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1. Introduction 
A CANDU-6 reactor core has 380 fuel channels and 

each fuel channel is loaded with 12 fuel bundles into a 
pressure tube that has an independent pressure boundary. It 
is known that the pressure tube is the most important 
component of a CANDU reactor and can be degraded by 
creep phenomena during long term reactor operation. Creep 
of a pressure tube may be as high as 5.1% at the end of the 
tube’s life time. When the reactor becomes older, the top 
open gap between a horizontal pressure tube and an inside 
fuel bundle becomes wider because it is expanding radially 
as well as axially during its life time, as a result of the creep 
of the pressure tube. This allows a by-pass flow on the top 
section inside the pressure tube. Hence, the crept pressure 
tube deteriorates the CHF (Critical Heat Flux) of the fuel 
channel and finally reduces the reactor operating 
performance and derating of the reactor power to keep the 
operational margin. In order to assess thermal-hydraulic 
characteristics of a fuel channel, the creep rate of a pressure 
tube should be known.  

In particular, to evaluate the CPR (Critical Power Ratio) 
of a CANDU reactor, the pressure tube creep data generated 
by the RC1980 model have been used worldwide until 
recently [1] because the creep mechanism of the pressure 
tube during the reactor operating is complex and other creep 
models of the pressure tube have not been well developed 
and verified with measurement data. Recently, KAERI has 
developed a new creep model (hereafter referred to as the 
Lee model) [2] and generated the pressure tube creep data of 
Wolsong Units according to the reactor burnup.  

This paper introduces the assessment of the effect of the 
pressure tube creep on the CPR using new pressure tube 
creep data from W-4 (Wolsong-4). The new pressure tube 
creep data from W-4 were generated by the Lee model or a 
new program that is being developed based on Bayesian 
Statistics and MCMC (Markov Chain Monte Carlo) 
methodology at KAERI [2]. NUCIRC code [3] was used to 
evaluate the CPR characteristics of W-4. The results were 
compared with previous results. 

 
2. NUCIRC modelling for CCP evaluation 

The PHTS of CANDU-6 reactor can be analyzed by a 
system thermal-hydraulics code, NUCIRC [3]. NUCIRC 
code is a one dimensional and lumped parameter code 
system. It mainly has two different functions, channel wise 
calculation and circuit analysis among the 9 ITYPE options. 
The present study selected the ITYPE 2 option for channel 
wise calculation to evaluate the critical channel power using 
header-to-header boundary conditions. The ITYPE 2 option 
is used to evaluate the conditions under which the critical 
heat flux of the channel occurs at a given pressure boundary 
condition. Iteration under the header to header pressure 
boundary conditions can be continued until the critical heat 
flux occurs in the fuel channel. When the critical heat flux is 
reached at any axial location of the fuel channel as the 
channel power is increased, it is noted that the fuel channel 
becomes burnout or damaged and the channel power at CHF 
occurrence is called the critical channel power (CCP). The 
critical channel power ratio, CPR, which is defined as the 

maximum channel power divided by the given channel 
power, should always be kept higher than 1 so that the fuel 
surface will not be damaged. This condition is the most 
important criterion for evaluating the reactor safety. Also, 
when the fuel channel power increases, the enthalpy of the 
cooling water flowing into the fuel channel increases in the 
single-phase liquid flow. The abnormal flow region, such as 
a two phase flow, consequently becomes wider and 
eventually a critical heat flux state occurs in which no liquid 
exists on the surface of the fuel rod. In the case of the same 
header to header pressure boundary conditions, the flow rate 
of the cooling water decreases gradually as the cooling water 
enthalpy increases to satisfy the pressure drop of the header 
to header boundary condition. In general, when the critical 
heat flux occurs, the flow rates in the channel of a CANDU-
6 reactor are distributed between about 9 kg/s and 22 kg/s.  

Among the input data of NUCIRC code, the past 
pressure tube creep data of the RC1980 model were replaced 
with the pressure tube creep data generated by the Lee model. 
The reactor burnup of 3650 FPD, which is equivalent to the 
middle burnup of a reactor lifetime was selected. 

