A short history of the sump clogging issue
and analysis of the problem

Although some unanswered technical questions
remain concer ning post-LOCA blockage of PWR
emergency sumps, the problem should be solvable
once the NRC defines all the regulatory requirements.

BY GORDON H. HART

OLLOWING ISSUANCE BY theU.S.
F Nuclear Regulatory Commission of

Bulletin 96-03, all of the licensed
U.S. boiling water reactors (BWRS) re-
solved the strainer blockage issue by re-
placing their original suction strainerswith
much larger surface area, high-capacity,
passive strainers. The reason for this mod-
ification was to reduce high head losses that
would otherwise result from the unlikely
event of a pipe-break loss-of-coolant acci-
dent (LOCA) that could generate large
quantities of particulate (i.e., iron oxide,
paint chips, etc.) that could mix with small
amounts of fibrous material and subse-
quently block the suction strainers.

In the BWRs, this particulate consisted
mostly of iron oxide, referred to as
“dudge,” but also included dirt, paint chips,
and some granular insulation debris. The
source of the fibers can be thermal insula-
tion, fireproofing material, and ancillary
materials that are not necessarily part of a
plant’ sinventory of controlled materials.

The NRC hasreasoned, based on testing,
analysis, and previous U.S. and foreign
plant incidents, that in the event of aLOCA,
the particulate and fiber mix would be sus-
pended in the post-L OCA suppression pool
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water. This water would then flow to the
emergency core cooling system (ECCS)
suction strainers. There, the fibers would
collect to form athin layer and then filter
the entrained particul ate.

After extensive testing and analysis of
hardware by both industry and the BWR
utilities, it was concluded that the most
cost-effective solution was to replace the
existing passive suction strainerswith new,
larger surface areapassive strainersat each
U.S. BWR unit.

While a pipe-break LOCA is highly un-
likely at both BWRs and pressurized water
reactors (PWRS), the safety issueis essen-
tially the same at both types of plants. The
major difference is that the particulate de-
bris at PWRs would not be dominated by
the iron oxide found in the BWR suppres-
sion pools. Rather, it would likely consist
of paint chips, concrete dust, and granular
insulation particulate generated by LOCA
forces, aswell aslatent dirt and dust. Asin
the BWRs, fibrous material can likewise be
generated by LOCA forces impinging on
thermal insulation and fireproofing materi-
als, but can also consist of small quantities
of “latent fiber,” fiber not necessarily found
in plant documentation. Given the small
size of the existing PWR sump screens,
post-LOCA sump screen blockage by a
mixture of thisdebriswould be highly like-
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ly, asit had been at the BWR plants prior
to plant modifications.

With the release of NRC Bulletin 2003-
01, “Potential Impact of Debris Blockage
on Emergency Sump Recirculation at Pres-
surized-Water Reactors’® (June 2003),
which addresses the safety issue of post-
LOCA blockage of PWR emergency
sumps, the NRC isfollowing in the logical
regulatory path that was applied to U.S.
BWR plants to address the issue. While
there are still some unanswered technical
questions for the PWRs and probably al-
wayswill be, it isclear that both the indus-
try and several architectural/engineering
(A/E) firms have already solved this prob-
lem at the BWR units. Furthermore, they
should be prepared to do the same at the
PWR units when the NRC defines al the
regulatory requirements.

Definition of the problem

Bulletin 2003-01 identifies the issues of
ECCS and containment spray system (CSS)
loss of NPSH (net positive suction head)
margin during recirculation as aresult of
sump blockage, sump screen structural in-
tegrity, upstream blockage of containment
drainage, and subsequent downstream
blockage of ECCS and CSS recirculation
flowpaths. The NRC gave PWR licensees
60 days to respond to one of two options:
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Fig. 1: Photograph of a pair of “stacked disk”—type ECCS suction strainers in the torus of a
U.S. BWR Mark |, installed in response to Bulletin 96-03. At Mark | and Mark Il BWR units,
replacement strainers were cylindrical so as to get them into the wet wells, which have
small circular entrance hatches. At PWR units, with much larger equipment hatches, the
strainers can be both larger and possibly box-shaped, as opposed to cylindrical. (Photo
courtesy of Performance Contracting, Inc.)

1. The licensee has already analyzed the
ECCS and CSS with respect to the debris
blockage effects identified in the bulletin
and isin compliance with existing regula-
tory requirements.

2. Thelicensee should describe any interim
compensatory measure that will be imple-
mented to reduce therisk that may be asso-
ciated with potentially degraded ECCS or
CSS until an evaluation to determine com-
plianceis complete. Thelicenseeisto pro-
videjustification if any of the example com-
pensatory measures in the bulletin will not
be implemented and for any extended im-
plementation schedules.

