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Overview

• BACKGROUND:• BACKGROUND: 
– The LOCA transient

• RECENT RESEARCH
– Emerging finding: Fuel Dispersal

R h l d– Research plan and scope
– Research findings
– Proposed explanation for research findings

• USE OF RESULTS AND NEXT STEPS

2



Loss-of Coolant Accident 
Sequence

PCT P k Cl ddi T t

Sequence

PCT: Peak Cladding Temperature
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2006: First Observation of Fuel 
Dispersal under LOCA conditionsDispersal under LOCA conditions

• Single 45 centimeterSingle, 45 centimeter 
long fuel rod segment

• Segment taken from a 
very high burnup rod, 92 y g p ,
GWd/MTU that had been 
commercially irradiated.

• Tested in a specially 
designed capsule in the 
Halden Reactor, Norway.

• Subjected to test 
diti d i d tconditions designed to 

maximize ballooning.
• Gamma scan showed 

major loss of fuel material
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major loss of fuel material 
after LOCA testing



2010-2011: Tests in NRC’s LOCA 
program at Studsvik also exhibit fuel 

dispersal

• Single, 30 centimeter long fuel rod segmentsSingle, 30 centimeter long fuel rod segments
• Segments taken from high burnup rods, ~70 GWd/MTU 

that had been commercially irradiated in the US
• Tested in a specially designed capsule in a hot-cell 

facility (not in a reactor).
S bj t d t t t diti d i d t i i
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• Subjected to test conditions designed to maximize 
ballooning.

• Wire probe and mass balance showed major loss of fuel 
material after LOCA testing



History of Fuel Dispersal 
under LOCA conditionsunder LOCA conditions

Over the past 10 years fuel dispersal results have evolved:

R lt t bl d

2002-2006 2006-2010 2010-2012
Results are repeatable and 

sufficiently wide spread to be the 
subject of international meetings, 

experimental programs and analytical 
efforts around the world

Results are so unexpected 
that explaining them as 

non-typical was 
reasonable

Results are 
repeatable, but very 

limited

Even with the available results, the safety significance of fuel dispersal could 
not be determined without predictions of quantities and consequences.  

Considering the low probability of a LOCA, combined with existing burnup 
limits and plant operating limits the staff believed there was not an imminentlimits and plant operating limits, the staff believed there was not an imminent 

safety hazard with respect to fuel dispersal.  
In 2012, the staff entered the issue of fuel dispersal into the Generic Issues 
program and developed a research plan for the steps required to evaluateprogram and developed a research plan for the steps required to evaluate 

the safety significance.
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Commission Direction

On January 7, 2013, the Commission issued SRM-12-0034 (available in 
ADAMS at ML13007A478) which provided direction to the staff on a proposedADAMS at ML13007A478), which provided direction to the staff on a proposed 
rulemaking (10 CFR 50.46c) on emergency core cooling system performance 
during Loss-of-Coolant Accidents.   The subject proposed rulemaking did not 
address fuel fragmentation, relocation and dispersal under LOCA conditions; 
however the SRM provided direction to the staff on this related subject. The p j
SRM stated:

“The staff should complete its research on fuel fragmentation, relocation, and dispersal, 
and incorporate any necessary changes before requesting Commission approval of the 
draft final rule The staff should inform the Commission if this action is not practicable ordraft final rule. The staff should inform the Commission if this action is not practicable or 
has unintended consequences. In this case, the staff should provide the Commission an 
information paper containing additional details of the anticipated research into fuel 
fragmentation, the staff’s best judgment of the impact the results of that research could 
have on the proposed rule, and the staff’s best estimate of when final conclusions may be 
drawn from this work In addition this paper should clearly and specifically indicate whichdrawn from this work. In addition, this paper should clearly and specifically indicate which 
elements of the proposed rule, if any, should be deferred pending completion of 
fragmentation research and which elements, if any, could proceed to implementation 
without concern that they will be revised based on the anticipated research.”



Overview of Research Plan

Experimental efforts
What conditions result in fuel

Analytical efforts
+ = Estimate quantity What conditions result in fuel 

fragmentation, relocation and 
dispersal?

When are those conditions 
met?

