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The domestic CANDU nuclear power plants have been operated for a long time and various unforeseen spent fuel defects 
have been discovered. As the spent fuel defects are important factors in the safety of the nuclear power plant, a study on the 
analysis of the spent fuel defects to prevent their recurrence is necessary. However, in cases where the fuel rods inside the 
fuel assembly are defected, it is difficult to dismantle the fuel assembly owing to their welded structure and the facility condi-
tions of the plant. Therefore, it is impossible to analyze the spent fuel defect because it is difficult to visually check the shape 
of the fuel defect. To resolve these problems, an analysis technology that can predict the number of defected fuel rods and 
defect size was developed. In this study, we developed a methodology for investigating the root cause of spent fuel defects 
using a database of the earlier fuel defects in the plants. It is anticipated that in the future this analysis technology will be 
applied when spent fuel defects occur. 
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1. Introduction

Since commercial operation of a CANDU nuclear pow-
er plant started in April 1983, four CANDU nuclear power 
plants have been operated. As these domestic CANDU 
plants have been operated for a long time, various types of 
spent fuel defects have occurred in them [1]. The physical 
properties of the pellet, which is uranium dioxide (UO2) in 
the fuel rod, must be free of small holes, cracks, and chipping 
defects in the process of manufacturing nuclear fuel [2-3]. 

In addition, since the fuel rod must withstand high heat 
and radiation in the reactor and maintain its integrity in wa-
ter of 5 m depth in the spent fuel pool facility for decades, 
the fuel rods made of Zircaloy material are also inspected 
by helium leak testing in the manufacturing process. How-
ever, during the fuel burning in the reactor, many small de-
fects occur in the welding area of the endcap in the fuel 
rod. The spent fuel released from the reactor can be stored 
in a canister designed with a capacity of 60 fuel assemblies 
if it is determined to be a sound spent fuel without defects 
by the defect detection system in the power plant. It is then 
transferred to a dry storage facility [4]. However, in the 
case of defective spent fuel, it is sealed in a special contain-
er (Can) after determining the fuel is defective through sip-
ping inspection system and a visual inspection system [5-6]. 
Defective fuels are stored separately in the defective spent 
fuel facility. When it is difficult to check defects through a 
sipping test and visual inspection, a precise inspection for 
investigating the root cause of the defect type and the defect 
location is performed in a hot cell [7]. 

In order to secure the safety of the CANDU nuclear 
power plant, the integrity of the spent fuel must be guar-
anteed. However, complete monitoring of the fuel being 
burned in the reactor has many restrictions due to high radi-
ation conditions. To date, in order to monitor fuel loaded in 
the reactor, a method of analyzing the coolant radioactivity 
of the reactor has been widely used. In Korea, the analysis 
technology of the coolant radioactivity was previously at 
a relatively low level where only indication of a fuel de-

fect was identified and it was unable to investigate the root 
cause of the defect. In particular, in the case of CANDU 
spent fuel, it is difficult to perform fuel dismantling due 
to the welded structure of the fuel assembly, as shown in 
Fig. 1 [8]. 

If the fuel rod located inside the fuel assembly is defec-
tive, it is impossible to identify the fuel defect. In response, 
in this study, a methodology for analyzing the number of 
defective fuel rods and the size of defects and the root cause 
of defects is described.

2.  Development of analysis technology 
for fuel defect  

2.1 Fission product of nuclear fuel   

When nuclear fission occurs in the uranium pellet of 
the fuel rod, fission products are generated. Fission prod-
ucts that are directly generated through fission are called 
primary fission products, and since these primary fission 
products are unstable, they can be converted into another 
nuclide through various decay mechanisms.

The instability of the primary fission product is sta-
bilized by conversion to other nuclides with the release 
of beta particles (β-particles) due to excessive neutron  
numbers and is generally accompanied by gamma ray 
(γ-ray) emission simultaneously.