The bulletin also listed several example
interim measures, such as operator training
on sump blockage procedural modifications
todelay recirculation, ensuring availability
of alternative water sources, and more ag-
gressive containment cleaning/foreign ma-
terial controls, among other fixes.” The
NRC subsequentlg issued Temporary In-
struction 2515/153” in October 2003 “to en-
surethat licensee actions are consistent with
bulletin responses and the Bulletin's in-
tent.” The NRC plansto issue in February
or March 2004—about thetimethat thisar-
ticleisfirst being read by subscribersto Nu-
clear News—a draft Generic Letter “to re-
quest information from [PWR] licensees
concerning the adequacy of their recircula-
tion sump performance.” 3

This safety issue is focused on the ade-
quacy of ECCS and CSS sumps and their
ability to recirculate the water flow follow-
ing a pipe-break LOCA. It is hypothesized
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by the NRC that following a LOCA at a
PWR, existing unidentified dirt and dust,
along with insulation debris, paint chips,
and concrete debris generated by LOCA
forces, would be transported to the sump
screens entrained in recirculation water (in
a BWR, these materials would be blown
into the suppression pool, where they would
be transported to the ECCS suction strain-
ers). This debris mixture would consist of
particul ate and fibers from various sources.
Thisdebris bed would provide sufficient re-
sistance to the flow of recirculation water
through it that the NPSH margin of the sys-
tem could be exceeded, resulting in pump
cavitation and subsequent loss of recircula-
tion flow.

Through a series of parametric analyses
conducted a couple of years ago by the
NRC' s engineering contractor, Los Alamos
National Laboratory (LANL), it was con-
cluded that following alarge-break LOCA,
at 60 of the 69 U.S. PWRs (referred to as
“case studies” in NUREG/CR-6762, Vol.
1, August 2002), sump screens are either
“very likely” or “likely” to become blocked
with the mixed debris, thereby leading to
loss of recircul ation water flow. Therefore,
with the presumption of a large-break
LOCA, post-LOCA sump screen blockage
is a serious saf ety issue since the paramet-
ric analyses have predicted that the recir-
culation water flow could not be maintained
inmost U.S. PWR units.

In reviewing the NRC’'s numerous re-
search reports and then performing head-
loss calculations per the NRC's methodol -
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ogy outlinedin NUREG/CR-6224,5 thereis
apredictable and deterministic dependence
of head |oss on debris quantities and types.
One aspect of this dependence isthat head
loss depends monotonically on the quanti-
ty of particulate. That is, the greater the par-
ticulate quantity collected, the greater the
resulting head loss, and vice versa. In fact,
for a given size distribution of particulate,
this head lossis approximately linearly de-
pendent on the volume of particulatethat is
transported to the sump screens.

A second aspect of this dependence, and
one that surprises many people at first en-
counter, isthat the head-loss dependence on
the quantity of fibrous debrisis highly non-
linear and not monotonic. In fact, over a
wide range of fibrous debris quantities, the
methodology predicts that the greater the
fiber quantity, the lower the head loss, and
the lower the fiber quantity, the greater the
head loss, and it is only with very large
quantities of fibrousdebris (i.e., over sever-
al hundred cubic feet) that head lossfinally
increaseswith increasing quantities of fiber.

The research has further shown that for
water flowing through a mixed (i.e., fibers
plus particulate) debris bed, the head-loss
dependence on the screen or strainer sur-
face areais apower function where the ex-
ponent is approximately -2.5. What this
meansisthat sump screen surface areaisa
powerful control variable in sump screen
design, and that physically replacing exist-
ing screenswith new ones, so astoincrease
the overall screen areg, is an extremely ef-
fective means for reducing post-LOCA
head | oss.

Pre-Barseback: 1979-1992

Most nuclear unitsin the United States
were originally licensed based on the 50
percent sump screen blockage criterion in
Regulatory Guide 1.82, “Sumps for Emer-
gency Core Cooling and Containment
Spray Systems.” ® Thiscriterion isbased on
the premise that with 50 percent of the sur-
face area of the sump screens or suction
strainers blocked, recircul ation flow would
be maintained following aLOCA, thus as-
suring core and containment cooling. As
early asthe late 1970s, however, the NRC
started to question the basis of the 50 per-
cent blockage criterion.

Accordingly, the NRC initiated Unre-
solved Safety Issue (USI) A-43: “Contain-
ment Emergency Sump Performance,”’
which consisted of three concerns: (1) the ef-
fects of potential air ingestion on hydraulic
performance under post-L OCA adverse con-
ditions; (2) the effects of LOCA-generated
insulation debrisresulting from apipe-break
jet that isthen transported to the sump debris
screens and consequently blocksthe screens,
reducing NPSH margin below that required
for recirculation pumps to maintain long-
term cooling; and (3) the effectsof air or de-
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bris ingestion on the capability of the resid-
ua heat removal (RHR) system and CSS
pumps to continue to function.

