August 12, 2008

Mr. William Levis

President & Chief Nuclear Officer
PSEG Nuclear LLC - NO9

Post Office Box 236

Hancocks Bridge, NJ 08038

SUBJECT: SALEM NUCLEAR GENERATING STATION UNITS 1 AND 2: REPORT ON
RESULTS OF STAFF AUDIT OF CORRECTIVE ACTIONS TO ADDRESS
GENERIC LETTER 2004-02 (TAC NOS. MC4712 AND MC4713)

Dear Mr. Levis:

Generic Letter (GL) 2004-02, "Potential Impact of Debris Blockage on Emergency Recirculation
During Design Basis Accidents at Pressurized-Water Reactors," requested that all pressurized-
water reactor (PWR) licensees (1) evaluate the adequacy of the emergency sump recirculation
function with respect to potentially adverse effects associated with post-accident debris, and (2)
implement any plant modifications determined to be necessary. PSEG Nuclear LLC (PSEG),
the licensee, has conducted an evaluation of recirculation sump performance for Salem Nuclear
Generating Station Units 1 and 2 (Salem 1 and 2) and, as part of the resolution of the concerns
raised in the GL, has made several modifications to the plant, including the installation of new
sump strainers at both units.

Consistent with the discussion in the "Reasons for Information Request" section of GL 2004-02,
the U.S. Nuclear Regulatory Commission (NRC) staff is using sample audits to help verify that
addressees have resolved the concerns identified in the generic letter. The NRC staff has
conducted a detailed audit of the new Salem Unit 1 and Unit 2 sump strainer design, including
supporting analyses and testing.

The enclosed audit report was reviewed by PSEG who confirmed that the report does not
contain proprietary information that should not be released to the public. The enclosed audit
report provides NRC feedback on the licensee’s GL 2004-02 corrective actions and supporting
analyses.

The enclosed audit report does not reach a conclusion regarding overall adequacy of PSEG’s
GL 2004-02 corrective actions for Salem 1 and 2. NRC staff will base its assessment of
PSEG’s GL 2004-02 corrective actions on the licensee’s GL 2004-02 supplemental responses.

Further, the audit team did not evaluate whether the licensee has identified and/or submitted
appropriate licensing documents for its GL 2004-02 corrective actions. The licensee’s
maintenance of its licensing basis is within the scope of the Reactor Oversight Program.

The audit team did not evaluate the completeness of the licensee’s implementation of

GL 2004-02 corrective actions. That is also within the scope of the Reactor Oversight Program
under Temporary Instruction, Tl 2515/166, "Pressurized Water Reactor Containment Sump
Blockage."
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In conclusion, the licensee was supportive during all phases of the audit. Consideration was
given by PSEG in providing appropriate office space and facilitating the emergency core cooling
system pump rooms tour taken by audit team members. The licensee’s primary point-of-contact
during the preparation, conduct and report writing phases of the audit was helpful in
accomplishing the audit.

If you have any questions, please contact me at 301-415-1420.
Sincerely,
/ra/
Richard B. Ennis, Senior Project Manager
Plant Licensing Branch |-2
Division of Operating Reactor Licensing
Office of Nuclear Reactor Regulation
Docket Nos. 50-272 and 50-311

Enclosure: As stated

cc w/encl: See next page
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1.0 BACKGROUND
1.1 Introduction

The U.S. Nuclear Regulatory Commission (NRC) is auditing, on a sample basis (related to
reactor type, containment type, strainer vendor, NRC regional office, and sump replacement
analytical contractor), licensee corrective actions for Generic Letter (GL) 2004-02, "Potential
Impact of Debris Blockage on Emergency Recirculation During Design Basis Accidents at
Pressurized-Water Reactors," dated September 13, 2004 [1], for approximately 10 commercial
pressurized water reactors (PWRs). The purpose of the audits is to verify that the
implementation of Generic Safety Issue 191, “Assessment of Debris Accumulation on PWR
Sump Performance” (GSI-191) sump strainer and related modifications bring those reactor
plants into full compliance with 10 CFR 50.46, “Acceptance Criteria for Emergency Core
Cooling Systems for Light-water Nuclear Power Reactors,” and related requirements, and to
draw conclusions as to the probable overall effectiveness of GL 2004-02 corrective actions for
the 69 U.S. operating PWRs. Table 1.1-1 lists NRC staff and consultants participating in the
Salem GSI-191 audit.

Table 1.1-1 NRC Audit Team Members

Name Organization Area of Review

John Lehning NRC Debris Characteristics, Debris Transport/CFD/
Alternate Methodology

Leon Whitney NRC Team Leader

Paul Klein NRC Chemical Effects

Steven Unikewicz [NRC Downstream Effects, components, Vessel and Fuel

Ervin Geiger

Stephen Smith NRC Strainer Head-loss, Vortexing and Testing/Upstream
Design Considerations

Ervin Geiger NRC Debris Source Term (Configuration management)

Matthew Yoder NRC Coatings, (ZOlI, Transport, debris Characteristics,
Head-loss)

Frank Arner NRR/Region1 Screen Mod Package, 50.59, Configuration

Inspector Management, TS Changes, QA/QC, Maintenance,

EQ.

Clint Shaffer IARES Corporation [Baseline/ Break Selection/ ZOl/Debris Generation

Ted Ginsberg Brookhaven NPSH Margin/Latent Debris

National Laboratory

Ralph Landry NRC Fuel/Vessel-In Office Review

[Brett Titus NRC Strainer Structural Design (In-Office Review)

IMichael Scott NRC Branch Chief

Salem Generating Station Unit 1 (Salem 1) and Salem Generating Station Unit 2 (Salem 2) are

operated by Public Service Electric and Gas Nuclear (PSEG), the licensee. Salem 1 and 2 are

both Westinghouse four-loop PWRs with a large, dry, atmospheric containment. The units rely

on the containment spray system to reduce containment temperature and pressure immediately
following a high energy line break in containment.



2.

The following analytical and physical modification subject areas associated with the licensee’s
GL 2004-02 corrective actions are being audited:

O3 3T AT TIQ@T0A0TD

1.2

break selection,

debris generation and zone of influence (ZOl),

debris characteristics,

debris source term,

coatings,

latent debiris,

upstream design considerations (containment hold-up volumes and drainage),
debris transport and computational fluid dynamics (CFD),

head-loss and vortexing,

net-positive suction head (NPSH) margin,

screen modification package,

sump structural design (conducted as a desk audit at NRC Headquarters),

. downstream effects on components and systems,

downstream effects on fuel and vessel, and
chemical effects.

Bulletin 2003-01 Responses

The Salem Unit 1 and Unit 2 response letter to Bulletin 2003-01, “Potential Impact of Debris
Blockage on Emergency Sump Recirculation at Pressurized Water Reactors,” dated August 6,
2003, and supplemented by response letters dated October 29, 2004, and September 15, 2005,
described measures which were judged, by the NRC, to be responsive to and meet the intent of
Bulletin 2003-01 in reducing interim risk associated with potentially degraded or nonconforming
emergency core cooling system (ECCS) and containment spray system (CSS) recirculation
functions. Bulletin 2003-01 discussed six categories of interim compensatory measures (ICMs):

a.
b.

C.

d.

e.
f.

training operators to identify and respond to sump clogging;

modifying procedures, if appropriate, to delay the switchover from refueling water
storage tank (RWST) injection to containment sump recirculation (e.g., shutting down
redundant pumps that are not necessary to provide required flows to cool the
containment and reactor core, and operating the CSS intermittently);

ensuring an alternative water sources for refilling the RWST or otherwise providing water
inventory to inject into the reactor core and containment spray system;

performing more aggressive containment cleaning and implementing a more rigorous
foreign material control program;

ensuring containment drainage paths are unblocked; and

ensuring sump screens are free of adverse gaps and breaches.

In response to Bulletin 2003-01 [2], PSEG stated that Salem Unit 1 and Unit 2 have the
following advantageous operating characteristics:

a.

For smaller postulated loss-of-coolant accidents (LOCAs), the reactor coolant system
(RCS) pressure remains above the residual heat removal (RHR) pump discharge
pressure and containment spray (CS) is not actuated, thereby significantly reducing the
rate of RWST drawdown. This feature makes it possible to depressurize the RCS to
cold shutdown conditions before the RWST is drained to the sump recirculation
switchover level; and



b.

Makeup capability to the affected unit's RWST from the sister-unit's RWST. (Note: This
feature is no longer available due to a revision to the applicable operations procedure
S1(2) OP-SO.CVC-0023(Q))

PSEG further stated that Salem Unit 1 and Unit 2 had, or would shortly have, the following
interim measures and continuing measures in place:

a.

Emergency operating procedures (EOPs) which address transfer to cold-leg recirculation
and the loss of recirculation capability, and which are exercised by operators during
simulator training scenarios;

EOPs which direct operators to monitor 12 plant-specific instruments for indication of
proper ECCS operation;

Loss-of-coolant accident (LOCA) procedures which direct the stoppage of one
containment spray pump early in recirculation alignment to prolong the time available
for the operators to establish cold-leg recirculation prior to RWST depletion;

EOP guidance for other than large-break LOCAs to delay depletion of the RWST before
switchover to sump recirculation, including steps to cooldown and depressurize the RCS
to reduce break flow, thereby reducing the injection flow necessary to maintain RCS
subcooling and inventory, with safety injection pumps sequentially stopped to reduce
injection flow and, therefore, RWST outflow;

Procedures for positive control of materials taken into the containment, with controls on
plastic placement, paper tags and tool loss, and with containment inspection criteria to
verify that no loose debris is present at containment closeout which could cause
restriction at the containment sump suctions during a LOCA event;

Containment sump visual inspections every outage, and procedures to review the
storage of “transient loads” (i.e., temporary equipment) in containment during power
operation;

Planned outage cleanup activities to assure that containment housekeeping standards
are met;

. An end-of-outage walkdown inspection to verify that no loose debris is present in

accessible places, with independent senior manager inspection tours of the containment,
assessing cleanliness and loose debris status with emphasis on the issues raised in
Bulletin 2003-01;

Routine vacuum cleaning and visual inspection of both the inner- and outer-annulus
drain trenches;

Visual operability verification of the containment sump and its subsystem suction piping
for loose debris and evidence of structural distress or corrosion, and verification that the
sump components (trash racks and screens) show no evidence of structural distress or
corrosion, with acceptance criteria for the interior mesh screens that they be intact and
free of defects);

Additional staff training on the containment sump blockage issues of Bulletin 2003-01;



I.  Enhancements to the Technical Support Center (TSC) integrated engineering response
procedure to provide additional guidance on mitigating the effects of degraded ECCS
pump performance due to sump blockage, with tabletop training sessions;

m. Updates to the Salem containment walkdown procedures to add emphasis based on the
issues raised in Bulletin 2003-01;

n. EOP direction to stop two containment spray pumps if containment pressure has been
reduced below the spray signal reset pressure;

0. Modification of the Salem transfer to cold-leg recirculation procedure to establish
makeup to the RWST after the last operating containment spray pump is stopped;

p. Modification of the Salem containment sump blockage contingency actions procedure to
provide additional makeup flow to the RCS from borated water;

gq. Procedural modifications to provide additional makeup flow to the RCS from a borated
water source after loss of recirculation capability due to sump blockage;

r. Procedural modifications to make monitoring of indications of sump blockage integral
(rather than referenced) parts of Salem’s procedures for transfer to cold-leg recirculation
and loss of emergency recirculation; and

s. Procedural enhancements to provide additional guidance to the TSC staff on how to
mitigate the effects of degraded ECCS pump performance if containment sump blockage
is indicated or occurs. These procedural enhancements include additional guidance for
determining whether one train of ECCS pumps should be shut down, whether one train
of CSS should be shut down, whether RHR flow should be throttled/reduced, whether
the Salem loss-of-emergency recirculation procedure should be entered, and whether
the chemical volume control system positive displacement pump cross connection
should be used to support the affected unit.

