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This report summarizes k2y technical findings related to the Unre
afety Issue (UST) A-43, Tontainment Emergency Sump Performance. :
N1s 1ssue was formulated.considering pressurized water reactor (PWR)
he generi1Cc safety questions apply to hoth boiling water reactors (B
PWRs.

w

Emergency core cooling systems require a clean and relia
naintain long-term recirculation following a loss of cc
(LOCA) PWRs rely on the containment emergency sump to
supply to esidual heat removal pumps and containment
on pump suction intakes located i1n the suppression pool.

provide a water source to residual heat removal systems and > ¢
systems. Thus, pumping performance under post-LUCA conditions must
evaluated.

The key satety questions relate to: (1
hydraulic performance (i.e., air ingest

) PWR sump or BWR
ion potential);
screen or suction strainer blockage as a result of LOCA

materials; and (3) pump performance under post-LOCA co
ingestion of air and debris particulates could occur

e

The technical findings presented in this report provide
T

M ct
- s
®

to assessing these safety concerns. hese findings hav
extensive experimental studies, generic plant studies, -
utilized for long-term cooling. Hydraulic results have reveal
severe potential for air ingestion than previously hypothesi
blockage effects on NPSH margin should be dealt with on a
basis because of the large uncertainty in quantifying the ex
tlockage. Therefore, these findings have been used to
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FOREWORD

This report has been prepared to provide a concise and self-contained
reference that summarizes technical findings relevant to Unresolved Safety
[ssue A-43, Containment Emergency Sump Performance. This report was
originally issued for public comment in May 1983; comments received were
reviewed, and those of substantive technical or informational content have
been incorporated into this Revision 1. It should also be clearly noted that
this report is not a substitute for requirements set forth in General Design
Criteria 16, 35, 36, 38, 40, and 50 in Appendix A of Title 10 of the Code of
Federal Regulations Part 50, nor is it a substitute for guidelines set

forth in NRC's Standard Review Plan (SRP, NUREG-0800), Regulatory Guiaes, or
other regulatory directives. The information contained herein is of a
technical nature and can be used as reference material relevant to the
revised SRP Section 6.2.2, Revision 4, and Regulatory Guide 1.82, Revision 1.
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INTRODUCTIO

ignificance

After a loss-of-coolant accident (LOCA) in a pressurized water reactor

(PWR), water discharged from the break will collect on the containment

floor and within the containment emergency sump. PWR emergency core coo

-~

systems (ECCS) and containment spray systems (CSS) initially draw water fy

the refueling water storage tank (PWST): long=term cooling is implemented

realignment of these ECCS pumps to the containment emergency sump.
boiling water reactors (BWRs), the break flow collects in the suppression

pool (or torus), and the residual heat removal (RHR) and core spray
systems take suction from intakes located in the suppression pool Thus
successful Tong-term recirculation depends on the PWR sump design=-or BWR
uction intake design=-to provide adequate, debris-free water to the RHR

recirculation pumps for extended periods of time.
The primary areas of safety concern addressed in this rzport are as
post-LOCA hydraulic effects (i.e., air ingesticn potential)

generation of insulation debris as a result of a LOCA, with sub<aquent

transport to PWR sump screens (or BWR suction strainers) andg biockage

thereof
the combined effects of (1) and (2) on the reguired recirculatic

pumping capacity .e., impact on net positive suction head (NP

the recirculation pumps)

I Background

The importance of the ECCS sump and the safety considerations associated with

1ts design were early considerations in PWR containment design. NPSH

NUREG-0897, Revision 1




requirements, operational verification, and sump design requirements are
1ssues that have evolved and are currently addressed in the following

Nuclear Regulatory Commission (NRC) Regulatory Guides (RGs)
RG 1. Net Positive Suction Head for Emergency Core Cooli

and Containment Heat Removal Systems Pumps,

Preoperational Testing of Emergency

for PWRs, 1974

Sumps for Emergency Cooling and Containment

Systems, 1974

Review of these Regulatory Guides reveals that the concerns of

regarding emergency sump performance evolved over time [nitiall

tests were called for in RG 1.79. Then, there was a transition
containment and PWR sump model tests in the mid-1970s. At that time,
considerable emphasis was placed on "adequate" sump hydraulic performance
during these model tests, and vortex formation was identified
determinant. The staff's main concern was that formation of

vortex would result in unacceptable levels of air ingestion and severe
jegraded pump performance. There was also concern about sump damage or
blockage of the flow as a result of insulation debris generated by LOCAs,
missiles, and break jet loads. These concerns led to the formulation of
of the guidelines set forth in RG 1.82 (those relating to

debris screen, and a 50% screan blockage criterion)

In 1979, as a result of continued staff concern about the safe operation

ECCS sumps, the Commission designated the issue as Unresolved Safety Issue

(USI) A-43, Containment Emergency Sump Performance. To assist in the
resolution of thi: issue, the Department of Energy (DOE) provided funding for
construction of a full-scale sump hydraulic test facility at the Alden

Research Laboratory (ARL) of Worcester Polytechnic Institute (WPI) (Durgin,

4
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Padmanabham, and Janik, 1980). At about the same time an NRC Task Action
Plan (TAP) A-43 was developed to address all aspects of this safety issue
Potential debris effects were investigated through plant insulation surveys,
sample plant calculations, and supplemental experiments conducted at ARL to
determine the transport characteristics of various types of insulation

debris and attendant screen blockage head losses

1.3 Technical Issues

The principal concern is summarized in the following question

In the recirculation mode following a LOCA, will the pumps
receive water sufficiently free of debris and air and at
sufficient inlet pressure to satisfy NPSH requirements so
that pump performance is not degraded to the point that

long-term recirculation requirements cannot be met?

This concern can be divided into three areas for technical consideration:
sump (or suction intake) hydraulic design, insulation debris effects, and
pump performance The three areas are not independent, and certain

combinations of effects must be considered as well.

This report presents the technical findings derived from extensive, full-
scale experimental measurements, generic plant surveys, sample plant
calculations, assessment of the performance of residual heat removal pumps,
and public comments received. These technical findings provide a basis for
technically resolving USI A-43 and for developing revisions to RG 1.82 and

Section 6.2.2, of the NRC Standard Review Plan (SRP, NUREG-0800)

1.4 Summary of Technical Findings

The following key determinations are derived from the technical findings

presented in Section 3 below:

NUREG-0897, Revision 1 1-3




Visual observations of vortex formation cannot ove used to

levels of air ingestion. Full-scale PWR sump experiments

BWR suction inlet experiments have shown that levels of measured air
ingestion were generaliy less than 2% under a wide range of simulated
post-LOCA conditions. On the other hand, the absence of air-entraining

vortices can be used to infer zero air ingestion.

Air ingestion levels have been correlated with the

that embodies suction submergence level and suction in]
velocity Full=scale experiments have shown zero air

sumps for Fr < 0.2 and zero air ingestion for BWR sucti
designs up to Fr < 0.8. Envelope, or bounding, plots for esti
ingestion levels as a function of Froude number are presented
3.4

Excessive air ingestion levels (i.e., > to 4 volume %) can lead
degradation of pumping capacity (see Section 3.2). Use of vortex
suppressors (fabricated from floor grating materials) can effective]
reduce air ingestion to 0% (see Section 3.4). Fcr BWR suction inl
the inlet strainer appears to act as a vortex suppressor and retard

to air ingestion.

RHR recirculation pump operation can be assessed using the findings

methods provided in Section 3.2. As noted above, low levels of air
ingestion can be to'erated. However, pumping performance should be
based on calculated pump inlet conditions for the postulated LOCA
including adjustment of the net positive suction head requirements

(NPSHR) for low levels of air ingestion (see Section 3.2).

Ingestion of small particulates does not appear to pose a pumping
problem as a result of erosion for the post=-LOCA circulating pumps in
either PWR or BWR plants because of the materials of construction used

in the impellers and casings. Pump seal systems should be reviewed from

NUREG-0897, Revision 1




the viewpoint of possible clogging. Catastrophic failure

(as a result of debris generation) is unlikely because of the
oushings built into pump seal issemblies. If water=-lubricated
are specified or used in any of the post-LOCA circulating pumps
in multistage RHR, reactor core isolation cooling (RCIC), hi
coolant injection (HPCI) or high pressure czore spray

some BWRs), the seal system should be carefully review

ingestion may be sufficient to cause seal failure and/o

In these cases.

surveys of plant insulation materials have shown a wide variabilit
the types and quantities of insulations employed in nuclear power
(see Section 3.3). Furthermore, feedback received during the "for
comment” period on USI A-43 has shown that the types and quantities
Insulation have changed over time and with replacement changes made
operating plants Thus, because of the nature and quantities of
nsulation materials used, debris blockage assessments become very
specific and time dependent.

Estimating the effects of debris blockage requires an estimati
(a) the quantity of debris that might be generated by a LOCA.
transport of such insulation debris tc the PWR sump screen
suction strainer), and (c) the potential blockage as a resul
entrainment of debris to the screen (or strainer) surface. Plan

ne

specific studies have shown that there is a strong dependance on

layout (which affects migration of debris) and on PWR sump desian
y g g

features (or BWR suction intake design).

The destructive power of a LOCA Jet has been demonstrated in HDR*

blowdown experiments, particularly from the viewpoint of destruction of

*The Heissdampfreaktor or superheated steam reactor, in the Federal Republic
of Germany; see Appendix C.

NUREG-0897, Revision 1




fibrous insulation materials. Because finely shredded

insulation can be transported at low velocities (e.g., 0.2 ft/sec) and
distributed uniformly over a debris screen, such insulation materials
warrant a close review. Experiments have also shown that thin foils
(such as those used internally in reflective metallic insulations) can
be transported at low velocities (e.g., 0.2 to 0.4 ft/sec). Information

on the transport characteristics of insulation components and debri

contained in Section 3.3.

Sample plant analyses and experiments have shown that the uni

blockage criterion in RG 1.82 is not sufficient for the reasons

above. Sump screen blockage (or suctinan strainer blockage) shoul
evaluated on a plant-specific basis on the basis of the insulation
materials employed, and a plant-specific assessment of potential debris
blockage should be made. Therefore, RG 1.82 has been

accordingly.

The technical findings in Section 3 have been further refined to develop

PWR sump and BWR suction inlet evaluation guidelines. These guidelines

u

are in Section 5.

Methods for estimation of debris generation and transport devel
NUREG/CR-2791 are superseded by those outlined in Sections 3.3
5.3 of this NUREG.

NUREG-0897, Revision 1




2 SUMMARY OF KEY FINDINGS

2.1 Pump Performance

Sustained operation of PWR RHR and CSS$ pumps, or BWR RHR pumps, in the
recirculating mode presents two principal areas of concern:

(1) possible degradation of the hydraulic performance of the pump
(inability of the pump to maintain sufficient recirculation flow as 3
result of sump screen blockage, cavitation or air ingestion effects)

(2) possible degradation of pump performance over the long= or short-term
because of mechanical problems (material erosion due to particulates or
severe cavitation, shaft or bearing failure due to unbalanced loads,
and shaft or impeller seizure due to particulates)

Pumps used in RHR and CSS systems in PWRs are primarily single-stage
centrifugal designs of low specific speed. PWR CSS pumps are generally

rated at flows of about 1500 gpm, with heads of 400 feet, and require about 20
feet of NPSH at their inlet; PWR RHR pumps are generally rated at about 3000
gpm, with heads of 300 feet, and require about 20 feet NPSH at maximum flow.
Rating points and submergence requirements for the pumps ar+ plant

specific. Pump impeller materials are generally highly resistant to erosion,
corrosion, and cavitation damage.

Experimental results show that under normal flow conditions and in the
absence of cavitation effects, pumping performance is only slightly degraded
when air ingestion is less than 2%. This value would be a conservative
estimate for acceptable performance and is dependent on many variables.
However, air ingestion greater than 15% almost completely degrades the
performance of pumps of this type.

NUREG-0897, Revision 1 2-1




>ubmergence or NPSHR for RHR and CSS pumps (routinely determined by
manufacturers' tests) are established by percent of degradation in pump
output pressure. Individual pump specifications determine that NPSH reg

be set according to a 1% or 3% degradation criterion. Ne industry stancard
exists for the percent degradation criterion, nor for the margin between
available NPSH and that required in setting RHR and CSS pump submergence
criteria Air ingestion affects NPSHR for pumps. Test data on the combined

effects of air ingestion and cavitation are limited, but the ined effects

of both increase the NPSH required. A value of 3% degradation in pump cutput

pressure for the combined effects of air ingestion and cavitation appears to

be realistic for assessing recirculation pump performance.

