criterion[15].
2.4 Numerical approach

Since all the models, constitutive formu-
lations and the material properties are im-
plicated and inter-connected to each other,
it is required to approach to the solution
by means of numerical method. This is
achieved by a FORTRAN [ program, FROD
1.0 which has been developed to examine
the in-core behavior of fuel rods.

For computational purpose the stack of
pellets is assumed to have been divided into
slices. The slices containing pellets are, in

turn, divided into several coaxial rings in
the radial direction.

A group of flexible information is left
for the input requirements such as geome-
tric parameters, rod internal pre-pressuri-
zation, flow rate and inlet temperature of
coolant, power history and axial power
shape, etc. For each stage of irradiation
the FROD 1.0 code calculates two
dimensional temperature profile and dimen-
sional change in pellet and clad, stress dis-
tribution in clad,

time,

amount of fission gas

 released and the rod internal pressure.

The whole iterations are based on the
method of secant. For the convergence of
about five minutes of
computation time is required with CYBER~

73 series machine.

a typical problem,

3. Application of FROD 1.0 to the
Analysis of Fuel Rods in the
First Core of Go-ri Unit 1

3.1. Input Preparation

The fundamental input parameters are
summarized in Table 1[16].

Based on the postulation that fuel rod at
the higher power and burnup will carry
usually the heavier mechanical, thermal
and metallurgical duties, the in-core perfor-
mance of the all the fuel rods may be tho-
ught sound if the fuel rods at the maximum
power and the maximum burnup satisfy all
the prescribed design criteria for both the
steady state operation and transient power
histories corresponding to Condition | and
I of the ANS Classification, respectively.

Now the fuel rods of maximum power
during the first cycle are selected for exa-
minations. In order to obtain the maximum
power histories for steady state operation,
the hot channel factors with a following
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Table 1. Fuel Design Parameters of Go-ri unit 1

Design Parameters Value
Average Linear Heat Rate, kW/ft 6. 46%
Heat Flux Hot Channel Factor 2.32
Peak Linear Power Resulting from 20.3

Transient/Operator Errors, kW/ft
Pellet Density (% of theoretical) 95.0
Pellet Diameter, in. 0. 3659
Clad Outside Diameter, in. 0. 422
Clad Thickness, in. 0. 0243
Fuel Rod Pitch, in. 0. 556
Nominal Inlet Temperature, °F 541.2
Coolant Average Mass Velocity, 2.40X10°
1b/hr-fi2
Nominal System Pressure, psi. 2250.

*For the fresh fuel which is not densified yet.

inter-relationship are useful;
Fg:max{ngngngng} (7)

The rod-wise nuclear radial hot channel
factors F%¥, and their histories with burnup
were obtained from the nuclear design cal-
culation for the first cycle of Go-ri unit 1.
However it is not possible, at the time of
this work, to determine the accurate power
histories for cycles 2 and 3 since there is
no specific information of core configura-_
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Fig. 2. Rod wise Power Histories of the St-

eady State Operation of the First
Core of Go-ri Unit 1.

tion after reloadings at the end of cycles 1
and 2. However a possible power history
may be used allowing some deviation from
the real one but without introducing signi-
ficant errors in the performance evaluation
if its burnup is calibrated to the target
burnup. On this basis the guessed power
histories are generated for the later two
cycles.

And the rod-wise maximum power histo-

ries are shown in Fig. 2 for steady state
operation up to the end of cycle 3.

The nuclear axial hot channel factor F%

is concerned with axial power shape of the
fuel rod. The axial power shape varies con-
tinually with fuel burnup, xenon oscillation
and

insertion of control bank. And the

shape is not smooth owing to local power
depressions at the grid locations and local
power spikes at the pellet-to-pellet gaps
enlarged by fuel densification. But to save
computer time,

a smooth curve of fixed

axial power distribution is obtained as a
time-average shape. The axial power dist~

ribution has a value of 1.2 for the nuclear
axial hot channel factor as illustrated in
Fig. 3. A parametric study showed that

the use of the fixed axial power shape re-
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Fig. 3. Fixed Axial Power Shape of Fuel
Rods in the First Core of Go-ri Unit
1.
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sults in a small difference comparing with
the time-varying power shapes.

