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FOREWORD

o

The Severe Accident Sequence Analysis (SASA) Program was estab-
lished by the Nuclear Regulatory Commission in October 1980 for the pur-
pose of studying potential nuclear power plant accidents beyond the de-
sign basis. Under the auspices of this program, boiling water reactor*

(BWR) studies have been conducted at Oak Ridge National Laboratory
(ORNL) using Browns Ferry Unit One as the model BWR-4 MK I plant with
the assistance and full cooperation of the plant owners and operators,
the Tennessee Valley Authority. It is intended that some of the future
studies will involve BWR-5 and BWR-6 plants with the MK II and MK III
containment designs.

The primary analytical tool for analysis at the events of each
severe accident that would occur af ter the core has been uncovered is
the MARCH code, originally developed by Battelle-Columbus Labora-
tories.* The MARCH code incorporates tpe principal meltdown computer
models used in the Reactor Safety Study and various improvement,s and
modifications added thereafter. A recent MARCH code assessment,T per-
formed primarily from the standpoint of the application of MARCH to
pressurized water reactor (PWR) accident analysis, points out that

"The code 's development, its structure, level of detail,
etc., reflect the limited goals of early risk assessments.
Thus, for example, relatively simple and fast-running models

*
were needed so that many types and numbers of accident se-
quences could be investigated. Further, the uncertainties
associated with using these simple models were not considered
to be of major concern, in light of the large overall uncer-
tainties present in risk assessment."*

The orf ginal MARCH primary system thermal-hydraulic models are par-
ticularly erude; core flow is not modeled and the reactor vessel ,is
modeled only as a two-node cylindrical volume with water at the bottom
.and steam at the top. The MARCH 2.0 version now becoming available com-
prises significantly improved modeling for PWR applications but most of
the specific limitations of the original code with respect to BWR acci-
dent analysis remain. The significant BWR modeling deficiencies have"

been identified by the SASA Program at ORNL and have been documented

*R. O. Wooten and H. I. . Avci, MARCH Code Description and User's
Manual, NUREG/CR-1711, Battelle Columbus Laboratories.(1980).

iReactor Safety Study, WASH-1400, NUREG-75/014, Washington, DC:
U.S. Nuclear Regulatory Commission (1975).

.

$J. B. Rivard et al., Interim Technical Assessment of the MARCH
Code, NUREG/CR-2285, SAND 81-1672, ~ Sandia National Laboratories (1981).

.'
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elsewhere.* Major items involve the representation of the core and
reactor vessel internals and the modeling of the response of the second-

,
ary containment.

The SASA Program is not intended to involve code development.
Nevertheless, since the MARCH code in its original form does not ade-
quately represent the BWR, it has been necessary to perform modifica-
tions to .the ORNL version of the code for each severe accident sequence *

studied. Assistance in this effort has been obtained through a subcon-
tracted effort at Renessalaer Polytechnic Institute (RPI) for resolution
of the modeling needs (such as the effect of core spray) that require a
long-term development effort.

At ORNL the BWR modeling needs for severe accident analysis have
been identified through the experience of attempting to apply the MARCH
code in the SASA Program. Models have been developed to represent the
BWR core and the effect of safety / relief valve actuation, and an
arrangement has been effected with RPI to provide the long-term model
development needed for adequate representation of the response of BWRs
during severe accidents. However, as previously stated, the SASA Pro-
gram should not be involved in code development and is so involved only
out of sheer necessity.

The MELCOR code development program at Sandia is currently in the
process of developing the successor to the MARCH code. It seems fitting
that . the ORNL SASA Program should terminate its code development ef-
forts, making available all work completed to date and all assets avail-
able for future development of BWR-specific models to the MELCOR program a
in a cooperative effort. This report, completely funded by the SASA
Program, is the first major milestone in this cooperative effort. It is
intended that future BWR model development efforts will be primarily
funded by the MELCOR project with significant support by the ORNL SASA
Program for items of principal interest to SASA. ,

The primary purpose of this report is to identify the minimum
modeling necessary to permit the analysis of the response of BWR plants
under severe accident conditions. The BWR design and ' operation differ
significantly from that of a PWR and, as shown in this report, special
modeling is both appropriate and absolutely necessary.

S. A. Hodge
SASA Project Manager

*S. R. Greene et a1., SBLOCA Outside Containment _ at Browns Ferry .

Unit One - Accident Sequence Analysis, NUREG/CR-2672, ORNL/TM-8119/VI,
j Appendix B (1982).
!

!
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REALISTIC SIMULATION OF SEVERE ACCIDENTS IN
<> .

BWRs COMPUTER MODELING REQUIREMENTS

Sherrell R. Creene

.
ABSTRACT

This report documents the results of an assessment per-
formed at Oak Ridge National Laboratory to determine the re-
actor and containment hardware, systems, and phenomena which
munt be modeled in realistic boiling water reactor severe ac-
cident analysis computer codes. The scope of the assessment
is limited to BWR-4, 5, and 6 reactors and Mark I, II, and III
containment systems. The report presents a concise review of
the subject reactor and containment designs, together with a
description of the reactor and containment systems which have
the capacity to impact the outcome of severe accidents. The
results of recent BWR probabilistic risk assessments are
briefly discussed, and a detailed visualization of a BWR core
melt accident is presented.. Recommendations are made regard-
ing the type of phenomena which should be modeled and the
level of modeling sophistication required for various stages
of the core melt . accident. Finally, the current availability,

of the necessary models is discussed along with the associated
model development priorities.

*

*

1. INTRODUCTION

1.1 Background

During the past several years, the NRC Office of Nuclear Regulatory
Research (RES) has funded the development of-several computer codes'for
analysis of the risk associated with operation of commercial light water
power reactors. The MARCH, . CORRAL, and CRAC codes were developed in
conjunction with or as follow-ons to the Reactor Safety Study. l* 1 During
the years since their development, these codes have been applied in a
variety of LWR severe accident studies by both NRC contractors and
public utilities. As a result ~ of ' this experience and increased know-
ledge ' concerning severe accident phenomena, it has become clear that
further im .in severe. accident modeling codes are essen-tial.1.2-1.grovements

The . NRC, through its contractor, Sandia . National Labora-
.*

tory, is pursuing the development of the MELCOR integrated risk analysis
code to address these problems.1 4

One- of ' the ' intended ~ applications of. MELCOR is the addressing of
recent severe accident source term controversies. The' code 'is also in-g tended to provide a structure which can be readily modified as new data :

.
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become available. The results of this effort will be used for develop-
ing improved regulatory and licensing perspectives which could then -

evolve into new regulations.
The initial task in the MELCOR development plan is the identifica-

tion of the minimum modeling capabilities which the code must have to
facilitate its intended applications. The assessment of severe accident
modeling needs for boiling water reactors (BWRs) was undertaken by the

,

Severe Accident Sequence Analysis (SASA) Program staff at Oak Ridge
National Laboratory (ORNL). The purpose of this report is to document
the results of the ORNL assessment.

1.2 Approach

The major initial goal of the MELCOR program is to develop a modu-
lar code structure with sufficient flexibility to accommodate future
improvements in LWR severe accident modeling methodologies. The purpose
of this assessment is to identify the BWR plant hardware, systems, and
phenomena that must or should ultimately be modeled to facilitate real-
istic simulation of severe accidents in boiling water reactors. The
assessment effort will be successful only if it provides the information'
necessary to ensure that MELCOR is sufficiently flexible to accommodate
important and appropriate accident phenomena, future improvements to
phenomenological models, and a wide variety of accident types.

.

The approach adopted for this assessment is outlined in Table
1.1. Simply stated, the assessment is based on a review of actual plant
hardware and system designs, and their possible performance character-
istics during normal, design basis, and beyond design basis condi-
tions. Based on this review, the significant physical phenomena that ,

might occur in the reactor vessel and containment during a severe acci-
dent. are identified and their overall importance is assessed. . This sys-
tem and phenomena data are then used to synthesize a MELCOR systems /
phenomena modeling capabilities envelope.

1.3 Limitations of the Assessment

Table 1.2 is a list of domestic BWR power plants which are now op-
erating-or under. construction. There are only two BWR-1 and two BWR-2
units still in operation. Both of the BWR-Is shown in Table 1.2 have
reactor and containment' system designs which differ significantly from
later : plant designs. - - While the two BWR-2 units shown in Table 1.2 do
have ' standardized containments, both of these reactors employ external

~

recirculation loops rather than the internal jet pumps which are uti--lized in the BWR-3 and later designs. The BWR-3' design is similar to
that of the BWR-4 except that_ some BWR-3 units utilize isolation conden- *

sers to cool the core af ter_ main steam isolation valve closure, rather
than reactor core isolation cooling (RCIC) systems which are utilized in
BWR-4 and later designs.

The author has relied heavily on the experience gained and -lessons 4-
' learned during the past 3 years under the SASA program at ORNL - rather

b
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than new evaluation efforts. The ORNL SASA work has been oriented pri-

marily towards BWR-4 MK I plants, with some associated werk with BWR-4
,

MK II and BWR-6 MK III units. Af ter consideration of the brief period

of time available for the assessa,ent (approximately 5 months), the
experience of the ORNL staff, and the relatively small number of BWR-1,
BWR-2, and BWR-3 isolation condenser plants, it was decided that the
scope of the assessment should be limited to BWR-4, BWR-5, and BWR-6'-

plants.
The reader should bear in mind that BWR-3 units with RCIC systems

are very similar to BWR-4 designs. Although this assessment does not
specifically address BWR-3/RCIC design modeling issues, the results of
the assessment should be applicable to these designs as well as to BWR-
4, BWR-5, and BWR-6 facilities.

.
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Table 1.1. BWR modeling needs
assessment approach

Step No. Description

1 Define reactor / containment types of interest
2 Describe reactor / containment structures and hardware
3 Identify " impacting systems" -- systems which can

modify reactor / containment mass and energy balances
during normal and accident conditions. Determine
operating modes and control parameters for each
system-

4 Identify physical phenomena associated with " impact-
ing systems" operations under normal and accident
conditions

5 Assess magnitude of mass / energy balance impacts
under normal and accident conditions,

6 Specify desirable systems / phenomena modeling envelope

.

O 1
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Table 1.2. Domestic BWRs operating
or under construction .

.

Reactor Containment Power StartupPlant
type type (MWe) date

,

Big Rock Point I dry 63 12/62
Lacrosse 1 dry 50 11/69
Nine Mile Point 1 2 MK I 610 12/69
Oyster Creek 1 2 MK I 620 12/69
Dresden 2 3 MK I 794 8/70
Millstone 1 3 MK I 660 12/70
Monticello 3 MK I 536 7/71
Dresden 3 3 MK I 794 10/71
Quad Cities 1 3 MK I 789 8/72
Quad Cities 2 3 MK I 789 10/72
Pilgram 3 MK I 670 12/72
Vermont Yankee 4 MK I 514 11/72
Duane Arnold 4 MK I 545 5/74
Cooper 4 MK I 778 7/74
Peach Bottom 2 4 MK I 1065 7/74
Browns Ferry 1 4 MK I 1067 8/74
Peach Bottom 3 4 MK I 1065 12/74
Browns Ferry 2 4 MK I 1067 3/75 -

Fitzpatrick 1 4 MK I 821 7/75
Brunswick 2 4 MK I 790 11/75
Hatch 1 4 MK I 797 12/75
Brunswick 1 4 MK I 790 3/77 .

Browns Ferry 3 4 MK I 1067 3/77
Hatch 2 4 MK I 806 8/79
Enrico Fermi 2 4 MK I 1100 11/83
Hope Creek 1 4 MK I 1070 12/86
Susquehanna 1 4 MK II 1050 5/83
Shoreham 4 MK II 820 9/83,

Susquehanna 2 4 MK II 1050 1984
Limerick 1 4 MK II 1055 4/85
Limerick 2 4 MK II 1055 10/87
LaSalle 1 5 MK II 1078 10/82
LaSalle 2 5 MK II 1078 10/83
WNP 2 5 MK II 1100 2/84
Zimmer 1 5 MK II 810 1984
Nine Mile Point 2 5 MK II 1080 10/86
Crand Gulf.1 6 MK III 1250 1983
Perry 1 6 MK III 205 5/84
Clinton 1 6 MK III 950 8/84
River Bend 1 6 MK III 940 12/85 -

Perry 2 6 MK III 1205 5/88
Skagit 1 6 MK III 1288 1981

*

I
*

I

!
I

l
.

e

_



_ _ _ _ _ _ _ _ _ _ ._ ___ .. - _ _

*
7

.

2. PLANT DESCRIPTION REACTOR

e
2.1 Introduction<

The BWR direct steam cycle (Fig. 2.1) begins with the reactor ves-
sel which is part of the reactor coolant pressure boundary and contains*

the reactor core. The reactor core provides the heat source for steam
generation and consists primarily of the nuclear fuel and control rods
for regulating the fission process. The steam generated in the reactor
vessel is routed to the steam loads and then condensed into water. The
water is then purified, heated, and pumped back to the reactor vessel.
Water from the reactor vessel is circulated through external pumping
loops and then returned to the reactor vessel' to provide forced flow
circulation through the reactor core. -Reactor water is continuously
purified to minimize impurities. Should the reactor become isolated
from its main' heat sink, an auxiliary system such as the RCIC systems
described in Sect. 2.6.6, automatically maintains the vessel water level
above the reactor core. A reactor heat balance for a 3293 HW BWR 4 is
provided in Fig. 2.2. The BWR primary and auxiliary systems are briefly
discussed in the following paragraphs, , The reader should consult Refs.
2.1 and 2.2 if more detailed inf ormation is required.

The reactor vessel houses the reactor core and internals. The re-
actor vessel also serves as part of the reactor coolant pressure
boundary: supports and aligns the fuel and control rods; provides a.

flow path for the circulation of coolant past the fuel; removes moisture
from the steam exiting the reactor core; and provides an internal flood-
able volume to allow for reflooding the reactor core following a loss of
coolant accident.

* The fuel generates energy from the nuclear fission reaction to pro-
vide heat for steam generation. The control rods control reactor power
level, control axial and radial power (neutron flux) distribution to op-
timize core performance, and provide adequate excess negative reactivity
to shut down the reactor from any normal operating or accident condition
at the most reactive time in core life.

The Control Rod Drive System makes gross changes in core reactivity
by positioning the neutron absorbing control rods in response to Rod
Control and Information System (RCIS) signals and rapidly inserts all
control rods to shut down the reactor in response to Reactor Protection
System (RPS) signals.

The Recirculation -System provides forced circulation of wa ter
through the reactor. core, thereby allowing a higher power level to be
achieved than with natural circulation alone.

The Main Steam System directs steam from the reactor vessel to the
turbine generator, bypass valves, reactor feed pump turbines, and other
selected balance of plant loads; directs steam to certain safety related
systems under abnormal conditions; and provides overpressure protection.,
for the reactor coolant pressure boundary.

The Condensate and Feedwater System condenses turbine exhaust or
bypass valve steam;- removes impurities from the water delivered to the

.

s

.. . - - - . . . - - _ - - - , _ _ . _ _ _ _ _ - - . _ - - - . - - . _. - - - - ----_.----._-__s-_.w -- - - - . - _ - - _ . _ _ .-
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reactor vessel, heats the feedwater, pumps the feedwater ir.to the reac-
tor vessel; and provides a means for the Reactor Water Cleanup (RWCU)
System, Reactor Core Isolation Cooling (RCIC) System, Residual Heat Re- ,

moval (RRR) System, and the high pressure coolant injection (HPCI) sys-
tem to discharge water to the reactor vessel.

The Reactor Core Isolation Cooling System supplies high pressure
makeup water to the reactor vessel when the reactor is isolated from the *

main condenser and the Condensate and Feedwater System is not
availa ble.

The Reactor Water Cleanup System maintains reactor water quality by
removing fission products, corrosion products, and other soluble and in-
soluble impurities; provides a path for removal of reactor coolant from
the reactor vessel in case of excess coolant inventory; and maintains
circulation in the reactor vessel bottom head to minimize thermal strat-
ification.

Descriptions of the reactor vessel and internals are given in
[ Sects. 2.2 and 2.3. The design and operation of BWR safety / relief and
f main steam isolation valves are discussed in Sects. 2.4 and 2.5. Sys-

tems that are capable of injecting water into the reactor vessel are
described in Sect. 2.6 and reactor vessel water cooling systems are dis-
cussed in Sect. 2.7. The operation of the automatic depressurization
system is discussed in Sect. 2.8. The topic of BWR neutronics and power
control is briefly discussed in Sect. 2. 9. Section 2.10 discusses the
design and function of the reactor protection system, while Sect. 2.11
describes those functions of the primary containment and vessel isola-

.

tion control system that are related to the reactor. Finally, Sect.
2.12 presents a brief summary description of an imaginary generic BWR
primary system which incorporates all the systems and features discussed
in this chapter. Though such a reactor does not actually exist, it is
believed that such a composite system description is a useful tool for ,

evaluation of the ultimate BWR severe accident modeling capabilities one
would wish to have availab' e. In addition to the composite primary sys-
tem description, the concept of system control and isolation matrices
(which are also very useful tools for assessing the scope of desirable
severe accident modeling capabilities) are introduced in this chapter.
Major portions of the descriptive material in this chapter are excerpted

! from the NRC BWR-4 and BWR-6 Systems Manual (Refs. 2.1 and 2.2) and var-
ious plant Final Safety Analysis Reports (FSARs) as noted in the text.

2.2 Reactor Vessel

The BWR pressure vessel (Fig. 2.3) consists of a cylindrical shell
with an integral hemispherical bottom head. The top head is also hemi-
spherical in shape, but is removable to facilitate refueling opera-
tions. The lines that penetrate the reactor vessel and the vessel in-
ternal structures are discussed in later paradraphs of this section. *

The reactor vessel is mounted vertically within the drywell and
consists of a cylindrical pressure vessel of welded construction. The
vessel base material is a low manganese-molybdenum, low carbon steel
alloy. The vessel is designed and fabricated in accordance with the

.

>
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ASME codes. The hemispherical top and bottom heads are fabricated to
the same standards as the vessel shell.

* The vessel shell and bottom head sections are clad on the interior
with a 0.3 cm (1/8 in.) austenitic stainless steel weld overlay. The
cladding is used to minimize corrosion which could adversely affect
water clarity during refueling operations.

The overall height of the reactor vessel is ~22.2 m (~73 f t) with*

an inside diameter of 4.6 to 6.4 m (183 to 251 in.) (plant dependent).
Vertical measurements are referenced to vessel zero, which is defined as
the lowest point on the bottom head internal to the vessel. The
thickness of the reactor vessel wall varies from 15.9 cm (6-1/4 in.) on
the sides, to a maximum of 20 cm (8 in.) in the bottom head region. The
top head is 8.6 cm (3-3/8 in.) thick at the top circular center piece,
with the remainder being 12.4 cm (4-7/8 in. ) in thickness. Typical
reactor vessel design pressures and temperatures are 8.6 MPa and 575 K
(1250 psig and 575*F). The total weight of the reactor vessel is 6.8 x
106 6kg (~1.5 x 10 lbm) (BWR-4).

Penetrations in the pressure vessel top and bottom head and in the
cylinder walls provide the means for effluent and influent reactor
water, main steam lines, movement of internal components for reactor
monitoring and control, reactor instrumentation, and accommodations for
necessary safety devices. The vessel nozzle penetrations are identified
in Fig. 2.3. Table 2.1 is a listing of these penetrations.

Six feedwater nozzles penetrate the reactor vessel. These penetra-
tions, located at 60' intervals around the vessel, evenly distribute the.

feedwater via six feedwater spargers so that it mixes with the reflux
liquid removed by the steam separation equipment higher in the reactor
vessel.

Two recirculation suction lines penetrate the reactor vessel at the
* 4.3-m (170-in.) level. These 56-cm (22-in.) diam lines provide water

from the vessel annulus region to the suction of the recirculation
pumps.

Ten 30 cm (12 in.) recirculation inlet penetrations route water
from the recirculation pump discharge to the inlet driving nozzles of
the jet pumps. The jet pumps provide forced flow of the coolant and
moderator through the reactor core.

The BWR-4 upper reactor vessel head incorporates penetrations for
the head spray and vent / level instrumentation nozzles, and for a third
nozzle that is normally unused.

The BWR-6 upper vessel head has two penetrations. The first con-
nection is 76 cm (30 in.) radially vff center and serves as a spare pen-
etration with no plenned use. The other penetration, directly at the
center of the head, is for the flanged head vent and head spray lines.
This dual purpose nozzle is a pipe within a pipe. The outer pipe, which
is the head vent line, serves to vent noncondensable gases from the
upper vessel region during startup, normal operation, and vessel flood-
up. During operation at temperatures less than the saturation tempera-

*
ture, noncondensable gasest are vented to the drywell equipment drain
sump through two motor operated valves. At temperatures above the sat-
uration temperature, the vent is directed to the main steam line. The
vent line is also used as a sensing point for a portion of the reactor

.-
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vessel level instrumentation. The center portion of the upper penetra-
tion is the head spray line. The line sprays wa ter f rom the Residual
Heat Removal (RHR) System into the upper head region to collapse steam *

formed during vessel cool-down or vessel flooding.
The reactor vessel bottom head, which is welded to the vessel

shell, containa numerous penetrations (Fig. 2.4) for control rods, local
power range monitor (LPRM) detector strings, intermediate range monitor

,

(IRM) detectors, and source range monitor (SRM) detectors.
Current NR designs utiliu between 137 and 193 control rod drive

housing penetrations. In some BWRs, the stainless steel housings (Figs.
2.5 and 2.6) are welded to Inconel or stainless steel stub tubes which
project up from the bottom of the vessel head. In other , tants, the
housings themselves are welded directl, to the vessel head. The outside
diameter of the housings is ~15.2 cm (4 in. ).

Current NR designs also incorporate approximately 55 incore
instrumentation tube penetrations in the bottom head. The penetrations
generally consist of 2-in. diam tubing sections which are welded to the
inside surface of the lower head. The wall thickness of the tubing is
~0.I cm (~0.25 in.).

One penetration at the center of the bottom head provides a 5 cm (2
in.) low point drain. The drain line normally directs flow to the Reac-
tor Water Cleanup (RWCU) System to aid in the removal of suspended
solids, to provide a temperature measurement of water in the bottom head
area, and to prevent cold water stagnation in the bottom head area. The
line can also be used for a flushing connection during construction or a
low point drain should the vessel ever have to be completely drained. *

Another penetration of the bottom head is a combination line used for
the Standby Liquid Control (SLC) System and for pressure measurement be-
low the core plate. The permanently installed line is connected to a
distribution sparger for sodium pentaborate injection, and provides a +

path for the injection of the liquid control solution into the coolant
stream.

2.3 Reactor Internals

2.3.1 Introduction

Unlike the NR vessel, the NR vessel internal volume is crowded
with a wide variety of structures (Fig. 2.5). These reactor vessel in-
ternals are installed within the vessel to properly distribute the flow
of coolant within the vessel, to locate and support the fuel assemblies,
to provide an inner volume containing the core that can be flooded fol-
lowing a pipe break in the nuclear process system, and to increase the
quality of the steam leaving the reactor vessel. The principal reactor
vessel internals are the control rod guide tubes, the fuel / channel
assemblies, control rods, shroud head, stand pipes and separators, and

.tha steam dryers. Other major components include the core shroud, jet
pumps, core plate, and the fuel support pieces. Except for the Zircaloy
used in the fuel cladding and channels, the reactor internals are stain-
less steel or other corrosion-resistant alloys. The design and arrange-
ment of these structures will be described in the remaining sections of *

Chap. 2.
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2.3.2 Control rod drive housings, control rod guide tubes,

and fuel support pieces
o

The control rod drive (CRD) housings, shown in Fig. 2.6, are exten-
sions of the reactor vessel for mounting of the control rod drive mech-
anisms. CRD housings are ~4.3 m (~14 f t) long and provide vertical and

. lateral support for the control rod drives. They also transmit the

weight of the fuel, the fuel support pieces, and control rod guide tubes
to the reactor vessel bottom head.

The CRD housings, which are inserted from the bottom of the vessel,
have flanges at the bottom for bolting of the CRD mechanisms and for the
permanent attachment of the CRD hydraulic system insert and withdraw
lines. Each housing is inserted through the bottom of the vessel, and
welded to either an inconel stub tube (which is welded to the inside of -

the reactor vessel bottom head) or directly to the vessel head. After

installation and alignment, the top surfaces of the CRD housings are all
at the same elevation. The CRD housings are constructed of austenitic
300 series stainless steel.

Each control rod guide tube, shown in Fig. 2.7, is ~0. 28 m (~11
in.) in diameter and slightly over 4 m (13 ft) in length. The top

portion has four 7.6 cm (3 in.) diam holes which direct inlet core flow
from the below core plate area to the fuel assemblies through the flow
orifices in the fuel support pieces. The bottom end of the guide tube
is machined to mate with the CRD housing and is locked in place on top
of the housing via the CRD thermal sleeve.,

The guide tube performs the following functions: it guides the
lower end of the control rod during rod movement; it forms a cylinder
around the velocity limiter portion of the control rod so it can retard
the free fall velocity under rod drop accident conditions (see Sect.
2.3.5); it supports and locates the orificed fuel support piece which,*

in turn, vertically supports the fuel; it provides a portion of the con-
trolled reactor coolant leakage between the upper and lower plenum; and
it provides the coolant flow passage into the orificed fuel support
piece. The control rod guide tubes are constructed ot' austenitic 300
series stainless steel. The Browns Ferry reactors (BWR-4) employ 185
control rod uide tubes with a combined total weight of 20,974 kg
(46,250lbm).p'3

The fuel support pieces are of two basic types ~ peripheral and
four-lobed. The peripheral fuel supporc pieces, which are welded to and
supported by the core plate, are located at the outer edge of the active
core and are not adjacent to control rods. Each peripheral fuel support
piece will support one fuel assembly and contains a replaceable orifice
sssembly designed to assure proper coolant flow to the fuel assembly.
The four-lobed fuel support pieces, shown in Fig. 2.8, will each support
four fuel assemblies and are provided with orifice plates to assure pro-
per coolant flow distribution to each fuel assembly. The four-lobed
fuel support pieces rest in the top of the control rod guide tubes,

, which transfer the weight of the assemblies to the bottom head of the
reactor vessel. The fuel support pieces are positioned laterally by the
core plate. The control rods pass through slots in the center of the
four-lobed fuel support pieces. The fuel support pieces are constructed

.
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of austenitic 300 series stainless steel. The Browns Ferry BWR-4 reac-
tors employ 24 peripheral and 185 four-lobed support pieces with a com- ,

bined weight of 5,125 kg (11,300 lbm).2.3 .

'

2.3.3 Core shroud, core plate, and top guide

The core shroud (Fig. 2.9) is a cylindrical stainless steel *

structure . 5 cm (2 in.) thick, and weighing ~53,000 kg (~117,000 lbm)
that surrounds - the core and provides a barrier to separate the upward

; core flow from the downward flow in the annulus. The volume enclosed by
! the core shroud is characterized by three regions each with a different

shroud diameter. The upper shroud has the largest diameter and
surrounds the core . discharge plenum which is bounded by the domed shroud
head on top and the top guide below. The central portion of the shroud
surrounds

I
the active fuel and forms the longest section of the shroud.