The types and quantities of debris small enough to pass through screens
suction strainers) and reach the pump impeller should not impair long-term
hydraulic performance. In pumps with mechanical shaft seals. accumulated
juantities of soft or abrasive debris in the seal flow passages may resu
clogging or excessive wear, both of which may lead to increased seal
Catastrophic failure of a shaft seal in the post-LOCA circulation pumps

either PWR or BWR systems as a result of debris ingestion is considere

unlikely. In the event of complete failure of shaft seals, pump leakage

would be restricted by the throttle or safety bushing incorporated in these

seals.

There is a much broader spectrum of both design features and rated
performance values for centrifugal pumps used in BWR safety systems than
those used in PWR systems. Although there is a wider variation in BWR
pumping capacities, the pumps in BWR systems are also low to medium speci
speed designs. They have performance characteristics very similar to those
used in PWRs. Pumps in BWRs should be subject to the same technical
considerations regarding hydraulic performance as those for PWR pumps (i.e.,

the criteria used in calculation of NPSH and in considering the quantities of

air will apply directly to the BWR pumps).
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The main bearings for BWR safety pumps are similar in construction and
protection details to those of their PWR equivalents. That is, the main
bearings are rolling element or ball bearings, either grease or oil
lubricated. These bearings are generally protected from damage as a result
of pump leakage by mechanical shaft seals equipped with safety bushings and,
in some cases, downstream deflectors. This is true for multistage puhps as
well as conventional single-stage pumps. As is the case for comparable PWR
pumps, even a complete mechanical seal failure produces only a limited amount
of leakage. The outboard ball bearings for these pumps are protected by
disaster bushings and deflector disks, and, therefore, total failure of
these bearings is not likely.

The BWR pumps are distinguished from PWR safety system pumps principally by
the fact that multistage pumps are frequency used in BWR safety systems.
when multistage pumps are used, one should be concerned about the effects of
particulates and debris on the interstage bushings.

In multistage pumps, interstage bushings are generally cooled and lubricated
by the pumped fluid. For plants where it has been determined that
significant amounts of abrasive particulates or fiberous debris may be
transmitted from the pump inlet screen into the pumps themselves, the
interstage bushing systems should be evaluated to determine whether external
pressurized cooling or flushing is needed to prevent damage as a result of
wear or clogging. Plant operational experience (based on periodic start-up
and verification of safety system(s) operation) has shown no problems with
interstage bushing assemblies even though the suppression pool water guality
is less than that used for reactor recirculation .
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2.2 Effects of Debris on Recirculation Capability

The safety concerns related to the effects of LOCA-generated insulation
debris on RHR recirculation requirements can be viewed as dependent on the
foliowing:

(1) the types and quantities of insulation employed (dependent on plant
design and installation)

(2) the potential for a high pressure system break to severely damage or
destroy large quantities of insulation (dependent on plant layout and
insulation distribution, and on break-targeted insulations)

(3) the potential for LOCA-generated insulation debris to be transported
to the PWR sump screen or BWR suction strainer (dependent on plant
layout and recirculation velocity)

(4) the extent to which such transported debris would result in blockage of
the sump screen or sucticn strainer (dependent on screen design ard
size)

(5) the blocked screen head loss impact on RMR recirculation pump available
NPSH (dependent on the material and blockage characteristics of the
debris transported to the screen)

The variability of plant layout, sump design, insulations employed, and
recirculation requirements make debris assessments very plant specific. The
results of debris considerations studied can be summarized as follows:

(1) Types of insulation vary from plant to plant and are subject to change

with time (i.e., replacement insulation may be different from the original
installation).
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(2) Generally speaking, insulations can be categorized as

(a) reflective metallic insulation (both stainless steel and aluminum
are utilized)

(b) encapsulated, by metallic or other types of coverings, but with
various core materials; typical core materials are calcium
silicate, fiberglass, mineral wool Cerablanket™, and Unibestos™

(c) nonencapsulated insulations, which are typically fabricated as
“blankets” or "pillows" and in which the core materials noted in
(b) are used, with varying methods of attachment

(d) molded insulations with closed-cell structure (i.e., foam-glass)

(e) antisweat insulations (typically fiberglass, urethane and
polyurethane foams, and closed-cell rubber)

Although encapsulation can afford protection from high pressure jet loads and
missile impacts, encapsulated structures must be reviewed to assess the real
degree of protection that is afforded. The characterization "totally
encapsulated” can be misleading becau.e of the variability of encapsulations
and attachment mechanisms provided. Thus assessment should be made to
determine whether the insulation is totally encapsulated or semi-
encapsulated.

Insulation surveys conducted in 1982 (see Section 3.3) indicated a decreasing
trend in the use of insulations such as fiberglass, mineral wool, and
calcium siiicate, etc., with licensees of newer plants appearing to elect to
install reflective metallic insulation. However, feedback received during
the "for comment" period (June-July 1983) reversed this finding. More
recently, some licensees of operating plants have elected to replace old
insulation with fiberglass, and applicants for plants in the operating
Ticense (OL) review stage also have selected fiberglass. The more extensive
use of fiberglass should be reviewed on a plant-specific basis to assess the
screen blockage impact.
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LOCA jets are capable of high levels of insulation destruction, as evidenced
by the HOR blowdown experiments (see Appendix C). In the HOR experiments,
all glass fiber insylation, within 2 to 4 meters of the break nozzle of
diameters up to 450 mm was destruyed and distributed throughout the
containmept as very fine particles. In addition, Sandia Nationa) Laboratory
(SNL) has analyzed two-dimensional-break jet expansion phenomena and target

pressure loads. SNL calculations correlate well with HOR data and show that
significant jet loads ocgur within 3 to 5 pipe break diameters (L/Ds) of the
break location.

Insyiation debris transport tests at Alden Research Laboratory (ARL) show
that u-sintegrated or fragmented insulation pieces can be transported at low
velocities (0.2 to 0.5 ft/sec). Both fiberglass shreds and thin (0.0025 to
0.004=inch) metailic foils can be transported at these low velocities.
Therefore, the level of damage near the postulated break location(:) becomes
a dominant consideration in assessing the volume of debris generated as wel!
as in estimating transport propability. Larger or intact pieces require much
higher transport velocities (> 1.0 ft/sec). Thus determination of
recirculation flow velocities within containment is an important factor in
assessing debris transport (See Appendix D). In PWR containments,
recirculation flow velocities on the order of 0.2 to 0.6 ft/sec can be
calculated; hence, the transport of large pieces of debris is less likely.
However, because the type of insulation used, levels of damage, and available
recirculation paths are controlling considerations, such assessments oecome
highly plant dependent.

Asssssment of the probabilities for PWR sump failure (NUREG/CR-3394) has
also revealed that:

(1, Principal attention should be given to insulation on the primary coolant
system piping and lowar half of the steam generators, because insulation
on these components is the major source of potential debris, based on
postulated break locations and possible break jet targets.
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(2) Piping less than 10 inches in diameter is of secondary importance
because smaller diameter breaks generate lower quantities of debris.
The jet envelope and target area are reduced for these sizes.

Although these findings should not be applied unilaterally, these trends are
applicable to PWRs for initial debris assessments and thus provide a means to
scope the magnitude of the debris generation potential.

Low density insulations with a closed cel) structure will float and are not
likely to impede flow through the sump screens, except where the screens are
not totally submerged. Low density hygroscopic insulation with submerged
densities greater than water require a plant-specific assessment of screen
blockage effects. Nonencapsulated insulation (particularly mineral fiber,
fiberglass, or mineral wool blanket) requires a plant-specific evaluation to
determine the potential for sump screen blockage. If reflective metallic
insulation is damaged to the extent of releasing interior foils, transport
and potential screen blockage must be assessed on a plant-specific basis.

In summary, all insulations should receive a plant-specific evaluation.

Conservative methods have been developed for estimating quantities of debris,
break sources, transport mechanisms, and blockage effects based on the
findings summarized above. These methods are detailed in Section 3.3 and
summarized in Section 5.3.

2.3 Sump Hydraulic Performance Findings

Data obtained from full-scale sump tests provide a sound base for assessing
sump hydraulic performance. Both side-suction and bottom-suction designs were
tested over a wide range of design parameters, and the effects of elevated
water temperatures were also assessed. Scaling experiments (1:4, 1:2, 1:1)
were also conducted to provide a means for assessing the validity of previous
scaled-mode! tests. The effectiveness of certain vortex suppression devices
was also evaluated. For completeness, plant-specific and LOCA-introduced
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effects (ice condenser drain flow, break flow impingement, large swirl and sump
circulation effects, and sump screen blockage) were evaluated experimentally

at full scale. In addition, a limited number of BWR suction tests were
performed. The results of this test program can be summarized as follows:

(1) The broad data base from the sump studies resulted in the development of
envelope curves for reliably quantifying the expected upper bound for
the hydraulic performance of any given sump whose essential features
fall approximately within the flow and geometric ranges testead.

(2) Vortices are unstable, randomly formed, and, for cases where air
ingestion occu , cannot be used to quantify air ingestion levels,
suction inlet losses, or intake pipe fluid swirl. The full-scale -ests
show that at water submergences deeper than 9 feet and inlet water
velocities of less than 4 ft/sec, significant vortex activity
disappears. Correspondingly, air ingestion is negligible or non-
existant.

(3) Based on void fraction measurements, air ingestion was found to be less
than 2% in most cases. A few test conditions resulted in higher air
ingestion, 2% to 8%, with or without perturbations of the approach flow.
Maximum air ingestion of 8% to 15% were recorded for only short time
periods with deliberately induced adverse approach flow conditions of
severely blocked screens. These tests revealed the importance of
measuring void fractior and demonstrated the ineffectiveness of visual
observations of vortices as a means of quantitatively evaluating air
entrainment.

(4) Swirl angles in suction pipes were generally found to have decreased to
about 4° at a distance 14 pipe diamerers from inlets. Swirl «n3les of
up to 7° at a distance 14 pipe diameters from inlets were nbserved in
some sump tests at low submergence with induced flow perturvations.
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(5) Hydraulic grade line measurements for al) experiments revealed that the
sump intake loss coefficient was insensitive to overall sump design
variation. Loss coefficients are basically a function of local intake
geometry, and the measured values are consistent with those obtained
from standard hydraulic handbooks.

(6) Testing over the temperature range of 70° to 165°F revealed that water
temperature (or previously hypothesized Reynolds number effects) had no
measurable effect on surface vortexing, air ingestion, pipe swirl, or
loss coefficient.

(7) Vortiex suppressor testing for PWR applications reveaied that cage-type
and submerged grid-type designs generaliy (a) reduce surface vortexing
from a full air-core vortex to surface swirl only; (b) reduced air
ingestion to essentially zero; (c) reduced pipe swirl to less than 5°:
and (d) had no significant effect on the 1ssc coefficient. These vortex
suppression structures were fabricated fru» floor grating materials
typically used for walkways.

(8) There were no major differences between the hydraulic performance of
vertical outlet sumps and that of horizontal outlet sumps of similar
design geometry and similar flow conditions.

(9) Comparison of the results of different scale models showed that scale
modeling down to 1:4 scale using Froude number similitude adequately
predicted the sump hydraulic performance variables (void fraction,
vortex type, swirl, and loss coefficient) of full-scale tests. Tests on
1:4-, 1:2-, and l:1-scale versions of the same sump under comparable
operating conditions showed no significant scale effects in the modeling
of air withdrawal because of surface vortices or in free-surface vortex
behavior. Additionally, mode! tests accurately predicted swirl and
inlet losses if specified Reynolds number criteria were maintained.
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(10)

(11)

(12)

(13)

(14)

Thus

A parametric assessment cf nonuniform approach flow into the sump as a
result of specific structural features did not reveal any significant
adverse effects (see also Section 3.4).

Orain flow impingement on the sump water surface resulted in extensive
turbulence that tended to reduce vortexing and did not lead to increased
air ingestion.

Break flow impingement tests produced considerable air entrainment at

the water surface, but void fractions of the pipe flow were generally
small, less than 1%. In one case, a considerably higher void fraction
was recorded, 6%, because of a change in approach flow to the sump caused
by the break flow.

PWR sump screen blockage tests sometimes revealed siight increases in
air ingestion and some degradation of the hydraulic performance of the
sump, depending on the sump configuration and test conditions. However,
no significant changes were noted. In each case where air-core vortices
were generated, the use of a vortex suppressor eliminated the air-core
vortex and reduced the air iugestion to zero or negligible levels.

Thus, the effectiveness of vortex suppressors (such as submerged floor
grating designs) has been demonstrated.