1.3 Generic Letter 2004-02 September 1, 2005 Response

As requested by GL 2004-02, PSEG provided a letter dated September 1, 2005, containing
technical information regarding analyses to be conducted and modifications to be implemented
as corrective actions for GL 2004-02. This section of this report summarizes a selected portion
of the extensive quantity of information provided in the licensee’s response.

The licensee stated that upon completion of activities related to modifications to the Salem 1
and 2 recirculation sump strainers, the Salem 1 and 2 ECCS and CSS recirculation functions
under post-accident debris loading conditions would be in compliance with the regulatory
requirements listed in the applicable regulatory requirements section of GL 2004-02.

The licensee stated that the Salem containment walkdowns, debris generation calculation,
debris transport and head loss calculation, downstream effects evaluations for blockage, and
the screen procurement specifications had been completed. However, the chemical effects
evaluation was stated to be in progress and was scheduled to be completed once the test
results to quantify the chemical debris effect on head loss had been published.



The licensee stated that the final designs of the strainers and the design change package
finalizing the "as-modified" plant configuration were in progress, and that the final strainer
design was expected to be issued by the spring and fall 2006 for Salem 2 and 1, respectively.
The licensee further stated that evaluations had indicated that a new sump strainer with a
surface area of approximately 1700 to 8500 sq ft with 0.083 (1/12) in. diameter perforations
would be used, with the final area to be determined once the vendor designs were completed.
This screen surface area was to include 500 sq ft of sacrificial area for tape, labels, etc. The
licensee stated that installation of the new sump strainers was scheduled for the fall 2006
outage for Unit 2 and the spring 2007 outage for Unit 1.

The licensee stated that review of the physical plant layout in both containments was performed
to ascertain any differences between the units that might affect calculations. The review
concluded that both units have similar containment layouts. The licensee stated that where
differences existed, the more conservative plant arrangements were used.

The licensee stated that breaks in feedwater system and/or main steam system piping were
not considered in the evaluations because they do not require the ECCS and/or CSS to operate
in recirculation mode.

The licensee discussed five major breaks understood to be significant at the time of the
September 1, 2005, GL 2004-02 supplemental response (not identical to the eight breaks
discussed in Section 3.1 below).

The licensee stated that, with the exception of Kaowool® and Transco Thermal Wrap® (Transco)
fiber, insulation debris types were quantified using the ZOI radius specified in the NRC staff
Safety Evaluation on NEI 04-07 [3]. Specifically, for Kaowool® and Transco® fiber, a ZOlI

radius equivalent to that of unjacketed Nukon ® (17.0D) was used, based on the guidance of
NEI 04-07.

The licensee stated that the majority of the coatings inside of containment were procured and
applied as qualified coatings, and that qualified coatings are controlled under site procedures.
Unqualified coatings had been identified by location, surface area, and thickness. The maijority
of unqualified coatings inside of containment were component Original Equipment Manufacturer
coatings, and that new or replacement equipment and components are evaluated for the
potential for introducing unqualified coatings. The licensee stated that qualified coating debris
had been quantified using the ZOI radius of ten pipe diameters (10.0D), as specified by the
NRC staff Safety Evaluation on NEI 04-07. In accordance with NEI 04-07 and the NRC staff
Safety Evaluation, all unqualified coatings were considered to fail regardless of their location
within containment. Similarly, all qualified coatings that had been identified as being degraded
were considered to fail regardless of their location within containment.

The licensee stated that the quantity and type of foreign material inside containment were based
on a walkdown performed for Salem Unit 1. The foreign material included self-adhesive labels
and placards. In the debris generation calculation, it was assumed that there was 200 |Ibm of
latent debris in the containment, although a latent debris walkdown taking 38 samples identified
just 33 Ibm of latent debris.

The licensee stated that the means of transport considered were blowdown, washdown, pool
fill and recirculation for all types of debris. The recirculation transport analysis was performed
using CFD models developed using the computer program FLUENT. The CFD analysis



modeled scenarios both with and without flow through the inner and outer trenches in
containment.

The licensee stated that fibrous debris (Nukon® and Kaowool®) was characterized into four
debris size categories based on the interpretation of the Boiling Water Reactor (BWR) Owner's
Group Air-Jet Impact Test (AJIT) data: fines (eight percent), small pieces (25 percent), large
pieces (32 percent) and intact piece debris (35 percent). All fines were considered to transport
to the screen, and a portion of the small and large fiber pieces were considered to transport to
the screen. Insulation jacketing was calculated to not transport to the screen. Erosion was
considered for pieces of fibrous debris that were not modeled to transport to the screen.

Coatings debris was modeled as fines and all of it was considered to transport to the screen.

The licensee stated that the Transco brand reflective metal insulation (MRI®) debris size
distribution was 75 percent fines and 25 percent large debris, and that all MRI fines were
considered to transport to the screen. A portion of the large MRI pieces were calculated to
transport to the screen.

The licensee stated that miscellaneous foreign material debris (tape, labels, etc.) was not
included in the debris load at the sump screen when determining debris bed head loss, but was
considered in the screen design as a sacrificial area. All miscellaneous debris was considered
to be 100 percent transportable.

The licensee stated that the screen size estimates were based on an allowable head loss of
3.15 ft with 0.33 ft of Net Positive Suction Head (NPSH) margin retained. Clean screen head
loss was expected to be less than or equal to 0.1 ft.

The licensee stated that the strainer design specification requires that void fraction and flashing
downstream of the sump screen and at the RHR pump inlet would not present a challenge.

The bid specification was stated to require the strainers to be fully submerged for both large and
small break LOCAs. The strainers also were to have a minimum of three (3) inches of water
above the top of the strainer at switchover to sump recirculation.

The licensee stated that Salem uses Sodium Hydroxide (NaOH) as the sump pool pH buffer.
The licensee stated that its sump strainer suppliers were then developing plans and schedules
to quantify the additional head loss associated with chemical debris.

The licensee stated that, in general, the containment floors at Salem are clear of major
obstructions that could prevent flow from reaching the containment sump screens, and that the
configuration of the containment basement elevation is conducive to directing flow to the
containment sump. The flow paths from the upper levels of containment to the lower levels
consist of stairwells and grating around the containment perimeter. The licensee stated that
holdup volumes not connected to the recirculation sump had been included in the minimum
water level calculation. The refueling canal drains through a six-inch pipe and valve to the
containment floor and from there to the sump. The valve is locked open during normal
operation. Therefore, a credible path to the containment pool exists and there would be no
hold up of water inventory in the refueling canal.

The licensee stated that the new passive strainer would be designed for the effects of weight,
thermal, flow and seismic loading, and that the new strainer would not be subject to jet
impingement, missiles or pipe whip during a LOCA.



The licensee stated that the new strainer design would ensure that gaps at mating surfaces
within the strainer assembly and between the strainer and the supporting surface would not be
in excess of the strainer hole size. Similarly, the design would ensure that drainage paths to the
sump that bypass the sump screen would also be within the strainer perforation size.

The licensee stated that the flow paths downstream of the containment sump were analyzed
to determine the potential for blockage due to debris passing through the sump screen. The
acceptance criteria were based on WCAP-16406-P [4]. These evaluations were done for all
components in the recirculation flow paths including, but not limited to, throttle valves, flow
orifices, spray nozzles, pumps, heat exchangers, and valves. The licensee stated that
long-term downstream evaluations were in progress, and that resolution and corrective actions
for wear and clogging effects for the recirculation mission time would be performed.

The licensee stated that Westinghouse Corporation had performed a preliminary evaluation of
the reactor vessel and internals using a sump screen hole size of 1/8-inch. The preliminary
evaluation concluded that no blockage of critical flow paths (i.e., flow paths necessary to provide
flow to and from the fuel) would occur. The licensee stated that a final evaluation of the
potential for a combination of fibrous and particulate debris to impede flow into and through the
core was being performed.

The licensee stated that the pre-existing sump design included a 6-inch high curb, and the need
for trash racks would be determined during the detailed strainer design phase.

The licensee stated that no changes to the plant licensing bases were expected that would
require NRC approval.

The licensee stated that insulation used inside of containment is identified on plant drawings.
In addition, walkdowns to verify insulation types, quantities and their locations were performed
to support resolution of GL 2004-02. The engineering modification process requires that
materials introduced into containment be identified and evaluated for potential impact to the
sump and equipment.

The licensee stated that at the end of each outage, a formal containment closeout surveillance
procedure is performed. The closeout is performed to ensure that loose materials are removed
and will not affect the ECCS including the sump. Items not removed require a documented
evaluation to provide the basis for concluding that the item is acceptable to remain in
containment. As part of containment closeout, each train of ECCS containment sump and sump
screen is inspected for damage and debris. Also, refueling canal drains are verified to be
unobstructed, and the refueling canal area is verified to be free of potential sources of debris
that could obstruct the drains.

The licensee stated that it realized the importance of controlling potential debris sources inside
of containment and that debris sources that are introduced to containment need to be identified
and assessed. The licensee stated that it would ensure that potential quantities of post accident
debris are maintained within the bounds of the analyses that support ECCS and CSS
recirculation functions. The licensee stated that it would review and enhance the procedures
associated with the foreign material exclusion (FME) processes, or provide new additional
controls, as necessary, to ensure that the analyses that support ECCS and CSS recirculation
functions remain valid. The licensee stated that reviews and enhancement to these processes



and associated procedures would be incorporated into plant procedures prior
to December 31, 2007.

2.0 DESCRIPTION OF CHANGES

The Salem Unit 1 and Unit 2 containments each contain four RCS loops. Each loop consists of
one steam generator (S/G), one reactor coolant pump (RCP) and the associated RCS piping.
All four loops are located within a single annular bioshield wall. The pressurizer (PZR) and the
pressurizer surge line piping are near steam generator 3 in each unit. Each Salem unit has two
fully-redundant ECCS trains. Each train can provide adequate core cooling. Each train
contains one high head charging/safety injection pump (C/Sl), one intermediate head safety
injection (SI) pump, and one low head or RHR pump. During the recirculation phase, the

RHR pumps take suction from the containment sump and the C/S| and S| pumps take suction
from the RHR discharge header downstream of the RHR heat exchanger.

The strainer physical modifications had been completed at the time of the site audit. The
licensee had installed passive strainers manufactured by Control Components Incorporated
(CCI) that have total screen surface areas of 4854 ft* and 4656 ft* for Units 1 and 2,
respectively. The strainers are 27 inches tall with a minimum strainer submergence
corresponding to a minimum calculated water level of three (3) inches [5]. The licensee also
had installed a debris interceptor (also referred to as a trash rack) along the sump floor
surrounding the approaches to the strainers to trap debris moving close to the floor, preventing
such debris from reaching the strainers. The maximum flow through the single strainer
module assembly for each unit for one RHR pump operation is 5110 gpm and 4980 gpm for
Units 1 and 2 respectively, and 9000 gpm for two RHR pumps operating.

Other completed plant modifications include modifications to the biological shield wall doors,
addition of covers over the containment floor drain trench, addition of redundant sump level
switches, and change-out of insulation. A detailed discussion of these modifications is
contained in Section 4 of this report.