Concern 2, regarding LOCA-generated
insulation debris collecting on the screens
or strainers, isparticularly interesting since
none of therecirculation systems' strainers
or sump screenswere designed with regard
to differential pressure loss and conse-
quential strainer/screen structural integrity.
The collection of a porous, uniform debris
bed over the screens/strainers, and their
ability to withstand a differential pressure
caused by water flowing through thisdebris
bed, was not apreviously considered design
and operational issue. In USI A-43, the
NRC concluded that each plant should be
evauated on a plant-specific basis for de-
bris-blockage potential and that the origi-
nal 50 percent blockage criterion may be
nonconservative.

In late 1985, following severa years of
study and public comments, the NRC is-
sued Generic Letter 85-22, “Potential for
Loss of Post-L OCA Recirculation Capabil -
ity Dueto Insulation Debris Blockage.”® It
required that plants conduct a plant-specif-
ic analysisif and when they replace any of
their existing thermal insulation with anew
type of thermal insulation. Consequently,
U.S. plants that made the insulation modi-
fications after that time did so within the
context of existing licensing design basis
reguirements previously reviewed and ap-
proved by the NRC. The modifications
were performed under the 10CFR50.59
process and were not considered to be a
backfit.

Withtheclose of US| A-43in 1985, post-
LOCA sump screen and suction strainer
blockage was believed by the NRC staff, by
theindustry, and by nuclear A/E firmsto be
solely a fibrous insulation problem. Ac-
cordingly, so the thinking went, the less fi-
brous material, the better, and the more fi-
brous material, the greater the possibility of
a potential problem. No licensees serious-
ly questioned the design adequacy of their
sump screens (at PWRs) or suction strain-
ers(at BWRs), and no U.S. plants modified
and/or replaced them as a consequence of
GL 85-22.

For the next half-dozen years, until mid-
1992, the issue of containment emergency
sump clogging continued to be understood
solely in terms of fibrous insulation debris
generated by LOCA-induced damage of
containment thermal insulation on piping
and equipment. In this scenario, the post-
LOCA containment was assumed to be gen-
erally clean, the post-L OCA recirculation
water was likewise assumed to be general -
ly clean, and the LOCA-generated fibrous
debris exhibiting filtering behavior was not
considered. These assumptions, however,
did not last forever due to several strainer
blockage incidents at both domestic and
foreign BWRsin the early 1990s.
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Post-Barseback: 1992—present

In summer 1992, this potential safety is-
sue emerged from dormancy following a
highly publicized strainer blockage incident
at Sydkraft AB’s (now Barseback Kraft
AB) Barsebéck-2, a Swedish BWR. Quot-
ing the NRC’ sInformation Notice (IN) 92-
85 that was issued after the incident:

While the reactor was at 1 or 2 percent
power and at 435 psi, a leaking pilot
valve caused a safety valve for the reac-
tor vessel to open. Thisvalve discharges
directly to the drywell. Reactor scram,
high pressure safety injection, core
spray, and containment spray systems
initiated automatically in responseto the
event. Steam from the open safety valve,
impinging on thermally-insulated equip-
ment, dislodged 440 pounds of metal-
jacketed, mineral wool. An estimated
220 pounds of insulating material was
washed into the suppression pool. Two
of five strainers on the suction side of the
ECCS pumps were in service and be-
came partially plugged with minera
wool. Plugging caused pressure to de-
crease significantly across the strainers
and caused indications of cavitation in
one pump in about an hour after the event
began. The operators successfully back
flushed the strainers and shut down the
reactor without additional problems.®

Asaconsequence of thisincident, sever-
a Swedish plantswereforced by their reg-
ulators to resolve the issue through plant
modifications. They chose to replace their
existing sump screens or suction strainers
with new, much larger, passive strainers,
combined at each unit with small, active
strainers.™®

In spring 1992, shortly before the strain-
er blockage incident at Barsebéack, there
had been an unpublicized strainer blockage
at Cleveland Electric Illuminating Co.’s
(now FirstEnergy) Perry-1 plant, aBWR 6
with Mark 111 containment. Thisevent was
not immediately considered by the NRC to
besignificant. Infact, it was not until April
26,1993, that it issued IN 93-34'. That, in
turn, was due to a second event at Perry-1
that occurred in February 1993, and it was
that second event that actually caused the
issue to take center stage in the United
States.

