Journal of the Korean Nuclear Society
Volume 26, Number 1, March 1994

Investigation on the Allowable Transient Power Levels to Maintain the
Mechanical Integrity of the 17x17 KOFA Fuel Rod During the ANS
Conditions I and II

Chan Bock Lee, Ki Hang Kim and Kyu Tae Kim

Korea Atomic Energy Research Institute
{Received December 3, 1993)

ANS =27 I 9 I1d1 4 17x17 KOFA #5459 71413
AR o) FAHE A L FAZIol BF AT

(0]

B 27|18 - UrEN
SEUAH AT
(1993.12. 3 A )

Abstract

Transient powes level of the fuel rod is one of the key parameters for the transient fuel behavior.
Through the analysis of the fuel performance data bases and sensitivity analyses of such parameters
as rod power history, fast neutron flux, fuel enrichment and cycle length, which can affect the tran-
sient fuel behavior, a methodology generally applicable to find the allowable transient power level
during the ANS Conditions I and I below which the mechanical integrity of the fuel rod is
maintained was derived, and allowable transient power levels for the 17x17 KOFA fuel rod have
been determined as a function of the burnup. With the introduction of this methodology, design
analysis of the transient fuel behavior currently being calculated every cycle can be replaced by the
simple check of the peak transient power level achievable during the cycle, and an operational flexi-
bility of the reactor can be obtained by allowing higher transient power level up to 689.5 w/cm at
low burnup range than current maximum allowable ransient power level, 591 w/cm for the 17x17
KOFA fuel.
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1. Introduction

The objective of the mechanical design analysis of
the fuel rod is an assurance of the fuel rod mechan-
ical integrity during the ANS Conditions I and II.
The design analysis of the fuel rod is, therefore,
performed every cyle to evaluate the performance
of the fuel rods loaded in the reactor. The key
parameters to evaluate the fuel performance can be
largely divided into two categories. One is related to
the steady state fuel performance such as the clad-
ding corrosion, the creep strain of cladding due to
the pellet swelling and a buildup of the fuel rod
internal pressure due to the fission gas release into
the fuel-cladding gap, which mainly depend upon the
accumulated bumup and the temperature of the fuel
during the lifetime, and the other is related to the
transient fuel performance such as the fuel tempera-
ture increase and the transient cladding strain which
can be caused by the overpower ftransients during
the cyle. This study is on the transient fuel perform-
ance. The fuel design criteria to verify the fuel mech-
anical integrity during the transients are that
centerline melting of the fuel rod is prevented since it
can result in a sudden wolume increase of the pellet
and subsequent increase of the cladding strain lead-
ing to the fuel failure, and total tangential strain of
the cladding is less than one percent. The limitation
of the transient cladding strain is based upon the
results of the ductility measurements of the irradiated
cladding.

In this study, through the overall sensitivity analy-
ses of such parameters that can affect fuel perform-
ance, a methodology generally applicable to find the
allowable transient power level will be derived and
the allowable transient power level below which the
mechanical integrity of the fuel rod is maintained dur-
ing the ANS Conditionsand Il will be determined for

the 17x17 KOFA fuel. For the fuel performance cal-
culation, fuel manufacturing data, reactor thermal hy-
draulic data and fuel performance model constants
are conservatively selected. Sensitivity analyses of
such parameters as rod power history, fast neutron
flux, fuel enrichment and cyle length will be
performed to investigate those effect upon the transi-
ent fuel behavior, and the conservative values of
those parameters will be used in the determination of
generally applicable allowable transient power levels
to maintain the mechanical integrity of the 17x17
KOFA fuel during the ANS Conditions I and 1I.

2. Calculation and Results

2.1. Parameters Affecting the Fuel Performance

Fuel mechanical design code, CARO-D[1] is used
for the design analysis of the transient behavior of
the KOFA fuel. Fuel performance model constants,
fuel rod manufacturing data and reactor thermal hy-
draulic data are conservatively selected for the calcu-
lation of fuel centerline temperature and cladding
strain, respectively [2, 3). Tables 1 and 2 show fuel
manufacturing data and reactor thermal hydraulic
data of the 17x17 KOFA fuel.

