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1. History and Background 

Most of the (fuel) safety criteria developed in early 
years  of nuclear industry and were finalised in 70‘. 

Defined on deterministic bases by making ‘con-
servative’ assumptions: 
• Fuel and plant data: allowable (not nominal), 

bounding values (Ex.: EOL cladding oxidation, 
rod internal pressure, FGR, power history; 
scram setpoints, valve opening/closure times); 

• Worst case scenarios (Ex.: shutdown reactivity 
with strongest control rod withdrawn, steamline 
break with SG tube failure); 

• No credit for plant systems / functions that are 
not ‘safety grade’ (Ex.: recirculation runback, 
partial rod insertion; any operator action); 

• Models and model parameters (Ex.: heat trans-
fer coeff., 10CFR50.46 App.K data for LOCA 
analysis). 

Thinking in relations and coherence: 
Nuclear industry suffered in 90‘s from serious 

pressures: 
• Public resistance after Chernobyl;  
• Increased cost due to safety improvements; 
• Shrinking industry (no new openings); 
• Loss of attractivity for young people (IT is on 

the lead); 
• Aging of knowledge and experience; 
• Opening of electricity markets -> pressure on  

cost cuts; 
Industry Response: 
• New „advanced“ fuel design features proposed 

by vendors; 
• Agressive fuel managment; 
• Challenging Licensing limits: 

• Burnup increase; 
• Alocation of safety margin against operation 

needs. 
1. Since 1999 Fuel Safety Criteria are subjected 

to increasing interest: 
• IAEA; 
• OECD-NEA/CSNI; 
• National level. 
2. Fuel Safety Criteria and their application in de-

sign, operation, and licensing cumulates inter-
action of many experts in reactor physics, 
thermal-hydraulics, fuel behaviour, core moni-
toring and plant operation. This sometimes re-
sults in: 

• Isolated judgements, disregarding other as-
pects; 

• Loosing general overview and 
• Over emphasizing isolated issues. 

 
Review of Fuel Related Safety Criteria 
Activities    

The OECD/CSNI/PWG2 Task Force on Fuel 
Safety Criteria (TFFSC) has reviewed existing fuel 
safety criteria for Western LWR (PWR and BWR). 
The results from this Task Force were published in 
July 2000 (report NEA/CSNI/R(99)25, "Fuel Safety 
Criteria Technical Review"). 

The IAEA initiative WWER reactor fuel fuel 
safety criteria review, results published in August 
2000 (IAEA report 9316, Project RER/4/019, "Con-
sultants meetings on Fuel Safety Criteria for 
WWER reactors under New Requirements".) 

Applicability of Computer Codes for Safety 
Analysis of New Fuels for WWER Reactors. Inter-
national Atomic Energy Agency, Vienna, Septem-
ber 2000, (ACC-IAEA). 

FSC in NEA Member Countries – Member 
Response Compilation. Report NEA/CSNI/R, 
2003,10. 

Analysis of Differences in Fuel Safety Criteria 
between WWER and Western PWR NPPs. IAEA 
Report. 

 
 

2. Introduction 

This report is the result of the above three work-
shops, summarising the fuel safety related criteria 
for Western PWR and Eastern WWER reactors as 
documented in the respective reports, comparing 
the equivalent criteria, their basis, and the common 
features and differences observed. 

The report makes the safety level of fuel design 
and operation more visible for both East and West: 
• It helps to focus on the issues of importance for 

fuel safety case review; 
• It gives a broadening of insight in failure 

mechanisms in support of FSC review for new 
fuel designs; 

• It offers a better understanding of FSC and their 
correct interpretation to avoid unexpected fuel 
failures or improper behaviour in incidents with 
negative impact on the nuclear industry as a 
whole; 

• Vendors, utilities and regulatory bodies may 
better understand each other in designing and 
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licensing mixed cores (some lead assemblies 
are already tested in WWER reactors); 

• The report helps to better and more widely un-
derstand the R&D needs in connection with 
new fuel designs, reload cores design and im-
provements in operational practice with the goal 
to stimulate co-operation to reduce the cost of 
R&D. 

Wherever appropriate and possible, recommend-
dations are given on further action(s). 

 
Terminology 

Generally, the safety of nuclear installations is as-
sured through a deterministic approach, based on 
the principles of defense-in-depth, and through 
probabilistic safety assessments. Regarding 
NPPs, the international agreement on the more 
detailed approach to be followed is contained in 
the Draft Safety Guide on ‘Safety Assessment and 
Verification’ (IAEA 2000 e). The complementary 
nature of the deterministic and probabilistic ap-
proaches is also described in this guide. 

Two different types of fuel safety related criteria 
exist: 
• Requirements (general, qualitative); 
• Limits (quantitative). 
Basically, all fuel safety related criteria are derived 
from the requirements as per the atomic law in the 
various countries, where dose rate limits are speci-
fied to limit the effects of radiation on the general 
public. Usually there are various different dose rate 
limits specified, the level of which depends on the 
likelihood (frequency) of the plant reaching a con-
dition in which radiation may be released. Such 
plant conditions, categorized according to fre-
quency of occurrence, are defined in e.g. 
ANSI/ANS-57.5.-1996 Appendix A (Conditions I, II, 
III and IV.) 

These dose rate limits are logically translated 
into qualitative fuel failure requirements: "no" fuel 
failures for Condition I and II events, a small (lim-
ited) number of localized fuel failures for Condition 
III events, whereas for Condition IV (Design Basis 
Accidents) a larger number of fuel failures is al-
lowed without endangering core coolability/control 
rod inesertability. These qualitative requirements 
are again translated into quantitative safety criteria, 
which ultimately have to be met for fuel & core de-
sign and plant operation. 

It is convenient to divide fuel safety related cri-
teria into three categories: 
• I. Safety criteria; 
• II. Operational criteria; 
• III. Design criteria; 
The first category includes all safety criteria im-
posed by the regulator, covering the licensing and 
design basis of the reactor. These criteria, most of 
which pertain to transient and accident conditions, 
have to be met at all times. 

The second category includes operational crite-
ria, some of which are derived from the category I 
criteria, whereas some others are additional for 
better coverage of normal operation and more fre-
quent operational occurrences. These limits, many 
of which are specific to the fuel design and are pro-
vided by the fuel vendor as part of the licensing 
basis, are also mostly approved by the regulator 
(after appropriate safety evaluation). 

The third category includes design limits, 
mostly not approved by the regulator, that are part 
of the design basis for the fuel with the aim to be 
able to meet the second or first category criteria.  

 
 

3. Fuel Safety Criteria 
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1. Safety doesn’t depend on Fuel safety Criteria 
accuracy, but depends on Real Fuel Safety 
Margin 

2. Major focus is on Fuel Safety Margins, FSC are 
their integral part 

3. Resources must be allocated on segments with 
maximum effect 
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Figure 2 

 
Tables 1-3 show these three categories with 

the criteria in each of them. 
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Table 1. Safety criteria 

№ Criterion  OECD ref (Table 1) IAEA ref (Table 2.1) 

1 DNB safety limit  A 2.1 

2 Reactivity coefficients  B 3.2 

3 Shutdown margin  C 3.3 

4 Enrichment  D                         

5 Internal gas pressure  I 1.9 

6 PCMI  J   

7 RIA fragmentation  L 1.17, 1.18 

8 Non-LOCA runaway oxidation  N 1.14 

9 LOCA-PCT  O 1.14 

10 LOCA-Oxidation  O 1.15 

11 LOCA-H release  Ch. 3.14 (O) 1.16 

12 LOCA-long term cooling  Ch. 3.14 (O)   

13 Seismic loads  P 3.6 

14 Holddown force  Q 2.4 

15 Criticality    

 

Table 2. Operating criteria 

№ Criterion  OECD ref (Table 1) IAEA ref (Table 2.1) 