The 1992 incident (thefirst of thetwoin-
cidents) occurred during aplant outage and
followed the intentional release of steam
from a safety relief valve (SRV) and sub-
sequent operation of the RHR system. The
RHR system pumps NPSH margin
dropped considerably, to 0 psig, and it was
determined to have resulted from some mis-
cellaneous fibers in the suppression pool
having been drawn to an RHR suction
strainer. There, thesefibers apparently pro-
ceeded to filter iron oxide particulate that
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originated from the interior of main steam
(MS) and feedwater (FW) carbon stedl pip-
ing and equipment. The particul ate had be-
come stirred up during RHR operation and
then became entrained in the suppression
pool water. Thefiltration of this particulate
by avery thin layer of fibrous material re-
sulted in a very high head loss that de-
formed a couple of the suction strainers, re-
quiring their replacement in that same year,
1992. Thisincident, while not immediately
understood, eventually changed the NRC’ s
and the nuclear industry’ s understanding of
USI A-43.

The NRC'sanalysis of the second Perry-
1 strainer blockage incident, which oc-
curred in 1993, is best summarized in IN
93-34, Supplement 1'%

IN 93-34 described clogging of emer-
gency core cooling (ECC) pump suction
strainers at the Perry Nuclear Plant, a
BWR-6. The latest strainer clogging
event occurred in March 1993, 2 months
after thelicensee had replaced the strain-
ers and thoroughly cleaned the suppres-
sion pool. After the IN wasissued, theli-
censee chemically analyzed the debrison
the strainer. The debris consisted of
fibers from air filter material that had
been inadvertently introduced into the
suppression pool and corrosion products
that had been filtered from the pool by
the fibers adhering to the surface of the
strainer. A small amount of the fibrous
filter material also wasfound in the sup-
pression pool near the weir wall. . . .
NUREG-0897, Rev. 1, “Containment
Emergency Sump Performance,” which
was written in conjunction with resolu-
tion of Unresolved Safety Issue (USI) A-
43, addresses transport of fibrous ther-
mal insulation from the containment to
the strainers during aloss-of-coolant ac-
cident (LOCA). Resolution of US| A-43,
in part, was based on strainer head loss
tests with fibrous thermal insulation ob-
structing flow. US| A-43 did not address
the consequences on head loss of thefil-
tering action of the fibrous material on
thestrainer. The Perry event showed that
filtering corrosion products, dust, and
other debris from the drywell during a
LOCA may cause an unexpectedly rapid
loss of net positive suction head for the
ECC pumps when they are needed to
perform their intended function.

Both the miscellaneous fiber from the
1992 incident and these HVAC filter media
from the 1993 incident became what both the
NRC and the industry today refer to as “la-
tent fiber.” Unlike documented fibrous ther-
mal insulation or fireproofing material, “la-
tent fiber” was not supposed to get into the
suppression pool, nor was it documented
from a possible debris source perspective.

Continued
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Later in 1993, the NRC hired an inde-
pendent consulting firm, Science and En-
gineering Associates (SEA), as its con-
tractor to initiate a new research program.
Inthiseffort, which focused only on BWR
units, SEA conducted numerous debris
transport and debris head-loss tests at
Alden Research Laboratory. Unlike USI A-
43, however, debriswas now consideredin
all casesto be some combination of fibers
and particulate, with thefibersfiltering the
particulate. SEA developed a new head-
loss correlation, still considered valid to-
day, that predicted head loss as a function
of water velocity, water viscosity, particu-
late type and quantity, and fiber type and
quantity.5 Furthermore, this correlation
showed that head loss is roughly alinear
function of particulate quantity, but a high-
ly nonlinear, nonmonotonic function of
fiber quantity.

Most surprising in this nonlinearity was
that the developed head-loss correlation
now gave a clear explanation of how the
Perry-1 strainer blockage incident had oc-
curred: With only avery thin layer of fiber
and a large quantity of particulate, an ex-
tremely high head loss can result with wa-
ter flow through afiber-particulate bed.

Further, with the same flow conditions
and particulate quantity, a thicker layer of
fiberswill resultin alower head loss. This
head-loss equation (given as Equation B-
21 in Ref. 5 on page B-44) and the NRC's
parametric analyses conducted using this
equation on the BWR units demonstrated
convincingly that strainer surface areawas
the most sensitive design variable with re-
gards to strainer head loss. Further, the
head loss can be shown to have a power
function dependence on strainer surface
area with the exponent being between 2
and 3, or closeto apower of 2.5. Therefore,
if the surface areais doubled, head-lossre-
duction would be at least 80 percent. If the
surface areaisincreased by 10 times, then
the head-loss reduction would be over 99.5
percent.