This section has the intermediate diameter and is bounded at the bottom
by the core plate. The lower shroud, surrounding ,part of the lower4

'

plenum, has the smallest diameter.
*

A flange at the top of the shroud mates with a flange on the shroudi
head / steam separator assembly to form the core discharge plenum. The
bottom of the shroud is welded to a rim on the baffle plate (Fig.

i 2.9). The outer diameter of the baffle plate is welded to the reactor
vessel, and the inner diameter is supported by columns extending to the,

! bottom head of the vessel. All of the vertical weight of the shroud,
steam separator assembly, core plate and top guide, peripheral fuel as- -

; semblies, and the jet pump components carried on the shroud,- is sup-
ported from the baffle plate supports. The baffle separates the annulus

{ between the core shroud and the reactor vessel from the core inlet
plenum. The diffusers of the jet pumps extend through holes in the bef-,

'

fle plate and are welded to the baffle plate. .

j The core plate, shown in Figs. 2.4, 2.10, and 2.11, consists of a
circular horizontal stainless steel plate with vertical stiffener plate -
members below the horizontal plate. Tie rods serve to cross brace the

,

i stiffener members. The core plate has holes to accommodate the control
rod guide tubes, alignment pins to ensure prorer guide tube and fuel'

support piece orientation, holes for peripheral fuel support pieces, in- ~

,

core guide tube holes for neutron instrumentation, and neutron source '

location holes.
1 The core plate acts as a partition to force the anjority of - the
i coolant and moderator into the holes in the upper portion of the control-

rod guide tubes, through the fuel support pieces and finally into the
, fuel assemblies. The core plate also provides vertical and lateral sup-'

port for the peripheral fuel bundles via their fuel support pieces.- It
provides lateral support ' for all of the control rod guide tubes and
hence lateral support for all of the fuel support pieces and fuel bun- i

dies. Vertical support for all of the fuel except the peripheral fuel
bundles is provided by the fuel support pieces, the control rod guide
tubes, and the bottom head of the reactor vessel via the control' rod ,

drive housing not by the core plate. The core plate' assembly is '

bolted to a support ledge between the central and lower regions of the
,

.O
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core shroud (Fig. 2.4). The nominal weight of a typical BWR-4 core '

: plate'i:s ~9,297 kg (20,500 lba).
*

The top' guide, shown in Fig. 2.10, is set on a rim near the top end:

[ of the shroud and is bolted in place. The top guide is formed by a ser-
} les of. stainless steel plates joined at right angles to form a matrix of,

; ' square openings. Each central opening accommodates four fuel assemblies
!-, and one control rod (this is defined as a fuel cell). Along the periph -

ery are smaller openings which accommodate the peripheral fuel assem-.
.

i blies. -Cutouts are provided on the._ bottom edge of the top guide at the
;- junction of. the cross plates to support the top end of the neutron in-

_

strument assemblies and neutron source holders. The top guide provides
. lateral support for the upper end of all fuel assemblies, neutron moni-

_

! toring instrument assemblies, _ and the installed neutron sources. A nom-
; inal weight of a _ typical BWR-4 top guide is 6.893 kg (15,200 lbm).2.3
i

2.3.4 BWR fuel assemblies '

<

j A BWR fuel . assembly (Fig. 2.12) consists of a fuel- bundle and the
; zircaloy fuel ch' nnel that surrounds it. The fuel assemblies are ar-a
t

ranged _ in the ' reactor core to approximate a right circular cylinder.
j Each fuel assembly is - supported vertically and . laterally by a' fuel sup-

port piece at 'the bottom and laterally by the top guide at the top. The
,

'

number of fue1' assemblies employed in current BWR designs varies between
| 368 and 800.

More than 30 production fuel types have been designed, manufac-
4 -

tured, and operated in BWRs. At this time both 7 x 7 and 8 - x 8 (the
; numbers used to designate the fuel correspond - to the number of indi-

vidual rods on one side of the fuel assembly) are being used in produc-
, tion reactors. In the near future, the 8 x 8 will be the principle BWR,

fuel. There are three basic types of 8 x 8 fuel in use at this time.,
* They are designated 8 x 8, 8 x 8R, and P8 x 8R. Table 2.2 lists thej major fuel assembly design ' parameters for. each of these three fuel bun-
j die types.

A fuel bundle (fuel. assembly without fuel channel) contains ' fuel '
rods and -(in recent designs) water rods which are spaced and supported-

in a squa' re array at the ends of the fuel bundle by the lower. and upper
tie plates. There are three types of rods in aL fuel bundle: standard

! rods, tie rods, and hollow water rods.
!
i The fuel rods are hollow cladding tubes fabricated from"Zircaloy-2

alloy. High density (95% ' theoretical density) solid, right circular
j uranium oxide pellets are stacked inside each cladding tube. Following-; the loading of the fuel pellets, the fuel rod is heated and evacuated by '
i means of a vacuum pump. - It is then backfilled with helium gas at either
}- one (8 x 8 and 8 x- 8R fuel types) or three -(P8 x - 8R fuel. types)'. atmos-t pheres of' pressure. The' standard fuel _ rod (in 8 x 8 assemblies) is 4.06

m (160. in.) in length with an active fuel . length of' 3.81 m (150 in.)..
[The active length' of ~ 7.~ x 7 fuel rods - is . only 3.66 m ._(144 in.)].] ..

. Die '
'

top 15 cm (6 . in.) and bottan 15 cm of ' uranime oxide fuel is' natural -.

uranium.- The remaining fuel pellets are enriched in U235 with some pel--lets having a .urania gadolina mixture. A free volume, provided in the-
top 25 em '(10 in.) of _ the fuel rod, ' contains a plenum spring ; to ' compress

,

,

_

l -,
Y

. e
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the fuel pellets axially and a small tube which contains a hydrogen get-
ter. The getter is provided in the plenum space as assurance against ,

chemical attack from any inadvertent admission of moisture from hydro-
genous impurities in the fuel rod during manufacture. The end plugs of
the standard rocs have rounded shanks which fit into the upper and lower
plates.

The number of fuel rods depends on the type of fuel (Table 2.2). *

The 7x 7 fuel design utilizes 49 fuel rods. An 8x8 fuel bundle
designated as 8 x 8 contains 63 fuel rods and I water rod. Fuel desig-
nated as 8 x 8R (retrofit) or P8 x 8R (prepressurized retrofit) contains
62 fuel rods and 2 water rods (Fig. 2.13). A fuel bundle is ~4.6 m (~15
ft) in length and weighs between 280 and 308 kg (617 and 679 lbs) de-
pending upon bundle type. The fuel channel box is attached to a fuel
bundle to form a fuel assembly. The entire assembly weighs between 324
and 340 kg (715 and 749 lbs) when assembled and measures 14 cm (5.5 in.)
on a side.

The tie rods hold the fuel bundle together and support its weight
during fuel handling operations when the fuel assembly is hanging from
fuel handling equipment. Tie rods differ from standard fuel rods in
that the lower end plugs thread into the lower tie plate casting and the
upper end plugs are threaded and extend through the upper tie plate
casting.

As previously noted, two rods in each 8 x 8R fuel bundle and I rod
in each 8 x 8 fuel bundle are hollow water tubes, containing no fuel
pellets. These water rods introduce moderator to the center of the fuel -

bundle to achieve a better thermal neutron flux and power distribution
across the bundle. The outer diameter of the water rods is slightly
larger than that of the standard rod. Several holes are drilled through
the tube wall at the top and bottom of the rod to facilitate coolant

,
flow.

The Zircaloy-4 channel box provides guidance and bearing surfaces
for the control rod, permits control of flow distribution in combination
with the orifice located In the fuel support plate, and protects the
fuel assembly during fuel handling operations. Approximately 90% of the
coolant flows within the fuel channels to remove heat from the fuel rods
while 10% provides cooling flow in the interstitial region between fuel
assemblies. Each channel box is ~4.1 m (~162 in.) long, with an average
wall thickness of 2, 2.5, or 3 mm (0.080, 0.100, or 0.120 in.). Signif-
icant fuel channel design parameters are given in Table 2.2.

The lower tie plate, manufactured from a stainless steel casting,
positions the fuel rods laterally and transfers vertical loads (weight
of fuel assembly) to the fuel support piece. The nose piece of the
lower tie plate fits precisely into the fuel support piece and directs
coolant flow up through the fuel assembly.

The upper tie plate (manufactured from a stainless steel casting)
provides alignment and support for the fuel rods at the top of the fuel
bundle. The holes bored vertically through the upper tie plate position .

the fuel rods laterally at the upper end of the fuel bundle. A lif ting
handle is an integral part of the upper tie plate and is used for moving
and handling the fuel bundle during initial coce loading and subasquent
refueling operations.

,
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2.3.5 Control rods

#
, - As previously described, the fuel assemblies are arranged within

the reactor core in fuel cells. Each of these cells consists of a con-
trol blade and four fuel assemblies (Fig. 2.13). With the exception of
a few fuel assemblies around the outer edge of the core, each assembly
is directly adjacent to a control blade.9 e

The control rods (Fig. 2.14) perform the dual function of power
shaping and reactivity control. Power distribution in the core is con-
trolled during operation of the reactor by manipulation of selected pat-
terns of control rods. The control rods are positioned in a manner
which counterbalances steam void effects at the top of the core and re-
sults in significant power flattening.

The control rod consists of a sheathed cruciform array of stainless
steel tubes filled with boron-carbide powder. The control rods are 24.9
cm (~ 9.8 in. ) in total span and are located uniformly through the core
on a 30.5 cm (12-in. ) pitch.

i Absorber tubes are made of stainless steel having an outside diam-
eter of 0.48 or 0.56 en (0.188 or 0.220 in.) and a wall thickness of<

0.635 or 0.86 mm (0.025 or 0.027 in.). The tubes are sealed by a plug
welded into each end. In order to prevent the formation of excessive
void regions (which can be caused by settling of the B4C powder), stain-
less steel balls spaced at 40.6 cm (16 in.) intervals are placed in the
tubes. Should the 'a on carbide tend to compact further, the steel
balls will distr * * esulting voids over the entire length of the.

absorber tub ..e contro rods are cooled by the fuel assembly bypass
flow. The | blade sheath 4 *aeforated to allow the coolant to freely
circulate about the absorber 9.

.

; . 2.3.6 Shroud head and steam separa gs

the shroud head and steam separator - assembly is bolted to the top
of the ~ upper core shroud to form the top of the core discharge plenum.
This plenum provides a mixing chamber for the steam-water mixture before
it enters the steam separators. Refer to Fig. 2.15 for shroud head and
steam separator assembly arrangement.- The individual stainless steel
axial flow steam separators (shown in Fig. 2.16) are attached to the top
of the 16.3 on (6.6 in.) OD standpipes which are welded into the shroud
head.

The steam separators have no moving parts. In each separator, the
steam-water mixture - (10 to 13% quality), rising through the standpipe,
passes turning vanes which impart a spin to establish a ' vortex h61ch
. separates the water from the steam. The denser liquid is thrown.radi-
ally outward by centrifugal force, forming a continuous wall of water on
the inside wall of the inner pipe.- Steam with a quality of at least 90%
exits from the top of the separator and rises to the dryers. The sepa-
rated water exits from under the separator cap and flows out between the- *

standpipes, draining .into the recirculation flow downcomer annulus. Tha-
combined weight of a typical shroud head-steam . separator. unit is ~63,490
kg-(~140,000 lbm).2.3

4 .

-
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4" 2.3'7 Steam dryer.

,

' The steam dryer assembly, shown in Fig. 2.17,_ dries the wet. steam
,

; .from the steam separators, increasing its quality to greater than
L 99.9%. It .also provides a' seal between the wet steam area (steam exit-

ing the separators) and the. dry steam flowing to the main steam lines.
;_ The seal'is formed by the steam dryer assembly seal skirt which extends .,

below _ the normal reactor vessel water level. Abnormally . low reactor,

water levels will result in loss of the -water seal, opening a pathway|- for steam to bypass the dryer. assembly.
'

;' . The dryers are fabricated in a one piece assembly with no moving -
parts. The upper section of the assembly consists of steam dryers with.

'

portions of the sides cut away to permit steam flow to the main steam
lines.,

The dryers force the wet steam to be- directed . horizontally through
.;

;

the dryer panels. The steam is forced to make a series of rapid changes
3- in.. direction while traversing the panels. During these directioni: changes, the heavier drops of entrained moisture are forced to the outer '

! walls where moisture collection hooks catch and drain the liquid to col-
lection . troughs, then through tubes into the reactor. vessel. An en-'

larged view of a steam dryer section is shown in Fig. 2.18.
; The steam dryer - assembly in a BWR-4 weighs ~40,800 kg (~90,000 -
| lbm). 2.3. Upward n:ovement of the steam dryer _ assembly is restricted by!

steam dryer hold down brackets attached to the reactor. vessel top head. ;
,4

; 2.3.8 Jet pumps
s

^|_ The jet pumps (Figs. 2.4, 2. 9, and 2.19) provide forced flow of
coolant through the reactor vessel to yield a higher reactor power out- *

3 put than 'is possible with natural circulation. . The 20 jet pumps are lo-
] cated in two semicircular groups . in the annulus region, with two jet
i

|
pumps and a common inlet header combined to form a jet pump assembly.

Each stainless steel jet pump consists of a driving ' nozzle, suction
j inlet, throat or mixing section, and diffuser (Fig. 2.19). 'The driving-

;

i nozzle, suction inlet, and throat are joined together as . a removablei unit while the diffuser is permanently installed. High pressure water 4
;

| from the . recirculation ' pump discharge is ' directed downward =into each
- pair of ' jet pumps through a riser pipe welded to the recirculation inlet~

nozzle- thermal' sleeve. A riser brace is . welded to cantilever beams ex-
{ tending from pads on the reactor vessel wall.'
; The: jet ' pump' diffuser is a gradual conical seetion' changing to_ a-

j ; straight cylindrical section at the lower end. The diffuser is sup-'
~

j -ported vertically. by the : baffle plate, ' a flat ring which is welded to . 7

- the reactor vessel wall and to .which is welded the shroud support cylin-
' der. : The throat section-is supported laterally by a bracket attached to -< ~

'

the riser. The jet pump diffuser- section is welded to the' beffle plate'
,

- and ' provides a, positive seal. This permits: reflooding the core to _ the ' *'

- top ; of ~the jetf pump inlet following a pipe break in the recirculation -
4

-system. ._ The combined < weight of ' the : Jet . pump : assemblies is ~10,430_ kg :2; (~23,000 lbe). 3 .ie
j

~

'

, -
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2.4 Safety / Relief Valves

o

The objective of the reactor vessel safety / relief valves (SRVs) is
to prevent overpressurization of the nuclear system. The valves are lo-
cated between the reactor vessel and the inboard main steam isolation

. valves on a horizontal run of the main steam lines within the drywell.
This mounting location simplifies vessel head removal and makes the SRVs
readily accessible during reactor shutdowns. The discharge from each
safety / relief valve is piped to the pressure suppression pool (see
Sect. 3.2) with the line terminating below the pool water level to per-
mit the steam to condense in the pool when the valve operates. Vacuum
breakers are installed on the SRV piping inside the drywell to relieve
pressure due to condensation in the tailpipe following actuation of a
valve. The number of SRVs varies from plant to plant (i.e., 11 at Lime-
rick; 24 at Nine Mile Point 2). Typical rated relief valve flows vary
correspondingly.

Some operating BWRs are equipped with three stage Target Rock
valves which have exhibited a higher probability to stick open in the
past than other types of valves. Some operating BWRs are equipped with
Dresser Electromatic relief valves.

BWR-5 and BWR-6 plants are egippedwith Crosby and Dikkers dual function safety relief valves . 2 Many
utilities have replaced three-stage Target Rock valves with two-stage
Target Rock valves in their BWR-4 plants.

All SRVs are capable of being operated either by pneumatic actuator,

(relief mode) or in direct response to steam pressure acting on a pilot
valve or spring seatec piston (safety mode). BWR safety / relief valves
provide three main protective functions: (1) overpressure relief, (2)
overpressure safety, and (3) depressurization. The primary purpose of* this section is to discuss the relief and safety functions. The depres-
surization function of the SRVs is discussed more fully in Sect. 2.8..

All SRVs are fitted with pneumatic actuators which accommodate re-
mote manual (BWR-4, 5, and 6) or remote automatic (BWR-5 and 6 overpres-
sure relief) operation. All SRVs in the automatic depressurization
system (ADS) (see Sect. 2.8) are fitted with high capacity pneumatic
accumulators to ensure that these - valves can be opened and held open'

following failure of the actuator air supply system. In some plants the
remaining non-ADS valves are also fitted with smaller accumulators to
ensure some degree of operability following failure of the actuator
pneumatic air supply system. It is important to note that remote opera-
tion of these valves is possible only as long as the pneumatic actuator
air supply system pressure exceeds the containment pressure by some min-
imum amcant.

The lowest pressure setpoint is associated with the overpressure
relief mode of operation. In a typical BWR-4 this mode is accommodated
by utilizing multiple SRVs. with dif ferent self actuating set points. In
most BWR-5 and BWR-6 plants the overpressure relief function is accommo-*
dated by an automatic control system which senses reactor pressure and
opens selected valves via their pneumatic actuators whenever the desig-
nated relief valve set pressure is attained.

.
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The higher pressure set point associated with SRVs is the safety
set point. All valves operate in a self actuated mode for safety func- =

tions. SRVs are typically arranged into multiple groups, each with dif-
ferent relief and safety pressure set points. Once open in the self ac-
tuated or remote automatic relief mode of operation, an SRV will reclose
only after the reactor pressure has decreased 50 to 100 psi (plant ,

dependent) below its opening pressure set point.

2.5 Main Steam Flow Restrictors and Isolation Valves

Immediately downstream of the las t SRV and upstream of the inboard
main steam isolation valve (MSIV) in the horizontal run of main steam
discharge piping, a venturi flow nozzle is welded into each main steam
line. The functions of these flow restrictors are to limit the steam
flow in a severed main steam line to ~200% of rated flow for that line,
thus limiting the rate of loss of coolant to protect the fuel barrier; |

to limit the differential pressure caused by high steam flow rates
across the steam dryer and other reactor internal structures; and to
provide steam line flow signals.

Each main steam line contains two MSIVs in series. These valves
are welded in the horizontal pipe run with the inboard valve located in-
side but as close as possible to the drywell wall and the outboard valve
just outside the primary containment boundary. Each MSIV is equipped .

with two independent position switches which provide a signal to the
Reactor Protection System (RPS) scram trip circuit when the valve
closes. A reactor scram will result from isolating more than one main
steam line with the reactor plant at full power. The MSIVs are 'Y' pat-

*tern, pneumatic opening, spring and/or pneumatic closing, globe values
designed to fail closed on loss of pneumatic pressure to the valve oper-
ator.

The MS1Vs function in conjunction with the steam line flow restric-

torc to limit the release of radioactive materials to the environment or
to limit reactor vessel inventory loss in the event of an accident. The
MSIVs are automatically closed by any of the following conditions:

1. Main steam line high radiation
2. Main ateam line turbine area high temperature (BWR-6)
3. Steam tunnel high temperature
4. Stee a tunnel high differential temperature (BWR-6)
5. Main steam line high flow
6. Reactor low water level
7. Low main steam line pressure in the run mode (BWR-6)
8. Low condenser vacuum (BWR-6)
9. Main steam line low pressure with reactor mode switch in the run

position (BWR-4)
10. Manual.

.

It is clear that the MSIVs would be closed under most severe acci-
dent situations. The reader should be cautioned, however, that several
BWRs have encountered persistent and significant problems with steam
leakage past closed MSIVs. Significant efforts are underway by both in-
dividual utilities and the BWR Owners Group to remedy these -*
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problems.2.6 Many of the newer plants incotporate Main Steam 1 solation
Valve Leakage Control Systems (MSIV-LCS) which pull a vacuum on the sec-,
tion of the MSlVs between the inboard and outboard valves and beyond the
outboard valves, and exhaust to the standby gas treatment system. MSIV
leakage during core melt accidents, coupled with failure of the MSIV-
LCS, could result in leakage of fission products into the turbine

* building atmosphere.

2.6 Vessel Water Injection Systems

2.6.1 Introduction

The purpose of this section is to briefly describe those systems
that might be employed during a severe accident to inject water into the
reactor ves s el . Both traditional engineered safety feature (ESP) sys-
tems and non-ESF systems are discussed.

2.6.2 Condensate and Feedwater System

The Condensate and Feedwater System, shown in Fig. 2.1, is an inte-
gral part of the BWR regenerative steam cycle. The steam exhausted from
the low pressure turbines is condensed in the main condenser and collec-

e ted in the condenser hotwell, along with various equipment drains. A
condensate transfer system is available to provide makeup to the conden-
ser hotwells from the condensate storage tank in the event low hotwell
condensate levels occur.

The condensate that is collected in the hotwell is removed by con-,
densate pumps. These pumps provide the driving force for the condensate
which flows through the steam jet air ejector (SJAE) condensers, steam
packing exhauster condenser, and offgas condenser, performing a heat re-
moval function. At this point the condensate is directed to the conden-
sate demineralizers which remove impurities through the process of ion
exchange. After the demineralizers, booster pumps are used to maintain
the driving force of the condensate flow through strings of low pressure
feedwater heaters. The feedwater pumps then take the condensate flow
and increase the pressure to a value above reactor pressure.

During normal operation, the amount of feedwater flowing to the re-
actor vessel and, in turn, vessel level, is controlled by varying the
speed of the turbine or motor driven reactor feed pumps. The discharge
of the feedwater pumps is directed to the high pressure feedwater heater
strings for the final stage of feedwater heating. Two feedwater lines
penetrate the primary containment and then further divide into a total
of six penetrations which enter the reactor vessel, each supplying feed-
water to a feedwater sparger. The feedwater spargers distribute the
flow of feedwater within the vessel annulus area. Each of the three,

condensate pumps normally take suction fran the hotwell. These pumps
are typically 33 to 50% capacity, vertical, two stage centrifugal, motor
driven devices. Typical rated pump capacities range between 0.63 and

30.88 m s (10,000 and 14,000 gpm) at discharge pressures of 0.96 MPa (125
*

psig).
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The condensate booster pumps normally take suction on the demin-3

j eralizer ; outlet header and provide the required net positive suction .

| head (NPSH) to the reactor feed pumps. The booster pumps are typically
i 33 to - 50% capacity, horizontal, - centrifugal, motor driven pumps, with

3rated capacities . of 0.63 and 0.88 m /s - (10,000 to 14.,000 gpm) (plant de-:

| pendent) at dicchuge gauge pressures of ~2.4 MPa (~350 psi).
,The reactor feedwater pumps are single stage, turbine or motor

i driven ~ centrifugal pumps. The pumps are typically 33 to 50% capacity
3units, with design - flows of 0.69 and 1.32 m /s (11,000 to 21,000 gpm)

with discharge pressures of 11.03 MPa (1,600 psia).
i The condensate transfer pumps, which supply makeup water to the

condenser hotwell, are low capm.ity centrifugal pumps rated at 0.006
3m /s (100 gpm) against a head of s 1 m_(200 ft) (Browns Ferry).2.3,

: During most accident situations,. the MSIVs would be closed and
there would be no steam supply available to drive the feedwater pump,

turbines. Turbine driven reactor ' feedwater pumps would not, therefore,
be available to inject - water into' the vessel under such conditions.
However, the condensate booster pumps are capable of injecting watera

; into the vessel through the stopped feed pumps whenever reactor vessel
i- pressure drops below the condensate booster pumps shutoff head.2. 7 In
I many accident scenarios the condensate booster pumps would continue to' run unless they are stopped by the operator. Some plant.s also have
. emergency operator procedures for realigning the condensate transfer
4 pumps - to inject- directly into the reactor vessel via the core spray

header, head spray nozzle or recirculation lines.2.8 -
.

!: 2.6.3 Control Rod Drive Hydraulic System (CRDHS)
i

j BWR control rod drive mechanisms are double acting, mechanically- *

| latched hydraulic cylinders that. use water from the condensate storage
i tank as operating fluid. Control rod movement is accomplished by ad-'

mitting water under pressure from the Control Rod Drive Hydraulic System
(CRDHS) to the region above or below the piston while draining water4

from the opposite side of the piston. A detailed description of the op-,

i eration of the CRDHS ' is given in Ref. 2.8. The present discussion is
; limited to a description of the two major functions of the CRD hydraulic -

system.,

| The CRD hydraulic. system (Fig. 2.20) consistr, of two electric motor
! driven centrifugal pumps (one operating, one s'are), filters, valves and

.

p
instrumentation .necessary to convey water from the condensate storage

,

,

! ' tank to the control rod ' drive mechanisms. Although not a safety grade
! system, in many: plants the CRDHS can be operated from emergency power
[ supplies. The two major purposes of the system are to:

1. . Maintain cooling water flow to' each CRD_ ' mechanism during . normal op-
'

erating conditions, and
2. Provide the operating fluid and pressure necessary for movement ' of

the control rods -(both - for individual rod movements and for system *

scram).
The CRD hydraulic piston seals are constructed ; of Graphitar, -which'

is inert tand has a low- friction. coefficient. when : water lubricated.
.|.

h:
|
i.

f
i

e

. - - . , . . -_ -.
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Because Graphitar loses strength at higher ten.peratures, the CRDHS sup-
plies , cooling water to hold the seal temperatures below 394 K (250*F)

10-S 3/sduring normal operation. This water flow of 1.9 x
(~0.3 gpm) per mechanism [3.8 x 10-3 cooling /s

m
(60 gpm) total for a typicalm

BWR-4) is supplied at a pressure 138 KPa (~20 p;1) above the reactor op-
erating pressure.

* When the Reactor Protection System (Section 2.10) issues a scram
signal, the scram inlet and outlet valves open and the scram accumula-
tors discharge to insert the control rods (see Fig. 2.20). Following

* control rod insertion, the total vessel inleakage past the CRD seals in-
creases to ~110 to 200 gpm (plant specific and reactor prersure
dependent). This increased injection flow will be maintained as long as
the CRD hydraulic pumps are running and a scram signal is present. It

is important to note that initiation of this increased injection flow
requires no operator action of any type. In most plants the operator
can take any one of several actions to further increase the CRD hydrau-
lic system injection flow. Many accident scenarios would not involve
CRDHS disfunction. The CRDHS is, therefore, an important injection
mechanism which can influence many accident sequences.

2.6.4 High Pressure Coolant Injection (HPCI) System

BWR-4 plants are equipped with a High Presssure Coolant Injection
(HPCI) System which is designed to supply makeup coolant to the reactor

* vessel (via a feedwater line) over a broad range of pressure from normal
operating pressure to some predetermined depressurized condition (Fig.
2.21). The HPCI System consists of a steam turbine driven pump, piping,
valves and controls necessary to provide a complete and independent

a emergency core cooling system. The principal HPCI equipment is in-
stalled in the reactor building. The HPCI System does not rely on aux-
iliary ac power, plant service air or external cooling water sys tems .
The normal HPCI flow is 4.31 m /s (~5000 gpm).

The normal source for HPCI injection water is the condensate
storage tank, however, the pressure suppression pool is an alternative
source of water. The HPCI pump suction will automatically and irrevers-
ibly shif t from the condensate storage tank to the suppression pool if
either a low condensate storage tank level or a high suppression pool
level signal is received.

The HPCI turbine is driven by steam extracted from one of the main
steam lines upstream of the main steam line isolation valves. In some
plants the HPCI System can also be driven by steam from the auxiliary
boiler system af ter installation of piping spool pieces. The turbine
exhaust steam is discharged to the pressure suppression pool. Both the
turbine oil and the gland seal condenser are cooled by the water being
pumped.* Typical HPCI turbine steam demands range between 5.0 and 23.2

o

*This is an important point, since the automatic shift of HPCI pump
suction from the condensate storage tank to the pressu re suppression

* pool has no logic to consider the suppression pool temperature.

I
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kg/s (40,000 and 184,000 lbm/h). Typical system initiation, trip, and
isolation control parameters are given in Table 2.3.

.

2.6.5 High Pressure Core Spray (HPCS) System

BWR-5 and BWR-6 plants are equipped with a High Pressure Core Spray .

(HPCS) System rather than a HPCI System. The purpose of the HPCS System
is to maintain reactor vessel inventory af ter small breaks which do not
depressurize the vessel, to provide apt ay cooling for line breaks which
result in the reactor core becoming uncovered, and to backup the Reactor
Core Isolation Cooling (RCIC) System during situations in which the re-
actor vessel is isolated.

The HPCS System, shown in Ng. 2.22, is a single loop system and
consists of a suction shutoff valve, one motor driven pump, a discharge
check valve, a motor operated injection valve, a minimum flow valve, a
full flow test valve to the suppression pool, two high pressure flow
test valves to %e condensate storage tank, a HPCS spray sparger (inside
the vessel above the core shroud), and associated piping and instrumen-
tation. The HPCS System takes suction from the condensate storage tank
and pumps the condensate into a sparger mounted in the core shroud.
Spray nozzles mounted on the spargers are directed at the fuel
bundles. The suppression pool is an alternate source of water for the
HPCS System. The HPCS logic switches the HPCS pump suction from the
condensate storage tank to the suppression pool upon either high level
in the suppression pool or low level in the condensate storage tank. ,

As noted above, the HPCS System can take suction from the conden-
sate storage tank (CST) or the pressure suppression pool. Normal suc-
tion i- from the CST on a line common with the RCIC System suction
line. 2he HPCI/HPCS/RCIC suction line from the CST is located lower *
than a.i other system suction lines to ensure a reserved volume of water
in the CST exclusively for the HPCI, HPCS, and RCIC Systems.