1 DNB operating limit A 3.4, 3.5 (indirect) 

2 LHGR limit Ch. 3.9 (J) 1.4,1.8, 1.10 

3 PCI K 1.1, 1.11 

4 Coolant activity R 3.1 

5 Gap activity S   

6 Source term T   

7 Control rod drop time   2.2 

8 RIA fuel failure limit M  

 

Table 3. Design criteria 

№ Criterion  OECD ref (Table 1) IAEA ref (Table 2.1) 

1 Crud deposition E   

2 Stress / strain / fatigue F 1.2, 1.4 

3 Oxidation G 1.12, 1.13 

4 Hydride concentration H 1.12 

5 Transport loads   2.3 

6 Fretting wear   2.5 

7 Clad diameter increase   1.7 

8 Cladding elongation   1.6 

9 Radial peaking factor   3.4 

10 3D peaking factor   3.5 

11 Cladding stability   1.3 
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4. Executive Summary 

• Relevant PWR and WWER fuel safety related 
criteria  indentified and classified into: (a) safety 
criteria, (b) operational criteria, and (c) design 
criteria; 

• All criteria and their basis were reviewed in de-
tail; 

• PWR and WWER fuel safety criteria found in 
principle compatible (very similar if not identical 
basis): thus, no fundamental distinction in the 
approach to defining fuel safety criteria be-
tween Eastern and Western Europe appears to 
exist; 

• SOME differences have been observed be-
tween the individual criteria and/or their nu-
merical values. These are mostly due to differ-
ences in fuel design and materials; also, the va-
riety in reactor characteristics and country spe-
cific licensing requirements sometimes lead to 
differences between criteria definitions. All 
these contrasts need to be understood for a 
correct explanation of the differences observed; 
such understanding was achieved in the (some-
times very detailed) technical discussions be-
tween the various experts, and is captured in 
the underlying report; 

• In most cases where differences were observed 
between WWER and PWR criteria (or their nu-
merical values), the WWER criteria proved to 
be conservative; partly this is a result of the 
changes in general safety requirements during 
the late 1980’s – early 1990’s; 

• The underlying report not only captures the  
 

characteristics of PWR/WWER fuel safety, but 
also serves as a basis to outline the general 
safety case for PWR and WWER fuel. The re-
port should therefore be valuable for PWR and 
WWER licensing activities, as it will help to fo-
cus on the issues of importance for individual 
fuel safety case reviews; 

• The report also serves to highlight the basic 
fuel safety principles and their bases, and 
broadens the insight in failure mechanisms; this 
should be beneficial for future FSC review, par-
ticularly with reference to new fuel or core de-
signs. As an example, the report is likely to be 
appreciated by those NPP operators who in-
tend to operate with mixed cores; 

• The report generally make the safety level of 
fuel design and operation more visible and 
transparent for both PWR and WWER operat-
ing countries. Especially in view of high burnup 
and new materials, there is a need to further 
develop the safety criteria and their numerical 
values. Even without such innovations, there is 
a clear potential for refining and improving 
some of the fuel safety related criteria and/or 
their numerical values; 

• This report could serve as a basis for discus-
sions on a more in-depth co-operation for future 
R&D activities that are needed to verify the ex-
isting safety criteria or to support improve-
ments; 

• Closer collaboration in the review of PWR 
(LWR) and WWER safety criteria and in review-
ing the respective safety cases is recom-
mended.  

 
Table 4. Safety criteria 

№ Criterion  Differences and rationale Conclusions Recommendations 

1 DNB safety limit  Medium important No differ. Strong 

2 Reactivity coefficients  Medium important Medium dif. No 

3 Shutdown margin  Medium important Medium dif. No 

4 Enrichment  Medium important No differ. Strong 

5 Internal gas pressure  Medium important Medium dif. No 

6 PCMI  Important Strong dif. No 

7 RIA fragmentation  Medium important No differ. Strong 

8 Non-LOCA runaway oxidation  Important Strong dif. Strong 

9 LOCA-PCT  Medium important No differ. No 

10 LOCA-Oxidation  Important Medium dif. Strong 

11 LOCA-H release  Not important No differ. No 

12 LOCA-long term cooling  Not important No differ. No 

13 Seismic loads  Not important No differ. No 

14 Holddown force  Medium important Medium dif. No 

15 Criticality  Medium important No differ. No 
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Table 5. Operating criteria 

№ Criterion  Differences and rationale Conclusions Recommendations 

1 DNB operating limit Medium important Medium dif. No 

2 LHGR limit Medium important No differ. No 

3 PCI Medium important No differ. No 

4 Coolant activity Medium important No differ. Weak 

5 Gap activity Medium important Medium dif. No 

6 Source term Important Strong dif. Strong 

7 Control rod drop time Medium important Medium dif. Strong 

8 RIA fuel failure limit Important Strong dif. No 

 

Table 6. Design criteria 

№ Criterion  Differences and rationale Conclusions Recommendations 

1 Crud deposition Important Strong dif. Strong 

2 Stress/strain/fatigue Medium important Medium dif. No 

3 Oxidation Important Strong dif. Strong 

4 Hydride concentration Important Strong dif. Strong 

5 Transport loads Not important No differ. No 

6 Fretting wear Not important No differ. No 

7 Clad diameter increase Not important No differ. No 

8 Cladding elongation Medium important Medium dif. No 

9 Radial peaking factor Medium important Medium dif. No 

10 3D peaking factor Not important No differ. No 

11 Cladding stability Not important No differ. No 

 

Table 7. Safety criteria 

№ Criterion  Summary of comparison 

1 DNB safety limit  Difference only in CHF-correlations used 

2 Reactivity coefficients  In some WWER operating countries, each reactivity coefficient must be 
negative (instead of the sum of all react.coeff.)  

3 Shutdown margin  Additional requirement in Russia for new generation NPPs: no recriticality 
down to 100 deg C coolant temp.  

4 Enrichment  No difference 

5 Internal gas pressure  In some WWER operating countries, the more restrictive of the two PWR 
criteria is used  

6 PCMI  Same approach, however different basis for defining criteria  

7 RIA fragmentation  Different limit values, approach identical 

8 Non-LOCA runaway oxidation  Criterion A-9 applies to all DBA in Russia; different value for some PWRs, 
safety approach identical  

9 LOCA-PCT  Same limit value, but different basis 

10 LOCA-Oxidation  Almost same limit value, but different basis 

11 LOCA-H release  No difference 

12 LOCA-long term cooling  No difference in approach 

13 Seismic loads  No difference in approach 

14 Holddown force  No difference 

15 Criticality  No difference 
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Table 8. Operating criteria 

№ Criterion  Summary of comparison 

1 DNB operating limit Same basic requirement, but different licensing approach (see Item C-9)  

2 LHGR limit Same approach  

3 PCI No difference in approach, rules/values are design dependent 

4 Coolant activity Same approach, WWERs have extra (lower) limit for decision on further 
operation  

5 Gap activity For WWERs, no separate criterion - covered by B-6 

6 Source term Different approaches, country dependent  

7 Control rod drop time No difference 

8 RIA fuel failure limit In some WWER operating countries, the number of failures not calculated. 
There is however a fuel vendor recommended failure limit (see text)  

 

Table 9. Design criteria 

№ Criterion  Summary of comparison 

1 Crud deposition For WWERs, no limit defined due to different water chemistry (see text)  

2 Stress/strain/fatigue Differences due to more restrictive stress criterion for WWERs, overall 
approach identical  

3 Oxidation Same approach, differences are due to different fuel designs  

4 Hydride concentration See C-3 

5 Transport loads Same approach 

6 Fretting wear Same approach, two additional design criteria for WWERs due to different 
spacer design  

7 Clad diameter increase Additional strain criterion for WWERs  

8 Cladding elongation Same criterion, applies to conditions I and II for PWRs and to conditions I 
to IV for WWERs  

9 Radial peaking factor Same criterion, different licensing approach  

10 3D peaking factor Same criterion, different licensing approach 

11 Cladding stability Same approach, additional design criterion for WWERs  

 
 

Closing Remarks - Proposed Criteria for 
Consideration  

• Know-why criterion; 
• Self-confidence criterion; 
• Beyond Design Basis Accident; 
• Design Basis Accident. 

