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ABSTRACT — The methodology used by WANO to develop fuel reliability indicators for 
defective fuel has been examined in terms of fundamental fission product release theory with a 
scaling to reference values of the linear heat rating and coolant purification flow for CANDU 
operation. The new fuel reliably indicator has been applied to several known defect occurrences 
in CANDU reactors where the number of failures are known. 

1. Introduction 

A fuel reliability indicator (FRI) has been proposed by the World Association of Nuclear 
Operators (WANO) [1,2] to monitor industry progress in achieving and maintaining high fuel 
integrity. With defective fuel, there is a release of fission products into the primary heat 
transport system (PHTS) as well as possible fuel debris. The element performance is also 
affected with a reduced fuel thermal conductivity and enhanced fission-product diffusivity. 
Restrictions exist on the amount of 1-131 in the PHTS that could potentially force the unit to shut 
down. Hence, the presence of failed fuel can have a detrimental effect on the operating cost and 
performance of the reactor, with an increased radiological hazard to plant workers. 
Consequently, WANO has defined an indicator to assess fuel integrity based on a steady-state 
measurement of the coolant activity of 1-131. This indicator is corrected for the tramp uranium 
contribution, and normalized to a common purification rate and power level. 

This paper examines the underlying theory for WANO's performance indicator for fuel 
reliability and compares this methodology to fission product release theory for CANDU 
defective fuel. A discussion of the applicability of the WANO methodology to CANDU fuel 
operation and integrity assessment is presented including an example of its use with some 
historical cases from CANDU reactors with known failures. 

2. Fission Product Release Theory for Defective CANDU Fuel 

Above about 1000°C, fission products migrate primarily by thermally-induced diffusion in the 
bulk UO2: [3-10]. 

Rdif 3r, 
B A 

(1) 

Here R is the release rate and B the birth rate where B = FY [F is the fission rate (fissions s-1) and 
Y is the cumulative fission product yield (atom fission-1)], D' is the empirical diffusion 
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difR D

B 
  (1) 

 

Here R is the release rate and B the birth rate where B = FY [F is the fission rate (fissions s-1) and 

Y is the cumulative fission product yield (atom fission-1)], D’ is the empirical diffusion 
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coefficient in the UO2 fuel [= D/a2 where D is the diffusion coefficient and a is the grain radius] 
(s-1) and A, is the radioactive decay constant (s-1). Below 1000°C, the fission product release is 
generally independent of temperature but is activated as a result of the fission event. In 
particular, fission gas can be released by athermal diffusion in accordance with Eq. (1). In 
addition, gas release can also result at the external surface of the pellet by direct fission recoil as 
well as by knockout when either a primary fragment or energetic particle created in a collision 
cascade interacts elastically with a fission product atom. As previously shown, releases predicted 
for the recoil and knockout mechanisms were considerably less than measured releases of noble 
gas for a defective fuel rod with secondary hydriding irradiated at a low power rating of 23 
kW/m in an X-2 loop experiment, particularly after taking into consideration any holdup in the 
gap [3]. This observation arises since fuel oxidation can affect the vacancy-enhanced diffusion 
rate of fission products in the fuel matrix of defective elements [3,11]. 

Release of fission products from the gap of the defective rod into the coolant can occur by a first-
order rate process, where the coolant release rate (Re) is proportional to the available inventory in 
the gap, Ng: 

Rc = vNg (2) 

and v is the gap escape-rate constant (s-1). The subsequent mass balance in the gap at steady 
state is: 

ddt Ng
 = Rdif — ANg — vNg = 0 

Thus, with diffusion as the dominant release mechanism from the fuel, the observed release 
fraction into the coolant is: 

B)(Rc t 
j  1 3\ID' 
yl+v 

The term in curly brackets describes the holdup of fission products in the gap during their 
transport to the defect opening. Equation (4) yields a release dependence on the decay constant 
of A-1/2 to m312 A in agreement with observations in defective fuel experiments [3]. 

(3) 

(4) 

Traces of uranium compounds may be found on the surfaces of the heat-transport system 
primarily from a previous loss from defective fuel elements. The debris is in the form of very 
fine particles, where fuel is lost after individual grains of fuel are loosened by oxidation along 
their boundaries. For small particles of fuel at low temperature, fission product release can occur 
by direct recoil and knockout [12]. However, since the range of the fission fragment (pf— 10 
µm) is comparable to the size of the UO2 fuel particle itself, each fragment will leave the 
individual particle of the fissioning U-atom. For instance, experimental ratios of release rates of 
88J( to 138Xe were between 0.4 and 0.7 in a pressurized-water loop containing fuel debris on the 
piping surface [3]. The release expression for a small particle of fuel of diameter d, deposited 
onto a solid surface is [12] : 

(I? = 1 ri  1 ± 3pf  (1 1 (5) 
2 a' 2d a 2 

tramp 

where a = 1 or d/pf, whichever is greater. Since B is proportional to the fission yield Y, and the 
right hand side of Eq. (5) is a constant, a release ratio of R88/R138 = Y88/Y138 = 0.55 is 
calculated in excellent agreement with the measured range of 0.4-0.7. In this calculation, 
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and   is the gap escape-rate constant (s-1). The subsequent mass balance in the gap at steady 

state is:  

0
g
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      (3) 

Thus, with diffusion as the dominant release mechanism from the fuel, the observed release 

fraction into the coolant is:  
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The term in curly brackets describes the holdup of fission products in the gap during their 

transport to the defect opening.  Equation (4) yields a release dependence on the decay constant 

of -1/2 to -3/2 in agreement with observations in defective fuel experiments [3].  