BWR suction intake tests (see Sectio~ 3.4.6) revealed that air ingestion
was essentially zero for Froude numbers less than 0.6. The suction
strainers typically utilized in BWR installations appear to act as vortex
suppressors, thereby inhibiting air ingestion (even though air core
voertices were observed at lower Froude numbers).

the full-scale sump hydraulic test program conducted at ARL has resulted

in an extensive data base that has broad applicability and can be used in
lieu of model tests or in-plant tests (if the sump design being evaluated
falls within the design and flow envelope investigated). Sump hydraulic
design guidelines and criteria for assessing air ingestion potential are in
Section 5.
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3 TECHNICAL FINDINGS
3.1 Introduction

Before a plan for the resolution of Unresolved Safety Issue A-43 was
developed, the following key safety questions were identified:

(1) what are the performance capabilities of pumps used in containment
recirculation systems, and how tolerant are such pumps to ai:
entrainment, cavitation, and the potential ingestion of debris and
particulates that may pass through screens?

(2) Were a LOCA to occur, would the amount and type of debris generated from
containment insulation (and its subsequent transport within containment)
cause significant sump screen blockage and, if so, would such blockage
be of sufficient magnitude to reduce the NPSH available below the NPSH
required? '

(3) Can geometric and hydraulic sump system designs be established for
which acceptable sump performance can be ensured?

[t was recognized that resolution of USI A-43 depended upon the responses to
these questions. The effort to resolve these questions was undertaken in
three parallel tasks, each designed to respond to one of the key safety
questions.

The first question was addressed through an evaluation of the general
physical and performance characteristics of RHR and CSS pumps used in
existing plants. Conditions likely to cause degraded performance ar damage
to pumps performance were evaluated. The investigation of pump cavitation,
air ingestion, particulate ingestion, and swirl is reported in NUREG/CR-2792
and Creare Technical Memorandum 962. It is summarized in Section 3.2 below.

NUREG-0897, Revision 1 *}



To address the second question, 19 power reactor plants were surveyed

concerning the quantity, types, and location of insulation used within
containment (see NUREG/CR-2403 and its Supplement 1). Then, calculational
methods were developed for estimating (1) the quantities and sources of
debris that could be generated during a LOCA, (2) the transport of such
debris, (3) the quantities and properties of insulation debris that could
potentially be transported to sump screens, and (4) head losses as a result
of debris buildup on sump screens (NUREG/CR-2791). Many .f thz methed: for
the assessment of debris blockage in NUREG/CR-2731 are superseded by those
described in this report. Experiments were conducted to estimate the onset
of jet erosion damage to fibrous insulations (NUREG/CR-3170) and to determine
the transport and screen blockage head losses associated with fibrous
insulations (NUREG/CR-2982, Rev. 1). The transport and blockag: charac-
teristics of reflective metallic insulations are reported in NUREG/CR-3616

The third key safety question was addressed in an investigation of the
behavior of ECCS sumps under diverse flow conditions that might occur during
a LOCA. The test program was designed to cover a broad range of geometric
and flow variables representative of emergency sump designs. The results
are reported in NUREG/CR-2758, NUREG/CR-2759, NUREG/CR-2760, NUREG/CR-2751,
and NUREG/CR-2772.

3.2 Performance of Emergency Core Cooling System Pumps

This section summarizes the general physical and performance characteristics

of RHR and CSS pumps used in PWRs and RHR, CS and CI pumps used in BWRs.

The summary characteristics are based on information from 12 PWRs and 7 BWRs

that were sampled in the study. Effects likely to cause degraded perfcrmance
or damage are identified, and the results of an analysis of these effects on

pump performance are presented.
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Characteristics of Pumps Used for Emergency

The pumps used in PWR and BWR systems have different characteristics

3.2.1.1 RHR and CSS Pumps Used in PWRs

A study of pumps used in 12 PWR plants has shown that although

pump details are plant specific, the pumps used in RHR and CSS servic

“wJJ

similar in type, mechanical construction, and performance

Similarities in the types of pumps are shown in Table 3.1: the table

the manufacturer, model number, and rated conditions for each of the
used in the plants surveyed. The column labeled "Specific Speed" provi
parameter conver.ionally used by pump manufacturers to specify hy
characteristics and, hence, the overall design configuration of a

the tabie shows, all pumps are relatively nNigh-speed, centrifugal

are in the specific speed range of 300 to 1600 rpm, with specific

defined as N_ = (speed) (volumetric flow)!/2/(head)3’*
3

The pumps used for RHR and (SS sarvice have the foll

mechanical construction:

Impellers and casings are usually austenitic stain]

resistant to damage by cavitation.

Impellers are shrouded with wear rings to minimize

Shaft seals are the mechanical type.

Bearings are grease- or oil-lubricated ball type.
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Table 3.1 RHR and CSS pump data

w—————mgnufacturer®/Model Rated Condition
RER css (RPM) (re) (GPM) Specific
Plant Speed Head  Flow  Speed
Arkansas Unit #2  I-R 6x2] WO 1800 350 3100 1238
I-R 8x20 WD 1800 $25 2200 as1
| Calvers Cliffs I-R 8x21 AL 1780 360 3000 1208
f 162 BeW 6x@x 11 HWSMJ 1580 378 1150 1544
Ic:xy-ux River #3 W 3HN=-184 1780 350 3000 1208
HEHND=134 1850 450 1500 1407
Lm Pac 8" svc 1770 280 1560 1016
'u«— Nack Pac 8 LX 1770 300 2200 1182
Pac 8* LX 1770 300 2200 1182
Kewaunee B-J 6x10x18 VDSM 1770 260 2000 1222 |
18 4x11 AN 31550 478 1300 1257 ‘
NeGuire 82 I-R 9x20 WO 1780 T7S 3000 1144 |
I-R 8x20 WD) 1780 180 3400 1208 ;
Midland #2 BEW 10%12x271 ASMK 1780 170 3000 1156 |
135 MK 3850 387 1300 1467 |
\
Millstone Uit 2 I-R (No Model #) . 1770 3s0 000 1198 i
G3736-4x6~ 13DV 1860 477 1400 1370 |
Ocones 3 I-R 8x21 AL 1780 360 3000 1180 |
I=R 4x11 A 1850 460 1490 1180
Prairie Island 8=J 6x10x18 VOSM 1779 85 2000 1141 ;
: IR 4x11 AN 3550 500 1300 1210 |
Prairie lsland B-J 6x10x18 VDSM I-R 4x'1 AN 1780 80 2000 1156
) 3s80 __ s10 1300 1210 |

| Salem #1 I-R Sx20W 1780 350 3000 1208
{ G 3418 8x10-22 1780 450 2600 929

*Pac -~ Pacific
I=R =+ Ingerscll-Rand
W == Worthiagton
G =~ Gould
B&N ~= Babocock & Wilcox
B~J == Byrom Jackson

Specific Speed is detined as W, = Speed (Flow)'/?/(Head)?/*

In this definition: Speed is in rpm, flow in gps and head in ft.
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A pump assembiy typical of pumps used for RHR and CSS service is shown in
cross-section in Figure 3.1.

Similarities in the performance of pumps used in RHR and CSS service are
shown in Figures 3.2 and 3.3. Performance and cavitation data from each of
the pumps listed in Table 3.1 have been plotted for comparison. Performance
data are given in terms of normalized head versus normalized flow rate where
the best-efficiency-point head and flow are used for the reference values.
Cavitation data are given in terms of NFSH required.

3.2.1.2 RHR, CS and CI Pumps Used in BWRs

There is a wider variation in rating conditions for pumps used in BWR safety
systems than for their counterparts in PWRs. Table 3.2 lists rating points,
pump types and specific speeds for a sample of seven BWR plants. Flow rates
and rated heads for the BWR pumps are in many cases significantly larger
than those conditions for PWR pumps discussed in Section 3.2.1.1. In spite
of these plant-specific differences, the pumps are all lTow to medium
specific speed designs with performance characteristics similar to those
used in PWRs.

Many of the pumps used in BWR ECC systems are muitistage designs. Both the
single stage and multistage design pumps used in BWR systems have many
construction features similar to those for PWR pumps :

(1) Impellers are usually austenitic stainless steel with high resistance
to damage from cavitation.

(2) Impellers are shrouded with wear rings to minimize leakage.

(3) External shaft seals are mechanical.

(4) Main bearings may be grease- or oil-lubricated ball types or oil-
Tubricated sleeve bearings. In the multistage designs, internal sleeve
bushings may be used between stages to provide additional support to
the shaft.
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Figure 3.2 Performance and NPSH curves for RMR pumps, head vs. flow rate

NUREG-0897, Revision 1

3-

7

data normalized by individual best-efficiency-point values

() "WSdN



CSS Pumps
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Figure 3.3 Performance and NPSH curves for CSS pumps, head vs. flow rate
data normalized by individual best-efficiency-point values
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“TABLE 3.2
RHR, CS AND CI PUMP DATA FOR BWRs
‘ | RATED CONDITIONS
ECCS PUMP | SPEED | HEAD FLOW SPECIFIC
PLANT MODE TYPE* | (rpm) | (fr) (gpm) SPEED
-
Coocper { cs Vss
| LPCT vss 1760 420 7800 1675
| HPCI STD
|
Dresden (2) ! cs vSs 3560 585 4700 | 2052
| Lper vss 3560 570 2700 1585 |
HPCI STD
Edwin Hatch | CS V™S 1780 870 4700 | 982
(182) RHR V™S 1780 620 | 7700 | 1684
HPCI STD } ,
| k !
' LaSalle (1&2) | LPCS MS 1780 | 725 6350 1015
| HPCS ™S 1780 | 1569 6942 595
RHR V™S 1780 280 7450 2244
| |
Limerick cs VMS 1780 | 668 3175 763 :
| (182) RER ™S 1180 | 525 | 10000 1076 |
| | :
' Susquehana cs V™S 1780 | 668 3175 763 §
(182) RHR VMS 1180 | 600 10000 973 g
HPCI STD Varies 525/ | 5070 77 !
2941 i
Zimmer (1) LPCS V™S 1780 690 4750 911 :
HPCS MS 1780 1347 5142 $74 |
RHR vMS | 1780 270 5050 1900 f
* STD - Steam Turbine Drive
VSS - Vertical Single Stage
VS - Vertical Multistage
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The technical considerations relative to hydraulic performance (i.e.,

cavitation, air ingestion) are the same for singie stafe or multistage
designs. However, because of the differences in construction tetails
betweer the two types of pumps, the effects of particulates may be
significantly different for each design. Figure 3.4 illustrates the main
features of a multistage design typical of those found in BWR emergency
cooling systems. These pumps use interstage shaft bushings which are
lubricated by the pumped water and are therefore subject to wear or clogging
from debris.

3.2.2 Effects of Cavitation, Air or Particulate Ingestion, and Swirl on
Pump Performance

Several items have been identif‘ed as potential causes of long= or short-term
degradation of emergency cooling pumps in PWRs and BWRs. They are

(1) cavitation, which may cause head degradation and damage to impellers
(2) air ingestion, which may cause head degradation

(3) particulate ingestion, which may cause damage to internal parts

(4) swirl at the pump inlet, which may cause head degradation

ATl of these effects also have the potential for inducing nydraulically or
mechanically unbalanced loads. They are discussed below.

3.2.2.1 Cavitation .

Net positive suction head (NPSH) is defined as the total pressure at the pump
inlet above vapor pressure at the liquid temperature, expressed in terms of
liquid head (pressure/specific weight); it is eauivalent to the amount of
subcooling at the pump inlet. If the NPSH available at the pump is less than
the NPSH required, some degree of cavitation is ensured and some degr-1ation
of performance and perhaps material erosion are likely.
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Figure 3.4 Assembly schematic of multistage pump used in BWR emergency
cooling systems
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There is no standard for identifying the NPSH required for a given pump,
Unless there 's a stipulation in the specifications, manufacturers have used
some percentage (1% to 3X) in head degradation as the criterion for
establishing the VPSH required at some flow condition. These are ampirically
established vaiues for which very rapid degradation occurs (see Figure 3.4)
and when cavitation occurs severe erosion is likely to happen. Figure 3.5
f1lustrates the changes in pump performance at several flow rates as a
function of NPSH; these curvas are typical of those provided by pump
manufacturers to define the NPSH required for their pumps. As NPSH is
reduced for each flow rate shown (Q1-Q4), a point is reached below the 1%
limit at which substantial degradation begins. Fluid system designers may
choose to apply some margin to the NPSH requirements for a pump when
designing emergency core cooling systems, but currently no standard margin
between NPSH required and NPSH available has been established by NRC
regulations.