+ = of fuel dispersed

Consequence Analysis
What is the impact (on PCT, 

ECR fl bl k ) fECR, flow blockage) of 
estimated fuel dispersal

Regulatory 
RecommendationRegulatory 

C id tiConsiderations
What are the limitations of our 
regulatory tools? What are the 

industry trends? Are there 
Complete
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alternate approaches, alternate 
understandings? In Progress

Future



Observations

1. Extensive fragmentation was not present before testing g p g

2. The extent of relocation and fragmentation is correlated with 
local strain and proximity to rupture location

3. A significant change in fragmentation size is observed between 
high (≈60 GWd/MTU) and very high (≈70 GWd/MTU) burnup

4 P t d i th l d l4. Pressure transducers in the plenum measured a slow 
depressurization after rupture in select tests, indicating 
restricted gas flow between the plenum and rupture region in 
hthese tests.

5. For high burnup (≈60 GWd/MTU) LOCA tests, most fine 
fragments appear to originate from the periphery of the pellet g pp g p p y p
while for very high burnup (≈70 GWd/MTU) LOCA tests, fine 
fragments appear to originate from all radii.9



Observation #1
Extensive fragmentation is not present before testing, suggesting it occurs 

during the LOCA simulation transient
Test/Laboratory Pre-Test Post-Test

IFA-650.3, Halden 

82 GWd/MTU, 
segment average

 
Reference [2] [3]

IFA-650.7, Halden 

44.3 GWd/MTU, 
segment average

Reference [4] [5] 
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Observation #2
The extent of fragmentation appears to be related to local strain
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Observation #2
The extent of fragmentation appears to be related to local strain

IFA-650.7 
BWR
44GWd/MTU, segment average

IFA-650.10
PWR
60GWd/MTU, segment average

IFA-650.11
VVER
56GWd/MTU, segment average

IFA-650.12
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BWR
72GWd/MTU, segment average



Observation #2
The extent of fragmentation appears to be related to local strain
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Studsvik Test 192, PWR 

68.2 GWd/MTU Rod Average



Observation #2
The experimental results suggest a boundary for axial fuel relocation.

Studsvik Test 192 PWR 68 2 GWd/MTU Rod AverageStudsvik Test 192 – PWR, 68.2 GWd/MTU Rod Average

Halden Test 650.12 – BWR, 72.3 GWd/MTU segment average 
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Observation #3
A significant change in fragmentation size is observed between high (~50 

GWd/MTU) and very high (~70 GWd/MTU) burnup tests and the size 
distributions at Halden and Studsvik are similardistributions at Halden and Studsvik are similar
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Observation #3
A significant change in fragmentation size is observed between high (~50

GWd/MTU) and very high (~70 GWd/MTU) burnup tests
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Observation #4
Pressure transducers in the plenum region measured a slow 

depressurization after rupture in a number of tests, indicating restricted 
gas flow between the plenum and rupture region.gas flow between the plenum and rupture region.

Below: Depressurization of top plenum in 
select Halden LOCA testsselect Halden LOCA tests

Right: Depressurization of top plenum in 
Studsvik LOCA tests 
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Observation #4 Continued

Above: Cladding Strain Profiles for 
IFA-650.3/5/7/9/10/11/12

Right: Neutron Radiography ResultsRight: Neutron Radiography Results 
for 650.3/5/7/9/10/11/12
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Observation #5
For high burnup (≈60 GWd/MTU) LOCA tests, most fine fragments appear to 
originate from the periphery of the pellet while for very high burnup (≈70 
GWd/MTU) LOCA tests, fine fragments appear to originate from all radii.GWd/MTU) LOCA tests, fine fragments appear to originate from all radii.
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Observation #5 Continued
Test 198 (~60 BU) Test 192 (~70 BU)
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• Both samples have fine fragments with fully developed high burnup structure

• Both samples also have fine fragments that appear to retain the original grain size



Proposal

Fragmentation occurs during the LOCA simulation transient (rather than 
during operation) and is driven by retained fission gas in the fuel pellet.  
During heat-up, as the rod temperature increases, the fission gas expands 
and generates large internal forces throughout the pellet.  Finally, at the 
moment of rupture, the fuel in the proximity of the rupture will experience a 
rapid depress ri ation pon r pt re ca sing pellet fragmentationrapid depressurization upon rupture, causing pellet fragmentation. 