 

Traces of uranium compounds may be found on the surfaces of the heat-transport system 

primarily from a previous loss from defective fuel elements.  The debris is in the form of very 

fine particles, where fuel is lost after individual grains of fuel are loosened by oxidation along 

their boundaries. For small particles of fuel at low temperature, fission product release can occur 

by direct recoil and knockout [12].  However, since the range of the fission fragment (f ~ 10 

m) is comparable to the size of the UO2 fuel particle itself, each fragment will leave the 

individual particle of the fissioning U-atom. For instance, experimental ratios of release rates of 
88Kr to 138Xe were between 0.4 and 0.7 in a pressurized-water loop containing fuel debris on the 

piping surface [3].  The release expression for a small particle of fuel of diameter d, deposited 

onto a solid surface is [12]: 
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where  = 1 or d/f, whichever is greater. Since B is proportional to the fission yield Y, and the 

right hand side of Eq. (5) is a constant, a release ratio of R88/R138 = Y88/Y138 = 0.55 is  

calculated in excellent agreement with the measured range of 0.4-0.7.  In this calculation, 
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the cumulative yield has been used to account for the decay of the precursor products also 
emitted into the recirculating coolant. Since pf> d, a= 1 and Eq. (5) reduces to: 

(R = 1 
B ramp 2

This result is to be expected if the range of the fission fragment is greater than the particle size so 
that any fission fragment born in the fuel grain particle will be released into the coolant (i.e., R/B 
= 1). On the other hand, if the particle is deposited onto a pipe surface, approximately one half 
of the particles will embed themselves into the underlying surface so that R/B = Y2 in accordance 
with Eq. (6). 

3. Application of WANO Methodology to Candu Fuel 

The WANO methodology converts a measured coolant activity A (Bq) into a release rate R (atom 
s-1) for defective fuel. As shown in Figure 1, one can distinguish releases from defective fuel 
[Eq. (4)] and tramp fuel contamination [Eq. (6)] by examining the release rate R (atom s-1) when 
normalized by the isotopic yield Y (atom fission-1), where a composite curve results: 

(—R j=cab +c (7) 

Here b ranges from -1/2 to — 3/2 from the fission product release theory in Section 2. The 
amount of fuel debris in the core can be estimated directly from the fitted parameter c = Y2 Ft (-
1.1 x 1012 fissions/s) [3]. The normalized release rate from defective fuel depends on the 
radioactive decay constant 2,, with a typical exponential dependence ranging from 2,-1/2 for a large 
defect (indicating only diffusion in the fuel) to A-312 for a small defect (due to diffusion in the fuel 
with significant holdup in the fuel-to-sheath gap). On a log-log plot, this dependence is simply 
the slope of the straight line shown in Figure 1. For tramp uranium fuel, as discussed in Section 
2, the fuel temperature is too low for diffusion to be important so that only fission product recoil 
occurs (i.e., the flat line shown in Figure 1). The isotope 1-131 has a long half-life and is 
therefore the predominant isotope with a large diffusional release. On the other hand, the short-
lived 1-134 isotope will decay before it is released from a defective fuel element so that its 
contribution is mainly due to a recoil release from tramp debris. Consequently, these two 
isotopes can be used to distinguish the defective fuel vs. tramp fuel contributions. WANO 
estimates the defective fuel contribution by initially correcting for tramp uranium effects with an 
activity corrected for coolant cleanup. 

The mass balance for the fission product inventory Ni (atom) released into the coolant for isotope 
i is [8-10]: 

dt 
Here Ba is the actual purification rate constant (s-1) and Ri is the release rate contribution from 
both defective and tramp fuel: 

(6) 

(8) 

R. = 

dN 
= Ri —(27 + B )Ni 

+ v 

v 
3 ±1

,
FfY + +FtY 

tramp fuel contribution 
gap transporttransport in fuel matrix 

defective fuel contribution 

(9) 
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Figure 1. Schematic showing fission product release from defective fuel (sloped line) and 
recoil release from tramp fuel (flat line independent of the decay constant) with the model 

fit to data derived from measured coolant activities. 

F f is the fission rate for the defective element (fission s-1) and Ft is the fission rate in the tramp 
fuel (fission s-1). Equation (9) gives rise to the observed release rate behaviour in Figure 1 when 
normalized by the fission product yield Y. For high mass chain products, the yield Y will not 
change considerably with fuel burnup because of similar yields for the fissile species of U-235 
and Pu-239. Hence, no correction is needed for either the iodine or xenon isotopes with fuel 
burnup, where the U-235 yield can be directly used with minimal error. This insensitivity is a 
useful property because one does not know a priori the respective burnup of the defective fuel 
rods versus how long fuel debris has resided on in-core surfaces from past defect occurrences. 

3.1 FRI Derivation 

The R/Y value for 1-131 is corrected by subtracting the tramp uranium contribution (as estimated 
by the R/Y value for 1-134). At steady-state, Equation (8) becomes: 

dNi . 

dt 
=Ri (Ai + Ba K= 0 =(AN ' ),= 11 Ri

)1 +B. 