Some conservatism may be introduced in the calculation of NPSH following
guidelines established in RG 1.1 where no credit is allowed for increased
containment pressure. However, RG 1.1 does not address subatmospheric
conditions in containment with respect to NPSH.

The cavitation behavior of pumps changes at elevated liquid temperatures.
Figure 3.6, which is extracted from the Hydraulic Institute Standards
(Hydraulic Institute, 1975) shows that as liquid temperatures increase less
NPSH 1s required by the pump. As a result, increases in ligquid temperature
have two effects on NPSH: (1) the vapor pressure increases, which reduces
NPSH available, and (2) the NPSH required is reduced by an amount, as given
in Figure 3.6.
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The austenitic stainless steels specified for impellers and casings in

these pumps are highly resistant to erosion damage caused by cavitation.
Erosion rates for extended operation are not significant as long as the NPSH
availa le exceeds the NPSH requirement of the pump.

3.2.2.2 Air Ingestion

The key findings derived for emergency cooling pumps with respect to air
ingestion are based primarily on data from carefully conducted tests in
air/water mixtures on pumps of a scale and specific speed range comparable to
emergency cooling pumps.* Test data from independent programs on different
pumps have been plotted in Figure 3.7 to illustrate the degradation in head
at different levels of air ingestion (percent by volume). Performance
degradation is indicated by the ratio of the two-phase (air/water) pressure
rise to the single-phase (water) pressure rise.

*All relevant test data were gathered through reviews of technical papers

and interviews with pump manufacturers. Manufacturers' test data on
air/water performance of pumps are sparse, and apply primarily to the
development of commercial pumps for the paper industry. Although these
pumps are similar to those used for emergency cooling service, test methods
and results are generally poorly documented. Therefore, manufacturers' data
have not been used to establish the air/water performance characteristics

of pumps in this report. (Manufacturers' data and testimonials do. however
corroborate published data.) Only sources of information meeting the
following criteria were used:

® Pumps must be low specific speed (N‘ = 800 to 2000 rpm).

® Pumps must be of reasonable design (with efficiencies 2 60% and
impellers diameter > 6-inch).

® It should also be noted that the quantities of water recirculated in BWRs
are significantly larger than those in PWRs.

Reasonable care must have been used in experimental techniques and in the
documentation of results.

Test results meeting these criteria were then reduced to common, normalizing
parameters and plotted for comparison.
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Figure 3.7 shows that for low levels of air ingestion, the degradation in
pump head follows the curve (dashed line) predicted by the change in average
fluid density due to the air content. Above 2% void fraction, the

data depart from this theoretical line, and the rate of degradation increases.
The data in the figure are shown for tests on single stage pumps. Similar
tests show that multistage pumps degrade less in performance for comparable
quantities of air,

Above void fractions of about 15%, pump performance is almost totally
degraded. The degradation process between 2% and 15% void fraction is
dependent on operating conditions, pump design, and other unidentified
variables. These findings closely approximate the guidelines empirically
established by pump manufacturers: at air ingestion levels of less than 1%,
degradation is generally not a concern; for air ingestion levels of
approximately 5%, performance is pump and site dependent; for air ingestion
greater than 15%, the performance of most centrifugal pumps is fully
degraded.

For emergency cooling pump operation at very low flow rates (< about 25% of
best efficiency point), even small quantities of air may accumulate,
resuiting in air binding and complete degradation of pump performance.

3.2.2.3 Combined Effects of Cavitation and Air Ingestion

Few data on the combined effects of cavitation and air ingestion are
available. Figure 3.8, which uses test results from Merry, (1976), shows
that as the air ingestion rate increases, the NPSH requirement for » Jump
also increases. The curves for this particular pump show that air ingestion
levels of about 2% result in a 60% increase in the NPSH required (allowed
head degradation based upon 3% degradation from the liquid head performance).
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3.2.2.4 Particulate Ingestion

The assessment of pump performance under particulate-ingesting conditions ‘s
based on estimates of the type and concentrations of debris likely to be
transported through the screens to the pump inlet. In the absense of
comprehensive test data to quantify types and concentrations of debris that
will reach the pumps, it has been estimated that concentrations of fine,
abrasive-precipitated hydroxides are of the order of 0.1% by mass and
concentrations of fibrous debris are of the order of 1% by volume.* The
effects of particulates in these quantities have been assessed on the basis of
known behavior of this type pump under similar operating circumstances.

Ingestion of particulates through pumps is not likely to cause performance
degradation for the quantities and types of debris estimated above. Because
of the upstream screens, particulates iikely to reach the pumps should be
small enough to pass directly through the minimum cross-section passages of
the pumps. Because of generally low pipe velocities on the pump suction
side, particulates reaching the pumps should be of near-neutral buoyancy and,
therefore, behave like the pump fluid.

Manufacturers' tests and experience with these types of pumps have shown that
abrasive slurry mixtures up to concentrations of 1% by mass should cause no
serious degradation in performance. Tests on single stage pumps similar in
construction to those used in RHR service have shown that quantities up to

4% of fiber paper stock by mass could be handled without appreciable
degradation. '

*The concentration for abrasive Al0(H) was obtained from Niyogi and Lunt,
1981, in which it was estimated that 3000 pounds of precipitate would
develop in 30 days and recirculate with 3.7 million pounds of water. The
1X by volume concentration of fibrous debris is based on the quantity of
fibrous insulation =~eaching the sump screens typical of a PWR (see Table
3.4), mixing with 200,000 gallons from the refueling water storage tank and
being recirculated through the pumps.
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A major concern regarding the effects of particulates on pump performance

and operability has been the effects of fibrous or other debris (such as
paint chips) on pump seal and bearing systems. Porting within cyclone
separators and the flush ports for mechanical shaft seals or water-lubricated
bearings may become clogged with debris. In such an event, seal or bearing
failure is 1ikely. In the PWR plants that were reviewed, pumps used oil-
lubricated or permanently lubricated bearings and mechanical shaft seals.

For these configurations, the seals may be subject to failure because of
clogging, but the bearings are not. The construction of mechanical face
seals used in these pumps is such that complete pump degradation or failure
is not likely, even in the event of seal failure. In many of the
applications in BWRs, multistage pumps incorporate interstage bushings which
are lubricated by the pumped fluid. In these applications, it is possible
that excessive wear or clogging due to the presence of particulates or debris
may cause bearing failure.

3.2.2.5 Swirl

The effects on pump performance resulting from swirl due to sump vortices
are negligible if the pumps are located at significant distances from sumps.
Test results discussed in Section 3.4 indicate that swirl angles in the
suction pipe were typically 4° in PWR sump configurations (measured at 14
pipe diameters from the sump outlet) and 0 to 7° in BWR configurations. RHR
and CS5 pumps are generally preceded by valves, elbows, and piping with
characteristic lengths on the order of 40 or more pipe diameters. This
system of piping components is more likely to determine the flow distribu-
tions (swirl) at the pump inlet than the swirl caused by sump hydraulics.
However, for swirl angle > 10° it should be noted that swirl induced by the
sump causes a higher friction loss than is the case with nonswirling flow.
For pumps with inlet bells directly in the sumps, vortices and accompanying
swirl in the inlet bell can cause severe problems, because of asymmetric
hydraulic loads in the impeller. Hence, this type of installation should be
avoided.
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3.2.3 Calculation of Pump Inlet Conditions

The steps given pelow delineate the calculational procedure for assessing
the inlet conditions to the pump, based on the findings noted above. The
procedure follows routine calculation methods used for estimating NPSH
available, except that the procedures incorporate steps to allow for air
ingestion effects. Figure 3.9 shows a schematic of the pump suction system
with appropriate nomenclature. The procedure is as follows:

(1) Determine the hydrostatic water pressure (gage), psg' at the sump
suction inlet centerline, accounting for temperature dependency and
minimum sump water level. An important factor to include in
determining the maximum sump water level is pressure head loss

across the sump screen (see Section 3.3).

(2) Based on the sump hydraulic assessment, determine the potential level
of air ingestion at the sumy uction pipe, a,, as discussed in Section
$.2.

(3) Calculate the pressure losses in the suction pipe between the sump and
the pump inlet flange. Pressure losses are calculated for each suction
piping element (inlet loss, elbow loss, valves, pipe friction)
using the average velocity through each element, Vi, and a loss
coefficient, Ki' for each element. The total pressure losses are then

N
Py = (¥/144) I K, V,2/2g
i=1

where y is the specific weight of water (1b/ft3), 144 is the conversion
from psf to psi and N is the number of elements.

The loss coefficients are defined as

e V?Tgéi'
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where
o is the head loss in ft of water in element i
g is the acceleration due to gravity
v is the average velocity in element i in fps

Loss coefficients can be found in standard hydraulic data references such

as Hydraulic Institute Standards (1975).

(4) Calculate a value for Pp that will be used to correct the volumetric
flow rate of air at the sump suction pipe for density changes (If air
ingestion is zero, Steps 4, 5, and 6 can de ignored):

Py 2P =Py P =P

o] S d

where

= the total absolute pressure at the sump suction pipe
centerline, which is the sum of the hydrostatic pressure,
P’g. and the containment absolute pressure, PC (determined in
accordance with RG 1.1 and 1.82 for NPSH determination)

PSI

P2 = the pressure loss determined .. Step 3,

Ph = the hydrostatic pressure due to the elevation difference
between the sump suction pipe centerline, Zs, and the pump
inlet flange centerline, lp

P. = (y/144) (Z' » Zp)

Pd = the dynamic pressure at the pump inlet flange using the average
velocity at the pump suction flange, Vp

y (v.)?2

Pg ® IT‘-JL-lg
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(3) Calculate the corrected air volume flow rate at the pump inlet flange,
ap. based on perfect gas, isothermal process

ap < (P'./Pp)c'

(6) If a fs greater than 2%, inlet conditions are not acceptable.

(7) Calcuiate NPSH at the pump inlet flange, taking into account the
requirements of RG 1.1 and 1.82, as follows:
NPSH = ('c . Psg - Pl * Ph - Pvp) (144/y)
where
P = the vapor pressure of the water at evaluation temperature

vp
and the other terms are as defined in Steps 1, 3, and 4
above.

(8) If air ingestion is not zero, the NPSH required from the pump
manufacturer's curves must be modified to account for air ingestion as
follows:

g =40.5 (°p) + 1.0

where
@ = the air ingestion level percent by volume at the pump inlet

p
flange.
Then
NPSH required (afr/water) = fx (NPSH required for water)

The expression for f is empirical. [t has been selected because

it provides a reasonable amount of conservatism in predicting NPSH
requirements in the presence of less than 2% afr ingestion at the pump
fnlet. MHowever, the data on which this conclusion is based are
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(9)

3.3

limited mainly to the tests of Merry, (1976), and the test data scatter
mentioned in the published report are not quantified. Therefore, it is
important that good judgment be used in the application of the correct
factor § to plant calculations. In particular, the conservatisms in
assumptions for calculating the pump inlet conditions should be weighed
carefully if the calculated NPSH available for air/water operation is
marginal with respect to the required NPSH.

[f NPSH available from Step 7 is greater than NOSH required from Step &,
pump inlet conditions should be satisfactory.

is A n

The safety concerns related to the generation of thermal insulation debris
as the result of a LOCA and the potential for sump screen blockage were
addressed generically as follows:

(b

(2)

Nineteen reactor power plants were surveyed in 1982 to identify
insulation types used, quantities and distribution of insulation,
methods of attachment, components and piping insulated, variability
of plant layouts, and sump designs and locations. Additiona)
information was contributed during a public comment period in 1983,

Experiments were conducted to establish the pressure conditions leading
to the onset of damage to typical nonencapsulated mineral woo! and
fiberglass insulations, and attendant debris generation. The buoyancy
and transport characteristics of both fibrous and reflective

metallic insulations were investigated, along with screen blockage and
head loss.
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3.3.1. Qverview

Assessing LOCA-generated insulation debris requires consideration of the
following elements:

(1) The type and quantities of insulation employed. These are important
because the potential for ' asport and blockage depends upon the
insulation material empioyed. Identification of insulations employed and
their distribution on piping and major components is important, as is
the identification of methods of attachment.

(2) Long-term cooling. For both PWRs and BWRs, the maintenance of long=term
recirculation coaling is the underlying safety concern and breaks (or
LOCAs) requiring long=term cooling must be assessed. For PWRs, breaks
in the primary coolant system are of principal concern, and evaluations
of potential break locations (an¢ size) should be the basis for
estimating quantities of debris geperated. For BWRs, potential breaks
in the feedwater and recirculation loop piping and steamline breaks
constitute the LOCAs that necessitate long-term cooling. SRP Section
3.6.2, "Determination of Rupture Locations and Dynamic Cffects
Associated with the Postulated Rupture of Piping," should be used to
identify potential break locations.

