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Executive�Summary�
�
To�address�ECCS�recirculation�performance�(GSI�191),�each�of�the�69�PWRs�in�the�U.S.�has�
implemented�a�broad�range�of�design�and�operation�modifications�designed�to�preclude�the�
development�of�significant�head�loss�across�containment�recirculation�screens.��
�
Even�though�the�modifications�and�supporting�analyses�are�complete,�NRC�reviews�are�
continuing.��Completion�of�these�reviews�has�been�frustrated�by�the�absence�of�clearly�defined�
acceptance�criteria�and�the�general�complexity�of�the�processes�and�phenomena�involved�in�the�
required�analyses.��The�complexity�and�multivariate�nature�of�the�event�progression�has�led�to�a�
calculation�process�that�accounts�for�uncertainties�in�a�very�conservative�manner.��The�
combined�impact�of�multiple�bounding�calculations�is�a�pessimistic�prediction�of�ECCS�
recirculation�performance�that,�while�conservative,�provides�little�insight�into�the�realistically�
expected�performance�during�a�design�basis�event.���
�
�Section�2�of�this�paper�steps�through�the�ECCS�recirculation�evaluation�process�and�identifies�
key�conservatisms�used�in�most�PWR�analyses.��These�conservatisms�are�contrasted�with�an�
expected�behavior�based�on�a�general�understanding�of�the�phenomena�and�processes�being�
considered.���While�qualitative,�the�comparison�of�key�conservatisms�with�expected�behavior�
provides�insights�into�the�level�of�conservatism�inherent�in�many�analysis�assumptions.���
�
Section�3�summarizes�the�key�conservatisms�and�expected�behavior�(Table�1)�to�more�clearly�
identify�the�cumulative�impact�of�these�conservatisms�on�predicted�containment�recirculation�
screen�performance.��Many�of�these�conservatisms,�individually,�lead�to�an�order�of�magnitude�
or�more�deviation�from�expected�behavior.��When�these�conservatisms�are�combined,�the�end�
result�is�a�prediction�of�design�basis�ECCS�recirculation�behavior�that�is�vastly�different�from�
expected�behavior,�resulting�in�a�very�conservative�and�unrealistic�prediction�of�ECCS�
recirculation�performance.��
�
This�paper�is�intended�to�support�ongoing�discussions�with�NRC�management�and�to�assist�
efforts�to�reach�a�“reasonable�assurance”�conclusion�for�the�PWR�fleet.�
�
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1 Introduction�
Generic�Safety�Issue�(GSI)�191,�“Assessment�of�Debris�Accumulation�on�Pressurized�Water�
Reactor�(PWR)�Sump�Performance”,�addresses�the�possibility�that�debris�generated�by�a�loss�of�
coolant�accident�(LOCA)�could�accumulate�on�the�emergency�core�cooling�system�(ECCS)�sump�
screens,�resulting�in�a�loss�of�net�positive�suction�head�margin.��Per�NRC�regulation,�the�ECCS�
systems�must�be�designed�with�capability�for�long�term�cooling;�e.g.,�be�able�to�provide�cooling�
to�maintain�the�core�temperature�at�an�acceptably�low�value�for�a�sufficient�duration.���
�
To�address�GSI�191,�each�of�the�69�PWRs�in�the�U.S.�has�completed�a�broad�range�of�design�and�
operational�modifications.�Most�significant�among�these�changes�is�the�installation�of�advanced�
strainer�designs.��These�designs�are�generally�a�factor�of�40�or�larger�in�screen�area,�compared�
to�previous�screens.��But�equally�important,�they�incorporate�a�number�of�features�that�
minimize�the�potential�for�the�development�of�significant�head�loss�across�the�screens.���
�
Design�modifications�were�generally�completed�in�the�2006�2007�time�period.��Since�that�time�
PWR�licensees�have�completed�the�required�qualification�testing�of�the�strainers�and�have�
provided�detailed�information�to�the�NRC�in�response�to�Generic�Letter�2004�02.�
�
NRC�reviews�of�the�design�modifications�have�been�underway�for�some�time�and�the�
completion�of�these�reviews�has�been�frustrated�by�the�absence�of�clearly�defined�acceptance�
criteria�and�the�general�complexity�of�the�processes�and�phenomena�involved�in�the�required�
analyses.��The�complexity�and�multivariate�nature�of�the�event�progression,�coupled�with�the�
absence�of�a�comprehensive�database�addressing�the�full�range�of�encountered�phenomena�
has�led�to�a�calculation�process�that�accounts�for�uncertainties�in�a�very�conservative�manner.���
�
Each�phase�of�the�calculation�process,�while�interdependent,�involves�its�own�set�of�
phenomena�and�uncertainties.�Known�limitations�in�the�knowledge�base�of�these�phenomena�
and�associated�calculation�methods�are�typically�accounted�for�in�a�bounding�fashion�during�
each�phase�of�the�process.�The�combined�effect�of�these�bounding�calculations�is�a�pessimistic�
prediction�of�ECCS�recirculation�performance�that,�while�conservative,�provides�little�insight�
into�the�realistically�expected�performance�during�a�design�basis�event.��In�addition,�there�is�no�
unique�set�of�conditions�that�can�be�repeatedly�shown�to�represent�the�worst�case�for�
recirculation�performance.�This�necessitates�either�a�full�scope�set�of�calculations�looking�at�an�
effectively�boundless�set�of�possible�permutations�and�combinations�of�conditions,�or�a�more�
limited�set�of�calculations�that�combines�conditions�in�a�bounding,�often�unrepresentative,�
manner.�
�
This�paper�attempts�to�compare�the�modeled�behavior�of�ECCS�recirculation�under�design�basis�
assumptions�with�the�behavior�that�would�generally�be�expected.���Such�a�comparison,�while�
qualitative,�serves�to�more�clearly�identify�the�combinatory�impact�of�known�conservatisms.�
�
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2 �ECCS�Recirculation�Performance�
Typically�the�analyses�investigating�ECCS�operation�during�the�recirculation�phase�divide�the�
process�into�four�separate�phases:�(1)�Debris�Generation,�(2)�Debris�Transport,�(3)�Debris�
Accumulation�and�Headloss�and�(4)�Downstream�Effects.�A�fifth�“phase”�addressing�the�
potential�generation�and�impact�of�chemical�precipitates�is�also�included�in�the�calculation�
effort.��Key�aspects�of�debris�generation�are�the�determination�of�break�size�and�location,�break�
characteristics,�the�amount�of�debris�generated�by�the�break�(typically�specified�as�the�“zone�of�
influence”�or�ZOI),�and�debris�characteristics�(used�to�determine�whether�the�debris�is�
transported�to�the�strainer).�
�
Each�of�these�phases�is�examined�to�identify�the�predominant�conservatisms�along�with�the�
expected�behavior.��

2.1 Break�Size�and�Location�
Because�the�size�and�location�of�the�break�have�a�key�influence�on�a�number�of�key�parameters�
that�are�specific�to�each�plant’s�design�and�operation�(e.g.,�debris�generation�quantities,�debris�
transport�capability,�containment�flood�up�level�and�timing),�it�is�not�possible�to�predetermine�
the�limiting�break�size�or�its�location.�The�current�practice�is�to�analyze�a�full�range�of�break�
sizes,�ranging�from�the�smallest�break�that�has�the�potential�to�lead�to�ECCS�recirculation�
operation�to�a�full�double�ended�guillotine�break�of�the�largest�reactor�coolant�system�pipe.�
This�full�range�of�break�sizes�is�postulated�for�a�wide�range�of�potential�break�locations�to�
address�factors�such�as�variations�in�insulation�materials�on�and�around�postulated�break�
locations�and�proximity�to�the�recirculation�sump�and�its�influence�on�debris�transport.�
�
Current�guidance�calls�for�debris�generation�to�be�calculated�for�a�number�of�postulated�LOCAs�
of�different�sizes,�locations,�and�other�properties�sufficient�to�provide�assurance�that�the�most�
severe�postulated�LOCAs�are�evaluated.��This�process�is�applied�in�a�deterministic�fashion�
without�consideration�of�the�likelihood�of�a�limiting�size�break�occurring�at�the�limiting�location�
on�the�RCS.�This�can�lead�to�a�condition�where�the�limiting�break�is�controlled�by�a�unique�
combination�of�break�size,�location�and�transport�assumptions.�This�factor,�in�conjunction�with�
other,�more�traditional,�design�basis�assumptions�(e.g.,�limiting�single�failure,�maximum�
uncertainties�on�setpoints,�timings,�and�flow�rates)�can�easily�lead�to�one�or�more�extremely�
low�probability�events�dominating�calculation�results.�
�
Key�Design�Basis�Conservatism:�For�design�basis�ECCS�performance�calculations,�the�limiting�break�is�
controlled�by�a�unique�combination�of�break�size�and�location�that�make�it�highly�improbable.�
�
The�likelihood�of�a�large�rupture�in�PWR�coolant�piping�is�recognized�to�be�extremely�small�by�
industry�and�NRC.��Recent�assessments�performed�in�conjunction�with�a�proposed�rulemaking�
effort�to�redefine�the�design�basis�LOCA�event�indicate�the�likelihood�of�a�large�(>�10.1�to�11.2�
in�ID)�rupture�in�PWR�coolant�piping�to�be�less�than�1x10�5�per�year�with�the�likelihood�of�a�
design�basis�break�(full�double�ended�guillotine�rupture�of�RCS�coolant�piping)�on�the�order�of�
1x10�8�per�year.���
�



���������	
��
������������

�

� "�'��+�

�

It�is�widely�accepted�that�breaks�in�PWR�coolant�piping�will�manifest�themselves�first�as�small�
leaks,�allowing�time�for�shutdown�and�depressurization.��A�more�realistic�break�scenario�is�a�
much�slower�and�smaller�break�forming�with�either�a�fish�mouth�opening�along�the�length�of�a�
pipe�or�a�circumferential�failure.��Both�failure�styles�are�retarded�by�the�strength�of�the�pipe�
material�and�the�reduction�of�the�internal�pressure�due�to�the�opening�itself.���
�
PWR�coolant�piping�is�well�supported�and�effectively�precludes�formation�of�a�double�ended�
guillotine�break�with�full�offset�displacement�of�both�halves�of�the�pipe�at�locations�where�
breaks�could�realistically�be�postulated�to�occur.���
�
The�variation�in�quantities�of�debris�that�can�be�generated�by�breaks�of�different�sizes�was�
demonstrated�in�a�study�sponsored�by�NRC�(NUREG/CR�6762).��This�study�showed�debris�
volumes�of�1700�ft3�for�a�Large�LOCA�(>�6�in.�diameter),�compared�to�40�ft3�for�a�Medium�LOCA�
(4�to�6�in.�diameter)�and�25�ft3�for�a�Small�LOCA�(2�to�4�in.�diameter).�
�
Expected�Behavior:�The�likelihood�of�a�large�rupture�in�PWR�coolant�piping�is�less�than�1x10�5�per�year.��
Estimates�for�the�frequency�of�a�full�double�ended�rupture�of�the�main�coolant�piping�are�on�the�order�of�
1x10�8�per�year.��Smaller�piping�ruptures,�while�still�unlikely,�provide�a�better�measure�of�expected�
behavior.�

2.2 Break�Characteristics�
Given�a�postulated�break�size�and�location,�the�next�step�is�to�calculate�(or�estimate)�the�
quantity�and�size�distribution�of�debris�that�could�be�generated�as�a�direct�consequence�of�the�
break.�The�debris�generation�capability�of�a�break�is�dependent�on�a�number�of�factors�
including�break�size,�break�opening�characteristics�and�break�orientation,�as�well�as�
characteristics�of�materials�and�structures�surrounding�the�break.�While�a�number�of�tests�have�
been�performed�to�investigate�the�mechanics�of�debris�generation,�these�tests�are�limited�in�
scope.��Both�the�tests�and�the�resultant�interpretation�of�test�data�have�incorporated�
simplifying/bounding�assumptions�to�address�variability�in�key�parameters.�
�
One�important�simplifying�assumption�used�in�both�debris�generation�tests�and�subsequent�
modeling�of�the�tests�is�that�the�break�opening�time�is�instantaneous.�This�is�a�carry�over�
assumption�from�thermal�hydraulic�analyses�of�reactor�coolant�system�response�performed�in�
accordance�with�Appendix�K�to�10�CFR�Part�50.��
�
Key�Design�Basis�Conservatism:�Break�opening�time�is�instantaneous.�
�
The�assumption�of�an�instantaneous�break�opening�time�brings�into�consideration�the�potential�
formation�of�a�damaging�pressure�wave.��Component�insulation�can�be�destroyed�initially�by�
the�blast�effects�of�a�pressure�wave�that�expands�away�from�the�break.��Insulation�destruction�
is�then�continued�by�the�two�phase�jet�of�fluid�emanating�from�the�break.��Experiments�
performed�with�compressed�air�(to�simulate�an�LWR�pipe�rupture)�show�that�a�shock�wave�can�
be�formed�and�cause�substantial�damage�to�even�the�most�structurally�sound�insulation�
constructions�(e.g.,�steel�jacketed�insulation).��However,�for�breaks�involving�two�phase�fluids,�
damaging�shock�waves�are�highly�improbable.��
��
Damage�resulting�from�a�pressure�wave�is�highly�dependent�on�how�quickly�the�break�develops.���
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In�order�for�a�damaging�pressure�wave�to�occur,�the�break�opening�time�must�be�relatively�
short�(10’s�of�milliseconds).��Estimates�of�break�opening�times�for�a�full�double�ended�rupture�
derived�from�mechanical�response�analyses�show�that�the�quickest�opening�time�for�large�bore�
PWR�piping�is�on�the�order�of�100�milliseconds.��This�effectively�eliminates�the�potential�for�a�
damaging�pressure�wave�and�while�the�jet�of�two�phase�fluid�emanating�from�the�break�will�
cause�damage,�the�extent�of�damage�will�be�considerably�smaller�than�the�damage�assumed�to�
occur�for�the�postulated�instantaneous�break.���
�
The�expected�behavior�of�pipe�ruptures�for�large�bore�piping�in�U.S.�PWRs�is�that�piping�
ruptures,�if�they�occur,�are�most�likely�to�develop�slowly,�appearing�initially�as�small�leaks�that�
are�detected�and�allowing�time�to�complete�an�orderly�plant�shutdown.��This�behavior�is�readily�
acknowledged�and�supported�the�revisions�to�General�Design�Criterion�(GDC)�4�that�allow�the�
exclusion�of�local�dynamic�effects�for�Leak�Before�Break�(LBB)�qualified�piping.���
�
Expected�Behavior:�The�non�physical�assumption�of�an�instantaneous�opening�of�a�full�double�ended�
rupture�leads�to�a�significant�overestimation�of�the�debris�generation�potential�for�a�postulated�break.��
Even�conservative�estimates�of�minimum�break�opening�times�for�large�bore�piping�preclude�formation�
of�damaging�pressure�waves.��The�wide�recognition�that�a�large�RCS�pipe�is�more�likely�to�leak�and�be�
detected�by�the�plant’s�leakage�monitoring�systems�long�before�cracks�grow�to�unstable�sizes�is�referred�
to�as�leak�before�break�(LBB)�and�is�an�accepted�part�of�regulatory�compliance�with�GDC�4�for�most,�if�
not�all,�PWRs.���

2.3 Zone�of�Influence�
Determination�of�the�amount�of�debris�that�is�generated�for�a�given�break�is�a�complex�problem�
involving�a�three�dimensional�jet�of�two�phase�fluid�expanding�into�a�region�composed�of�a�
multitude�of�materials�in�widely�varying�geometric�configurations.��A�number�of�conservative�
simplifications�of�the�problem�have�been�proposed�and�used.�One�method�for�estimating�the�
amount�of�debris�generated�by�a�postulated�LOCA�is�to�define�a�spherical�zone�of�influence�
(ZOI).��This�generally�maximizes�the�total�quantity�of�material�that�is�calculated�to�be�destroyed�
by�the�postulated�break.��
�
Key�Design�Basis�Conservatism:�A�non�prototypic�spherical�zone�of�influence�is�used�to�maximize�the�
affected�volume�surrounding�the�postulated�break.�
�
Expected�Behavior:�While�dependent�on�postulated�break�characteristics,�the�zone�of�destruction�around�
a�break�will�generally�be�focused�in�a�single�direction,�significantly�limiting�the�“zone”�of�materials�
subjected�to�break�forces.�
�
The�size�of�the�ZOI�is�dependent�on�the�size�of�the�break�and�on�the�materials�considered�within�
the�zone.�Once�the�ZOI�is�defined,�all�materials�within�the�zone�are�assumed�to�be�damaged.�
The�simplicity�of�these�models�inevitably�results�in�an�overestimation�of�the�quantity�of�debris�
generated�by�a�postulated�break.�
�
Many�of�the�ZOI’s�in�use�by�the�industry�are�based�upon�air�jet�destruction�testing.��As�
discussed�above,�air�jet�testing�provides�a�conservative�ZOI�compared�to�two�phase�flow�
testing.��However,�during�the�review�of�industry�guidance,�NRC�decreased�the�damage�pressure�
for�many�materials�by�40%�(i.e.,�increased�the�ZOI�by�270%)�to�conservatively�bound�a�single�
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test�result�performed�using�a�two�phase�jet.���The�NRC�safety�evaluation�report�(SER)�on�
industry�guidance�did�note�that�material�specific�test�data�can�be�used�to�replace�the�reduced�
damage�pressure�thresholds�of�the�SER,�but�the�NRC�has�been�reluctant,�in�practice,�to�accept�
the�results�from�these�tests.��Industry�sponsored�testing�for�stainless�steel�encapsulated�
fiberglass�insulation�shows�a�threshold�for�damage�that�supports�an�order�of�magnitude�
reduction�in�debris�generation�from�NRC�SER�guidance.�
�
Key�Design�Basis�Conservatism:�Full�destruction�of�materials�within�a�conservatively�determined�
spherical�ZOI�based�upon�a�conservative�extrapolation�of�limited�test�data�performed�under�non�
prototypic�conditions,�with�limiting�configurations�
�
Expected�Behavior:�The�sparse�database�on�insulation�destruction�testing�has�forced�the�use�of�bounding�
results.��For�example:�results�based�on�Aluminum�jacketed�insulation�is�applied�to�stainless�steel�jacketed�
insulation;�all�insulation�is�presumed�to�have�a�limited�seam�orientation�relative�to�the�break.�The�ZOI�for�
insulation�materials�is�expected�to�be�significantly�smaller�than�that�predicted�by�the�NRC�guidance�due�
to�real�factors�such�as�the�absence�of�a�damaging�pressure�wave,�greater�structural�integrity�than�tested�
materials,�non�limiting�seam�orientations,�etc.���

2.4 Debris�Characteristics�
�
In�the�absence�of�applicable�PWR�experimental�data�for�a�wide�variety�of�material,�the�NEI�04�
07�guidance�report�(GR)�adopted�a�two�size�distribution�for�material�inside�of�the�ZOI�of�a�
postulated�double�ended�guillotine�break:�small�fines�and�large�pieces.�Small�fines�were�defined�
as�any�material�that�could�transport�through�gratings,�trash�racks,�or�radiological�protection�
fences�by�blowdown,�containment�sprays,�or�post�LOCA�pool�flows.��Furthermore,�the�small�
fines�were�assumed�to�be�the�basic�constituent�of�the�material�for�fibrous�blankets,�(i.e.�
individual�fibers)�and�pigments�for�coatings.���
�
Some�material�in�the�post�DBA�environment�will�be�eroded�by�the�water�flows.�Additionally,�
some�debris�material�may�be�disintegrated�by�the�water�flow.�The�NEI�04�07�classification�for�
fibrous�material�in�the�ZOI�assumed�that�all�fibrous�materials�classified�as�small�fines�are�
essentially�reduced�to�the�individual�fibers.�As�such,�the�NEI�04�07�debris�classification�implicitly�
considers�the�erosion�and�disintegration�of�the�debris�by�conservatively�assuming�that�they�are�
already�of�a�characteristic�size�that�cannot�be�further�decreased�by�erosion�or�disintegration.��
�
The�main�source�of�data�on�debris�size�distribution�of�material�subjected�to�simulated�pipe�
break�conditions�are�those�reported�in�guidance�prepared�over�10�year�ago�by�the�BWROG�for�
resolving�debris�impacts�on�BWR�recirculation�strainers.��These�tests�were�performed�using�air�
jets�to�simulate�two�phase�water�jets.��In�developing�industry�guidance�for�PWRs,�there�was�an�
absence�of�data�for�fiberglass�blankets�subjected�to�PWR�prototypical�conditions.��The�
NEI�04�07�guidance�selected�the�test�of�the�insulation�that�had�the�most�data�points�(NUKON®)�
that�produced�the�smallest�fines�and�adopted�this�point�as�the�bounding�values�of�fines�
production�for�fibrous�blankets1.�The�only�public�data�on�size�distribution�following�exposure�to�
simulation�of�a�pipe�break�under�conditions�close�to�PWR�prototypical�conditions�are�depicted�

�������������������������������������������������������
1�Recent�testing�of�jacketed�fiberglass�insulation�subjected�to�PWR�conditions�shows�a�significantly�smaller�ZOI�
compared�to�previous�testing.��This�testing,�however,�did�not�provide�debris�destruction�characteristics�data.��
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in�Table�3�7�of�NUREG/CR�6808�for�an�unspecified�low�density�fiberglass�tested�at�Ontario�
Power�Generation.��Those�data�show�that�52%�was�in�the�category�defined�as�small�fines�by�NEI�
04�07.��For�conservatism,�the�NEI�04�07�guidance�selected�the�BWROG�test�that�generated�the�
highest�fines�fraction�and�rounded�it�up�to�60%�small�fines�and�40%�large�pieces.�For�materials�
that�do�not�have�existing�test�results,�the�size�distribution�adopted�by�NEI�04�07�was�100%�
fines.�
�
Key�Design�Basis�Conservatism:����The�test�that�generated�the�highest�percentage�of�fines�was�used�as�
the�basis�for�the�fiber�small�fines�fraction.�This�size�distribution�applies�over�the�entire�ZOI�neglecting�the�
reduction�in�small�fines�fraction�with�increasing�distance�from�the�break.�
�
A�realistic�break�will�have�an�opening�time�of�hundreds�of�milliseconds�as�opposed�to�the�
instantaneous�break�opening�time�assumed�for�a�design�basis�double�ended�guillotine�break.�
The�longer�opening�time�minimizes�any�resulting�overpressure�wave.�The�overpressure�wave�is�
considered�to�be�a�significant�damage�factor�causing�fracturing�of�the�insulation�material.�With�
the�absence�of�a�damaging�overpressure�wave�the�small�fines�fraction�will�be�significantly�lower�
than�the�60%�fraction�adopted�by�the�NEI�04�07�guidance.��
�
With�increasing�distance�from�a�break,�there�will�be�a�reduction�in�the�fraction�of�fines.�The�
following�graph�illustrates�the�size�distribution�as�a�function�of�the�jet�centerline�pressure.���

�
For�jet�centerline�pressures�less�than�about�15�psi�(radius�greater�than�about�8�D)�the�fraction�
of�small�fines�is�reduced�significantly.�The�application�of�the�NEI�04�07�size�distribution�for�ZOIs�
greater�than�8D�will�significantly�overestimate�the�total�quantity�of�small�fines�produced,�hence�
significantly�overestimating�the�quantity�of�fibers�calculated�to�reach�the�strainer.��
�
Expected�Behavior:�The�debris�size�distribution�of�insulation�debris�caused�by�high�energy�pipe�rupture�
will�consist�mostly�of�large�pieces,�with�a�small�fraction�of�small�fines�due�to�jet�impingement�close�to�the�
break�location.�Most�large�pieces�will�not�transport�to�the�screen,�hence�the�debris�loads�on�the�strainer�
will�be�significantly�smaller�than�current�analyses�predict.���
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2.5 Debris�Transport�
The�dispersion�of�debris�throughout�a�PWR�containment�(whether�it�is�pre�existing�latent�
debris,�particulate�and�fibrous�debris�generated�by�the�pipe�break,�or�debris�due�to�failures�
later�in�the�event)�varies�based�on�the�containment�design.�The�methodology�in�the�NEI�
Guidance�Report�and�in�the�NRC�Safety�Evaluation�is�largely�based�on�research�at�the�University�
of�New�Mexico�(UNM)�that�was�based�on�the�general�geometry�of�one�plant.��This�research�was�
based�on�plant�designs�prior�to�modifications�made�for�GSI�191.��Due�to�the�large�variation�in�
plant�layouts�and�the�complexity�of�debris�transport,�the�research�and�resulting�guidance�
employs�a�number�of�simplifying,�conservative�assumptions.���
�
Although�the�UNM�research�investigated�how�debris�would�be�distributed�by�the�pipe�break�
and�what�phenomena�could�transport�debris,�it�did�not�examine�the�transport�of�debris�
between�the�initial�flooding�of�the�pool�floor�and�the�beginning�of�recirculation.�In�PWRs,�there�
is�a�significant�time�delay�between�the�generation�of�the�debris�and�the�start�of�recirculation.�
During�that�time,�as�the�pool�fills�with�water�from�the�break,�from�condensation,�and�from�the�
containment�spray�system,�debris�will�be�pushed�away�from�locations�where�water�is�entering�
and�that�debris�will�generally�settle�to�the�floor�in�agglomerated�piles.�The�time�between�break�
initiation�and�start�of�recirculation�is�generally�30�minutes�or�longer.��This�time�period�is�an�
order�of�magnitude�longer�than�the�time�it�takes�debris�to�settle�in�the�high�temperature�water�
during�this�period�(generally�160�to�250�degrees�F).���
�

�
Expected�Behavior:��Although�fine�debris�would�be�easily�carried�by�draining�spray�flow,�a�significant�
quantity�of�fines�would�likely�be�retained�on�walls�and�structures�above�the�containment�pool�due�to�
incomplete�spray�coverage�and�hold�up�on�structures.�Even�in�areas�that�are�directly�impacted�by�sprays,�
some�amount�of�fines�would�agglomerate�together�and�likely�be�left�behind.�
�
Key�Design�Basis�Conservatism:����All�fine�debris�is�assumed�to�transport�to�the�surface�of�the�strainer.�
Flows�that�are�sufficient�to�cause�any�movement�of�individual�pieces�of�small�and�large�debris�are�
assumed�to�transport�the�debris�to�the�strainer.�
�
Expected�Behavior:��Debris�present�or�generated�at�the�beginning�of�the�event�will�generally�be�pushed�
by�break�and�spray�flows�into�quiescent�regions�and�will�reside�as�debris�piles.��At�the�start�of�
recirculation,�it�would�take�substantially�higher�flow�rate�to�cause�movement�of�these�piles�of�debris.�
Even�if�these�piles�of�debris�were�to�move,�there�are�numerous�obstacles�(supports,�equipment,�curbs,�
etc.)�that�would�prevent�debris�from�reaching�the�strainers.�
�
Most�PWRs�have�one�or�more�compartments�that�are�lower�than�the�sump�recirculation�pool�
floor.��During�the�filling�of�the�recirculation�pool,�the�direction�of�water�and�debris�flow�would�
be�to�the�lowest�point.�Debris,�which�flows�by�gravity�to�the�inactive�compartments,�cannot�
affect�the�strainers.��In�containment�where�these�compartments�are�large,�the�NRC�restricts�
credit�for�them.������
�
Key�Design�Basis�Conservatism:����Credit�for�inactive�pool�regions�of�containment�is��limited�to�15%.�
�

Key�Design�Basis�Conservatism:�����All�fine�debris�is�assumed�to�wash�down�to�the�sump�pool�elevation�
with�no�holdup�on�structures.�
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Expected�Behavior:��In�a�prototypical�plant,�most�of�the�debris�generated�would�wash�down�quickly.�
Substantially�more�than�15%�of�the�fine�debris�would�transport�to�the�inactive�sump�regions�where�it�
could�not�affect�sump�performance.�
�
Research�conducted�for�BWRs�demonstrated�that�significant�quantities�of�debris�could�be�held�
up�on�grating�immediately�under�the�pipe�break�and�noted�a�high�degree�of�breakdown�of�that�
debris.��This�scenario�is�not�prototypical�of�PWRs.��Data�such�as�this�were�used�to�support�a�
conservatively�high�fiberglass�erosion�value�of�90%.��As�noted�above,�the�debris�in�PWRs�would�
be�pushed�into�relatively�quiet�regions�early�in�the�event�and�would�generally�not�be�
susceptible�to�this�phenomenon.�Industry�testing�under�prototypical�PWR�conditions�shows�
only�about�2%�of�the�small�low�density�fiberglass�pieces�would�be�separated�into�fine�debris�
whereas�the�NRC�criteria�in�the�safety�evaluation�was�90%�based�on�BWR�characteristics.���
�

�
Expected�Behavior:��Testing�shows�that�fibers�do�not�“erode”�from�fibrous�insulation�under�the�low�flow�
conditions�present�in�PWR�containments.�Loose�fibers�on�the�surface�of�small�pieces�will�be�pulled�away�if�
subjected�to�enough�velocity�and�turbulence.�In�a�prototypical�plant,�this�type�of�debris�would�be�
transported�along�with�other�types�of�debris�to�low�velocity�areas�on�the�pool�floor�(similar�to�a�sand�bar�
formation)�where�little�or�no�loss�of�individual�fibers�could�occur.�
�
The�current�expected�method�of�determining�the�debris�deposition�on�the�strainer�surface�is�to�
assume�a�uniform�distribution�of�debris�across�all�strainer�surfaces,�even�where�strainer�
approach�velocities�are�too�low�to�support�transport�of�debris�to�those�surfaces.�

�
Uniform�debris�transport�and�deposition�is�not�prototypical�for�the�complex�strainer�designs�
currently�in�use�by�PWRs.��The�debris�quantity�which�reaches�the�strainer�has�been�shown�to�be�
significantly�reduced�and�non�uniform�where�testing�employed�prototypical�aspects�such�as�
credit�for�gravity�in�the�flow�field�near�the�strainers.�
�
Under�prototypical�conditions,�the�debris�transported�to�the�strainer�surface�is�expected�to�be�a�
small�percentage�of�that�tested�for�many�plants.��The�formation�of�a�uniform�thin�bed�is�highly�
unlikely.�����
�
Expected�Behavior:��Testing�shows�that�debris�transport�to�the�surface�of�complex�strainers�will�not�be�
uniform,�unless�it�is�artificially�induced�in�the�testing.�Some�settling�and�uneven�debris�distribution�is�
prototypical.�This�results�in�significantly�lower�head�loss�across�the�strainers.�����

2.6 Chemical�Effects�
Calculating�the�formation�of�various�precipitates�and�determining�their�impact�on�ECCS�strainer�
performance�is�an�important�part�of�the�evaluation�that�attempts�to�simulate�a�relatively�
complex�series�of�chemical�interactions.��The�formation�of�the�various�precipitates�predicted�to�
give�rise�to�chemical�effects�can�be�broken�down�into�two�key�steps:��

Key�Design�Basis�Conservatism:���Accepted�guidance�calls�for�conservatively�high�erosion�percentages�for�
non�transportable�sizes�of�fiberglass�insulation.��Accepted�values�range�from�40%�to�90%�erosion�of�small�
fiberglass�pieces�into�individual�transportable�fibers.�

Key�Design�Basis�Conservatism:����Prescribed�guidance�calls�for�uniform�debris�transport�to�and�
deposition�on�the�strainer�surfaces.�
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1. the�release�of�relevant�chemical�species�(aluminum,�calcium,�silicate,�phosphate)�into�
the�sump�water�by�corrosion�or�dissolution�of�alloys,�insulation,�concrete,�etc.,�

2. the�subsequent�chemical�reactions�between�dissolved�species�leading�to�the�formation�
of�a�precipitate.���

�
In�general,�the�equations�developed�to�model�Step�1,�the�release�of�the�various�elements�as�a�
function�of�temperature,�pH,�time,�etc.,�appear�reasonable,�although�long�term�releases�may�be�
overestimated�because�models�tend�to�ignore�the�passivation�of�surfaces�due�to�the�formation�
of�surface�films.��This�behavior�was�observed�in�integrated�chemical�effects�testing�jointly�
sponsored�by�industry�and�NRC�(ICET�tests).��
�
Key�Design�Basis�Conservatism:��NRC�accepted�chemical�effects�modeling�(WCAP�16530)�relies�largely�
upon�short�term�release�rates�(hours)�for�the�determination�of�long�term�releases�(30�days).�
�
�The�expected�behavior�for�most�materials�is�shown�in�Figure�1.��A�plateau�in�release�rate�is�
reached�either�because�of�surface�passivation�or�because�the�concentration�of�the�dissolving�
species�reaches�a�solubility�limit.�Using�a�release�rate�obtained�from�short�term�tests�(see�Figure�
1)�will�result�in�a�much�higher�total�release�than�a�release�rate�obtained�from�longer�term�tests.��
Total�releases�based�on�short�term�results�can�be�overestimated�by�one�to�two�orders�of�
magnitude.���
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Figure�1:��Hypothetical�release�curve�for�species�X�into�the�post�LOCA�sump�water�as�a�
function�of�time�at�constant�temperature�and�pH.���
�
Expected�Behavior:��Long�term�release�rates�of�constituent�materials�are�expected�to�be�one�to�two�
orders�of�magnitude�lower�than�that�predicted�by�design�basis�models�due�to�surface�passivation�and�
formation�of�surface�films.�
�
Step�2,�precipitate�formation,�is�a�much�more�complex�calculation�process.��Precipitation�will�
only�occur�when�the�concentrations�of�species�in�solution�exceed�the�solubility�limit,�with�
respect�to�a�solid�phase,�of�the�relevant�solution�species.��This�will�not�occur�for�some�period�



���������	
��
������������

�

� "�'���1�

�

following�the�start�of�an�accident�because�of�the�time�required�for�the�various�corrosion�or�
dissolution�reactions�to�occur�(Figure�1).��Two�scenarios�are�possible:�
�

1. At�constant�temperature�and�pH,�the�concentrations�of�the�relevant�species�increase�in�
solution�due�to�their�release�during�Step�1,�until�the�solubility�limit�for�the�precipitating�
phase�is�exceeded�(e.g.,�condition�A�in�Figure�2),�or�

2. A�change�in�temperature�and/or�pH�results�in�a�decrease�in�the�solubility�of�the�
precipitating�phase�such�that�it�is�now�lower�than�the�solution�concentration�(e.g.,�
condition�B�in�Figure�2).��

�
Typically,�some�amount�of�supersaturation�(degree�of�supersaturation)�is�required�before�
precipitation�occurs�(Figure�2).��Clearly�in�Scenario�2�a�much�higher�degree�of�supersaturation�
can�occur,�increasing�the�likelihood�of�precipitation.�

�
Figure�2:�Release�curve�from�Figure�1,�and�hypothetical�solubility�limits�under�two�conditions�A�and�B�with�
different�sump�pHs�and/or�temperatures.��The�assumed�solubility�limit�for�the�precipitating�phase�(precipitate�X)�
is�assumed�to�be�0.4�concentration�units�under�condition�A�and�0.1�concentration�units�under�condition�B.�
�
Modeling�the�solubility�behavior�of�relevant�precipitates�is�challenging;�a�simple,�but�very�
conservative,�assumption�is�to�predict�that�100%�of�the�species�of�interest�precipitates.���
�
Key�Design�Basis�Conservatism:��100%�of�chemical�species�of�interest�are�assumed�to�precipitate.��These�
precipitates�are�further�assumed�to�be�present�at�the�beginning�of�the�event�when�flow�margins�are�at�a�
minimum.�
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In�the�case�of�aluminum�hydroxide,�recent�measurements�at�ANL2�define�clearly�the�solubility�
limits�of�aluminum�in�PWR�sump�water�and�these�data�can�be�used�to�significantly�reduce�the�
conservatism�if�the�pH�and�temperature�are�not�too�low.���For�example,�at�pH�9�and�40oC�the�
assumption�of�complete�precipitation�is�1�2�orders�of�magnitude�too�conservative.�
�
Expected�Behavior:��When�solubility�limits�are�taken�into�account,�the�predicted�precipitation�is�reduced�
by�1�2�orders�of�magnitude.��Further,�precipitates�will�form�during�periods�when�flow�margins�are�
greater.�
�
Kinetic�effects�may�slow�precipitation�even�when�the�solubility�limit�is�reached,�and�typically�
some�degree�of�supersaturation�with�respect�to�the�solubility�of�the�precipitating�phase�is�
required�to�initiate�precipitation.��In�general,�the�approach�to�equilibrium�from�supersaturated�
solutions�can�be�very�slow,�and�involves�the�formation�of�one�or�more�thermodynamically�
metastable�phases�with�a�higher�solubility�than�the�thermodynamically�stable�phase�under�the�
test�conditions.��For�example,�most�studies�of�aluminum�hydroxide�precipitation�carried�out�
under�PWR�post�LOCA�sump�water�conditions�have�shown�that�the�solubility�of�aluminum�in�
these�solutions�is�higher�(by�as�much�as�3�orders�of�magnitude)�than�the�reported�solubilities�of�
aluminum�hydroxide�or�oxyhydroxide�crystalline�phases,�as�a�result�of�the�interactions�of�boric�
acid�with�aluminum�and�because�of�the�formation�of�higher�solubility,�metastable�phases.��
Kinetics�factors�will�influence�the�properties�of�the�precipitate�formed.���
�
Kinetics�factors�also�determine�which�precipitates�will�form;�while�thermodynamic�calculations�
predict�the�precipitation�of�a�number�of�silicate�species,�these�phases�were�not�observed�to�
form�in�integrated�chemical�effects�testing�jointly�sponsored�by�industry�and�NRC.��While�these�
silicates�are�the�thermodynamically�stable�phases,�their�formation�is�kinetically�slow.��Testing�
with�sodium�aluminum�silicate�can�therefore�be�excessively�conservative;�due�to�the�much�
higher�molecular�weight�of�aluminosilicate�species,�the�incorporation�of�Al�into�a�silicate�species�
will�result�in�the�need�to�add�about�three�times�more�precipitate�to�the�test�rig�than�if�only�
aluminum�hydroxide�is�formed.�����
�
Both�homogeneous�(reaction�between�molecules�in�solution�to�form�a�precipitate�in�the�
solution)�and�heterogeneous�(reaction�between�molecules�and�a�suitable�surface�to�form�a�
precipitate�on�the�surface)�nucleation�can�occur;�heterogeneous�nucleation�is�more�likely�at�
lower�degrees�of�supersaturation,�while�homogeneous�nucleation�will�occur�when�the�degree�
of�supersaturation�is�very�high.��In�the�post�LOCA�sump,�the�large�surface�areas�in�containment�
and�of�the�debris�will�provide�numerous�sites�for�heterogeneous�nucleation�of�precipitates,�
reducing�the�concentration�of�chemicals�able�to�undergo�homogeneous�nucleation.����
�
Key�Design�Basis�Conservatism:��The�current�models�call�for�chemical�precipitate�formation�in�a�form�
readily�transported�to�the�sump�screen.�
�
Expected�Behavior:�A�significant�portion�of�precipitate�formation�will�occur�on�the�large�surface�areas�in�
containment�and�will�not�be�readily�transported�to�the�strainer.�
�
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2�C.�B.�Bahn,�K.�E.�Kasza,�W.�J.�Shack,�and�K.�Natesan,�Aluminum�Solubility�in�Boron�Containing�Solutions�as�a�
Function�of�pH�and�Temperature,�September�19,�2008,�Argonne�National�Laboratory�
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To�be�truly�prototypical,�precipitates�for�chemical�effects�testing�should�be�prepared�in�situ�in�
integrated�tests�in�which�the�construction�materials�(aluminium,�concrete,�etc.)�and�debris�are�
exposed�to�simulated�sump�water�(with�chemistry,�pH�and�temperature�correctly�modeled),�
allowed�to�corrode�or�dissolve�and�then�to�react�to�form�precipitates�slowly�over�time.��The�ICET�
tests�are�a�good�example�of�prototypical�precipitate�formation,�and�provide�valuable�insights�
into�the�expected�behavior�of�precipitates.��
�
Moving�down�one�level�of�test�complexity,�the�corrosion�and�dissolution�step�can�be�simulated�
by�the�addition�of�chemical�reactants�to�the�test�rig�based�on�a�detailed�model�of�the�time�
dependent�post�LOCA�sump�chemistry.��The�test�results�can�be�benchmarked�against�the�ICET�
tests�to�ensure�prototypical�precipitate�behavior.��This�approach�reduces�two�key�conservatisms�
by:�
� Allowing�the�added�reactants�to�form�precipitates�both�in�solution�and�on�rig�surfaces,�and�
� Explicitly�accounting�for�solubility�effects.����

�
The�least�prototypical�test�method�is�to�produce�precipitates�outside�the�test�rig.��Precipitate�
generation�is�based�on�the�calculated�full�chemical�loading�at�the�end�of�the�mission�time.��To�
produce�the�relatively�large�masses�of�precipitates�required�for�testing�using�reasonable�
volumes�of�reagents,�unrealistically�high�reagent�concentrations�are�typically�used�during�
precipitate�generation.��For�example,�the�procedure�for�preparation�of�aluminum�oxyhydroxide�
given�in�WCAP�16530�NP�recommends�that�the�concentration�of�aluminum�oxyhydroxide�in�a�
mixing�tank�not�exceed�11�g/L,�corresponding�to�an�aluminum�concentration�of�5000�mg/L.��As�
noted�earlier,�the�physical�properties�of�precipitates�formed�by�rapid�precipitation�at�these�very�
high�concentrations�will�be�very�different�from�the�properties�of�precipitates�formed�slowly�at�
much�lower�concentrations.���

2.7 Debris�Accumulation�and�Headloss�
Utilizing�the�results�from�debris�generation�and�transport�calculations,�PWR�licensees�
performed�scaled�testing�using�prototype�strainers�installed�in�test�tanks�and/or�flumes�to�
determine�headloss�across�debris�laden�strainers�under�DBA�conditions.��The�conservatisms�
related�to�debris�generation,�debris�size�characteristics,�debris�transport�and�chemical�effects�
discussed�in�previous�sections�are�directly�related�to�strainer�testing�in�that�these�calculations�
form�the�test�conditions�for�strainer�performance.��������
�
Thin�Bed�Testing�
Strainer�headloss�testing�is�performed�to�determine�the�limiting�headloss�conditions.��One�
potentially�limiting�condition�is�the�“thin�bed�effect”.��The�“thin�bed�effect”�refers�to�a�condition�
where�a�significant�head�loss�can�occur�when�a�uniform�thin�fiber�bed�is�formed�across�the�
strainer�surface�which�in�combination�with�particulate�and/or�chemical�precipitates�is�
compressed�into�a�nearly�impervious�flow�bed.���The�NRC�thin�bed�test�protocol�calls�for�a�set�of�
conditions�designed�to�promote�the�formation�of�a�thin�bed�and�to�produce�the�highest�
possible�head�loss.��These�conditions�call�for�the�full�particulate�and�chemical�precipitate�load�to�
be�introduced�first,�followed�by�the�slow�introduction�of�fiber�fines�(individual�fibers�or�loosely�
bound�small�clumps�of�fibers)�and�finally�introduction�of�transportable�small�and�large�fiber�
pieces.���
�
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Key�Design�Basis�Conservatism:���During�strainer�thin�bed�testing,�the�full�particulate�load�is�introduced�
to�the�test�tank/flume�first,�followed�by�fiber�fines�and�finally�small�and�large�fiber�pieces.���This�debris�
introduction�sequence�is�non�prototypical�and�results�in�the�highest�strainer�head�loss.���
�
It�is�hard�to�visualize�a�sequence�of�events�following�a�DBA�that�would�lead�to�the�time�
dependent�arrival�of�different�debris�species�at�the�strainer.��Particulates�and�fiber�would�be�
expected�to�reach�the�strainer�at�the�same�time.��Furthermore,�the�fiber�size�distribution�is�
expected�to�be�random,�with�both�fines�and�larger�pieces�reaching�the�strainer�simultaneously.��
Fiber�fines�produce�a�relatively�high�headloss�in�the�presence�of�particulate�debris.��Lower�
headloss�is�measured�when�fiber�fines�and�larger�fiber�pieces�accumulate�simultaneously�with�
the�particulate�debris.��Moreover,�it�is�unlikely�that�the�debris�will�accumulate�in�a�perfect�thin�
bed�formation�without�any�other�debris�to�disrupt�the�bed�thereby�decreasing�headloss.��
Formation�of�a�uniform�thin�bed�is�specifically�hindered�by�the�complex�geometry�used�by�most�
PWR�strainer�designs.�
�
Expected�Behavior:���During�a�DBA,�particulate�debris,�fiber�fines,�and�larger�fibrous�debris�are�expected�
to�reach�the�strainer�at�the�same�time�resulting�in�lower�headloss�across�the�debris�bed.�
�
Treatment�of�Eroded�Fiber�
During�both�thin�bed�and�thick�bed�headloss�testing,�fiber�fines�eroded�from�larger�pieces�are�
assumed�to�be�produced�at�time�t�=�0,�and�are�therefore�included�with�the�initial�fiber�batches�
added�during�testing.���
�
Key�Design�Basis�Conservatism:���During�testing,�fiber�fines�produced�by�erosion�are�assumed�to�arrive�at�
the�strainer�at�time�t�=�0,�instead�of�hours�or�days�later�when�flow�margin�is�greater.�
�
In�reality,�as�demonstrated�by�testing,�erosion�of�large�fiber�pieces�is�expected�to�take�place�
over�a�period�of�hours�or�even�days.��Erosion�of�larger�fibrous�debris�generated�during�a�DBA�
will�occur�in�the�sump�pool�due�to�bulk�pool�velocity�and�as�a�result�of�energy�introduced�to�the�
pool�by�spray�flow�and�break�flow.��The�impact�of�debris�arriving�hours�or�days�after�the�DBA�is�
much�less�significant,�since�by�then�the�available�net�positive�suction�head�(NPSH)�for�the�ECCS�
pumps�has�increased�substantially�due�to�subcooling�of�the�sump�pool.�
�
Expected�Behavior:���Fiber�fines�created�by�erosion�will�arrive�at�the�strainer�over�a�period�of�hours�or�
even�days.��A�significant�portion�of�these�fines�will�arrive�after�flow�margin�has�increased�to�the�point�
where�additional�strainer�headloss�can�be�readily�accommodated.�
�
Treatment�of�Chemical�Precipitates�
In�addition�to�determining�headloss�due�to�fiber�and�particulate,�strainer�testing�also�
determines�headloss�resulting�from�chemical�precipitates.��Typical�strainer�testing�first�
determines�the�fiber/particulate�debris�bed�(thick�or�thin)�that�results�in�the�greatest�headloss.��
Then�the�total�quantity�of�chemical�precipitates�that�would�be�generated�over�the�assumed�30�
day�mission�time�is�added�to�that�limiting�debris�bed�to�determine�the�integrated�headloss.���
�
In�assuming�that�a�full�30�day�precipitate�load�is�transported�to�the�screen�early�in�the�event�
progression,�there�is�no�credit�taken�for�precipitate�formation�on�containment�surfaces�that�
would�inhibit�transport�and�no�credit�is�taken�for�settling�of�precipitates�in�quiescent�portions�of�
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the�containment.��Additionally,�under�DBA�conditions�some�particulate�and�fiber�debris�(e.g.,�
eroded�debris)�would�arrive�at�the�strainer�after�some�of�the�chemical�precipitates�arrive�
resulting�in�a�lower�strainer�headloss�than�the�tested�sequence.��
�
Key�Design�Basis�Conservatism:���During�testing,�a�full�30�day�chemical�precipitate�load�is�assumed�to�
arrive�at�the�strainer�at�the�earliest�possible�time�with�no�credit�for�settling�or�nucleation�on�containment�
surfaces.�
�
Key�Design�Basis�Conservatism:���During�testing,�all�fiber�and�particulate�debris�is�collected�on�the�
strainer�prior�to�addition�of�chemical�precipitates.�
�
As�outlined�in�Section�2.6,�chemical�precipitates�would�be�gradually�generated�in�the�sump�pool�
over�the�entire�ECCS�mission�time.���The�headloss�contribution�from�precipitates�arriving�later�in�
the�accident�sequence�would�be�offset�by�the�increase�in�NPSH�margin�due�to�sump�subcooling�
and/or�throttled�ECCS�flow�rates.��In�other�words,�higher�strainer�headloss�can�be�tolerated�
later�in�the�accident�sequence�than�at�the�beginning�of�the�sequence.��Precipitate�nucleation�on�
containment�surfaces,�as�well�as�precipitate�settling�in�quiescent�portions�of�the�containment�
are�expected�to�significantly�reduce�the�amount�of�precipitate�transported�to�the�containment�
screens.��Also�some�particulate�and�fiber�debris�would�arrive�at�the�strainer�after�some�of�the�
chemical�precipitates�arrive,�results�in�a�less�uniform�chemical�precipitate�“coating”�of�the�
underlying�debris�bed�and�therefore�lower�headloss.�
�
Expected�Behavior:���The�quantity�of�precipitate�arriving�at�the�strainer�surface�is�expected�to�be�
significantly�lower�that�tested�amounts.��In�addition�the�precipitate�is�expected�to�arrive�gradually�and�
resultant�headloss�would�be�compensated�by�increased�headloss�margins.�
�
Expected�Behavior:��The�chemical�precipitate�coating�on�the�strainer�would�be�less�uniform�than�that�
achieved�during�testing�since�some�fiber�and�particulate�debris�would�arrive�along�with�the�precipitates,�
producing�a�less�uniform�deposit.��A�less�uniform�coating�would�yield�a�lower�strainer�headloss.�
�
Treatment�of�Bypassed�Debris�
Strainer�headloss�testing�does�not�take�credit�for�debris�that�passes�through�the�perforations�in�
the�strainer.��Strainer�bypass�testing�has�demonstrated�that�some�fiber�and�particulate�debris�
will�in�fact�pass�through�the�strainer,�particularly�before�a�contiguous�debris�bed�has�formed.��A�
fraction�of�the�bypass�debris�may�eventually�collect�on�the�strainer�(during�subsequent�
recirculation�passes);�however,�a�significant�fraction�will�collect�in�other�areas�in�the�
recirculation�loop�(e.g.,�reactor�vessel�lower�plenum).��This�bypass�debris�does�not�contribute�to�
screen�headloss.�
�
Key�Design�Basis�Conservatism:���All�debris�predicted�to�reach�the�strainer�is�assumed�to�contribute�to�
debris�bed�development;�no�credit�is�taken�for�debris�that�reaches�the�strainer�but�does�not�contribute�
to�strainer�headloss�because�it�passes�through�the�strainer�and�settles�somewhere�else�in�the�
recirculation�flow�path.�������
�
Expected�Behavior:���Some�debris�reaching�the�strainer�will�pass�through�the�strainer,�collecting�
elsewhere�in�the�recirculation�flow�path�and�therefore�would�not�contribute�to�strainer�headloss.�
�
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Treatment�of�Settled�Debris�
In�situations�where�strainer�testing�is�performed�without�credit�for�near�field�settling,�the�test�
objective�is�to�ensure�that�all�debris�collects�on�the�strainer.��During�testing,�debris�is�introduced�
such�that�it�has�an�opportunity�to�collect�on�the�strainer.��However,�because�of�the�low�
approach�velocities�for�the�large�screens�currently�installed�in�PWRs,�some�debris�does�not�
adhere�to�the�strainer�surface�due�to�insufficient�suction�force�through�the�strainer�debris�bed.��
This�debris�instead�collects�on�the�tank�floor�immediately�adjacent�to�the�strainer.��In�order�to�
obtain�NRC�acceptance�of�the�testing�repeated�attempts�are�then�made�to�get�the�settled�
debris�back�onto�the�strainer�through�the�use�of�non�prototypic�mechanical�agitation.��Strainer�
headloss�is�seen�to�increase�during�such�evolutions�as�some�of�the�debris�eventually�is�captured�
on�the�strainer.���
�
Key�Design�Basis�Conservatism:���During�headloss�testing,�repeated�attempts�are�made�to�get�debris�
that�has�settled�in�the�immediate�vicinity�of�the�strainer�back�onto�the�strainer.�
�
During�a�DBA,�debris�reaching�the�vicinity�of�the�strainer�would�have�only�one�opportunity�to�
adhere�to�the�strainer�and�contribute�to�strainer�headloss.��Debris�that�failed�to�attach�to�the�
strainer�would�remain�where�it�settled.�
�
Expected�Behavior:���The�conservatism�of�debris�transport�calculations�is�clearly�demonstrated�in�testing�
where�non�prototypic�“mixing”�must�be�employed�to�prevent�natural�settling�of�debris.��Much�of�the�
debris�that�is�predicted�to�transport�to�the�strainer�will�settle�in�the�immediate�vicinity�of�the�strainer�and�
not�become�part�of�the�strainer�debris�bed.�
�
Treatment�of�Reflective�Metal�Insulation�
The�current�body�of�knowledge�indicates�that�presence�of�reflective�metal�insulation�(RMI)�
generally�results�in�lower�strainer�debris�bed�headlosses;�therefore,�testing�without�RMI�is�
preferred,�and�in�some�cases�required,�by�NRC�reviewers.��The�headloss�associated�with�RMI�
debris�is�treated�separately�from�the�headloss�associated�with�fibrous�and�particulate�debris.���
�
Key�Design�Basis�Conservatism:��During�testing,�metallic�insulation�debris�is�excluded�from�the�tested�
debris�bed�in�order�to�conservatively�bound�headloss.�
�

�
It�is�expected�that�the�RMI�would�mix�with�the�other�debris,�providing�open�flow�paths�through�
the�debris�bed�and�reducing�the�headloss.��For�strainer�testing�crediting�settlement,�RMI�as�well�
as�small�and�large�fiber�debris�predicted�not�to�transport�to�the�strainers�is�excluded�from�the�
testing�to�avoid�potential�capture�of�any�fine�particulate�and�fiber�in�the�test�rig.��
�
Expected�Behavior:���Some�of�the�smaller�metallic�insulation�debris�will�transport�to�the�strainer�and�
disrupt�formation�of�a�uniform�fiber/particulate�debris�bed.��This�results�in�lower�strainer�headloss.�
�
Expected�Behavior:���Under�DBA�conditions�any�debris�that�enters�the�sump�pool�but�does�not�transport�
to�the�strainer�would�capture�some�of�the�fine�debris�before�it�reaches�the�strainer.�

Key�Design�Basis�Conservatism:����Metallic�insulation�debris�that�is�predicted�to�enter�the�sump�pool�but�
not�reach�the�strainer�is�excluded�from�testing�to�prevent�capture�of�finer�debris�before�it�reaches�the�
strainer.�
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Assumed�Strainer�Flow�Rate�
For�the�purpose�of�strainer�testing,�the�ECCS�pumps�are�conservatively�assumed�to�operate�at�
worst�case�maximum�flows.��In�most�cases,�the�maximum�flow�will�be�lower�than�the�worst�case�
and�for�operator�actions�will�be�taken�to�secure�unneeded�pumps�upon�first�indications�of�
increased�strainer�headloss.��The�lower�flow�rates�will�yield�correspondingly�lower�headloss�
through�a�debris�laden�strainer.��
�
Key�Design�Basis�Conservatism:���Higher�than�expected�flow�rates�are�conservatively�used�during�
strainer�headloss�testing.�
�
Expected�Behavior:���Flow�rates�will�generally�be�lower�than�as�tested�flow�rates�and�operator�actions�to�
further�reduce�flow�would�be�expected�following�indications�of�significant�strainer�headloss.�
�
Extrapolation�of�Measured�Headloss�
Following�completion�of�strainer�headloss�testing,�the�data�must�be�evaluated�to�determine�
whether�it�is�representative�of�the�maximum�headloss�expected�following�completion�of�the�
ECCS�pumps�mission�time.��Most�strainer�tests�are�run�for�a�period�of�several�hours�to�several�
days.��However,�the�mission�time�for�ECCS�pumps�may�be�as�long�as�thirty�days�or�longer.��The�
headloss�test�plans�will�include�test�termination�criteria�(e.g.,�headloss�increases�by�no�more�
than�x�percent�in�y�hours�with�at�least�z�pool�turnovers).��To�address�the�full�30�day�mission�
time�the�headloss�test�results�are�extrapolated.���
�
Key�Design�Basis�Conservatism:���Measured�strainer�headloss�from�testing�is�extrapolated�to�the�full�30�
day�mission�time.�
�
In�many�cases,�head�loss�may�actually�peak�and�then�begins�to�diminish�with�time.��Tests�on�
prototypical�strainers�have�demonstrated�this�behavior.��A�plausible�explanation�is�that�strainer�
debris�beds�have�both�a�debris�accumulation�and�a�debris�removal�term.��Removal�is�via�
release/erosion/sloughing.��As�suspended�particulates�settle�out�of�the�flow�stream�and�
chemical�species�convert�from�an�amorphous�form�to�a�crystalline�form,�the�inventory�of�
suspended�debris�(and�therefore�the�accumulation�term)�drops,�eventually�to�less�than�the�
removal�term.��Tests�have�not�been�attempted�to�quantify�and�qualify�the�removal�effects�other�
than�in�attempts�to�bound�debris�bypassing�a�strainer.������
�
Expected�Behavior:���Strainer�headloss�will�reach�a�peak�value�and�then�decrease�over�time�due�to�
natural�settling�(sloughing)�of�the�debris�bed�or�other�changes�in�debris�bed�morphology.�

2.8 Downstream�Effects�
Actions�are�required�of�utilities�to�demonstrate�acceptable�long�term�core�cooling�with�debris�
and�chemical�products�in�the�recirculating�fluid.��Plants�have�to�perform�plant�specific�
evaluations�and�demonstrate�that�plant�conditions�are�bounded�by�the�debris�load�acceptance�
criteria.���
�
LOCADM�
Most�PWR�licensees�are�using�a�calculation�methodology�developed�by�the�PWROG�(LOCADM).��
LOCADM�provides�a�plant�specific�method�to�evaluate�post�LOCA�deposit�formation�on�fuel.��
The�modeling�approach�assumes�that�all�material�transported�to�the�fuel�surface�by�boiling�will�
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deposit.��Additionally,�since�LOCADM�does�not�contain�an�input�for�debris�which�bypasses�the�
sump�screen,�a�quantitative�estimate�of�the�effect�of�the�fiber�on�deposit�thickness�and�fuel�
temperature�can�be�accounted�for�in�LOCADM�by�use�of�a�“bump�up�factor”�applied�to�the�
initial�debris�inputs.�The�bump�up�factor�is�set�such�that�total�release�of�chemical�products�after�
30�days�is�increased�by�the�best�estimate�of�the�mass�of�the�fiber�that�bypasses�the�sump�
screen.�This�allows�the�bypassed�fiber�material�to�be�deposited�in�the�same�manner�as�a�
chemical�reaction�product.���

Additionally,�the�debris�is�assumed�to�be�homogenously�distributed�in�the�recirculating�fluid�
throughout�the�recirculation�phase�of�the�event.�This�assumption�maximizes�the�debris�that�is�
available.�

These�same�fiber�and�chemical�products�are�assumed�to�be�fully�caught�in�the�fuel�assembly�
grids�and�bottom�nozzle,�potentially�blocking�core�flow�for�the�fuel�assembly�tests�that�defined�
the�debris�load�acceptance�criteria;�this�double�accounting�for�debris�is�highly�conservative.���

�

Key�Design�Basis�Conservatisms:�Evaluations�for�in�vessel�responses�assume�a�worst�case�debris�
generation�scenario�where�all�debris�is�homogeneously�distributed�throughout�the�recirculation�phase�of�
the�event.��All�material�transported�by�boiling�is�assumed�to�deposit�on�the�fuel.��All�bypassed�fibrous�
material�is�assumed�to�deposit�on�the�fuel.��Deposits,�once�formed,�are�not�allowed�to�be�thinned�by�flow�
attrition�or�by�dissolution.�

�
The�material�that�is�transported�to�the�fuel�by�boiling�can�stay�in�solution,�settle�out�in�other�
parts�of�the�RCS�or�deposit�on�the�core.��The�assumption�that�all�the�material�that�enters�the�
core�will�deposit�is�conservative.���The�fibrous�material�that�bypasses�the�sump�screen�will�get�
caught�at�a�spacer�grid�or�stay�in�solution.��It�will�not�plate�out�on�the�core.�
The�debris�will�not�be�homogenously�distributed�in�the�recirculating�fluid�throughout�the�
recirculation�phase�of�the�event.�Pool�fill�up�dynamics�tend�to�move�debris�into�locations�that�
are�not�actively�involved�with�the�flow�path.�The�assumption�of�a�homogeneous�distribution�
provides�for�a�conservatively�large�debris�concentration�during�the�earlier�portion�of�the�
recirculation�portion�of�the�event.��
�
Expected�Behavior:�Only�some�material�will�be�transported�to�the�core,�less�will�accumulate�on�the�rods�
themselves;�fibrous�debris�will�get�caught�in�a�debris�bed�and�the�debris�will�not�be�homogeneously�
distributed.��Deposits,�once�formed,�will�be�thinned�by�flow�attrition�or�by�dissolution.��The�resulting�deposit�
thickness�is�expected�to�be�much�less�than�what�is�currently�predicted�by�approved�models�(LOCADM).�
�
Fuel�Assembly�Testing�
Fuel�assembly�tests�were�conducted�to�define�a�bounding�debris�limit�for�PWR�licensees.��The�
FA�test�program�was�conservatively�designed�in�order�to�bound�all�PWRs.��For�example,�testing�
was�conducted�to�promote�the�formation�of�a�uniform�debris�bed�across�the�inlet.��The�test�
achieved�this�goal�by�keeping�flow�approaching�the�bottom�nozzle�uniform�and�not�simulating�
complex�mixing.��The�test�protocol�also�promoted�higher�pressure�drops�by�the�order�of�debris�
introduction.�

�
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Key�Design�Basis�Conservatisms:�During�fuel�assembly�testing,�uniform�flows�were�used�and�lacked�
anticipated�complex�mixing�patterns�that�would�preclude�the�formation�of�a�uniform�debris�bed.��Debris�
constituents�were�introduced�in�a�non�prototypic�fashion�(i.e.,�introduction�of�particulate�debris�followed�
by�fibrous�debris)�to�promote�a�high�pressure�drop.��Additionally,�all�debris�that�bypasses�the�sump�
screens�is�assumed�to�reach�the�fuel�assembly�and�is�used�in�the�fuel�tests,�allowing�for�no�settling�and�no�
plating�on�the�hot�fuel�rods�despite�LOCADM�assumptions�to�the�contrary.�

�
In�contrast�to�the�uniform�flow�of�the�fuel�assembly�tests,�in�the�actual�lower�plenum,�the�flow�
approaching�the�core�inlet�will�not�be�uniform�because�the�flow�must�pass�around�and�through�
structures�in�the�reactor�vessel�lower�plenum.��Additionally,�the�fuel�assemblies�in�the�core�are�
not�all�at�the�same�power,�so�the�power�variation�will�create�density�differences�in�the�core�that�
will�draw�fluid�in�from�the�reactor�vessel�lower�plenum�in�a�non�uniform�way.��The�complex�
mixing�will�result�in�non�uniform�velocities�approaching�the�fuel�assembly�bottom�nozzle�so�a�
uniform�debris�bed�across�the�entire�core�inlet�is�less�likely�to�form�in�this�environment.��There�
will�be�a�simultaneous�arrival�of�fiber�and�particulate�debris�in�the�plant.�
�
Expected�Behavior:�The�probability�for�the�formation�of�a�uniform�debris�bed�is�low;�a�non�uniform�bed�
is�more�likely�and�less�limiting,�as�only�a�few�locations�without�blockages�in�the�core�are�required�to�allow�
for�coolant�flow�to�remove�heat�from�the�fuel.��The�simultaneous�arrival�of�fiber�and�particulate�will�also�
result�in�a�lower�pressure�drop.�
�
Hot�Leg�Break�Testing�
In�the�fuel�assembly�tests�that�simulated�a�hot�leg�break,�the�debris�laden�water�is�continuously�
circulated�without�filtration,�allowing�the�debris�multiple�opportunities�to�be�captured�on�the�
fuel.��Additionally,�while�the�entire�ECCS�volume�must�pass�through�the�core�to�reach�the�break,�
core�boiling�may�not�be�suppressed�following�a�hot�leg�break.��Boiling�was�not�simulated�in�the�
loop.�

�

Key�Design�Basis�Conservatisms:�Fuel�assembly�testing�ignored�expected�debris�attrition�mechanisms.��
Lack�of�consideration�for�filtration,�settling,�or�boiling�results�in�conservatively�high�pressure�drops.�

�
Once�the�debris�laden�fluid�exits�the�break,�it�is�returned�to�the�sump�where�it�can�settle�or�at�
least�be�filtered�again�before�it�can�return�to�the�RCS.��As�the�debris�bed�builds�up�on�the�sump�
strainer,�less�debris�reaches�the�RCS.��In�the�test�loop,�the�debris�laden�water�is�continuously�
circulated�without�filtration,�allowing�the�debris�multiple�opportunities�to�be�captured�on�the�
fuel.��Additionally,�there�will�be�a�simultaneous�arrival�of�fiber�and�particulate�debris�in�the�
plant.�
�
For�a�hot�leg�break,�core�boiling�may�not�be�suppressed.��This�is�more�likely�if�one�train�of�ECCS�
is�lost�to�a�failure.��With�boiling,�additional�turbulence�is�present�in�the�core�region,�which�will�
tend�to�remove�debris�from�the�spacer�grids�and�confine�blockages�to�isolated�regions.���
�
Expected�Behavior:�The�debris�laden�water,�once�passed�through�the�core,�will�return�to�the�sump.��The�
debris�will�settle�and/or�be�filtered�out�before�it�returns�to�the�RCS.��The�simultaneous�arrival�of�fiber�and�
particulate�will�also�result�in�a�lower�pressure�drop.��Boiling�in�the�core�will�provide�a�more�turbulent�
environment�which�will�tend�to�remove�debris�from�the�spacer�grids.�
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Cold�Leg�Break�Testing�
The�FA�tests�were�conducted�with�a�constant�velocity.��Additionally,�the�cold�leg�fuel�assembly�
tests�were�conducted�with�a�conservatively�high�amount�of�debris:��50%�of�total�debris�
amounts,�which�is�greater�than�that�expected�in�a�CE�NSSS�core�(<50%)�and�far�more�than�that�
expected�in�a�W�NSSS�(5�20%)�or�B&W�NSSS�(5�20%)�core.�The�amount�of�debris�simulated�in�
the�tests�is�larger�than�the�amount�of�debris�expected�to�reach�the�core.�

�

Key�Design�Basis�Conservatisms:�Fuel�assembly�testing�was�performed�with�quantities�of�debris�greater�
than�that�expected�to�reach�the�core.�

�
The�LOCA�occurs�in�one�of�the�cold�leg�pipes.��A�two�phase�jet�washes�insulation�and�particles�
into�the�sump.��Corrosion�processes�start�to�add�chemical�products.��After�about�30�minutes,�
recirculation�starts.�
�
In�the�plant,�the�recirculation�pumps�start�to�inject�from�the�sump�into�the�cold�leg.��Since�the�
break�is�in�the�cold�leg,�most�of�the�debris�and�coolant�flows�out�of�the�break.��The�amount�that�
makes�it�into�the�core�will�only�be�that�equal�to�the�steaming�rate,�which�decays�quickly�with�
time.��Most�of�the�flow�(and�debris)�gets�rapidly�pumped�into�the�RCS�where�it�flows�to�the�
break�location�and�back�to�the�sump�and�is�removed�to�some�extent�by�the�sump�screen�and�
settling.��The�debris�has�to�re�transport�from�the�break�site�back�to�the�sump.��The�amount�of�
chemicals�and�debris�making�it�through�the�sump�screen�will�decrease�with�time�as�the�sump�
screen�debris�bed�becomes�a�better�filter�with�time.��At�some�point,�HL�switchover�occurs�and�
the�safety�injection�enters�through�the�hot�leg.��
�
The�amount�of�chemical�and�particulate�is�limited�by�the�concentration�of�those�materials�in�the�
sump,�the�flow�rate�into�the�core,�and�the�time�until�hot�leg�switchover.��It�is�estimated�that�
only�about�10%�of�the�available�particulates�and�chemicals�would�arrive�at�the�reactor�assuming�
everything�was�evenly�distributed�in�the�sump�and�the�screen�removed�nothing.��If�the�screen�
removes�some�particulates�and�chemical,�then�the�flow�split�is�important,�and�much�less�than�
10%�of�the�particulates�and�chemicals�will�make�it�into�the�core.��For�the�fiber,�there�will�be�an�
initial�burst�followed�by�much�lower�levels�making�it�through�the�screen.��Knowing�the�bypass�
versus�time�is�important�in�deciding�how�much�can�get�into�the�core.��This�reduction�has�not�
been�credited.����
�

For�cold�leg�breaks,�flow�will�decrease�with�decay�heat�rather�than�remain�constant.��
Considering�a�constant�approach�velocity�to�the�fuel�assembly�bottom�nozzle�is�conservative�for�
a�cold�leg�break.���

�

Expected�Behavior:�Fuel�assembly�debris�buildup�will�be�considerably�lower�than�seen�in�the�tests�with�a�
low�likelihood�of�extensive�blockages�at�any�one�spacer�grid.�The�flow�rate�to�the�core�will�not�remain�
constant�–�it�will�decrease�which�results�in�a�lower�pressure�drop.���Therefore,�the�pressure�drop�at�the�
core�inlet�and�spacer�grids�for�a�cold�leg�break�will�be�considerably�less�than�observed�in�the�tests.�

�
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3 Cumulative�Impact�of�Conservatisms�
Uncertainties�in�complex�phenomenological�processes�are�inevitable.��Treatment�of�
uncertainties�through�the�use�of�conservative�assumptions�is�an�expected�part�of�design�basis�
calculations.��Treatment�of�uncertainties�in�this�manner�is�acceptable�provided�that�

� the�level�of�conservatism�is�reasonable�
� the�conservative�treatments�are�discrete�and�do�not�directly�affect�the�treatment�of�

other�uncertainties�
�
As�discussed�in�the�previous�section,�the�majority�of�the�calculation�effort�is�directly�related�to�
estimation�of�the�quantity�and�types�of�debris�predicted�to�arrive�on�the�ECCS�strainers�and�the�
resultant�headloss.��Conservative�assumptions�applied�to�one�step�in�the�process�directly�affect�
the�next�step�in�the�process.��Conservative�treatment�at�each�step�in�a�serial�process�quickly�
leads�to�a�very�unrealistic�representation�of�the�postulated�event.��This�result�is�further�
exaggerated�through�the�use�of�large�conservatisms.���
�
“Factor�of�Two”�Illustration�
For�the�purposes�of�illustration,�assume�a�5�step�process�for�calculating�the�amount�of�fine�
debris�reaching�the�strainer.�
�

1. Size�of�“zone”�impacted�by�the�postulated�break�
2. Amount�of�debris�generated�in�this�zone�
3. Portion�of�total�generated�debris�that�is�“fine”�
4. Portion�of�“fine”�debris�that�is�available�for�transport�
5. Portion�of�“fine”�debris�that�transports�to�the�strainer�

�
Even�though�significantly�larger�margins�are�applied,�for�the�purposes�of�illustration,�assume�a�
“factor�of�two”�conservatism�is�applied�to�each�step�of�the�process.��For�this�5�step�process,�
“factor�of�two”�conservatism�quickly�results�in�an�order�of�magnitude�overestimation�in�the�
amount�of�“fine”�debris�reaching�the�strainer.��
�
Table�1�provides�a�compilation�of�the�key�conservatisms/expected�behaviors�noted�in�the�
previous�section.��As�discussed�in�Section�2,�many�of�these�conservatisms,�individually,�lead�to�
an�order�of�magnitude�or�more�deviation�from�expected�behavior.��When�these�conservatisms�
are�combined,�the�end�result�is�a�prediction�of�design�basis�ECCS�recirculation�behavior�that�is�
orders�of�magnitude�more�severe�than�expected�behavior,�resulting�in�a�very�conservative�and�
unrealistic�strainer/core�head�loss.��
�



��������	
��
������������

�

� "�'��*��

�

�

�
�

Table�1�–�Comparison�of�Expected�Behavior�with�Key�Design�Basis�Conservatisms�
�

� Key�Design�Basis�Conservatism� Expected�Behavior�
Debris�Generation�
1� For�design�basis�ECCS�performance�

calculations,�the�limiting�break�is�
controlled�by�a�unique�combination�of�
break�size�and�location�that�make�it�
highly�improbable.�

The�likelihood�of�a�large�rupture�in�PWR�coolant�
piping�is�less�than�1x10�5�per�year.��Estimates�for�the�
frequency�of�a�full�double�ended�rupture�of�the�main�
coolant�piping�are�on�the�order�of�1x10�8�per�year.��
Smaller�piping�ruptures,�while�still�unlikely,�provide�a�
better�measure�of�expected�behavior.��

2� Break�opening�time�is�instantaneous. The�assumption�of�an�instantaneous�opening�of�a�full�
double�ended�rupture�is�physically�impossible�and�
leads�to�a�significant�overestimation�of�the�debris�
generation�potential�for�a�postulated�break.��Even�
conservative�estimates�of�minimum�break�opening�
times�for�large�bore�piping�remain�long�enough�to�
preclude�formation�of�damaging�pressure�waves.��The�
wide�recognition�that�a�large�RCS�pipe�is�more�likely�
to�leak�and�be�detected�by�the�plant’s�leakage�
monitoring�systems�long�before�cracks�grow�to�
unstable�sizes�is�referred�to�as�leak�before�break�
(LBB)�and�is�an�accepted�part�of�regulatory�
compliance�with�GDC�4�for�most,�if�not�all,�PWRs.��

3� A�non�prototypic�spherical�zone�of�
influence�is�used�to�maximize�the�
affected�volume�surrounding�the�
postulated�break.�

While�dependent�on�postulated�break�characteristics,�
the�zone�of�destruction�around�a�break�will�generally�
be�focused�in�a�single�direction,�significantly�limiting�
the�“zone”�of�materials�subjected�to�break�forces.

4� Full�destruction�of�materials�within�a�
conservatively�determined�spherical�ZOI�
based�upon�a�conservative�extrapolation�
of�limited�test�data�performed�under�
non�prototypic�conditions,�with�limiting�
configurations.��

The�sparse�database�on�insulation�destruction�testing�
has�forced�the�use�of�bounding�results.��For�example:�
results�based�on�Aluminum�encapsulated�insulation�is�
applied�to�SS�encapsulated�insulation;�all�insulation�is�
presumed�to�have�a�limited�seam�orientation�relative�
to�the�break.�The�ZOI�for�insulation�materials�is�
expected�to�be�significantly�smaller�than�that�
predicted�by�the�NRC�guidance�due�to�real�factors�
such�as�the�absence�of�a�damaging�pressure�wave,�
greater�structural�integrity�than�tested�materials,�
non�limiting�seam�orientations,�etc.�
���

5� The�test�that�generated�the�highest�
percentage�of�fines�was�used�as�the�basis�
for�the�fiber�small�fines�fraction.�This�size�
distribution�applies�over�the�entire�ZOI�
neglecting�the�reduction�in�small�fines�
fraction�with�increasing�distance�from�the�
break.�

The�debris�size�distribution�of�insulation�debris�
caused�by�high�energy�pipe�rupture�will�consist�
mostly�of�large�pieces,�with�a�small�fraction�of�small�
fines�due�to�jet�impingement�close�to�the�break�
location.�Most�large�pieces�will�not�transport�to�the�
screen,�hence�the�debris�loads�on�the�strainer�will�be�
significantly�smaller�than�current�analyses�predict.���
�
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Table�1�–�Comparison�of�Expected�Behavior�with�Key�Design�Basis�Conservatisms�
�

� Key�Design�Basis�Conservatism� Expected�Behavior�
Debris�Transport�
6� All�fine�debris�is�assumed�to�wash�down�

to�the�sump�pool�elevation�with�no�
holdup�on�structures.�

Although�fine�debris�would�be�easily�carried�by�
draining�spray�flow,�a�significant�quantity�of�fines�
would�likely�be�retained�on�walls�and�structures�
above�the�containment�pool�due�to�incomplete�spray�
coverage�and�hold�up�on�structures.�Even�in�areas�
that�are�directly�impacted�by�sprays,�some�amount�of�
fines�would�agglomerate�together�and�likely�be�left�
behind.

7� All�fine�debris�is�assumed�to�transport�to�
the�surface�of�the�strainer.�Flows�that�are�
sufficient�to�cause�any�movement�of�
individual�pieces�of�small�and�large�debris�
are�assumed�to�transport�the�debris�to�
the�strainer.�

Debris�present�or�generated�at�the�beginning�of�the�
event�will�generally�be�pushed�by�break�and�spray�
flows�into�quiescent�regions�and�will�reside�as�debris�
piles.��At�the�start�of�recirculation,�it�would�take�
substantially�higher�flow�rate�to�cause�movement�of�
these�piles�of�debris.�Even�if�these�piles�of�debris�were�
to�move,�there�are�numerous�obstacles�(supports,�
equipment,�curbs,�etc.)�that�would�prevent�debris�
from�reaching�the�strainers.