The HPCS pump is a vertical, centrifugal, motor driven pump capable
3of delivering at least 0.098 m /s at 7.9 MPa (1550 gpm at 1147 psi) re-

3actor pressure, 0.385 m /s at 1.38 MPa (6110 gpm at 200 psi) reactor
3pressure, and a maximum of 0.49 m /s (7800 gpm) at runout flow

conditions.

The HPCS can be powered from both normal and emergency ac power
systems. Major HPCS System components are located in the auxiliary
building. Table 2.4 is a list of HPCS initiation, trip, and isolation
control parameters.

2.6.6 Reactor Core Isolation Cooling (RCIC) System

The purpose of the reactor core isolation cooling (RCIC) System
(Fig. 2.23) is to supply high pressure makeup water to the reactor ves-
sel when the reactor is isolated from the main condenser and the conden- .
sate feedwater system is not available. Although the RCIC is not part
of the BWR emergency core cooling package, it can and would be used
during many accidents to inject water into the reactor.

The RCIC System consists of a steam turbine driven centrifugal pump
(with pump lubrication system cooled by the pumped water) and associated ,
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valves and piping capable of delivering water to the reactor vessel.
The turbine is driven by steam extracted from a main steam line upstream

0 of the MSIVs. In some plants, the RCIC can also be driven by steam gen-
erated by the auxiliary boiler system. Vater in taken from either the
condenaate storage tank (preferred) or the pressure suppression pool and
injected into the reactor vessel via a feedwater line. Unlike the llPCI

o System, thete is presently no provision for automatic shif t of RCIC pump
suction from the condensate storage tank to the suppression pool.* RCIC
turbine exhaust is directed to the suppression pool. The normal set

3point for RCIC pump flow is ~0.038 m /s (600 gpm), however, the operator
can ninually control RCIC flow if desired. The steam demand of the RCIC
turbine is ~0.% kg/s (7600 lbm/h).

The RCIC System can also be used in conjunction with the steam con-
densing mode of the Residual lleat Remotal (RllR) System in nomo 11 ants of
later design (BWR-5s and 6s). Steam directed to one or both RllR heat
exchangers where it is condensed. Tl RCIC pump is aligned to take suc-
tion from the heat exchanger and return the condensate to the reactor
vessel. RCIC pump speed is controlled in the manual modo and adjusted
to niintain level in the RllR heat exchanger. As the suppression pool
water heats up af ter extended operation, resulting from condensing RCIC
turbino exhaust steam, one of the RllR heat exchangers is used to cool
suppression pool water. This system is available on late model BWR-4s,
BWR-5, and BWR-6 plants and is limited to use only when llPCI is not iso-
lated - cs the steam supply line penetration for steam condensing mode
operation is dawnstream of the itPCI steam isolation valves.,

All components normally required for initiation of the RCIC System
are completely independent of ac power, plant service, and external
cooling water systems. The principal RCIC equipment are located outside
primary containment. Table 2.5 summarizes the RCIC initiation, trip,

8 and isolation control parameters.

2.6.7 RilR Low Pressure Ceolant Injection (LPCI) Mode

The low pressure coolant injection (LPCI) made of the RilR Eystem
(Sect. 3.5.2) is the dominant operating mode and normal valve lineup
configuration of the residual heat removal system (Fig. 2.24). All

| other modes of RHR System operation are submissive to LPCI, and the RilR
System will automatically align to the LPCI mode when ECCS initiation
conditions are sensed (see Table 2.6). LPCI is designed to restore and
maintain the reactor coolant inventory af ter a loss of coolant accident
in which the reactor is depossurized or af ter Automatic Depre s sur i za-
tion System (ADS) actuation. Tbo LPCI System is, therefore, a low head,

3high flow injection mode [0.1 MP4 ( 2 90 paid) shutoff head, 1.26 m /s
(20,000 gpm) (BWR-6) or 2.52 m/t, (40,000 gpm) (BWR-4) rated flow at 138
KPad (20 paid) typical). The capacity of the LPCI system is large
enough to completely fill an intact reactor vessel in less than 5 min-

o utes.

o *The NRC is currently examining such alternatives.
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During LPCI operation, the RllR pumps take auction from the suppres-
sion pool and discharge into the reactor vessel via the recirculation
loops (BWR-4) or directly into the region between the outermost fuel as- '

memblies and the inside of the core shroud (BWR-5 and -6). The LPCI
(RilR) pumps are motor driven centrifugal pumps. BWR-4 plants have the
capability to draw suction from the condensate storage tank, and in some
plants (BWR-6s), the RilR pumps can be realigned to take suction on the .

Fuel Pool Coolitg and Cleanup System. BWR-5 and -6 plarts have three
pump /3 loop LPCI systems while BWR-4s have four pump /4 loop systemd.
BWR-5 and BWR-6 plants do not utilfre the RilR heat exchangers to cool
the LPCI water.

2.6.8 Low Pressure Core Spray (LPCS) System

The purpose of the low pressure core spray LPCS system (Fig. 2.25)
is to protect against overheating of the fuel in the event the core is
uncovered by the loss of primary coolant following a break or rupture of
the primary system. This cooling effect is accomplished by directing
opray jets of coiling water directly onto the fuel assemblies from spray
norrles mounted in sparger rings located within the shroud just above
the reactor core.

Each loop bf the core spray system consists of one or more motor
driven contrifugal pumps, a spray sparger in the reactor vessel above
the core, and mush piping, valves, and control logic as are necessary to
convey water f rom the pressure suppression pool to the reactor vessel. *

hWR-4s employ two 50% capacity core spray loops, each with its own spar-
ger. BWR-5 and -6 plants utiltre a single pump,3 single loop system.Typical total rated LPCS injection rates are 0.38 m /s (6000 gpm) (BWR-

36) or 0.789 m /s (12,500 gpm) (BWR-4) at suppression pool-to-reactor
6vessel pressure dif ferentials of 1.03 HPa (150 psi). The shutoff pres-

sure of the LPCS pumps is typically 2.07 HP4 (300 psig) gauge. BWR-4
plants tuvo the capability to take LPCS suction from the condensate
storage tank as an alternative to the pressure suppression pool. LPCS
initiation, trip, suction switch, and isolation control parameters are
given in Table 2.7.

2.6.9 Standby Liquid Control (SLC) System

The purpose of the Standby Liquid Control (SLC) System is to inject
enough neutron absorhing solution into the reactor vessel to shut down
the reactor from a full power condition, independent of any control rod
motion, and to maintain it in a subcritical condition as the plant cool
the plant down. The system is not a hackup for rapid scram. !!nder a
simulated injection test modo this system is capable of injecting small
quantities of domineralized water into the reactor vessel. It is this
test mode wh!ch will be described in this section.

The SLC System (Fig. 2.26) consists of two 100% capacity positive '

displacement pumps, a heated storage tank, and the associated valvus,
piping, and inst rumentat ion necessary to inject the neutron absorbing
horon solution into the reactor vessel. In current designs all SLC in-
jection enters the reactor vessel through a line which penetrates the e
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reactor vessel through a stub tube in the bottom head and terminates
just oelow the core plate (Fig. 2.4). Inside the vessel the injection
line has circumferential holes drilled throughout its entire length. Ino
the future, some reactors may be modified to allow the SLC system to in-
ject into the core spray, feedwater lines, or the diffuser throats of
the jet pumps. The goal of much modification is to improve the mixing
and dispersion of the boron solution throughout the reactor core.

Use of the SLC System for emergency vessel makeup water injection
requires operator action to isolate the SLC storage tank, valve the de-
mineralized water tank supply test tank into the SLC pump suction lines,
and fire the explosive valves to inject the water into the reactor.
Makeup water to the SLC test tank is supplied by the demineralized water
system. Present SLC designs would accommodate an injection flow of

30.004 to 0.006 m /s (60 to 100 gpm) via this modo of operation. The to-
tal ninual control of this system is illustrated by Table 2.8.

2.6.10 Hiscellaneous systems with injection capabilities

In addition to the reactor inje ab- ny.tems previously described,
there are various other systema that t< ,h! be utilized in an emergency
to inject water into the reactor vensel. in general, these systems were
not designed specifically for reactot injection applications, however,
emergency operating instructions for their use in this fashion do exist
in some plants.2.8 The availability of these alternative injection sys-
tems is highly plant specific.,

In some plants the RHR drain and RHR service water systems can be
utilized to inject water into the reactor vessel if the primary system
pressure in suf ficiently low. The RHR drain pumps can take suction ca
either the suppression pool or the condensate storage tank and inject8 into either the recirculation loops or the vessel head spray nozzle.
The rated flow of these pumps is 0.10 m /s (1600 gpm) with a dif feren-3

tial shutof f pressure of 0.45 HP4 (65 psi). The RHR service water pumps
take auction f rom the ultimate heat sink (river, etc.) and can inject
into either the recirculation loops or the vessel head

sprag nozzle.The rated flow of typical RHR service water pumps is 0.57 m /s ( 9000
gpm) with a dif ferential shutof f pressure of 1.12 MPa (162 psi).

2.6.!! Summary of vessel injection capabilities

The object of this section has been to briefly review those BWR
systems which might be available to inject water into the reactor vessel
under accident conditions. Table 2.9 summarizes the auction sources,
injection points, and operating pressure ranges for the injection sys-
tema described in this chapter.

e

9
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.2.7' Vessel Water Cooling Systems( .
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p 2.7.1(.RER shutdown cooling
3i ~ ;3 A+

'. L *The/ shutdown' D .rifng and reactor vessel head spray subsystem is an;

opdr$'ing' mode of the Residual Heat Removal' (RHR) System (Sect.t;i

3.5.2).b ,0peration of the RHR Syst'em -in this mode (Fig. 2.27) necessi-* ,

tates - a manual override of the normal' RHR _ LPCI configuration, and is
F < ,possible- only after reactor pressure has i:een reduced to less than 0. 93

'

MPa "(135 psi) . (gauge).E Tiie shutdown c'ooling mode must be manually
Malign &d s byj the operatod During' thia'' mode of operation, reactor watertw

-

is t,edoved from one of ' thM recirculation lines by the RHR main system
'

g
'

pumps; , circulated throughithe RHR , heat exchangers, and returned to the,
,

reactor ' vesset'%la the. same recirculation loop or a feedwater line.
Part ! of \ se * flow [0.03 m /s (4500 gpm)] ; can be ,' diverted to the head3

'

qspgnozzle. - a .
,

' "'p, -%;q
,

;; <

_ , '
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\< 2.7.2 RHR steam conder%
w -,

dL cingmoee q

'hhe i RHR ' system steam r'ondensing mode, shown. in Fig. 2.28, is used.,
_

in conNnction with .the RCIC sys'tha to -remove decay. heat and minimizeW'
o the makeu'o water recuiremer.ts ins late' design BWR-4, . BWR-5, - and BWR-6

h[-f
~

plaEts. E' - ', c sS
'

' l ,,
.The flow path 1for thkstens' condensing mode is as follows: reactor

' ,

i steam _ passes through the' habined L ACIC> turbine /RHR - heat exchanger steam
B> hlitc Co the RHR heat- exchcAger(s); condedsate frs' the Rl!R heat exchang-
i er(s) 'i2 forced (by heat exchanger precsare) to J he suction of. the RCIC

~

t

I' php;, condhisate id pumped by Jthe RCIC system to the reactor vessel via
a Teedwater line. This modd Enust be manually aligned ' by the control 6

roog operator, since the LP(I mods is the dominant operating mode of the~
RIQsystem. - ' ' ~

,
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The purpose $f tLe Reactor Water Cleanup (RWCU) Systlem Gig.' 2.29),

[ ds -to maintain reittor water quality, by removingl fission products, cor -
I .rosionfi.% ducts, an'O other/ so141d and insoluble impurities; to ' provide*
| a path'for 9emFval~of react 4ridoblant from the reactor vessel $1n case of

dxcesa ecolast\,lsventory:ledettEmaintain' circulation in.' the reactor'

dessel'hottom head to minimiY thdmal stratification; P ;)' #

j ~ f7 The . RWCU \ System consists]'of 75 pumping Leystes' which tid,es suction on-I
3

- both .:recirculatibn ' loopf suction 911 dest and i' the reactor /: vessel bot; tom I
*

!. t ead,; pumps- the yater through he'st excliangi and! ion exchange facilities,.h t 1'
and pumps the Wter 'back to the ; reactor vessel Tvia - the fdedwater piping.' '

~

The flow : p&th of 'the RWCU/ System idcludes
.through : two ;50%1 capacity .pumpsjpthrde regensitatib3high ' pressure - flow

<

'

hleat' exchangers 'and *

..

;two nonregenerative heat exch&igers.< . Depending on desired sistem opera-
MR tion, -flow : canibe 4 routed kct royh Itwo 50% capacity' filter' d'eminerali ''
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.

i
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feedwater lines. Flow through the filter demineralizers and/or heat ex-
changers can be bypassed as desired depending on plant operating condi-
tions.

The three regenerative heat exchangers, connected in series, pro-
vide the first stage of temperature reduction for the reactor influent
to the RWCU System. The water is cooled from 550 to 383 K (~530 to |

230*F). The two nonregenerative heat exchangers, connected in a series*

string, are the final stage for cooling the reactor water to 322 K
(~120*F) for filter / demineralizer service. Af ter passing through the

demineralizers, the RWCU water flows again through the regenerative heat
exchanger, where it is heated from ~322 to 494 K (~120 to 430*F) before
returning to the reactor via a feedwater line. The RWCU System is nor-

mally operated continuously during all phases of reactor operation,
startup, shutdown, and refueling. RWCU control parameters are listed in
Table 2.10. -

2.8 Automatic Depressurization System (ADS)

The purpose of the Automatic Depressurization System (ADS) is to
depressurize the reactor vessel so that the low pressure emergency core
cooling systems (ECCS) can inject water to mitigate the consequences of
a small or intermediate sized loss of coolant accident should the high

pressure emergency core cooling systems fail.
The Automatic Depressurization System consists of redundant signal"

logics arranged in two separate channels that control separate solenoid
operated air pilot valves on each safety / relief valve (SRV) assigned to
the ADS function. The number of ADS equipped SRVs varies from plant to

4 plant. The ADS associated SRVs open automatically if required as part
of the emergency core cooling system (ECCS) logic to provide reactor
vessel depressuriration for events involving small breaks in the nuclear
system process barrier. The ADS is initiated by coincidence of low re-
actor vessel water level and high drywell pressure, provided that one of
the low pressure emergency core cooling systems is operating.

Each of the SRVs provided for automatic depressurization- is
equipped with an accumulator and check valve (to isolate the accumulator
from the air supply upon loss of supply air pressure). These ac-
cumulators assure that the JWS valves can be opened and held open fol-
lowing failure of the instrument air supply to the ADS valves. The
accumulators are supplied 1.03 MPa (150 psi) (gauge) pneumatic pressure

~

>

from the Service and Instrument Air System. The accumulator is sized to
be capable of opening the valves and holding them open against a maximum
drywell pressure of 0.16 MPa (23 psi) (gauge) and contain sufficient air
for one additional activation at 70% of the maximum drywell pressure
rating. With normal drywell pressure, each ADS accumulator will provide

; sufficient air pressure for five SRV actuations. ADS control parameters
! * are listed in Table 2.11.
I

a
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2.9 BWR Neutronics and Power Control
i.

i *
'

2. 9.1 Neutronics*
'

BWR -designs utilize a' light-water moderated core, fueled with
-

slightly enriched uranium-dioxide. The use of water as a moderator ,

; - produces a neutron energy spectrum in which fissions are caused
principally _ by thermal neutrons.~ At normal operating conditions, the

j moderator boils, producing 'a spatially variable distribution of steam
i voids in' the core. The' BWR design provides a system for which

reactivity- changes are inversely proportional to the steam void content.

in the moderator. This void . feedback effect is one of the inherent
'

i safety features of the BWR system. Any system input which increases
reactor, power, either in a local or gross sense, produces additional'

; steam voids which reduce- reactivity and thereby reduce the power.
t Conversely, any system input. which raises reactor pressure or directly

reduces core voiding will result in a power increase.
The fuel for the BWR - is uranium-dioxide enriched to ~3 wt % in

U235 Early in the fuel life the fissioning of the U235 produces the
majority of the energy. The presence of U238 in the uranium-dioxide

j fuel leads to the production of appreciable quantities of plutonium
'

during core operation. This plutonium contributes to both reactivity
and reactor power production (i.e., ~50% at end-of-life). In addition,1

| direct. fissioning of U238 by fast neutrons yields ~7. to 10% of the total
power and contributes to .an ' increase of -delayed neutrons in the core. *,

{ Since the U238 has a strong negative Doppler reactivity coefficient, the
j . peak power during an excursion is limited.
i The reactor core is arranged roughly as a right circular cylinder

containing a large number of fuel assemblies and control rods.. At-each &
4

i refueling period, ~25% of the fuel' bundles are discharged from the core
i and replaced with an equivalent ' number -of fresh fuel assemblies. - The

fuel bundles having the highest exposure (i.e., the lowest reactivity)
are discharged starting.with the . highest exposure and moving toward less -,

! exposure. The bundles are then shuffled in ' order to minimize radial
! power peaking and maximize the- end-of-cycle reactivity. This is accom-
j plished by loading the lowest ' reactivity fuel on the periphery, loading
'

the relatively high reactivity--fuel: in a region .next to the periphery
j

' central region of the core. Within each of these . zones, the fuel bun-
toward ;the core _ center, and loading the medium reactivity fuel' in the

i

dies ' are arranged in a nearly ' homogeneous : c. nner in order to minimize -~

reactivity mismatch.

The bundle; reactivity' is a complex. function of several- important
physical properties. ' The important . properties . consist of the average
bundle enrichment, the gadolinia rod location and gadolinia cconcentra-

.

tion, the. void fraction and the accumulated exposure.
The ' radial power . distribution is .also ' a complex function of the=-

control rod . pattern, the . fuel : bundle type, the loading pattern and the +

- Major portions ' of this section are excerpted _ from Re'f. 2.4. -* *

L
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void condition for that bundle. The radial power distribution is influ-
enced by both the radial reactivity zones and the control rods. The

O control rods are selectively inserted, or withdrawn, to flatten the rad-
ial power distribution consistent with the reactivity control needed.
Near the end-of-cycle, the region of high reactivity adjacent to the
periphery provides the necessary radial power flattening without

e recourse to control rods.4

The effect of voids (during normal operation) is to skew the power
toward the bottom of the core; the effect of the bottom entry control
rods is to reduce the power in the bottom of the core; and the effect of
the exposure distribution is to flatten the power. Since the void dis-
tribution is determined primarily from the power shape, the mechanism
available for further optimizing the axial power shape is the control
rods.

There are three primary reactivity coefficients which characterize
the dynamic behavior of BWRs over all operating states: (1) Doppler
reactivity coefficient; (2) moderator temperature reactivity coeffi-
cient; and (3) moderator void reactivity coefficient. Also associated
with the BWR is a power reactivity coefficient; however, this coeffi-
cient is merely a combination of the Doppler and void reactivity coeffi-
cients in the power operating range. The most important of these coe-
fficients is the void reactivity coefficient. The void coefficient must
be large enough to prevent power oscillation due to spatial xenon
changes yet small enough that pressurization transients do not unduly
limit plant operation. In addition, the void coefficient in a BWR has,

the ability to flatten the radial power distribution and provides ease
of reactor control due to the void feedback mechanism. The overall void
coefficient is always negative over the complete operating range since
the BWR design is undermoderated. The reactivity change due to the

4 formation of voids results from the reduction in neutron slowing down
due to the decrease in the water-to-mass fuel ratio. A typical valued

for the moderator void coefficient is -1.6 x 10-3 &/k/% void.
The moderator temperature coefficient is the least important of the

reactivity coefficients since its effect is limited to a very small por-
tion of the reactor operating range. Once the reactor reaches the nor-
mal operating range, boiling begins and the moderator temperature
remains essentially constant. As with the void coefficient the moder-
ator temperature coefficient is associated with a - change in the mod-
erating power of the water. The temperature coefficient is negative for
most of the operating cycle; however, near the end-of-cycle the overall
moderator temperature coefficient becomes slightly positive. This is
due to the fact that the uncontrolled BWR lattice is slightly over-
moderated near the end-of-cycle; this, combined with the fact that more

control rods must be with-drawn from the reactor core near the end-of-
cycle to establish criticality, results in the slightly positive overall
moderator temperature coefficient.

The range of values of moderator temperature coefficients encoun-
' tered in current BWR lattices does not include any that are significant

from the safety point of view. Typically, the temperature coefficient I
may range from +4 x 10-5 &/k*F to -14 - x 10-5 &/k'F, depending on base
temperature'and core exposure. The small magnitude of this coefficient,

c, relative to that associated with steam voids and combined with the long i

1

l
|

|

.
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time-constant associated with transfer of heat from the fuel to the
coolant, makes the reactivity contribution of moderator temperature ,

change insignificant during rapid transients.
The Doppler reactivity coefficient is the change in reactivity due

to a change in the temperature of the fuel. This reactivity change is
due to the broadening of the resonance cross sections as the-fuel tem-

'
perature increases. At beginning-of-life, the Doppler contribution is
primarily due to U238; however, the buildup of Pu % with exposure adds2

to the Doppler coefficient.
The power coefficient is determined from the composite of all the

significant individual sources of reactivity change associated with a
differential change in reactor thermal power assuming xenon reactivity
remains constant. At end-of-equilibrium-cycle, the power coefficient at
105% steam flow conditions is approximately -0.05 Ak/k + AP/P. This
value is well within the range required for adequately damping power and
spatial-xenon disturbances.

2.9.2 BWR power generation control

Af ter the generator is synchronized to the utility's transmission
grid reactor power output can be adjusted to meet the grid system re-
quirements by adjustment of control rod position, manual or automatic
adj ustment of reactor recirculation flow, or a combination of these two
methods.

,

Withdrawing a control rod reduces the neutron absorption and adds
core reactivity. Reactor power then increases until the increased steam
formation just balances the change in reactivity caused by the rod with-
drawal. The increase in boiling rate tends to raise reactor pressure,

| causing the pressure regulators to open the turbine control valves suf- I

ficiently to maintain a programmed throttle pressure. When a control
rod is inserted, the reverse effect occurs. The rate of power increase
is limited by the rate at which control rods can be withdrawn. When the
reactor is operating above 30% power, rod withdrawals are restricted to
two notches at a time to prevent local fuel damage.

Reactor power output can be varied over a power range of ~35% of,

'

rated power by adjustment of the reactor recirculation flow, while main-
taining a nearly unifonn power distribution. Reactor power' change is
accomplished by using the negative void coefficient. An increase in re-
circulation flow temporarily reduces the volume of steam in the core by
raising the boiling boundary. This addition of reactivity of the core
causes the reactor power level to increase. The increased steam genera-
tion rate then returns the steam volume in the core to approximately its
original value, and a new constant power level is established. When re-

i circulation flow is reduced, the power level is reduced in a similar
manner.

During initial power operation, the operating curve or power / flow
*map (Fig. 2.31) is established relating reactor power to recirculation

flow.' The.first point of the curve is full flow and rated power. When
rod ' pattern - is ' established for this point, recirculation flow isa

reduced in steps at the same rod pattern, and the relationship of flow
a

,
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to power is plotted for steady state conditions. Other curves are es-
# .

tablished at lower power ratings and other rod patterns as desired.
During operation, reactor power any be changed by flow control adjust-
ment, rod positioning, or a combination of the two, while adhering to,

established operating curves.
Although control rod movement is not required when the load is

* changed by recirculation flow adjustment, the long-term reactivity ef-
fects of fuel burnup can be compensated for by control rod adjustment.
The reader should note from Fig. 2.30 that BWRs are capable of operating
at significant power levels under natural circulation conditions.

2.10 Reactor Protection System

2.10.1 System description *

, The purpose of the Reactor Protection System (RPS) is to prevent
excessive fuel cladding or reactor coolant pressure boundary damage by
generating signals to automatically shutdown the reactor when necessary,
via rapid insertion of all control rods.

The Reactor Protection System is a solid state protective system
which monitors various reactor plant process variables which indicate
whether safe operating conditions exist in the reactor plant. In the
event that these process variables depart excessively from their normal

~

operating values resulting in potentially unsafe operation of the plant,
a reactor scram occurs automatically. A reactor scram is the deenergi-
zation of scram pilot solenoid valves (which results in rapid insertion
of all control rods) and isolation of the scram discharge volume.

The Reactor Protection System includes power supplies, sensors,.

trip circuitry, bypass circuitry and switches that generate the scram
signals that cause rapid insertion of the reactor control rods (scram)

-to shutdown the reactor.
Each reactor plant process parameter is monitored by at least four

sensors, one for each of the four RPS logic divisions. Each sensor out-
put is sent to the logic of all four RPS divisions. When' a parameter
reaches its scram setpoint and a sufficient number of sensors reach this
unsafe condition, a scram signal is generated from the RPS logic. The
scram signal causes electrical ' power to be interrupted to the scram
pilot solenoid valves on each control rod drive (CRD) hydraulic control
unit (HCU), and all control rods are rapidly inserted **to the reactor
core, shutting down the reactor.

In addition, the RPS provides a backup scram method which operates
to scram the control rods in the event of a failure to scram by normal
means (failure of the scram pilot solenoid valves to properly repost-
tion). This backup scram method' is accomplished by energizing two de
solenoid operated valves, each of which requires two scram signals (one
each from RPS channels A and B) to reposition (energize) and bleed aire

* *This section is excerpted from Ref. 2.2.

_- - -



!
.

32
P

off all scram inlet and outlet valves. Repositioning of either backup
scram valve will accomplish this purpose. .

The capability to manually scram the reactor is also provided by
two means. Manual scram pushbuttons, located on the control console,
can be used to scram the reactor if proper combinations of two switches
are operated. Placing the reactor mode switch in the shutdown position

,also inserts a scram signal into the RPS logic which causes a reactor
scram.

Once a scram is initiated, it goes to completion. All control rods
are fully inserted, and deliberate operator action is required to return
the reactor plant and RPS to normal operation. Conditions which will
cause an automatic RPS scram are described in the following sections.

2.10.2 SDIV high water level scram

The scram discharge instrument volume (SDIV) receives the water
displaced by the motion of the control rod drive pistons during a
scram. Should the scram discharge volume fill up with water to the
point where insufficient space remains for the water displaced during a
scram, control rod movement would be hindered in the event a scram were
required. To prevent this situation, the reactor is scrammed when the
water level in the discharge volume attains a value high enough to ver-
ify that the volume is filling up, yet low enough to ensure that the re-
maining capacity in the volume can accommodate a scram.

.

2.10.3 Drywell pressure scram

High drywell prersure may be caused by a break in the reactor .

coolant pressure boundary. It is, therefore, prudent to scram the reac-
tor in such a situation to minimize the possibility of fuel damage and
to reduce the energy transfer from the core to the coolant, which in
turn minimizes the energy that the primary containment would be required
to absorb. The high drywell pressure scram setting is selected to be as
low as possible without inducing spurious scrams.

2.10.4 Vessel low water level scram

Low water level in the reactor vessel indicates that the reactor
core is in danger of being inadequately cooled. Should the water level
decrease excessively, fuel damage could result as a steam blanket forms
around fuel rods. A reactor scram protects the fuel by reducing the
fission heat generation within the core. The scram setting is far
enough below normal operational levels to avoid spurious scrans, but
high enough above the top of active fuel to assure that enough water in-
ventory is available to account for evaporation loss and displacement of
coolant following the most severe abnormal operational transient involv- *

ing a level decrease in order to preclude uncovering the reactor core.

..
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2.10.5 Vessel high water level scram
O

During reactor plant power operation, a significant increase in
water level indicates excessive feedwater flow. This water level
increase adds significant positive reactivity to the reactor core which
increases the fission heat generation from the fuel. The reactor scram,

on high water level anticipates the positive reactivity addition by this
increased feedwater flow and prevents possible fuel damage caused by the
excessive heat generation rate. The scram setpoint is high enough above
tb3 normal operating level to prevent spurious scrams, but low enough to
initiate a reactor scram prior to flooding the main steam lines.