 
 

5. Description of East and West Criteria  

This chapter contains: 
• A description of all fuel safety related criteria; 
• Any differences observed between them; 
• The background (rationale) for the differences, 

and  
• Any recommendations to resolve them. 
The cross-reference to these criteria (ref. the 
above mentioned IAEA and OECD reports) is 
given in Appendix A. 

I. Safety Criteria 

Item I-1. DNB Safety Limit 

Description of Criteria 

This cladding integrity – safety criterion is related 
to the so-called 'boiling crisis', i.e. departure from 
nucleate boiling (DNB) due to cladding overheat-
ing. The rapid and substantial rise of cladding tem-
perature and subsequent fast oxidation (or even 
melting) of the cladding will cause the cladding to 
fail.  

For Western reactors the relevant parameter 
is the heat flux; the critical heat flux (CHF) is 
where the boiling crisis occurs. Critical heat flux 
correlations (e.g. Doroschuk, W-3) relate the 
critical heat flux with bundle parameters such as 
pressure, flow, axial peaking etc. and are based 
on data from full-scale fuel bundle testing.  

The limiting DNB-ratio (or DNBR, actual to 
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critical heat flux) is a safety limit statistically de-
fined such that with 95% confidence and 95% 
probability, fuel rods will not experience CHF dur-
ing an anticipated operational occurrence (AOO, 
or condition II event). This limit is also used to 
indicate fuel failure for some postulated accidents 
(condition III and IV events) for evaluating off-site 
dose rates. Typically, DNBR safety limits are 
around 1.15. 

For WWERs, the criterion is defined similarly: 
with 0.95 probability DNB shall not occur for the 
most critical fuel rods. 

Differences Description and Rationale 

There is no difference in the (statistical) approach 
for defining the criterion. For PWRs, the criterion 
is defined for transients/accidents, whereas  
for WWERs the criterion also includes steady-
state operation. The WWER criterion is, however, 
not likely to be less conservative because  
it applies to the highest power rods only. As  
the definition of the operating limit DNBR/ 
radial peaking factor (see Item II-1) includes a 
substantial amount of margin to the safety limit, 
the probability for any fuel rod to experience  
DNB is likely to be similar for both PWRs and 
WWERs. 

Differences exist between the various CHF cor-
relations; this is clearly due to the different fuel de-
signs, as the correlations are based on fuel spe-
cific experimental data.  

Conclusions 

There is no difference in basis between East and 
West for defining DNB safety limits. 

Recommendations 

Mixed cores may contain various assemblies 
each with a different CHF correlation for calculat-
ing the distance to DNB; the DNB safety limit 
however is a core limit, and should therefore be 
established by analyzing the whole core. Thus 
the DNB safety limit could become a cycle spe-
cific limit.  

 
Item I-2. Reactivity Coefficients  

Description of Criteria 

Reactivity coefficients are intrinsic to the reactor 
design, and guarantee an overall negative reactiv-
ity feedback from the reactor core during tran-
sients/accidents. 

For Western reactors, the general criterion is 
that the total of all reactivity coefficients be nega-
tive when the reactor is critical. An individual reac-
tivity coefficient may be positive, however the ef-
fect of such positive feedback must be inconse-
quential. 

For WWERs in Russia, each reactivity coeffi-
cient must be negative under all power conditions. 

This Russian requirement is also accepted in the 
Ukraine and Bulgaria for WWER1000 reactors. 

For WWER-440 reactors (Slovakia, Hungary, 
Finland) this requirement appears to be  
nonessential due to the very large safety mar-
gins. 

In the Czech Republic, the requirement is 
identical to that for Western reactors; for Temelin 
there is an additional licensing criterion, namely 
that the moderator temperature coefficient must 
be positive under all power conditions. 

Differences Description and Rationale 

In the West only the sum of reactivity coefficients 
must be negative. The Russian requirement was 
imposed after the Chernobyl accident.  

Conclusions 

The criteria for WWERs appear to be more con-
servative in certain countries.  

Recommendations 

 
Item I-3. SDM  

Description of Criteria 

Attaining reactor subcriticality must be assured  
by sufficient reactivity worth of control rods  
and/or sufficient boron concentration in the primary 
coolant. 

For Western reactors, the control rod shut-
down margin (SDM) is defined as the margin  
to criticality (keff = 1) in the situation with all con-
trol rods inserted but the most effective control 
rod withdrawn. SDM should be sufficient for 
achieving hot zero power using control rods only.  
Control rod SDM limits (typically around 0.5% 
∆k/k) are mostly established including the as-
sumed envelope of uncertainties in the determi-
nation of keff  and control rod manufacturing toler-
ances. 

The boron SDM is the margin to criticality 
(keff = 1) for the situation in which the emergency 
boron injection system is activated; the increase 
of boron concentration (usually a 2000 to 2500 
ppm boron concentration is required) shall  
be sufficient to achieve cold shutdown without 
control rod movement. Boron SDM limits are  
established similar to control rod SDM limits,  
i.e. based on calculational and system uncer-
tainties. 

Both these SDM limits are verified analytically 
as part of the safety analysis and reload licensing 
process; the analysis usually assumes a Xenon-
free core, for conservatism. The limits are verified 
at least at reactor startup after refueling. 

For WWERs, criteria are defined in a similar 
way including the condition that the most effective 
control rod is stuck out. 

The requirement on boron concentration in 
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Russia is 16 g/kg, which is equivalent to about 
2700 ppm: this compares to the Western concen-
trations.  

Differences Description and Rationale 

For new generation NPPs in Russia, there is an 
additional requirement that no recriticality shall oc-
cur down to 100˚C with control rods only (i.e. with-
out boron injection, which normally initiates around 
280˚C). 

Also, the effect of assembly bow on reactivity is 
taken into account for evaluating SDM during cycle 
design.  

Conclusions 

The non-recriticality requirement for new genera-
tion NPPs in Russia is additionally restrictive.  

Recommendations 

 
Item I-4. Enrichment  

Description of Criteria 

An administrative enrichment criterion is imposed 
in consideration of possible criticality during fuel 
fabrication, handling and transportation. 

For Western reactors, an enrichment limit of  
5 wt.% 235U is in effect. This limit is largely based 
on a historic decision and on the validation/bench-
marking of criticality safety codes and associated 
cross section libraries for LWR fuel. 

Differences Description and Rationale 

This issue was omitted in IAEA report, as not op-
erationally related. However, the same limit applies 
as in the West (i.e. 5 wt.%) administratively for 
WWER fuel vendors in Russia.  

Conclusions 

Recommendations 

At this point in time, the industry does not appear 
to have a need for increasing this limit. If in  
the future such an increase becomes necessary, 
the IAEA should coordinate the action(s)  
required to verify a higher limit for criticality evalu-
ations.  

 
Item I-5. Internal Gas Pressure  

Description of Criteria 

A safety criterion is applied to prevent clad disten-
sion and run-away fission gas release. 

For Western reactors, two different types of cri-
teria exist: 
1. The rod internal pressure must be less than the 

nominal RCS pressure. 
2. The instantaneous cladding creep-out rate 

shall not exceed the instantaneous fuel swell-
ing rate (i.e. the fuel-to-clad gap does not 

open): this is the so-called "no lift-off" criterion. 

Differences Description and Rationale 

For WWERs, the first more conservative criterion 
applies similarly like for some western countries. 
An additional 10% margin applies to WWERs, i.e. 
rod internal pressure is max. 90% of the RCS 
pressure to cover uncertainties in FGR evaluation 
methods. For PWRs, this coverage is not quan-
tified.  

Conclusions 

A more conservative approach applies for 
WWERs.  