8� Credit�for�inactive�pool�regions�of�
containment�is�artificially�limited�to�15%.�

In�a�prototypical�plant,�most�of�the�debris�generated�
would�wash�down�quickly.�Substantially�more�than�
15%�of�the�fine�debris�would�transport�to�the�inactive�
sump�regions�where�it�could�not�affect�sump�
performance.�

9� Accepted�guidance�calls�for�
conservatively�high�erosion�percentages�
for�non�transportable�sizes�of�fiberglass�
insulation.��Accepted�values�range�from�
40%�to�90%�erosion�of�small�fiberglass�
pieces�into�individual�transportable�
fibers.�

Testing�shows�that�fibers�do�not�“erode”�from�fibrous�
insulation�under�the�low�flow�conditions�present�in�
PWR�containments.�Loose�fibers�on�the�surface�of�
small�pieces�will�be�pulled�away�if�subjected�to�
enough�velocity�and�turbulence.�In�a�prototypical�
plant,�this�type�of�debris�would�be�transported�along�
with�other�types�of�debris�to�low�velocity�areas�on�the�
pool�floor�(similar�to�a�sand�bar�formation)�where�
little�or�no�loss�of�individual�fibers�could�occur.�

10� Prescribed�guidance�calls�for�uniform�
debris�transport�to�the�strainer�surfaces.�

Testing�shows�that�debris�transport�to�the�surface�of�
complex�strainers�will�not�be�uniform,�unless�it�is�
artificially�induced�in�the�testing.�Some�settling�and�
uneven�debris�distribution�is�prototypical.�This�results�
in�significantly�lower�head�loss�across�the�strainers.�����

Chemical�Effects�
11� NRC�accepted�chemical�effects�modeling�

(WCAP�16530)�relies�upon�short�term�
release�rates�(hours)�for�the�
determination�of�long�term�releases�(30�
days).�

Long�term�release�rates�of�constituent�materials�are�
expected�to�be�one�to�two�orders�of�magnitude�lower�
that�predicted�by�design�basis�models�due�to�surface�
passivation�and�formation�of�surface�films.�
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Table�1�–�Comparison�of�Expected�Behavior�with�Key�Design�Basis�Conservatisms�
�

� Key�Design�Basis�Conservatism� Expected�Behavior�
12� 100%�of�chemical�species�of�interest�are�

assumed�to�precipitate.��These�
precipitates�are�further�assumed�to�be�
present�at�the�beginning�of�the�event�
when�flow�margins�are�at�a�minimum.�

When�solubility�limits�are�taken�into�account,�the�
predicted�precipitation�is�reduced�by�1�2�orders�of�
magnitude.��Further,�precipitates�will�form�during�
periods�when�flow�margins�are�greater.�

13� The�current�models�call�for�chemical�
precipitate�formation�in�a�form�readily�
transported�to�the�sump�screen.�

A�significant�portion�of�precipitate�formation�will�
occur�on�the�large�surface�areas�in�containment�and�
will�not�be�readily�transported�to�the�strainer.�

Debris�Accumulation�and�Headloss�
14� During�strainer�thin�bed�testing,�the�full�

particulate�load�is�introduced�to�the�test�
tank/flume�first,�followed�by�fiber�fines�
and�finally�small�and�large�fiber�pieces.���
This�debris�introduction�sequence�results�
in�the�highest�strainer�headloss,�but�is�not�
prototypic.�

During�a�DBA,�particulate�debris,�fiber�fines,�and�
larger�fibrous�debris�are�expected�to�reach�the�
strainer�at�the�same�time�resulting�in�lower�headloss�
across�the�debris�bed.�

15� During�testing,�fiber�fines�produced�by�
erosion�are�assumed�to�arrive�at�the�
strainer�at�time�t�=�0,�instead�of�hours�or�
days�later�when�flow�margin�is�greater.�

Fiber�fines�created�by�erosion�will�arrive�at�the�
strainer�over�a�period�of�hours�or�even�days.��A�
significant�portion�of�these�fines�will�arrive�after�flow�
margin�has�increased�to�the�point�where�additional�
strainer�headloss�can�be�readily�accommodated.�

16� During�testing,�a�full�30�day�chemical�
precipitate�load�is�assumed�to�arrive�at�
the�strainer�at�the�earliest�possible�time�
with�no�credit�for�settling�or�nucleation�
on�containment�surfaces.�

The�quantity�of�precipitate�arriving�at�the�strainer�
surface�is�expected�to�be�significantly�lower�that�
tested�amounts.��In�addition�the�precipitate�is�
expected�to�arrive�gradually�and�resultant�headloss�
would�be�compensated�by�increased�headloss�
margins.�

17� During�testing,�all�fiber�and�particulate�
debris�is�collected�on�the�strainer�prior�to�
addition�of�chemical�precipitates.�

The�chemical�precipitate�coating�on�the�strainer�
would�be�less�uniform�than�that�achieved�during�
testing�since�some�fiber�and�particulate�debris�would�
arrive�along�with�the�precipitates,�producing�a�less�
uniform�deposit.��A�less�uniform�coating�would�yield�a�
lower�strainer�headloss.�

18� All�debris�predicted�to�reach�the�strainer,�
including�chemical�precipitates,�is�
assumed�to�contribute�to�debris�bed�
development;�no�credit�is�taken�for�
debris�that�reaches�the�strainer�but�does�
not�contribute�to�strainer�headloss�
because�it�passes�through�the�strainer�
and�settles�somewhere�else�in�the�
recirculation�flow�path.����

Some�debris�reaching�the�strainer�will�pass�through�
the�strainer,�collecting�elsewhere�in�the�recirculation�
flow�path�and�therefore�would�not�contribute�to�
strainer�headloss.�
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Table�1�–�Comparison�of�Expected�Behavior�with�Key�Design�Basis�Conservatisms�
�

� Key�Design�Basis�Conservatism� Expected�Behavior�
19� During�headloss�testing,�repeated�

attempts�are�made�to�get�debris�that�has�
settled�in�the�immediate�vicinity�of�the�
strainer�back�onto�the�strainer.�

The�conservatism�of�debris�transport�calculations�is�
clearly�demonstrated�in�testing�where�non�prototypic�
“mixing”�must�be�employed�to�prevent�natural�
settling�of�debris.��Much�of�the�debris�that�is�
predicted�to�transport�to�the�strainer�will�settle�in�the�
immediate�vicinity�of�the�strainer�and�not�become�
part�of�the�strainer�debris�bed.�

20� During�testing,�metallic�insulation�debris�
is�excluded�from�the�tested�debris�bed�in�
order�to�conservatively�bound�headloss.�

Some�of�the�smaller�metallic�insulation�debris�will�
transport�to�the�strainer�and�disrupt�formation�of�a�
uniform�fiber/particulate�debris�bed.��This�results�in�
lower�strainer�headloss.�

21� Metallic�insulation�debris�that�is�
predicted�to�enter�the�sump�pool�but�not�
reach�the�strainer�is�excluded�from�
testing�to�prevent�capture�of�finer�debris�
before�it�reaches�the�strainer.�

Under�DBA�conditions�any�debris�that�enters�the�
sump�pool�but�does�not�transport�to�the�strainer�
would�capture�some�of�the�fine�debris�before�it�
reaches�the�strainer.�

22� Higher�than�expected�flow�rates�are�
conservatively�used�during�strainer�
headloss�testing.�

Flow�rates�will�generally�be�lower�than�as�tested�flow�
rates�and�operator�actions�to�further�reduce�flow�
would�be�expected�following�indications�of�significant�
strainer�headloss.�

23� Measured�strainer�headloss�from�testing�
is�extrapolated�to�the�full�30�day�mission�
time.�

Strainer�headloss�will�reach�a�peak�value�and�then�
decrease�over�time�due�to�natural�settling�(sloughing)�
of�the�debris�bed�or�other�changes�in�debris�bed�
morphology.�

Downstream�Effects�
24� Evaluations�for�in�vessel�responses�

assume�a�worst�case�debris�generation�
scenario�where�all�debris�is�
homogeneously�distributed�throughout�
the�recirculation�phase�of�the�event.��All�
material�transported�by�boiling�is�
assumed�to�deposit�on�the�fuel.��All�
bypassed�fibrous�material�is�assumed�to�
deposit�on�the�fuel.��Deposits,�once�
formed,�are�not�allowed�to�be�thinned�by�
flow�attrition�or�by�dissolution.�

Only�some�material�will�be�transported�to�the�core,�
less�will�accumulate�on�the�rods�themselves;�fibrous�
debris�will�get�caught�in�a�debris�bed�and�the�debris�
will�not�be�homogeneously�distributed.��Deposits,�
once�formed,�will�be�thinned�by�flow�attrition�or�by�
dissolution.��The�resulting�deposit�thickness�is�
expected�to�be�much�less�than�what�is�currently�
predicted�by�approved�models�(LOCADM).�
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Table�1�–�Comparison�of�Expected�Behavior�with�Key�Design�Basis�Conservatisms�
�

� Key�Design�Basis�Conservatism� Expected�Behavior�
25� During�fuel�assembly�testing,�uniform�

flows�were�used�and�lacked�anticipated�
complex�mixing�patterns�that�would�
preclude�the�formation�of�a�uniform�
debris�bed.��Debris�constituents�were�
introduced�in�a�non�prototypic�fashion�
(i.e.,�introduction�of�particulate�debris�
followed�by�fibrous�debris)�to�promote�a�
high�pressure�drop.��Additionally,�all�
debris�that�bypasses�the�sump�screens�is�
assumed�to�reach�the�fuel�assembly�and�
is�used�in�the�fuel�tests,�allowing�for�no�
settling�and�no�plating�on�the�hot�fuel�
rods�despite�LOCADM�assumptions�to�the�
contrary.�

The�probability�for�the�formation�of�a�uniform�debris�
bed�is�low;�a�non�uniform�bed�is�more�likely�and�less�
limiting,�as�only�a�few�locations�without�blockages�in�
the�core�are�required�to�allow�for�coolant�flow�to�
remove�heat�from�the�fuel.��The�simultaneous�arrival�
of�fiber�and�particulate�will�also�result�in�a�lower�
pressure�drop.�

26� Fuel�assembly�testing�ignored�expected�
debris�attrition�mechanisms.��Lack�of�
consideration�for�filtration,�settling,�or�
boiling�results�in�conservatively�high�
pressure�drops.�

The�debris�laden�water,�once�passed�through�the�
core,�will�return�to�the�sump.��The�debris�will�settle�
and/or�be�filtered�out�before�it�returns�to�the�RCS.��
The�simultaneous�arrival�of�fiber�and�particulate�will�
also�result�in�a�lower�pressure�drop.��Boiling�in�the�
core�will�provide�a�more�turbulent�environment�
which�will�tend�to�remove�debris�from�the�spacer�
grids.�

27� Fuel�assembly�testing�was�performed�
with�quantities�of�debris�greater�than�
expected�to�reach�the�core.�

Fuel�assembly�debris�buildup�will�be�considerably�
lower�than�seen�in�the�tests�with�a�low�likelihood�of�
extensive�blockages�at�any�one�spacer�grid.�The�flow�
rate�will�not�remain�constant�–�it�will�decrease�which�
results�in�a�lower�pressure�drop.���Therefore,�the�
pressure�drop�at�the�core�inlet�and�spacer�grids�for�a�
CL�break�will�be�considerably�less�than�observed�in�
the�tests.�
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4 Conclusions�and�Recommendations�
This�paper�attempts�to�highlight�the�major�conservatisms�in�PWR�treatments�of�GSI�191�
phenomena.��Actions�to�communicate�these�conservatisms�to�appropriate�levels�of�NRC�
management�should�be�continued�in�hopes�that�it�will�assist�the�NRC�efforts�to�reach�a�
“reasonable�assurance”�conclusion�for�PWR�plants.�
�
�
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