2.10.6 High reactor pressure scram

Excessively high pressure within the nuclear system threatens to
rupture the reactor coolant pressure boundary. A nuclear system pres-
sure increase during reactor operation collapses steam voids and results
in a positive reactivity insertion. This causes increased core heat

I generation that could lead to fuel failure and system overpressuriza-
tion. A scram counteracts a pressure increase by rapidly reducing the
core fission heat generation. The nuclear system high pressure scram
setting is chosen slightly above the reactor vessel maximum normal oper-
ating pressure to permit normal operation without spurious scrams, yet
provide adequate margin to the maximum allowable nuclear system pres-.

sure. The high pressure scram works in conjunction with the safety /re-
lief valves to prevent nuclear system pressure f rom exceeding the max-
imum allowable pressure. The high pressure scram setting also protects
the core from exceeding thermal and hydraulic limits that may result

*

from pressure increases during events that occur when the reactor is
operating below rated power and flow.

2.10.7 Main steam line high radiation scram

High radiation in the vicinity of the main steam lines may indicate
a gross fuel cladding failure in the reactor core. A scrcm is initiated
to limit the release of fission products from the fuel. This condition
also signals the Primary Containment Isolation System (BWR-4) or the
Nuclear Steam Supply Shutoff System (NSSSS) to initiate an isolation of
the containment to prevent release of the fission products to the envi-
ronment. The high radiation setpoint is high enough above background
radiation levels to avoid spurious scrams and isolations, yet low enough
to rapidly detect gross fission product leakage from the reactor core.

2.10.8 APRM scrams

'

Scram signals are generated by the average power range monitor =

(APRM) logic circuits under three different conditionst inoperable APRM
circuit, high neutron flux, and high thermal power (high heat flux) for
the existing recirculation loop driving flow. If one of the above

o

.. -
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i

listed conditions exists, a trip signal from the APRM channel (or chan-
nels) detecting this condition is generated. >,

> i
! 2.10.9 IRM scrans .

*;

1 An intermediate range monitor (IRM) scram signal is generated if |-

; reactor power exceeds a preselected setpoint or if an IRM becomes inop-
,

etable. A11'IRM scram signals are disabled with the reactor mode switch
{ in the run position.
1

|- 2.10.10 MSIV closure scram

f A reactor scram will result from isolating more than one main steam

line (closure of one or more ' MSIVs in more than one main steam line),

with the reactor plant at power (reactor mode switch in the run posi-
,

; tion). The main steam isolation valves have stem mounted limit switches
which are used for valve position indication. One Itait switch per
valve sends a signal to the Reactor Protection System when the valve is
partially (>10%) closed. If either valve in a steam line closes and the,

{ individual MSIV closure scram bypass switch for that steam line is not
j in the bypass position, a trip signal is generated. A main steam line

isolation can result in a significant addition of positive reactivity to;

! the core from void collapse as nuclear system pressure rises. The main
steam line isolation scram setting is selected to give the' earliest pos- ;

'

-

; itive indication of isolation valve closure to limit the resultant pres-
; sure rise.- +

!

f 2.10.11 Turbine control valve fast closure scram
'

*
|

t Turbine control valve fast closure sends inputs to the Reactor Pro-
| tection ' System from oil line pressure switches on each of the four fast

acting control valve hydraulic mechanism .- These hydraulic mechanisms
are part of the turbine control valve ant they are used to effect fast
closure of the turbine control valves in' the ' event this action is called,

i for, in the case of a generator load' rejection.
: The turbine control valve fast closure scram provides additional
} margin to the n'2 clear system pressure limit. With the reactor and tur-
i bine generator at power, fast closure of ' the turbine control valves can

result in a . significant addition of positive reactivity to the core
| because of void collapse as nuclear system pressure rises. The turbine
!- control. valve fast ' closure scram is required ~to provide a satisfactory !
; margin to core thermal hydraulic limits for this transient. This scram
1 is automatically disabled when turbine first stage pressure is below 30%

,

of rated conditions.
, )

| Turbine stop valve closure inputs to the Reactor Protection System
are generated from valve stem position' switches mounted on the main tur- '

_

bine stop valve. Each of the switches (one per valve) opens before the
; valve is more ~ than 10% closed to provide the earliest indication of

valve closure. - Closure of the turbine stop valves with the reactor at>

~

power can result. in a significant addition of positive reactivity to the a

r.

I
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'

core as the nuclear system pressure rise causes steam voida to col-
, - lapse. The turbine stop valve closure signal initiates a scram earlier

,

i than either the neutron monitoring systems or nuclear system high pres-
| sure scram logic. It is required to provide a satisfactory margin below
j core thermal hydraulic limits for this transient. This scram is auto-

natically disabled when turbine first stage pressure is below 30% of
*

rated conditions. !

2.10.12 Reactor mode switch scram
i

l' Placing the reactor mode switch to the shutdown position initiates
a reactor scram. This scram is not required to protect the fuel or nu-,

;. clear system process barrier, and it bears no relationship to minimizing
the release of radioactive material from any barrier. The scram signal-a

is removed af ter a 10 s time delay, permitting the scram to be reset:

! which restores the normal valve lineup for the hydraulic control units
and scram discharge instrument volume.,

1

i
2.11 Primary Containment and Vessel Isolation

Control System Reactor Functions

The purpose of the Primary Containment Isolation System (PCIS) [Nu-
clear Steam Supply Shutoff System (NSSSS) in BWR-5 and BWR-6 plants] is1 -

to isolate the reactor vessel and various reactor plant systems which
carry radioactive fluids or gases from the primary containment in order

; to prevent the release of radioactive materials to the environment in
I excess of specified limits. Only those PCIS/NSSSS functions which are,

associated with the reactor will be discussed in this section.
The PCIS determines, from information provided by reactor plant,

j process instrumentration, which systems should be isolated and provides
4 isolation signals to these. Isolation demand signale are generally di-
i vided into isolation signals for systems considered to be within the Nu-
) clear Steam Supply System and for balance of plant (BOP) systems. Local
i sensor elements provide information concerning selected reactor plant
'

parameters to ' the PCIS solid state logic in digital or analog form. The
. PCIS logic decides whether the need exists for an isolation based on the
! available input data, and either remains passive (no isolation), or pro-
i vides an isolation demand sigosi to the appropriate reactor plant
; valve. Once ' the system is ' initiated, the isolation will proceed until
i completion, and a return to norms 1 operation after the isolation will

require deliberate operator action.
.The PCIS/NSSSS isolation logic is divided into five discrete

j groups. These gr%ps are associated with' the system isolation listed
below

'
~

i Group l' Main steam isolation,

. Group 2 RWCU isolation
. .

Group 3 Reactor water sample line isolation4

Group 4 RXR isolation>

i Group 5 Balance of plant isolation,

.

_.___._______m_-_ - _ _ _ . _ _ _ _ ..._.____m._________._m. _.____.__m___.__. _ _ . . . _ _ _ . _ _ . _ _ . _ _ _ . _ . . _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ . _ .
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. Parameters which control the isolation decision for Groups 1 through 5
are described below.

The asin steam system isolation (Group 1) is provided to control
the loss of coolant from the reactor vessel and release of radioactive
materials to the environment. The NSSSS logic responds to signals that
indicate a breach of the reactor coolant pressure boundary (RCPB), a
breach of the fuel cladding, a failure of the Electro Hydraulic Control '

System or a loss of the primary heat sink (main condenser). When se-
1ected process parameters reach preset levels, isolation demand signals
generated by a portion of the NSSSS cause the main steam isolation valve

and main steam line drain valves to close.
The Reactor Water Cleanup Systea-(Group 2) isolates on signals from

the Leak Detection System when the symptoms of a RCPB leak, RWCU Systen
leak or a malfunction resulting in a loss of RWCU Systen loop cooling
are detected. In addition, contacts on the Standby Liquid Control (SLC)
System pump control switches cause a RWCU System isolation upon SLC
System initiation.

Isolation of the reactor water sample line (Group 3) occurs due to
sensed main steam line high radiation or low reactor vessel water
level. The reactor water sample line provides an alternate path for
sampling the primary coolant via the Recirculation System. In per-
forming this function, the piping must penetrate the reactor coolant
pressure boundary, and therefore is a potential path for leakage from
the RCPB. Because of this, when water level in the reactor vessel de-
creases to Level 2, the reactor water sample line isolation occurs which -

automatically closes the sample valves to isolate this possible source
of leakage. Radiation levels in accessible plant areas could increase
to very high levels if sampling through this line was in progress- and a
gross failure of the fuel barrier occurred. An excellent indication of

,gross fuel barrier failure is main steam line high radiation. Therefore-
the reactor water sample line valves isolate on a main steam line high
radiation signal.

The Residual Heat Removal _(RHR) System (Group 4) isolates in re-
sponse to low reactor water level, high drywell pressure, high reactor
pressure and RHR System area high temperature or high RHR System roca
ventilation . differential temperature signals. On indication of low re-
actor water level, high RHR System area temperature, or high RHR System
room' vent differential temperature, the shutdown cooling suction and
discharge valves, the head spray valve, the RHR Systes process sample
valves, and the RHR System discharge valves to the Liquid Radweste Sys-
tem all close. High drywell pressure causes isolation of only the sea-
pie valves and radweste discharge valves. - Finally, if reactor pressure
increases to a value such that the. saturation temperature corresponding
to that ' pressure is approaching the temperature rating of the RHR system
pumps, the RHR _ System isolation logic closes the shutdown cooling suc -
tion' and discharge valves and the head ' spray valve to protect the RHR

. pumps.
'The balance of plant .(Group 5) isolation signals are generated in

response to reactor plant parameter levels indicative of a breach in the
RCPB. These are low reactor ' water level or high drywell- pressure.
These signals isolate _ BOP systems at the primary' containment boundary.

_
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The systems affected are the Service and Instrument Air System, Deminer-
alized Water System, Standby Service Water System, closed Cooling Water >* System, Chilled Water System, Plant' Equipment and Floor Drain System,

fFire Frotection System, and the Containment Combustible Cas Control Sys-
tea. In addition, some of the Fuel Pool Cooling and Cleanup System ?

valves are isolated by the BOP logic..

2.12 Reactor Systema Summary
.

i

This chapter has presented an abbreviated description of those BWR
primary structures and systems which have the capacity to influence the,

i outcome of severe accidents in BWR-4, BWR-5, and BWR-6 facilities.
Briefly, the important components are in-vessel structures, vessel water
injection systems, vescel water cooling systems, vessel pressure control

i systems, power control systems, reactor protection (scram) systems, and
isolation control systems.

,

Figures 2.31-2.34 are a representation of a generic boiling wateri

reactor that incorporates all of the component structures and system
, described in this chapter. The reader is cautioned that no singicl

existing BWR would incorporate all of the features shown in Figs. 2.31-
2.34.<

j The utility of Figs. 2.31-2.34 can be seen by examining the HPCI
system drawing included in Fig. 2.32. The drawing indicates that the^

HPCI systes consists of a single turbine driven pump which normally-

draws suction from the condensate storage tank. The pressure suppres-
sion pool is a secondary source of water. HPCI flow is routed to the |

,

.

feedvater line. The turbine normally draws steam from a main steam line
) but can be driven by the plant auxiliary boiler, and turbine exhaust is *

.

; . routed to the pressure suppression pool. These figures are useful.for
i assessing the ultimate analytical capabilities which a computer code
! must possess to ensure that all of the significant features of any BWR-

4, 5, or 6 vessel injection systems can be represented. The figure dis-i

plays in a simplified fashion the various vessel water injection systems
i;

described in this chapter, together with the locations from which their
suction is taken and their injection is routed. Most of the basic in-'

formation necessary for incorporation of injection system models in BWR
analysis codes is displayed in these figures and Tablee 2.3 -2.11.-

l These figures can, therefore, he used by BWR code develepers to identify
2 desirable vessel noding schemes and system interaction puints.
!
.

>

I

a 9

<

h

.,

*
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! Table 2.1. Reactor veneet penetrations

i 9

| Number and size
; Type g ,)
| .

Rectreulation outlet 2 - 36 to 22
m Steam outlet 4 - 26

Rectreulation inlet 10 - 12
| Feedwater intet 6 - 12
i Core spray inlet 2 - 10

| Low pressure coolant injection inlet 3 - 12
Ins t rument (one of these is Head Spray) J-6
Control rod drive mechantes stub tubes 137 to 19) - 6
Jet pump instrumentation ?-4 .

Vent 1-4
Ins t rument at ion 6-2
Control rod drive hydraulic syntes !-2
return

Core differential pressure and itquid 1-2
l control i

Drain 1-2
In-core flus instrumentation $1 to SS 2

Head seat leak detection 2-! .

;

Table 2.2. Fuel assembly design spectitcations<

.

Fuel assembly
'

Fuel hundle en8 8 m 8R F8 a BR
Geometry 8a8 8m8 8m8
Rod pitch (in.) 0.640 0.640 0.640e

Fuel rode
Fi!! gas Helium Helium Helium
Fill pressure (sta) i L 3

Cetter Yes Yes Yes
Number of fuel rode 61 62 62

Fuel
Material Sintered U02 Sintered U02 Sintered U01
Fellet diameter (in.) 0.416 0.440 0.410
Fellet length (in.) 0.420 0.410 0.410
Fellet lamersion denelty 9).0 91.0 9).O

(ETU)
Claddind

Material Er-2 Zr-2 Er-2
Outside diameter (in.) 0.49) 0.48) 0.48)
Thicknees (In.) 0.014 0.012 0.01J

Water rmt
Material Er-2 Zr-2 Er-2

| Outside diameter (in.) 0.49) 0.391 0.591
! Thtth nese 0.0 14 0.010 0.030
l Number of water rode 1 2 2

| Fuel channel
~ ' Matettal Er-4 Zr-4 Ir-4

Inside dimeneton (in.) 1.218 S.Jia S.218
Wall thlehnese (In.) 0.080 0.0e0 0.080

nr ur or
0.luo 0.100 0.l00

e

. _ _ . _ _ _ _ _ _
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Table 2.3. HPCI control parameters ;; ,

Function
Control parameter " *"

Initiation Trip I* 1**L " *
g h

.

Low reactor water level X l
High drywell pressure X

High reactor water level X

High HPCI turbine exhaust X
'pressure

,

q Low HPCI booster pump suction X

pressure,

: HPCI turbine mechanical overspeed X
1 Low condensate storage tank level X

'

High suppression pool level X
.

High HPCI equipment space ten- X +
4

peratures,

j High HPCI turbine steam flow X
,

i Low reactor pressure X !

High turbine exhaust diaphragm X'

pressure
Manual X X X X i*

i

!

l.

Table 2.4. . HPCS control parameters |

j Function

8 "
Initiation Trip Isolation |,

1 _
'Low reactor water level X

] High drywell pressure X
High reactor water level Xa

;
;

} Low condensate storage tank X
.

i level !

High pressure suppression pool X

: level :
~

Manual X X X X
,. ,

~

af f a high drywell pressure signal esists in conjunction with a
'

high reactor water level signal, NPCS injection will continue until. .
' manually stopped by the operator.

l

.

'$
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Table 2.5. RCIC control parameters

* Function
Control parameter S tion

Initiation Trip solation
switch

!

Low reactor water level X

| High reactor water level X
, Electrical turbine overspeed X

! Mechanical turbine overspeed X

High RCIC turbine exhaust X

pressure
Low RCIC pump suction pressure X

RCIC equipment space high ten- X
perature

RCIC turbine high steam flow X

j Low reactor pressure X
High turbine exhaust diaphragm X
pressure

| Manual X X X X,

|
!

!

.

Table 2.6. LPCI control parameters
t

Function
| Control parameter

Initiation Trip """fh
"

I* I*EI "

!

| Low reactor water level X

: High drywell pressure and low X
i reactor pressure

| High drywell pressure X

(BWR-5 and -6)
Hanual X X X X

o

9
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Table 2.7. LPCS control parameters *

Function
Control parameter

"C '"i Initiation Trip Isolation
switchi

Low reactor level X
j High drywell pressure and low X
j reactor pressure

High reactor pressure X
(BWR-5 and -6)

; Manual X X X X

i
i

!

:
!

;

i
-

Table 2.8. SLC control parameters

4

i

Function *Control
parameter Initiation Trip Isolation

Manual X X x

.

,

!
:

l
f

!
*

i
f

i

e

:
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Table 2.9. met injection systems summerf

"I** " " " " **
, Section source Puer type "E #,*****'' '*"8'

( p,)
ec FC r r r team PMrI*"** ' adv - cPSP CST Other - S am Electric -

Itne plenum bypass done head <2.76 2.76-5.51 >5.51

MFCI -1 1 X X X X X

' IIPCS X X X X X X X

RCIC I X X .X X X' X $
LPC1 1 -X X X X X K

LPCS- 1 X- X K K

Su: 1 K X X X X

Rett Drain .X. .1 -X X X X

atlRSif 1 K 1 1 X

Condensate and X X X 'I X X X

feedwater
CRDIIS X X X X X X
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Table 2.10. RWCU control parameters

-
,

Function
Control parameter

Initiation Trip Isolation

.

High NRHXa outlet water' temperature X

Low RWCU pump suction flow X

High RWCU pump cooling water temperature X

bHigh pressure drop across filter / X
i demineralizer unit or effluent strainer
s

Low reactor water level X.

| High RWCU differential flow X

4 High steam tunnel temperature X

High steam tunnel ventilation differ- X
<

ential temperature

Loss of leak detection logic X
1

High RWCU area temperature X
*

High RWCU area ventilation differential X
temperature .

| Initiation of Standby Liquid Control X
.

System

Manual X X X *

aNonregenerative heat exchanger.

| kilter /demineralizer unit isolation only.
!

!

i
,

Table 2.11. ADS control parameters
:

Parameter Function
i

__1 Low pressure ECCS system running Initiation permissable><

Low reactor water level + high drywella pressure Initiation
Manual Initiation

.

aAs a result of NUREG-0737, " Clarification of 1NI Action Plan Re-
quirements," some utilities have committed to eliminate the high drywell -

pressure requirement when reactor water level remains -low for a predeter-4

mined time period.

.

t
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Table 2.12. PCIS/NSSSS control parameters
.

Group 1 isolation
,

1. High main steam line flow
*

2. High main steam tunnel area temperature
i 3. Main steam tunnel ventilation differential temperature

4. High steam line area temperature
5. Low reactor water level

| 6. Main steam line high radiation
; 7. Low main steam line pressure

8. Low main condenser vacuum
|
'

Group 2 isolation

1. SLC initiation
2. Low reactor water level
3. High RWCU differential flow
4. High RWCU area temperature
5. High main steam tunnel temperatures

!6. Loss of power to the leak Detection System '

7. High RWCU area vent supply and exhaust duct differential temperature

Group 3 isolation,

1. High main steam line radiation
| 2. Low reactor water level

Group 4 isolation,

1. Low reactor water level
2. High drywell pressure

i3. High reactor pressure,

! 4. RHR system area high temperature
5. High RHR system room ventilation differential temperature

Group 5 isolation

| 1. Low reactor water level
2. High drywell pressure

!
,

9

|

0

|
1

|

--. - _ .
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ORNL-OWG 83-5693 ETD

LEGEN0 ASSUMED SYSTEM LOSSES,

' '

g . F LOW, th/h, THERMAL 3.0 MW

F = TEMPERATURE,'F

1920P . \
,

'
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M = % MetSTURE h ( ,,
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3. PLANT DESCRIPTION ~~ CONTAINMENT
E

.3.1 Introduction

All BWR-4, 5, and 6 plants utilize a multibarrier pressure suppres- *

sion type of containment. Three distinct containment variations are em-
ployed in existing plants. The MARK I (MK I) containment design has
been utilized only in conjunction with BWR-4 and earlier reactors. The
MARK II (MK II) containment system is utilized with both BWR-4 and BWR-5
plants. The MARK III (MK III) containment design is the current General
Electric product line, and is utilized only in conjunction with BWR-6
reactors.

For all three containment designs, the primary containment consists
of a drywell, which encloses the reactor vessel and recirculation sys-
tem, a pressure suppression chamber, which stores a large volume of
water, and a connecting vent system between the drywell and the suppres-
sion chamber. The suppression chamber completely encloses the drywell
in the MK III design.

The secondary containment in the MK I and II designs is the reactor
building. The MK III design employs a secondary containment consisting
of a shield building, auxiliary building, and fuel building. The alter--
native (Grand Gulf) MK III secondary containment design incorporates a
reactor enclosure and auxiliary building. .

The renaining sections of this chapter will describe the structural
design of these four BWR containment variations and those interacting
systems which would be of importance should a severe accident occur in
one of these facilities.

.

; 3.2 MARK I Containment Structural Design

Most EWR-4 plants employ a MARK I pressure suppression primary con-
tainment system which houses the reactor vessel and coolant recircula-
tion loops. The design consists of a drywell, constructed in the shape
of an inverted light bulb, a toroidal pressure suppression chambe r,
which normally contains ~3785 m3 (one million gallons) of water, and a
connecting vent system between the drywell and the pressure suppression
pool (Fig. 3.1).3+1 Pertinent primary containment design parameters
are given in Table 3.1. Most of the dimensional information cited in

'

this section is specific to the Browns Ferry nuclear plant. The reader,

is cautioned that mny of these design parameters vitt vary from plant
to plant.

The drywell is a steel pressure vessel with a spherical lower por-
tion 19.8 m (65 f t) in diameter and a cylindrical upper portion 11.7 m
(38 ft, 6 in.) in diameter. The overall height of the drywell is ~35 m -

(115 ft). The drywell is designed for an internal pressure of 0.478 MPa
(56 psig) coincident with a temperature of 411.5 K (281'F), plus the
dead, live, and seismic loads imposed on the shell. The thickness of

.

.
-
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the drywell wall varies from a minimum of 1.9 cm (3/4 in.) in the cylin-
t crical section, to a maximum of 5.9 cm (2-5/16 in.) in the toroidal

sphere / cylinder knuckle region.
The entire weight of the reactor is supported by a reactor vessel

support assembly (Fig. 3.2) which consists of a ring girder, sole plate,
and the assorted hardware necessary to position and transfer the weight,

of the reactor to the support pedestal. The concrete and steel support
pedestal is constructed integrally with the reactor building founda-
tion. The reactor pedestal is ~25 ft tall, with a maximum wall thick-
ness of 5 ft and a minimum wall thickness of ~3 f t. The pedestal has
one or two major doorway openings on opposite sides which extend down to
the drywell floor.

The pressure suppression chamber is a steel pressure vessel of tor-
oidal shape, located below and surrounding the drywell. The centerline

diameter of the torus is ~33.8 m (111 f t) and the cross-sectional diam-
eter is 9. 5 m (31 f t ) . The torus contains ~3823 m (135,000 cubic ft)
of water at maximum pool level. The thickness of the torus wall varies

between 1.9 and 2.9 cm (3/4 and 1-1/8 in.). The suppression chamber is
designed to the same material and code requirements as the steel drywell;

vessel, and all attachments to the torus are by full penetration welds.
"

The drywell and suppression chamber are connected by a vent system
which, under accident conditions, conducts flow from the drywell into
the suppression pool and distributes this flow uniformly around the
pool. Eight circular vent pipes, each 2.06 m (6.75 f t) in diameter,

d connect the drywell to the suppression chamber. Jet deflectors are pro-
vided in the drywell at the entrance to each vent pipe. These vents are
connected to a 1.45-m (4-ft, 9-in. ) diameter vent header of toroidal

i shape, which is contained within the airspace of the suppression cham-
4 ber. Ninety-six downcomer pipes, each 0.61-m (24-in.) dismeter, project.

downward into the suppression pool, terminating 1.22 m (4 f t) below the
surface of the pool. Vacuum breakers discharge from the suppression
chamber atmosphere into the vent pipes to prevent the suppression pool
pressure from exceeding the drywell pressure by more than 0.5 pai. The
suppression chamber, which is located in a separate room in the reactor
building basement (Fig. 3.3), is accessible only through two normally.

closed 1.22-m (4-ft) diameter manhole entrances with double testable,

seals and bolted covers.
In addition to serving as a heat sink for drywell blowdown fol-

lowing a loss-of-coolant accident, the suppression pool serves as a
source of water for the HPCI, HPCS, RCIC, LPCS, and RHR systems, as well
as a heat sink for the SRV discharge and the HPCI and RCIC turbine ex-

,

hausts.'

! Several types of piping and electrical penetrations, as well as
personnel and equipment access hatches penetrate the primary contain-
ment. The general design of the piping penetrations incorporates a pen-
etration nieeve which passes from the reactor building, through the
shield wall concrete, and projects into the gap region between the-

shleid wall and the drywell liner. Cuard pipes and expansion bellows
are incorporated where necessary to allow for movement and protection of
process lines. Personnel and equipment hatches incorporate double,
testable seals to ensure containment integrity.,

_ _ _ _ . - _ - _ _ -_ . - - _ _ _ - _ _ __ - _ _ _ . __ ___ .
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. During.: normal operations, the Nr,k I contatorment stuosphere is ni-

; trogen inerted to 'less than 4% oxygen. Fan-forced drywell atmospheric i j
cooling units (see Sect. 3.5 5) asintain the atmospheric temperature be- ;

| . tween,330 and 339 K (135 and 150*F) during normal operations.
. . {! Protection of the fpri:<.ary containment from exceeding the design !' .

makimum external pressure (2 psi) is provided by a system of self-actu-
ating swing check vacuum relief valvee. The valves will completely open *

_
'

[ within one second after a 3.4 KPa (0.5 ' poi) differential pressure is ap- '

(' M . plied across the seat.
[ Two 91ves in series are uudd in each of, tyc lines from the reactor
[ . building atmosphere to - the air ... space above the suppression pool. The
J- reactor building / suppression chamber valves are intended to bleed air
j . from the reactor building into the sup;treusion chamber. and will be com-
t pletely ophn within one secon.1 ~after a 0.5 psi differential pressure is
I applied across the seat.
E Drywell/ suppression . chamber va'cuum breakers ;are . remotely testable'

using air cylinder actuators, while reactor building / suppression chamber
:j vacuum breakers are manually testable using an accessible lever arm.

i The secondary containment or reactor _ building completely encloses
,

the drywell and suppression chamber which aske up the primary contain-
; ment. The purpose o( the sehondary containment is to minimise the j

~

'

*

ground-level release of airbcVne radioactive materials and provide for
i the controlled and elevated release of the building atmosphere via the
} Standby Cas Treatment System under accident conditions. When the'

j primary containment is open, sugh as during refueling' and maintenance *

y operations, the secondary c.ontainment serves as the primary containment.
;. In addition to the primsry containment, the reactor building houses r

! . " !

the refueling an$ reactor service areas, the new and spent fuel storage '

i facilities and other reactor. auxiliary and service equipment, including
~

j the Reactor Core Irelation Ccoling System, ' Reactor Water Cleanup System,
,

Standby Liquid Control | System, Control Rod Drive Hydraulic System equip- ,

acnt, the emergency core cooling mystems and electrical components.
| The norms) ventilar. ion system provides filtered air to the reactor
i building,and hen erhe.asts it throup;h an elevated release. The ventila-
j tion syst.en an|ntains the reactor building at a 0.25 inch water negative
j internal pressure,. therohy ersnring inleakage.
! The reacter buildiry substructure consists of poured-in place rein-
L forced concrete exterior us11s that extend up to the refueling floor. '

: The refue1Ang room floor-la also made of retnforced poured-in place con-
j . crete. The superatructure c0 the reactor' building above the refueling
:

, floor is structural steel.,

1 The refuelins floor a lls are covered with insulated metal i

,

siding. The. reinforced concrete exterior walls and the structural steel i;

! for the superstructure are designed for tornado considerations and mis-
L ' sile protection. , .
|< Excessive reactor building-to-atmosphere pressure differentials due >

'' '

to steamline rurtures and tornadoes are prevented by venting to 'the at- a' mosphere through' relief panels. Three' sets of ' relief panels and a flowe
-

,7 : ; limiter prevent ! overpressurisation of the secoe6dery . containment . sys- i

L > tea. .These noneist of the asin steam relief panels, the some relief
P i panels, the{s.tterior siding panels, and ' the NPCI steam line f1w
'

limiter. Main) steam ruptures would be vented-to the turbine building
,
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through main steam relief panels. Zone relief panels vent the reactor
s building to the refueling floor. The exterior siding panels vent the

refueling floor to the atmosphere.
All entrances and exits to and from the reactor building are

through double door personnel and equipment air locks. Each pair of ac-
cess doors is equipped with weather-strip type rubber construction seals,

and is electrically interlocked so that only one of the pair may be
opened at a time.

3.3 MARK II Containment Structural Design

The MARK II Containment utilizes the 'ove r-und e r ' design in its
suppression pool arrangement. This type of containment is used on only
a limited number of late model BWR/4 and all BWR/5 reactors. Typical
MARK II Containments are illustrated in Figs. 3.4 and 3.5.

