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1. Introduction

Thermalhydraulic analysis is one of the most
important safety analyses for Nuclear Power Plant
(NPP) operation and reactor management for avoiding
fuel failure. In CANDU (CANadian Deuterium
Uranium) reactor, Critical Channel Power (CCP)
should be estimated for thermalhydraulic safety of
CANDU fuel channel. CCP is defined as the power of
the fuel channel where Critical Heat Flux (CHF) occurs
and can be regarded instead of CHF in CANDU [1].

Flexible or load-following operation is emerging as a
technical issue for NPPs in recent years. Its availability
has the potential to serve as advantages for NPPs
worldwide, allowing NPPs to operate more safely and
sustainably for an extended period [2]. Especially,
flexible operation of NPP is highlighted issue for the
energy-mix policy and stable power supply in Korea.

For this reason, evaluating the impact of various
aging condition and reactor power on CCPs is essential
for the thermalhydraulic safety analysis of CANDU
reactor and fuel. Also, this assessment should be
conducted progressively and systematically. Therefore,
CCPs were evaluated under normal operating condition
with various reactor power and Effective Full Power
Days (EFPD) to find out the aging effect on CCP. In
this study, NUCIRC was utilized to compute CCPs.

2. Methodology and Assessments

NUCIRC, thermalhydraulic computational analysis
code, is used for making model and calculating
conditions and CCP of CANDU. In this assessment, all
data were assessed by NUCIRC 2.3.5 version. NUCIRC
2.3.5 is the latest version that includes the range of
pressure tube diametral creep over 5.1% and related
CHF, Onset of Significant Void (OSV), Two-Phase
Frictional ~Multiplier (TPFM) correlations and
correction factors. This paper verifies the CCP trend
with various reactor power and aging effects of the
generic CANDU on CCP under normal condition.

2.1 Thermalhydraulic Conditions
In the case of the specific reactor power levels which

the generic CANDU reactor remained for a period of
time, all input factors including thermalhydraulic

conditions such as reactor inlet header temperature,
outlet header pressure and header-to-header pressure
drop were measured by a variety of instrumentation on
site [3]. However, for the CCP estimation for the other
various reactor power, thermalhydraulic conditions
were assumed to vary based on reactor power,
considering thermalhydraulic conditions under two
reference reactor power levels. It was because it is
practically difficult to remain the specific reactor power
of generic CANDU reactor for a long time under
operating conditions. Additionally, since it is
impossible to measure the thermalhydraulic conditions
in operational aging that have not actually occurred,
thermalhydraulic conditions for aging effects were
supposed based on the recent measured data.

2.2 Reactor Power Variation

In this research, all models were made considering
the continuous reactor power variation during flexible
operation of CANDU reactor, where the reactor power
is going to change gradually and scenarios involve
operating at the specific lower power levels such as
40%, 60% and so on for a certain period. As described
in section 2.1, thermalhydraulic parameters in models
for the long-term remaining reactor power were
applied using on-site measurement values. For other
reactor power, models were composed of estimated
value of thermalhydraulic parameters based on the
measurement values at the reference reactor power.

2.3 Aging Effect

Thermalhydraulic modeling reflecting aging effects
were established and CCP computation were conducted
at intervals of 1,000 EFPD from the reference aging to
3,000 EFPD after then. Main dimensions of feeders
and fuel channel influenced by aging were feeder
roughness, orifice degradation and creep, and etc. [4].
These factors have an effect on NUCIRC-calculated
flow for each fuel channel and CCPs. Therefore, by
incorporating the variations of these factors due to
aging effects into the thermalhydraulic modeling, the
aging effects can be assessed.

2.4 CCP Assessments
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CCPs were calculated by using NUCIRC 2.3.5 based
on the latest updated CHF-related correlations and
correction factors as stated above. The CCP assessment
results varied due to various model parameters such as
reactor power, thermalhydraulic conditions and feeder

roughness, orifice degradation, creep from aging effects.

In this assessments, Fig. 1 to 4 show the CCP profiles
of all fuel channels at the reference operation aging,
1,000, 2,000 and 3,000 EFPD after reference aging
under normal condition with low reactor power level.

Fig. 5 is the comprehensive CCP assessments results,

including Fig. 1 to 4, from reference aging to 3,000
EFPD after reference aging with various reactor power.
It is noted that overall CCPs tend to decline almost
linearly and consistently as aging increases. Although
this figure depicts CCPs with low reactor power level
far from the occurrence of film boiling, estimated CCP
decreases about 6 % (450 kW) as the aging increases
3,000 EFPD, indicating that CCP is significantly
affected by aging.