The release rate Ri (in atom s-1) is simply proportional to the coolant activity Ai (in Bq). One can 
normalize the measured coolant activity by the coolant mass which will shift the 1-131 and 1-134 
data points by the same amount but respect their difference in Fig. 1. Thus, the FRI as used by 
WANO follows from the basic concept: 

(10) 
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The release rate Ri (in atom s-1) is simply proportional to the coolant activity Ai (in Bq).  One can 

normalize the measured coolant activity by the coolant mass which will shift the I-131 and I-134 

data points by the same amount but respect their difference in Fig. 1.  Thus, the FRI as used by 
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(R / Y) dei, = (R / Y)1-131— (R / Y)
/-134 

Solving for R in Eq. (10), substituting this result into Eq. (11), and normalizing by the mass of 
the reactor coolant system (Inc in grams) yields: 

1R/Yde ) r+B a +B (12)   = AM,/-131 Am,/ -134 v 

M c /TA 1131 " 1-134 

where Am is the measured coolant activity concentration in Bq/g (or µCi/g). To normalize to a 
reference rate constant (Bn), Eq. (12) can be rewritten as: 

(R 1 KW [iAm  Ba Aim ± Bn) 
AM

(A134 ± Ba l(A 134 ) 

Mc I 
'1-131  

"131 + YoY31"'131 I '1-134 "12 34 + Bn Y134'2 

Bn 

131 

The term is curly brackets is the respective coolant activity normalized to Bn (s-1) where: 
(R Ydef

2 1-131 + B n 2 7-134 + B 
= A N,/-131  AN,/-134  n

m e '/-131'2 7-131 '/-134'"/-131 

and (with i = 1-131 and 1-134): 

ANf = ( AA: ±± BBan

WANO specifically normalizes to a "reference" purification rate constant of Bn = 2 x 10-5 s-1. 
However, for CAND U operation a typical value of Bn — 5 x 10-5 s-1 is chosen. Finally, 
multiplying Eq. (14) through by the factor (YI-131)t4-131)/(24-131 + Bn) yields: 

(13) 

(14) 

or 

Y/-131'2 /-131 R/  Yde)= A Y/-1 1•117-131111134+ B 
AD,c(Bq g) = ( )  R A _1 4 3N,/-131 N,I 3 21 B y l 

""1-131 ' Mc " —131 n 134'"131 

AD,c(Bq / g) = A N,/-131 k CA N,/-134 

[YA/(11+ Bn)]1-131 

[ 17 I (11 Bn)11-134 

Equations (17) and (18) are identical to the WANO methodology except for a slight discrepancy 
for their proposed k factor: 

(15) 

(16) 

(17) 

(18) 

kc =k 
27-134

( 27-131 
1045 

This slight difference occurs where WANO assumed a small dependence of the decay constant 
for the tramp uranium contribution based on empirical observation. As detailed in Section 2, this 
assumption is not consistent with recoil theory, where use of a flat line for the tramp contribution 
allows for a good fit of the model to the data in Fig. 1. Typical R/Y plots do not reveal this type 
of dependence; for example, off-gas data from the HATCH-1 plant also show a constant recoil 
release for the short-lived noble gases [13]. However, the gamma-ray measured for 1-134 (i.e., at 
847.0 keV) cannot be distinguished from that of the corrosion product Mn-56 (i.e., at 846.8 keV) 
[14], which would augment the measured activity. In addition, as seen in Fig. 1, there is also a 
very small diffusional release for the short-lived isotopes in addition to that of recoil. 
Nevertheless, the ratio of (24-131/24-134)"45 is very close to unity where kik = 0.784. Hence, this 

(19) 
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where AM is the measured coolant activity concentration in Bq/g (or µCi/g). To normalize to a 
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The term is curly brackets is the respective coolant activity normalized to Bn (s
-1) where:  
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and (with i = I-131 and I-134): 
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WANO specifically normalizes to a “reference” purification rate constant of Bn = 2 × 10-5 s-1.  

However, for CANDU operation a typical value of Bn ~ 5 × 10-5 s-1 is chosen.  Finally, 

multiplying Eq. (14) through by the factor (YI-131I-131)/(I-131 + Bn) yields:  
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Equations (17) and (18) are identical to the WANO methodology except for a slight discrepancy 

for their proposed k factor:  
0.045
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(19) 

This slight difference occurs where WANO assumed a small dependence of the decay constant 

for the tramp uranium contribution based on empirical observation.  As detailed in Section 2, this 

assumption is not consistent with recoil theory, where use of a flat line for the tramp contribution 

allows for a good fit of the model to the data in Fig. 1.  Typical R/Y plots do not reveal this type 

of dependence; for example, off-gas data from the HATCH-1 plant also show a constant recoil 

release for the short-lived noble gases [13].  However, the gamma-ray measured for I-134 (i.e., at 

847.0 keV) cannot be distinguished from that of the corrosion product Mn-56 (i.e., at 846.8 keV) 

[14], which would augment the measured activity.  In addition, as seen in Fig. 1, there is also a 

very small diffusional release for the short-lived isotopes in addition to that of recoil.  

Nevertheless, the ratio of (I-131/I-134)
0.045 is very close to unity where kc/k = 0.784.  Hence, this 
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difference makes little impact on the calculated FRI value especially given the measurement 
uncertainty in the coolant activity data. 

3.1.1 Power Correction and Normalization 

Reactor power can impact the 1-131 activity concentration, where WANO normalizes AD to a 
reference heat generation rate of 18 kW/m assuming a dependence on the linear heat generation 
rate of LGHR1.5. This correction is appropriate for athermal diffusion for the lower-powered 
PWR fuel. For instance, as shown in Ref. [15], the diffusion coefficient D for fission gases for 
oxidized fuel consists of three components over different temperature regimes: (i) intrinsic 
diffusion at high-temperature (which is an Arrhenius function of temperature 7), (ii) irradiation-
enhanced vacancy production at intermediate temperatures (where the uranium vacancy 
concentration is also a function of the deviation from stoichiometry x in UO2--),x and (iii) 
irradiation-enhanced (athermal) diffusion at low temperature (which depends on the fission rate 
density Fr): 

D(x,T) = D(T)+ D(x,T)+ a • F,, (20) 

Specifically, the fission product diffusion coefficient D (m2 s-1) at a temperature T (in K) and 
fission rate density Fi, (in fission m-3 s 1) for hyperstoichiometric UO2+, fuel is [9]: 

D(x,T) = 7 .6 x10-'° 
352301—

exp   
 
+[.1 :, x10-25 expi  

T 
_II + x22.22x10-8 

r —20230 
exp 

T  T 
r _138901] 1 

+ 2x10-4°F, 

LWR's operate at much lower linear ratings and to higher burnups as compared to CANDU fuel. 
A power dependence of LHGR1.5 for the release rate strictly implies athermal diffusion for the 
lower-powered fuel as follows from Eqs. (4) and (20) for Booth diffusion given the square-root 
dependence on D' and the fact that the birth rate B is also proportional to the linear heat rating 
[16]. On the other hand, defective fuel in CANDU reactors operate at much higher ratings where 
diffusion occurs as an Arrhenius function of temperature and on the stoichiometry deviation (see 
Eq. (20)). 