(3) Possible break-target combinations. 0On the basis of the break locations
identified in Step 2, possible treak-target combinations must be
assessed. Sections 3.3.3 and 3.3.4 provide guidance for defining the
break jet cnvelope. Analyses should consider the effects in close
proximity of the break {(within < 7 L/Ds of the break) where insulation
destruction will be highest. Beyond 7 L’Ds, insulation could be
dislodged in the as-fabricated state, depending on the methods of
attachment.
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(%)

Level of insulation damage and volume of LOCA-generated insulation
det.is. The level of damage can be severe, partly damaged or
dislogement of as-fabricated insulation segments. Insights regarding
potential levels of destruction can be derived from the HOR
(Heissdampfreaktor or superheated steam reactor) experiments (see
Appendix C). In those experiments, destruction of insulation
(particularly fiberglass insulation material) within 2 to 4 meters of
the break was very severe.

Analytical studies (see Section 3.3.4) of expanding two-phase jets

also show very high stagnation pressures near the break location (within
3 to 5 L/Ds). The insulations and coverings within this region will be
subjected to stagnation pressures on the order of 10 to 50 bars.

Small-scale experimental studies on some typical fibercloth-jacketed
insulation pillows (see Section 3.3.3) -evealed that the onset of
destruction (the start of tearing of the fibercloth jacket) occurred at
stagnation pressures of 20 to 35 psi.

Thus the estimation of debris generation is complex and material
dependent. Seciions 3.3.3 and 3.3.4 provide means for making such
estimates.

Transport Characteristics. The transport of LOCA-generated insulation
debris will be controlled initially by the blowdown phase (when the jet
forces will distribute debris). Long-term transport will occur during
the recirculation phase when containment-flow forces (or velocities)
control the transport of debris. This long-term transport depends on
the type of insulation, level of damage and flow velocity. Both fibrous
insulation and RMI debris fragments transport at low velocities (0.2 to
0.5 ft/sec). RMI debris generally accumulate at the lower portion of
debris screen while fibrous insulation debris builds up uniformly on the
screen. Thus, highly damaged insulation debris will exhibit transport
characteristics significantly different /' e., transport can occur at
Tow velocities) from the as-fabricated '..s' lation segments.
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The plant layout, particularly for PWRs, is an important consideration
in the initial transport (or blowdown) phase. If the sump and break
locations are such that the break jet can target the sump region
directly, direct transport to the vicinity of the sump screen can be
postulated immediately. Moreover, if the break jet can target the sump
screen, screen survivability relative to jet loads should be assessed.

(6) Screen bluckage (or suction strainer blockage). This blockage is
dependent on the material characteristics of the debris transported to
the screen and on the local velocities, which can pull such debris to
the screen, as well as on the findings obtained for the tramsport of
fibrous and metallic materials and as-fabricated sections of typical
insulation materials.

There are two parts to this element:

(a) Will the debris be transported? Transport is dependent on
recirculation flow velocities within containment.

(b) Will blockage occur? Blockage is dependent on the approach
velocities near the screen or suction strainer, and the approach
velocity will establish the blockage patterns that will occur.

Shredded fibrous debris is transported at near-neutral buoyancy
conditions and is deposited (in a general sense) uniformly across a
screen structure. Metallic foils (such as those used internally in
reflective metallic insulations) exhibit transport characteristics and
screen blockage patterns that are a function of foil thickness (or
rigidity) and screen- approach velocities. Development of a blockage
model for foils is more difficult than it is for fibrous debris.

(7) Head loss as a result of the estimated screen blockage. The results of

Step (6) dictate the estimating methods applicable. Results of
experiments have shown that blockage losses for fibrous insulation
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(8)

materials can be described as a power function such as

aH = a UPt©

where

a, b, and c are coefficients that should be derived from
experimental data

t(thickness) = volume of debris/effective screen area

U = approach velocity

Head Tosses that result from impervious materials (such as metallic
sheets) are dependent on the potential blockage patterns resulting from
the plant-specific reviews. For example, a PWR sump with a horizontal
debris screen will incur a different type of blockage than will a sump
with high vertical debris screens. Sections 3.3.5 and 5.3 provide
additional information relative to these considerations.

Accurate predictions of recirculation flow velocities within the
containment during the long-term cooling mode. These are as important
as the experimentally derived debris transport velocities discussed
above. [f predicted recirculation velocities exceed transport
velocities, debris will move toward the sump. An analytic methed that
permits estimation of velocities within containment is reported in
NUREG/CR-2791. However, because of simplifications inherent in that
modelling technique, a more refined anilysis may be warranted if the
predicted fluid velocities are within a factor of two of the transport
velocity determined experimentally for each of the insulation types.
That is to say, although the recirculation flow velocities discuissed in
Appendix D would predict one-half of the critical transport velocity
(thereby indicating zero transport), transport might actually occur
because of flow field variabilities within containment that are not
accounted for.
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3.3.2 Types of Insulations Employed

Insulations utilized in nuclear power plants can be categorized in two major
groups, as discussed in the following paragraphs.

(1) Reflective Metallic Insulation

This is an all-metallic insulation design based on the concept of utilizing a

series of highly reflective foils to retard heat transfer. reflective
metallic insulation (RMI) is generally constructed from stainless steel,

although aluminum interior foils have been used in conjunction with stainless

steel inner and outer liners. Figure 3.10 provides details for typical,
as-fabricated RMI segments and details of the iaternal foil construction.
Generally RMI is manufactured in half-shell segments or other geometric
shapes that a.e prefabricated to fit piping or other major components
(reactor vessels, steam generators, and the like) and that use snap-on
latching for attachment.

There are currently at least four different manufacturers of RMI: Diamond
Power Speciality Company, TRANSCO, Johns-Manville, and ROMET. A1l vendor
designs vary. Some designs have open ends; others have sides sealed with
foils. Interior foils range in thickness from 0.0025 inch to 0.010 inch.
Inner and outer liners are generally thicker (on the order of 0.030 inch to
0.040 inch) and may ve flat, corrugated, or dimpled.

(2) Conventional or Mass Type Insulation

Mass type insulation is an industry-derived term that encompasses a wide
range of insulation materials and differentiates them from RMI.
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In mass type i:_ulation, the materials used as the insulation filler are
from one of two broad categories, fibrous and others.

Fibrous insulations include.

Calcium Silicate Molded Block

Calcium silicate molded block insulation is a molded, high-temperature
pipe and block insulation composed of hydrous calcium silicate. It is
light weight, has low thermal conductivity and high structural strength,
and is insoluble in water. Its density (dry) is 13 to 14 1b. per cubic
foot. Its compressive strength (based on 1-1/2 inch thickness) is 60 to
250 psi. The molded blocks are provided in thicknesses of up to 4
inches and lengths of up to 3 ft.

Expanded Perlite Molded Block

Expanded perlite molded block insulation is composed of expanded periite
witk reinforced mineral fiber and inorganic binders. [t is an
insulating material with properties similar to those of calcium silicate
insulation. The average maximum density is 14 1b. per cubic foot. Its
flexural strength should be not less than 35 psi, and its compressive
strength dry is 60 psi and wet is 25 psi.

Fiberglass Molded 8lock

Fiberglass molded block insulation is composed of glass that has been
foamed or cellulated under molten conditions, annealed, and set to form
a rigid incombustible material with hermetically sealed cells. The
density is between 7.0 and 9.5 1b. per cubic foot. Its flexural
strength is 60 psi, and compressive strength is 75 psi.
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Nukon ribergiass Blankets

|
1
The leading manufacturer of this type insulation is Owens-Corning which ‘
makes thermal insulation system called NUKON for use in the containment
areas of light water nuclear power plants. NUKON™ is a blanket
insulation consisting of fiberglass insulating wool reinforced with
fiberglass scrim and sewn with fiberglass thread. The blanket may have
secondary holding straps attached to it and wrapped completely around
it. This material has a low density (i.e., 2 to 4 1bs. per cubic foot).
Figure 3.13 shows this type of insulation as fiberglass core material.
|

Mineral Wool Fiber Block |

Mineral wool fiber block insulation is made of a mineral substance, such
as rock, slag, or glass processed from a molten state into fibrous form. 1
The density, depending on kind, ranges from 10 to 20 1b. per cubic foot. |
The strength varies considerably with the classes of insulation. The 1
moisture is less than 1.0 percent by volume. |
|
Other insulations include. }
:
|
Cerablanket ‘
Cerablanket™, manufactured by Johns-Manville, is a ceramic fibrous ‘
insulation material with a density of 6 1b. per cubic foot. The

\
Cerablanket is enclosed in 0.006 inch metal foil and then encapsulated !
in a reflective insulation structure. |
|
|
|
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Unibestos

Unidbestos™ insulation is composed of lime and diatomaceous silica taken
from natural deposits. These basic ingredients are bonded with asbestos
fiber possessing the tensile strength of piano wire. This composition
is then encased in stainless stee! sheet.

Figure 3.11 illustrates a variety of materials of this type of
insulation. (NUREG/CR-2403 provides a more extensive description of
insulations employed, particularly those used in older plants.) Any of
the above described mass type insulations can sometimes be enclosed in
an outer shell or jacket or cloth covers. The following categories are
currently being used by the industry:

Totally Encapsuléted or Semi-Encapsulated Insulation

Internal insulation in this category can be mass type materials that act
as the principal heat barrier. The outer shell is generally made of
sheet metal and in some cases the ends are closed. The encapsulation is
being utilized to contain the mass insulation and to ease installation
and removal.

Caution is recommended in assessing encapsulated insulation because of
the generalized use of this category and wide variability of designs
procured and installed in plants. Figure 3.12 illustrates some
encapsulated insulations. Survivability under break jet loads requires
assessment of the specific insulation employed and the structura)
capability of the encapsulation provided.

The construction of semi-encapsulated insulation modules is exactly the

same as that of totally encapsulated ones, except that semi-encapsulated
modules are assembled in the field and clamped, not welded, together.
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Jacketed Insulations

In this category the principal heat barrier (internal insulation) is the
same as it is for mass type insulation. The jacket (which is usually a
separate outer metal cover such as a stainless steel sheet, asbestos
cloth, fiberglass cloth or aluminum) is simply an outer cover to protect
the core material. Thus jacketed insulations are an intermediate
arrangement between encapsulated and nonencapsulated insulation.
Generally banding or latching mechanisms are employed for jacketed
insulations such as shown on Figure 3.13.

Urethane and polyurethane foam antisweat is another jacketed type insulation.
It is a rigid cellular foam plastic that combines 1ight weight and strength
with exceptional thermal insulating efficiency. The foam is a vast cross-
linked netwook of closed cells; each cell is a tiny bubble full of gas that
accounts for 90 percent of its volume. Its density ranges from 1.8 to 4.0
1b. per cubic foot. The insulation is sealed with a vapor barrier of
aluminum foil or a metal jacket.

Regardless of the type of insulation employed, the assessment of debris
effects must focus on types and guantities of materials present and their
survivability during a LOCA, as discussed in Sections 3.3.3 and 3.3.4.

Plant insulation surveys were pe~fcrmed in 1981 and 1982, and the results are
summarized in Table 3.3. (The details associated with these surveys are in
NUREG/CR-2403 and its Supplement 1.) These surveys showed that there was a
wide variability in types of insulations employed, but that the newer plants
were electing to utilize RMI. Moreover, based on the two BWRs surveyed, the
trend appeared to be total use of RMI or totally encapsulated insulation.
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ENCAPSULATED REFLECTIVE METALLIC

Figure 3.12 Encapsulated insulation assemblies

NUREG-0897, Revision 1 3-37



FIBERGLASS CORE MATERIAL JACKET AND LATCH

JACKETED ASSEMBLY

Figure 3.13 Jacketed insulation assemblies
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Table 3.3 Types and percentages of insulation used within the
primary coolant system shield wall in plants surveyed

-

Types of Insulation and Percentage®==—-———=-eooeomoo_ ..