The MARK II design provides a more compact arrangement of the pres-
sure suppression system and reactor building than does the HARK I de-
sign. The containment is constructed of prestressed or reinforced con-
crete with the suppression chamber located directly below the drywell in
the same structure. The base foundation slab is a reinforced concrete
mat 2.1 m (~7 ft) thick. The top of the base foundation slab within the
containment is lined with stainless steel plate that serves as the
suppression pool floor.e

| The drywell and suppression pool are steel lined structures con-
structed of either prestressed or reinforced concrete in the shape of a
truncated cone and cylinder, respectively. The drywell head is bolted
to a steel ring girder which is attached to the top of the concrete con-*

| tainment wall. The floor of the drywell sarves as a pressure barrier
between the drywell and suppressf oa chaeber and as a support structure
for the reactor pedestal and downcomers. The drywell cone and suppres-
sion pool cylinder are ~24.4 m and 18.3 m (80 ft and 60 f t) high, re-
spectively. The drywell floor is ~0.9 m (3 ft) thick.

The reactor pedestal wall thickness in the drywell region varies
between 1.2 and 1.8 m (4 and 6 f t) thick. The reactor pedestal stands
~25.6 m (84 f t) tall from its base to the vessel support lip. The ped-
estal may be either solid (Fig. 3.5) or hollow (Fig. 3.4) in the sup-
pression pool region (plant dependent). In plants that have hollow ped-
estals, the pedestal volume is open to the suppression pool via openings
in the pedestal wall, and the region inside the pedestal is therefore
filled with water. The hollow pedestal region directly beneath the ves-
sel in the drywell is accessible through two open manways. In some
plants, the drywell floor elevation inside the reactor pedestal is sev-
eral feet lower than that outside the pedestal, forming a concrete cav-
ity directly beneath the reactor vessel (Fig. 3.5). All vent openings
are shielded by steel deflector plates to prevent , overloading any single,

vent by direct flow from a pipe break.
Vacuum breakers are provided to equalize the static pressures

between the suppression chamber and the drywell and provide a controlled
return flow path from the suppression chamber to the drywell to assure
design operation of the suppression chamber in the event of a small
steam leak.
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U In "contr'ast ' to - the MK I system,3 no vacuum 1 relief is provided be-
~

.

tween . the; inside of the primary contain:nent and th'e reactor building at- 8
' , mosphere,-in the bK 'II- containment. Me concrete containment structure

= has the $111ty to accommodate subatmoshheric (negative) pressures of:

'~34.[KPa-(5 psi) absolute.-Typical'MARKII, Containment.designspecifi-
cationscare listedtin Table 3.2. . .

The reactor building. completely encloses - the . reactor: and its pri-
mar dograinment. The structure provides secondary containment when the
- primary - cotatairment is closed and in. rervice, and primary containment

~

wh.en- the primary contaimnent is open, as' it is during the refueling per-
iod. 'The reactbr building houses . the refueling and reactor servicing
equipment, the new and spent fuel storage facilities, and other reactor- q
auxiliary or service ~ equipment, including ' the reactor . core isolation

.

cooling system, reactor water cleanup demineralizer system, standby
; -liquid control system, control rod drive s.vstem. equipment, the emergency

{ a core cooling syra. ems, and electrical equipment components.
_

The reactor bu!ilding exterior walls 'and - superstructure up to thei

refueling flour .are constructed (of rainforced concrete. Above the Icvel1

of ' the refueling - floor, the building structure is fabricated of~struc-;

p tural steel merbers, insulated siding', and _ a metal roof. Joints in the
super-structure paneling acei esigned to assure leaktightness. Penetra-d'

| tions of- the1 reactor building are desisi;nsd 'with leakage - characteristics
!~ conaistent with leakage requirements of the entire building. The reac-
j - L t'or building : is designed to limit the inle'akage. to 100% of the reactor
{ ' building , free volume - per day at negative 3 0.25 -inch H20 gauge, while op- '

erating the standby gas treatment syste.y * The building structure above
th i refueling floor is ' also designed to contain a negative interior-

- { pressure-of 0.25 inch H2O gauge. *

;
>

1 .

; 3.4 MARK III Containment Structural Design
i-
|

j- 3. 4.1 - Introduction s

; _ MARK - III containment systems tire employed - on all BWR-6 plants.'

These MX ~ III containments are L the : only a BWR containment ' which are not
I i inerted. Figures 3.6' and 3.7: are illustrations of two versions of the

1 MK :III containment c concept. Figure = 3.6 is the " standard" MARK III de-
h sign, while . Fig. 3.7 / illustrates ' an alternative : MK III- config'uration

utilized at' the Grand Gulf nuclear _ . plant. The1 designs ' differ in that
~

'

the Grand' Gulf approach utilizes a reactorienclosure -building .as part of.-L

, - the . secondary containment; system rather than a'' shield ? building. . Tablei

,3.3'is-a listing of. typical-Mark III; primary containment design specifi--~

c -

cations.
'

dp,

-

[ ?3.4/2%StandardMKIIIcontainmentdesign' -

' : The containment vessel Jis' . a free standing, . vertical -- cylindrical'e

n steeUpressure vessel with an ' ellipsoidal' head ? and a flat. bottom steel -'

liner plate.3. 2% tideMylindricalishell; has : horizontal. external f atif fen 1
I ers 'and is anchored D1.5 m 15 ft) into -the concrete _ mat foundation. The .c.
containment . is'jaj seWic? categ'oryi I" structure. . ' The; flat botton-liner-

.

%,a: (,
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plate is approximately 3/4 inch thick and is continuously supported by
the concrete mat..-

The containment has an inside diameter of 36.6 m (120 f t) and is
55.8 m (183 f t) in overall height with an internal volume of 33,066 m3
(1,168,000 ft3). It is designed to withstand an internal differential
pressure of 0.1 MPa (15 psig), an external differential pressure of 5.5

*
KPa (0.8 psig), and an internal temperature of 358 K (185 F). The con-
tainment vessel surrounds the drywell and suppression pool and forms the
primary leaktight barrier to limit fission product leakage during a
LOCA. To avoid exceeding the containment design negative pressure, re-
dundant vacuum breaker systems are provided to connect the containment
volume to the annulus volume bounded by the steel containment and the
shield building.

The containment vessel is free standing and receives no structural
support except at the embedment in the foundation mat. Likewise the
containment provides no major structure support. The containment shell
has an average thickness of 4.4 cm (1 3/4 in.). Major platforms and
floors within the containment are supported by the drywell. However,
the containment walls do support an overhead 125 ton capacity polar
crane, some attached piping such as the containment spray headers, and
miscellaneous electrical connections, personnel locks, fans, ladders,
and walkways.

Among the postulated loss of coolant accidents, some accidents may
require flooding the containment to remove the fuel from the reactor and

4 affect repairs. Although it is anticipated that for most accidents, de-
fueling of the reactor would be accomplished by the normal procedures
and equipment, as a contingency to cover undefined damage resulting from
a LOCA, the containment can be flooded to a level 2.08 m (6.8 f t) above
the top of the active fuel in the core.,

The drywell (Fig. 3.8) is a cylindrical reinforced concrete struc-
-

ture with a removable steel head to allow vertical access to the reactor
vessel for refueling or maintenance. The drywell is constructed of 1.5
m (5 f t) thick reinforced concrete walls and roof, has an inner diameter
of 22.2 m (73 f t), a height of 27.7 m (91 ft), and has a volume of 7770
3 (274,500 cubic ft). The drywell is designed for an internal pressurem

of 0.21 MPa (30 psi) gauge, an external differential pressure 0.14 MPa
(21 psig), and an internal temperature of 439 K (330*F).

Two reinforced concrete walls 1.2 m -(4 f t) thick and 7.6 m (25 f t)
high are located across the drywell top. slab. These comprise the' longi-
tudinal walls of the upper containment pools and serve as the supporting-
structure for the operating floor and structural stiffeners for the dry-
well top slab.

The suppression pool, both inside and outside the drywell, is an
open top,-steel lined structure. Up to about 0.3 m (1 f t) above the
normal suppression pool level, the carbon steel of the containment ves-
sel- is clad with stainless - steel. This clad L provides a maintenance
free, easily decontaminated surf ace ' and . eliminates the need for a pro-.

tective ' paint coating. The water used ~ to fill the pool is either con-
densate or demineralized water. The water is generally air ' saturated
and stagnant, but retains Thigh purity.

.

I

1
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The suppression pool contains 3668 m3 (129,550 ft3) of water at the
' low water level. The' normal- pool - level . may - vary between a depth of &<

| about . 6.2 m (20.5 ft) (high level) and about 6.1 m . (20 ft) (low
| level). 1This condition allows a normal. vent submergence of nearly 1.8 m

.(6 ft)'(minimum) and a minimum freeboard height of about 1.7 m (5.5 ft).
3. . A weir wall forms the inner boundary of - the suppression pool, and

,

11s located inside the drywell. The wall- is - built of reinforced con-
crete ~0.6 'm (2 f t). thick and lined with steel plate on the ' suppression4-

pool side. Since the weir wall forms the inside wall of the suppression
pool, it confines . the pool and channels the steam released by a LOCA
into the suppression' pool for condensation. The weir walliheight -is 7.6,

m (25~ft).-j

| The MARK III arrangement uses horizontal vents to conduct the steam
;

;. from the drywell during a LOCA to the suppression pool. In the vertical
section, the. drywell wall is penetrated by a series of 70 cm (27.5 in.),

i diameter horizontal . pipes. There . are three rows of these horizontal
vent pipes with - their centerlines 2.3, 3.7, and 5.0 m - (7.5, 12, and 16.5,

f t) below the surface of the suppression pool.
i Any buildup of pressure in the drywell-forces the water down in the

.

[ vent annulus. When the water is depressed to the level of the first row
i. of horizontal . vents, steam is vented ~ to the suppression pool.' If the

pressure in the drywell is high enough, the water tin the annulus is de--

. pressed further, thereby ' uncovering the . second and third row of vents. . -

j. In addition to the LOCA steam condensing function, the pool provides a
j- -heat sink for SRV and RCIC exhaust ' steam, and an alternative source of *
' ' water for thez emergency core cooling systems.
| The . reactor. vessel support pedestal 'is located below the reactor
F vessel and the-reactor shield wall. The pedestal, which is. supported by-
|. a massive concrete base located 'on the ' containment ' base slab, supports .

both.the reactor. vessel and reactor shield wall.,

The reactor vessel support pedestal is a reinforced concrete circu-
;_ lar cylinder about 6.4 m ' (21 -f t) high and with a constant outside . di-

ameter of 9.8 m '(32 ft) and an 'inside diameter which - varies from about--

I 6.4 m (21 ft) at the ' lower part to ' about 5.8. m (19 f t) at' the upper
part.' It has openings for ' access, control rod drive | piping,1and neutron,

j- monitoring instrumentation. The vessel support skirt -is attached to the
pedestale Due to the recessed floor. level -inside the pedestal,~ a cavity .

; - ~is formed which would receive any material- leaving the reactor vessel'in
the event |of a melt-through- of . the lower vessel head.'e

The . reactor shield _ wall, which rests on the reactor pedestal, has ' a -,

'
cylindrical . shape and - surrounds the reactor vessel up to the main ' steam
line? penetrations. The - shield wall is ; penetrated by ' numerous -pipes-
which connect" to - the ; reactor" vessel. -- : Because -of ; the number Lof piping-
penetrations,7they reactor f shield walle is made ; of composite structural 'i

steel and Leoncrete. - 3 Both surfaces E of .- the o shield wall |are ' lined with.-
; carbon steel plate forc strength. High-density' concrete f s placed be -

'

i

tween the'. plate surfaces'i for shielding. ' The reactor shield ' wall effec-,
.

| tively: reduces radiation levels in= the [drywell to permit ' inspection and -
,

-maintenance whe'n'the unitJis shut.down..- '

7 The containment - upper pool' walls l ate :above theldrywellL andT withins
~ '

'

the : containment -.-volume. ' The L outer t wallsiform a' rectangular : pool which -
,

,isT subdivided by 4 two : interior sections. i All ~of ' these walls _ are' joined
-to !the' drywell~ roof slab which constitutes the poolibase slab.x The pool:

_ _

*f -

'
..

^
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is completely lined with stainless steel plates. The pool consists of
five regions: a moisture separator storage area; the reactor well; a* steam dryer storage area; a temporary fuel storage area; and a fuel
transfer region. The overall pool is ~11 m (36 ft) wide, 29.3 m (96 ft)
long, and 7.3 m (24 ft) deep, while the fuel transfer and storage area
is 12.8 m (42 f t) deep. The upper pool provides the following func-
tions: radiation shielding when the reactor is in _ operation; storage,

space for the dryer, separator, and fuel assemblies during refueling: an
area for fuel transfer during : refueling; and a large volume of water as*

a| suppression pool makeup water source.
The suppression pool makeup system (SPMS) provides additional wateri

from the upper containment pool to the suppression pool by gravity flow
i during accident conditions. The SPMS piping consists of two lines which

penetrate the drywell end of the upper containment pool through the
side-walls. The elevation of the pool penetrations limits the volume of

j~ water which can be dumped to a 4.16-m (13-ft 7.75-in.) thick slice
. across the entire upper pool surface area.
l'

The upper pool is dumped by gravity flow af ter opening two normally#

closed motor operated valves in series ' on each dump line. The upper
j pool dumps on receipt of a suppression pool low-low level signal [0.46 m

(18 in.) below low water level} or 30 min af ter receipt of concurrentt

low reactor vessel level and high drywell pressure signals (i.e., a LOCA
i signal). The 30-min delay in the IDCA-induced pool dump is implemented

by means of a timer which is tripped on receipt of the LOCA signal.*

The secondary containment is . the physical boundary which encloses'

the primary containment boundary, those systems external to the primary,

p containment which would contain reactor coolant after a LOCA, and the
areas in which~ spent fuel is stored and handled.

The purpose of the secondary containment is _ to prevent the uncon-
trolled ground level release of fission products to the environment in

, .

the event of . a LOCA 'or a fuel handling accident. It serves as a dilu-
tion an'd holdup _ volume for fission products which may leak from the pri-
mary containment following an accident.- Structurally, this is accom-
plished by the leak' tight design of the secondary containment buildings,
which are designed to leak no more than 100% of their, contained volume
in a 24-hour period 1 at design negative pressure.- These buildings are
constructed to maintain this leak tight' functional integrity . in the-
event.of an. earthquake.

The external walls of the secondary containment - also provide tor-
nado _ missile protection for L enclosed safety related components. The
double ' doors z which : connect . portions ~ of ~ the secondary containment to -

' other areas 1 of the auxiliary - building are designed so- that. one door' can
i always remain closed.

_ During. normal ~ operation the ' secondary contaiheent- areas are . main--
+

tained at a pressure- slightly- less than atmospheric by the heating, ven-
. tilating ~ andi air conditioning - (HVAC) systems _ serving these areas.' The

~

,
e

. fuel building and the. auxiliary building are maintained at 'a minimum of'

'0.825 cm (0.325 in.) ofJwater1below ambient pressure..

,

. The ' normal: exhaust L air. ' flow ~ f rom the; secondary . containment x is ' to
.the plant vent; exhaust.' This exhaust. air flow is diverted to the~ Stand-
by Gas Treatment System ;(SGTS) iduring E abnormal ~ or emergency ' condi. -

-

7 tions. The re ' are , 4 however, potential IACA ' fission product leakage- paths-
~

,
-

i.
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through ' the primary containment. boundary that could bypass the secondary
. containment L and thus be released to the environment , without filtration ,

by the SGTS. These > ~ consist cf process piping containment penetrations ;.

that- are routed . through or terminated outside the secondary containment
i~ ~ areas;.

Several containment design -features are provided in order to elimi-4 :

nate the potential . for secondary containment bypass leakage. The Main *

.

Steam Isolation . Valve-Leakage Control: System (MS1V-LCS) is provided to
collect any leakage past the MSlVs. The leakage is routed to the shield
building : annulus lower distribution duct header for mixing within the>

| annulus and processing by the SGTS. The feedwater lines are provided
| -with ~a positive water seal from the Residual Heat Removal (RHR) System
j to preclude. leakage past ' the feedwater containment isola. tion valves.

~

The HVAC . supply and exhaust ductwork penetrating the containment is pro-
vided with three containment isolation valves (two outside and one

[
~ tainment is vented'to the annulus.
inside) ' in which - the duct between the 2 isolation valves outside con-

}.
~

The secondary containment structural boundaries encompass the
shield building to containment annulus (hereaf ter referred to simply as
"the annulus"), all of the fuel building except the-stairwells and ele-
vator vestibules, and the portions of the auxiliary building housing the

f emergency core cooling system (ECCS) pumps, the Residual Heat Removal
!. (RHR) System heat exchangers, and the Reactor Water Cleanup (RWCU) Sys-
I tem pumps. It encloses the primary containment boundary (except for the

reactor building foundation mat, portions 1 of the main steam and feed- .

water guard pipes and the main steam isolation valves in the steam tun-
nel), those systems external to the primary containment which would con-,

tain reactor coolant ' af ter a LOCA, and areas in which ' spent fuel is'

! stored and handled.
*

| The shield building .is ' a 39.6 m (130 ft) diam cylindrical shaped,
conventionally reinforced concrete structure with a shallow domed roof,

,

! 0.9-m (3-f t) thick wall, and an overall' height of 60 m (197 f t).
! The radial . annulus, the space between the containment vessel and

shield building, is 1.5 m (5 ft) wide with a minimum done clearance of-

! 2.3 m- (7.5 f t) and - a volume of 12,260 m3 (433,000 ft ). The walls of3
~

the shield building, which encompass the containment vessel, function as

f a secondary containment barrier, form the annular space for the collec-
! tion and filtration of fission product - leakage from the steel contain-

ment vessel, and provide biological shiciding for plant personnel |and
the public. During normal . and emergency' operations, ' this annulus ; space
is maintained at a slightly negative pressure relative to . atmospheric .

'

.'

pressure [approximately minus - 12.7 cm . (5 in. ) -of ' water] = so ~ that any
.

. leakage through the shield building or containmenti vessel will' be into-t.

[ this space. .

I The auxiliary = building- is located adjacent to the reactor building
I'" - and ~ opposite the fuel' building. It is supported by a' reinforced con-

crete: mat.: Concrete walls and structural steell members carry vertical'
,

loads, provide : lateral _ stability, and afford missile protectiw.. Steel
framing;and grating platforms provide' support to interior equipment com-

~

Lpartments.t The principal structural requirement of the ' auxiliary build- -
' ing. is the support and : protection of ' the safety and operating systems,;

*equipment,' and piping it' encloses. .

p

p

L '

,

|
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The emergency core cooling system (ECCS) pumps and equipment and
Reactor Core Isolation Cooling (RCIC) system equipment are supported at

8 the foundation level of the auxiliary building in watertight compart-
ments fitted with bulkhead doors. The exhaust duct penetrations from
these rooms are constructed to prevent flooding of an adjacent compart-
ment if one of the compartments is flooded due to a pipe break. The RHR
System heat exchangers are situated in vertical compartments on either.

side of the steam tunnel (the compartment through which the main steam

lines are routed to the turbines).
The auxiliary building steam tunnel and RHR system rooms are

designed. to handle the consequences of high energy pipe breaks. The RHR
system rooms are designed for a differential pressure of 13.8 KPa (2
psi) the associated temperature changes and jet forces. Blowout panels
in the steam tunnel walls are provided to relieve pressure following a
steam line rupture within the RHR system compartments.

The auxiliary building is divided into zones for ventilation pur-
poses. The zones are necessary because of the possibility of radioac-
tive releases or extreme environments in the secondary containment por-
tions of the building. The ductwork routes air flow from areas of low
radioactive levels to areas of potentially higher contamination. Back-
draft dampers are provided in the ducts serving areas of high radioac-
tivity levels. A pressure gradient is maintained between areas of low
and potentially high radioactivity levels by exhausting more air from
areas of potentially high radiation than is supplied. This prevents mi-
gration of the radioactive contaminants from the rooms.,

. The fuel building is the structure located adjacent to the reactor
building and opposite to the auxiliary building. The fuel building
houses equipment and facilities for receiving, storing, shielding, ship-
ping, and handling fuel. . A continuous reinforced concrete foundation

* mat supports the fuel building. The fuel building is enclosed by con-
crete walls and a concrete roof which are designed for tornado and mis-
sile protection. The central part of the building is occupied by the
fuel pool and equipment compartments formed by concrete walls and
slabs. Stainless steel liner plates seal the interior pool surfaces.
The fuel building personnel and equipment entrances are provided . with
airtight doors to maintain the leak tightness of the building. The-ac-
cess . doors are provided with an electrical- system indicating when a door
is open. A transfer tube passes fuel from the transfer compartment to
the reactor building. The fuel building' exhaust fans, the SGTS equip-
ment, and the annulus recirculation / exhaust fan equipment are located in
.separa e compar men s- within the building.t t t

3.4.3 Alternative MK III containment design differences

The Grand - Gulf nuclear plant ' incorporates an alternative contain-
ment. design consisting of an auxiliary building .which completely sur- |

rounds the lower portion of the concrete containment and an enclosure. i..

building which coy *letely surrounds the containment above the . auxiliary I

building roofline. 3

.

s
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The containment is a reinforced concrete structure cm.41 sting of a
flat circular foundation aat, a right circuliar cylinder, and a hemi-
spherical ' done. . .Its internal surf ace is congletely lined with welded *
steel plate which forms a leaktight barrier.

The containment wall is a right circuler cylinder, 0.9-1.8 m (3-6
f t) thick, with 'an internal diameter of 37.8 m (124 ft) and a height of
about 44.2 m (145'ft). The containment done is a hemispherical shell, .

0.6-1.8 m (2-6 ft) thick, with an internal diameter of 37.8 m (124 ft).
The containment provides vertical support for a number of inter-

mediate platforms and directly supports a 125-ton polar bridge crane.
Two personnel access locks with double, interlocked doors, and one
equipment hatch are provided for access into the containment.

There are three vacuum relief systems associated with the MARK III
Containment alternate design. The Normal Drywell Vacuum Relief System,
consisting of a valved penetration from the containment to the drywell.
is provided to relieve a vacuum in the drywell which may occur due to
normal temperature and humidity changes in the drywell that cannot be
accommodated by the Drywell Cooling System. This is not a safety system
and is not connected with the other vacuum relief systems. An interlock
is provided through the Drywell Purge System to keep the normal vacuum
relief line closed during a IDCA.

The second vacuum relief system is part of the Drywell Purge Sys-
tea. Each drywell purge air compressor discharge line has a vacuum re-
lief line tied into it. This vacuum relief function is provided only
after a LOCA. Each of these two vacuum relief lines would draw air from
the containment' volume and discharge into the drywell to relieve the '

vacuum in the drywell due to steam condensation following LOCA blow-
down. The vacuum breakers in the drywell purge . compressor discharge
lines open automatically when drywell pressure f alls to within 6.9 KPa
(1 psi) above containment pressure.

.
.

The third vacuum relief system is the Post-LOCA Vacuum Relief Sys-
tea. This system consists of two separate vacuum relief lines which
share a common penetration to the drywell. This vacuum relief function
is also provided only af ter s' LOCA and serves to back up the vacuum re-
lief provided by the vacuum relief lines associated with the Drywell
Purge System. The post-LOCA vacuus relief lines' open to draw air from
the containment to the drywell when drywell pressure falls 3.4 KPa (0.5
psi) below that of the containment.

The auxiliary building . is a reinforced concrete structure with
walls several feet thick. The . building, which is a multilevel struc-
ture, houses both normal' and emergency auxiliary systems, the nuclear
steam supply system and fuel handling facilities.

i systems include the Residual- Heat Removal '(RNR) . The normal auxiliary
,

~

System, Reactor Core
i Isolation Cooling (RCIC) System, part i of the Control Rod Drive (CRD)
(- Systea, and the Fuel . Pool Cooling ' and Cleanup -(FPCC) Systea. ' The emer .

gency auxiliary systems . include the Residual Heat Removal ~ (RHR) System,;

j High_ ' Pressure Core Spray (HPCS) System,' Low Pressure Core Spray (LPCS)
1.- Systes, and Standby Gas Treatment System ''(SGTS). The building also a-

houses electrical and instrumentation piping penetration rooms; ventila-
. tion equipment for ' the auxiliary - building, . containment, fuel handling
area, and SGTS; electrical' equipment such as load centers, actor control
centers, and emergency cable trays; and normal and emergency. process ' .

~ iping.'p

,

'

'

(
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The enclosure building is a limited leakage, steel-framed, seismic
-Category I structure with uninsulated metal siding and insulated roof

0 deck. It completely encloses the portions of the containment above the
auxiliary building roof levels and is designed and constructed to limit
leakage of radioactive materials into the environment following a loss-
of-coolant accident. The structural steel frame is supported solely by
struts attached on the containment shell. To maintain the required,

'

leakage limits, a flexible seal is provided around the entire periphery
of the enclosure / auxiliary building interface. This seal is designed to
absorb all anticipated differential seismic movements between the con-;

i tainment and the auxiliary building without loss of the seal's leak-
tight integrity.

i

| The annulus area between the containment and the enclosure building
is maintained at a slightly negative pressure (0.25 inch w.g.) during
accident conditions by the Standby Gas Treatment System.

Typical MK III alternative design parameters are listed in Table
3.4.

3.5 Containment Systems,

3.5.1 Introduction
,

BWR containment designs incorporate several types of safety systems
for the conditioning and treatment of containment atmospheres and isola-.

| tion of various systems that have the capability to compromise contain-
! ment integrity during accident situations. In general, each of these

systems can be grouped into one of three categories: (1) mass addition'

or removal systems, (2) energy addition or removal systems (systems that
*

transfer energy without exchanging mass), and (3) containment reconfig-
uration systems (systems that change the containment system bounda-
ries). The purpose of this section is to describe the design and opera-
tion of these systems.

3.5.2 Residual heat removal system

The Residual Heat Removal (RHR) System, shown in Fig. 3.9, is a
multipurpose system which has six or seven operational modes (plant
specific), each with a specific purpose. The low pressure coolant in-
jection mode (see Sect. 2.6.7) restores and maintains reactor vessel wa-
ter level following a LOCA. The containment spray mode condenses steam
and reduces airborne activity in the containment following a LOCA. The
suppression pool cooling mode removes unwanted heat from the suppression

l pool. The shutdown cooling mode removes decay heat from the core fol-
! lowing reactor shutdown (see Sect. 2.7.1). The steam condensing mode
| (BWR 5 and 6 only) condenses reactor steam and returns the resultant

condensate to the reactor vessel via the Reactor Core Isolation (RCIC)! =

System (see Sect. 2.6.6). The fuel pool cooling mode augments the Fuel
Pool Cooling and Cleanup (FPCC) System if additional cooling capacity is

e

!

.
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required. The containment flooding mode allows flooding of the contain-
ment'if required for post-LOCA recovery: operations. Under accident con-.' ,ditions, the LPCI mode and :later (in MK III plants) the containment
spray mode ~are. automatically initiated. All other modes require manual
system alignment for proper operation.,

~

BWR-5 -and BWR-6 plants utilize 3 loop /2 heat exchanger RHR systems,
while BWR-4 plants utilize 4 loop /4 heat ~ exchanger . RHR systems. Each *

'

;. - loop of. the BWR-4 system incorporates an - RHR heat' exchanger, while one
; of: the RHR loops in the BWR-5 and BWR-6 systems does not incorporate a
] heat exchanger. In all cases, the secondary side of the heat exchangers
| is fed by the RHR (MK I) or station (MK II and III) service water sys-
+ tems or emergency standby water supply systems.

The containment cooling subsystem is an integral part of the RHR
; system and is placed in operation to limit the temperature of the water
; in the suppression pool. With' the RHR in the containment cooling mode |
{ of . operation, the RHR main system pumps are aligned to pump water from
j the suppression pool through the RHR heat exchangers where cooling takes '

place by transferring heat to the RHR service unter.'

The water pumped through the RHR heat exchanger can be diverted to,

i spray headers in the drywell, containment building (MK III design), or
! above the suppression pool (plant dependant). The spray headers in the
i drywell condense any steam that may exist.in the drywell, thereby lower- ;'

ing containment' pressure. The spray collects in the bottom of the dry-
well until the water level rises to the level of the pressure suppres--

! sion vent lines (MK I and II), or the suppression pool weir wall (MK '.'