Fig. 1. The structure of the CANDU fuel assembly.
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Secondary fission products are not generated directly 
through nuclear fission and come from the neutron capture 
of the stable fission product. The nuclides generated in this 
way increase in proportion to the square of the burn-up of 
the fuel. The method of calculating the amount of nuclides 
generated in spent fuel is evaluated by the Bateman equa-
tion, given as Eq. (1), through various nuclide transforma-
tion processes based on the decay concept illustrated in 
Fig. 2.

dNi
dt  = + ∑j ≠ i[λd

ij + σij Ø]Nj − ∑j ≠ i[λd
ji + σji Ø]Ni (1)

where Ni is the number density of nuclide i, Nj is the 
number density of the nuclide j that can contribute to the 
formation of the nuclide i by fission, and λd

ij is the decay 
constant from nuclide i to nuclide j by beta decay or iso-
meric transition. Ø is the average neutron flux and σij  is the 
average cross section for conversion from nuclide i to the 
nuclide j [9].

2.2 Diffusion of the fission product

The fission products generated in the uranium pellets 
move from the pellets to the gap, which is a space between 
the pellets and the Zircaloy cladding. In the central region 
of the pellet, which has temperature above about 1,400℃, 

the fission products are moved by diffusion. On the other 
hand, in the outer region of the pellet, where the tempera-
ture is below 1,000℃, fission products are moved by recoil 
and knock-on.

2.2.1 Modeling of the fission product release

In order to evaluate the amount of fission products in 
the gap of the fuel rod, mass balance equations are used and 
the mass balance equations can be established in terms of 
a diffusion model or a kinetic model. If spent fuel is defec-
tive, the mass balance equations shown in equation (2) and 
(3) are used to calculate the transport of fission products 
from the gap to the coolant according to the kinetic model 
of Fig. 3.

dNg (i,t)
dt  = ν i

f−g Ni
f − λiNg(i,t) − νi

g−cNg(i,t) (2)

dNf (i,t)
dt  = Ḟ Yi

  − (νi
f−g + λi)Ni

f  (3)

where Ng (i,t) is the number of atoms of the isotopes i in 
the gap at instant t and Nf (i,t) is the number of atoms of the 
isotopes i in the pellet at instant t.

νi
f−g is the experimental escape rate coefficient from the 

pellet to the gap, Ni
f  is number of atoms of the isotopes i in 

the pellet, λi is decay constant for the isotopes i and νi
g−c is 

the experimental escape rate coefficient from the gap to the 

Fig. 3. Schematic diagram of the kinetic model.
Fig. 2. The concept of decay reaction for fission product
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coolant, Ḟ is average fission rate in the pellet, Yi is cumula-
tive fission yield of the isotopes i [10].

2.3  Nuclides for evaluation of the defective 
fuel

In the event of leakage in the cladding of the fuel rod 
due to the fuel defect, nuclides such as krypton, xenon, and 
cesium that leak outside the fuel rod are detected in the 
coolant system [11]. 

These gas nuclides such as xenon and krypton exist 
without reacting with other nuclides in the gap because they 
are chemically stable. Under normal conditions, nuclides 
of inert gas are easily released through the defective area. 
In the case of iodine nuclides, they exist in a gaseous state 
in the central region of the pellet but when iodine nuclides 
are released to the gap, which is relatively cooler than the 
pellet, a small portion of iodine is absorbed in the surface 
of the pellet in the form of CsI and most of the iodine is 
absorbed in the surface of the cladding of the Zircaloy ma-
terial [12]. If the temperature of the pellet surface decreases 
below the saturated temperature of the water due to reduc-
tion of the reactor power, the soluble iodine and cesium nu-
clides are dissolved by the coolant which flows into the gap 
of the fuel rod. The soluble iodine and cesium nuclides are 
leaked to the coolant from the gap of the fuel rod. Because 
of this phenomenon, the peak of the radioactivity for the 
iodine and cesium occurs in the coolant by direct release 
and recoil release. 

The presence of a small defect in the cladding of the 
fuel rod increases the ratio of 131I to 133I. This is because 131I 
has a longer half-life than 133I.

2.4  Simulation of the fission products   
behavior

2.4.1 ORIGEN overview 

After the fuel assembly is loaded into the reactor core, 
it is burned in the core for a certain period of time until 
the fuel is released from the core. At this time, nuclides are 
generated in the process of the nuclear reaction. ORIGEN 
code is a program for calculating the decay and generation 
of these nuclides [13]. 