3.0 BASELINE EVALUATION AND ANALYTICAL REFINEMENTS
3.1 Break Selection

The objective of the break selection process is to identify the break size and location that
presents the greatest challenge to post-accident sump performance. Sections 3.3 and 4.2.1

of the NEI GR [6] and NRC Staff Evaluation (SE) [3] provide the criteria to be considered in the
overall break selection process to identify the limiting break. The overall criterion used to define
the most challenging break for recirculation operations is the resultant estimated head loss
across the sump screen. Therefore, all phases of the accident scenario must be considered for
each postulated break location: debris generation, debris transport, debris accumulation, and
sump screen head loss. Two attributes of break selection that are emphasized in the approved
evaluation methodology that can contribute to head loss are: 1) the maximum amount of debris
transported to the screen; and 2) the worst combinations of debris mixes that are transported to
the screen. Additionally, the approved methodology states that breaks should be considered in
each high-pressure system that relies on recirculation, including secondary side system piping,
if applicable.

The calculation report prepared for the licensee by Sargent & Lundy, “Debris Generation Due to
LOCA within Containment for Resolution of GSI-191,” [7] documents the assumptions and
methodology the licensee applied as part of the overall break selection process to determine the



limiting break for Salem. Six breaks were identified for detailed evaluation that would
encompass the worst case situations. The specific breaks selected by the licensee were:

e Break S1: The hot leg pipe for steam generator (SG) #13 located about midway
between the SG and the reactor pressure vessel (RPV).

e Break S2: The cold leg pipe for SG #13 located immediately downstream of the reactor
coolant pump (RCP).

e Break S3: The hot leg pipe for SG #12 located about midway between the SG and the
RPV.

e Break S4: Not Used
e Break S5: Not Used
e Break S6: The cold leg crossover pipe for SG #11 located adjacent to the SG.
e Break S7: The cold leg crossover pipe for SG #13 located adjacent to the SG.
e Break S8: The hot leg pipe for SG #13 located adjacent to the SG.

NRC Staff Audit

The NRC staff reviewed the licensee’s overall break selection process and the methodology
applied to identify the limiting break as presented in [7] and discussed the information with the
licensee’s analytical contractor during the onsite audit week.

Six breaks that would encompass the worst case situations were identified for detailed
evaluation. The spectrum of breaks evaluated by the licensee was found to meet the intent of
the GR and SE, as described below, and to be consistent with regulatory position 1.3.2.3 of
Regulatory Guide 1.82, Revision 3. Rather than postulating break locations incrementally along
the RCS piping (as recommended in the GR), the licensee selected characteristic breaks based
on piping diameters and locations that generate the greatest amount and types of debris. This
deviation from the staff-approved methodology was considered to be reasonable, based on the
technical basis provided by the licensee.

Of the six identified breaks, three were in hot legs, one was in a cold leg and two were in
cross-over legs. The crossover piping, with an inside diameter of 31-inch, is larger than the hot
leg piping (29-inch ID) or the cold leg piping (27.5 inch). Therefore, the largest LOCA ZOls are
associated with breaks in the crossover piping.

The ZOls associated with the two crossover breaks generally encompassed a larger portion of
the SG compartments than would either the hot leg breaks or the cold leg break, primarily due
to their larger diameter but also due to the higher elevation of the crossover break, allowing the
ZOlI to extend higher up inside the steam generator compartments, thereby affecting more of the
steam generator insulation. Four of the six breaks were postulated to occur on the RCS loop
piping containing the pressurizer so that these breaks would also impact the pressurizer
insulation. The pressurizer is co-located with a steam generator. Due to the relatively small
size of the pressurizer surge line, the debris generated by a break in the pressurizer surge line
would be substantially less than the debris associated with the hot leg and cold leg breaks
postulated for the co-located steam generator.

The evaluation of LOCA-generated coating debris demonstrated that the largest quantity of
coating debris would be generated from equipment coatings and would be the greatest for
breaks that directly impact the pressurizer.



The licensee determined that neither main steam line breaks nor feedwater line breaks would
require containment sump recirculation; therefore, such breaks were not evaluated. Because
the RPV is insulated with reflective metal insulation (RMI), RPV nozzle breaks were not
considered as limiting case breaks based on the minimal transport and head loss characteristics
of RMI debris. Also, a break at the RPV would be confined to inside the primary shield wall,
thereby essentially generating only RMI debris. RMI debris generated by a nozzle break would
not likely accumulate on the strainer in significant quantity, and even if the RMI were to
accumulate on the strainers, it would likely not cause significant head loss at the low strainer
approach velocities associated with the large Salem replacement strainers.

In accordance with the GR and SE, small-bore piping was not evaluated. Further, the licensee
did not pursue the application of the alternate break methodology.

For reasons discussed above, the staff finds the licensee’s break selection methods to meet
the intent of the SE-approved methodology and, therefore, to be acceptable.

3.2 Debris Generation/Zone of Influence (Excluding Coatings)

The objective of the debris generation/ZOIl process is to determine, for each postulated break
location: 1) the zone within which the break jet forces would be sufficient to damage materials
and create debris; 2) the amount of debris generated by the break jet forces; and 3) the size
characteristics of the postulated debris. Sections 3.4 and 4.2.2 of the GR [6] and the NRC SE
[3] provide the methodology to be considered in the ZOI and debris generation analytical
process.

The GR baseline methodology incorporated a spherical ZOI based on material damage
pressures. The size of the spherical ZOl is based on experimentally deduced destruction
pressures that were determined by applying ANSI/ANS 58.2 1988 standard jet expansion
models [8] to correlate the damage to insulation blankets or cassettes by air and steam jets
during debris generation testing to an equivalent spherical model of destruction. The
relationship between the ANSI/ANS 58.2-1988 standard and the NRC SE [3] approved ZOls
was assessed in Appendix | of the SE. Once the ZOl is established for a selected break
location, the types and locations of all potential debris sources can be identified using plant-
specific drawings, specifications, walkdown reports, or other such reference materials. The
amount of debris generated is then calculated based on the amount of materials within the most
limiting ZOl.

Section 4.2.2 of the SE discusses proposed refinements to the GR methodology that would
allow application of debris-specific ZOls. This refinement allows the use of a specific ZOlI for
each debris type identified. Using this approach, the amount of debris generated within each
material-specific ZOl is calculated, and then these material-specific debris amounts are added
to arrive at a total debris source term. The NRC staff concluded in its SE that the definition of
multiple, spherical ZOls at each break location corresponding to damage pressures for
potentially affected materials is an appropriate refinement for debris generation. As discussed
in Section 4.2.2 of the SE, the NRC staff accepted the application of these proposed
refinements for PWR sump analyses for GL 2004-02 corrective actions.

The licensee’s ZOI and debris generation evaluations and methods were presented in the
licensee Calculation Report No. S-C-RHR-MDC-2039 [7]. In the Unit 1 containment, Nukon®,
some of which is protected by steel jacketing, is used to insulate the steam generators and the
pressurizer. In the Unit 2 containment, Nukon® is assumed to insulate the pressurizer bottom
and is also used on the hot and cold legs adjacent to the RPV. Metal encapsulated and
semi-encapsulated Kaowool® and/or Cera-Blankets® are used in both units to insulate the main
steam, feedwater, RHR, SI, and chemical and volume control system piping. Generic fiberglass



is used to insulate component cooling and service water piping. Transco MRI® is used to
insulate the reactor pressure vessels, the Unit 2 steam generators, and the feedwater and SG
blowdown piping. Other metal reflective insulation, referred to simply as RMI, is used on the
reactor coolant pumps and piping and the Unit 2 pressurizer. Some Min-K® insulation remains
after completion of the insulation replacement program to reduce the inventories of Min-K®,
which is located on the RCS piping. All calcium silicate was removed from any potential ZOI
and replaced, primarily, with Transco MRI®.

The radii assumed by the licensee for insulation ZOls are shown in Table 3.2-1. The values for
the Transco MRI®, the unjacketed Nukon®, and the Min-K® were adapted directly from the SE.

Table 3.2-1 Salem Insulation ZOIl Radii

ZOl Radius /
Insulation Type Break
Diameter
Transco MRI® 2.0
Steel Jacketed Nukon® (Unit 1) 8.0
Unjacketed Nukon® (Unit 1) 17.0
All Nukon® (Unit 2) 17.0
Encapsulated Kaowool® and Cera- 17.0
Blanket®
Generic Fiberglass 17.0
Min-K 28.6
RMI 28.6

NRC Staff Audit

The staff reviewed the licensee’s ZOI and debris generation evaluations, as presented in the
licensee Calculational Report No. S-C-RHR-MDC-2039 [7], and discussed the information
with the licensee’s analytical contractor, relying on the approved methods documented in
Sections 3.4 and 4.2.2 of the staff's SE as an acceptance guide.

The jacketed Nukon® present at Salem Unit 1 is treated differently than the other Nukon®? ™

site. The licensee reduced the ZOlI for the jacketed Nukon® at Unit 1 from the SE-approved 17D
to 8D based on data from Westinghouse testing that was performed for the Wolf Creek nuclear
power station. The debris generation calculation [7] shows that Nukon® is the largest source of
fibrous debris for Unit 1. The importance of verifying the applicability of the 8D ZOI to the Salem
Unit 1 jacketed Nukon® could not be assessed with the available documentation (e.g., if the
assumed 8D was increased to 17D, how much additional fibrous debris would be generated
compared to the current licensee bounding estimates?). The licensee referenced a
Westinghouse test report, WCAP -16710-P, “Jet Impingement Testing to Determine the Zone of
Influence (ZOI) of Min-K and NUKON® Insulation for Wolf Creek and Callaway Nuclear
Operating Plants,” Revision 0, dated October 2007 [9] to justify an 8D ZOI radius, but that report
had not yet been received by the licensee and therefore was not available for staff review during
the onsite audit. In addition, the licensee had initiated an analytical study to assess the
structural comparability of the Salem Unit 1 Nukon® jacketing to the Wolf Creek Nukon® jacket
system tested by Westinghouse, for which a preliminary draft report was made available for



staff review [10]. Subsequent to the onsite audit, the licensee provided the staff a copy of
WCAP-16710-P. However, because the staff has not received a licensee-approved analytical
study assessing the structural comparability of the Salem Unit 1 Nukon® jacketing versus the
Wolf Creek Nukon® jacket system tested by Westinghouse, the staff has not evaluated the
subject report. Therefore, the need for the licensee to justify the application of an 8D ZOI for
jacketed Nukon® installed at Salem Unit 1 is designated as Open Item 3.2-1.

The Salem containments contain substantial quantities of insulation that is either metal
encapsulated or semi-encapsulated, and the insulation contained within the encapsulations is
either Cera-Blanket® or Kaowool®, with the majority being Kaowool® based on a licensee
assessment of available documentation. The original insulation was Kaowool®, but some
replacement insulation was specified in a technical standard as Cera-Blanket. The majority of
the original insulation remains in place [11]. Because the licensee was unable to reasonably
determine the exact insulation breakdown or the exact locations of different types of these
two insulations, the licensee treated all of the encapsulated insulation as Kaowool®. The
licensee stated that this was a conservative decision because: 1) the majority of the
encapsulated insulation is Kaowool® rather than Cera-Blanket®; and 2) Kaowool® is denser
than Cera-Blanket® so that the estimate of the quantities of postulated generated fine
transportable fibrous debris would be greater for Kaowool® than for Cera-Blanket®. The staff
accepted the analytical substitution of Kaowool® for Cera-Blanket® insulation at Salem as a
conservative engineering judgment for the reasons stated by the licensee.