Although WANO used a linear power normalization of Ln = 18 kW/m, a more appropriate 
reference value for CANDU fuel is: Ln= 38 kW/m as shown in Table 1 based on median bundle 
powers/element power ratings for various reactors (i.e., assuming 28 elements/bundle for 
Pickering and 37 elements/bundle for the others with a fuel stack length of 0.48 m) [17]. An 
extrapolation from the low linear power in the PWR to typical CANDU values would result in a 
significant source of error. 

As shown from sweep gas experiments and the multi-slit defective fuel loop test, the empirical 
diffusion coefficients for iodine and noble gas are equal [3,4,6,18,19] with an RIB 00.,-112. This 
work is also consistent with that observed by Appelhans and Turnbull [7] with swept fuel 
assemblies irradiated in the Halden reactor. Hence, to evaluate the power dependence of the 
empirical diffusion coefficient D' in Eq. (9), one can use the steady-state release rate of 133Xe 
from commercial reactor experience. Due to the relatively long half-life (tm = 5 days), and 
chemically inert nature, 133Xe is the least affected by defect size. This approximation is 
illustrated in Figure 2(a) which shows 133Xe release rates versus linear power LHGR (in kW m 1) 

for defects of various sizes and burnups for different reactors [20], with fitted coefficients a = 
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A power dependence of LHGR1.5 for the release rate strictly implies athermal diffusion for the 
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As shown from sweep gas experiments and the multi-slit defective fuel loop test, the empirical 

diffusion coefficients for iodine and noble gas are equal [3,4,6,18,19] with an R/B -1/2. This 

work is also consistent with that observed by Appelhans and Turnbull [7] with swept fuel 

assemblies irradiated in the Halden reactor.  Hence, to evaluate the power dependence of the 

empirical diffusion coefficient D in Eq. (9), one can use the steady-state release rate of 133Xe 

from commercial reactor experience.  Due to the relatively long half-life (t1/2 = 5 days), and 

chemically inert nature, 133Xe is the least affected by defect size.  This approximation is 

illustrated in Figure 2(a) which shows 133Xe release rates versus linear power LHGR (in kW m-1) 

for defects of various sizes and burnups for different reactors [20], with fitted coefficients a = 
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9.86 + 0.06 and b = 0.057 + 0.003. For a steady-state diffusional release, the release-to-birth 
ratio (R/B) of 133Xe is obtained from Eq. (4), where A. << v for the long-lived 133Xe isotope so 
that 

Table 1: Median Bundle Powers and Burnup and Average Element Rating for CANDU 
Reactors 
Reactor Start of Decade Median Burnup 

(MWh/kgU) 
Median Bundle 
Power Rating (kW) 

Average Element 
Rating (kW/m) 
(LHGR) 

Bruce A 1970 133 566 
1980 203 703 
1990 192 604 
2000 206 678 
2010 218 719 
All 195 658 37.0 

Bruce B 1980 179 670 
1990 190 633 
2000 190 633 
2010 189 652 
All 188 638 35.9 

Pickering A 1980 198 499 
1990 204 556 
2000 198 554 
2010 210 564 
All 202 547 40.7 

Pickering B 1980 188 550 
1990 193 554 
2000 190 547 
2010 195 548 
All 191 550 40.9 

Darlington 1990 195 674 
2000 204 700 
2010 204 709 
All 201 690 38.9 

Gentilly-2 174 653 36.8 

Point Lepreau 170 653 36.8 

Aggregated 192 624 38.1 (= Ln) 

R ioa+ LHGR 

 = — 
B f f Y • LHGR 3 A, 

Hereff= 1.489x1013 [fission.m.kW-1] (i.e., F = ff • LHGR) , Y= 0.066991 [atom.fission-1] is the 
133Xe cumulative yield, and A. = 1.53 x10-6 [s-1] is the 133Xe decay constant. Using Eq. (22), the 
empirical diffusion coefficient D' (in s-1) is given by: 

[ 10 (0.114 LHGR)1 

D' = 8.6x 10-12  
LHGR2

(22) 

(23) 

Eq. (23) is based on CANDU operational data in the power range of 30 to 50 kW.m-1. In 
comparison, for PWR rods that operate typically below -22 kW/m, D' is directly proportional to 
the linear power rating LHGR [1,2,16]. For CANDU fuel, L,, = 38 kW/m, where a scaling can be 
performed for a given plant for the given LHGR value listed in Table 1. For higher-powered 
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Here ff = 1.489×1013 [fission.m.kW-1] (i.e., F  = ff  LHGR) , Y = 0.066991 [atom.fission-1] is the 
133Xe cumulative yield, and 𝜆 = 1.53×10-6 [s-1] is the 133Xe decay constant.   Using Eq. (22), the 
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(23) 