Input data are the burn-up, power distribution, decay 
time, core loading period, etc. The results of the ORIGEN 
code calculation are the inventory of each nuclide in the 
fuel rod. If the fuel is defective, the nuclides in the fuel rod 
are leaked outside the fuel rod and the radioactivity of the 
leaked nuclide is then measured in the coolant by the de-
tection system. Therefore, if the measured value of leaked 
nuclides and the inventory of nuclides in the fuel rod calcu-
lated by ORIGEN code are known, the defect size can then 
be predicted even if it is difficult to see the defect, which is 
located in the internal rod of the fuel assembly.

2.4.2 Characteristics for each defective fuel

During the operation of the nuclear power plant, four 
fuels that were actually failed were sampled and the defect 

Defective fuel A B C D

Defect indication (days after 
the fuel is loaded)

231 172 197 78

Defect shape hole shape in the 
circumference of fuel rod 

Hydriding Blister 
and swelling 

Crack on the 
welded endcap 

Separated gap of 
the endcap 

Defect size  (mm2) 98 31 18 52

Burn-up (MWHr/kgU) 158 91 135 49 

Table 1. Characteristics of each defective fuel
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characteristics of each fuel were analyzed. Table 1 shows 
the defect characteristics such as the defect indication, de-
fect shape, defect size, and burn-up occurred after loading 
the fuels in reactor.

2.4.3  Analysis of leakage rate for each defective 

fuel

The method of measuring the nuclides leaked through 
the defect hole of the fuel rod was to measure the activity 
of the nuclei such as iodine, xenon, kryton leaked from the 
defective fuel using NaI(TI) scintillation detector with cir-
culating coolant including gas after inserting the defective 
fuel into a sealed canister of a sipping inspection system.

Analysis comparing the inventory of the nuclei in the 
defective fuel rod calculated by ORIGEN and the nuclei 
leaked into the coolant through the defect hole of the fuel 
rod shows that the leakage rate of 135Xe is in the range of 
2.21×10−04 to 8.56×10−02 while 133Xe shows slightly higher 
leakage rates of 3.61×10−04 to 1.68×10−01. This is because 
133Xe has a longer half-life than 135Xe. The leakage rate was 
calculated as shown in equation (4).

 
 Leakage rate = coolant activity for nuclide i (Ci) 

inventory for nuclide i in a fuel rod (Ci)
  

(4)

The leakage rate of 88Kr, a gaseous nuclide, is in a range 
from 9.20×10−05 to 3.40×10−02, which is smaller than the 
leakage rate of 133Xe and 135Xe. It is also analyzed that 
as the half-life of 88Kr is much shorter than those of 133Xe 
and 135Xe, many nuclides of 88Kr disappear in the process 
of diffusion from fuel rods to coolant. 131I, which is a solu-
ble nuclide, has a leakage rate of 1.86×10−03 to 1.49×10−02, 
which indicates a relatively smaller deviation than that of a 

gaseous nuclide. The 131I nuclide and 133Xe /131I are closely 
related to the defect size of the fuel rod [14].

Therefore, if the value calculated by ORIGEN and the 
coolant activity in the event of a fuel defect are known, the 
defect size can be predicted.

3. Results and discussion

3.1  Prediction for the number of defective 
fuel rod 

It is important to recognize the number of defective fuel 
rods in the process of the fuel burning in the reactor.  As 
the power of the fuel rod increases, 131I in the fuel rod also 
increases. Fig. 4 shows the maximum radioactivity of 131I 
(red line) that can be leaked per one fuel rod according to 
the oxidation of pellets and the fuel rod power. If the mea-
sured activity of 131I (Meas. 131I) in the coolant is within the 

Rod power
(kW·m−1)

Pred. 131I
(uCi/kg)

Meas. 131I
(uCi/kg)

Pred. 
number of defective rod 

Actual 
number of defective rod

48 51.1 49.2 1 1

Table 2. The verification results for prediction of the number of defective fuel rod

Fig. 4. Activity 131I in gap vs rod linear power.
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inventory activity of 131I (Pred. 131I) generated in a fuel rod, 
it is estimated as one fuel rod which is defective and if more 
activity is measured in the coolant, the number of defective 
fuel rods is calculated in proportion to measured activity as 
shown in Fig. 5.