 
3. New pressure tube creep data 

Fig. 1 shows the flow direction of the cooling water of 
the 380 pressure tubes connected to the loop by color and 
the cooling water is designed to flow in the opposite 
direction from one channel and the adjacent channel such 
that the positions of the inlet and the outlet of the fuel 
channel are opposite to each other direction. The point 
where the cooling water of low temperature is supplied is 
the inlet portion and the portion where the cooling water of 
high temperature is discharged is the outlet. During the 
statistical processing of the pressure tube measurement data, 
the first string of fuel bundles in the fuel channel is always 
located on the exit side of the twelfth bundle on the inlet side.  

In the case of W-4, all 380 nuclear fuel channels are 
installed in a BEI (Backend Inlet) system. However, the 
RC1980 model is calculated based on BEO (Backend 
Outlet). The Lee model predicts BEI or BEO differently 
providing more precise prediction than the RC1980 model, 
which simulates the diameter of a pressure tube without 
considering BEI and BEO. In the case of the RC1980 model, 
the maximum diameter of the diameter measured in the axial 
direction of the pressure tube is well predicted. Similarly, the 
value predicted by the Lee model agrees well with the 
measured maximum value. The predicted value of the 
pressure tube diameter can vary due to the differences in 
characteristics of BEO/BEI.  

Fig. 2 shows the typical axial power and pressure tube 
creep profiles for the O-08 fuel channel which is the highest 
quality channel. The axial pressure tube creep profile is a 
downward cosine type and the peak creep rate was located 
at the 9th or 10th fuel bundles as shown in Fig. 2. 

On the other hand, twelve fuel bundles are loaded 
horizontally inside the pressure tube, and the distribution of 
neutrons is different for each position of the reactor core. As 
a result, the amount of pressure tube creep varies depending 
on the axial position. Fig. 2 shows the change of the creep 
rate of the pressure tube according to the axial position. The 
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creep rate is most affected by neutron irradiation, so the 
creep rate of the pressure tube irradiated by high neutron 
flux is high. As shown in Fig. 2, the creep is low due to the 
low bundle power at the inlet, and as the bundle power 
increases, the increase in the pressure tube creep rate 
becomes larger as the bundle becomes closer to the 
downstream, and the increase in the creep rate of the 
pressure tube has a parabolic shape that is generally tilted 
downward due to the flow effect. 

 

 
Fig. 1 Core fuel channel distribution 

of loop path of reactor core 
Fig. 2 Typical axial distribution of PT 

creep rates and bundle power 
 
Next, the axial pressure tube diameter predictions of 

the fuel channel by the RC1980 and Lee models were 
compared and plotted in Figs. 3 and 4. In the case of 3650 
FPD at the middle of the reactor operation period, the axial 
distributions of the pressure tube creep ratios (Lee 
model/RC1980 model) are shown for each fuel channel 
according to the fuel channel powers. 

As can be seen from these figures, the pressure tube 
creep rates by the Lee model at the inlet and exit regions of 
the fuel channel is higher than the RC1980 model data and 
the ratios of the creep rates at the axial central region are 
close to 1. In the case of the high power channels (see Fig. 
4), the pressure tube creep rates given by the Lee model are 
much higher than the RC1980 model data. The reason for 
this is that all 380 nuclear fuel channels of W-4 are installed 
as BEI, whereas the RC1980 model is calculated based on 
BEO. However, the Lee model predicts BEI or BEO 
differently, and its prediction may be deviated from the 
RC1980 data. 