Because a ZOI has not been experimentally determined for Kaowool®, the licensee adopted the
unjacketed Nukon® ZOl of 17D for Kaowool® on the conservative basis that: 1) Kaowool® is
denser than Nukon®, i.e., 8.0 Ibm/ft* compared to 2.4 Ibm/ft*, 2) a 17D ZOlI effectively
encompasses the SG compartment so that the majority of the encapsulated Kaowool® insulation
was treated as debris, and 3) the metallic encapsulation would provide some protection to the
Kaowool® that was not present when the unjacketed Nukon® was tested. This protection is
difficult to quantify because the Salem encapsulation system cannot be directly compared to a
metallic encapsulation that has been tested and because the ends of the semi-encapsulated
jackets are open. The general concept that higher density insulations are tougher than lower
density insulations has some merit, which is established by the debris size distributions of debris
formed in a similar manner from materials of different density. This merit is illustrated by SE
Figure 11-8, which shows that less small and fine fibrous debris is generated for insulation types
having higher established destruction pressures that roughly correlate to insulation densities.
Further, as an example, it can be noted from the SE-accepted destruction pressures and ZOI
radii found in SE Table 3-2, that the ZOI radius for the higher density Temp-Mat of 11.7D is
substantially smaller than the corresponding 17D ZOlI radius for unjacketed Nukon®. The staff
accepted the 17D in the SE for use with the Salem Kaowool® based on the density argument
and the fact that a ZOl larger than 17D would not have substantially increased the licensee-
established bounding quantity of Kaowool® debris because the 17D effectively overlaps the total
space within the bioshield wall.

The generic fiberglass at Salem consists of fiberglass insulation for which the type(s) cannot be
determined using reasonable methods. To conservatively compensate for the uncertainty in the
characterization of the generic fiberglass, the licensee assumed a conservative ZOI and bulk
density for these materials. Based on the maximum fiberglass density listed in the GR

(5.5 Ibm/ft’), the licensee assumed a bulk density of 6 Ibm/ft® for the generic fiberglass, which,
when simulated in the head loss tests using Nukon® fiberglass material, is expected to ensure
that the licensee established a bounding quantity of fibrous debris. Because the volume of
debris used in the test is based on an equivalent mass of fibrous insulation in the plant, the
debris volume used in the test was conservatively increased by assuming a conservatively high



density for the plant’s generic fiberglass. The licensee also adopted the unjacketed Nukon® ZOlI
of 17D for the generic fiberglass based on the concept that a higher density would likely in
reality reduce the size of the ZOI, and that a 17D ZOI would effectively encompass the SG
compartment, so that the majority of the generic fiberglass would be impacted (basically the
same argument presented above for the Kaowool®). Further, it is noted that although there

are considerable quantities of generic fiberglass in the containment inventories, the dominant
fibrous materials in terms of debris generation are Nukon® for Unit 1 and Kaowool® for Unit 2.
The staff accepted the licensee approach of assuming both a conservative ZOl and a
conservative insulation density for the generic fiberglass as being conservative overall.

Two types of RMI are used in the Salem containment, Transco MRI® and a type referred

to simply as metal reflective insulation. The licensee’s ZOlI for the Transco MRI® is the
SE-accepted 2D, but the ZOI has not been experimentally determined for the other types of
metal reflective insulation type. The licensee adopted the GR Mirror® brand ZOI of 28.6D
because a 28.6D ZOlI is so large that it effectively overlaps the total space within the bioshield
wall. The staff accepted the licensee’s approach for the RMI insulation in the Salem plant as
being conservative for the reasons stated by the licensee.

Another potential small source of fibrous debris is the cover material on permanently installed
lead shielding blankets placed within the containment to provide radiation shielding. The covers
for these blankets are made of a material called alpha-maritex® cloth, which is fibrous and
impregnated with a vinyl-like substance. Because these lead blankets are suspended without
back support, the licensee expects that entire blankets would detach when impacted by a jet
without completely disassembling so that the potential to generate substantial quantities of
fibrous debris is minimal. However, the licensee conservatively assumed a nominal quantity of
such debris in its debris source terms. The lead itself could form heavy metallic debris, but such
debris would not effectively transport. The total inventory potential for lead cover fibrous debris
ranged from 1.2 to 8.0 ft* depending upon the location of the break. Westinghouse subjected
covered lead blankets to prototypical two-phase jet conditions to assess the potential generation
of fibrous debris from these blankets [12]. The testing showed no evidence of separation of the
blanket layers or catastrophic failure of the blankets. The quantity of fiber-reinforced plastic
debris resulting from jet impingement on the lead blankets was exceedingly small and the
densities of such debris were sufficiently high that pieces of the plastic layers would readily sink
and not transport to the strainer. The testing results justified reducing the fibrous debris volume
generated from this material to 1 ft>. The staff accepted the licensee approach for the lead
blanket fibrous covers as conservative for the reasons stated by the licensee and the reasons
discussed above. The Staff noted that the total debris potential from the lead blankets was
relatively small compared to the insulation fiber sources.

The licensee noted that there are no fire barriers or fire wraps inside containment.

The particulates that could accumulate on the Salem replacement strainers include Min-K®
insulation debris, the coatings particulates, the latent particulates, and the chemical precipitants.
The Min-K® debris evaluation used the SE-approved ZOI of 28.6D. The qualified coatings
particulate debris evaluation assumed an industry-established 5D ZOlI, along with a modest
quantity of unqualified coatings debris (see Section 3.8 of this report for staff evaluation). The
latent particulates were 85 percent of the conservatively assumed 200 Ibm of latent debris

(see Section 3.4 for staff evaluation). The licensee stated that the chemical precipitants were
based on the NRC-sponsored Integrated Chemical Effects Test (ICET) Test #1 (see Section 5.4
for staff evaluation).

The licensee’s bounding debris quantity estimates are summarized in Table 3.2-2 below. The
following observations can be made from this table:



e The bounding debris estimates were the same for break selections S1, S2, S6, S7,
and S8. All five of these breaks were located within the same side of the bioshield
compartment. The primary reason for this outcome is that the relatively large ZOls
effectively overlap the total space within the bioshield wall. Another reason that
contributes to the lack of variation among these breaks is symmetry of the insulation
from one RCS loop to the next. The primary asymmetry is that the pressurizer is located
on one loop but is within reach of all of the selected break locations except for Break S3,
which is located inside the bioshield compartment but opposite the pressurizer. For
Unit 1, the pressurizer is insulated with Nukon®, and for Unit 2, the pressurizer is
insulated primarily with metal reflective insulation.

e The Min-K® insulation debris quantities differ significantly between Unit 1 and Unit 2.
Although the quantity for Unit 1 may appear relatively minor, Min-K® debris is known to
cause substantially greater head loss than a corresponding quantity of coatings or latent
particulate, so even minor quantities need to be considered important in the head loss
testing. The quantity of 24.5 ft* represents by far the largest source of particulate debris
for Unit 2.

Table 3.2-2 Bounding LOCA-Generation Insulation Debris Quantities* (Less Coatings)

Unit 1 Unit 2
Debris Type Break Other . Break Other .
S3 Break S3 Break
Metallic (ff)
Transco MRI® o' o' 3255 3255
RMI 33926 33926 31260 37685
Fibrous (ff))
Nukon® 476 537 5 46
Kaowool® and Cera-Blanket® 128 128 116 116
Generic Fiberglass 45 45 47 47
Particulate (ft)
Min-K® 5.3 5.3 24.5 24.5

o With the exception of the Min-K®, these quantities include an additional five percent margin for
conservatism. The Min-K® values include a 20 percent margin [11].
e **Other breaks included Breaks S1, S2, S6, S7, and S8, which all generated the same quantities of
debris.
TAIthough Transco MRI® is installed in Unit 1, itis outside the ZOI for these postulated breaks.

The debris quantities associated with the breaks other than S3 represent the largest quantities
of LOCA-generated insulation debris. Break S6 represents the break closest to the recirculation
sump.

The staff reviewed the licensee’s documentation supporting Table 3.2-2 and found no
discrepancies. Further, the staff agrees, based on the approach described by the licensee’s
documentation, that the quantities of insulation in Table 3.2-2 associated with each break are
bounding.



3.3 Debris Characteristics

The staff reviewed the Salem licensee’s assumptions regarding the characteristics of
post-accident debris to verify that the assumed characteristics were conservative or prototypical
with respect to debris transport, debris bed head loss, and other areas of the sump performance
analysis. The licensee’s discussion of debris characteristics was primarily provided in the debris
transport calculation [13] and also in the debris generation calculation [7].

The analyzed debris loading for Salem included Nukon®, Kaowool®, generic fiberglass, Min-K®,
generic RMI, Transco reflective metallic insulation MRI® (Unit 2 only), qualified and unqualified
coatings, latent debris, foreign materials, and fibrous debris from lead shielding blankets [13].
This section of this report describes the licensee’s assumptions regarding the characteristics of
these types of debris (with the exception of the characteristics of coatings debris, which are
discussed separately in Section 3.7 of this report).

A summary of the assumed plant debris characteristics for non-coatings debris is provided
below in Table 3.3-1.

Table 3.3-1 Summary of Assumed Characteristics for Non-Coatings Debris [13, 7]

Debris Type Size Distribution Bulk Density
(Ibm/ft’)
Nukon® (Unit 1) 25% Fines 2.4
75% Small Pieces
Nukon® (Unit 2) 15% Fines 2.4
45% Small Pieces
40% Large Pieces
Kaowool® 15% Fines 8
45% Small Pieces
40% Large Pieces
Generic Fiberglass 100% Fines 6
Min-K® 100% Fines 16
Mirror® RMI 75% Small ( < 4 inches) N/A
25% Large (2 4 inches)
Transco MRI® 100% Small ( < 4 inches) N/A
Latent Fiber 100% Fines 2.4
Latent Particulate 100% Fines 168.6
Foreign Materials 100% Intact Sheets N/A
Fiber from Lead 100% Fines 6

Blankets



3.3.1 Nukon®

As discussed in detail in Section 3.2 of this report, the licensee assumed that the Unit 1 jacketed
Nukon® (low-density fiberglass insulation) has a ZOI of 8D and the unjacketed Nukon® has a
ZOl of 17D. For Unit 2, the licensee assumed that both jacketed and unjacketed Nukon® have a
ZOl of 17D [13, 7]. The licensee stated that the ZOlI for the jacketed Nukon® at Unit 2 was
assumed to be 17D to conservatively maximize the quantity of generated debris. As clarified
below, the licensee assumed different size distributions for the Nukon® debris generated at
Units 1 and 2 that were ultimately based on the different ZOI assumptions made for the two
units [13].

The Unit 1 size distribution of 25 percent fines and 75 percent small pieces for Nukon® was
based upon testing completed during the Drywell Debris Transport Study [27] that is referenced
in Appendix Il to the staff’s safety evaluation (SE) [3] on NEI 04-07 [6]. This size distribution
cannot be directly compared to the SE Table 1I-2 value of 22 percent because this distribution
was derived for an 8D, rather than a 17D ZOI. This licensee distribution is conservative
because (1) the distribution does not take credit for any large or intact pieces of debris and

(2) the 25 percent value for fines is on the conservative end of the range for fines found in the
NRC-sponsored testing referred to as the Drywell Debris Transport study [27]. In those tests,
blankets of Transco fiberglass were destroyed so that the majority of the debris was either fines
or small pieces. Fifteen to 25 percent of the blanket insulation became fines. The staff,
therefore, finds the licensee’s size distribution for Nukon® at Unit 1 to be acceptable for
application to an 8D ZOI. Further, since the volume averaged destruction pressure within the
17D ZOl is lower than that for 8D, the staff considers the Unit 1 size distribution to have added
conservatism when applied to a 17D ZOl.

The Unit 2 size distribution of 15 percent fines, 45 percent small pieces, and 40 percent large
pieces for Nukon® in a 17D ZOl was also based upon guidance from the staff's SE. In
accordance with the SE guidance, the licensee assumed that 40 percent of the debris would be
destroyed into large pieces and that 60 percent of the debris would be destroyed into fines and
small pieces. The licensee further divided the aforementioned 60 percent into 15 percent fines
and 45 percent small pieces based upon the discussion in Appendix Il to the SE [3] that is
summarized above. The licensee conservatively assumed that none of the destroyed Nukon®
would remain in the form of intact pieces. The staff considers the licensee’s size distribution for
Nukon® at Unit 2 to be appropriate because it follows the SE [3] guidance concerning the size
distribution between fines, small pieces, and large pieces of debris, and it conservatively omits
the generation of intact pieces of debris.