Mineral Calcium
Ref lect ive Totally Fiber/wWool Silicate Unibestos
Plant Metallic Encapsulated Blanket Block Block = Fiberglass
Oconee Unit 3 98 - - - - 2
Crystal River Unit 3 94 5 1 - S e
Midland Unit 2 78 -~ - — e 22
Haddam Neck 3 - - -- 95Y 1
Robert E. Ginna - - 5 80 10 s
H. B. Robinson - e - 15 85 -
Prairie Island Units 1 & 2 98 - -- -- -- 2
Kewaunee 61 - - - 319 -
Salem Unit 1 39 8 §53ee - - e
McGuire Units 1 & 2 100 - - -t o .
Sequoyah Unit 2 100 - - - i Lk
Maine Yankee 13 -- 48 25 13 1
Millstone Unit 2 25 35 5 30 - -
St. Lucle Unit 1 10 - -- 90 - el
Calvert Cliffs Units 1 & 2 au 59 - - - P
Arkansas Unit 2 146 53 - - - 1
Waterford Unit 3 15 85 - - = ===
Cooper 30 70 - i — R
WPPSS Unit 2 100 b i st " st TR

*Tolerance is + 20 percent

**Both totally and semi-encapsulated Cerablanket is

encapsulated Is employed.

used,

however, inside containment only totally

Yunibestos is currently belng replaced by Calcium Silicate. Wowever,
the same sump blockage characteristics.

both types of

insulation have



Table 3.4 Insulation types used on nuclear plant component.s*

Vessel

Coolant
Piping

Coolant
Pumps

s‘ G.

s. G.

(less bottom Bottom

Jhead)

Pressurizers

EWRs

Haddanm Neck
iP-2 & IP-23
Maine Yankee
Millstone-3
Yankee
Palisades
Wolf Creek
Ft. Calhoun
Callaway
Robinson-2
Turkey Pt-3
Turkey Pt-4
St. Lucie-2
Waterford-3
South Texas 1&2
San Onofre-1l
Ginna

Marble Hill
ANQ-2

BWRs

Limerick 1&2
Fitzpatrick
Perry 1&2
Monticello
Hatch-1

FEERSEEEEREERE PR

BEEEE

Insulation Legend:
Rm -- Reflective Metallic Insuilation

C - Conventional Insulations (e.g., fibrous & mass materials)
E - Encapsulated Insulation

ggnnnnnnnnnnnnnnnnn

aononoonoon

nomonoonononnonnonNnnn

naoanon

Bnnnnnnonnn

nnsaor)nnnnm

N/A
N/A
N/A
N/A
N/A

nngnnnnnnnnnn

mownoonom

N/A
N/A
N/A
N/A
N/A

0OO0OOBOOOOOOOOO0OO0ON

ol
a8
@
(p}

N/A
N/A
N/A
N/A
N/A

*Based on material obtained during a public comment period; may be obtained
by writing to Generic Issues Branch, NRC, Washington, DC 20555.
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However, comments received during the Jublic “for comment" period associated
with USI A-43 (June-July 1983) presented a changing picture (see Table 3.4).
Some older operating plants (e.g., Monticello) have been reinsulated «ith
fibrous insulation. Newer BWRs (e.g., Limerick) are being insulated with
fiberglass, and the increasing use of fiberglass is evident. Replacement of
selective insulation also occurs during, or following, inservice inspections.
These recent observations re-emphasize the large varibility of insulations
empioyed, the plant-specific aspects associated with insulations used (plants
handie insulation on a site-specific basis and changes need not be reported),
and the time dependency factor. As new insulation products are developed new
materials are being introduced into nuclear plants.

3.3.3 Insulation Debris Generation

Jet impingement forces are the dominant insulation debris generator. OQther
contributors, such as pipe whip and impact, have been studied and shown to be
of secondary importance (NUREG/CR-2791).

The criteria for defining break or rupture locations should be consistent with
the requirements of SRP Section 3.6.2, which provides guidance for selecting
the number, orientation, and location of postulated ruptures within a
containment.

The safety concerns associated with debris relate *o ensuring long-term
recirculation capability. Therefore, for PWRs, the postulated breaks of
conce.n are those in the primary coolant system and in components (or other
systems) that are connected to the primary coolant system. For BWRs, the
postulated breaks of concern are in the feedwater and recirculation

systems and in the steam lines.

The destructive nature of high pressure break jets has been experimentally
demonstrated in blowdown experiments conducted in the HDR facility (see
Appendix C). Figures 3.14 and 3.15 show damage to reinforced concrete
structures in the HOR. Figures 3.16, 3.17, and 3.18 show the damage to
insulation and insulated components in the HOR.
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These blowdown tests (blowdown was from 110 bars and 280°C to 315°C, under
steam and subcooled water conditions) revealed that all glass fiber

insulation was destroyed within 2 meters of the break nozzle and distributed
throughout the HOR containment as very fine particles. In addition iron
wrappers were thrown away from vessels within 4 to 6 meters of the break nozzle,
with glass fiber untouched. With enforced shieldings (steel bandages) around
the vessels, the damage was reduced. Mineral wool insulation that was
encapsulated in iron plate, withstood the rough blowdown conditions well.

Break sizes 200-mm, 350-mm, and 430-mm diameter have been investigated.

3.3.4 Two-Phase Jet Loads Under LOCA Conditions

Determination of the extent of potential damage requires estimation of
pressure and flow field forces resulting from the expanding jet. On the
other hand, the flow field for a two-phase jet is extremely complicated and
multidimensional. The jet impingement model discussed in this section is
based on a study of HDR experimental cdata by Sandia National Laboratory.
This model is under peer review by the ANS-58.2 Committee on Pipe Rupture
and has not yet been incorporated in SRP 3.6.2 as an endorsed approach.
Sandia National Laboratory has analytically studied two-phase jet impingement
on targets over a range of pressures and temperatures representative of
postulated LOCAs for BWRs and PWRs. Those results are reported in NUREG/
CR-2913.

In the expanding jet flow field, there are three natural divisions of the
field (see Figure 3.19). There is a nozzle (or break) region where the flow
chokes. In this region, there is a core at choked flow thermodynamic
properties that projects downstream of the nozz'e at distances that depend on
the degree of subcooling. Downstream of this region there is the free jet
region. Here the jet expands almost as a free, isentropic expansion; the
flow is supersonic throughout this entire region. The free jet region
terminates at a stationary shock wave near the target. This shock wave
arises because the target propagates pressure waves
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Figure 3.14 Structural damage to railings and walls in the HDR facilit
following a blowdown experiment
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Figure 3.15 Erosion of reinforced concrete in the HDR facility due to
direct break jet impingement
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Figure 3.16 Blowdown damage to fiberglass insulation covering the HOR
pressure vessel
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figure 3.17 Distribution of fiberglass insulation after an
initial HOR blowdown test
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Figure 3.18 Blowdown damage to jacketed (sheet metal cover) reinforced
(with wire mesh) fiberglass in the HOR blowdown compartment
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Figure 3.19 Schematic of jet impinging on target
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upstream and, thus, produces a pressure gradient that will direct the fluid
around the target. QOownstream of the shock is the target region where the
local flow field imposes a pressure Toading on the target. Depending upon

the upstream flow conditions and the L/D of the target, there may be a
substantial total pressure loss across the shock wave. This loss arises
because of the irreversible physics that characterize the shock. The

pressure loss across the shock and radial velocity components can lead to
negative pressure loads across the target, which can 1ift away materials (such
as insulation segments) from targeted components. The HOR tests revealed
evidence of such loadings.

NUREG/CR-2913 addresses the centerline behavior of two-phase jets and the
radial loading for axisymmetric impinging two-phase jets. The method
deveioped for caiculating centerline behavior indicates that the jet
stagnation pressure at a given target distance from the break (in terms of
L/0*) is a function of the stagnation pressure and steam quality or the
degree of subcooling in the vessel. This functional dependence (on pressure
and subcooling) largely disappears at about 5 L/0s from the break. At
approximately 7 L/Ds downstream of the jet origin along the centerline of

the jet, stagnation pressure falls to roughly 20 psig regardless of the break
thermodynamic conditions.

Two-dimensional pressure distributions were calculated and are reported
in NUREG/CR-2913. These results indicate tha: the region targeted by an
impinging two-phase jet is highly dependent on the thermodynamic conditions
at the break. The constant pressure contuurs (as a function of target L/D)

*Here L is the centerline axial distance from the break and D is the pipe
break diameter.
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form complex shapes in space. Figures 3.20 through 3.23, which are
reproduced from NUREG/CR-2913, illustrate axial and radial pressure
distributions of an expanding jet representative of PWR and BWR blowdown
conditions. Figure 3.24 is a comparison of Sandia calculations (taken from
NUREG-2913) with HDR experiment Vv21.1.

The significant findings to be derived from the calculations contained in
NUREG/CR-2913 are

(1) Target pressure loadings increase asymptotically at L/Ds less than 3.0
to break exit pressures. At L/0s less than 3, survivability of
insulation materials is highly unlikely.

(2) At L/Ds from 5 to 7, the centerline stagnation pressure becomes essentially

constant at approximately 2 + 1 bars.

(3) The multidimension pressure field loads the target over a large region
(see Figures 3.22 and 3.23); this region may be approximated by a 90°
jet cone expansion model. A hemispherical expansion mode] could be
another approximation for this expanding pressure field. These two-
dimensional calculations do not support the use of the Moody jet model
(a narrow jet cone) for target close to the break locations.

The two-phase jet modelling results and the levels of insulation damage
evidenced by the HDOR experiments lead to the development of a three-region
jet-debris-generation model which is shown in Figure 3.25. Region I (< 3
L/D from the break) is where extremely high levels of destruction would
occur due to the very high break jet pressures (see also Figures 3.20 and
3.21) and total destruction can be assumed to occur. Region IT (2 < L/D <
7) is a zone where high levels of damage (or destruction) are possible; but
with the recognition that the types of insulation employed (e.g., reflective
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metallic, fibrous, foamglass, etc), methods of attachment, whether the

materials are encapsuiated,etc. are factors which should be considered in
estimating the types and volumes of debris generated in Region II. Region

[II (L/D > 7) is a zone where destruction (r damage) will likely be
dislodgement of insulation in the as-fabricated mode, or as modules.

Beyond 7 |/D, break jet pressures have decayed to 1 to 2 bars. It should aliso
be noted that superimposed pressure field on Figure 3.25, is representative

of 2 PWR primary coolant system break.

Despite the simplification afforded by a three-region model, determination
of the quantities and types of insulation debris will always be material (or
type) dependent. Figure 3.26 illustrates considerations which would apply
to nonencapsulated fibrous insulation and to reflective metallic

insulation. The assumption of total destruction for L/D < 3 is equally
applicable; however the non-encapsulated fibrous material would be totally
shredded. 0On the other hand, reflective metallic insulation damage would be
comprised of severely damaged (or crusned) and exploded open assemblies
which could release free foils in Region I. Pursuing such hypothesis into
Region II, the amount of shredded fibers would decrease to zero at 7 L/D.
However, the amount of free foils from reflective metallic insulation
assemblies would probably maximize in Region II. This illustration is
provided to emphasize the dependency on materials used and plant design
considerations, and should not be used as the hasis for quantifying debris
volume.

Thus, debris calculations in Region Il can become very complex. For
conservatism, total destruction up to 7 L/D can be assumed, and the assessment
for transport and screen blockage effects of destructed material can be

made. If such a determination shows that the blockage exceeds the NPSH
margin, a conservative safety assessment has been made.
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The size of the third volume (Region III) was established using the Moody jet
analysis as modified and discussed in NUREG/CR-2791. It begins at L/0 = 7

and extends to an axiai position in the jet where the jet thrust (as
calculated by the Moody model) would be equal to 0.5 psig when calculated for
a flat axisymmetric target. The Moody-type jet expansion mode! was selected
for establishing the outer boundary of Region III because it always results in
a larger L/D value for the boundary than the two-phase Jjet analysis in
NUREG/CR-2913, thus ensuring that the effects of mozeling uncertainties are
mitigated by a conservative boundary selection.

Break location(s) and insulation(s) targeted by the break jet are the key
factors in estimating debris generation. This is illustrated in Figure 3.27
for a typical PWR where the influence of an expanding jet is shown. A preak
in the primary coolant system piping will target large quantities of
insulatioﬁs located in the lower portions of the steam generators. Although
break locations are identified in SRP Section 3.6.2, the reviewer (or
analyst) should determine which breaks are most significant and estimate the
extent (or volume) of insulation debris generation. Such a detailed
evaluation was carried out for a reference PWR (Salem Unit 1) and is reported
in NUREG/CR-3394. Although this study was primarily directed at estimating
the probability of sump blockage, the analyses revealed that breaks in large
diameter piping (> 10-inch diameter) were the dominant contribu%ors to debris

generation (see Table 3.5).
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Table 3.5 Maximum LOCA-generated insulation debris summarized by break size

Pipe A Total fibrous Total all
diameter (inches) debris (ft3) types (ft3
2 1 1
6 2 22
8 2 3
10 - 31
14 227 227
16 270 270
32 144 295
34 315 726
36 118 408
Notas:

(1) These values correspond to break locations in the primary system within
the crane wal) and represent the largest quantity of debris generated
by a single break of a given pipe diameter.