 

 
Fig. 3 PT creep ratio (Lee model/ 

RC1980) between 3.0 MW and 3.99 
MW of channel power at 3650FPD 

     
Fig. 4 PT creep ratio (Lee model/ 

RC1980) above 6.0 MW of channel 
power at 3650FPD 

 
4. Results and Discussion 

Using new pressure tube creep data generated by the Lee 
model, the CPR was calculated for W-4 by the NUCIRC 
code to examine the feasibility to apply new pressure tube 
creep data to the Wolsong CANDU units. The reactor 
burnup considered in the present study was 3650 FPD, 
which is approximately equivalent to the burnup at the 
middle of the lifetime of the reactor operation period. The 
380 fuel channel power profiles are shown in Figs. 5 and 6. 
The maximum and minimum channel powers were found to 
be 6945 kW of O18 channel and 2344 kW for V17 channel, 
respectively, as shown in Fig. 5. 

Using these data and boundary conditions, the critical 
power ratios for the 380 fuel channels of W-4 were 

calculated and the results are summarized in Fig. 7. As 
shown in Fig. 7, the CPRs were distributed in a lower in the 
inner region and a higher range in the center and outer 
regions as expected. The minimum CPR was 1.253 for the 
M19 channel. 

 

 

 
Fig. 7 CPR map for 3650 FPD of W-4 

 
The CPRs predicted by the Lee model were compared 

with those given by the RC1980 model and the ratios of Lee 
data vs. RC1980 data for the 380 fuel channels are plotted 
in Fig. 8. The minimum and maximum ratios were 0.983 and 
1.012. This means that the maximum and minimum 
differences of the two models for the CPRs of the all 
channels were within ±2%. 

 

 
Fig. 8 CPR ratio (Lee data/RC1980 data) map for 3650 FPD of W-4 
 

5. Conclusion 
From the present study, new creep data of the pressure 

tube diameter generated by the Lee model was applied to W-
4 in order to investigate whether the new model is feasible 
to evaluate the CPR of the Wolsong CANDU reactors. 

It was found that the CPR predicted by the Lee model is 
very close to the CPR predicted by the past model referred 
to as RC1980 within ±2% differences. It is noted that the 
new model of pressure tube creep can successfully substitute 
for the RC1980 model. Further study will be necessary for 
the higher creep rates of the pressure tubes at the end of 
reactor lifetime. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
A 8-5 6-7 8-5 2-3 4-1 2-3
B 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3
C 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3
D 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
E 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
F 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
G 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
H 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
J 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
K 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
L 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
M 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
N 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
O 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
P 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
Q 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
R 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3
S 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
T 6-7 8-5 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1 2-3 4-1
U 6-7 8-5 6-7 8-5 6-7 8-5 6-7 4-1 2-3 4-1 2-3 4-1 2-3 4-1
V 6-7 8-5 6-7 8-5 6-7 8-5 2-3 4-1 2-3 4-1 2-3 4-1
W 6-7 8-5 6-7 4-1 2-3 4-1
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CPR (Lee Model), 3650FPD
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