Results suggest that a strain threshold exists for significant fragmentation 
and fuel mobility Therefore fragmentation and relocation will be limited toand fuel mobility. Therefore, fragmentation and relocation will be limited to 
a region around the rupture where strain exceeds some strain threshold.  
Results suggest the strain threshold may be between 3%-7% cladding 
strain.strain.  

Fuel fragmentation and 
relocation region

Fuel is relatively intact and not mobile Fuel is relatively intact and not mobile
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Proposal
The rapid change in fragmentation size is related to localized evolution of 
fuel structure at high burnup. At high burnup, a large amount of fission gas 
is retained at high pressure; these fission gas pockets and otheris retained at high pressure; these fission gas pockets and other 
characteristics of high burnup fuel make this material more vulnerable to 
fragmentation when subject to the depressurization event of rupture. 

If the local strain is large enough to result in fuel fragmentation, the 
transition to fine fragmentation begins at a pellet average burnup of 50 
GWd/MTU and be complete at a pellet average burnup of 80 GWd/MTUp p g p

For high burnup (≈60) LOCA 
tests, most fine fragments 

fappear to originate from the 
periphery of the pellet while for 
very high burnup (≈70) LOCA 
tests, fine fragments appear to 

i i t f ll dii
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originate from all radii.



Proposal
If fragmentation, relocation and dispersal are related to burnup, strain and rupture, 
quantifying the occurrence of these phenomenon will require predictions of burst 
population overlaid with burnup information.population overlaid with burnup information. 

Predicting dispersal really should also consider the burst width together with the 
burnup dependent fragmentation size because only fuel fragments smaller than 
the b rst idth ill be able to disperse Fine fragments ma disperse easil e enthe burst width will be able to disperse.  Fine fragments may disperse easily, even 
with small rupture openings.  Fragmentation, relocation, and dispersal may also 
occur in rods with lower burnup if the strain profile and rupture opening are large 
enough.  However, the fuel fragments from these rods may be large enough that g g y g g
significant relocation and dispersal is difficult to achieve. 
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Use of Experimental Results and 
Next Stepsp

Experimental efforts
Wh t diti lt i f l

Analytical efforts Estimate quantityWhat conditions result in fuel 
fragmentation, relocation and 

dispersal?

When are those conditions 
met?

+ = Estimate quantity 
of fuel dispersed

Consequence Analysis
What is the impact (on PCT, 

Regulatory 
Recommendation

p ( ,
ECR, flow blockage) of 
estimated fuel dispersal

Regulatory 

Continued

Considerations
What are the limitations of our 
regulatory tools? What are the 

industry trends? Continued 
experimental efforts

Additional refinement24

industry trends?



Continued Experimental Efforts

The staff intends to complete the following additional researchThe staff intends to complete the following additional research 
activities related to fuel fragmentation, relocation and dispersal:

• Review post-test examination results of latest Halden test• Review post-test examination results of latest Halden test
• Review additional work being completed outside NRC. 

The NRC also expects to remain active and engaged in theThe NRC also expects to remain active and engaged in the 
Halden Reactor Project, where future LOCA tests will focus on 
the burnup threshold for fragmentation and dispersal and the 
influence of simulated grids.  The NRC also expects to remain 

S Cactive and engaged in the Studsvik Cladding Integrity Project –
III , where separate effects tests are planned that could resolve 
the relative influence of cladding strain, transient fuel 
temperature and the role of fuel microstructure.temperature and the role of fuel microstructure.  



For more information

• NUREG-2121: Fuel Fragmentation, Relocation and Dispersal during the 
Loss-of-Coolant Accident

• NUREG-2160: Post-Test Examination Results from Integral, High-Burnup, 
F l d LOCA T t t St d ik N l L b tFueled LOCA Tests at Studsvik Nuclear Laboratory

• Transcript and view graphs from the ACRS meeting on December 4th, 2013 
addressing fuel fragmentation relocation and dispersal under LOCAaddressing fuel fragmentation, relocation and dispersal under LOCA 
conditions (ML13356A004)

• Staff Requirements Memo (SRM) 12-0034 which provided commissionStaff Requirements Memo (SRM) 12 0034, which provided commission 
direction to the NRC staff on the proposed rulemaking for 10 CFR 50.46c 
(ML13007A478)
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