L)

B |ATES S18H 157 6600 £453 6305 BBST G484 G443 BOEE

c |BGET) 5679 6465 7161 7385 7811 7794 7753 TT0N TA26 TOME £442 8401

o |08 soms 6651 7361 BOB1 $455 8517 8501 B422 B486 BIG2 BOST T27T 6627 8904 JEGED

E [E557) 5897 6933 7723 B249 SG61 5307 8353 0043 DOOG BEGA BB&4 BNED 3154 7802 8610 3847 3EH

F 5992 6439 TTHT D126 BGS4 BEBG EEST 0953 SA53 AT1 BEG6 BTRY BWES BA24 8076 TH45 6830 S04B
G S5TH 6578 7454 8063 505 BORB BRSH EDSI 8971 G9M3 BETT BO0G BEBD BATE 8615 8430 5006 7388 6561 [S5{0
H 187 7240 B107 8373 8569 B76R $025 8377 8310 3920 8331 BS4 BOOD B96E S7OM 8511 5308 BOSE 7137 6159
4 B451 7554 3404 8797 BO10 9040 G206 B060 G141 3338 8337 G063 9020 B116 E1 8316 4748 BI25 THI4 G284
K 6565 7822 8376 BOTI B912 D0BO B170 B121 GOMS 8915 BA30 BOAZ BOS1 B1M4 SO17 S4TT 8OBR BIIT T7AT 6862
L BE36 7018 8017 8977 9382 0168 9227 $155 5047 4640 8813 BOA2 9103 9308 HITE 9083 G316 ANOS THTD 6906 S43R
M SEIT €hI5 40TE G326 9298 9IT1 9220 9039 8353 8B40 9007 B272 9293 9190 9246 9243 BR0T 6004 6910 S4BE
M 5483 BEM| 7859 8672 264 9OT2 §125 355 180 9041 3302 H751 D026 9152 S308 9110 BOA4 9232 RGGA TRAZ 6749
o B502 7573 3355 BASS BS4G BGET 9122 9106 5022 3565 BE71 BSES 9108 5116 361 325 8827 8331 THIG 6496
3 B354 7551 3093 BATI B700 9013 BOBA B176 SON7 8445 B30I BEAY 9131 BOB0 961 8TES 8531 BOAS THIS 6236
a [S438) ea4e 7533 8120 8357 B740 BOST 9114 B147 8900 8902 G110 BOBE BOTZ 4TER 8603 4162 THI0 6452 S3BEI
3 5998 6022 7710 RZ20 BSTR B35 BNE2 BASS G350 BATT RRGZ BRAY ENIR 8541 8233 7670 661 SOSR

'Y (B854 8109 8052 7505 B0D3 B545 BETT 0244 0030 DOOT 0210 8855 B513 £582 T4TO €870 8184 5038

T B34 BTTE 7342 TOBE Bl46 B428 2408 8358 B30 B2 TSTI TI25 6732 S8TE

u G473 TIRS T4S6 7788 7699 TETT TTS1 T43d TI64 6415

v SH24 6155 6398 6351 6206 6340 G165 S8E6

w 7 5198 5357 5378 5156

Fig. 1. CCPs with low power level at reference aging.
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F|g 2. CCPs with low power level at 1,000 EFPD after
reference aging.
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F|g 3. CCPs with low power level at 2,000 EFPD after
reference aging.
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Fig. 4. CCPs with low power level at 3, 000 EFPD after
reference aging.
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Fig. 5. Aging effects on average CCP for the generic CANDU.

3. Conclusions

From the assessment result, it is mainly noticed that
the decreasing tendency of CCP is caused by increasing
of creep and adverse changes of thermalhydraulic
conditions while increasing operation aging. But, the
additional investigation is still needed for identifying
the quantitative effect of each factor. Also, estimation
results should be derived using real-time collected on-
site measurement to reflect more realistic data for
flexible operation of the generic CANDU reactor.
Lastly, it is indispensable to figure out CCPs under the
most limiting operating case for the generic CANDU
reactor to identify the regional overpower protection
(ROP) trip setpoints from the viewpoint of
thermalhydraulic safety analysis. Eventually, it is
expected that the CCP calculation results are going to
be used as the input data for evaluation of ROP trip
setpoints with various reactor power and aging in the
future.
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