Based on Fig. 4, we developed a program that can au-
tomatically estimate the number of defective fuel rods by 

inputting the element linear power and the coolant activity 
of 131I (Meas. 131I), as shown in Fig 5. 

To check the accuracy for prediction of the number of 
defective fuel rod, it was applied to the case of the defec-
tive fuel. As a result of reviewing to the case that one fuel 

Fig. 6. Defect size vs leakage rate.
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Fig. 7. Defect size vs 133Xe/131I.  
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rod was actually defective, it was proved that the predicted 
value was satisfied as shown in Table 2.

3.2 Prediction for the defect size 

The defect size of the fuel rod cannot be verified with-
out seeing the defect. However, the defect size can be  
predicted without dismantling the fuel using the method for 
estimating the defect size obtained from Fig. 6 and Fig. 7. 

The correlation was analyzed by comparing the leakage 
rate for each defect size after measuring the actual defect 
size shown in Table 1. Based on this, even if the defect size 
cannot be checked visually the leakage rate can be calcu-
lated according to Equation 4. the defect size can be esti-
mated in reverse using the leakage rate. Since the data was 
calculated based on four defective fuels, the accuracy may 
be somewhat lower but the accuracy is expected to increase 
when more data is accumulated in the future.

Defect Shape Endcap Crack Hydride Blister Hole

Root Cause/ w% Debris /0.5
H2 Contamination

/0.5

Incomplete weld /1 Debris/1

Table 3. Analytical method for defect cause ( ≤ 120 MWHr/kgU)

Defect Shape Endcap Crack Hydride Blister Axial crack Hole

Root Cause
/w%

Debris /0.1 Debris /0.2  Power ramp/1   Debris/1

Endcap Porosity/0.5 H2 Contamination/0.1

Incomplete weld/0.2 Incomplete weld/0.5

High burn-up/0.2 High burn-up /0.2

Table 4. Analytical method for defect cause ( > 120 MWHr/kgU)

Fig. 8. Program for root cause analysis.

Fuel Failure Cause Analysis (with Hydride)

Bundle Burnup : 110

End cap with embrittled crack :

Blisters of visible hydride areas :

Axial crack in sheath with no visible hydrides :

Hydride free holes in sheath or end cap :

MwHr/KgU

Debris 
fretting

H2 
contamination

Endcap 
porosity

Incomplete 
weld

Sheath impact 
crack Be-braze flaw Power ramp High burnup 

SCC

No Yes No No No No No No
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Therefore, it is possible to measure the size of the defect 
by the leakage rate of 131I or the ratio of 133Xe to 131I. In par-
ticular, the ratio 133Xe to 131I is applied to very tiny defects.

3.3 Prediction of defect causes

By analyzing the database of the defective spent fuel, 
it is found that there are various defect characteristics de-
pending on the burn-up, and typical defect types are classi-
fied according to the root cause. Through this data, a meth-
od to identify the root cause of the defect can be established 
according to the defect shape. 

The root causes for defective fuel were analyzed by 
dividing the region of burn-up into high burn-up and low 
burn-up using the intermediate value. If the fuel burn-up 
is 120 MWHr/kgU or less, the root causes for each defect 
shape are as given in Table 3. And if the fuel burn-up ex-
ceeds 120 MWHr/kgU, the root causes of each defect type 
are as shown in Table 4. A program to predict the root cause 
is shown in Fig. 8.

4. Conclusions

Based on leakage characteristics of fission products and 
the inventory of nuclides in fuel rods by ORIGEN and anal-
ysis of coolant activity, a program was developed for the 
first time in Korea to predict the number of defective fuel 
rods and the root cause of spent fuel defects after analyzing 
the fuel. In addition, a method to estimate the defect size 
was established using a database for fuel defects. 

It is anticipated that this program will be applied in 
the future to technologies that can predict the degree of 
defects.