Recommendations 

 
Item I-6. PCMI  

Description of Criteria 

PCMI (pellet cladding mechanical interaction) re-
fers to the stress due to expansion of the fuel pellet 
during a fast transient (should not be confused with 
PCI, see Item II-3). 

For Western reactors, the safety criterion is de-
fined to avoid mechanical fracture during transients 
due to PCMI.  

Traditionally, this safety criterion is considered 
to be met by applying the 1% design limit on elas-
tic + plastic strain, see Item III-2.  

No criterion is in place for WWERs.  

Differences Description and Rationale 

Due to its design with the central hole and the 
temperature limit for avoiding fuel melting, there is 
large inherent margin compared to the 1% elas-
tic+plastic strain limit for western fuel. Also, the 
more ductile cladding material (ZrNb ) would allow 
a criterion well beyond the 1% western limit.  

Conclusions 

There is no apparent need for a separate PCMI 
criterion for existing Russian WWER fuel design.  

Recommendations  

 
Item I-7. RIA, Fragmentation  

Description of Criteria 

Peak fuel enthalpy criteria are used as limits for 
reactivity-initiated accidents (RIA), in order to avoid 
the loss of coolable geometry and the generation 
of coolant pressure pulses. 

For Western reactors, mostly an enthalpy limit 
of 280 cal/g has been used. This limit is based on 
data from early RIA fragmentation measurements 
prior to 1974 (e.g. SPERT and TREAT tests in the 
USA); the value corresponds to the melting of UO2 
which causes fragmentation of the cladding and 
expulsion of fuel particles which also leads to en-



 233 

ergetic fuel-coolant interactions that generated 
pressure pulses. 

Later RIA measurements and subsequent 
analyses sometimes led to a redefinition of the en-
thalpy limit; thus, in some countries limit values 
lower than 280 cal/g are in effect today. 

Similarly, for WWERs, a limit of 230 cal/g is  
in place for avoiding fuel fragmentation. This  
limit is derived from the 280 cal/g limit as  
mentioned above; this limit was applied originally, 
then set down conservatively several years ago 
based on data from first RIA experiments with 
WWER fuel. Recently, experiments have been per-
formed with fuel from 0 to 60 MWd/kg burnup 
showing no fragmentation in the whole range of 
experiments with enthalpies up to 265 cal/g, dem-
onstrating that sufficient margin to the 230 cal/g 
limit is available. Fuel fragmentation was observed 
on earlier experiments well above 300 cal/g.  

Differences Description and Rationale 

One extra requirement for WWERs applies: no fuel 
melting shall occur. This is a general criterion for 
all design basis accidents (DBA), which is men-
tioned here as it appears to be most applicable to 
a RIA.  

Conclusions 

No basic differences between eastern and western 
limits.  

Recommendations 

For PWRs, criteria are under review supported by 
R&D programmes especially in terms of burnup 
dependence. Also for WWER fuel, more experi-
ments are foreseen; however, the 230 cal/g limit is 
not expected to change.  

 
Item I-8. Non LOCA Runaway Oxidation  

Description of Criteria 

For non-LOCA transients of brief duration (e.g. the 
locked rotor/pump seizure accident), the fuel is not 
seriously damaged due to DNB but may still fail 
due to a significantly increased oxidation rate and 
subsequent loss of ductility. 

For Western reactors, a criterion is in effect to 
indicate fuel failure for estimating radiological 
dose rates to the public, while at the same time 
assuring that core coolability is still maintained. A 
2700 F limit temperature is mostly utilised; this is 
based on early experimental data on the fuel fail-
ure boundary for LOCA type of conditions – for 
an actual LOCA, a lower temperature limit was 
deemed necessary (see Item I-9) while for non-
LOCA fast transients the higher value was con-
sidered adequate.  

Differences Description and Rationale 

No explicit criterion exists for WWER fuel. How-

ever, the general requirement for cladding tem-
perature in accident conditions to remain below 
1200 deg C applies (see I-9). 

For WWER1000 reactors, the locked ro-
tor/pump seizure event leads to maximum cladding 
temperatures below 700˚C and should therefore 
not be limiting. Also for WWER440 reactors, a 
large amount of margin exists for this type of acci-
dent. 

In the Czech Republic, with Zircaloy cladding, 
the locked rotor event is a DBA; apart from the 
temperature being limited to 2700 F, as for PWRs, 
oxidation is also limited to 17%.  

Conclusions  

Recommendations 

From Western point of view, the behaviour of 
highly burnt fuel under this condition is relatively 
unknown. The relevance of the above criterion 
should therefore be confirmed experimentally.  

 
Item I-9. LOCA - PCT  

Description of Criteria 

During a LOCA, a certain amount of fuel rods 
may fail and release fission products. However, 
criteria are defined to limit cladding embrittlement 
in order to prevent fragmentation and maintain a 
coolable geometry. To achieve this, emergency 
core cooling systems (ECCS) must operate to 
provide sufficient and long-term core cooling. 

For Western reactors, based on many labora-
tory quenching and ductility tests with unirradi-
ated Zircaloy tubes, it was found that cladding 
would not become embrittled enough to fragment 
if the peak cladding temperature remained below 
2200 F (1204˚C) and the total oxidation did not 
exceed 17% of the cladding thickness before oxi-
dation (see Item I-10 below). These embrittle-
ment criteria were established during the early 
1970's, and are still widely used. 

For WWERs, the same (1200˚C) limit is in 
place; this limit actually generally applies to each 
DBA.  

Differences Description and Rationale 

No difference between criteria values but are de-
rived from different bases. 

Basis for the WWER criterion is avoidance of 
the self sustaining steam–zirconium reaction; PTC 
<1200˚C. Also, no embrittlement leading to frag-
mentation shall occur (see Item 1-10). 

For LWR, basis is to guard against post 
quench embrittlement. The value of 1200˚C was 
chosen as the temperature where the ductile to 
brittle transition temperature is de-coupled from 
the level of oxidation. This is based on the obser-
vation that samples oxidized at >1200˚C were 
more brittle than samples oxidised at <1200˚C 
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with similar levels of oxidation. 

Conclusions 

No basic differences between East and West.  

Recommendations  

 
Item I-10. LOCA - Oxidation  

Description of Criteria 

During a LOCA, a certain amount of fuel rods may 
fail and release fission products. However, criteria 
are defined to limit cladding embrittlement in order 
to prevent fragmentation and maintain a coolable 
geometry.  

For Western reactors, as explained under Item 
I-9, the total oxidation of the cladding during a 
LOCA must not exceed 17% of the cladding thick-
ness before oxidation. In some countries an even 
lower limit value has been imposed (e.g. 15% in 
Japan). 

At the time this limit was established, experi-
mental verification and validation included tests 
with zero or low burnup fuel. Today's fuel operation 
at high burnup exhibits typical steady-state oxida-
tion levels of up to 100 microns and hydrogen con-
centrations up to 500 ppm at the time of fuel dis-
charge (EOL). Hence the 17% criterion is now of-
ten interpreted as 'total' oxidation level, i.e. includ-
ing both pre-transient and transient oxidation. As 
the oxidation process at LOCA temperatures dif-
fers from that at normal operating temperatures, 
this interpretation may be considered as being very 
conservative. 

For WWERs, an 18% criterion was imple-
mented in 1977 based on the western 17% limit 
described above, taking into account the (relatively 
small) differences in oxidation kinetics between 
Zircaloy and Zr-Nb materials. Afterwards, experi-
ments were performed (in Russia as well as other 
eastern countries) with fresh and irradiated fuel (up 
to 45-50 MWd/kg) to verify this criterion, with satis-
factory results. 

This criterion is interpreted as total oxidation, 
i.e. including pre-transient oxidation. Because to-
day's fuel operation of WWER fuel exhibits almost 
negligible steady-state oxidation levels and hydro-
gen concentrations even at high burnup, this inter-
pretation does not pose a real problem.  