For the parameters which may change cycle by
caxle, the conservative values have been selected
after a review of nuclear design data bases and sub-
sequent evaluation of those effect upon the fuel per-
formance. For the rod power history, the extremely
high and extremely low power variations as shown in
Figure 1 are considered in the calculation. Rod
power histories represented as a radial power factor
(Fxy) in Figure 1 can cover the whole spectrum of
the rod power histories in the core. For the fast neu-
tron flux, the conservative values are selected from
the nuclear design data bases as shown in Table 3
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Table 1. Fuel Manufacturing Data of the 17x17 KOFA
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Fuel
Parameter Data

Pellet density (g/cm®) 10404015
U—235 enrichment (w/o) 35—42
Pellet diameter (mm) 805+001
Pellet height (mm) 10+1
Cladding inside 822+0.04
diameter (mm)
Cladding outside 9.50+0.05
diameter (mm)
Active fuel length (mm) 3658+6

Table 2. Reactor Thermal Hydraulic Data of the 17x17

KOFA Fuel
Parameter Nominal Condition Thermal Design Flow

Inlet temperature 2922 2912
°C)

Outlet temperature 3262 3295
(°C)

Coolant flow rate 03254 0.3021
{(kg/sec.rod)

Pressure 1572 1551
(bar)

Core average heat 183.1 188.6

rate{w/cm)

Table 3. Fast Neutron Flux of the 17x17 KOFA Fuel

#* (Fxy=1.0, En) 0.821 Mev)

x10" n/cm?. sec

Cycle
minimum maximum
1 7.32 1056
2 849 1095
3 9.07 1268

(*) ¢ (Fxy)=¢ (Fxy=1.0) x Fxy

[4, 5]. The cycle length from 300 EFPD(Effective
Full Power Day) to 500 EFPD and U-235 enrich-
ment from 3.5 w/o to 4.2 w/o are considered in the
calculation.
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Fig. 1. Selected Rod Power Histories

2.2. Fuel Centerline Temperature

The design criterion of fuel temperature during the
ANS Conditions 1 and [I is that fuel centerline
temperature be maintained below its melting tem-
perature which tends to decrease linearly with fuel
burnup [6].

Figure 2 shows the fuel centerline temperature
changes as a function of burnup at the transient
power level of 591 w/cm for the various power his-
tories of the 17x17 KOFA fuel. The calculation pro-
cedure is such that the fuel rod is burned under the
normal condition at the power level shown in Figure
1 and at a certain fixed burnup the power level is
incizased to the transient power level to simulate the
transient condition.

The generic trend of fuel centerline temperature as
a function of bumup can be described as follows.

The main controlling parameter for fuel centerline
temperature is the gap conductance which decreases
with increase of both fuel-cladding gap width and
fission gas release. As the burnup of the fuel rod
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Fig. 2. Fuel Centerline Temperature at the Transient
Power Level of 591 w/cm for Different Rod Power
Histories

increases, the amount of the fission gas released into
the gap increases, and the gap width increases in-
itially due to the pellet densification and decreases
later due to the pellet swelling and cladding
creepdown, Therefore, the centerline temperature
increases initially with the rod burnup as the gap con-
ductance decreases, After it reaches its maximum at
the bumup around 10 MWD/kgU, it tends to de-
crease or stay near constant depending on the power
history which determines the variation of gap con-
ductance with the bumup.

The sudden increasing trend for the power history
{Fxy=1435) after the bumup of about 40
MWD/kgU results from fuel temperature increase
due to the localized acceleration of cladding oxi-
dation leading to the violation of corrosion design
limit(100pm) at the bumup of 41 MWD/kgU. There-
fore, this hypothetical situation is prevented by the
corrosion design limit which is one of the design cri-
teria of the steady state fuel performance, and there
is actually no possibility that the fuel rod maintains
that high power level(Fxy=1.435)until the bumup of
40 MWD /kgU.
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2.3. Total Tangential Strain of the Cladding

The design criterion of the cladding strain during
ths ANS Conditions I and II is that the transient
total tangential strain of the cladding be less than
one percent[6]. The deformation of the cladding
during the transients is caused by the thermal expan-
sion of the fuel pellet at high transient power level.

Figure 3 shows the changes of the total tangential
strain of the cladding as a function of bumup at the
power level of 591 w/cm for the various rod power
histories of the 17x17 KOFA fuel. The calculation
procedure is the same as that of fuel centerline tem-
perature explained in section 2.2.

The generic trend of total tangential strain of the clad-
ding as a function of burnup can be described as follows.
After initial decrease for short period due to the pel-
let densification, the cladding strain during the transi-
ent increases with the bumup due to the cladding
creepdown until the gap closure. After the gap clos-
ure, the increase rate of the cladding strain with the
burnup slows down due to the absence of the clad-
ding creepdown. The reason for slightly increasing
trend with burnup after gap closure is the increase of
fission gas release which lowers the gap conductance
and subsequently increases the thermal expansion of
the fael pellet and the strain of the cladding. After
the gap closure under the normal condition before
the transient, the transient cladding strain becomes
proportional directly to the difference between the
power level before the transient and that after the
transient. That is, the fuel rod with lower normal
power level before the transient gives the higher
transient cladding strain as shown in Figure 3.