Acknowledgements

This work was carried out under the project “Development 

of the Root Cause Investigation for CANDU Failed Fuel” 
in KEPCO Nuclear Fuel Co.

REFERENCES

[1]  International Atomic Energy Agency. Review of Fuel 
Failures in Water Cooled Reactors, 2nd ed., 36-55, 
IAEA Report, Technical Report Series No. 388 (1998).

[2]  J.J. Kim, “X-ray Tomography Based Simulation Feasi-
bility Analysis of Nuclear Fuel Pellets”, J. Korean Soc. 
Nondestruc. Test., 30(4), 324-329 (2010).

[3]  J.D. Landry, F.C. Schoenig, L.N. Grossman, H. Berna-
towicz, and I.S. Jacobs, “Superconducting Magnetom-
eter for Quality Control of Nuclear Fuel Rods”, J. Appl. 
Phys., 53(11), 8260-8262 (1982).

[4]  J.Y. Lee, D.G. Cho, S.G. Kim, H.J. Choi, and Y. Lee, 
“Analysis of the Thermal and Structural Stability for the 
CANDU Spent Fuel Disposal Canister”, J. Nucl. Fuel 
Cycle Waste Technol., 6(3), 217-224 (2008).

[5]  Y.C. Kim, J.H. Lee, and T.H. Song, “Development of 
CANDU Spent Fuel Bundle Inspection System and 
Technology”, J. Nucl. Fuel Cycle Waste Technol., 11(1), 
31-39 (2013).

[6]  Y.C. Kim, J.C. Shin, S.K. Woo, C.H. Park, and T.Y. Choi, 
“Application of Sipping and Visual Inspection System 
for the Evaluation of Spent Fuel Bundle Integrity”, Proc. 
of the Technical Meetings, IAEA-TECDOC-CD-1751, 
121-128, IAEA, Bucharest (2012).

[7]  E.M. Franklin and R.D. Phipps, “Eddy-Current Clad-
ding Integrity Testing and Data Analysis at HFEF/N”, 
Proc. of the 27th Conference of Remote Systems Tech-
nology, 23(11), 212-216, ANS, San Francisco (1979).

[8]  Y.G. Kim, H.G. Kim, and J.S. Jee. The Design and Safe-
ty Evaluation for CANDU Modified Fuel 37M, Kepco 
Nuclear Fuel Report, 3-8, KNF-TR-37M-15002 (2015).

[9]  Maria Aranzazu and Tigeras Menendez, “Fuel Failure 
Detection Characterization and Modeling: Effect on Ra-
dionuclide Behaviour in PWR Primary Coolant”, Poly-



Yong-Chan Kim et al. : Development of the Defect Analysis Technology for CANDU Spent Fuel

JNFCWT Vol.19 No.2 pp.215-223 June 2021 223

technic University of Madrid and Paris XI University, 
19-21 (2009). 

[10]  Maria Aranzazu and Tigeras Menendez, “Fuel Failure 
Detection Characterization and Modeling: Effect on 
Radionuclide Behaviour in PWR Primary Coolant”, 
Polytechnic University of Madrid and Paris XI Uni-
versity, 159-164 (2009). 

[11]  Y.H. Jung, B.O. Yoo, Y.S. Joo, J.W. Lee, I.H. Jung, and 
M.H. Kim, “Analysis of High Radioactive Materials in 
Irradiated DUPIC SIMFUEL Using EPMA”, J. Nucl. 
Fuel Cycle Waste Technol., 2(2), 125-133 (2004).

[12]  K. Yueh, Fuel Reliability Monitoring and Failure Eval-
uation Handbook Rev.3, 2.1-2.6, EPRI, USA (2019).

[13]  S.M. Bowman and I.C. Gauld. “OrigenArp Primer: 
How to Perform Isotopic Depletion and Decay Calcu-
lations With SCALE/ORIGEN”, Oak Ridge National 
Laboratory Report, 19-38, ORNL/TM-2010/43 (2010).

[14]  J. St-Pierre. June 30 2011, “CANDU Fuel Engineer’s 
Manual.” CANDU Owners Group Inc. Accessed Nov. 
06 2018. Available from: https://www.cogonline.org.