Eq. (23) is based on CANDU operational data in the power range of 30 to 50 kW.m-1.   In  
comparison, for PWR rods that operate typically below ~22 kW/m, D’ is directly proportional to 

the linear power rating LHGR [1,2,16].  For CANDU fuel, Ln = 38 kW/m, where a scaling can be 
performed for a given plant for the given LHGR value listed in Table 1.  For higher-powered  
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fuel (i.e., > 30 kW/m), as shown in Fig, 2(a), the release rate is proportional to 100.057LGHR for the 
power scaling. The data in Fig. 2(a) are for the CANDU 37-element fuel-bundle design used in 
the Darlington, Bruce and CANDU-6 reactors. Data are further shown for the Douglas Point 
reactor that employs a 19-element bundle as well as the Pickering reactor with a 28-element 
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Figure 2. (a) 133Xe release rate [atonrs-1] as a function of defective element linear power 

[kW•m-1]. Defect size and element burnup shown if known (C6 = CANDU-6, DP = Douglas 
Point) (Taken from Ref. [20].) (b) Exponential scaling model for extrapolated reactor 

power analysis. 
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bundle. The Pickering data point is specifically derived from the Xe-133 steady-state coolant 
activity as measured as a result of power-ramp failures during a defect excursion from November 
1971 to February 1972. 
Thus, since the WANO power scaling is not appropriate for CANDU fuel, it would affect the 
WANO scoring. Hence, using a power dependence of Roc 10"' as a general function of the rod 
power P (kW/m) gives: 

0.057x [L„ -LHGR (  P° 1 0.057x [L„ -LHGR

FRIC = A, ,c x10 100
— [(11131 )N [(A134 )N x 0 

(P

]]
1001) (24) 

[A+ Ba i 
AN = Am il,+Bn 

(25) 

[172 / ± B.)1 (26) 1-131  = 0.00900
-c [YA./(2 +

/-134 

with reference values: Ln = 38 kW/m and 13n= 5 x 10-5 s-1. The FRIG' is reported in units of Bq/g 
or µCi/g when the measured coolant activity Am is expressed in these respective units (where the 
conversion factor is: 1 µCi/g = 3.7 x 104 Bq/g). Values for the linear heat generation rate 
(LHGR) at 100% power can be obtained from Table 1 for the respective CANDU station. The 
values in Table 1 are scaled accordingly depending on the percent of reactor power Po. One must 
be careful on extrapolation to low linear powers with Eq. (24) given that data are only available 
down to about 30 kW/m in Figure 2 (a). 

The empirical diffusion coefficient in Eq. (23) becomes unphysical at low linear power rating. 
The power-law correlation R = 09.86+0.057•LHGR as originally proposed in Ref. [20] (see Fig. 
2(b)) can be reasonably extrapolated to a higher rating of 60 kW m-1 as well as to a lower limit of 
22 kW M-1 (i.e., typical of the upper rating for a PWR rod) for reduced reactor power analysis 
(20). The lower rating is demonstrated where linear powers predicted using Eq. (22), based on 
observed 133Xe release rates for an element power-cycled between 23 to 39 kW/m in the X-2 
loop experiment FFO-109-2, were in excellent agreement with the actual power ratings. Thus, 
the PWR scaling law of R = LHGR1.5 (in accordance with athermal diffusion in Eq. (20)) can 
be applied with continuity at 22 kW/m in Fig. 2(b), yielding a fitted coefficient of al = 1.260 x 
109 atom s-1 (kW•m-1)-1.5. Hence, additional points can be derived for linear ratings below 22 
kW/m. Moreover, as follows from Eq. (21), an exponential fitting of all data over the full range 
of linear element powers from —5 to 60 kW/m in Fig. 2(b) yields a more physically-based scaling 
law: 

R = a2 • eb2.LHGR 
(27) 

Here, the fitted coefficients based on a Marquardt-Levenberg non-linear regression analysis are: 
az = 8.195x109 ± 4.82x 108 and bz = 0.1291 ± 0.0041. Equivalently, Eq. (27) can be used to 
replace Eq. (24) such that: 

0.1291x [L„ -LHG/2( ±' 
100 _I FRIc =[(433 N kc[(434) Nl]x e

As expected, the use of Eq. (28) makes little difference (typically less than —1%) from the 
calculated values with Eq. (24) over the power range of the measured data in Fig. 2(b). 

(28) 
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(20).  The lower rating is demonstrated where linear powers predicted using Eq. (22), based on 

observed 133Xe release rates for an element power-cycled between 23 to 39 kW/m in the X-2 

loop experiment FFO-109-2, were in excellent agreement with the actual power ratings.  Thus, 

the PWR scaling law of R = a1 LHGR1.5 (in accordance with athermal diffusion in Eq. (20)) can 

be applied with continuity at 22 kW/m in Fig. 2(b), yielding a fitted coefficient of a1 = 1.260  

109 atom s-1 (kWm-1)-1.5.  Hence, additional points can be derived for linear ratings below 22 

kW/m.  Moreover, as follows from Eq. (21), an exponential fitting of all data over the full range 

of linear element powers from ~5 to 60 kW/m in Fig. 2(b) yields a more physically-based scaling 

law: 

𝑅 = 𝑎2 ∙ 𝑒𝑏2∙𝐿𝐻𝐺𝑅 (27) 

Here, the fitted coefficients based on a Marquardt-Levenberg non-linear regression analysis are: 

a2 = 8.195109 ± 4.82108 and b2 = 0.1291 ± 0.0041.  Equivalently, Eq. (27) can be used to 

replace Eq. (24) such that: 

    
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100

131 134
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C CN N
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  
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  


      
  

(28) 

 

As expected, the use of Eq. (28) makes little difference (typically less than ~1%) from the 

calculated values with Eq. (24) over the power range of the measured data in Fig. 2(b). 