Differences Description and Rationale 

Limit values are similar, however they are derived 
on a different basis. For WWERs, a remaining duc-
tility of 4% is sufficient in order to avoid fragmenta-
tion; this has been experimentally confirmed. Con-
firmatory experiments have demonstrated that, 
with the 18% ECR criterion, the 4% ductility is 
maintained. 

The physical phenomenon of embrittlement of 
Zircaloy is similar as for Zr-Nb alloys for oxidation 

in the beta-phase. However, if part of the oxidation 
goes through the alpha-beta transition phase, Zr-
Nb alloys display a different oxidation character 
leading to higher embrittlement. 

Cladding plasticity will be lower than 4%, how-
ever still sufficient to prevent cladding fragmenta-
tion from thermal shock; this has been confirmed 
by Russian experiments with both fresh and irradi-
ated cladding (upto about 50 MWd/kg). In reality, 
values evaluated for licensing of WWER-1000 fuel 
are about 5-6% ECR, which implies that a consid-
erable margin exist. 

For western PWR fuel, values between 1 and 
8% are typically evaluated. 

Conclusions 

The limits as currently defined appear to be ade-
quate; enough margin exist for actual fuel/core de-
signs.  

Recommendations 

Verification experiments should be performed to 
confirm (or possibly adjust) the limits for new 
requirements / new design elements. Pre-transient 
oxidation is important for Zircaloy materials and 
almost negligible for Zr-Nb materials; thus, espe-
cially for Zircaloy materials, the effect of pre-
transient oxidation on the level of (and on the 
compliance with) the limit should be resolved.  

 
Item I-11. LOCA - Hydrogen Release  

Description of Criteria 

A criterion is in effect to limit the total hydrogen 
production by oxidation of the cladding during a 
LOCA. This assures containment integrity (possi-
ble explosive gas mixture!) rather than protecting 
against cladding embrittlement. 

For Western reactors, the LOCA limit on the 
amount of hydrogen generated from the chemical 
reaction between cladding and water/steam is 
generally 1% of the hypothetical amount that would 
be generated if all of the cladding were to react. 

Also for WWERs the 1% criterion is defined. 

Differences Description and Rationale 

No difference.  

Conclusions  

Recommendations 

 
Item I-12. LOCA - Long Term Cooling  

Description of Criteria 

For Western reactors, in the event of a LOCA (see 
also Item I-9), emergency core cooling systems 
(ECCS) must operate to provide sufficient and 
long-term (post-transient) core cooling. 

For WWERs, the regulatory framework includes 



 235 

the same criterion. It is not mentioned in the IAEA 
report, as it pertains to ECCS-equipment perform-
ance capability.  

Differences Description and Rationale 

No differences.  

Conclusions 

Recommendations 

 
Item I-13. Seismic Loads  

Description of Criteria 

During a seismic event the fuel assemblies are 
subjected to dynamic, structural loads which could 
cause core component deformation that reduce 
coolant flow and/or fuel fragmentation, thereby en-
dangering coolable geometry and degrading 
ECCS performance. 

For Western reactors, safety criteria require 
that core coolability and control rod insertability be 
assured under the combined seismic and LOCA 
loads. These general criteria are usually quantified 
by design requirements for core components, see 
e.g. Item III-2 for requirements pertaining to the 
fuel rod cladding. Verification is performed both 
analytically and by experiments. 

Identical criteria applies to WWER reactors.  

Differences Description and Rationale 

No differences in approach.  

Conclusions  

Recommendations  

 
Item I-14. Holddown Force  

Description of Criteria 

A safety criterion is defined to limit hydraulic verti-
cal lift-off forces, in order to prevent a displace-
ment (unseating) of the lower fuel assembly tie-
plate from the fuel support structure. 

For Western reactors, fuel assemblies are 
equipped with springs in the top piece which must 
provide sufficient holddown force to prevent fuel 
assembly lift-off due to hydraulic loads during nor-
mal operation and anticipated operational occur-
rences (condition I and II events). The required 
holddown force is determined by the hydraulic 
force on the fuel assembly (which depends on the 
flow rate and the pressure loss coefficient), the 
buoyancy force and the fuel assembly weight. Veri-
fication is made analytically, using conservative 
numbers for the flow rate and the relevant toler-
ances/uncertainties, at BOL and EOL. 

WWERs no lift-off is allowed under any circum-
stances (i.e. also for accident conditions). It should 
be noted that a small, limited amount of rise ('float-

ing') of WWER assemblies during accidents is 
possible.  

Differences Description and Rationale 

The criteria are identical, however the application 
is different between West and East (PWR condi-
tions I and II with the exception that lift-off is per-
mitted for pump over-speed transient, and WWERs 
equiv. condition 1 to IV). This is due to the philoso-
phy that, for WWERs, the amount of fuel failures 
should be minimised also for accident conditions. 
In order to comply with this criterion also during 
start-up, or for avoiding too large design holddown 
forces, some administrative rules are imposed for 
WWER reactor heatup.  

Conclusions 

Recommendations  

 
Item I-15. Criticality  

Description of Criteria 

This criterion was not included in the OECD/IAEA 
reports; it is included here since it is an important 
criterion, which – indirectly - pertains to the fuel 
and also connects to the enrichment criterion, see 
Item I-4. 

For fuel manufacturing, transportation and stor-
age of fuel material the configuration of such mate-
rial must be such that criticality does not occur.  

For Western reactors, generally the IAEA criti-
cality safety standard of Keff < 0.95, i.e. a 5% mar-
gin to criticality, is in effect as safety criterion. 

The verification of this safety criterion is per-
formed analytically; usually analysis methods un-
certainties and dimension tolerances are evaluated 
separately, and are applied in addition to the 5% 
margin. 

For WWERs, the same criterion applies.  

Differences Description and Rationale 

No differences between western and eastern crite-
ria. 

Some countries, including Russia, take credit 
for the lower reactivity of burnt fuel.  

Conclusions  

Recommendations  

 
 

II. Operational Criteria 

Item II-1. DNB Operating Limit  

Description of Criteria 

For Western reactors, the DNB operating limit is 
derived from the DNB safety limit (see Item I-1 for 
the definition of DNB) by adding a margin based 
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on the worst possible condition II event (AOOs). 
Therefore, this limit that applies to NOC automati-
cally warrants adequate fuel performance during 
any class II event. 

The DNB operating limit is verified as part of 
the reload design; it may also be monitored during 
plant operation. Typical values are 1.30-1.70. 

For WWERs, a DNB operating limit is not  
defined. Instead, a radial peaking factor (see  
Item III-9) is derived from the safety limit  
DNB (see Item I-1) for a bounding axial power 
distribution, which directly applies to reload  
design and normal operation (condition I), in  
order to ensure that the safety limit DNB can  
be met.  

Differences Description and Rationale 

Historically, this criterion is not defined for WWERs 
as the radial peaking factor covers the basic re-
quirement.  

Conclusions 

Different licensing approach, however the basic 
requirement is the same. The Western licensing 
approach offers more flexibility for the plant opera-
tor.  

Recommendations  

 
Item II-2. LHGR Limit  

Description of Criteria 

For Western reactors, fuel specific thermal-
mechanical operating limits are expressed as a 
burnup dependent LHGR (linear heat generation 
rate, W/cm or kW/ft) curve. Such a limit is defined 
to bound steady-state operation in a conservative 
manner, thus also protecting against class II tran-
sient thermal&mechanical overpower) for the fol-
lowing phenomena: 
• Fuel melting (Note: sometimes not calculated 

explicitly, while considered to be covered by the 
1% strain criterion, see Item III-2); 

• Rod internal pressure (see Item I-5), fission gas 
release; 

• Stress, strain, fatigue (see Item III-2); 
• pcmi stress (see Item I-6). 
Basically, such limits are analytically derived  
by the fuel vendor and verified against  
experimental data. Traditionally, the derivation 
includes conservative assumptions on the  
uncertainty in models, model parameters,  
manufacturing tolerances, and fuel/core man-
agement (i.e. power histories). Modern fuel  
design methodologies treat these uncertainties  
in a statistical manner: uncertainties are ex-
pressed as distributions of the corresponding  
parameters, which are varied in a Monte  
Carlo analysis to produce a 'best-estimate' value 
for the limit (instead of an 'upper bound')  

from which the operating limit may then be de-
rived by choosing the appropriate level of confi-
dence. 