The staff considered the bulk density of 2.4 Ibm/ft> assumed for Nukon® to be acceptable
because it is consistent with the value provided in the staff's SE and other technical references.

3.3.2 Kaowool®

Similar to the discussion above for Nukon® within a 17D ZOlI, the licensee assumed a size
distribution of 15 percent fines, 45 percent small pieces, and 40 percent large pieces for
Kaowool® debris (for which the assumed ZOl was also 17D) [13]. The licensee’s basis for this
assumed size distribution was destruction testing performed with Nukon® insulation and the
argument that this testing is conservative with respect to Kaowool® because the bulk density of
Kaowool® is greater than that of Nukon®. As a result of its density being greater than that of
Nukon®, the licensee stated that it is probable that the size distribution of destroyed Kaowool®
will contain a conservatively lower proportion of fines than Nukon® when subjected to a given jet
pressure.



There is evidence that a rough correlation may exist between the increasing density of a fibrous
insulation and its resistance to damage from a LOCA jet (e.g., see Figure 1I-8 from Appendix Il
to the staff's SE [3] on NEI 04-07 [6]). However, there are other variables that may have greater
significance with respect to the distribution of debris sizes, including the binding method

(e.g., organic binders, mechanical stitching), the binding strength, the jacketing strength, and
the type of fiber. For example, as discussed in the audit report for San Onofre Nuclear
Generating Station [14], the staff's review found past evidence that mineral wool may be
destroyed into finer fragments by a LOCA jet than would Nukon® debris, despite having a

higher density.

Based on the discussion above, the staff does not consider the licensee’s justification to be
complete. However, the staff considered the licensee’s assumed size distribution for Kaowool®
to be reasonable when the additional information described below is also considered. First, the
staff compared the licensee’s assumed size distribution for Kaowool® with data from air jet
testing with K-Wool in Volume 3 of the Utility Resolution Guidance for ECCS Suction Strainer
Blockage prepared by the Boiling Water Reactor Owners’ Group [15]. K-Wool and Kaowool®
are both ceramic fibers, as opposed to Nukon®, which is composed of glass fibers held together
with organic binder. The characteristics assumed by the licensee for Kaowool® (with a 17D ZOl)
appear reasonable based on similarity to the test results for K-Wool. Second, the licensee’s
neglect of the generation of intact pieces of debris provides a significant degree of conservatism
to the assumed size distribution for Kaowool® debris. Thus, all non-transportable pieces of
Kaowool® generated by a LOCA are conservatively assumed to be subjected to the effects of
erosion in the containment pool. Therefore, the staff considers the licensee’s assumed size
distribution for Kaowool® to be reasonable.

The licensee stated that the bulk density for Kaowool® debris should be assumed to be 8 Ibm/ft°.
This assumed density is based upon licensee records which indicate that Kaowool® denser

than 8 Ibm/ft® has not been installed at the Salem since 1994, the earliest year for which

records were available. NEI 04-07 [6] states that the density of Kaowool® may vary between

3 and 12 Ibm/ft’. From the standpoint of generating a conservatively large quantity of debris,
assuming a density toward the higher end of the applicable range is conservative. The staff
considers the licensee’s assumption that the Kaowool® installed at Salem has a density of

8 Ibm/ft® to be a reasonable estimate, based upon the existing records maintained by the
licensee. The staff calculated the potential added mass of Kaowool® debris reaching the
strainer if the density of all of the Salem Kaowool® were 12 Ibm/ft*—a worst-case value for
Kaowool® density. This theoretical condition added only approximately five percent to the mass
of all fibrous debris reaching the Unit 1 strainer (which bounds Unit 2).

3.33 Generic Fiberglass

As a result of the lack of detailed material characteristics information for generic fiberglass at
Salem, the licensee assumed that 100 percent of the debris generated from generic fiberglass
becomes fines [13]. Since fine debris tends to be most problematic with respect to transport
and strainer head loss, the staff considers the licensee’s assumption of 100 percent fines for
generic fiberglass to be conservative.

The licensee assumed that generic fiberglass insulation has a bulk density of 6 Ibm/ft® [7]. The
licensee’s basis for this assumption is that the most dense fiberglass insulation considered in
NEI 04-07 had a density of 5.5-Ibm/ft® [7]. The licensee further stated that the properties of
Nukon® fiber should be assumed when addressing the head loss behavior of this debris.



The staff considers the licensee’s assumption that generic fiberglass has a density of 6 Ibm/ft®
to be conservative with respect to debris generation because this assumption maximizes the
mass of generated debris. The staff also agrees that it is reasonable that the licensee use
Nukon® as a surrogate material for generic fiberglass for the purpose of head loss testing
because Nukon® is a representative brand of low-density fiberglass insulation and because
potential uncertainties associated with the use of Nukon® as a surrogate appear to be bounded
by conservative assumptions associated with the mass of the fiberglass debris and the
assumed debris size distribution of 100 percent fines. The conservatively high density assumed
for generic fiberglass did not have a non-conservative effect on the debris transport calculation
because the licensee assumed that generic fiberglass debris is 100 percent fines that fully
transport to the sump strainer. Therefore, the staff considers the assumed density of 6-lbm/ft®
to be conservative for generic fiberglass.

3.34 Min-K®

In accordance with Section 3.4.3.3 of the staff’s SE [3] on NEI 04-07 [6], the licensee assumed
that 100 percent of the generated Min-K® debris will become fines [13]. The staff considers the
licensee’s assumption to be acceptable because it is consistent with the staff’'s SE.

The licensee assumed that the density of Min-K® debris is 16-lbm/ft>. Based upon
manufacturer’s data sheets for Min-K® provided by the licensee [16], the staff concluded that
the assumed density is appropriate for Salem.

3.3.5 Mirror Reflective Metallic Insulation

The licensee stated that the size distribution assumed for Mirror® RMI was 75 percent pieces
smaller than four inches. This size distribution is based upon Section 3.4.3.3.2 of NEI 04-07 [6].
The licensee stated that this size distribution was originally based upon destruction data shown
in NUREG/CR-6808, “Knowledge Base for the Effect of Debris on Pressurized Water Reactor
Emergency Core Cooling Sump Performance.” [17] The staff considers the licensee’s size
distribution for Mirror® RMI to be acceptable because it is in accordance with NEI 04-07
guidance that was approved in the staff’'s SE [3].

3.3.6 Transco Metal Reflective Insulation

The licensee stated that the size distribution assumed for Transco MRI® was 100 percent small
pieces of less than four inches [13] rather than the 75 percent value in the staff’'s SE [3]. This
finer distribution was chosen for Transco MRI® (as opposed to Mirror® RMI) because of its
increased destruction pressure (114 psi at a distance of two pipe diameters from the break),
based upon the principle that the higher destruction pressures operating close to the break tend
to lead to more finely fragmented debris. The staff considers the licensee’s size distribution for
Transco MRI® debris to be acceptable based on the physical principle described above and
because smaller pieces of debris are generally more transportable than larger pieces.

3.3.7 Latent Fibrous Debris

The licensee modeled latent fibrous debris as being 100 percent fines that are transportable to
the sump strainer [13]. The staff considers this size distribution to be acceptable because it is
consistent with the staff's SE [3] on NEI 04-07 [6].

The licensee assumed that the bulk density of latent fibrous debris is 2.4-lbom/ft*> and stated that
low-density fiberglass was used as the surrogate debris for latent fibrous debris. The bulk
density of 2.4-Ibm/ft® for latent fibrous debris was approved in the staff's SE on NE| 04-07, and
is, therefore, acceptable. The use of fines from a low-density fiberglass, such as Nukon®, as a
surrogate debris for latent fiber in head loss testing is acceptable because this practice was also



considered appropriate in the staff's SE [3], as discussed in Section 3.5.2.3 and Appendix VII of
that document.

3.3.8 Latent Particulate Debris

The licensee modeled latent particulate debris as being 100 percent fine particulate that is
transportable to the sump strainer. The staff considers this size distribution to be acceptable
because it is consistent with the staff's SE [3] on NEI 04-07 [6].

The licensee assumed that the bulk density of latent particulate debris is 168.6 Ibm/ft®. This
bulk density is acceptable because it is consistent with the value approved in the staff's SE [3]
on NEI 04-07[6].

3.3.9 Foreign Materials

The licensee stated that, since no data is available concerning the transport and disintegration
of foreign materials such as labels and placards, these materials would be treated as fully
transporting to the sump strainer as intact pieces. The licensee stated that this position is
consistent with guidance in the staff’'s SE in Section 3.5.2.2.2 [3]. Based on other guidance in
the SE, the licensee accepted a reduction in strainer area equal to 75 percent of the original
single-sided area of the foreign materials to account for the blockage created by foreign
materials.

The licensee’s assumed characteristics for foreign materials are acceptable because they are
consistent with guidance in the staff’'s SE [3].

3.3.10 Fiber from Lead Blankets

The licensee stated that fibrous debris from the permanent lead shielding blankets was
considered to be similar to the generic fiberglass discussed above in Section 3.3.3, with

100 percent transport to the sump strainers [13]. The staff considers this licensee position to
be reasonable because the quantity of lead shielding blanket fiber is very low (approximately
one (1) cubic foot), and the relatively small amount of fibers from these blankets would tend to
be spread throughout the strainer debris bed as a result of debris generation, transport, and
accumulation processes. Therefore, the material properties assumed for the fibers from lead
blankets would not be expected to have a great influence on the head loss of the debris bed.
Based upon the staff’s evaluation of the assumed properties for generic fiberglass above

in Section 3.3.3 (for example, the lead blanket fibrous material being treated as having

100 percent transportability), the staff considers these assumed properties to be conservative
for fiber from lead blankets.

34 Latent Debris
3.41 Scope of Audit

Latent debris is unintended debris present in containment prior to a postulated high-energy line
break, which may be composed of various constituent materials including dirt, dust and other
particulate, paint chips, fiber, pieces of paper, tags, plastic, tape, adhesive and non-adhesive
labels, and fines or shards of thermal insulation or fireproof barriers. The objective of the latent
debris evaluation is to provide an estimate of the types and amounts of latent debris existing in
containment for the purpose of assessing its impact on sump strainer head loss. The licensee
performed an evaluation of the potential sources of latent debris within containment using the
guidance provided in NEI 04-07 (GR) [6] and the associated NRC staff safety evaluation (SE)

[3].



References [3] and [6] provide baseline guidance for assessing and quantifying the mass and
characteristics of latent debris inside containment as follows: (1) estimate the total area
available in containment for latent debris deposition, including both horizontal and vertical area
contributions, (2) survey the containment to determine the mass of debris present, (3) determine
the fraction of total area that is susceptible to debris buildup, (4) calculate the total quantity and
composition of debris in containment, and (5) define the debris composition and physical
properties. These elements of the latent debris evaluation process are addressed in references
[18, 19, and 20].

3.4.2 Latent Debris Sampling Methodology
Dust, Particulate, Lint

The licensee's latent debris walkdown plan [18, Attachment 8.1] outlines the process for
evaluating the latent debris mass found in the Salem 2 containment. A latent debris walkdown
of the Salem Unit 1 containment was not performed. Instead, the licensee assumed that the
results of Salem Unit 2 also apply to Salem Unit 1. The results based upon Unit 2 walkdown are
acceptable for Unit 1 because the containment cleanliness program is applicable to both units
and because of the conservatism used in the calculation.