III) where it overflows and drains back to the suppression pool. In
i some plants, part of this flow can be directed to the suppression chan-
] ber spray ring to cool any noncondensable gases collected in the free
; volume above . the suppression pool, but the spray headers' cannot be
j placed in operation unless the core cooling requirements of the Low , ,

1 Pressure Coolant Injection subsystem have been satisfied. These re-
; quirements can be manually bypassed under certain conditions.
4 The ' containment spray mode is automatically initiated. in MK III
i plants on receipt of a high drywell pressure signal plus a 10 min time
| delay. ' Simultaneous initiation of multiple containment spray loops is
i prohibited by a timer which inhibits' activation of. a second loop until
| 90 seconds af ter initiation of the first loop.. The purpose of this de-
i. lay is to prohibit abrupt containment - steam condensation transteats that
{ could result in containment failure due to subatmospheric containment
! pressures.

,

! The flow path for the containment' flooding mode (MK III systems) ~ is
i from the ultimate heat sink (pond, lake, river, or ' ocean as ' appropriate
| for the plant site),' through the service water pumps and piping ~into the
; RHR B loop . downstream of 'the' heat exchangers, through._ the RHR B loop-

discharge piping and: to the suppression pool via the full flow test-

i line. The flow can' also be ~ directed ' to the reactor vessel via the reg-
; ular LPCI injection ' lines. . This mode requires ~ manual valve ' alignment

outside the control' room. .,

,

1
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3.5.3 Standby gas treatment system

i 6
The purpose of the plant Standby Gas Treatment System (SGTS) is to'

| process exhaust air from the Main Steam Isolation Valve Leakage Control
System and the secondary containment boundary under design basis acci-

! dent conditions. The SGTS can also be used to purge air from the reac-
1 * ' tor - drywell under certain conditions. Each of the two or three trains

of the SGTS (Figs. 3.10-3.13) consists of a - moisture separator, a
' heating element to reduce relative humidity, a prefilter, a high;<

efficiency particulate absolute (HEPA) filter, a , charcoal filter, a
second HEPA filter, and a blower. Table 3.5 is a sunenary listing of theI

; locations which can be aligned to feed the SGTS system.
All SGTS trains are automatically initiated by receipt of any of

; the signals listed in Table 3.6. All normal containment ventilation
i systems automatically shut down upon receipt of ~ a SGTS initiation sig-

nal, and all air flow is processed through the filter trains. Present*

SGTS designs vary widely in their rated capacities (i.e., 8,000 SCFM to
i 25,000 SCFM). In general, the smaller capacity systems incorporate some

recirculation of filtered containment air as part of the treatment pro-
cess.

: The Grand Gulf MK III design (Fig. 3.13) utilizes two redundant
SGTS loops, each consisting of a 17,000 cfm enclosure building recircu-

i lation fan and a charcoal /HEPA filter train with its own 4,000 cfm cen-

trifugal blower. The recirculation fans draw air from the auxiliary
building and the enclosure building, mix this air by turbulent flow in.

the ductwork, and return most of the mixed air to the enclosure
building. The minimum mixing ratio of enclosure building air to aux-

! iliary building air is 8:1. A portion of the recirculation fan dis-
charge is drawn into the charcoal filter train and exhausted to the at-i

*

; mosphere.3*4
: The Limerick BWR 4-MK II plant utilizes a SGTS in conjunction with
! a Reactor Enclosure Recirculation System (RERS) (Fig. 3.11). The' RERS .
! is activated by the same signals that initiate SGTS operation. The RERS
I consists of two 60,000 scfm capacity recirculation ' fans and
i charcoal /HEPA filter trains. The system takes suction from either the

! : reactor building or the refueling floor, passes through the filter
trains, and is exhausted back to the desired compartment (i.e., reactor'

j building or refueling floor). A small portion of the return recircula-

[ tion flow (~3000 sefs) is diverted ' to the- SGTS where . it is passes

j through the- SGTS filter trains before being exhausted to the atmosphere.
i

.3.5.4 Combustible gas control systems
_

! . Several; methods are employed in _BWRs to reduce -the probability of
2 gas . combustion within the! primary containment. 'In general, these .sys-
t tems can be classified as . hydrogen or oxygen reduction systems,= atmo-
* *- - spheric mixing systems, and containment venting systems. . All domestic'

MK Is and MK IIs employ a primary containment ~inerting systen which
;

maintains the' drywell' and wetwell atmospheric oxygen fractions at very:

j low values (typically ~4%) during normal plant operations. . This is ac-
. . complished by injecting nitrogen into the primary containment atmosphere .

.

.-
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while purging. the resulting containment gas mixture via the SGTS or con-
~.tainment . ventilation system. The inerting system continues to supply .

nitrogen to the containment-during operation, to account for oxygen mass
concentration' changes _resulting from containment atmospheric temperature' changes, leakage,_etc.

MK Is and some MK IIs also employ . a containment atmospheric.dilu-,

i -tion - (CAD) system which :is Ldesigned to maintain the post LOCA contain- *

-ment atmospheric oxygen fraction below 5%. This is accomplished by
feeding nitrogen to the drywell and/or the wetwell atmospheres, while
purging the selected compartment atmosphere via the Standby Gas Treat-
ment System. The operator manually controls the CAD system nitrogen,

feed and containment venting flow rates and frequencies.
'

Many plants utilize thermal _ recombiners for combustible gas con-
trol. The exact type and configuration of the recombination system

; varies significantly f rom plant _ to plant. One system employed in a MK
1 II facility . utilizes a recombiner located outside the primary contain-
! The hydrogen-oxygen recombination process takes place within thement.
j recombiner as a result of an exothermic reaction. The steam is cooled,'

and the resulting water - and remaining gases are returned to the primary -
containment. The cooling water used .to cool the return gases is taken

j from the RHR system. Recombiner suction is taken from the drywell and
! the discharge is returned to the suppression chamber air space. The! system, which requires a 1- to 2 hour warmup, is manually controlled by

the operator. The recombiners in MK. III plants are typically natural.
convection units, located within the primary containments. The waste *

; heat from these systems (~50 kW each for two recombiners) is dumped di-'

rectly into the containment atmosphere.
I In addition to recombiners, .MK III plants (which are not inerted) -

i- utilize two ' other systems for combustible - gas control.= A hydrogen
mixing system (Fig. 3.14) is ' utilized to draw air from the containment .

! and discharge it into the.drywell. The resulting drywell pressurization
-

j ' depresses the' pressure suppression pool level within the drywell, uncov-' ering some of the suppression pool vents. This allows the drywell and
containment atmosphere to mix. The compressors for this system are lo-

>

i cated within the containment. The second system utilized in standard MK
{. III- facilities is a ~ containment purge ' system. This - system is utilized
j in conjunction with the hydrogen mixing system described above for cases -

in which the mixing system cannot adequately control the hydrogen con-,

i centrations within the drywell - and containment. The purge system em-~

ploys a 2 in. drywell vent L11ne which terminates in the annulus between
:the containment and the - shield building. ' This line is opened as..neces-

ary to vent the containment to the annulus compartment where the gas iss

subsequently treated and released by the SGTS. A'similar_ venting system.
is available ~in MK I plants, where the .drywell can be vented to the
SGTS.

L

Finally, hydrogen igniter systems are currently being installed in
some MK- III plants to~ assist . the. operators in controlling containment

_

combustible gas fractions in the event 'of _ a severe accident.- These 'sy's-
..

~

tems are designed to initiate " burning" of combustible mixtures before
" explosive" gas'_ concentrations 'are reached.

..;

I
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3.5.5 MK-1 and MK II containment HVAC systems
|

| :*

As previously described (Sects. 3.1-3.3), MK I and MK II designs '

incorporate a primary containment consisting of a drywell and suppres-
J sion chamber, and a secondary containment consisting of a reactor

building which completely encloses the drywell/wetwell system. Figure~ * '
i 3.15 is a simplified schematic representation of the MK I (also typical
; of MK IIs) containment ventilation system (drywell coolers not shown).
L All MK I and MK II containment designs utilize drywell atmospheric
! cooling systems for the maintenance of appropriate drywell conditions
! during normal operation. The temperature of the drywell is maintained
'

by multiple fan forced cooling units which incorporate heat exchangers
to transfer energy to the reactor building closed cooling water sys-

! tem. This heat removal capability is necessary to balance drywell atmo-
spheric heat inputs from sources such as motors and the reactor vessel
and steam line surfaces during both reactor operation and after reactor
scram. The units can be powered by emergency power supplies and would

i be available during many severe accident situations.. Drywell cooler
'

systems typically have rated heat removal capacities of 5 x 106 Btu /h
(Browns Ferry).

The -reactor building is heated, cooled, and ventilated during nor-
'

~ mal and shutdown operation by a circulating air system. The reactor
i building heating and ventilating system is shut down and isolated when

the secondary containment is isolated and connected to the Standby Gas
Treatment System. While the reactor building heating and ventilating< *

system is not an engineered safeguard, certain components do perform en-,

| gineered safeguard functions. The double isolation valves, the vacuum
'

relief valves, and the equipment area cooling units serve engineered
safeguard systems and are designed to engineered safeguard standards and

,

.

criteria.
4 The ventilation system provides 100% makeup air. Outside air is
i filtered and then passes across hot water coils for winter heating and
j through evaporative coolers for suasmer cooling, and hence to the supply
! fans. The filters, coils, coolers, and supply fans are located outside
; the reactor building. 'The ventilation system supplies 23.5 m /s (50,0003

3ft / min) of air per unit to the refueling. zone [11.8 3> m /s (25,000
3ft / min) during heating season). The reactor zone ventilation system

3 3sugplies '47.2 m /s (100,000 ft / min)'of. air per unit 3[23.5 m /s (50,000
ft / min) during the heating season]. '

, '

j The. ventilation of air from the reactor building is ducted to
j exhaust fans located on the reactor' building roof. The air from each

.

j zone is monitored- before release. High ~ activity will isolate the sec-
; ondary containment. ' Normal. ventilation air exhaust is not filtered..~

4 The RHR pumps and the core spray pumps are located ~in the basement
rooms of . the reactor building. The heat -loss from the motors, pumps,
and piping is removed with' air-cooling units.

j The reactor building ventilation system can also ' supply ' 2.8 m /s3.
3(6000 ft / min) to the drywell or pressure suppression chamber.' This_ airi

; is ' used for Furge and ventilation of the1 primary containment systea.
[ The purge and ventilation exhaust from the primary containment is first-
! - processed- by a filter train assembly. and then channeled through the re-_,'

actor building exhaust system. The primary containment purge and venti-
lation system is isolated from the _ primary containment by - two isolation'

.

f
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f
- valves in series, during power operation. These _ valves are part of the

. >
n '

,

j primary containment isolation system. *

3.5.6 MK III containment HVAC systems j
4

*
i

; 3.5.6.1- Primary containment systems. The primary containment HVAC *
' system - (consisting of the .Drywell Recirculation System, Drywell Purge |

Ventilation System, Containment . Normal Ventilation System, Containment |.

: High Flow Purge System, and the Containment Recirculation System) pro- I

vides ' an environment with controlled temperatures, humidities, and air>

Iflow patterns to ensure the comfort and safety of personnel and the op-
erability of equipment located in the containment. It is used to remove

: - potentially radioactive air , from the containment during normal operation |
| and to provide outside air for the purge of the drywell during refueling '

operations. The primary containment HVAC system is whown schematically
t

in Figs. 3.16 and 3.17. i

i Rooms or areas which might contain relatively high airborne radio- |
{ activity levels are exhausted so as to maintain - them at a negative pres-
J sure with respect to the general containment volume. Exhaust from the '

| containment exhaust fans is normally directed to the plant exhaust vent.
' but can be manually diverted to the Standby Gas Treatment System. All :

Primary Containment HVAC System equipment is supplied power by the !
'

Standby AC Power System.
L

7 The Drywell Recirculation System conditions the air in the drywell |.

to maintain it within acceptable environmental conditions. Each drywell !
4

| recirculating air handling unit (AHU) houses two cooling coils and a no- ,

[ tor driven centrifugal fan which delivers 18.9 m3/s (40,000 cfs). i

The drywell recirculating ANUS circulate the existing air through t

the drywell since there are no normal sources of supply or exhaust air * '

to the drywell. The drywell recirculation units are divided into two I
. groups, each consisting of three air handling units and one electric
! heating coil with a common header. Two units on'esch group are normally |
1 operating with the third unit in standby. |

: The Drywell Purge Ventilation System is used to purge the drywell [
! during shutdown or refueling prior to personnel entry into 'the

[
; drywell. . During purging operations, fresh air is supplied to the con-

,

j. tainment by the containment high flow purge ANU and the normal supply !
j AHU. The normal containment exhaust fan and the high flow purge. con- |

| tainment exhaust fan take a suction on the drywell and containment areas.
- and exhaust this air via the normal exhaust. !

| The Containment Normal Ventilation System, shown in Fig. 3.17 con-
, .sists of a normal supply ANU and a normal exhaust fan. When radiation

monitors . detect a high radiation. level in the containment exhaust, all4 '

ventilation primary and secondary containment penetrations are autons-
tically isolated.

.
. The containment high flow purge system supply ANU is used in con- 1

junction with the containment high flow purge exhaust fan during refuel- *-

ing to provide additional air - flow through the containment.. This
i. -

,

.

i

*
,
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removes heat, vapor, and radioactive particles from above the upper con-
tainment pools for personnel comfort and to minimize radiation

,
exposure. The high flow purge supply AHU and purge exhaust fan are
energized during drywell purging prior to personnel entry to provide
additional air flow to reduce temperature and radiation levels within
the containment. Containment exhaust, instead of being directed to the
plant exhaust vent (normal flow path), can be directed to the Standbye

Cas Treatment System (SCTS) filter train.
The containment recirculation system A!!Us, maintain the containment

at the proper temperature and humidity during normal operating condi-
tions. Air to the containment is introduced near the intakes of the re-
circulation AlIUs to ensure a uniform distribution of makeup air through-
out the containment. Each containment recirculation AllU houses a
profilter, a cooling coil, and a motor driven centrifugal fan. The
units are divided into two groups each consisting of three AllUs and an
electric heater conrnon to all three AlIUs. Two of each group of three
AllUs are normally running with the other AHU in each group in standby.
There are also two containment dome fans which are located in the top of
the containment area. Both fans are normally operating to prevent hot
air pocketing in the containment dome.

3.5.6.2 Secondary containment systems. The annulus IIVAC system
provides means of monitoring, controiling, and treating effluents from
the annulus prior to release to the environment. The annulus llVAC sys-
tem, shown in Fig. 3.18, consists of an upper and lower duct ring
header, two recirculation / exhaust fans, motor operated control dampers,.

and motor operated isolation dampers. During normal operations, one of
the two redundant recirculation / exhaust fans is operating, with the
other fan in standby. These recirculation / exhaust fans take suction
from the top of the annulus through the duct ring header and discharge

* flow through the motor operated exhaust damper and recirculation dam-
per. The exhaust damper for the operating fan is positioned to exhaust
as much air as necessary to maintain an annulus pressure of negative 5
inches w. g . The portion of the flow not required for maintaining the
annulus negative pressure is exhausted through the lower duct header.
This recirculation flow prevents hot spots and heat butidup in the upper
portions of the annulus. Also, the recirculation allows time for short-
lived isotopes to decay prior to discharge.

The exhaust from the annulus normally is through the isolation
dampers to the plant ve nt , via the operating containment exhaust fan.
An additional air flow connection with the annulus is from the contain-
ment vacuum relief valves. These valves are provided to prevent
exceeding the containment external design pressure. Each vacuum relief
valve consists of a pipe, a check valve, and an air operated valve which
connect the containment to the shield building annulus. The shield
butiding annulus functions as a collection point for post 14CA MSIV-LCS
flow, post-LOCA drywell purge flow, post LOCA containment duct isolation
valve leakage flow, and drywell pressure bleed-of f vent flow during re-

* actor heatup.
The auxiliary building is divided into mones for ventilation pur-

poses. The zones are necessary because of the possibility of radio-
active releases or extreme environments occurring in the secondary con-

* tainment portions of the building. The doctwork routes air flow from
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areas of low radioactive levels to areas of potentially higher contami-
nation. Backdraft dampers are provided in the ducts serving areas of a

high radioactivity levels. A pressure gradient is maintained between
areas of low and potentially high radioactivity levels by exhausting
more air from areas of potentially high radiation than is supplied.

The Auxiliary Building flVAC System, shown in Fig. 3.18, consists of
,

the following major components: two full capacity pressure control sup-
ply AlIUs; two full capacity exhaust fans; and eight fan coil units
(FCUs). During normal operation filtered and tempered outside air is
supplied to the general areas and corridors of the auxiliary building,
to the fuel building stairwell vestibule, and to the llVAC equipment area
by one of the pressure control supply air handling units and will be
drawn through the ECCS, RCIC System, and RWCU System equipment rooms
(within the auxiliary building) and exhausted from the building by one
of the exhaust fans. Cooling water for the AllU cooling coils is sup-
plied by the Chilled Water System.

The ECCS, RCIC System, and RWCU System equipment rooms and corri-
dors surrounding these rooms are maintained at a negative pressure
(~0.325 inches w.g.) with respect to the outdoors and the surrounding
areas of the auxiliary building not included in the secondary contain-
ment. This slightly negative pressure is desirable because it limits
any possible spread of airborne radioactive particles to the
atmosphere. Since the secondary containment portion of the auxiliary
building is at a negative pressure with respect to surrounding areas,
any leaks are into the auxiliary building secondary containment. The *

reactor auxiliary equipment and RWCU system equipment rooms in the aux-
111ary building secondary containment are cooled by individual fan coil
units (FCUs). Each FCU circulates the equipment room air through
cooling coils of each FCU under normal, loss of preferred power, and ac- .

cident conditions except for the RWCU System fan coil units during a
LOCA. The secondary containment portion of the Auxiliary Building flVAC
System can be isolated so that these areas can be ventilated by the
Standby Cas Treatment System.

The Fuel Building IIVAC System, shown in Fig. 3.18, consists of the
following componentet pressure control supply AlIUs; full capacity ex-
haust fana; fan coil units (FCUs); unit heaters; and associated ducts,
dampers, and controls. Differential pressure controllers modulate inlet
vanes at the suction of the exhaust fans to control fuel building
exhaust flow and maintain the fuel building negative pressure (-0.325''
w.g.). The supply AliUs supply tempered, filtered air for all portions
of the fuel building except for stairwells and elevator vestibules
served by other systems. Inlet air to the supply AllUs is normally one-
third outside air and two-thirds return air from the general areas of
the fuel building. Normally, both supply AllUs are operating and one ex-
haust fan is operating. The second exhaust fan remaina in standby. This
standby fan will automatically start when the discharge air flow from
the operating exhaust fan is low. -

The Fuel Butiding IIVAC System ductwork is designed to prevent the
spread of radioactive contaminants within the fuel building. The duct-
work routes air flow from areas of low radioactivity levels to areas of
potentially higher contamination. Exhaust from areas with potentially

.

high radiation levels is not returned to the supply AllUs, but is routed

- _ _
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to the exhaust fan suction via the exhaust duct, where it is exhausted
to the plant vent..

The individual equipment room and area environments are automa-
tically maintained by fan coil units and electric unit heaters. With
the exception of the fan coil units serving the SGTS equipment rooms,
the shield annulus recirculation / exhaust fan rooms, and the fuel pool-*

cooling and cleanup pump rooms (all safety related), the fan coil units
utilize chilled water supplied by the Chilled Water System as the
cooling medium. The FCUs serving the safety related equipment rooms are
supplied cooling water by the Standby Service Water System.

3.5.7 Alternative MK III containment HVAC systems

The maintenance of desirable environmental conditions within the
containment of the alternative MK III design is performed by the Drywell
Cooling, Containment Cooling, Containment Ventilation, Containment Fil-
tration, and Auxiliary Building Ventilation Systems. All of these sys-
tems except the Auxiliary Building Ventilation System-are shown schema-
tically in Fig. 3.19.

The Drywell Cooling System consists of recirculating fan coil units
and the associated dampers, ducting, and controls. Each FCU consists of
two full capacity fans in parallel and two full capacity cooling coils
in series. Six fan coil units are provided to distribute cooling air
effectively and with minimum duct work. Normally, one fan and one coil,

of -esch fan coil unit operate with the other fan and coil in standby.
Each unit represents 25% of total capacity.

The Containment Cooling System recirculates the containment atmo-
sphere to maintain design conditions of 300 K (80*F) and 60% relative

*

humidity during normal plant operation. The Containment Cooling System
consists of recirculation coolers and the associated dampers, ducting,
and coctrols required to maintain the design containment temperature and
relative humidity. Each containment cooler consists ~ of a cooling coil
and fan. Normally, two fan coil units are operating with the third in
standby.

The Coatainment Ventilation System consists of two 100% capacity
containment ventilation supply fans,. two 100% capacity containment ven-
tilation exhaust fans, one 100% capacity containment exhaust charcoal
filter train, and the associated ducting, dampers, and controls required
to provide a reliable source of fresh air for the comfort and safety of
personnel. The containment exhaust charcoal filter train consists of
the following components arranged in series with respect to air flow:
desister, heating coil, profilter, high efficiency particulate air
(HEPA) filter bank, charcoal filter bank, and HEPA filter bank. A small
amount of the containment atmosphere is continuously exhausted during
normal operation via the containment exhaust charcoal filter train and
one of the containment ventilation exhaust fans.*

The Containment Filtration System consists of two 100% capacity
containment cooling charcoal filter trains that continuously recirculate
a portion of the containment atmosphere to limit the concentration of
airborne radioiodines ' to an acceptable level during normal operation.

*

Each filtration train consists of the following . components arranged in
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series , with respect to air flow: demister, heating coil, prefilter,.-

L HEPA filter bank, - charcoal filter bank, HEPA filter bank, and centri-
~

.

fugal fan. - The heating coil in each filtration train provides humidity
control.

I The~ Containment' Cooling, Ventilation, and Filtration System has
*

several modu of operation. The modes are as follows:

; 1.- Normal operating mode *

' 2. Containment purge mode
3. Containe.ent cleanup mode
4. Drywell purge mode

During the normal operating mode, the containment is maintained at
4- 300 K (80*F) and 60% humidity by recirculating the air through the con-

tainment coolers. Makeup air as requirec' for personnel access is sup- ;
plied to the containment by the ventilation supply fans in a quantity

,

approximately equal to that exhausted - by the containment ventilation
exhaust fans and associated exhaust filter train.

j During the containment purge mode, the entire volume of air routed
i to one or both charcoal filter trains is discharged to the atmosphere

with no recirculation to the containment. The containment ventilation
supply and exhaust fans are idle during this mode. The drywell/contain-
ment purge fans supply makeup air during this mode. Both charcoal fil-

; ter trains and purge fans can be used to provide additional purge capa-

| city.
; During the containment cleanup mode, the containment atmosphere is

routed through one or both charcoal filter trains and the recirculation -

; supply and exhaust fans and the drywell/ containment purge fans are idle
! during this mode.

} The Auxiliary Building Ventilation System is designed to provide an
;

environment ' with controlled temperature and humidity to ensure comfort
,

and safety of personnel and the integrity of auxiliary building equip-4

i ment. The auxiliary building is divided into six ventilation zones as

| follows: zones 1-4 for the first through fourth floors, respectively;
zone 5 for the fuel handling area; and zone 6 for the pipe tunnel out-'

side the containment.
} All zones except the fuel handling area zone are provided with fan

-

coil units with heating and cooling coils. During normal plant opera-'

; tion, each fan coil unit supplies conditioned air to its respective

| zone. When a given unit is started, its outside air damper opens to its
| preset normal position to regulate the amount of makeup air to be sup-

plied to the zone.,i

; Since the auxiliary building comprises part 'of the boundary ' ares

| for the Standby Gas Treatment System, any SGTS initiation causes isola-

| tion of the. Auxiliary Building Ventilation System. During normal opera-
' tion, fan coil -units in zones 1-4 - provide cooling to rooms occupied by

ECCS equipment which,is-normally idle. . hen ECCS equipment is in opera-W
tion, cooling is provided by safety grade equipment area' cooling units.

The fuel handling aren zone has - the following ventilation ' equip-,

| ment:
~

,

l. Two 100% capacity fuel handling area supply fans which provide ven - ''

, tilation and askeup air' to ' the space ~ during normal operation and
during pool sweep equipment operation.

'

, .

.
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2. Two 100% capacity fuel handling area exhaust fans which exhaust air
. from the fuel handling area and other areas within the auxiliary

building during normal operation.
3. One 100% capacity fuel handling area fan coil unit which recircu-

lates the fuel handling area atmosphere and maintains space design
conditions.

*
4. Two 100% capacity fuel pool sweep supply fans and two 100% capacity

; fuel pool sweep exhaust f ans to provide a controlled circulation of
air across the surface of the spent fuel pool, the fuel cask
storage pool, and the transfer canal during fuel handling opera-
tions.

] During normal operation, the fuel handling area is ventilated and
4 maintained at a slightly negative pressure with respect to its sur-

rounding areas by the fuel handling area supply and exhaust fans.
, During fuel handling operations, the fuel pool sweep supply and exhaust
j fans are run to supply and remove air across the surface of the pools.
! Radiation elements are installed in the suctions of the fuel han-
a dling area exhaust fans and the fuel pool sweep exhaust fans. Upon high
'

sensed radiation by either of these elements, the SGTS is started which
then causes the Auxiliary Building Ventilation System to isolate.

3.5.8 Secondary containment fire protection sprays
4

All domestic BWRs incorporate some form of spray system to provide| .

automatic fire protection for areas inside the secondary containment.
| These systems typically utilize wet pipe sprinkler systems whose opera-
; tion is initiated in the event of a rise in ambient temperature to the

melting point of the fusible links on the sprinkler heads. The flow of
*

i water through an alarm check valve energizes a flow switch which starts
' the system pumps. In addition to this automatic mode of operation the

system can also be initiated by local smoke detectors or manually. Typ-,

ical system spray rates are 7 x 10-5,3/s (0.15 gpa per square foot) of'

floor area.3.5
.

| 3.6 BWR Containment Structures and Systems - Summary

1 This chapter has presented a summary description of the BWR con-'
tainment structures and systems which might influence the outcome of a

: severe accident. These structures and systems are summarized for each
of the major containment types in Tables 3.7 through 3.10. The systems
and structures in these tables are classified as either heat transfer
(Q) or mass transfer (M) systems.

Figures 3.20 through 3.24 are schematic representations of generic
MK I, MK II, standard E III. - and alternative MK III containments which

incorporate all of the features listed in Tables 3.7 through 3.10. It; .

I should be emphasized that no single BWR plant will contain all of the
features shown in Figs. 3.21 through 3.24.

'

An illustration of the usefulness of Figs. 3.21 through 3.24 can be
seen by examining Fig. 3.21. The figure ~ illustrates that there are four,

- _. - __ _ . _ __ _ - . . _ __ _ _ _ ._._ __ _
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'

major compartments within the MK I containment. The drywell contains
the reactor vessel, recombiners, fan coolers, -sprays, and heat ,

conducting slabs, and is connected to the standby gas treatment system
and nitrogen injection systems. The suppression pool is connected with
the drywell by vent pipes which extend below the pool surface. The
suppression pool serves as a destination for HPCI and RCIC turbine and
SRV exhaust steam and is connected to a cooling system. The pool also *

serves as a source of water for ECC systems. The air space above the
pool (in the pressure suppression chamber) is connected to the drywell
vents and the reactor building atmosphere via vacuum breakers and
contains a spray system. The reactor building houses the drywell and
pressure suppression chamber and is connected to the refueling floor via
blowout panels. Additionally, the reactor building serves as a heat
sink for waste heat from various reactor systems and is cooled by fan
coil cooling units. The atmosphere of the reactor building is connected
to the suppression chamber (via vacuum breake rs ), the standby gas
treatment system, and spray systems. Finally, the refueling floor is
connected to the reactor building and the outside atmosphere via blowout
panels and the standby gts treatment system.
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.

Table 3.1. Typical MK I primary containment
design characteristics

.

SuppressionDrywell chamber

Internal design pressure, psig 56 15

External design pressure, psig 2 0.8
Design temperature, 'F 281 185

Free volume, ft3 159,000 119,000
(minimum)

.

Suppression pool water
volume, ft3 135,000 (max)

.

Table 3.2. Typical HK 11 containment
design chsracteristica

.