Also for WWERs, LHGR must be less than an 
operational limit which is a function of burnup. This 
guards against all above phenomena except for 
PCMI.  

Differences Description and Rationale 

Identical approach, except for PCMI since for 
WWERS no PCMI criterion exists, see Item I-6. 
Usually, the limiting phenomenon is FGR.  

Conclusions 

Recommendations 

 
Item II-3. PCI  

Description of Criteria 

PCI (pellet cladding interaction) fuel failures are 
due to stress corrosion cracking on the inside of 
the cladding material, associated with local power 
ramping (e.g. reactor startup, maneuvers or tran-
sients). Both the stress (from the power increase) 
and the corrosion (from e.g. aggressive fission 
product components) are necessary for bringing 
about PCI. 

During the 1970's many PCI failures were ob-
served in Western reactors. First, operating rules 
to control the phenomenon were developed (so-
called PCI operating management recommenda-
tions, or PCIOMRs); these restricted the power 
increase as a function of time, and conditioned fuel 
for power ramping.  

Afterwards, a remedy against PCI was found 
by the development of PCI resistant cladding ma-
terials with an inner coating (liner, or barrier) of 
almost pure Zirconium, to relieve the stress from 
the pellet. For those Western reactors that have 
implemented PCI resistant cladding, the PCI op-
erating rules do no longer apply. 

Similar operating rules exist for WWERs. 
WWER vendor standards allow that the cladding 
could contain a defect of dimension not exceed-
ing 35 microns. Evaluation of experiments set  
an incremental power increase, which is burnup 
dependent, to prevent extension of such a  
defect for burnup levels >25 MWd/kg. The limiting 
value at a burnup of 60 MWd/kg is 80 W/cm.  
This calculated burnup dependent incremental 
power increase limit corresponds to the maximal 
stress of 230 MPa in the cladding. These over-
power levels are applied to a pre-conditioned 
power level which is defined as the (average 
power) sustained over 2 weeks prior to the 
uprate.  

Differences Description and Rationale 

No major differences in approach between East 
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and West, however the application (rules  
and numbers used therein) may vary as this  
is based on experiments and is fuel design  
specific. Applications typically cover power in-
crease limitations beyond a specified burnup 
level.  

Conclusions  

Recommendations  

 
Item II-4. Coolant Activity  

Description of Criteria 

For Western reactors, operating limits are defined 
(usually in the plant Technical Specifications)  
to limit the concentration of 131I, sometimes  
also of 137Cs, in the primary coolant to  
control plant operation after a loss of fuel  
integrity. This allows continued plant operation 
with a small, limited number of failed fuel  
assemblies, according to the plant (systems) de-
sign. 

Limit values are typically around 1-2·109 Bq/t; 
these values are also used for dose rate calcula-
tions. 

For WWERs, two licensed criteria are defined 
for leaking fuel rods (leakers) relative to the total 
number of fuel rods in the core: 
a) 0.2% “gas leakers” or 0.02% leakers with direct 

contact between fuel and coolant; 
b) 1.0% “gas leakers” or 0.1% leakers with direct 

contact between fuel and coolant 
As these criteria cannot be measured directly, 
they are translated into primary coolant activity 
limits as follows: 
a) 1.0·10-3 Ci/kg (3.7·1010 Bq/t) for the sum of Io-

dine isotopes; 
b) 5.0·10-3 Ci/kg (1.85·1011 Bq/t) for the sum of 

Iodine isotopes. 
If criterion (a) can no longer be met, plant  
operation is possible with the permission of  
the plant technical supervisor; if criterion (b)  
is reached, however, the plant must be shut 
down.  

Differences Description and Rationale 

Basically the same philosophy exists in West  
and East. The western 131I limit of 2.109 Bq/t  
appears equivalent to the I-sum limit of  
5·10-3 Ci/kg, as there is about a factor of 100 dif-
ference between the I-sum and the 131I activity 
only. 

In Western reactors, no second ‘lower’ level  
of coolant activity is defined for plant  
operation based on situative assessment  
and subsequent technical approval; however  
negotiations about continued plant operation  
start well before the TechSpec limit is  
reached. 

In some Western countries, also 137Cs is in-
cluded.  

Conclusions 

Licensing approach and limits actually in use are 
similar.  

Recommendations 

The intention of plant operators and fuel suppliers 
to have non-leaking cores is to be recommended.  

 
Item II-5. Gap Activity  

Description of Criteria 

In western countries, safety analyses in support of 
source term evaluations (see Item II-6) assume a 
certain amount of release from the fuel pellet to the 
gap (e.g. 10% of the noble gas inventory, and up 
to 6% of halogens and alkali metals). These gap 
activities are then assumed to be released in case 
of failed fuel, for calculating off-site dose rates for 
postulated accidents. These assumptions can vary 
between different countries, representing various 
conservative approaches for safety evaluation; 
they may also be used for design purposes. 

The Russian practice with respect to source 
term - evaluation is described below under Item  
II-6.  

Differences Description and Rationale 

For some western countries, the assumptions 
made are regulatory approved. For WWERs, see 
Item II-6.  

Conclusions  

Recommendations  

 
Item II-6. Source Term  

Description of Criteria 

The part of the fission products inventory released 
into the containment, potentially available for re-
lease to the environment during and immediately 
following an accident, is called the source term. 

The source term is needed for estimating radio-
logical releases to the public. Basically, there are 
three possibilities: 
a) Evaluate source term analytically; 
b) Define source term by law; 
c) Inhibit public residence within a specified radius 

from the nuclear power station, eliminating the 
need for source term evaluation/definition 

In western countries the source term is defined 
analytically, to estimate radiological releases to 
the public for condition III and IV events (Note: in 
most countries, also a severe-accident source 
term is defined related to beyond design-basis 
accidents viz. core melting.) 

Source terms are sometimes based on meas-
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ured releases from irradiated fuel, tested under 
accident conditions; also, gap activity assump-
tions may be employed (see Item II-5). In  
addition, assumptions on the effects of retention 
or enhancement during the course of an accident 
sequence are made. These various assumptions 
can vary significantly between various countries. 

In Russia the inhibit-zone is defined by law. 
Also other eastern countries followed this ap-
proach. The source term is evaluated for the most 
severe DBA and this is used to define the emer-
gency planning zone to comply with country spe-
cific dose limits for public under accident condi-
tions.  

Differences Description and Rationale 

In the West, the source term definition is country 
dependent and under review with respect to high 
burnup and new fuel design, e.g., for MOX. The 
practice of some WWER operating countries is 
similar to western countries, some other countries 
however follow the different Russian approach 
(zone definition).  

Conclusions 

Recommendations 

Revision for high burnup and new fuel designs is 
required.  

 
Item II-7. Rod Drop Time  

Description of Criteria 

A general reactor design criterion is to have an 
appropriate system of control rods to control core 
reactivity, to shut down the reactor in a sufficiently 
fast manner. 

For Western reactors, the control rod drop time 
(or scram time) is limited to guarantee a fast reac-
tivity reduction. Drop time operational limits (usu-
ally around 2-3 sec from full-out to full-in, for each 
individual control rod) are specified in the plant 
Technical Specifications, and are subject to peri-
odic verification; usually the drop time is verified at 
least at the time of plant startup after refueling. 
Non-compliance entails immediate reactor shut-
down. 

The same requirement applies to WWER reac-
tors. For WWER-1000 the max. drop time is 4 sec 
and 12 sec for WWER-440; the difference is due to 
the different reactor and reactor scram system de-
signs.  