13th International Conference on CANDU Fuel 
Holiday-Inn Waterfront Hotel 
Kingston, Ontario, Canada, 2016 August 15-18 

4. FRI Example Calculation 

Sample calculations can be performed with Eq. (24) with a comparison to the following 
model employed by WANO: 

FRI p =[(431)N k[(434 )N]ix[(Ln I LHGR)x (100 1 130 )]1.5

k = fr x 20.955 42 + B. D131 
(Yx 2'1.9" 42 + B. D134 

As listed in Table 2A, specific CANDU historical cases include: (i) three cases with no defects 
(i.e., only fuel debris) (Cases 1A, 1B and 1C) after which there is an occurrence of a single 
defect in two cases with the previous amount of fuel debris (Cases 1D and 1E), and (ii) a defect 
excursion with many defective fuel rods and a high tramp uranium level (Case 2). Table 2B 
shows the corresponding coolant activity data and reactor parameters for these cases. The 
calculation of the FRI is specifically detailed in Table 3. 

Table 2A. Sample Defective Fuel Experience in Commercial CANDU Cases 

(29) 

(30) 

Bundle ID & 
Reactor 

Case 
Sample 

Date 

Element 
Linear 
Power 

(kW/m) 

Final Bundle 
Burnup 

(MWh/kgU) 

Defect Description 
Number of Failed 
Elements/Tramp 

U (g) 

Case 1 
XC4251C 

Bruce B, 
Unit 6 

Full Analysis of 
1311 1321 1331 1341 , , , , 

and 1351 

1A 
October 1, 

2002 
- 210 Coolant activity analysis of 

133Xe suggests the defect first 
occurred after a bundle shift 
on February 4, 2003. 

Defected outer element #13, 
fretted hole, and other 

fretting marks on element 
#14, total sheath breach - 10 

mm2.

0 

1B 
December 
12, 2002 

- 210 0 

1C 
December 
28, 2002 

- 210 0 

1D March 24, 
2003 

32.0 210 1 

1E March 31, 
2003 

31.1 210 1 

Case 2 
Douglas Point 

- March 21- 
21, 1982 

40 150 
End-weld defects and 
secondary hydriding 

18/600 - 1000

There is a difference in the purification flow rates between the Bruce and Douglas Point reactors 
(i.e., for Douglas Point the observed flow rate is greater than a factor of four of the assumed 
reference flow rate of Bn = 5 x 10-5 s-1). In particular, if a reference value of Bn = 2 x 10-4 s-1 were 
used instead in the FRIc calculation (which is more typical of the Douglas Point and CANDU 6 
reactors), the FRIc values in Table 3 would drop by a similar factor of —4. The value of the 
tramp correction factor kc would also change from 0.0090 to 0.0036. Thus, more operational 
data from the various types of CANDU reactors are needed to establish an appropriate reference 
value for the coolant purification flow rate. 

As seen in Table 3, the CANDU FRIc increases with the occurrence of a fuel failure and 
significantly more when many defects are present in the core. In fact, the data in the table 
are consistent with the suggestion of WANO that the presence of a defect corresponds to an 
FRI greater than —19 Bq/g (-5 x 104 Ki/g) [1,2]. The difference in the FRI's for CANDU 
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As listed in Table 2A, specific CANDU historical cases include: (i) three cases with no defects 

(i.e., only fuel debris) (Cases 1A, 1B and 1C) after which there is an occurrence of a single 

defect in two cases with the previous amount of fuel debris (Cases 1D and 1E), and (ii) a defect 

excursion with many defective fuel rods and a high tramp uranium level (Case 2).  Table 2B 

shows the corresponding coolant activity data and reactor parameters for these cases.  The 

calculation of the FRI is specifically detailed in Table 3. 

 

Table 2A. Sample Defective Fuel Experience in Commercial CANDU Cases 

Bundle ID & 
Reactor 

Case 
Sample 

Date 

Element 
Linear 
Power 

(kW/m) 

Final Bundle 
Burnup 

(MWh/kgU) 
Defect Description 

Number of Failed 
Elements/Tramp 

U (g) 

Case 1 
XC4251C 
 
Bruce B,  
Unit 6 
 
Full Analysis of 
131I, 132I, 133I, 134I, 
and 135I 

1A 
October 1, 

2002 
- 210 Coolant activity analysis of 

133Xe suggests the defect first 
occurred after a bundle shift 
on February 4, 2003. 
 
Defected outer element #13, 

fretted hole, and other 
fretting marks on element 

#14, total sheath breach ~ 10 
mm2. 

0 

1B 
December 
12, 2002 

- 210 0 

1C 
December 
28, 2002 

- 210 0 

1D 
March 24, 

2003 
32.0 210 1 

1E 
March 31, 

2003 
31.1 210 1 

Case 2 
Douglas Point 

- March 21-
21, 1982 

40 150 
End-weld defects and 
secondary hydriding 

18/600 – 1000  

 

There is a difference in the purification flow rates between the Bruce and Douglas Point reactors 

(i.e., for Douglas Point the observed flow rate is greater than a factor of four of the assumed 

reference flow rate of Bn = 5  10-5 s-1). In particular, if a reference value of Bn = 2  10-4 s-1 were 

used instead in the FRIC calculation (which is more typical of the Douglas Point and CANDU 6 

reactors), the FRIC values in Table 3 would drop by a similar factor of ~4.  The value of the 

tramp correction factor kc would also change from 0.0090 to 0.0036.  Thus, more operational 

data from the various types of CANDU reactors are needed to establish an appropriate reference 

value for the coolant purification flow rate. 