A MAX: 2.057 1.61 1.6 1.63 1.73 1.59 1.6
B MIN: 1.256 1.57 1.42 1.5 1.6 1.53 1.55 1.54 1.62 1.71 1.55 1.46 1.64
C 1.68 1.47 1.38 1.38 1.43 1.45 1.44 1.49 1.56 1.43 1.53 1.48 1.54 1.58
D 1.48 1.5 1.45 1.43 1.33 1.33 1.34 1.39 1.45 1.38 1.37 1.39 1.44 1.46 1.51 1.67
E 1.6 1.45 1.4 1.4 1.34 1.3 1.33 1.45 1.45 1.46 1.46 1.36 1.42 1.42 1.41 1.59 1.61 1.87
F 1.65 1.43 1.36 1.37 1.35 1.37 1.4 1.36 1.42 1.36 1.36 1.45 1.38 1.36 1.42 1.43 1.59 1.71
G 1.61 1.57 1.45 1.35 1.39 1.31 1.31 1.33 1.34 1.38 1.34 1.41 1.46 1.38 1.42 1.35 1.4 1.45 1.64 1.65
H 1.54 1.45 1.51 1.34 1.43 1.32 1.47 1.45 1.4 1.32 1.3 1.3 1.32 1.33 1.39 1.35 1.33 1.37 1.52 1.54
J 1.55 1.54 1.49 1.42 1.36 1.35 1.35 1.44 1.49 1.39 1.36 1.39 1.39 1.39 1.44 1.37 1.35 1.33 1.31 1.42 1.44 1.58
K 1.63 1.46 1.44 1.41 1.37 1.34 1.32 1.37 1.41 1.42 1.35 1.45 1.34 1.37 1.48 1.51 1.32 1.34 1.36 1.29 1.35 1.5
L 1.6 1.58 1.4 1.42 1.49 1.43 1.43 1.54 1.51 1.37 1.4 1.35 1.36 1.4 1.56 1.49 1.35 1.42 1.34 1.29 1.34 1.43
M 1.63 1.56 1.48 1.4 1.39 1.38 1.35 1.38 1.52 1.36 1.36 1.48 1.34 1.43 1.48 1.36 1.38 1.33 1.26 1.38 1.31 1.41
N 1.87 1.53 1.41 1.34 1.37 1.32 1.42 1.38 1.42 1.35 1.42 1.4 1.38 1.48 1.45 1.31 1.34 1.4 1.27 1.28 1.38 1.55
O 2.06 1.63 1.49 1.48 1.41 1.33 1.31 1.31 1.33 1.41 1.37 1.34 1.33 1.37 1.47 1.33 1.28 1.39 1.3 1.35 1.39 1.53
P 2.02 1.81 1.53 1.42 1.45 1.4 1.35 1.36 1.34 1.33 1.35 1.45 1.39 1.39 1.4 1.43 1.46 1.48 1.59 1.5
Q 2.01 1.81 1.66 1.48 1.39 1.32 1.33 1.38 1.41 1.47 1.43 1.44 1.37 1.32 1.35 1.38 1.41 1.42 1.55 1.49
R 1.76 1.69 1.59 1.53 1.35 1.38 1.35 1.36 1.51 1.35 1.37 1.45 1.37 1.34 1.46 1.51 1.56 1.51
S 1.86 1.83 1.58 1.56 1.36 1.36 1.46 1.49 1.55 1.43 1.42 1.43 1.44 1.43 1.6 1.75 1.85 1.7
T 1.85 1.6 1.46 1.36 1.36 1.43 1.47 1.42 1.41 1.53 1.41 1.48 1.49 1.63 1.82 1.94
U 1.65 1.52 1.46 1.57 1.53 1.6 1.5 1.48 1.53 1.64 1.74 1.69 1.76 2.03
V 1.72 1.6 1.56 1.57 1.68 1.64 1.52 1.58 1.63 1.75 1.73 2
W 1.82 1.87 1.78 1.76 1.68 1.92

CPR (Lee/RC), 3650FPD
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

A MAX: 1.012 1 1 1 1 1 1
B MIN: 0.983 0.99 1 1 1 1 1 1 1 0.99 1 1 1
C 0.99 1 1 1 1.01 1 0.99 0.99 0.99 1 1 1 1 1
D 1 0.99 0.99 1 1 1 1 1 1 1 1 1 1 1 1 1
E 0.99 0.99 1 0.99 1 1 1 1 1 1 1 1 1 1 1 1 1 1
F 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
G 1 1 0.99 0.99 0.99 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
H 1 1 1 1 1 1 1 1 1 1.01 1.01 1 1 1 1 0.99 1 1 1 0.99
J 0.99 1 1.01 1 1 0.99 1 1 1 1 1 1.01 1 1 1 1 1 1 1 1 1 0.99
K 0.99 1 1 1 1 1 1 1 1 1.01 1 1 1.01 1 1 1 1 0.99 1 1 1.01 0.99
L 0.99 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.99 0.99
M 1 1.01 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.99
N 1 1 1 1 1 1.01 1 1 1 1 1 1 1 1 1 1.01 1 1 1 1 1 1
O 1 1 1 1 1 1 1 1 1.01 1 1 1 1 1 1 1 1 1 1 1 0.99 0.99
P 0.99 1 1 0.99 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.99 0.99
Q 1 0.99 1 0.99 0.99 1 1 1 1 1.01 1 1 1 1 1 0.99 1 1 1 0.99
R 0.98 1 0.99 0.99 1 1 1 1 1 1 1 1 1 1 1 0.99 1 1
S 0.99 0.99 1 0.99 1 1 1 1 1 1 1 1 1 1 1 1 0.99 0.99
T 0.99 0.99 0.99 0.99 1 1 0.99 1 1 1 1 1 0.99 1 0.99 0.99
U 0.98 0.99 0.99 1 1 1 1 1 1 1 1 1 0.99 0.99
V 0.99 0.99 0.99 1 1 1 1 1 1 0.99 0.99 0.99
W 0.99 0.99 0.99 0.99 0.98 0.99