Differences Description and Rationale 

Basically no difference in licensing approach, val-
ues differ due to the different reactor and reactor 
scram system designs.  

Conclusions 

Both western and eastern reactors have had diffi-

culties in meeting this limit, due to excessive bow 
in the guide thimbles and/or the control rods, see 
the IAEA report as well as the OECD report sec-
tion 5.5.  

Recommendations 

The problem of incomplete rod insertion is consid-
ered important; for WWERs this issue has largely 
been resolved, for PWRs a final resolution is still 
being pursued.  

 
Item II-8. RIA Fuel Failure Limit  

Description of Criteria 

For Western reactors, in case of a RIA, the  
number of fuel rod failures must be calculated so 
that the radiological doses to the public can be 
estimated.  In most countries the current fuel fail-
ure limit is defined as a maximum radially aver-
aged fuel enthalpy of 170 cal/g for BWRs and as 
a DNB criterion for PWRs. However, based on 
some of the RIA experiments at the CABRI and 
NSRR during the 1990's, where PWR fuel rods at 
a burnup of approx. 50 MWd/kg or higher failed at 
rather low enthalpy values, it is not clear if these 
limits are still appropriate. Various alternative lim-
its of fuel enthalpy as function of burnup have 
been proposed, based either on direct experi-
mental data renditions or on relevant parameters 
such as cladding oxide  thickness. 

For WWERs, no RIA fuel failure limit has been 
established because of the Russian philosophy 
described under Item II-6.  

Differences Description and Rationale 

As no source term evaluations are necessary 
(see discussion under Item II-6), a firm limit for fuel 
failure under RIA conditions has not been imple-
mented. 

The experiments, described under Item I-7, 
which aimed at investigating RIA fragmentation 
phenomena, showed that no failure occurred up to 
190 cal/g for fresh fuel and up to 160 cal/g for fuel 
with up to 50 MWd/kg. If a limit should become 
necessary, a value of 140 cal/g is recommended 
based on the experimental data just mentioned 
with some added conservatism.  

Conclusions  

Recommendations  

 
 

III. Design Criteria 

Item III-1. Crud Deposition  

Description of Criteria 

The amount of crud deposited and its composition 
can be significant to the corrosion performance 
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and hydrogen uptake of the cladding (example: 
Crud Induced Localized Corrosion, CILC). A strong 
dependence on water chemistry conditions has 
been observed. 

Safety criteria or operational limits on crud 
deposition are not defined. However, crud depo-
sition on the fuel is normally taken into account 
for fuel design purposes. The amount of crud de-
posited, sometimes as a function of burnup but at 
least at the end of the fuel lifetime, is a conserva-
tively assumed value which is verified against 
data from measurements (e.g. crudscrape).  

Larger crud deposits could also cause axial off-
set anomalies; in such cases, separate measures 
may become necessary (see e.g. the OECD report 
chapter 5.6). 

No crud deposition criteria exist for WWERs.  

Differences Description and Rationale 

In WWERs, due to the different water chemistry, 
crud is mainly deposited in the primary circuit. Ba-
sically no crud is found on the fuel; for this reason, 
no criteria for crud deposition exist.  

Conclusions  

Recommendations 

As most of the crud is deposited in the primary cir-
cuit, causing large amounts of low level waste and 
high dose rates, the WWER operators are thinking 
about changing to the western type of water chem-
istry. The effect on the fuel from such a change 
needs to be evaluated.  

 
Item III-2. Stress, Strain, Fatigue  

Description of Criteria 

Design criteria are defined to prevent cladding 
damage due to static and cyclic loads. 

For Western reactors, the following criteria ex-
ist: 
• Max allowed stress (= load) shall not exceed 

the levels specified in e.g. ANSI/ANS–57.5 or 
KTA 3103 part B. These stress levels are usu-
ally a function of both the yield and the tensile 
strength at operating temperature; 

• The elastic + plastic strain (= deformation) level 
shall not exceed a specified value, usually 1%, 
at BOL; at EOL, typically a 2.5% limit is defined 
to limit cladding creep & fuel swelling in addition 
to plastic strain; 

• For fatigue (cyclic loads) usually the cumulative 
effect is limited, e.g. sum of all fatigue life usage 
ratios <1.0, based on fatigue failure curves 
(failure stresses vs. cycle level). 

These criteria are analytically verified by the fuel 
vendor; margins between the above limits and ac-
tual stress/strain levels generally depend on the 
specific material properties of fuel, cladding and on 
the burnup range. 

For WWERs, criteria are defined in a similar 
way as follows: 
• Cladding stress should always be less than 

yield strength; 
• No strain limit is defined in the fatigue limit, 

creep is included; the summation of damage 
due to cycling and cumulative tensile stresses 
must be less than unity.  

Differences Description and Rationale 

The WWER stress criterion is more restrictive, as it 
only relates to yield strength. Due to this more re-
strictive limitation, there is almost no plastic strain; 
thus, no separate strain limit has been defined for 
WWERs. The creep, which is included in the strain 
limitation for PWRs, is included in the WWER fa-
tigue limit (classical approach).  

Conclusions 

In spite of the differences mentioned above, the 
western and eastern criteria for stress/strain/fa-
tigue are overall consistent.  

Recommendations  

 
Items III-3, III-4. Oxidation and Hydride 
Concentration  

Description of Criteria 

Oxidation and hydriding of Zircaloy materials  
are directly related to fuel performance for normal 
operation, transients and accidents and are  
leading parameters to limit the lifetime of  
nuclear fuel. Oxidation degrades material proper-
ties, most importantly the cladding thermal  
conductivity (with a consequential increase in  
the stored energy of the fuel), whereas  
hydriding leads to embrittlementtnese phenom-
ena are increasingly important at higher  
exposures, as the dependence on burnup is not 
linear. 

For Western reactors, oxide thickness and  
hydride concentration limits are often assumed 
for normal (steady-state) operating conditions  
for design purposes. Values are usually in  
the range of 100 micron and 500-600 ppm,  
respectively, at the end of fuel life; these  
values are taken from 'experience', and represent 
upper bounds on data measured from  
fuel exposed in commercial reactors.  The 100 
micron oxide thickness also represents the  
level at which there is a steep increase  
in the likelihood of oxide spalling, which will  
unfavourably influence hydriding growth and 
hence further oxidation. In some countries no  
explicit design limits are defined; in some  
other countries, design limits have been  
approved by regulator. In all cases, however,  
oxidation and hydriding are considered  
when analysing cladding properties for per- 
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forming stress and strain related design evalua-
tions. 

For WWERs the uniform corrosion limit  
is 60 microns and for ZrNb cladding, corrosion  
is linear up to this value. This value is well above 
current operating experience, typically 20-25  
microns for 70-75 MWd/kg. At this burnup  
internal oxidation is 2-17 microns; the internal 
oxidation could become significant at higher  
burnups. No limit for internal oxidation has been 
defined so far. 

Nodular corrosion is not considered to be a 
problem for WWERs. 

Hydrogen levels observed for burnups of  
70-75 MWd/kg are in the range of 100-150 ppm 
hydrogen; because this is so low, no limit  
was set for hydrogen uptake previously, however 
at present a design limit has been implemented  
of 400-450 ppm to match western design  
criteria.  

Differences Description and Rationale 

Design limits are defined in a similar manner, 
duly accounting for the differences in fuel design. 
Corrosion is less of an issue with WWERs due  
to the higher corrosion resistance of ZrNb  
during NOC; in addition, the different water chem-
istry contributes to the good corrosion perform-
ance.  

Conclusions 

Internal oxidation is likely to become more signifi-
cant at higher burnups; as no limits are set at this 
time, a common position should be considered 
between East and West, if possible.  

Recommendations 

IAEA should consider if rod internal oxidation is a 
suitable topic for an expert meeting.  

 
Item III-5. Transport and Handling Loads  

Description of Criteria 

The fuel design shall be such that transport and 
handling loads do not mechanically damage fuel 
components. 