The uncertainty in hot channel factor

 is introduced to compensate the measu-
rement uncertainty associated with flux
mappings by movable in-core detec-
tors. The engineering hot channel fact of
Fg is the allowance for heat flux required
for local variation in enrichment, pellet
density and diameter, surface area of fuel
rod and eccentricity of the gap. Thus F¥
and F§ are not affected by fuel burnup and
have the constant design values of 1.05 and
1.03, respectively, for the first core of Go-
ri unit 1.
with
ANS Condition ] events may be caused byco

Overpower transients consistent
ntrol bank malfunction, erroneous boration/
dilution and/or operator errors which must
be analyzed to assure that no fuel damage
will occur. Under these abnormal environ-
ments, an overpower is assumed to start
from the steady state operation at the fuel
rods which have never experienced any
overpower accident in the past.

The maximum local power density corre-
sponding to 118% of reference power is
designed to be 20.3kW/ft as in Table 1.
This overpower limit is examined with a
tentative power escalation rate of about 0.2
kW/ft-min or 15% of full power per hour.

In the study of overpower events, a fuel
rod of the minimum power during the first
cycle is additionally examined because so-
metimes it possesses the higher potential
of local power peaking than the maximum
power rods under the same condition [.
The minimum power rod begins its life from
the region 3 and is planned to burn through
the three cycles. Hence its power histories
for later two cycles are guessed again as
shown in Fig. 2.

3.2 Fuel Rod Design Criteria

The integrity of the fuel rods under con-~
sideration is known to be ensured by de-
signing them so that the following conser-
vative design criteria are satisfied during
Condition | (including load follow as well
as steady state operation) and Condition [
over the fuel life time(16):

1) In order to prevent fuel melting, the
maximum temperature in the fuel shall not
exceed the melting point of fuel. However
the minimum margin between the center
temperature of the hottest pellet and mel-
ting temperature of uranium dioxide occurs
at the beginning. of life.

(To) por. <5080°F 8

2) The clad surface temperature 7, shall
not exceed the following temperature limits
to avoid excessive external corrosion.

T.< { 750°F under steady-state
“>\ 800°F during transient event.
(9)

3) In order to prevent failure due to su-
ccessive creepout of clad, the internal gas
pressure is less than the nominal coolant
design pressure, P,, i.e.

PP, (10)

4) The clad tensile strain is less than
one per cent.

e<1% (11)

5) The effective clad stresses are less
than that which would cause yield of the
clad. While the clad has some capability
for accomodating plastic strain, the yield
strength of irradiation-hardened Zircaloy-4
has been accepted as a conservative design
basis,

Gurt. Loy (12)

6) The cumulative strain fatigue cycles
are less than the design strain fatigue life.
This criterion is known to be consistent
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with the proven practice.

Excluding the criterion 6), the FROD 1.0
code provides us with required information
for the verification of the design in connec-
tion with the prescribed design criteria 1)
through 5).

3.3. Results during steady state
operation

The profile of maximum temperature in
the slice at peak power is calculated and
shown in Fig. 4 with respect to its burnup.

Both the centerline and surface tempera-
ture of pellet decrease as burnup increases.
The decrease in the surface temperature
is indebted to the clad creep-down which
reduces the gap resitance. Suddun drops
shown in the histories are mere consequ-
ences of changes in power levels with reloa-
dings. The decrease in centerline tempera-
ture is greater than that in the surface
temperature of pellet because the thermal
conductivity of uranium dioxide is a mono-
tonously decreasing function of temperature
within the range of interest in PWR fuels.
The benefit is large enough to mask the
deterioration of thermal conductivity due to
either swelling or cracking of pellet during

irradiation. The average rate of decrease

4X10% 5X104
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Fig. 5. Temperature Profile in the Clad at
the Slice of Peak Power and Clad
Hot Spot.
in pellet centerline temperature is about
400°F per 10,000 MWD/MTU of peak bur-
nup. It is much greater than that of the
melting point of irradiated uranium dioxide
{17]. Hence the centerline temperature of
pellet is the highest at the beginning of
life for steady state operation. Its value is
found to be about 3200°F despite that the
most pessimistic penalty within two stan-
dard deviation levels in modelling uncer-
tainty is included. Thus the fuel melting
accident is expected not to occur during
the steady state operation. The design crite-
rion 1) is satisfied.