In the middle of the NRC’s investiga-
tion, in September 1995, there was anoth-
er strainer blockage incident at a U.S.
BWR, this time at PECO Energy Co.'s
(now Exelon) Limerick-1. In thisincident,
as at Perry, RHR pumps came on in re-
sponse to a steam release from an SRV.
Subsequently, suppression pool sludge
(i.e., primarily iron oxide particulate) was
stirred up, resulting inits suspension in the
suppression pool water. Further, there was
some “latent fiber” in the suppression pool,
prior to the SRV discharge, that also be-
came suspended and was drawn, along
with the iron oxide particulate, to the two
RHR suction strainers. The result was cav-
itation of one RHR pump and amajor loss
of NPSH margin at the other. The NRC’s
explanationisgivenin IN 95-47,*3 issued
after the incident:
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Itisbelieved that, during operation of the
suppression pool cooling system, the
strainer filtered out fibersthat wereinthe
pool water. Theresulting “mat” of fibers
improved the filtering action of the
strainers thereby collecting sludge and
other material on the surface of the
strainer. Whether the blowdown caused
by the SRV opening increased the rate of
accumulation on the strainer is not
known. The licensee removed about 635
kg [1400 Ib] of debris from the pool of
Unit 1. A similar amount of material had
previously been removed from the Unit
2 pool. Analysis showed that the sludge
was primarily iron oxides and the fibers
were of a polymeric nature. The source
of thefibershas not been positively iden-
tified, but the licensee has determined
that the fibers were not inherent with the
suppression pool. There was no trace of
either fiberglass or asbestos fibers.

The Limerick incident was still another
U.S. BWR strainer blockage incident in-
volving avery small quantity of fibrous ma-
terial collecting on suction strainers and
then filtering suspended particul ate. It clear-
ly demonstrated the need for BWR li-
censeesto periodically clean their suppres-
sion pools to minimize the quantity of
“sludge,” or iron oxide particulate.

Furthermore, it clearly demonstrated that
ahigh head loss, resulting from athin lay-
er of “latent fibers” and alarge quantity of
filtered particulate, was predictable using
the NRC'’ s new head-loss equation for com-
bined debris as related to BWRs. It issig-
nificant to point out that even today (to the
best of thisauthor’ s knowledge), the source
of this “latent fiber” in the Limerick inci-
dent has not yet been positively identified.
Sources of “latent fiber” probably do not
show up on engineering drawingsor in oth-
er forms of plant documentation, but the
material still probably exists inside all nu-
clear containments.

InMay 1996, after several years of study,
testing, and analysis, the NRC issued Bul-
letin 96-03, “Potential Plugging of Emer-
gency Core Cooling Suction Strainers by
Debrisin Boiling-Water Reactors.”  This
bulletin essentially required al BWR li-
censeesto reanayzetheir RHR and CS sys-
tems, with regard to new information avail-
able from recent testing, and make
necessary modifications to their suction
strainers to assure operable recirculation
cooling systems following aLOCA.

In response, every U.S. BWR unit was
eventually backfitted with new, large-sur-
face-area suction strainers. Indeed, there
wasalarge variety of designsincorporated
among the 33 (at that time) licensed U.S.
BWR units. This variety of designs result-
ed from there being four domestic strainer
vendors, numerous different ECCS de-
signs, numerous types and mixes of insu-
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lation, and three different BWR contain-
ment configurations.

Thereasonsfor using large-surface-area,
passive suction strainers are smple. First,
strainer surface areawas the most sensitive
design variable with regard to post-LOCA
strainer head loss. Second, installing these
strainers provided the simplest, least-risk
solution to resolve this safety issue.

Causes of post-LOCA clogging

Since the time that this issue was ad-
dressed by U.S. BWRsin thelate 1990s, the
NRC issued several reports on the related
issue of containment paint integrity and the
propensity for LOCA-generated paint de-
bristo be generated. Relegated to a distant
second place, behind iron oxide particulate
in the suppression pools of BWRs, paint
chips and concrete dust now became con-
sidered as primary sources of post-LOCA
particulate debris in PWRs. Furthermore,
theissue of fibrous mat filtering particulate
and its relevance to PWRs was unknown
dueto (1) the significant differencein con-
tainment configuration (i.e., no suppression
pool), (2) significantly less carbon steel pip-
ing to generate iron oxide particulate, and
(3) significant differences in post-LOCA
water chemistry between BWRs (i.e., neu-
tral pH) and PWRs (i.e., acidic pH).

Therefore, afew yearsago, the NRC iden-
tified anew Generic Safety Issue, GSI-191:
“Thermal-Hydraulic Response of PWR Re-
actor Coolant System and Containments to
Selected Accident Sequences.” > Asin 1993
with the BWR issue, the NRC contracted a
research institution, Los Alamos National
Laboratory (LANL), and directed it to con-
duct testing and analyses on insulation de-
bris generation, transport, and, where neces-
sary, head loss. In the process, LANL
conducted a parametric analysis of all 69
U.S. PWR units (referred to in the report as
“case studies’), concluding that there isa
high risk of sump blockage, following a
large-break LOCA,, at 87 percent of the“ case
studies” (i.e., PWR units).” (Since then, one
plant, Davis-Besse, replaced its existing 50-
ft° sump screenswith anew 1200-ft? screen.
This article’s following discussion of the
PWR parametric “case studies,” however,
will includethat plant’soriginal 50-ft2 sump
screens, sincethat iswhat LANL usedin de-
veloping these “ case studies’).