 
Fig. 5 Channel power map of W-4 

 
Fig. 6 3D Channel power of W-4 

Channel Power, kW, 3650FPD
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

A MAX: 6945 3220 3446 3379 3165 3345 3213
B MIN: 2344 3174 3813 4302 4333 4469 4597 4506 4253 3994 4050 3598 3026
C 3203 4068 4866 5326 5328 5478 5500 5280 5052 5259 4781 4589 3781 3336
D 3618 4157 4812 5298 6155 6358 6364 6068 5791 6109 6116 5819 5213 4777 4074 3183
E 3483 4242 5122 5573 6194 6577 6672 6136 6199 6082 6016 6402 6062 5812 5470 4553 3789 3018
F 3821 4962 5732 6023 6382 6562 6300 6604 6199 6451 6464 6073 6394 6312 5737 5400 4510 3624
G 3627 4377 5221 6010 6096 6659 6742 6709 6657 6536 6548 6312 6061 6401 6024 6217 5721 5184 4217 3487
H 4220 5135 5484 6166 6049 6570 6156 6162 6403 6732 6800 6753 6709 6655 6242 6215 6196 5923 4853 4223
J 3395 4412 5279 5926 6425 6448 6684 6347 6152 6543 6648 6316 6521 6450 6306 6460 6460 6472 6318 5395 4620 3250
K 3343 4753 5541 6151 6481 6664 6787 6690 6454 6429 6538 6136 6630 6571 6150 5975 6599 6605 6225 6040 5081 3573
L 3668 4598 5853 6291 6223 6360 6466 6074 6122 6567 6300 6324 6616 6457 5971 6123 6684 6517 6615 6178 5307 3968
M 3575 4579 5519 6260 6602 6627 6781 6685 6190 6601 6470 6026 6597 6524 6212 6697 6591 6838 6841 5892 5343 4037
N 3087 4619 5655 6408 6631 6813 6427 6745 6456 6663 6243 6150 6515 6113 6410 6811 6697 6495 6777 6132 5048 3593
O 2759 4144 5193 5695 6226 6599 6805 6946 6824 6381 6338 6508 6629 6631 6165 6720 6785 6348 6280 5699 4749 3530
P 3319 4302 5292 6014 6028 6414 6693 6708 6685 6673 6416 6213 6456 6501 6293 6150 5819 5529 4854 4315
Q 2863 3779 4646 5479 6195 6602 6789 6532 6454 6035 6237 6213 6597 6707 6524 6089 5787 5307 4360 3660
R 3556 4220 4912 5410 6335 6427 6599 6460 5877 6380 6416 6057 6471 6194 5637 5067 4545 3928
S 2860 3534 4512 4936 5995 6281 6062 6098 5781 6228 6347 6141 5799 5691 4749 4115 3501 3069
T 2963 3867 4744 5472 5837 5855 5716 5873 5767 5539 5761 5456 4940 4281 3261 2836
U 3084 3760 4518 4779 4976 4948 5170 5217 5025 4658 4307 3964 3129 2525
V 2736 3373 3866 4077 3973 4032 4232 4182 3869 3519 3010 2344
W 2868 2885 3123 3140 3017 2699