For Western reactors, maximum design loads 
are usually between 2-4 g. Also, a maximum al-
lowable tension stress (for Zr bar material) is 
sometimes used as a design limit. The design is 
evaluated analytically and experimentally against 
these limits by the fuel vendor. 

WWERs have a vendor design load limit of 4 g; 
for this load, tests are performed to verify the de-
sign.  

The above Western design criteria are not men-
tioned in the OECD report.  

Differences Description and Rationale 

No difference in approach between East and  

West; numbers vary according to the fuel design 
and/or transportation and manipulation require-
ments.  

Conclusions  

Recommendations  

 
Item III-6. Fretting Wear, Fretting Corrosion  

Description of Criteria 

The fuel assembly design shall be such that fuel 
rod failure due to fretting does not occur or 
should not exceed limiting values which could 
lead to a reduction of fuel assembly structure sta-
bility and fuel rod life time. 

For Western reactors, no explicit design  
limits are in place; other design limits (such as 
stress and strain limits) are considered to pre-
clude fretting wear. Verification is however  
performed by the vendor for each fuel design, 
both analytically and via mock-up (endurance) 
tests. 

For WWERs, a first fretting wear design crite-
rion requires that no fretting (due to rapid move-
ment such as vibration e.g. in lower or upper tie 
plates) shall occur after 7000-8000 hrs endur-
ance testing. A second design criterion for  
avoiding fretting wear limits the cladding reduc-
tion (due to creepdown) to 0.10 mm; this criterion 
is in place due to the different spacer grid design 
of WWER fuel, which does not include any 
springs – the contact between grid and fuel rods 
is controlled only by the grid construction and 
must be warranted also after cladding creep-
down.  

A separate design criterion exists to limit cor-
rosion after continuous (slow) fretting in the con-
tact points of the spacer grid. Such fretting corro-
sion should not exceed 10-5 microns. This crite-
rion is confirmed by a large database from post-
irradiation examinations up to discharge burnup 
levels of ~50 MWd/kg; values observed are 5-10 
microns.  

Differences Description and Rationale 

The overall concept for limiting fretting wear is 
similar between East and West. The difference in 
the fuel (spacer) design leads to an additional de-
sign criterion for fretting corrosion and cladding 
creepdown.  

Conclusions  

Recommendations  

 
Item III-7. Cladding Diameter Increase  

Description of Criteria 

For WWERs, it was observed experimentally that 
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PCI criteria (stress below 230 MPa, see  
Item II-3) no longer protect against stress corro-
sion cracking beyond a creep and cyclic accumu-
lation of plastic deformation of 0.4%. Thus, a  
design criterion limiting cladding diameter  
increase of 0.4% was put in place, covering  
creep and cyclic accumulation of plastic deforma-
tion. 

For practical purposes, this design criterion is 
transformed into an operational recommendation 
to limit the number of significant power transients 
(including scram, startups etc.). 

(Note: the text in the IAEA report (criterion 
1.7/DC3) does not adequately describe this issue.) 

For Western reactors, no such limit is defined; 
the requirement is considered to be covered by 
existing PCI criteria (see Item II-3).  

Differences Description and Rationale 

Approach similar between East and West,  
with the exception of the definition of an  
additional design criterion prohibiting stress cor-
rosion cracking beyond 0.4% diameter increase 
instead of extending the PCI rules. In practice, 
plant operation is hardly affected by this extra 
criterion or the derived operating recommenda-
tion.  

Conclusions  

Recommendations  

 
Item III-8. Cladding Elongation  

Description of Criteria 

Following a general fuel design requirement, the 
fundamental mechanical and hydraulic functions 
of the assembly shall not be impaired due to irra-
diation growth of fuel rods and channel; in par-
ticular, the fuel assembly shall give sufficient 
space for differential rod growth to occur without 
it becoming restrictive. 

For Western reactors, no explicit elongation 
(axial growth) design limits are defined. The ven-
dor design process includes verification of the 
general design requirement for conditions I and II 
against values obtained from experimental data 
(in-pile and out-of-pile). 

For WWERs, an ultimate cladding elongation 
criterion [dL] is defined with the requirement that 
dL < [dL] with a margin factor [K] = 1.25 for condi-
tions I-IV.  

Differences Description and Rationale 

For WWERs, the design criterion applies to all 
conditions including accidents (i.e. conditions I – 
IV), for Western reactors the criterion only applies 
to condition I and II events. For WWERs it is con-
sidered that the load on the cladding should be 
minimised during accidents, especially during a 

LOCA with the 4% ductility criterion applied (see 
Item I-10).  

Conclusions  

Recommendations  

 
Item III-9. Radial Peaking Factor  

Description of Criteria 

The radial peaking (FR for WWERs or enthalpy 
rise hot-channel factor F∆h for PWRs) is limited 
to prevent DNB and for WWERs also to prevent 
reaching saturation temperature of the coolant  
on the assembly outlet under normal ope- 
rating conditions and AOOs (condition I and II  
events). 

In the Czech Republic, a margin of 10 deg. C is 
required to the outlet saturation temperature. 

A radial peaking factor (Kr or Fxy) is derived 
by including the uncertainties in measurements, 
design methods and fabrication tolerances;  
this becomes one of the limits for reload design  
purposes. The limit is also verified during  
operation with the use of core monitoring  
programs. 

For Western reactors, the radial peaking  
is employed to indirectly verify the DNBR  
criterion (see Items I-1 and II-1) not only for core 
design but also during plant operation; for this 
reason, it is sometimes specified in the plant  
TechSpecs. 

For WWERs with Russian legislation, this is a 
licensed limit as no operating limit DNB is defined 
and licensed (see Item II-1).  

Differences Description and Rationale 

For WWERs, the definition of Kr additionally covers 
the effect of assembly bowing with an additional 
margin for conservatism. 

Also, in WWERs the in-core instrumentation for 
monitoring this and other limits is more sophisti-
cated than in PWRs. A summary of currently used 
core monitoring systems are summarized in Ap-
pendix C. 

Conclusions 

Similar approach but different licensing proce-
dures.  

Recommendations  

 
Item III-10. 3D Peaking Factor  

Description of Criteria 

A total peaking or 'hot spot' factor (K0 or FQ) is 
defined for design purposes to limit local power 
peaking during normal operation. The limit is also 
verified during operation with the use of core moni-
toring programs. 



 242 

For Western reactors and for WWERs, the  
3-D peaking factor is employed to indirectly  
verify LHGR (see item II-2) as well as the DNBR 
operating limit (see item II-1) not only for core 
design but also during plant operation; for this 
reason, it is sometimes specified in the plant 
TechSpecs.  

Differences Description and Rationale 

No difference. For core instrumentation and core 
monitoring, see the previous item III-9.  

Conclusions  

Recommendations 

Special attention should be paid to WWER-440 
due to potentially large local power peaking (up to 
70%) in the fuel surrounding the connecting part 
between the absorber and the fuel follower of the 
control rod (see Appendix D for more informa-
tion).  

 
Item III-11. Cladding Stability  

Description of Criteria 

Cladding stability limits are defined to prevent 
clad collapse due to ovalization. 

For Western reactors these are normally de-
sign limits, constraining elastic and plastic defor-
mation, which are verified analytically. 

For WWERs, deformation is also verified 
against design limits and ovality is traced analyti-
cally during the expected lifetime of the fuel rod. 

As the integrity of the plant primary circuit is 
checked every 4 years at a higher than normal 
operating pressure, it must also be verified that 
the cladding does not collapse during this test. 
Thus, an ultimate pressure is calculated at which 
the cladding would collapse and compared 
against the pressure operating limit associated 

with such tests; if the ultimate pressure is below 
this operating limit, the fuel design must be 
changed.  

Differences Description and Rationale 

Basically the approach is identical, analytically 
verifying ovality for the fuel lifetime. For WWERs, 
the primary circuit integrity test posed an additional 
design criterion.  

Conclusions  

Recommendations  
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