Independent analyses, conducted by this
author using the same head-loss equation
from NUREG/CR-6224 with an assumed
designinput of 300 Ib of mixed particulate
and athin layer of “latent fiber” material
on existing surface area sump screens,
confirmed the NRC’s findings. In fact,
even though LANL predicted that 87 per-
cent of the U.S. PWRs were either “like-
ly” or “very likely” to experience “sump
failure” following a large-break LOCA,
these parametric analyses appear to actu-
ally be somewhat nonconservative. This
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author’ s analyses demonstrated that avery
small quantlty of fibrous material (aslittle
as 0.5 ft*) combined with 300 |b of mixed
particulate could lead to pump cavitation
at all but several of the PWR units. Fur-
thermore, at most of the units, several hun-
dred cubic feet of fibrous debriswould re-
sult in alower head loss under the same
conditions.

Table 1 shows these predicted results,
calculated by this author using the NRC’s
NUREG/CR-6224 head-loss methodol ogy,
more clearly for average values of 13 591
gpm of recirculation water and 157.5 ft° of
sump screen area (this head-1oss methodol -
ogy is available on the Web through Alion
Science and Technology, Innovative Tech-
nology Solutions DIVIS|0n at <calcs.itsc.
com/hloss/hlosscg|>)

A cursory review of these head-loss val-
uesin Table | reveals the surprising results
that 1 ft* of fibrous debris Would leadto a
higher head loss than 100 ft* of fibrous de-
bris and about the same head loss as 300 ft
of fibrousdebris. To put those valuesin per-
spective, alarge pipe-break LOCA at afour-
loop Westinghouse unit, completely insu-
lated with 3-in.-thick low-density fiberglass
blanket msulatlon WhICh initially showsde-
struction at 6 psi,"> would probably end up
with only between 100 and 300 > of fi nely
shredded fibrous debris both generated and
transported to the sump screens.

Hence, the worst-case scenario is proba-
bly not with athick layer of fibrous debris.
Rather, the worst-case scenario would be a
thin layer resulting from only about 1 ft* of
fibrous debris. And, this small quantity of
fiber does not have to originate from ther-
mal insulation or some other identifiable
source. Rather, the fibrous material could
simply be “latent fiber,” such as was in-
volved in the strainer blockage incidents at
Perry and Limerick.

40

TABLE |. RESULTS FOR PosT-LOCA HEAD-L0ss ACROSS A 157.5-FT° (AVERAGE SIZE)
SuMP SCREEN AND 13 591-GPMm (AVERAGE FLOW RATE) oF 200 °F WATER
WITH 300 LB OF SUSPENDED PARTICULATE DEBRIS*

Volume of fibers, cu ft Head L oss, ft of water
1 16.6
30 20.2
100 12.3
300 16.6

*Calculations performed using the NUREG/CR-6224 head-

The graph in Fig. 2, again generated us-
ing the Alion Web-based head-loss calcu-
lator, illustrates more clearly this depen-
dence of calculated head loss on the
quantity of fibrous debris. The two curves
together also show head-loss dependence
on particulate quantity (150 Ib compared to
300 Ib). Finally, the graph shows that with
the average PWR NPSH margin of about 4
ft of water, a PWR with the average flow
rate and sump screen areawould experience
ahead loss greater than the NPSH margin.
Hence, this “average PWR plant” would
definitely have problemswith regard to this
safety issue.

The implications for PWRs

As can be clearly deduced from Table |
and from Fig. 2, reducing quantities of fi-
brous material, such as thermal insulation,
isusually ineffectivein improving the post-
LOCA performance of the ECCS. Unless
the quantity of generated and transported
LOCA- generated fibrous debris exceeds at
least 300 ft* for the postulated “average
PWR” case above, the worst-case volume
of fibrous debris is about 30 ft* (the inflec-
tion point in the center of the above curves)
andthisisonly asomevvhat worse scenario
than that with only 1 ft> of fibrous debris, a
quantity that is sufficient to form avery thin
layer of fibers on the sump screen.
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Fig. 2: Head-loss calculations for a PWR ECCS screen using Alion’s head-loss calculator.
300 pounds of mixed particulate; flow rate at 13 591 gpm; water at 200 °F
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loss methodology and Alion’s head-loss cal cul ator

There are some nuclear plantsthat arere-
ported to have 100 percent reflective metal -
lic insulation in containment. Some in the
industry believethat such aPWR plant will
not need to consider any fibrous material at
al in a post-LOCA sump performance
analysis. This author believes that the his-
tory and technical information on thisis-
sue show the fallacy of this assumption. It
was clearly demonstrated by both the two
Perry-1 incidents and the Limerick inci-
dentsthat if only acubic foot or so of “la-
tent fiber,” not necessarily identifiable in
any plant documentation, is sufficient tofil-
ter particulate and lead to post-LOCA
sump blockage, then the sump screens or
suction strainers are simply undersized.
Generally speaking, the problem for the
PWRs is not with the fibrous insulation.
The problem iswith their undersized emer-
gency sump screens.