Clad surface temperature does not show
any outstanding changes during steady
state operation since the reduction in the
heat transfer area of clad is only a small
amount. The hot spot of clad surface locates
at a position of about (.7 for relative axial
height that is higher than the hot spot of
pellet centerline by about five feet. The
hot spot temperature for limiting the clad
external corrosion is not exceeded and the
design criterion 2) is satisfied as shown in
Fig. 5.

Internal pressure. of fuel rod builds up
steadily with burnup except at the begin-
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ning of life and reaches a maximum value
at the end of life, as shown in Fig. 6. The
internal pressure is reduced to a minimum
value at a low burnup due to a decreace
in fuel surface temperature and an increase
in rod internal void volume owing to fuel
densification. The subsequent increase of
internal pressure is due not only to fission
gas release but also to reduction of gap
volume as a result of clad creep~down and
fuel swelling. The maximum value at the
end of life does not exceed the system pre-
ssure of 2250 psia and the design criterion
3) is satistied.

It is elucidated in Fig. 7 that major con-
tribution to the deformation of fuel rod is
due to clad creep. The swelling of pellet is
not distinguished since the thermal expan-
sion component is dominant along the
power history. At the rod-average burnup
of about 21,000 MWD/MTU the pellet and
the clad start to contact. The history of
clad circumferential strain is shown in Fig.
8. The maximum circumferential strain of
clad has exceeded 1% during the steady st-
ate operation without provoking any safety
related problem. The design ®criterion 4)
seems applicable only to transient events
where the strain rate is appreciable. Hen-
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ce the criterion is bypassed for steady-state
operation.

Both the radial and hoop components of
clad stress are compressive during the first
cycle and their magnitude decrease slowly
by balancing of boundary pressures and by
stress relaxation. After the pellet-clad
contact begins, rapid increase in the stress
in Fig. 9. Now the
significance of pellet-clad mechanical
interaction may be glanced at the end of

is marked as shown

cycle 2 where clad stress varies sensiti-
vely with a small change in power level.
But further deformation during steady state
operation is slow enough to be accomodated
by clad creep accompanied with appropriate
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Fig. 10. The Calculated Design Limit of Fuel
Rods during the Overpower Condi-
tion.

amount of stress relaxation. And the ave-
rage effective stress of Von Mises criterion
does not exceed the yield strength of irra-
diation~hardened Zircaloy-4. Hence the des-
ign criterion 5) is met.

Thus all the prescribed design criteria
seem to be met for the fuel
the steadystateZoperation.

rods during

3.4. Results during Overpower
Transients

The results of overpower case are sum-
marized in Fig. 10. Being based on nominal
condition and best statistics, the design li-

N .
TN e m e MAXIMUM ALLOWED  LOCAL  OVERPOWER —. . o
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mit curves for two power ratings are obta-
ined by plotting the threshold local power
level at which the crucial one among the
five design criteria is violated during the
overpower escalation. The results elucidate
that design margins become smaller due to
the overpower requirements and decrease
with increasing service time.

At early in the beginning of life, the
threshold power level is that for fuel mel-
ting condition. It is found to be about 24.2
kW/ft for all the fuel rods and is well
above the maximum allowed power level
of 20.3kW/ft on which the overpower trip
setpoint is based. Therefore the fuel rods
are expected to meet all the design criteria
under the Condition II events at early in
life,

The threshold power levels decrease ra-
pidly during the first several months and
thenceforth the rod internal pressure con-
dition, as the crucial criterion, starts to
be violated in the allowed power range.
As shown in Fig. 10, the threshold power
levels for this condition appears to be app-
roximately constant regardless of either
the service time or the respective power
ratings of followed steady state operation.
Even though the internal pressure design
criterion is not satisfied, the fuel integrity
may be assured because the incremental
creep-out of clad during such a short over-
power transient will be negligible.