The surface areas within Salem Unit 2 containment that are available for accumulation of latent
debris were identified, and seven surface-area categories were defined. Then, after accounting
separately for horizontal and vertical surface configurations, a final total of eleven area types
were defined. The surface area of each of the eleven area types was computed with the aid

of plant drawings. All of the individual area contributions were tabulated in Appendix A of the
latent debris calculation [18], where the physical sample locations are also identified.

The latent debris mass, including dust, particulate and lint, was evaluated using a total of

38 samples. A minimum of three samples was specified to characterize the mass of debris for
each area type, as recommended by the NRC SE [3]. The specific sample locations are
identified in the licensee’s latent debris calculation report [18]. At each location, a pre-weighed
cloth was used to swipe or scoop debris from surface area samples ranging from 1.5 ft* and
31.42 ft2. The difference of the cloth’s weight before and after the collection of the sample
represents the weight of the sample. All of the measured weights were made with a calibrated
balance with weight measured in grams with a resolution of 0.01 gram. The sampled debris
masses were generally greater than 0.1 gram. The uncertainty of £ 0.01 gram leads to an
acceptably small uncertainty in the computed latent debris mass.

For each of the eleven area types, the measured sample masses and the surface area sampled
were used to compute the mean sample mass per unit area, the standard deviation of this
quantity, and the 90 percent confidence limit of the quantity. The 90 percent confidence limit
was conservatively used instead of the sample mean to calculate the representative latent
debris sample mass per unit area for each specific area type sampled. For the case of three
specific area types (gratings, vertical cable trays and horizontal ducts), the minimum three
samples were not taken. The gratings were conservatively considered as part of the total
containment floor area, and the floor areas samples were used to represent the grating latent
debris mass. For vertical cable trays and horizontal ducts, accessibility limited the number of
debris samples. For these cases the data were supplemented by using debris masses taken
from other area types, which were assumed to be similar in their ability to collect debris. In
these cases vertical surface data were applied to vertical surfaces, and horizontal data were
applied to horizontal surfaces. This assumption is judged reasonable by the staff because the



mass of debris collected generally is larger for the horizontal surfaces, and this distinction was
preserved in the licensee’s approximation.

The total mass of latent debris present in containment on each of the eleven area types was
estimated from the measured debris masses by multiplying the computed sample mass per unit
area by the estimated surface area of containment associated with the specific area type. The
masses identified with each area type were summed to provide the total latent debris mass in
containment.

NRC Staff Audit

The sampling methodology for measurement of latent debris mass and the statistical analysis
performed as summarized above follows the guidance of NEI 04-07 [6] and the NRC SE [3].

In place of the sample mean for each area type, the licensee conservatively used the 90 percent
confidence limit. Additional margin was added to the latent debris mass as added

conservatism. This is discussed further in Section 3.4.3. For these reasons, the staff finds

the methodology to be conservative and acceptable.

Foreign Materials

The staff reviewed the licensee’s walkdown plan for foreign materials [19] and the licensee’s
report of the quantitative results of this walkdown [20]. The methodology used for Salem 1 and
Salem 2 are identical.

The walkdowns of the Salem 1 and Salem 2 containments considered all self-adhesive labels
and placards as potential sources of debris that could be transported to the sump screen. The
total of the individual label and placard areas for each unit was calculated. The labels and
placards are located on conduits, cable trays and junction boxes. Plant drawings were used to
identify the number and size of these tagged items, and the total area of the labels and placards
was computed based on the total number of tagged items. These materials were assumed to
be transported to the sump screen. The licensee’s methodology for estimating quantities of
foreign material is acceptable because it accurately maximizes the area of labels and placards
in the containment that may reach the strainers.

NRC Staff Audit

The licensee did not inventory the quantity of broken bulb glass that could be shattered and
transport to the containment pool during a LOCA because of its non-transportability. In the
judgment of staff, this debris would indeed be too dense to transport to the strainers if it does
reach the containment pool. The staff therefore concludes that neglecting the glass as debris
that reaches the strainers is acceptable.

343 Latent Debris Mass and Foreign Materials Results

Latent Debris Mass

The results of the licensee analysis for latent debris mass and the quantity of tags and labels in
containment, etc., are presented in Table 3.4-1. The total quantity of latent dirt, dust and lint
computed from the Unit 2 sample measurements and surface areas is 33 lom [18, p.10]. This
quantity includes a conservatism that uses the 90% confidence limit for the mass of latent debris
in place of the sample mean. The total quantity that was conservatively specified in the sump
screen design and for head loss testing of the strainer is 200 Ibm [7]. For the head loss testing
a scaled fraction of the 200 Ibm was specified. This latent debris mass content is specified as



85 percent particulate and 15 percent fiber [22, p.17]. This is consistent with the guidance in
the NRC SE [3].

The staff concludes that the estimate of 200 Ibm for the latent debris mass is conservative as an
estimate of the latent debris mass in both Salem 1 and Salem 2 containments. While the
sampling and calculations were performed for Salem 2, staff also accepts the results as
applicable to Salem 1 because the containment cleanliness and foreign materials inspections
programs are the same for both units [23, 24] and, because a very conservative debris mass
was specified by the licensee relative to the calculated quantity.

Foreign Materials

Table 3.4-1 presents the results of the licensee’s inventory of foreign materials that is used as
the sacrificial area for the sump strainer design. All labels and placards were conservatively
assumed to be transportable to the containment sump. One-hundred percent of the sum of the
areas of the individual debris pieces was taken as the total area of labels and placards. The
staff considers this methodology to be acceptable because it conservatively accounts for the
inventory of labels and placards in containment. Potential glass breakage as a source of
sacrificial area was not included. However, staff considers that broken glass would not be
transportable to the sump screen. The estimate of foreign materials, therefore, is considered
acceptable.

Table 3.4-1 Salem Latent Debris and Foreign Material Results

Latent Debris and Foreign Material | Quantity Type
Dirt, Dust, and Lint 33 Ibm Latent Debris (Assumed 15%
(Applicable to Units 1 and 2) calculated for |Fibrous and 85% Particulate)
Unit 2
(200 Ibm

specified for
strainer head
loss testing)

Labels and Placards Foreign Material

Unit 1 572.3 ft
Unit 2 525  ft

3.5 Debris Transport

Debris transport analysis estimates the fraction of post-accident debris that would be
transported to the sump suction strainers during a LOCA or other high-energy line break
requiring containment sump recirculation. Generally speaking, debris transport in the
containment can be considered to occur through four primary mechanisms:

e blowdown transport, which is the vertical and horizontal transport of debris throughout
containment by the break jet;



e washdown transport, which is the downward transport of debris due to fluid flows from
the containment spray and the pipe rupture;

o pool-fill transport, which is the horizontal transport of debris by break flow and
containment spray flow to areas of the containment pool that may be active (influenced
by recirculation flow through the suction strainers) or inactive (hold-up or settling
volumes for fluid not involved in recirculation flow) during recirculation flow; and

e containment pool recirculation transport, which is the horizontal transport of debris from
the active portions of the containment pool to the suction strainers through pool flows
induced by the operation of the ECCS and CSS in recirculation mode.

Through the blowdown mechanism, some debris would be transported throughout the lower and
upper containment. Through the washdown mechanism, a fraction of the debris in the upper
containment would reach the containment pool. Through the pool fill-up mechanism, debris on
the containment floor would be scattered to various locations, and some debris could be
washed into inactive volumes which do not participate in recirculation. Through the recirculation
mechanism, a fraction of the debris in the active portions of the containment pool would be
transported to the suction strainers, while the remaining fraction would settle out on the
containment floor.

The staff reviewed the debris transport analysis for Salem, which was primarily contained in the
licensee’s debris transport calculation [13]. The debris transport calculation stated that the
transport methodology used for Salem is based on the methodology in Nuclear Energy Institute
(NEI) 04-07 [6], as modified by the associated NRC Safety Evaluation (SE) [3], and Regulatory
Guide (RG) 1.82 [26].

The licensee's debris transport methodology [13] used baseline methodology assumptions from
Section 3.0 of NEI 04-07 [6] and analytical refinements from Section 4.0 of NEI 04-07 [6]. One
transport refinement was that the licensee used FLUENT, a computational fluid dynamics (CFD)
code, to model the flow of water in the containment pool during the recirculation phase of a
LOCA. The following subsections discuss the licensee's overall transport methodology, noting
specific issues the NRC staff identified during the audit review.

3.5.1 Blowdown and Washdown Transport

The licensee stated that, since all of the analyzed breaks are located inside the bioshield wall
underneath the operating floor (plant elevation 130 ft), the most likely way for debris to reach the
strainer by blowdown and washdown transport is to be blown into the upper containment
through openings around the steam generators and then be washed down by containment
spray through the floor grating above the strainer [13]. The licensee stated that this path is
feasible for debris that is sufficiently small to pass through grating openings (e.g., fines, some
small debris pieces, coating debris, latent debris, etc.).

The licensee stated that significant debris transport directly to the sump strainer via blowdown
would not likely occur through the four doorways in the bioshield wall [13]. Specifically, the
licensee stated that one of the bioshield doors is on the opposite side of the containment
building from the sump, and the other doors are oriented such that exiting debris would either
be blown away from the strainer or would be incapable of maneuvering through the series of
turns necessary to exit the bioshield and arrive at the sump strainer.



The licensee stated that debris that is ejected into the upper containment during the blowdown
phase can be washed down into the containment pool through floor drains, the openings around
the steam generators, the refueling canal drain line, or gratings over the outer annulus between
the bioshield wall and the containment wall. The licensee stated that all debris blown into the
upper containment is initially assumed to be distributed uniformly over the operating floor area in
the final calculation. The licensee considered this assumption not to be representative of the
probable locations of debris because most of the debris would likely be blown toward the middle
of the containment building (since the containment dome provides the largest free volume).
However, the licensee stated that, since the grating around the edge of one quadrant of
containment is the only pathway for debris to wash directly down onto the strainer, assuming
uniform deposition of debris across the operating floor increases the calculated quantity of
debris near the outer edge of the containment. This would result in an increase in the amount of
debris directly washing down onto the strainer, and is therefore conservative. Based upon an
evaluation of the floor area at the operating deck elevation, and potential drainage locations on
the operating floor, the licensee calculated that the quantity of debris washed to the floor grating
above the sump strainer is 20 percent of the debris that is ejected into the upper containment
during the blowdown phase of a LOCA.

Using experimental data from the NRC’s Drywell Debris Transport Study [27], the licensee
stated that 25 percent of all small fiber pieces are expected to become trapped when passing
through a layer of floor grating. Thus, the licensee stated that the two layers of grating between
the operating deck and the containment pool would permit 56.25 percent of small pieces of
debris that are washed onto the grating directly above the strainers to fall directly onto the
strainers [13]. The licensee did not ultimately credit the two layers of grating above the strainers
with retaining the remaining 43.75 percent of the small pieces of debris; instead, these pieces of
small debris were conservatively considered to fall to the containment floor upstream of the
debris interceptors, rather than being trapped permanently on the grating. All fine debris
reaching the two layers of grating was assumed to pass through the gratings. Considering

the geometry of the radiant energy shields above the strainer, the licensee determined that
most of the washed-down fines and small pieces of debris would end up behind the strainer
(i.e., between the strainer and the containment wall).

Based upon the information provided by the licensee concerning the physical geometry and
layout of the containment, the staff considered the licensee’s assessment of blowdown

and washdown transport to be consistent with the regulatory guidance in the staff’'s SE on
NEI 04-07 [3]. For the purpose of analyzing debris transport to the sump strainer, the staff
further considered it conservative that, although gratings were used to determine the spatial
distribution of debris washing down into the containment pool, the licensee did not credit the
capture of debris on gratings and other structures in the upper containment. As a result, the
quantity of debris available for transport to the sump strainer is conservatively maximized.