 
As seen in Table 3, the CANDU FRIC increases with the occurrence of a fuel failure and 
significantly more when many defects are present in the core.  In fact, the data in the table 
are consistent with the suggestion of WANO that the presence of a defect corresponds to an 
FRI greater than ~19 Bq/g (~5 x 10-4 µCi/g) [1,2].  The difference in the FRI’s for CANDU  
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Table 2B. Coolant Activity and Reactor Data for Defective Fuel Cases in Table 2A 

Case 
Date 

Radioisotope Data (Grab Sample Analysis) 
Reactor Data 

Element 
Power 

(Win') 

PHTS 
Purification 
Flow (kg/s) 

Ba Purification 
Rate Constant (s-1) 

1311 

uCi/g 

1321 

i.tCi/g 

1331 

i.tCi/g 

1341 

i.tCi/g 

1351 

i.tCi/g 

1A1 01-Oct-2002 1.331E-4 4.6220E-3 1.6030E-3 8.0430E-3 4.1510E-3 - 9.92 4.13 x 10-5

1131 12-Dec-2002 3.181E-4 4.7680E-3 1.3130E-3 8.8640E-3 3.4190E-3 - 11.0 4.58 x 10-5

1C1 28-Dec-2002 1.010E-4 4.9370E-3 1.4520E-3 9.0530E-3 3.7210E-3 - 8.87 3.70 x 10-5

1D1 24-Mar20-03 7.104E-4 6.2380E-3 2.5320E-3 6.9680E-3 4.6530E-3 31.8 10.2 4.25 x 10-5

1E1 31-Mar-2003 6.736E-4 6.4160E-3 2.7860E-3 1.0200E-2 4.3810E-3 31.1 10.3 4.29 x 10-5

22 21-Mar-1982 5.615E-2 0.3698 0.1704 1.128 0.3154 40 8.65 2.66 10-4

Assumes a PHTS mass: 2.40 x 105 kg for Bruce B Unit 6 
2. Assumes a PHTS mass: 3.25 x 104 kg for a single loop for the double loop configuration in Douglas Point since the loops are isolated by the ion-

exchange columns. 

Table 3. FRI Calculation Using the CANDU [Eq. (24)] and PWR [Eq. (29)] Model 
Reactor/Case Coolant 

Activity 
Concentration 

(Bq/g)* 

Purification Rate Constant 
(s') 

Linear Power 

(kW/m) 
Reactor 
Power 
%, P o

Fuel Reliability Indicator Bq/g 
(or µCi/g) 

No. of 
observed 
defects 

1-131 1-134 Ba Reference /1„ 
(CANDU/PWR) 

LHGR Reference 
L„ 

(CANDU/ 
PWR) 

FRIc FRIp 

Bruce B/Case 1A 4.92 298 4.13E-05 5.00E-05/2.00E-05 35.9 38/18 100 2.0 (5.3E-5) -0.2 (-4E-6) 0 
Bruce B/Case 1B 11.8 328 4.58E-05 5.00E-05/2.00E-05 35.9 38/18 100 10.4 (2.82E-4) 5.2 (1.4E-4) 0 
Bruce B/Case 1C 3.74 335 3.70E-05 5.00E-05/2.00E-05 35.9 38/18 100 -0.1 (-3E-6) -1.7 (-4.5E-5) 0 
Bruce B/Case 1D 26.3 258 4.25E-05 5.00E-05/2.00E-05 35.9 38/18 100 26.6 (7.18E-4) 16.1 (4.36E-4) 1 
Bruce B/Case 1E 24.9 377 4.29E-05 5.00E-05/2.00E-05 35.9 38/18 100 23.9 (6.45E-4) 13.8 (3.73E-4) 1 
Douglas Pt/Case 2 2078 41740 2.66E-04 5.00E-05/2.00E-05 40.7 38/18 100 7158 (0.193) 6979 (0.189) 18 

*1µCi/g = 3.7 x 104 Bq/g. 

versus PWR fuel is due principally to the difference in the reference values for the linear heat 
generation and purification constant. The effect of scaling of the release rate dependence on 
linear power in the CANDU FRI is not as significant since Ln and LHGR are comparable using 
the revised Ln value chosen from the CANDU experience in Table 3. Note that for Case 1C in 
Table 3, the FRIc for CANDU fuel is negative which can occur with a predominant tramp 
contribution given the uncertainty in the coolant activity measurement. However, in accordance 
with recoil theory in Figure 2, one can simply set any negative FRI to zero. 

In order to fully qualify the current methodology for each CANDU station involved with 37-
element and 28-element fuel bundle designs, it is recognized that additional iodine coolant 
activity data are needed as on-going operational experience is gained. Here information is 
needed on the number of known failures (along with purification flow rates and element linear 
power ratings). Further data are required to benchmark the model considering that only a limited 
preliminary benchmark has been possible with available data presented in Table 3. 
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 Case 
Date 

 

Radioisotope Data (Grab Sample Analysis) 
Reactor Data 

  
Element 
Power 

(kW/m) 

PHTS 
Purification 
Flow (kg/s) 

Ba Purification 
Rate Constant (s-1) 

131I 132I 133I 134I 135I 
 

Ci/g Ci/g Ci/g Ci/g Ci/g  

1A1 01-Oct-2002 1.331E-4 4.6220E-3 1.6030E-3 8.0430E-3 4.1510E-3 - 9.92 4.13 x 10-5 

1B1 12-Dec-2002 3.181E-4 4.7680E-3 1.3130E-3 8.8640E-3 3.4190E-3 - 11.0 4.58 x 10-5 

1C1 28-Dec-2002 1.010E-4 4.9370E-3 1.4520E-3 9.0530E-3 3.7210E-3 - 8.87 3.70 x 10-5 

1D1 24-Mar20-03 7.104E-4 6.2380E-3 2.5320E-3 6.9680E-3 4.6530E-3 31.8 10.2 4.25 x 10-5 

1E1 31-Mar-2003 6.736E-4 6.4160E-3 2.7860E-3 1.0200E-2 4.3810E-3 31.1 10.3 4.29 x 10-5 

22 21-Mar-1982 5.615E-2 0.3698 0.1704 1.128 0.3154 40 8.65 2.66  10-4 

1. Assumes a PHTS mass: 2.40 × 105 kg for Bruce B Unit 6.  

2. Assumes a PHTS mass: 3.25 × 104 kg for a single loop for the double loop configuration in Douglas Point since the loops are isolated by the ion-
exchange columns. 