(2) The insulation types and distribution within containment are those used
in Salem=1. A1l insulation within 7 L/D of a break location is
assumed to be destroyed and released as fragmented debris.

(3) For reference see NUREG/CR-3394.
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Table 3.6, which illustrates typical volumes of insulation employed (for two
typical PWRs) on the primary coolant system and related components, provides
an insight regarding volumes of insulations employed and their distribution
on the PWR primary coolant system and components.

Although a generic conclusion cannot be drawn from these studies, because of
plant variabilities, the results do indicate that PWR debris assessments
should concentrate on the primary canlant system insulation within the crane
wall region and for pipe Lreaks of pipe diameter > 10 inches. Because such a
detailed break study has not been done for BWRs, the reviewer should consider
debris generation as occurring for breaks postulated in the BWR feedwater and
recirculation piping and for postulated hreaks in BWR main steamlines.

3.3.5 Transport and Screen Blockage Potential for Reflective Metallic
Insulation Materials

A Timited amount of testing has been conducted with reflective metallic
insulation materials to gain an insight into the transport and possible
screen blockage configurations. The results are reported in NUREG/CR-3616.
The thrust of these tests was to determine velocity levels that would
transport various cr=,onents, particularly thin foils that are used
internally. As might be expected, intact units were not transported until
flow velocities exceeded 1 ft/sec. On the other hand, very thin, stainless
steel foil (0.0025 inch thick) materials were transported at low velocities
(0.2 to 0.5 ft’sec). Table 3.7 summarizes experimental findings. [n these
tests, as the foil material became more rigid (increased thickness), the foil
type debris was transported by sliding along the floor, rather than in a
tumbling mode, and higher velocities were required to flip the material into
a vertical orientation against the screen.
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Table 3.6 Typical volumes of primary system insulation emp10yed(1)

Sal Maine Yankee

Volume Type of Volume ype of
Component (ft3) Insulation (ft2) Insulation

Steam Generator 1284 reflective metallic/ 1144 calcium silicate/
fibrous fibrous

Hot Leg 160 reflective metallic 149 fibrous
Cold Leg 144 reflective metallic 156 fibrous
Cross=Over 60 reflective metallic 279 fibrous

Pressurizer reflective metallic 302 calcium silicate/
fibrous

Press. Surge Line 129 reflective metallic 57 calcium silicate/
fibrous

RCP 570 reflective metallic calcium silicate/
fibrous

Bypass N/A N/A 88 fibrous
rora (2 2507 2324

sustotaL (3 1284(=4402 ft2) 1527(=5234 f12)
(excluding reflective

metallic and calcium
silicate)

(I)This table is based on information provided by the operators in 1981.
Plant changes since 1981 have made the data less accurate for these two
specific reactors. However, as representative data for reactors in
general, the table is still valid.

(Z)This volume includes all of the insulation that could be hit by a water
jet from a LOCA pipe break (in pipes >10" diameters). If the volume
was restricted to only insulation within L/D = 7 of a break, it might
be significantly smaller.

(3)1n order to be conservative, Salem's steam generator is assumed to he
Covered entirely with fibrous insulation. 50% of the insulation of Maine
Yankee's steam generator, pressurizer, and reactor coolant pump is
assumed to be fibrous.
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Table 3.7 Transport and blockage characteristics of reflective metallic
insulation materials (see also NUREG/CR-3616)

Velocity to Velocity to

initiate transport

Sample . motion to screen

Description (ft/sec) (ft/sec) Comments

Undamaged half

jacket normal

to flow

concave side up 1.0 1.0 Either flipped on screen
(see Figure 3.28) or
got stuck partially flipped

concave side down above 2.2 Never moved.

Qutside Cover

(0.037" thick

diameter = 19"

concave side up 0.7 0.8 Same blockage mode as

undamaged half jackets.
concave side down above 1.8

Inside Cover
(0.015" thick
diameter = 13")

concave side up 0.7 0.8 With both initial positions,

concave side down 1.1 1.6 covers flipped against the
screen on arrival and got
flattened against it by the
flow {orce.

End Covers ibove 2 Never moved.

Single sheet

Inner Fuil 0.35 0.5 Moves in folding and tumbling

(0.0025" thick mode. Flips vertically

36" x 25") against screen as soon as it

uncrump led reaches it. (Figure 3.29)

with and without May be folded on screen,

separating crimp i.e., not cover full sheet
area.

Never covered screen higher
than maximum sheet dimension,
even for flow velocity of

2 ft/sec, and water depth

of 60 inches.
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Table 3.7 continued

Velocity to Velocity to
initiate transport

Sample motion to screen

Description (ft/sec) (ft/sec) Comments

Single sheet 0.20 0.25 Moves in folding and tumbling

Inner Foil mode. Flips against screen

(0.0025" thick as soon as it reaches it.

36" x 25") Gets flattened on screen
by current.

Four sheets 0.25 0.4 to 1.8 when numerous foil sheets

inner foil are used they tend to jam

(0.0025" thick up in piles that may need

36" x 25") high velocity to unjam.

two crumpled Significant overlapping on

two uncrumpled screen.

Single cut-up

sheet

inner foil

(0.0025" thick

24n X 21:1)

uncrumpled 0.20 0.25 Folding and tumbling
transport mode. Flip
veritically on screen
upon arrival, sometimes
fo'lded.

crump led 0.20 0.25 Flip veritically on screen
upon arrivai, sometimes
folded. (See Fig. 3.30)

Several cut-up

sheets inner foil

(0.0025" thick

au X 8")

uncrumpled 0.5 r o Pieces not folded by flow
as larger ones. Sliding
trans ort mode.
One piece reached screen at
0.5 ft/sec - a!l flipped
vertically on arrival to
screen. (See Fig. 3.31)

crumpled 0.5 R One piece reached screen
at 0.9 ft/sec - all flipped
vertically on arrival to
screen.
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Table 3.7 continued

Velocity to

initiate
Sample motion
Description (ft/sec)

Velocity to
transport
to screen
(ft/sec)

Comments

Several cut-up

sheets inner foil
(0.0025" thick

a2 )

uncrump led 0.8

2.0

Pieces not folded by flow
as larger ones. S5liding
transport mode.

Several cut-up

sheets inner foil
(0.0025" thick

3" x 3" )

(continued)

crump led 0.6

1.0

Pieces flip vertically

on screen unless a corner
gets trapped under screen
bottom, in which case the
piece stays flat on bottom.
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Of more significance are the screen blockage patterns observed during these
tests. Intact shells (or halves) can flip against a debris screen if
velocities exceed 1 ft/sec (see Figure 3.28). On the other hand, thin foil
sheets tend to crumple resulting in the blockage configurations shown in
Figuras 3.29 and 3.30. Multiple foil sheets can form a blockage pattern such
as shown in Figure 3.31. Generally blockages occurred at the lower portion
of the debris screen. Althouch enough sheet material to totally block the
screen was introduced into the transport flume, tota) blockage did not occur
(see Figure 3.29). The very thin foil material is transported with a
tumbling, lifting-type motion; however, lack of structural rigidity results
in deformations, as shown in Figure 3.29. Another significant finding was
that none of the foil samples tested became water borne. This is
particularly important in BWR considerations because the RHR suction intakes
are generally 6 to 8 feet above the suppression pool floor.

Thus, although transport at low velocities cannot be discounted and although
vertical orientation on vertical screens can occur at low velocities, total
screen blockage cannot be unconditionally extrapolated from these
experiments. The principal conclusion that must be drawn is that if
significant LOCA break jet impingement can occur and if internal foils are
strewn about, transport of the foils during recirculation mode can occur at
low velocities, with the potential for significant screen blockage.
Therefore, plant-specific assessments also should be made for those plants
employing reflective metallic insulations.

3.3.6 Buoyancy, Transport, and Screen Blockage Characteristics of Mass Type
Insulations

The buoyancy and transport characteristics of fibrous insulation materials

are important because long-term screen blockage is a function of whether, and
how, such debris material would be transported. Information regarding
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Figure 3.28 A half segment flipped onto screen
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Figure 3.29 Uncrumpled foil sheet flipped vertically on screen
(flow velocity = 0.5 ft/sec)
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Crumpled foil sheet against screen (flow velocity

Figure 3.30
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Figure 3.31 Several foil sheets on screen (flow velocity = 0.7 ft/sec)
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transport of shredded mineral wool insulation is provided in the Finnish
tests conducted in the late 1970s (see Imatran Voima Oy, "Mode! tests of the
Loviisa Emergency Core Cooling System and Mode! Tests of Zontainment Sumps af
the Emergency Core Cooling System"). These tests showed that shredded
mineral wool would be transported at low velocities and build up uniformly on
a debris screen, and thus could result in high head losses.

Similar tests were conducted under NRC sponsorship at the Alden Research
Laboratory and are reported in NUREG/CR-2982, Revision 1. The results of
those tests are summarized below.

Buoyancy, transport, and head loss experiments were conducted with three
types of as-fabricated insulation panels and with fragmented fibrous
insulations. The three types of as-fabricated insulation panels were

Type 1: 4~inch mineral wool or refractory mineral fiber core mineral (6 b
density), covered with Uniroyal 6555 asbestos cloth coated with
1/2=mi1 Mylar.

Type 2:  4-inch Burliglass 1200, or 4 layers of l-inch-thick Filomat 0
(fiberglass) core material, an inner covering of knitted stainless
steel mesh, and an outer covering of Alpha Maritex silicone
aluminum cloth, product 2619.

Type 3: Same insulation core materials as Type 2, but with an inner and
outer covering of 18-ounce Alpha Maritex cloth, product 7371.

The fiberglass core material in Types 2 and 3 is a high density fiberglass
(%10 1b/ft?). Vvarious types of fiberglass insulation are employed in nuclear
plants, and, as evidenced by the data reported (Durgin and Noreika, September
1983) for the Owens Corning Fiberglass product NUKON™, they can exhibit
different characteristics. Therefore, evaluations should be based on the
actual material(s) utilized in a given plant.
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The buoyancy tests revealed

(1)

(2)

(3)

(4)

(5)

In general, the time needed for both minera)l wool and fiberglass
insulation to sink was less at higher water temperatures.

Mineral wool (Type 1) does not readily absorb water and can remain
afloat for several days.

Fiberglass insulation (Types 2 and 3) readily absorbs water,
particularly hot water, and sinks rapidly (from 20 seconds to 30 seconds
in 120°F water).

Undamaged fiberglass pillows of Type 3 (and possibly also of Type 2) can
trap air inside their covers and remain afloat for severa) days.

Based on the observed sinking rates, it may be concluded that mineral
wool pillows and some undamaged fiberglass pillows (those that trap air
inside their cover) will remain afloat after activation of the
containment recirculation system (approximately 20 minutes after the
beginning of LOCA). Those floating pillows will move at any water
velocity and can be transported to the sump before activation of the
recirculation system.

The transportation tests revealed

(1)

Water velocities needed to initiate the motion of insulation are on the
order of 0.2 ft/sec for individual shreds, 0.5 to 0.7 ft/sec for
individual small pieces (up to 4 inches on the side), and 0.9 to 1.5
ft/sec for individual large pieces (up to 2 feet on the side).
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(2)

(3)

(4)

(5)

For whole sunken pillows to flip vertically onto the screen, flow
velocities ¢’ 1.1 ft/sec for Type 1 (mineral wool) and 1.6 to 2.4 ft/sec
for Types 2 and 3 (fiberglass) are requirea.

whole floating pillows require a water velocity in excess of 2.3 ft/sec
to flip vertically against the screen.

Insulation pillows broken up in finite size sunken fragments tend to
congregate near the bottom of the screen if there is no turbulence
generator, and, depending on the water depth, unblocked space can remain
near the top of the screen. With turbulence generators (vertical posts

2 feet upstream of the screen), some insulation fragments are |ifted from
the bottom and collect higher on the screen.

Once insulation shreds are in motion, they tend to become suspended in
the water column and collect over the entire screen area.

The head loss tests revealed

(L

The measured head loss across a vertical screen in a flume as a result

of blockage by insulation released upstream varies from 7 to 10 times the
approach velocity head, U2/2g, for whole sunken pillows; from 13 to 16
times the approach velocity head as that for opened or broken up

pillows; and more than 240 times the approach velocity head for

shredded pillows. These results are for an equivalent volume for 50%
screen blockage with the undamaged pillows.