While not crediting capture of debris on gratings and other structures in the upper containment
is conservative with respect to sump strainer sizing, without adequate technical justification the
staff would not consider the assumption that no debris is captured in the upper containment to
be generally acceptable for other purposes, such as analyzing the susceptibility of the refueling
cavity drains (or other choke points in containment) to debris blockage. In particular, the staff
noted that Salem does not appear to have a complete level of grating between all postulated
break locations and potential upstream hold up points such as the refueling canal drain.
Potential blockage of drainage flow paths in containment and other upstream effects are
addressed in Section 5.2 of this audit report.



3.5.2 Pool-Fill Transport

The licensee did not create a detailed model of debris transport resulting from shallow,
high-velocity sheeting flows that may occur during the pool fill-up phase. Rather, the licensee
considered transport directly to the strainer during the pool-fill phase to be insignificant because
the stairwells from the bioshield to the outer annulus are directed away from the sump strainer,
as discussed above [13]. The licensee’s transport calculation also indicates that the
containment floor slopes slightly downward away from the strainers away from the containment
wall. The licensee’s transport calculation further describes the strainer as being located above
the containment floor, rather than in a pit below the floor level.

Based upon the information provided by the licensee, the staff considered the neglect of pool-fill
transport to be reasonable for Salem. Specifically, the licensee’s statements that the bioshield
doors direct flow away from the strainer indicate a reduced potential for debris to be directed
toward the strainer during pool fill-up. In addition, the licensee’s statement that the strainer is
located above the containment floor and that the containment floor does not slope downward
toward the strainer from the direction of the bioshield wall provides confidence that high-velocity
sheeting flows of water will not be preferentially directed toward the strainer. A 9.125-inch-tall
debris interceptor located upstream of the strainer provides an additional barrier to prevent the
transport of small and large pieces of debris to the strainer via shallow sheeting flows. As a
result of the features described above, the staff's review did not identify the potential for
significant quantities of debris to transport to the sump strainer during the filling of the
containment pool early in the injection phase of the accident. Therefore, the staff considered
the licensee's treatment of pool-fill transport to be acceptable.

3.5.3 Containment Pool Recirculation Transport

The licensee computed flow velocity and turbulence fields in the containment pool during the
recirculation phase of a LOCA with the aid of the FLUENT CFD code [13]. As described in
more detail below, the licensee compared the flow velocities resulting from the CFD simulations
to experimentally generated debris transport thresholds to determine the quantity of debris
reaching the containment recirculation sump strainer. The staff's discussion below evaluates
the licensee's assumptions, analytical models, and calculations associated with determining the
containment pool recirculation debris transport percentages, including a summary of the CFD
simulations performed by the licensee.

3.5.3.1 Pool Recirculation Transport Scenarios Analyzed

The licensee performed a total of 14 CFD simulations using the FLUENT code (as discussed
below), including:

(1) Scenarios 1 through 5, which modeled the original sump screen configuration, a
containment pool depth of 3ft-8in., all containment stairways open, no debris
interceptors, and various trains of containment spray and safety injection pumps
operating;

(2) Scenarios 6 through 12, which modeled various proposed strainer and debris interceptor
designs, a containment pool depth between 2ft-6in. and 2ft-10in., various containment
stairways blocked by post-accident debris, and various trains of containment spray and
safety injection operating; and

(3) Scenarios 13 and 14, which modeled the installed replacement sump strainer and debris
interceptors, a containment pool depth of 2ft-10in., the containment stairway nearest



the strainer blocked by post-accident debris, containment sprays, and both single- and
dual-train safety injection.

Since only the last two scenarios reflect the installed replacement strainer and debris interceptor
configuration, these were the two cases used by the licensee in calculating debris transport
percentages. Therefore, the staff's review focused upon these last two cases, Scenario 13
(single-train flow) and Scenario 14 (dual-train flow).

Summary of CFD Model

The licensee used version 6.1.22 of the FLUENT code for all of the simulations conducted for
Salem. The licensee stated that the computational mesh for the simulations was initially
composed of 157,083 cells; however, during the course of conducting the simulations, additional
computational cells were added to refine the mesh in order to capture details of the flow pattern.
The licensee stated that in the end the total number of cells used in the simulations conducted
for Salem ranged between 1,675,000 and 1,700,100 cells. The licensee stated that the
characteristic length of the computational cells ranged between approximately 0.4 inch (in
containment pool regions considered to be of the most importance) and 11 inches (in regions
where flow details were not considered important).

The containment pool surface was modeled as a rigid, frictionless lid [13]. However, as flow
passes over the strainer, the licensee stated that some change in the height of the water can be
expected. To justify the assumption of using a rigid lid model for the pool surface, the licensee
stated that the Froude number was examined in the vicinity of the strainer and found to be less
than 0.3 in Scenarios 13 and 14. The licensee stated that, for values of Froude number in this
range, changes in water height are expected to be minimal. The staff considered this statement
reasonable and further noted that relatively small differences in water height are not expected to
have a significant impact on floor-transporting debris.

Modeling of Flow Exiting the Bioshield Wall

The two CFD cases of interest nominally modeled Break S1, a 29-inch hot-leg break on the
piping associated with Steam Generator #13 [13]. However, as noted in Attachment 8.2 to the
debris transport calculation [13], the licensee stated that, since the containment minimum water
level is lower than the elevation of the containment floor inside the bioshield wall, flow inside the
bioshield wall was not modeled by these two CFD cases. Rather than attempting to physically
model the distribution of thin sheeting flows inside the bioshield and through the four doorways
into the outer annulus, the licensee assumed that the total flow rate could be divided equally
among three of the four doors the licensee expected to remain unblocked following a LOCA.
Based upon this assumption, the licensee concluded that the two CFD cases modeling the
replacement strainer design were representative of all analyzed breaks for Salem that occur
inside the bioshield wall.

The staff considered the licensee’s assumption of equal flow through the unblocked doorways in
the bioshield wall to lack an adequate technical basis. At the minimum containment water level,
shallow, sheeting flow would occur inside the bioshield wall, and the prediction of the distribution
of flows would most likely not be independent of the break location. The discussion of scenarios
4 and 4a in Attachment 8.3 to the licensee’s debris transport calculation [13] further provides
evidence suggesting that characteristics of the break flow entering the pool have a role in the
distribution of flow through the doorways through the bioshield wall. Therefore, the staff
concluded that the licensee’s assumption that the specific location of the break inside the



bioshield does not have a significant influence on the flow field in the outer annulus was not
adequately justified.

Furthermore, the licensee did not attempt to model the kinetic energy of the flow exiting the
bioshield in a representative fashion; rather, the velocity of each flow stream exiting the
bioshield appeared to have been taken to be equal to flow rate (calculated as per the discussion
above) divided by the cross-sectional area of the pool in the outer annulus at the doorway.
Similar comments apply regarding the break and containment spray flows for certain scenarios
for which these flows were explicitly modeled.

In light of the discussion above, the staff concluded that the degree of accuracy of the
CFD-predicted flow field in the outer annulus is uncertain, particularly in the vicinity of the doors
through the bioshield wall. However, because the licensee conservatively did not credit the
settlement of debris in the outer annulus or within the bioshield wall, and due to other
conservatisms discussed below in Section 3.5.6, the staff did not consider the licensee’s
modeling of flow exiting the bioshield wall to be an open item.

Blockage of the Bioshield Door Nearest the Strainers

The staff reviewed the licensee’s assumption that the bioshield door nearest the containment
sump strainer would pass no flow during a LOCA. Prior to the licensee’s implementation of
modifications to address GSI-191 issues, all four of the doors through the bioshield wall had
similar locked-closed wire mesh gates [13]. To address water hold-up concerns associated with
GSI-191, the licensee modified the gates for the three bioshield doors farthest away from the
sump strainer to reduce the potential for debris blockage. The mesh gate for the bioshield door
closest to the strainer was not modified because the licensee wanted to impose a tortuous
transport pathway for large pieces of debris. Because the mesh gate had not been modified,
the licensee’s CFD analysis assumed that the accumulation of post-LOCA debris on the mesh
gate would prevent the flow of water through the gate.

The staff considered the licensee’s modifications to the three wire mesh doors to be
appropriate, but questioned whether the analytical assumption that no flow passes through

the unmodified mesh door nearest the sump strainer is conservative. Although, as the licensee
stated, assuming blockage at this door increases the flow sweeping around the outer annulus
far from the strainer, on the other hand, it also reduces the velocity and turbulence of the flow in
the vicinity of a large number of strainer modules, where a significant amount of debris could be
present at the foot of the debris interceptors.

Based upon photographs provided by the licensee during the audit, the staff concluded that the
bioshield door nearest the strainer has a relatively small mesh that would most likely filter debris
and thereby impose a substantial flow reduction through the doorway during LOCAs that would
generate a large quantity of debris (which are expected to be most challenging to the
functionality of the strainer). Therefore, the staff considered the licensee’s assumption that no
flow passes through this door to be reasonable for modeling flow in the containment pool under
bounding large-break LOCA conditions. However, during the audit, the licensee did not provide
calculations to demonstrate the structural adequacy of the unmodified mesh gate with respect to
postulated post-LOCA structural loadings. Subsequent conversations with the licensee
indicated that these had not been completed. If the unmodified mesh door were to fail as the
result of post-LOCA structural loadings, the debris transport results could be affected in a
non-conservative way. Therefore, the staff designated Open Item 3.5-1 for the licensee to
demonstrate that the unmodified mesh door nearest the strainer can withstand potential post-



LOCA structural loadings (e.g., jet impingement, subcompartment depressurization, and
containment pool flows when obstructed with debris).

Modeling of Containment Sprays

The licensee stated that containment sprays would not be modeled for design-case CFD
Scenarios 13 and 14 in order to maximize the flow from inside the bioshield to the outer
annulus [13]. The licensee stated that, since the majority of the debris is generated inside the
bioshield and transported to the outer annulus, modeling increased flow out of the bioshield
doors (as opposed to modeling part of this flow as entering the containment pool along the
containment perimeter) will not have a non-conservative impact on debris transport. Although
the staff recognized this conservative aspect associated with not modeling the containment
sprays, the staff also noted that neglecting containment spray drainage into the outer annulus
could overlook its influence on the velocity and turbulence in the annulus, particularly in the
vicinity of the strainer and debris interceptors. Because the licensee’s CFD calculations do not
specifically examine the effect of activating/deactivating the containment sprays on the
containment flow field while holding other conditions constant, it is not clear to the staff that the
licensee’s neglect of containment sprays does not have a non-conservative effect. However,
the staff considers the influence of containment spray drainage to be relatively small compared
to other conservative assumptions in the transport calculation noted in Section 3.5.6, including
the assumption that all small and large pieces of debris reach the interceptors. The staff based
this conclusion on previous experience from reviewing other plants’ CFD calculations and on
engineering judgment. Therefore, the staff does not consider this issue to be an open item.

Boundary Condition at the Strainer Surface

For the design-case CFD Scenarios 13 and 14, the licensee stated during the audit that the flow
boundary condition imposed at the strainer surface was based upon the clean-strainer flow
distribution calculated by the strainer vendor [13]. For the proposed strainer design cases
(Scenarios 6-12), the licensee stated that the flow was modeled as being distributed uniformly to
each strainer module.