Solution to the problem

To show the dependence of calculated val-
ues of head loss on existing screen aress,
each of the 69 PWR “case studies’*®
plotted in Fig. 3, in al cases using an as-
sumed 300 Ib of mixed particulate and a %-
in.-thin layer of fibers. Thisgraph, also gen-
erated using the Alion head-loss calculator,
demonstratesthe strong dependence of head
loss on sump screen area for the existing
PWR sump screens. Note how strong this
dependence is even though other variables,
such as total sump flow rate, have not been
considered in the plot. This author generat-
ed the curvefit using ahead loss-screen area
inverse power function with exponent of 2.5.

This author then used the same Alion
head-loss methodology to evaluate the ef-
fect of replacing the existing small, passive
sump screens with new, larger, passive
sump screens or strainers. Figure 4 shows
this dependence for the “average” PWR
case, with five different screen or strainer
sizes—100, 200, 300, 400, and 500 ft*—on
aplot of head loss vs. volume of fibers.

As can be seen in the curves for sump
screen area on Figs. 3 and 4, increasing
screen arearesultsin adramatic decreasein
predicted head |oss across the sump screen
(note the logarithmic scales necessary for
these graphs). For passive sump screens or
strainers, increasing surface area simply
givesthe greatest reduction in head loss of
any of the design variables.
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Theindustry has performed its own cost
studies for plant modifications to address
this safety issue. The conclusion is that a
screening review will cost $75 000 to
$100 000 per design, adetailed engineering
analysiswill cost $150 000 to $300 000 per
design, and the major modifications will
cost $3 million to $5 million per unit.*®
While project costs always depend on the
final specifications, as well as contract
terms and conditions, this author believes
that these numbers are credible.

Recent developments

During the summer of 2003, LANL per-
sonnel conducted testing to determine
chemical effects on containment coatings.
This has led to the finding that certain pre-
cipitates, resulting from chemical reactions
of post-LOCA sprays with coatings and
metals, could be present in recirculation
cooling water. These precipitates, should
they be formed, would also befiltered by a
fiber mat on a sump screen. And, like oth-
er particulate, these precipitates would in-
crease the head loss across afiltering fiber
mat,*° perhaps significantly.

Asnoted in therecent ACRS letter to the
NRC,? to further study the effect of PWR
post-LOCA water chemistry on both ther-
mal insulation fibers and the subsequent
breakdown of the same fibers, LANL has
been studying corrosion of metalswith pre-
cipitation of flocculent, in particular to iden-
tify therate of corrosion for iron, zinc coat-
ings, and aluminum and the head-loss
effects of chemical precipitation. Thiscame
about as aresult of areport from the 1979
Three Mile Island-2 accident that precipi-
tated gelatinous debris had been formed.

Conseguently, and more recently, the
ACRS had expressed concern about this
“gelatinous mass,” fearing it could collect
0N a sump screen or strainer and increase
head loss. Indeed, LANL’ srecent tests have
shown that if chemical degradation of fi-
brous debris beds occurs, it can lead to Slow
compaction, increasing head loss and
degradation of nonqualified coatings. At a
public meeting in November 2003 on the
chemical effectsissue, however, the NRC
reported: “Findings lend credibility to the
concern raised by ACRS, but are not suffi-
cient to provide a basis for plant-specific
quantitative assessment of the issue.” %

While this does not necessarily end the
issue for the PWR plants, it suggests that
the NRC may not require that the plant
staffs consider chemical effects when cal-
culating long-term, post-LOCA head loss
across a sump screen or strainer. Regard-
less, the industry is contemplating more
testsin the next half year to help resolvethis
issue.

Thereisalso some new information from
LANL regarding calculated head losses re-
sulting from amix of fibersand calcium sil-
icate insulation. Calcium silicate is a pre-
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dominantly granular, as opposed to fibrous,
insulation material that is very rigid and
brittle. Hence, when destroyed by a pipe-
break LOCA, calcium silicate insulation
would generate particul ate debris. Never-
theless, after testing, LANL reported in No-
vember that “It appears that the NUREG/
CR-6224 correlation can predict calcium
silicate head losses once appropriate input
parameters are determined.”*? Therefore,
further testing is probably not necessary
since the existing methodol ogy can be used
to predict head | oss.