The clad stress condition becomes the
crucial criterion _at high burnup where
pellet and clad are usually in contact or
very close as mentioned earlier. The tran-

. sition time for the clad yielding events is

expected to vary from the end of cycle 1 to
the beginning of cycle 3 with the respective
power ratings. Theceforth the rapid decre-
ase in the threshold power level is noted



»
3

3

LW
2,4,0

MAX. POWER  RODS

M. POWER  ROD

:

-
N
s

PEAK LINEAR POWER  [XW/ ft)
H

MAK, POWER  MODS

lllc‘

a
AN
~
3,

LOCAL BURNUP AT SLICE OF PEAK POWER ( MWD/ MTU}
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Overpower Condition as a Function
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again for all the fuel rods with further
service. For the maxi-

mum power rods it is interesting that the
threshold power level tends to be stabilzed
to a definite value during the cycle 3. It
reflects that approximately constant amo-
unt of power increase (i.e., the constant
amount of the thermal expansion of pellet)
will be required to cause clad yielding after
the clad creep-down is completed at an

equilibrium contact condition between
pellet and clad.

_ As shown, in Fig. 10, by drawing a gr-
oup of nearly horizontal iso-burnup lines
between the two curves, the overpower
c>3.pability of fuel rods shows a strong de-
pendency on the local burnup rather than
on the service time. And the apparent
relationship is clarified in Fig. 11 by rep-
roducing Fig. 10 with respect to local bu-
ronup.

Thus the calculated design limit under
the Condition II events does not agree with .
the assessments in the Final Safety Anal-
ysis Report at the high burnup{16]). The
discrepancy may be attributed, in part, to

the input uncetainties in either the power

J]. Korean Nuclear Society, Vol. 9, No. 4, December, 1977

histories for later two cycles or the axial
power shape under the ANS condition II
events. And there are also some uncertai-
nties in modelling due to the localized str-
ess concentration in the clad and the
potential iocdine stress corrosion cracking
penalties[18,19]. On the other hand, there
would be a benefit that maximum local po-
wer peakings under the ANS Condition |
events (realistic values of which are lacki-
ng at the time of this study) may not be
s0 high after having experienced an appro-
priate burnup. Hence the occurrence of
design violation can hardly be determined
by the present calculation only.

However the possibility of clad yielding
events at high burnup may not be overloo-
ked because all the later cycles will have
such a high equilibrium burnup and the
clad material would be very brittle at that
time.

Therefore it seems valuable to verify the
overpower allowance in the equilibrium
core in the further study.

4. Conclusion

A computer code for mechanical and
thermal analysis of oxide fuel rods has been
developed and the code, FROD 1.0 is capa-
ble for parametric design study and perfor-
mance prediction.

An application is made for the perfor-
mance prediction of fuel rods loaded in the
first core of Go-ri Nuclear Power Plant
unit 1. For the steady state operation, all
the fuel rods are expected to design criteria
throughout their lives. For the overpower
events which start from steady state ope-
ration, it is found that the overpower ca-
pability of fuel rods may be deteriorated
as a strong function of local burnup And
the more detailed verification of the over-
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power allowance in the equilibrium core is
recommended to include the calculations
of1l) the accurate steady state power histo-
ries for the later two cycles and the axial
power shapes during the overpower transi-
ents, 2) localized stress concentration in
the clad and potential iodine stress corrosion
cracking penalties, 3) realistic values of
maximum local power peakings under the
overpower transients at high burnup.
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Nomenclature

a pellet radius

b clad outer radius

a', b’ fictitious values of @ and &, respect-
ively.

¢ clad outer radius

Et Young’s modulus of fuel

E1 Young's modulus of clad

Eon. strength coefficient

F§, F¥%¥,, FY FY¥ and F% are hot channel
factors explained in text

f(r) normalized power depression function

k thermal conductivity of pellet

L pellet stack length

s mass flow rate of coolant

Peonr. contact pressure

P; internal pressure of fuel rod

P, primary coolant system pressure

g’’’ volumetric heat generation

g.’"’ volumetric heat generation rate at pel-
let surface

g.”’ surface heat flux at clad outer surface

r variable of radius

T temperature

T, temperature at pellet centerline
T, temperature at pellet outer surface
T. temperature at clad outer surface
T; mixed-mean coolant temperature
z variable of height

€ circumferenti31 strain

o, yield strength of clad

»! Poisson’s ratio of fuel

»! Poisson’s ratio of clad
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