Subsequent to the audit, however, the licensee pointed out that the design-case CFD Scenarios
13 and 14 actually incorporated a flow boundary condition at the strainer surface for a debris-
laden condition rather than a clean condition. For Scenario 13, with a total sump flow rate of
5110 gpm, the head loss across the strainer was modeled as 0.3 ft, which resulted in a non-
uniform flow distribution wherein the strainer module nearest the suction line received a flow
rate of 324 gpm and the module farthest from the suction line received 174 gpm. Similarly for
Scenario 14, with a total sump flow rate of 9000 gpm, the strainer head loss was modeled as
0.6 ft, which resulted in a non-uniform flow distribution wherein the module nearest the suction
line received 649 gpm and the module farthest from the suction line received 275 gpm. The
licensee indicated that the strainer head loss conditions used in Scenarios 13 and 14 were
based on a preliminary head loss calculation performed by the strainer vendor.

The staff considered the two different boundary conditions examined by the licensee as
representing two potential strainer flow distributions in the spectrum of flow distributions that
would occur as debris accumulates following a LOCA. The uniform flow distribution examined
in Scenarios 6-12 corresponds to the potential condition wherein a significant amount of debris
has built up on the strainer modules, with an unevenness that tends to balance the initial
differences in the flow resistances of the individual modules. The condition examined in the
design-case Scenarios 13 and 14 considers a lesser debris loading for which the strainer flow



distribution remains markedly non-uniform. The staff noted that the most limiting non-uniform
flow condition would be that associated with a clean strainer, which corresponds to the condition
immediately following the switchover to recirculation, when little or no debris is on the strainer.
The staff expected that the flow conditions near the strainer for the low strainer head losses
examined in the licensee’s design case CFD simulations (0.3 ft and 0.6 ft) would likely resemble
those for the more non-uniform clean strainer condition.

Because the Salem strainer is composed of a long chain of 23 modules, the staff expected the
CFD boundary condition assumed at the strainer surfaces to have significant influence on the
calculated flow field in the vicinity of the strainer and interceptors. An examination of the CFD
simulations performed by the licensee appears to support this conclusion. Since only the flow
distribution determined using the vendor’s preliminary head loss calculation results was used for
the licensee’s design-case CFD simulations, there is uncertainty as to how accurate the design-
case flow field is in the vicinity of the strainer for other conditions, such as the clean strainer
condition and the potential case where additional debris bed head loss occurs and redistributes
the strainer module flows more uniformly. Furthermore, based on an examination of the
containment pool velocity contour plots generated with CFD, the staff concluded that the effect
of channeling flow around the outer annulus would likely also have a significant effect on the
actual distribution of flow through the strainer, by tending to concentrate flow and debris
transport toward specific strainer modules. The staff further questioned the extent to which the
flow to the strainer would be distributed evenly between the front surfaces of the strainer
modules (which are relatively open to flow) and the rear surfaces of the modules that face the
containment wall (which are somewhat more restricted to flow), as the licensee assumed. In
summary, the staff concluded that there was insufficient evidence to support the specification of
the strainer boundary conditions that essentially assume that debris accumulation and obstacles
in the flow stream upstream of the strainer (some of which are located nearby strainer surfaces)
have a negligible influence on the distribution of flow at the strainer surface.

However, in recognition of the conservative assumptions employed in the licensee’s transport
calculation that are described in Section 3.5.6 of this report, such as the lack of credit for debris
settling in the bioshield or outer annulus away from the strainer and debris interceptors, the staff
does not consider the localized inaccuracy in modeling the boundary condition at the strainer
surface to be an open item.

Convergence of the Steady-State Solution

The licensee determined that a converged steady-state solution had been reached by the CFD
code through the use of residual monitors and flow monitoring surfaces added to the CFD
model [13]. The staff considered it appropriate that the licensee used both global residual
monitors, as well as localized flow monitoring surfaces to ensure that adequate convergence of
the numerical solution had been achieved in regions perceived to have the most significance to
the problem.

Generally, there is a degree of oscillation in steady-state iterated solutions for CFD problems
with complex flows. However, in one of the simulations performed by the licensee

(Scenario 4a), the amplitude of the oscillation was particularly significant [13]. A change to the
size of the cross-sectional area for the break flow entering the pool and a slight change to the
angle of the horizontal velocity of the break resulted in the prediction of unstable, transient flow
that tended to oscillate between different flow patterns. For example, through one bioshield
doorway, an average flow of 395 gpm with an approximate 2-standard-deviation range of 85



to 700 gpm was predicted, and through another bioshield doorway an average flow of 3920 gpm
with a range of 3420 to 4420 gpm was predicted.

The oscillations remaining in CFD calculations that are considered converged can be
non-negligible, particularly for plants with complex containment pool geometries, significant flow
restrictions, etc. The staff considers it essential for an appropriate degree of conservatism to be
incorporated in debris transport calculations to account for these uncertainties. In recognition of
the conservatisms discussed in Section 3.5.6, including the lack of credit for settling in the
bioshield and in the annulus away from the strainer and interceptors, the staff concluded the
degree of conservatism in the Salem transport calculation compensated for the observed
oscillations (and therefore potential variations in transport fractions) in the convergence of the
CFD solution.

3.5.3.2 Debris Transport Metrics

A summary of the metrics used by the licensee to analyze the transport of Nukon®, Kaowool®,
and RMI (including Transco MRI®) debris during containment pool recirculation is provided in
Tables 3.5-1 and 3.5-2 below [13]. Complete (100 percent) transport to the strainer was
assumed for all other types of debris.

Table 3.5-1 Incipient Tumbling Velocity Metrics for Debris Transport During
Recirculation

Debris Type Size Incipient
Tumbling Velocity
(ft/s)
Nukon® Small and Large 0.12
Pieces
Kaowool® Small and Large 0.12
Pieces
RMI All 0.20

Table 3.5-2 Curb Lift Velocity Metrics for Debris Transport During Recirculation

Debris Type Size Curb Lift
Velocity (ft/s)
Nukon® Small and Large 0.51
Pieces

Very Small Pieces 0.69
(<72 x Jzinch)

Small Pieces 0.69
Large Pieces 0.69
RMI All 0.99

Kaowool®



The licensee’s incipient tumbling transport metrics in Table 3.5-1 are acceptable because

they are based on experimental transport data reported in NUREG/CR-6772 [28] and
NUREG/CR-3616 [29]. The licensee’s simplified application of the data in these NUREG
reports for both small and large pieces of debris is further bounding and conservative, since the
data was generally taken for more-transportable small debris pieces and would tend to
substantially overestimate the transport of large debris pieces.

The licensee’s curb lift velocity metrics in Table 3.5-2 are based upon two sources,
NUREG/CR-6772 [28] and a report discussing testing conducted in a linear flume at the facilities
of Fauske and Associates, Incorporated (FAI) [30].

The RMI curb lift velocity metric was taken from NUREG/CR-6772 [28] testing performed with a
six-inch curb which showed that small pieces of RMI could not surmount the curb at 0.99 ft/s
(higher velocities were not tested). The staff considered the application of this metric (0.99 ft/s)
for all sizes of RMI to be conservative for the Salem debris interceptor configuration because
the taller Salem interceptor with a lip would be even more difficult for small pieces of RMI to
surmount than a six-inch curb.

The debris interceptor testing performed at FAI was used in determining the curb lift velocity
metrics for Kaowool® [13]. Specifically, the metrics used for Kaowool® are derived from tests
conducted at FAI using an 8-3/8-inch vertical curb with a 3-1/2-inch horizontal lip. The licensee
stated that the FAI test conditions are conservative with respect to the actual Salem debris
interceptor configuration, which is 9-1/8-inches tall and has a 4-inch lip. The staff generally
agreed with this statement, but noted several issues with the test protocol that are discussed in
more detail below. These issues notwithstanding, the staff considered the licensee’s metric of
0.69 ft/s to be reasonable for Salem to use for Kaowool®, based on the testing performed with a
shorter interceptor and in part on the argument made more fully below for Nukon® that the exact
value of the curb lift metric is not significant, since the fluid flow velocity for the vast majority of
the debris interceptor perimeter at Salem is well below the value of the metric.

For Nukon®, the licensee derived the curb lift velocity metric of 0.51 ft/s by multiplying the metric
for small pieces of Nukon® for a 6-inch curb from NUREG/CR-6772 [28] (0.34 ft/s) by a factor

of 1.5, to account for Salem’s 9-1/8-inch debris interceptors with a four-inch lip (which are
approximately 50 percent taller than the six-inch curb used for the NUREG/CR-6772 tests) [13].
In general, the validity of such an extrapolation is doubtful. However, based on a comparison of
Kaowool® test data for an 8-3/8-inch interceptor from FAI [30] to data from NUREG/CR-6772 for
a six-inch curb, the staff considered the multiplicative factor of 1.5 for Nukon® to be within
reason as applied to Salem. Furthermore, the staff noted that the precise value of the curb lift
metric was not critical for Salem’s transport analysis, since the magnitude of the flow velocity for
over 95 percent the strainer perimeter was calculated to be lower than 0.41 ft/s, and less than
0.34 ft/s for approximately 89 percent of the strainer perimeter.

Several issues the staff noted associated with the FAI debris interceptor testing protocol are (1)
the non-prototypically low flume water level used for the transport testing, (2) the lack of
consideration of a fully blocked case, and (3) the lack of explicit consideration of debris ramping
effects.

First, the water level above the debris interceptors during the FAI flume testing was stated to be
approximately four to seven inches [30]. Under plant conditions, this value would be a minimum
of approximately 21 inches [13, 31]. While the lower flume water level is conservative in that it



results in a larger fluid acceleration and higher velocity as it flows over the interceptor, the FAI
testing showed that when the interceptor became partially blocked, Nukon® and 1/4-inch pieces
of Kaowool® tended to climb over the top of the interceptor. The licensee did not consider this
effect to be representative of what would occur in the plant because the licensee concluded that
at the plant submergence depth, the acceleration effect due to the blockage of the interceptor
would be substantially reduced. The staff agreed that, at a submergence depth prototypical of
the plant, this flow-acceleration effect would presumably be substantially reduced because the
flow would be redistributed over a relatively large freeboard above the interceptor (21 inches) as
compared to the shallower test flume (four to seven inches); however, convincing evidence that
debris pieces would be completely prevented from climbing over the interceptor altogether in the
plant configuration was not provided to support the licensee’s assumption.

Second, the licensee’s testing did not consider the case wherein a debris interceptor is
essentially fully blocked. In the actual plant condition, in addition to the filtration of small and
large pieces of debris that was simulated in the curb lift velocity transport testing, some quantity
of fines and particulate would inevitably be filtered out by the interceptors, particularly along
channels approaching the strainers having relatively high flows. The filtration of finer debris by
the interceptors would result in the formation of a less-porous debris bed on the interceptors
than one formed by small and large pieces alone. A less porous bed would tend to increase the
velocity of the flow stream diverted over the top of the debris interceptors, increasing the
potential for pieces of fibrous or RMI debris to climb over the interceptors. Based on
discussions with the licensee during the audit, the staff further learned that head loss testing

for Salem would be performed in a manner that would effectively credit the interceptors with
capturing any fine fiber or particulate that happened to be filtered out by small and/or large
pieces of fiber interdicted by the debris interceptors. However, the effect of this phenomenon on
the curb lift velocity metrics used in the transport calculation was not assessed for its impact on
the analytically calculated quantity of debris used in the head loss test.

Third, the licensee’s testing did not fully consider the effect of the formation of debris ramps on
the upstream side of the debris interceptors. Although some of the tests did involve the buildup
of a significant quantity of debris at the interceptors, quantification of the effect of ramping on
the curb lift velocity was not performed.

Despite these issues associated with the test protocol, the staff considered the curb lift velocity
metrics used by the licensee to be reasonable for Salem based on compensating conservatisms
in the Salem transport calculation [13], such as the lack of credit for any capture of fine debris at
the debris interceptors, and the margin between the lift velocity metrics and predicted pool
velocities around most of the strainer perimeter.

3.5.3.3 Fibrous Debris Erosion 