Had these issues of long-term chemical
effects and head loss through calcium sili-
cate insulation debris not been resolved, it

SUMP CLOGGING ISSUE

could have been concluded that this safety
issue does not have adeterministic solution.
That is, if head loss always increases with
time, or if the head loss is simply indeter-
minate, then the only acceptable solution
would be an active device—i.e., one that
somehow knocks debris off the screen or
strainer. Thiswould particularly bethe case
if LANL had not been ableto devel op equa-
tionswith which to actually calculate head
losses with known conditions of water
chemistry, coating quantity types, insula-
tion types, etc.

Fortunately for the industry, the solution
to this safety issue of post-LOCA PWR
sump system performance does appear to
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Fig. 4: Head-loss calculations for a PWR ECCS screen using Alion’s head-loss calculator.
300 pounds of mixed particulate; flow rate at 13 591 gpm; water at 200 °F

be deterministic, as was the case with the
BWRs. Hence, one can design passive,
large-surface-area screens or strainers for
the PWR units, given available head-1oss
equations from NUREG/CR-6224, and
these can be shown to meet the sump re-
quirements for long-term water flow.

In the event, however, that the chemical
and other effects eventually show that ade-
terministic, passive solution is not defensi-
ble, there are still practical and defensible
solutions to this safety issue for PWRs. In
Sweden in 1992, at Ringhals-2, a Westing-
house PWR, the utility Statens Vatten-
fallsverk (now Vattenfall AB) installed a
combination of large passive strainers and
small active strainers.™® The large passive
strainers were designed to handle the pre-
dictable quantities of mixed debris, without
considering long-term chemical effects,
whereas the active, self-cleaning strainers
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were designed to handle theindeterminate,
long-term effects on LOCA-generated de-
bris. The utility staff installed this combi-
nation of strainers since, at the time, they
were uncertain about the accuracy of their
methodology, and so the active strainers
gave them aback-up solution. In retrospect,
thishybrid strainer system, installed almost
a dozen years ago, seems simple and ele-
gant and represents a solution that should
stand the test of time.

One American vendor has proposed a
self-cleaning strainer to resolve the issue.
Such a strainer was included in the BWR
Owners Group strainer-testing program at
EPRI in 1995-96. In this author’ s opinion,
this device is both inventive and clever,
and merits consideration. It is worth not-
ing, however, that none of the BWR utili-
ties selected this option, possibly because
of single-failure criteria and subsequent
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need for redundancy. Since this particular
device depends on a continuously rotating
blade to clean debris off the face of the
strainer surface, it must be shown to be
100 percent dependable for a wide range
of debristypes, such asathin piece of met-
al getting lodged in screen material and
mechanically blocking the blade rotation.
Nevertheless, active systems without pas-
sive screens may also have a place in the
inventory of solutions, once qualification
testing and design requirements are clear-
ly defined and implemented.

On the same subject of recent develop-
ments, the huge French nuclear utility Elec-
tricité de France (EdF) recently told itsreg-
ulators of plans to replace existing sump
screens at al 58 of its PWR unitswith new
ones. Georges Seviere, EJF svice president
of nuclear engineering, reportedly told the
U.S. NRC that EdF hadn’t yet finished all
of its calculations, but added, “It's a com-
plicated subject and we're not going to
wait” until all the studies are complete be-
fore making the backfits to their pl ants.?
EdF plans on starting the plant modifica-
tions next year and on making several plant
changes, including enlargement of sump
screen or strainer surface areas. It expects
to spend €100 million, roughly $126 mil-
lion (depending on the current exchange
rate), equivalent to about $2.2 million per
unit.

Finally, the international nuclear com-
munity was to have the opportunity to dis-
cuss developments concerning this safety
issue February 25-27 at the 2004 Interna-
tional Workshop on Debris Impact on
Emergency Coolant Recirculation, in Al-
buquerque, N.M. This meeting was orga-
nized by the U.S. NRC and the OECD/Nu-
clear Energy Agency, and the latter's
Committee on the Safety of Nuclear In-
stallations, Working Group on the Analy-
sis and Management of Accidents, and
Working Group on Operating Experience.
This meeting was expected to provide a
significant amount of new information
since the last international meeting on this
subject.

Overview

With the pending issuance by the NRC of
adraft Generic Letter addressing PWR post-
LOCA sump blockage, itiscritical for PWR
licenseesto understand the cause of thispo-
tential safety issue: an undersized sump
screen that would collect, in the unlikely
event of a pipe-break LOCA, a mixed de-
brisbed of thin fibersand particulates. This
debris bed, on such an undersized screen,
could lead to high head losses and failure of
therecirculation system. NRC research has
developed head-loss equations that can be
used to design large passive sump screens
or strainersthat should be sufficient and ad-
equate to resolve thisissue. The reason for
thisisthat head loss through debris beds on
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screens or strainers can be shown to bein-
versely proportional to screen or strainer
surface arearaised to a power of about 2.5.
This passive sol ution approach resolved the
safety issue at all the U.S. BWR units, and
with proper engineering analysis and de-
sign, can likewise be implemented at the
PWR units.
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