SuppressionDrywell
chamber

Internal design pressure, peig 45-55 15

External design pressure, psig 5 0.8
Design temperature, 'F 340 185

Free voluno, ft3 160,000- 93,000-
240,000 170,000

Supgressionpoolwatervolume. 74,000-160,000
ft

.

.
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Table 3.3. Typical Standard MK III containment
design characteristics

O

SuppressionDrywell
chamber

Internal design pressure, psig 30 15

External design pressure, psig 21 0.8

Design temperature, 'F 330 185 l

Free volume, f t3 275,000 1,168,000

Suppression pool water volume, 12,000 120,000
ft3 (max)

Shield building volume, f t 400,000

.

Table 3.4. Typical Attornative HK III
| containment design characteristics

e

8"PP''"I "Drywell ,

chamber

Internal design pressure, peig 30 15

External design pressure, psig 21 3

Design temperature, 'F 330 185

Free volume, f t3 275,000 1,400,000

Suppression pool water volume, 13,000 125,000
ft

Auxiliary building volume, ft 3 3,000,000

Enclosure butiding volume, f t3 600,000

.

O
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Table 3.5. SGTS suction locations !

Containment type jCompartment ,

(MK) r

i
Drywell All

'

Suppression chamber I, II |
HPCI gland seal exhaust blower I

Reactor building I, 11

! Refueling zone I, II
l

Fuel building III

Auxiliary building III, IIIAa ,

i
Shield building annulus III [

Enclosure building IIIAa
Main steam isolation valve leakage II, III |
control system

aAlternative * III design. |

t

e

Table 3.6. SGTS initiation i
signals

,

:

Reactor zone high radiation !
,

Refueling sone high radiation

Low reactor water level
High drywell pressure
Containment exhaust high radiation

|
Fuel building high radiation

,

! Fuel pool airspace high radiation
Loss of preferred power -

-
; <

1 .

| [*

|

|

_ --- - - - - _ _ -- .___- _ _ .- - . . _
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a i* Table 3.7. MK I systems and structures

!

in 9out M HS in out

Drywell Recombiners DC DV DV

RV DS Sprays SGTS

VB

Break flow
CAD

Wetwell RHR HPCI/RCIC VB

Turbine exhaust ECCS

suction
SRVs
Sprays
VB
DV

RB/RXZ ECCE RC Sprays- BP.

Break VB

SGTS

RB/RFZ Sprays SGTS

e BP BP

8 RV Reactor Vessel
DS Drywell Structures
DV Drywell Vents
DC Drywell Coolers
VB Vacuus Breakers ,

CAD Containment Air Dilution Systes |
ECCE Emergency Core Coolitig Equipment

RC Emergency Core Cooling Equipment Roon Coolers
BP Blowout Fanels

RB/RXZ Reactor Zone of Reactor Building

RB/RFZ Refueling Zone of Reactor Building

|

!-

>

0

_ _ _ _ _ _ . _ _ _ . . _ _ _ _ _ _ _ _ _ . _ . _
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Table 3.8. MK II systems and structures" .

91n N M Mout in out

Drywell Recombiners DC Sprays DV

RV DS DV SGTS

Break flow
CAD

VB

Wetwell RHR HPCI/RCIC ECCS
Turbine cyhaust suction
SRV

Sprays
DV

RB/RXZ RERS RERS RERS RERS
ECCE RC SGTS SGTS

Sprays BP
,

Break

RB/RFZ RERS RERS RERS RERS
SCTS SGTS

d RV Reactor Vessel
DS Drywell Structures
DV Drywell Vents
DC Drywell Coolers
VB Vacuum Breakers

CAD Containment Air Dilution System
ECCE Emergency Core Cooling Equipment

RC Emergency Core Cooling Equipment Room Coolers
BP Blowout Panels

RB/RXZ Reactor Zone of Reactor Building
RB/RFZ Refueling Zone of Reactor Building

,

RERS Reactor Enclosure Recirculation System

.

e
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Table 3.9. Standard MK III systems
o and structuresa

9 9 N Mtn out in out

Drywell RV DRS RilR/ sprays DV

Recombine rs DS Break flow
VB SGTS

112 mix sys.
DV

Containment RilR VB SGTS

DV 112 mix sys.
R!lR/ sprays Purge sys.
RilR/ flood ECCS

RCIC turbine suct'

exhaust
SRV

Annulus Conduction Drywell purge SGTS.

through VB

cont. walls

Fuel B1dg Fire sprays SGTS

*
Auxiliary ECCE RC Fire sprays SGTS

Bldg

d RV Reactor Vessel
DS Drywell Structures
DV Dtywell Vents
DC Drywell Coolers
VB Vacuum Breakers
DRS Drywell Racirculation System
CAD Containment Air Dilution System

ECCE Emergency Core Cooling Equipment
RC Emergency Core Cooling Equipment Room Coolers
BP Blowout Pancis

e

C

-
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Tats te .' .10. Alternative MK III aystems
aand strict urcs

. . . _

S N M Nin oot in out

Drywell RV DG RilR/ sprays DV
Recombinera DR VB SGTS

DV DP

R r eit'.t flow

Containment CC RilR/sp rayn SGTS
DV ECCS

RCIC turbine suction
exhaust

Aux 111 arf RC Fire sprayu SGTS
Bldg "

*

Enclosure SGIS SGTS
Bldg

'l RV Reactor Vessel a

DS Drywell Structures
EV Drywell Ve nt><
DC Drywell Coctere
VB Vacuum Breakars

DRS Drywell Ret.irculition System
CAD Containment Air D;Iution System

ECCK Emergency Core Cooliny, Equipment
RC Mmergency Cort Cooling, Equipment lioom Coolers
BP Blowout Paneln
DP Drywell.Purg
CC Cont.ilnment Coolln;

,

O

6
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4. BWR PRA RESULTS SURVEY - DOMINANT SEQUENCES

-

Table 4.1 contains a listing of domestic BWRs for which probabil-
istic risk assessments (PRAs) have been completed or are currently un-

i derway.4*1 The majority of these studies have employed the general
, , . methodology and in most cases the models and codes (i.e., MARCH, CORRAL,

CRAC) that were developed during and as a result of the Reactor Safety
Study (RSS).4 2 While these PRAs have been performed over an 11 year
period, the results are generally consistent and indicate that the four
" risk dominating" sequences are: (1) transients coupled with failure to
provide makeup water to the reactor, (2) transients accompanied by loss
of containment (suppression pool) heat removal capability, (3) trans-

; ients coupled with failure to achieve reactor suberiticality, and (4)
! loss of coolant (pipe break) accidents. Although these four accidents

are consistently ranked as the major or risk dominating sequences, their
t relative order and absolute core damage probabilities vary widely from
i study to study.

Table 4.2 is a summary listing of the RSS BWR accident sequence
symbols. Following this terminology, the four sequences named above are,

! designated as TQUV, TW, TC, and A or S transients.

!

.
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|
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Table 4.1. Domestic BWR PRAs
1

:

Reactor ContainmentPlant
type type

Peach Bottom 2 4 MK I

Oyster Creek 2 MK L

Millstone 1 3 MK I
4

Browns Ferry 4 MK I'

$ LaSalle 1 5 MK II

j Susquehanna 4 MK II

* Shoreham 4 MK II~

Limerick 4 MK II,

Grand Gulf 6 MK III-A

* GESSAR 6 MK III
<

.!

't

f

&

M

9

ng

5
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' ' Table 4.2. BWR accident sequence symbols
,

*
:

A -' Rupture of reactor coolant. boundary with an equivalent diameter of-

greater than 6 in.-

f B - Failure of electric power to ESFs. |
-

I
.

j. C - Failure of the reactor protection system.

D - Failure of vapor suppression.

E - Failure of emergency core cooling injection.
'

F - Failure of emergency core . cooling functionability.
i
i G - Failure of Eontainment isolation to limit leakage to less than 100

volume %/d.

i. H - Failure of core spray recirculation system.

.. I - Failure of low pressure recirculation system.*
I~

'

J - Fail'ure or~ high pressure service water system.,

| M - Failure of safety / relief valves to open.

) P - Failure pf safety / relief valves to reclose af ter opening.

{ Q - Failure of normal feedwater system to provide core make up water.
,

| Sg - Small pipe break' with an' equivalent diameter of ~2 to 6 in.+-

1

2 - Smallhipe break with an equivalent diameter of 0.5 to 2 in.i S

T - Transient event.'

1 +

j. U - Failure of _HPCI or RCIC to provide ' core make-up' water.

j 'V , Failure of low ' pressure ECCS to provide . core mak'e up water.

j W - Failure :co' remove resjdur.1" core heat.
1

~

. .
.

y

j a - Containment f ailure due to steam explosion in vessel.

| 6 - Containment failure duelto' steam explosion in containment.
.

' ~ y - Con'talaccat failure due; to overpressure - release through reactor
.

I
; building. ,

,
.

, s

j f - Containment failure .due to , overpressure - release direct . to atmo-
,

j sphere. ,
-

6 - Containynt ' isolation failure in drywell.
: i . .g>

{_ c - Containi' eat isolation failure in wetwell.
1

. ,3,
.

c - Containment leakage greater than 2400 volume %/d.
q - Reactor bhilding''. solation failure. .

i

0 Standby gas trea'. ment system failure.
.

<
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5. BWR SEVERE ACCIDENT MODELING NEEDS,

I -- GENERAL CONSIDERATIONS
'

;

| The purpose of this report is to identify the BWR systems, struc-
tures, and accident phenomena that should be modeled in order to perform
a realistic evaluation of severe accidents in BWRs. The fundamental

*

goal of sevirc accident analysis is to determine the probability, tim-
i ing, mode,' and magnitude of releases of fission products to the environ-

ment. It is clear, therefore, that any BWR system, structure, or phe-
nomena which has the capacity to significantly influence the probabil-

| ity, timing, mode, or magnitude of fission product release should be
| represented in future BWR severe accident analysis codes.

[ The appropriate structure of a severe accident analysis code should
be determined by intercompartmental issues such at the number and type
of flows entering and leaving a given compartment and the modes by which
various compartments can communicate with each other. The overall size
and sophistication of a code is determined by intracompartmental issuesj

i such as the level of detail employed in the modeling of the thermophysi-
cal phenomena which occur within a reactor vessel or a containment com-
partment. Additionally, it is apparent that, given the appropriate code
structure, improvements to various intracompartment phenomenology models
can be readily accommodated as our understanding of these phenomena im-
proves. Accordingly, significant effort has been expended during this
assessment to identify the various and energy mass and energy flows that

* might cross the reactor and containmer.; system boundaries during differ-
ent phases of a severe accident.

For purposes of discussion, all BWR plant designs can be repre-
sented by four compartments: reactor, drywell, wetwell (or containment
building), and secondary containment. Table 5.1 lists each of these,

,

i compartmeats, together with the various systems and structures that are
| present in or connect to each compartment. Realistic simulation of BWR
| severe accidents will necessitate some treatment of each of the systems
| and structures in Table 5.1. Code developers should therefore incor-

porate representations of these systems and structures in future BWR se-
vere accident analysis codes. The following chapters discuss the system
and structure interactions and accident phenomena which occur in each of

; these four compartments during a core melt accident.
|
|

|

l
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. . -Table 5.1.. BWR systems and structures summary
. r-: s ,

=
,

Interacting InteractingCompartment- ^
-s'ystems - structures

,

Reactor MSIV Vessel walls -

SRV: Core shroud
MPCI Shroud head3 >

>
4

HPCS. Standpipes
RCIC/ Steam separators
LPCI Steam dryers

J PCS Fuel rods
SLC Zr canisters

;fRWCU- Control rods
FW Core, plate
CRDHSt Top guide

.. .

JRecirculation Control rod guide tubes
Head spray Stub tubes

| Ins trument tubes-
'

Lower head ._
' ' Head drain

Drywell'. Atmospheric Rea or vessel walls
(fan) coolers Vents-

'''
Recombiners Drywell walls- *

'
~

Sprays Reactor pedestal-<

SGTS Pedestal cavity
i

'-

Vacuum' Penetrations
breakers'

.

, 'f Compressors<

(outlet)
Purge venting
Nitrogen-n

injection

; Wetwell/; RHR ~ Vents,

containment- RSprays Vacuum breakers
. building y- SRVs Walls"

' ~ ~ Vac'uum Drywell vents
: breaW a Drywell f.'or melt
AtNe .> ri- through.'
/f6, _us! . .. Misc. equipment ~ (heat,

j. . >fHEPA/ harcoat 11oads);
f. -filters; Penetrations./
,

- 3i . Purge wnting Ja j .

'

;;,

,SGTS -
4 ECCS. turbine E'7

" '.A; . ECCS, pump
-

*
.,.s

' '

' , g ',,. !
' suction: N, -:

.M.;, .,; s JCompressor-
_

'
-

I~ 3''

,s suction .
'

a.
'

,

| '/
. ,.

> - w
, LPool' makeup . .. - W *

, a
.

, . .
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Table 5.1. (continued)
*

Interacting Interacting
Compartment

systems structures
2

. | Secondary SGTS Blowout panels

Containment Fire Protec- Walls, ceiling, floor

tion Systemd

sprays
Vacuum
breakers

ECCE (heat'

loads)
ECCE Room
Coolers

HVAC systems

4

.O

$

.

i
1

T

i

.'

i

.

O

. . . -- ,. , . _, .~ , , -
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6. SIMPLIFIED BWR CORE MELTDOWN SCENARIO

.

6.1 Introduction

The discussion of in vessel BWR severe accident phenomena and
modeling needs will be enhanced by first describing a simplified BWR ,

core melt scenario in which the reactor is subcritical, isolated, and no
injection is available as makeup to the reactor vessel (this is the TQUV
accident with no operator action and no CRD hydraulic system flow). The
first scenario description presented here is based on calculations per-
formed for the Browns Ferry Unit I reactor with the ORNL MARCH 1.lB
code, which has been extensively modified to represent BWRs in a more
realistic manner.6 1,6 2 Houever, due to the nany remaining MARCH 1.1B
BWR nodeling limitations, the reader is cautioned that this scenario
should be vieved only as an approximation to the sequence of events
uhich might actually occur during such an accident. For analytical pur-
poses the core has been nodalized into a 10 radial zone, 10 axial zone
(Fig. 6.1) format.

6.2 Sequence of Events

Immediately following accident initiation, the SRVs begin actuating .

in the safety mode (automatic operation with 50 psi primary system blow-
down with each actuation), resulting in a reduction in reactor water in-
ventory. Since the reactor core is initially covered with several feet
of water, approximately 30 min pass before the core begins to uncover.
Due to steadily decreasing decay heat levels, the interval between SRV *

actuations continually increases such that at the time of core uncovery
the SRVs are actuating once every 3 to 5 min. Each SRV pop results in
an immediate but brief vessel water level swell of as nuch as 1.8 m (6
ft) and a substantial flow of steam and water through the core, upper
vessel internals, and the open SRVs. During the period between SRV
pops, the vessel slowly repressurizes to the SRV set point, and there is
relatively little flow through the core.*

Core structural temperatures begin rising immediately following
core uncovery. Fuel pin, canister wall, and control blade surface tem-
peratures in the uncovered portions of the 8th radial and 9th axial zone
are predicted to reach 1360 K (2000*F) about 70 min af ter accident ini-
tiation. At these temperatures, oxidation of the zircaloy fuel cladding
and canis te r accelerates, accompanied by heat and hydrogen generation.
Although less than 0.6 m (2 f t) of the core is covered at this time, the
continuing SRV actuations are producing momentary water level swells
which briefly cover significant portions of the core. The structural
integrity of the core has not yet been challenged, and no fission

.

*During the actual accident there is, or course, natural circula-
tion of water through the core during the earlier stages of the accident
when the water level is near the top of the steam separator outlets.
This phenomenon is not modeled in the MARCH code.
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products have escaped the fuel. The temperatures of the reactor upper
internals (shroud head, separators, dryers) are predicted to be ~590 K,

(600*F). The highest fuel temperature in the outer zone of assemblies
is ~870 K (1100*F).

Heatup of the core structures continues until ~78 min into the ac-
cident when the stainless steel control blade sheaths and control rod
cladding begins melting in the 8th radial, 6th axial region of the corea

(Fig. 6.1). At this time the maximum fuel pin and canister wall temper-
atures are near 1644 K (2500*F). Less than 2% of the total fuel pin
cladding and 1% of the total canister surf ace area are oxidized at this
time. The highest fuel temperature in the outer zone of fuel assemblies
is ~920 K (1200*F). Although the control blades in the 8th radial zone
have begun to melt , all fuel pins are intact and there has been no sig-
nificant release of fission products from the fuel. The SRV with the
lowest set pressure is cycling at ~7 min intervals.

By ~90 min into the transient (Fig. 6.2), fuel and canister wall
temperatures in several zones have risen to the point where melting of
the zircaloy fuel cladding and canisters is expected to occur [2150 K
(~3400*F)]. Less than 4% of the total fuel cladding is oxidized at this
time. These low oxidation levels are a result of steam starvation of
the Zr-H O reaction which is, in turn, due to the long intervals between2
SRV pops. During these intervals, there is relatively little steam flow
across the fuel pins. Fuel clad melting will result in prompt release
of some fission products (primarily noble gases) to the reactor in-
terior, followed somewhat later by release of the volatile fission pro-.

ducts such as cesium and iodine as the fuel temperatures continue to
rise. " Burst" type cladding failures are improbable since the reactor
pressure is significantly higher than the interior fuel pin pressure.
Continued melting and vaporization of core structural materials generate

"
substantial quantities of aerosols within the reactor vessel. Much of
the fission product and aerosol material is being deposited on internal
reactor structures (separators, dryers, etc.) which are predicted to be
significantly cooler than the core [i.e., ~588 K (600*F)]. Fission pro-
ducts which escape during SRV actuations are deposited in the pressure
suppression pool. The region of molten cladding, canister, and control
blades continues to grow until 95 min af ter the start of the accident,
at which time fuel melting begins (2nd radial, 8th axial zone, Fig.
6.3). Fuel pin melting is accompanied by rapid release of volatile fis-
sion products. The region of molten fuel, cladding, canister, and cen-
trol rod material is gradually relocating downward via a melt / flow /re-
freeze cycle.

Figure 6.4 is a schematic representation of the core status at 110
min into the accident. The entire outer zone of fuel assemblies is
still intact, containing its full inventory of fission products. In ad-
dition, it should be noted that only a small fraction of the fuel in .the
core is molten. Upper vessel internal structural temperatures are typ-
ically predicted to be less than 755 K (900"F), and the lowest set SRV

*
is cycling every 15 to 20 min. Due to the low vessel structural temper-
atures and the extended period between SRV pops, significant opportun-
ities exist for deposition and plateout of fission products within the
vessel.

O
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Figure : 6.5 is a schematic representation of the status of the core
: at 140 min'into the accident as predicted by MARCH 1.1B.- Approximately .

167% of the fuel is predicted to be molten at this time, although the
fuel pins and canisters in the outer zone of assemblies have not yet be-
gun to melt.

i. Since MARCH does not model axial conduction in the fuel structures
or heat transfer from ' assemblies in partially uncovered nodes to the -

surrounding water,: the water level is predicted to stay within the first
' axial' node (bottom few inches of the core) for the entire period between

115 and 145 min into the accident. Since little steam is being pro-
'

duced, a single SRV is predicted to cycle very infrequently during this
period.

,

i~ The entire core (melted and unmelted assemblies) is predicted to-

slump into the core plate at 145 min, when the core is 75% molten.* The
temperatures of the upper vessel internals range between 560 and 1030 K

#

(550 and 1400*F) just prior to core slump. The core plate is predicted
to melt through in less than 1 min, allowing the core debris to attack

'
the control rod guide tubes. The. guide tubes are predicted to melt
within 1 min, allowing the debris to begin attacking the bottom' head at+

[ 147 min into the accident.- ' All of the water in the bottom of the vessel
is predicted to flash in the' 2-min period as the core slumps into the

,

| bottom plenum. All the. SRVs are predicted to open at this time to re-
lieve .the associated . pressure spike. The bottom head of the reactor
vessel is pre dicted .to fail at 211 min into the accident. Following
head failure, the entire mass- of core debris is immediately transported- .

-into the reactor. pedestal cavity.
1-

6.3 Alternative Scenario
, ,

I . .

l Section 6.2-presented a' simplified BWR TQUV scenario (without oper-
ator action or CRD . hydraulic system injection) as predicted by the ORNL*

MARCH.1.1B computer code. ' Although this code has been extensively' modi-
i fied to improve its BWR simulation capabilties, . it still contains many .

modeling simplifications which are inappropriate .for BWRs. The purpose'

j of this section.is to provide an alternate description of the previously
:de: scribed scenario that attempts to account fo'r.known~BWR modeling def-,

iciencies in the MARCH code. The reader should recognize that the sce--,

! naslo presented ~ in this :section is' based on engineering judgment rather
than computer code simulations.

The alternate scenariol is identical to the scenario of Sect. 6.2
prior to the' time that melting of the control blades' begins. It is pos--

>

'
sible that . melting ' of- the control blade sheaths would begin later than -

; predicted -by - MARCH, .sinceL radial radiation and axial heat conduction

l'

.

" *75% ' criteria is user input to MARCH..

.
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mechanisms may tend to smooth axial and radial core temperature pro-
files. Eventually, however, the temperature of the control blade,
sheaths in some areas will reach the melting point of the stainless
steel. The molten stainless steel material will relocate downward and
refreeze. Once the control rod sheath has melted, the interior stain-
less steel clad boron carbide tubes would undergo thermal attack and

* - soon melt. The boron carbide powder might react with the steam, releas-
ing hydrogen, carbon monoxide, and-heat. Those portions of the control
rod above the molten zone might fall into the molten zone, forming tem-
porary flow blockages in the interstitial region.

As the control rods continue to melt, the downward relocation of
control ~ rod material will result in increased radiative coupling of the
fuel assembly canie* ns which were originally separated by the control
blade. This will cause further flattening of the radial core tempera-
ture profiles. The degree of enhancement of the canister-to-canister
radiative heat transfer is highly uncertain . since much depends on the
rate of aerosol generation during control rod melting. If significant
quantities of aerosols are generated, adjacent canisters might radiate
to the aerosols instead of each other. This phenomena of radiative
aerosol heating is of importance throughout the entire accident since it
adds great uncertainty to both the core heatup and fission product
transport evaluations.

Melting , of the control rod sheaths will generally be followed by
degradation of fuel assembly canisters and cladding in the near vicin-
ity. Figure 6.6 - is a graphic representation of the core at this early.

stage of the accident. Loss of structural integrity of the canister and
cladding can be caused either by melting or shattering of oxidized mate-
rial. For cases in which one or more SRVs are actuating f requently or
there is a break in the primary system boundary (to provide quenching

* and steam for the Zr-H2O reaction), it is possible that cladding and
canister material could shatter prior to melting. Portions of the fuel
assembly canisters above the melted or shatter zones might fall into
these zones. Failure of the fuel cladding, whether due to melting or
shattering, would result in rearrangement of the UOy uel pellets. Itf

is probable that localized pockets -of debris would exist in the upper
- 1/4 to 1/3 of. the -core. At this time, significant amounts of . aerosols
would be' generated by the melting of the steel and zircaloy. Occasional
SRV actuations . would result in levitation of some of the smaller debris
particles. The debris would consist of solid UO2' fuel pellets, molten
and solid slugs of ' zircaloy and steel mixtures,' pieces of unreacted
zircaloy and steel, and pieces of various metal oxides.

The . isolated pockets of core debris would' gradually coalesce, re-
sulting.in.the situation depicted in Fig. 6.7.. At-this stage of the ac--
cident,.a large debris bed would be . located in the upper - half of the
core. The central region (of the debris bed would be . molten UO2
Copious quantities of aerosols would be generat ed. It -is possible that
these ' aerosols would hinder radiation heat transfer from the top of the

* . debris bed to ~ the shroud head. If the aerosols and shroud head do be-
come . heated by : direct radiation, they might give off volatile fission
_ products that had earlier plated out or. been absorbed 'onto their sur-
faces.

*

-
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The' = debris - bed would continue - to . grow radially and to relocate
~ downward.- Axial heat conduction in - the canisters and fuel assemblies

*
would result ' in significant additions of heat to the water in the lower
core, which would, in turn, provide additional steam to feed Zr-H2O re-

,

actions in the debris bed.

_

Eventually the debris bed would penetrate the outer zone of assem-
4: . blies :(Fig. 6.8). . The distance between the outer zone of assemblies and -

the inner. surf ace of the core shroud is ~25 cm (10 in. ). Core debris
-would fall into this annulus and collect on the core plate. If water is
standing above the bottom of the core, this debris would initially be-

quenched. This might, however, add significantly to the core steaming
rate, thereby initiating additional hydrogen generation and SRV actua-
-tions during this phase of the accident. The molten region of the
debris' bed would increase in size due to lack of coolant flow in the in-
terior of the debris bed. The core shroud and shroud head might become
quite hot during this phase of the accident due to thermal radiation
from the debris bed unless such radiation is impeded by aerosols. The
vessel water level will continue to recede in the face of the advancing
debris front..

Eventually the debris bed would contact the dry core plate and the
| plate would fail. It is also possible that the core plate would fail in

the annulus region between the inside of the core shroud and the outer;

row of assemblies. The core shroud might melt through in some locations'

due to direct contact with the core debris. If melting of the core
shroud is widespread, -it is possible that the_ shroud would buckle, re- ,

I sulting in - a realignment of the upper vessel internals. After failure
of the core plate, core debris will begin penetrating into the~ lower

| plenum along both the inside and outside of the hollow. control rod guide
tubes. Depending on steam availability, additional amounts of hydrogen

; and heat might be generated due to oxidation of the stainless steel *

guide tube assemblies.'

The attack of the ~ control rod guide tubes ' and boiloff of water
within the lower reactor vessel plenum would continue until the core

,

debris contacts the control rod drive housings and stub . tube assemblies
| which are welded to the bottom of the reactor vessel. Due to'the curva-

.ture of the vessel bottom head and the variation _ in radial decay power
distribution, this might first . occur in a region near the outside of the

i control rod guide ' tube array. The stainless steel ' stub tube weld area
would be subjected to three-dimensional thermal attack by the hot core -
debris, and would eventually fail. It is probable that melt-through and
failure of the ' stub tube assemblies would occur prior: to (and . perhaps,

| preclude) gross melt-through of the _ react'or bottom head.
i Following melt-through of the vessel bottom head (or head penetra-

tions), the = reactor will begin depressurizing through the failure 'open-
,

ing. The rate at which the reactor depressurizes will depend .both on
i. the initial failure size and:the rate of ablation of the failure opening
|' by the hot. core : debris. Thus, the~ amount 'of - molten' material in ' the

lower head just prior to vessel failure 'will influence the rate of -de-
~

''

pressurizationTof the vessel.- For coherent core melt scenarios,' the
vesselimightf be- fully depressurized 'in a very few minutes.;

L It should be noted that, at the time of vessel ? f ailure, the - core
i- fdebris might con *ain' unmelted . fuel pellets'. It L is also < possible that o'

,-

h-
i.

j-
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intact ^ fuel assemblies would be standing in the reactor at this time.,

'
These are extremely important concerns since, subsequent to vessel,
failure, fission products released by cladding failure and fuel melting
can be expelled directly into the drywell atmosphere, bypassing the
fission product scrubbing features of the pressure suppression pool.

j. . .- ,
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Fig. 6.1. Core status at 78 minutes into accident.
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Fig. 6.3. Core status at 95 minutes into accident.
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7. BWR IN-VESSEL SEVERE ACCIDENT MODELING REQUIREMENTS

e

7.1 Global Modeling Issues

7.1.1 Primary system model structure
.

The accident sequence described in Sect. 6.2 is a simplified sce-
nario which involves neither primary system blowdown (due to pipe
breaks) nor injection of water into the reactor vessel. It is clear,
however, that accurate simulation of the scenario described in Sect. 6.2
will require the ability to predict structural temperatures throughout
the entire vessel - vessel walls, lower vessel structures, core struc-
tures, and upper internal structures. This capability is necessary for
accurate evaluation of hydrogen evolution, core structural deformation,
vessel f ailure, and fission product retention within the primary system.

Figure 7.1 is a schematic representation of the nust simplistic BWR
primary system nodalization which would permit explicit representation
of all major internal vessel structures and injection and leakage (pipe
break, SRV, MSIVs, ECC turbine extraction steam) pathways into and out
of the reactor vessel. Water can be injected into volumes 1, 2, 4, 5,
and 7, and water, steam, and gases can leave the reactor vessel via
breaks, SRVs, or MSIVs, in volumes 1, 2, and 7. Such a nodalization
scheme would also facilitate examination of the impact of ccre and head
spray injection (volumes 5 and 7) on vessel pressure and core oxidation..