Opened pillows with separated, fragmented, or shredded insulation layers
had enough area to block the entire screen. However, the screen was
entirely (but not uniformly) covered only in the test with the shredded
fnsulatfon. In the other tests, open space remained on the screen.
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For these conditions, the maximum measured head loss of 240 times the
approach velocity head (for shredded pillows) would result in screen
head losses of 0.15 foot to 0.60 foot for approach velocities »f 0.2
ft/sec to 0.4 ft/sec.

Measured head losses through beds of accumulated fragments or shreds of
mineral wool or fiberglass insulation varied nonlinearly with approach
velocity and bed thickness.

For mineral wool fragments, the larger head losses were observed for the
tests of larger fragments (3 x 2 to 4 x 1/8 inch). For an original
insulation thickness of 1 inch, the maximum head loss was 0.4 foot at
0.2 ft/sec and 1.4 feet at 0.4 ft/sec.

For fiberglass insulation fragments and shreds, the larger head losses
were observed for the shreds. For an original (as-fabricated)
insulation thickness of 1 inch, the maximum head loss was 1.2 feet at
0.2 ft/sec and 6 feet at 0.4 ft/sec.

The head loss through as-fabricated insulation material is higher, by a
factor of up to 10, than that for accumulated fragments. For example,
with wate~ at 105° to 120°F and with an approach velocity of 0.2 ft/sec,
the head loss through 2 inches of undisturbed mineral wool is about 3.5
feet, and the head loss through 1 inch of undisturbed fiberglass is about
20 feet. These head losses are for insulation samples sealed to the
walls to prevent leakage. The head loss would be less if leakage
occurred around the sample,

In addition to the variables of insulation thickness and approach flow
velocity, the actual head loss that may be expected across a sump screen
depends critically on how the screen is blocked. [f some unblocked
screen area remains, or if water can flow between pieces of insulation,
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the head loss would be small; if the entire screen area is uniformly
covered with mats of undisturbed insulation or accumulated fibers, the
head loss can be many feet.

Best-fit expressions for the head loss through shredded fibrous
insulation, were derived as follows:

for mineral wool (Type 1): AH = 123U1‘51t1'36

for fiberglass (Types 2 and 3): aH = 1653yt-84,1-54

where

U is the screen approach velocity (ft/sec)
t is the original (as fabricated) insulation debris thickness (*%)
AH is the head loss (ft Hy0)

Table 3.8 summarizes these transport and head loss characteristice.

The strong dependence on material characteristics cannot be overemphasized.
Owens Corning Fiberglass conducted similar tests with fiberglass utilized in
NUKON™ (a low density fiberglass, 2 1b/ft3). The transport characteristics
were similar to those reported in NUREG/CR-2982, Revision 1, in that the
transport of fragments occurred in the 0.2 to 0.3 ft/sec range. However, the
screen blockage head loss correlation for fragments (experimentally derived)
was

1.79t1.07

AH = 68.3V

This equation is significantly different from the two previous equations, and
these results are reported in ARL Report No. 110-83/M489F (Brocard, 0. N.,
September 1983). Thus, the reviewer should base evaluations on the
particular type of insulation material(s) employed in a given plant
application,
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Table 3.8 Summary of transport and screen biockage
characteristics of high density fiberglass

.
Pillow 'ﬁ vl ! vv AB :9
Condition TYpe [£t/nec) (ft/sec) (ft/sec) (fe) ™ Comments
Ploating
vhole
pillows 1 N/A N/A > 2.3 Never flipped
|
2 N/A N/A N/A | Sunk while
against screen;
flipped vertical
3 N/A N/A N/A Sunk while
. against screen;
flipped vertical
Sunken 1 1.1 1.1 dea 0.40 Only one pillow
whole tested
"11”‘ °o’ 1.1 1-1 °¢°7 Oﬂly one Pillow
; tested
folded in haltf
on screen
2 1.2 1.8 2.0 0.44 7.1
1“ 10‘ z.‘
k] 1.5 1.7 2.0 0.60 9.4
‘01 1.‘ lo‘ 003’ .-, ’xllﬂ'. en
screens overlap
by 2 inches
Sunken pillows 1 1.1 1.1 1.1 0.67 36.0
with covers 0.9 1.5 C.%6 27.5 Not all pieces
removed but ¢ vertical
included and
separated 20r 3 1.1 1.6
insulation 0.9 1.2 1.2 0.71 32.0
layers
Sunken pillows| 1 1.0 1.9 1.4 25.0 Not all pieces
wvith covers 1.1 2.0 1.6 26.0 vertical
and insulation
layers in § 2o0r 3 1.0 1.4 1.6 0.54 14.0 dignificant
’toco- (nee overlap of
igure 2.6) pieces on
screen

*For details in the size and amount of the insulation materials utilized in
these tests see NUREG/CR-2982, Revision 1.
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Table 3.8 continued

'l &

Condition (ft/sec) (ft/sec) Comments
Sunken 1 0.4 1.4 1.6 1.38 34.0 Pragments
pPillows in collect on
4" x 4* x 1* bottom 1 ft
fragrments. of screen
Covers not
included. 0.6 1.3 1.4 2.45 80.0 With turbulence

;ongga:ctz.
ragments collect
on bottom ] ft of
screen

20r ) 1.0 > 1.6 Not all pieces
reached the
screen,
Collected near
screen bottom,
Pigure 4.6

1.0 > la‘ 0.72 18.1 w nce

fenecators. Only
about ha the

pieces on screen.
Some pieces at

mid-height.

Sunken 20r 13 0.4 > 1.3 N/A 3.7 240 Not all pieces
pillows in for on screen,
shreds. 1.0 Screen entirely
Covers not fps but not uniformly
included. covered.
Sunken ' Tests conducted
single in 1 £t wide
fragments flume with 7
"x4"x1" 1 0.6 inch vater depth

20r1 0.7
*x1°x1* 1 0.3

2 or k 0.5
Shreds 3 0.3

20r 3| 0.2

NOTATIONS: vy = velocity needed to initiate motion of at least one piece of fnsulation
(not including covers when Ssparated from pillows)

Va = velocity needed to bring all material on screen
Vy = velocity needed to f1ip all pleces vertically on screen
&8 = bead loss at v, (or Vg if v, not aqiven)
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In summary, the following consideration should be made for determination of
fibrous insulation blockage effects:

(1) Recirculation veiocities and break jet loads must be evaluated to
determine that they are high enough to transport debris to PWR sump
screens or BWR suction strainers? (See Appendix D.) If not, blockage
is not likely to occur.

(2) If the material can be shredded by the break jet, transport can occur
at low velocities and a determination of screen head losses must ba
made, provided recirculation velocities are high enough to result in
transport of the fragmented insulation debris.

3.3.7 Effects of Combined Blockage (Reflective Metallic and Mass Type
[nsulations)

Assessment of the effects of combined blockage, wherein both reflective
metallic and mass type (fibrous) insulations are employed, is more
difficult. As described above, both types of insulations can be transported
at low velocities and block aebris screens. Because metailic~type cebris
does not become water borne, blockages that can be ascribed to metal foils
would occur at the lower (or bottom) portions of vertical screens. Fibrous
insulation fragments can be transported at near-neutral buoyancy and do
migrate to open flow passages. Therefore, a combined-effects mode! should be
applied. Unfortunately, not enough experimental data are available to allow
for development of a combined generic blockage model. Plant-specific
evaluations should also consider the potential for this type of combined
debris blockage.

3.4 lic Perf n

To investigate ECCS sump behavior under flow conditions that might occur
during a LOCA, a test program was undertaken that covered a broad range of
geometric and flow variables representative of PWR containment emergency sump
designs. To avoid scaling uncertainties, a full-scale experimental facility
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at the Alden Research Laboratory was used. Scaling effects resulting from
the use of reduced-scale hydraulic models were subsequently evaluated. The
three broad areas of interest for ECCS sump design investigated were

(1) fundamental! behavior of the sump with reasonably uniform approach
flaw conditions

changes in the fundamenta! behavior of the sump as a result of potentia!

accident conditions (screen blockage, break and drain flow, obstructions,
nonuniform approach flow, etc.) that could cause degraded performance in

the recirculation system

(3) design and operational items of special concern in ECCS sumps

Information from initial testing was used to plan or redirect later tests:
hence, the tests were not necessarily conducted in the order !isted below.

The tests performed may be divided into six series as follows:

(1) Factorial Tests

A fractional factorial matrix of tests was used to study primary sump
flow and geometric variables. The factorial matrix provided a wide
range of parameter viriations and a method for affectively testing a
large number of variables and determining their interdependencies.

(2) ric Variable Sensitivity T
The effects on sump performance of secondary geometric variables and
design parameters of special concern in ECCS sumps were tested by holding

all sump variables constant except one, for which severa) values were
tested.
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severe Flow Perturbations Tests

The behavior of selected sump geometries subjected to approach ¢low
perturbations was investigated. Major flow disturbances considered
were screen blockage (up to 75%), nonuniform approach velocity
distribution, break-flow and drain-flow impingement, pump startup
transients, and obstructions, as illustrated in Figures 3.32 ana 3.33.

Vortex Suppression Tgstg

The effectiveness of severai types of vortex suppressors and inlet
configurations was evaluated.

Scale Tests

5caling effects in geometrically scaled models using Froude number
similitude and pipe velocity similitude were tested.

BWR Suction Pipe Inlet Tests

The hydraulic performance of BWR suction pipe geometries typical of Mark
[, IT, and II1 RHR suction inlet designs was evaluated.

Data generated during the sump performance studies were analyzed using two
approaches as follows:

(1) Fun rrelations of ndent Variable
Correlations using response-surface regression analysis of nondimensional
empirical data fitting were developed. Because of the extremely small values

of the dependent variables and the complex time-varying nature of the three-
dimensional flows in the sump, the use of functional correlations showed no
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consistent, or generally applicable, correlation between the dependent and
independent variables. Thus, the hydraulic performance of a particular sump
under given flow and suomergence conditions could not be reliacly predicted
using this approach.

(2) Bounding Envelope Analysis

The broad data base that resulted from the sump studies made possible the use
of envelope analysis for reliably predicting the expected upper bound for the
hydraulic performance (void fraction, vortex type, swirl angle, and inlet
loss coefficient) of any given sump whose flow and gecmetric features fall
approximately within the ranges tested. The data boundary curves generatead
indicate the maximum response of the data for each of the hydraulic
performance parameters as a function of the sump flow variables, particularly
when plotted as a function of Froude number. Thus, the ability to describe
the performance of PWR ECCS sumps, with or without flow perturbations, using
beunding envelope curves was the most significant result of the ARL test
program. The application of an envelope analysis to test data resulting from
all the sump performance tests is discussed in Section 3.4.1. Findings of the
sump performance tasts are described in greater detail in subsequent
sections.

3.4.1 Envelope Analysis

The sump performance test program generated a data base covering a broad
range of ECCS geometric variables, flow conditions (including potential
accident conditions), and design operations (horizontal or vertical inlets,
single or dual pipes, etc.). An envelope analysis applied to this broad
range of data resulted in boundary curves for vortex activity, swirl, and
sump head loss as a function of key sump flow variables (Froude number,
velocity, etc.).
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Figures 3.34, 3.35, and 3.36 show typical envelope analysis curves for air
ingestion, surface vortex activity, and swirl in PWR sumps with dual
horizontal pump suction intakes. Figures 3.37, 3.38, and 3.39 show typical
envelope analysis curves for air ingestion, surface vortex activity, and
swirl in PWR sumps with dual vertical intakes.

3.4.2 General PWR Sump Performance (All Tests)

The following items were studied while testing for the sump performance.

(1) Free Surface Vortices

Vortex size and type (see Figure 3.40) resulting from a given geometric and
flow condition are difficult to predict and are not reliable indicators of
sump performance. Performance parameters (void fraction, pressure loss
coefficient, and swirl angle) are not well correlated with observed vortex
formations.

(2) Air Ingestion

Measured levels of air ingestion, even with air core vortices, were generally
less than 2%. Maximum values of air ingestion with deliberately induced
swirl and blockage conditions were less than 7% for horizontal inlets and 12%
for vertical inlets. These high levels always occurred for high flow and low
submergence (Froude number (Fr) generally greater than 1.0). For
submergences of 8 feet or more, none of the configurations tested indicated
air-drawing vortices ingesting more than 1% over the entire flow range, even
with severe flow perturbations.

(3) Swirl (measured at a distance 14 diameters from suction inlet)

Flow swirl within the intake pipes, with or without flow perturbations, was
very Tow. In almost all cases, the swirl angle was less than 4 degrees, an
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acceptable value for RHR and CSS pumps. The maximum value for severely
perturbed flows was about 8 degrees and occurred during the screen blockage
test series.

(4) Sump Head Loss<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>