24. Effect of Fast Neutron Flux, the Rod Power
History before the Transient, Fuel Enrich-
ment and Cycle Length upon the Transient
Fuel Behavior

The effect of fast neutron flux, the rod power his-
tory, before the transient, fuel enrichment and cycle
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Fig. 3. Total Tangential Strain of the Cladding at the
Transient Power Level of 591 w/cm for Different
Rod Power Histories

length upon the transient fuel behavior were
analyzed. Figures 4 and 5 show the effect of fast
(E->0.821 Mev)

centerline temperature and total tangential strain of

neutron flux upon the fuel
the cladding during the transients, respectively. As
the fast the cladding

creepdown increases and therefore, the fuel

neutron flux increases,
centerline temperature decreases and cladding strain
increases. However, as shown in Figure 5, after the
gap closure, there is no effect of fast neutron flux on
the cladding strain since there exists no more
creepdown of the cladding after gap contact. In sum-
mary, it can be seen from Figures 4 and 5 that fast
neutron flux has non-negligible effect on the fuel
transient behavior.

To see the influence of different rod power histor-
ies before the transient, the power change rates of +
05% per EFPD in nommal reactor operation con-
dition have been selected as the limiting conditions
after reviewing the nuclear design data bases[3, 4].
The results show that the relative difference of fuel

centerline temperature between two limiting power
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change rates is less than 0.6% and the relative differ-
ence of total tangential strain of the cladding be-
tween them is less than 1.3%, Therefore, the effect of
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the rod power history before the transient upon the
fuel transient behavior is shown insignificant.

The influence of both cycle length(300 EFPD and
500 EFPD) and fuel enrichment (3.5 w/o and 4.2
w/o) on the fuel transient behavior has been
analyzed and the results showed that both cycle
length and fuel enrichment have a negligible effect
upon the fuel centerline temperature and total tan-
gential strain of the cladding during the transient,
that is, relative difference of less than 1% both be-
tween short and long cycle lengths and between low
and high enrichments, respectively.

3. Determination of Allowable Transient
Power Lewels

Based on theresults given in section 2, a method-
ology generally applicable to determine allowable
transient power levels below which the mechanical
intergrity of the 17x17 KOFA fuel rod is maintained
can be derived as follows.

It can be seen from Figures 2 and 3 that at low
burnup less than 10 MWD/kgU, fuel centerline tem-
perature is limiting and at high burnup total tangen-
tial strain of the cladding becomes limiting in the de-
termination of allowable transient power level. Con-
servative reactor thermal hydraulic data, that is, ther-
mal design flow data, fuel manufacturing data and
fuel performance model constants are used in the
calculation. For the fast neutron flux, conservatively
high value for cladding strain calculation and low
value for fuel temperature calculation have been
selected from the nuclear design data bases as
shown in Table 3[4, 5]. To cover the possible
variations in the rod power history before the transi-
ent, fuel enrichment and reactor cycle length, safety
margin of more than 5% which is sufficient enough
to cover the effect of those variations upon the tran-
sient fuel behavior as discussed in section 2.4 was
given to both the fuel centerline temperature and the
total tangential strain of the cladding in the

determination of allowable transient power level.
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Figure 6 shows the allowable transient power level
versus burnup for the different power levels under nor-
mal operation condition before the transient for the
17x17 KOFA fuel using highly cold-worked and par-
tially recrystalized Zircaloy4 as the cladding. As
explained in section 2.3, the fuel rod with lower
power level under nomal operation condition before
the transient gives lower allowable transient power
level. Currently, the maximum allowable power level
during the ANS Conditions I and II is limited by
591 w/cm for the 17x17 FOFA fuel. However, it can
be seen from Figure 6 that the power level higher
than 591 w/cm can be allowed until the bumup of
19 MWD/kgU in the area of fuel rod mechanical
behavior. This can give an operational flexibility to
the reactor using the 17x17 KOFA fuel.

4. Conclusion

Through the analysis of the fuel performance data
bases and sensitivity analyses of the parameters
which can affect the transient fuel behavior, a meth-
odology generally applicable to find the allowable
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Fig. 6. Allowable Transient Power Levels of the 17x17
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transient power level during the ANS Conditions 1
and Il below which the mechanical integrity of the
fuel rod is maintained was derived, and allowable
transient power levels for the 17x17 KOFA fuel rod
have been determined. With the introduction of this
methodology, design analysis of transient fuel
behavior currently being calculated every cycle can be
replaced by the simple check of the peak transient
power level achievable during the cycle, and an oper-
ational flexibility of the reactor can be obtained by
allowing higher transient power level at low burnup
range than current maximum allowable transient
power level.
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