 

Table 3. FRI Calculation Using the CANDU [Eq. (24)] and PWR [Eq. (29)] Model 
Reactor/Case Coolant 

Activity 

Concentration 

(Bq/g)* 

Purification Rate Constant 

(s-1) 

Linear Power 

(kW/m) 

Reactor 

Power 

%, Po 

Fuel Reliability Indicator Bq/g 

(or µCi/g) 

No. of 

observed 

defects 

 I-131 I-134 Ba Reference Bn  

(CANDU/PWR) 

LHGR Reference 

Ln 

(CANDU/ 

PWR) 

FRIC FRIP  

Bruce B/Case 1A 4.92 298 4.13E-05 5.00E-05/2.00E-05 35.9 38/18 100 2.0 (5.3E-5) -0.2 (-4E-6) 0 

Bruce B/Case 1B 11.8 328 4.58E-05 5.00E-05/2.00E-05 35.9 38/18 100 10.4 (2.82E-4) 5.2 (1.4E-4) 0 
Bruce B/Case 1C 3.74 335 3.70E-05 5.00E-05/2.00E-05 35.9 38/18 100 -0.1 (-3E-6) -1.7 (-4.5E-5) 0 

Bruce B/Case 1D 26.3 258 4.25E-05 5.00E-05/2.00E-05 35.9 38/18 100 26.6 (7.18E-4) 16.1 (4.36E-4) 1 
Bruce B/Case 1E 24.9 377 4.29E-05 5.00E-05/2.00E-05 35.9 38/18 100 23.9 (6.45E-4) 13.8 (3.73E-4) 1 
Douglas Pt/Case 2 2078 41740 2.66E-04 5.00E-05/2.00E-05 40.7 38/18 100 7158 (0.193)  6979 (0.189) 18 

*1Ci/g = 3.7 x 104 Bq/g. 

 

versus PWR fuel is due principally to the difference in the reference values for the linear heat 

generation and purification constant.  The effect of scaling of the release rate dependence on 

linear power in the CANDU FRI is not as significant since Ln and LHGR are comparable using 

the revised Ln value chosen from the CANDU experience in Table 3.  Note that for Case 1C in 

Table 3, the FRIC for CANDU fuel is negative which can occur with a predominant tramp 

contribution given the uncertainty in the coolant activity measurement.  However, in accordance 

with recoil theory in Figure 2, one can simply set any negative FRI to zero.   

 

In order to fully qualify the current methodology for each CANDU station involved with 37-

element and 28-element fuel bundle designs, it is recognized that additional iodine coolant 

activity data are needed as on-going operational experience is gained.  Here information is 

needed on the number of known failures (along with purification flow rates and element linear 

power ratings).  Further data are required to benchmark the model considering that only a limited 

preliminary benchmark has been possible with available data presented in Table 3. 
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5. Conclusions 

1. Using a calculation of the release rate from measured coolant activity data, and 
normalizing this quantity by the fission yield, one can distinguish between defective fuel and a 
tramp fuel contribution. This approach has been employed by WANO in the development of 
their fuel reliability indicator (FRI). This analysis specifically accounts for different mechanisms 
of fission product release based on a Booth diffusion model and recoil theory. In this treatment, 
the coolant activity concentration of I-131 provides for an assessment of defective fuel in the 
reactor. This quantity is corrected for tramp uranium effects using a measured coolant activity 
concentration of I-134. 

2. In the WANO methodology for development of a common fuel reliability indicator for 
PWR's (FRIp), the coolant activity is corrected for coolant purification effects and normalized to 
a reference purification rate constant (i.e., 13n = 2 x 10-5 s-1). The FRIp is further scaled to a 
reference linear heat rating (i.e., Ln = 18 kW/m) employing a scaling law of (LHGR)1.5 for the 
release rate. This latter correlation also depends on the average linear heat output for a given 
reactor unit at 100% full power, which is further adjusted by the percentage of reactor power at 
the time of measurement. However, because of the higher linear powers experienced in the 
CANDU reactor, the PWR power correlation needs to be modified (see item 3). 

3. The new power scaling relation for CANDU fuel is (100.057.LHcn) This law replaces the 
PWR one that implicitly assumed athermal diffusion. In contrast, the new correlation takes into 
account intrinsic and vacancy-enhanced diffusion in oxidized fuel at the higher fuel ratings. This 
correlation is specifically developed from operational defect experience in various CANDU 
reactors including 28- and 37-element bundle designs. Different reference values from CANDU 
experience are further employed for the model normalization (X= 5 x 10-5 s-1 and Ln = 38 
kW/m). This study therefore yields a new FRIc for defective fuel assessment in CANDU 
reactors (i.e., Eqs. (24) and (26) or equivalently Eqs. (29) and (30)) based on fundamental fission 
product release theory. A FRIc value of 19 Bq/g or —5 x 10-4 µCi/g typically indicates the 
presence of a fuel failure (i.e., based on the available defect cases at Bruce Power and Douglas 
Point for a specific reference purification flow rate of 5 x 10-5 s-1). This threshold value would 
change if a different reference value is deemed more appropriate with additional benchmarking 
data for the purification flow rate representative of all CANDU reactors. Additional data are 
needed which include several defect cases from each involved station where further comparisons 
can be made to show differences obtained when using the new methodology versus the current 
WANO FRI. 
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