This scheme would also accommodate accurate annulus water level models,
which are necessary for correct simulation of BWR emergency core cooling
system operation, and the cooling ef fect of natural circulation within
the vessel. A nodalization scheme of this type is also necessary to

*
| correctly treat fission product retention within the vessel during the

latter stages of a pipe-break-initiated severe accident.

An adequate severe accident analysis code must be capabic of anal-
yzing internal vessel phenomena (structural temperatures, fuel melting,
fission product transport, etc., subsequent to failure of the reactor

| vessel bottom head. MARCH's inability to treat invessel phenomena sub-
| sequent to vessel f ailure is a significant deficiency that should be

avoided in future severe accident analysis codes.

7.1.2 Reactor vessel coolant Icakage models

7.1.2.1 Background. Prior to vessel melt-through, the reactor
water inventory decreases due to (1) open or Icaking MSIVs, (2) pipe
breaks, (3) periodic SRV actuations, or (4) stuck open SRVs. The object
of this section is to briefly discuss the f actors which must be consid-
cred in modeling these leakage mechanisms.

7.1.2.2 MSIV tiow n. ode g. The great majority of BWR severe acci-
o dents would involve closure of the niin steam isolation valves (see

Sect. 2.11). Ilowever, for cases in which these valves fall to close or
are leaking, flow through the open MSIVs nust le modeled. For situa-
tions in which the MSIVs are more than 25% open, MSIV flow is actually
limited by the nuin steam line flow restricting orifice rather than the,
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valves themselves.7 1,7 2 MSIV flow models must incorporate such
considerations.

As previously stated (Sect. 2.5), BWR MS1Vs are of ten found to leak *

. excessively when they are tested during reactor refueling periods. Al-
though the leakage is reduced to within Technical Specification limits
prior to each startup, such leakage might occur during an accident fol-
lowing extended reactor operation. The coupled ef fect of this primary ,

system leakage on reactor pressure, water inventory, and fission product
transport, should also be represented in MSIV flow models. A simple
flow vs pressure model (based on available experimental information)
should suffice for most applications.

Prior to core uncovery, MS1V flow would consist of dry, saturated
steam. Subsequent to core uncovery, the steam might be saturated or
superheated,' and possibly mixed with hydrogen and carbon monoxide.

7.1.2.3 Pipe break flow models. The pipe break flow models shoul
be capable of accommodating critical and sub-critical gas, gas / liquid
mixtures, and liquid flows. Prior to core uncovery, the gas will con-
sist solely of saturated steam or water with a quality dependent upon
the break location. Subsequent to core uncovery, the gas leakage might
be saturated steam and water or superheated steam /II /C0 mixtures.2
Liquid Icakage conditions might range from saturated to several degrees
subcooled - depending upon the break location and water level.

7.1.2.4 SRV flow models. As described in Sect. 2.4, BWR SRVs are
critical flow devices, which are attached to the main steam lines up-
stream of the MSIVs. In general, SRV flow will consist of dry saturated

*steam prior to core uncovery, and dry saturated or superheated steam /
hydrogen (and possibly carbon monoxide) mixtures subsequent to core un-
covery. In addition to accommodating flows of this nature, the SRV
model control logic should be capable of simulating the open - blow-
down - close cycling characteristics of actual SRVs. The capability to .

model multiple SRVs with dif ferent opening / closing pressare setpoints
should also be incorporated into future BWR severe accident analysis
codes.

A simplistic flow model such as:
_ _

pP 0,5
y - (1) y

r. p
rr

- -

where
1 = SRV control parameter (0 or 1)

W = rated SRV flow
r
p = average density of gas in upper reactor head
P = gas pressure in upper reactor plenum

o[=steamdensitycorrespondingtoratedSRVflow'andpressure-P = rated SRV pressure (pressure at which W is achieved)
r

is probably suf ficient for most applications.

*7.1.3 Vessel water level models

As discussed in Sect. 2.6,. reactor vessel water icvel (the single-
- phase collapsed level sensed in the shroud-to-vessel wall annulus region

' *- volume 1. In Fig. 7.1) is the single most important BWR operating

_ - . . ---
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paraneter. Vessel water level is a control parameter for almost all BWR
eme gency core cooling systems and the indicated level in the control

.*
room guides most operator actions. Because of this, a BWR severe acci-
dent analysis code must have an accurate annulus water level model. The
model should correctly account for the axial variation of vessel inter-
nal cross sectional area due to steam dryers, separators and standpipes,
core, shroud head and shroud, and the control rod drive guide tubes.! ..

7.1.4 ECCS flow and control

For cases in which BWR ECCS systems operate as designed, the reac-
tor vessel would be flooded in an extremely brief period of time. Se-
vere accident analysis codes need not therefore strive to analyze such
highly dynamic phenomena. However, severe accident analysis codes must
be capable of treating cases involving operation of degraded ECCS sys-
tems or nondegraded systems at pressures near their shutof f head. Cor-
rect simulation of ECCS operation necessitates consideration of the ac-
tual ECCS control parameters, suction and injection locations, and pump
performance characteristics. Table 7.1 is a listing of ECCS model capa-
bilities which are necessary for realistic simulation of these systems.
Since steam turbine driven HPCI and RCIC systems are generally operated
in a constant flow mode, the steam demand of these turbines might be
modeled simply as a steam demand vs primary system pressure curve which
could be user input. The steam should be removed f rom the reactor dur-

| ing system operation and the turbine exhaust should be input to the sup-*

pression pool.
! Variable flow systems might be modeled with a user input pump head
( curve (flow vs reactor or containment pressure). Since many systems can
'

draw suction from diverse sources, it ' is necessary that the ECCS model,
! utilize the correct pressure dif ferential with these head curves. Ac-

commodation of multiple pump suction reservoirs, reservoir elevations,
etc. will also enable the model to correctly account for reservoir mass,

| pump NPSH requirements, and automatic switch of suction from one rese r-
voir to another.

7.2 Pre Core Uncovery Modeling Issues

For purposes of discussion, it is convenient to divide the severe
; accident sequence into two phases: pre core uncovery ' and post core un-
'

covery. While the reactor core 'is covered, the temperature of the in-
vessel structures will remain relatively stable. If the accident is
initiated while the reactor ' water level is near its normal operating
range, several hours might pass before the core begins to uncover (core
uncovery time will depend upon decay 1 heat level, ' vessel leakage rate,
injection flow, and' initial vessel water inventory). The major modeling

* require ments for evaluation of this phase of the accident are, there-
fore, quick running, . accurate . models for (1); MSIV leakage, (2) pipe
break flow, SRV actuation and flow, (4) vessel water level. :and (5) ves-
sel ' injection systems control' ~and flow. Detailed core structural and

3- heat transfer models are probably not necessary -for evaluation of this
phase of the accident.
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7.3 Post Core Uncovery Modeling 1ssues
.

7.3.1 Background

Subsequent to core uncovery, the temperature of the upper core
structures will immediately begin to increase due initially to decay

,heat input and later to decay heat and heat from the Zr-H2O and Fe-H2O
reaction. If the reactor is pressurized, periodic SRV actuation will
produce vessel water level swells which briefly cover all or portions of
the upper core. Water might be introduced, either in the form of spray
or liquid, at dif ferent locations in the vessel. If this injection flow
is insufficient to cool the core, melting will eventually occur.

Melting and relocation of the core debris can proceed at different
rates in different regions of the core. Since the individual BWR fuel
assemblies are supported from beneath, it is highly unlikely that the
so called " core slump" phenomenon (as modeled in MARCH) will occur. In-
stead, it is probable that a debris bed would form in-core. This debris
bed would gradually relocate downward as the water is boiled from the
lower plenum. The bed will eventually melt through the core plate and
attack the control rod drive housing, instrument, and stub tube assem-
blies. It is possible that unmelted fuel and perhaps even unfailed fuel
pins will exist in the reactor vessel at the time of bottom head fail-
ure.

The structure and modeling strategy of future severe accident anal-
ysis codes should be designed to accommodate the phenomena described *

above. This will necessitate a code structure in which downward melt
progression can proceed at different rates in dif ferent regions of the
core.

.

7.3.2 BWR core heat transfer models -- intact geometry

7.3.2.1 Significant structures. Figure 7.2 is a simplified plan
view of a BWR core. The core basically consists of two types of fuel
assemblies. The first type of assembly is adjacent to other assemblies
on two sides and adjacent to control rods on two sides (Assembly A, Fig.
7.2). The second type of assembly (Assembly B, Fig. 7.2) is adjacent to
control rods and/or other canisters on one or two sides and to the core
shroud on the other sides. Within each fuel assembly, the individual
fuel pins can be grouped into three general types: interior fuel pins
which communicate both with interior and peripheral pins, peripheral
pins adjacent to channel walls which are adjacent to other channel
walls, and peripheral pins which are adjacent to channel walls which are
adj acent to control rods. As described in Sect. 2.3.4, the top and bot-
tom of each fuel pin is comprised of natural, rather than enriched uran-
ium. The ends of the pins are slip fit or thread attached to the upper
and lower assembly tie plates.

Table 7.2 is a summary listing of significant BWR core structural *

heat transfer communication pathways for intact geometries. Interior
fuel pins transfer energy via thermal radiation to other interior fuel
pins, peripheral pins, and the coolant (water, steam, H2). The pins
also communicate with the surrounding coolant via convection and conduc- *

tion. In addition to these structures and fluids, peripheral fuel pins
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radiate to adjacent canister walls. Axial conduction in the pins will

result in smoothing of axial pin temperature profiles and heating of the
o upper and lower assembly tie plates.

The canister walls exchange energy via convection, conduction, and
radiation to the assembly coolant on one side, and to the bypass coolant
on the other. The inside canister walls also communicate via thermal
radiation with the peripheral fuel pins, while the outer surfaces of the*

canisters radiate to either control rods, other canister walls or the
core shroud. Axial conduction in the canister walls will also result in

,

'

flattening of axial canister wall temperature distributions and heating
of upper and lower assembly tie plates.

A realistic simulation of BWR core melt may necessitate explicit
representation of all the structures and fluids listed in Table 7.2, to-
gether with explicit representation of both fuel and cladding in the
fuel pin models (see Sect. 7.3.2.3). Axial fuel pin and canister con-
ductive heat transfer models are necessary both for evaluation of fuel
pin, canister, and tie plate temperatures, and for correct simulation of
core steaming rate when the water level is near the bottom of the core.
Inter-structure radiative heat transfer models should accommodate chang-
ing emissivities, transmissivities, and view factors due to acrosol
clouding of the vessel atmosphere during the core melt process.

7.3.2.2 Thermohydraulic phenomena. In addition to modeling the

basic structures in the BWR core, BWR severe accident analysis heat
transfer models must be capable of correctly representing core thermohy-
draulic phenomena. These phenomena include flashing, level swell, and

.

rewetting of structures during SRV actuation. Simplified countercurrent

I flooding models are required for analysis of accidents involving de-
graded core spray and LPCI operation. Separate calculations for fuel

bundle and interstitial zonal water levels are also desirable for this
purpose. The ability to model core spray system operation is particu-*

larly desirable since operation of degraded core spray sys tems might
significantly alter the axial fuel cladding and canister oxidation pro-
files.

All significant heat transfer paths between core fluids and struc-
tures should be modeled (Fig. 7.2). Heat transfer coefficient correla-
tions should be appropriate for the full range of conditions from liquid
natural convection to film boiling and radiation, for laminar and turbu-

,

lent flows of subcooled and saturated liquid and saturated and super-
heated steam and steam / hydrogen mixtures. Physically based fuel pin,

canister, and control rod quench models should be utilized wherever pos-
sible rather than models based on arbitrary quench time constants (such

these employed in MARCH).as
Vessel steaming rate and flashing calculations should accurately

simulate the nature of invessel steam generation due to heat transfer
and vessel depressurization. It is probable that this requirement will
necessitate a multinode treatment of the water pool within the reactor
vessel. Significant difficulties have been encountered with oscillatory
behavior of MARCH's invessel steam generation models. Many of those*

problems can be avoided with correct nodalization of the primary system.
7.3.2.3 Structural oxidation kinetics. Realistic BWR severe acci-

dent core models must accommodate accurate models for fuel cladding and
* fuel canister oxidation reactions. Although the control rod blades are

stainless steel clad, significant iron oxidation is not expected below
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temperatures approaching that of the melting point of the metal. It

may, therefore, be acceptabic to ignore oxidation of the stainless steel
control rods prior to rod deformation. *

Accurate prediction of cladding and canister oxidation rates re-
quires accurate (1) clad and canister surface temperatures, (2) coolant
flow rates, (3) coolant mass composition, and (4) appropriate oxidation
rate equations. The need for accurate fuel clad temperatures will ,

necessitate a multinode fuel pin model with separate treatment of clad-
ding and fuel. It is uncicar at this time whether multinode models for
the canister wall are required. A single node canister wall model might
suffice if coolant flow rates and mass compositions are correctly
treated on each side of the canister wall.

Existing MARCil 1.1 models have no explicit treatment of either the
fuel cladding or canister walls. The ORNL MARCil 1.1B code does incor-
porate a simplistic BWR core model which explicitly treats the canister
wall and control rod s t ructu res - but not the fuel cladding. The
MELRPI BWR core model developed by Rensselaer Polytechnic Institute for
ORNL does incorporate explicit treatment of fuel cladding, canisters,
and control rods.

Accurate prediction of structural oxidation rates will require ac-
curate information regarding steam availability at the metal surface.
This, in turn, requires accurate simulation of invessel steaming rates.
This has been a significant problem for users of the MARCll code, since
MARCil typically predicts highly oscillatory vessel flashing rates.

Appropriate oxidation rate equations should be utilized. The equa-
tions utilized in the MARCII 1.1 code (Baker-Just and Cathcart) are gen- *

erally acknowledged to be appropriate only for situations in which there
is excess steam present.7.3 In anny accident situations, various regions
of the core will be deprived of steam due to low vessel steaming rates,
flow blockages, steam utilization by oxidation of lower core regions, or .

a combination of these circumstances. Oxidation rate equations appro-
priate for such steam depicted conditions should be incorporated in fu-
ture severe accident analysis codes. The oxidation kinetics equations
should also accommodate simulation of hydrogen blanketing phenomena
which might occur during low core flow conditions (such as the periods
between SRV actuations).

7.3.3 Structural deformation concerns
7.3.3.1 Control rod deformation. Following core uncovery, the

stainless steel control blades a re expected to begin deforming first,
due to their relatively low melting point (2600 F vs 3400 F for zirca-
loy). Depending upon local steam availability at the time blade melting
begins, either of two scenarios are possibic. If sufficient steam is
available to rapidly oxidize I he molten stainiens steel, an iron oxide
and boron carbide slug would bo formed.7. 3 The boron carbide may react
exothermically with the steam to produce additional hydrogen and carbon
monoxide. This slug could remain in place, effectively filling the half
inch gap between the two adjacent canister walls in the react ion zone. *

It is possible that the portion of intact control blade above the
reaction zone would also remain in place.

If sufficient steam is not available to rapidly oxidize the metal,
molten material would begin falling down along the inside and outside of *

L
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the steel-sheathed control blades, ultimately melting the internal
stainless steel tubes which contain the boron carbide powder. This mol-,
ten material would gradually relocate downward along the surface of the
control rod via a series of melt / flow / freeze phenomena. If melting of a
particular control rod begins at a point below the top of the rod, the
intact portion of the control rod above the molten zone will fall down-
ward. Localized interstitial region flow blockages may occur. Since.

melting of the control blade is primarily driven by heat input from ad-
jacent canister walls, the upper intact portions of the control rod may
eventually fall into the hot zone and melt.

Existing severe accident analysis codes do not analyze these phe-
nomena. Both MARCH 1.1B and MELRP1 assume that molten control rod mate-
rial stays in place until the total core collapses. Appropriate control
rod melt models should accommodate either slug foreation of molten mate-
rial relocation. Models should also accommodate thermal communication
of can ister surfaces once the control blade has relocated downward.

7.3.3.2 Fuel pin deformation and failure. The basic methods by
which fuel cladding can deform are rupturing, buckling, and shattering.
These phenomena occur due to changes in material properties brought
about by excessive temperatures, oxidation or molting, and by excessive
temperature or pressure gradients across the cladding material. Failure
of the fuel cladding will, in any case, result in the release of gaseous
fission products and subsequent admittance of steam to the inner surface
of intact cladding material. Depending on the nature of the failure, a
localized debris bed may be formed as the UO2 fuct pellets fall out of,

their original configuration.
A reasonable condition for signaling clad rupture is when the clad

hoop stress exceeds the equivalent yield stress of the composite Zirca-
loy/ zirconium oxide clad material. For cases in which the reactor pres-
sure exceeds the internal fuel pin pressure, a buckling criterion is a*

more appropriate cladding deformation signal. Shattering of clad mate-
rial due to thermal shock may occur during situations in which very hot
fuel pins are recovered with water. This situation could be brought
about by latent ECC injection or, possibly, by the icvel swell which ac-
companies SRV actuation. Recent work performed at Argonne National Lab-

7oratory .'' could, perhaps, provide the basis for a shattering criterion.
Due to the nature of the decay heat source, it is possible that in-

terior fuel pins within the fuel assembly would reach f ailure conditions
prior to the failure of peripheral fuel pins and the canister wall.
This could Icad to the existence of localized debris beds within intact
fuel assembly canisters. Molten cladding and cladding /fuct mixtures
would flow down the fuel pins, eventually freezing in lower, cooler
regions of the core. Recent work by Moore and Broughton .5 indicates7

that axial heat conduction in the fuel rod may have a significant influ-
ence on the redistribution and f reezing of the liquified fuel material.
Fuel pin axial heat conduction models should, therefore, be incorporated
in future severe accident analysis codes. Significant fractions of the

o assembly cross-sectional flow area might become blocked due to accumula-
tion of this resolidified material.

None of the phenomena described above are modeled by MARCH. The
MELRPI model does incorporate simplifled rupture, buckling, and shatter-
ing failure calculations of the type previously described. The criteria.
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for switching f rom intact geometry to a rubble bed structure is spect-
fled in terms of beam buckling theory or a quenching criterion. Molten

*

cladding relocation is modeled in MELRP1 with a simplified falling
liquid slug model.

7.3.3.3 Canister deformation. ORNL's experience with the MARCll
1.1B code indicates that canister wall temperatures typically follow
fuel cladding temperatures very closely. This is due primarily to radi- *

ative heat transfer between the two surfaces. It is, therefore, ex-

pected that canister wall melting will begin at approximately the same
time as melting of the cladding on adjacent tuel pins.* Experience with
MARCH 1.lB also indicates, however, that canister wall radial oxidation
profiles are not, in general, symmetrical about the center of the wall.
This is due primarily to dif ferences in steam availability inside and
outside the canister.

Since canister wall melting would generally begin below the top of
the core, portions of the canister above the melt zone are expected to
f all downward into the rubblized zones as the melting process continues.
The canister wall will, in general, be subject to the same types of de-
formation phenomena as the fuel cladding, with the exception of rupture
mechanisms.

7.3.3.4 Summary - desirable model characteristics. The three
preceding sections have presented a summary of control rod, fuel pin,
and canister wall deformation phenomena under severe accident condi-
tions. Based on these descriptions, a reasonable scenario for progres-
sion of the core mnit process within a single core zone is presented in *

Table 7.3. Table 7.4 presents a comprehensive listing of desirable BWR
core melt model capabilities.

No currently available models have all of the capabilities listed
in Table 7.4. Existing MARCil 1.1 core models are insppropriate in many

*
respects. MARCll 1.1 has no exp1.icit treatment of canisters or control
blades, no structural deformation models, no explicit treatment of clad-
ding, no in-core debris bed modeis, no axial conduction, and inappropri-
ate fuel pin quench models.

The ORNL MARCil 1.1B code does explicitly treat canister walls and
control blades and has improved fuel pin quenching models, but has most
of the other limitations cited for MARCll 1.1. With the exception of
multiple fuel pin representations, MELRPI has most of the capabilities
listed in Table 7.4

7.3.4 Lownr plenum melt progression

If the BWR core melt sequence is not terminated, core debris will
eventually contact the assembly lower tie plates, fuel support pieces,
and core pinte. The portions of the stainless steel core plate con-
tacted by the debris are expected to rapidly molt, allowing material to
penetrate into the lower plenum region along both the inside and outside
of the control rod guide tubes. This downward relocation may proceed at *

difforent rates in dif forent regions of the core in some accidents. In

*The fuel pin cladding in Zr-2i the canister walls are Zr-4. The
melting temperatures of the two alloys are not significantly dif ferent. *
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some accidents downward progression of the debris into the lower plenum
may be limited by the botiof f rate of water in the lower plenum and theo
control rod guide tubes.

Due to the geometric arrangement of the control rod guide tubes, it
is possible that debris would penetrate along the inside of the guide
tubes more quickly than along the outside. This is illustrated by Fig.
7.3, which is a plan view of the lower plenum region, showing the avail-*

able debris flow areas inside and outside the guide tubes. It is
reasonable to assume that significant amounts of core debris would fall
into the region inside the guide tubes as well as be tween the guide
tubes. As in the case of the control rods, molten stainless steel f rom
the guide tubes may oxidize if sufficient steam is available, forming
localized slag plugs inside or between adjacent guide tubes.

An appropriate model for BWR lower plenum melt progression might
incorporate ingredients previously discussed for the fuel bundle and
control rod melt models. A reasonable approach would be to model a sin-
gle typical guide tube in each of the radial regions previously defined
for the core model. Each guide tube would be segmented into axial nodes
in a f ashion similar to the core model. Following localized core plate
failure, some fraction of the overlying debris could be assumed to fall
into the regions inside, between, and around the outer periphery of the
guide tubes. The amount of material which might actually fall into
these regions is extremely uncertain, but would be determined by geom-
etric factors such as the average size of the core debris and the dis-

o tribution of the debris above the core plate. The problem could be
bounded by assuming that (a) no material falls directly into the lower
head area or (b) that enough material f alls into the f ree areas in the
lower plenum to completely fill the regions inside and between the guide
tubes. A check must, of course, be made to ensure that sufficient

*
debris is available to fill the interstitial regions.

For the case in which no debris is assumed to f all directly into
the lower plenum, an appropriate model must accommodate axial conductive
heat transfer and radiative heat transfer f rom the overlying debris bed
to the guide tubes, radiative heat transfer from the debris to the
water, and oxidation and melting of both the debris and the guide tubes.
Due to the relative thinness of the guide tube walls, a simple two-
dimensional cylindrical heat transfer model might suffice.

The case in which the core debris does fall into the lower plenum
is more compicx. The internal heat generation rate of the debris is
very uncertain. The internal energy of the debris is utilized both to
heat the pool and the lower portions of the guide tubes, stub tubes, and
perhaps the bottom head of the reactor vessel. An appropriate model for
this scenario must have all the capabilities of the previous model plus
the capability to handle debris quench and radini conductive heat trans-
fer from the debris into the guide tubes, stub tubes, and vessel walls.
Both of these scenarios would require a model which has the capability
to accommodato different rates of downward melt progression in dif ferent* radial zones and the effects of CRD hydraulic system flow inside the CRD
guide tubes (l'or cases in which this system is not assumed to fail).

The author is unaware of any existing computer model which simu-
lates either of the aforementioned lower plenum :..elt progression sce-

* narios. Existing MARCll models for lower plenum melt progression are ex-
tremely unmechanistic. Debris relocation in the lower plenum is based

1
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on a temperature criterion which allows the entire mass of debris to re-
locate when the average temperature of the core debris and lower plenum ,

structures exceed a user input " grid plate failure temperature." Such
models are inappropriate for application to boiling water reactors.

7.3.5 BWR vessel head attack and failure
,

7.3.5.1 Phenomena. As noted in Sect. 2.2, the bottom head of a
BWR vessel contains numerous penetrations for control rod drive hous-
ings, incore instrument housings, and low point drains. Current designs
utilize between 137 and 193 control rod drive housing penetrations, 53
to 55 incore instrumentation tube penetrations, and 1 vessel drain pene-
tration. Under accident conditions, it is likely that one or more of
these penetrations would fait prior to gross melt-through of the bot tom
head. For reasons described below, it is unclear which type of penetra-
tion would fail first, or the exact manner in which the failure would
occur.

Consider the situation in which a large debris bed is progressively
relocating downward into the lower plenum region. As the bed slowly
moves downward, the stainless steel control rod guide tubes and housings
and the instrument tubes will melt. If insufficient steam is available
to rapidly oxidize the molten stainless steel, the material will run
down the sides of the guide and instrument tube assemblies, eventually
ref reezing on lower portions of the drive housings, stub tubes, and in-
s t rument tubes. The internal heat generation rate of this material may a

be fairly low, since it will consist primarily of molten steel. As the
debris continues to relocate downward, axial heat conduction in the
tubes and radiative heat transfer from the advancing debris would result
in attack of the CRD housing / stub tube and instrument tube welds, and

,

the collection of a mol ten pool of stainless steel directly over the
vessel drain.

Since the CRD housing / stub tube welds are located above the surf ace
of the lower head, it is likely that the integrity of these welds would
be challenged prior to the buildup of a significant amount of molten ma-
terial on the bottom head. Failure of this weld could result in a 1 to
3 in. downward movement of the associated CRD nochanism and the opening
of a very small (<0.01 in. wide) annular gap between the housing and the
vessel head opening, through which the reactor would begin depressuriz-
ing. Complete f ailure of these welds would not result in the immediate
ejection of the CRD housing from the vessel. Significant additional
melting of the CRD mechanism and housing would be would be necessary
before the entire 6-in. diameter CRD housing penetration would be
opened. During this period, it is possible that the continued accumula-
clon of molten material over the reactor vessel drain would result in
f ailure of the hollow, thin-walled (<0.4 in.) nozzle and the ejection of
a limited amount of molten stainless steel onto the CRD mechanism sup-
port structures below the vessel. Ablation of the drain opening by the ,

flowing molten steel could result in a significant increase in the size
of the f ailure opening. It is, of course, also possible that molten ma-
terial could migrate down inside the 2-in. Instrument tubes, failing the
thin walled tubes outside the reactor vessel.

,
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To summarize, it is likely that the reactor vessel would fail due
to melt-through of one of the many bottom head penetrations rather than,

direct melt-through of the 20 cm (8-in.) thick head (as modeled in
MARCH). It is not clear, however, which type of bottom head penetration
would fail first during a core melt accident. Total circumferential
failure of a CRD housing / stub tube weld would not result in ejection of

* the associated mechanism from the vessel, but rather the opening of a
thin annular crack through which the reactor could depressurize.
Failure of the bottom head drain or an instrument tube [both approxi-
mately 5 cm (2 in.) in diameter] could occur prior to complete failure
of any CRD housing penetrations. Finally, it appears likely that fail-
ute of bottom head integrity would occur prior to the accumulation of a
large molten pool in the bottom head.

7.3.5.2 Existing models. The author is aware of only one existing
mechanistic model for localized f ailure of the bottom head. The model,
developed by Henry,7.6 is incomplete in that it does not predict the oc-
currence or location of the failure. Henry's model assumes (1) a large
overlying pool of molten material and (2) a circular failure opening.
(As previously stated, it is unclear whnt fraction of the core debris
will be in the molten state at the time of head failure, and the failure

, cpening geometry is also unknown.) Henry's model does, however, simu-
late ablation of the opening by the flowing molten material, the dis-*

charge rate of the molten material from the vessel, and the depressur-
ization rate of the vessel.

Hagen .7 has developed a set of steady-state, one-dimensional, mov-7'
.

ing boundary models for gross reactor head melting. The models do ac-r

count for heat transfer on the outside surface of the vessel and for
several possible layer configurations of solid and molten steel and UO2
The referenced report presents a transient vessel melting model which

* utilizes a finite difference two-dimensional, moving, phase change boun-
dary formulation. None of the models described in Ref. 7.7 accommodate
in-vessel debris bed geometries or stress failute considerations.

! Existing MARCH head failure models are designed to evaluate only
gross head melting rather than localized penetration degradation. The
models employed in MARCH assume that the outside of the vessel is insu-
lated. Heat conduction in the bottom head is modeled using the concept
of-a thermal penetration distance in a solid, homogeneous shell. The

"

bottom head is assumed to fail in a gross fashion when the total tensile
stress at the interface of the head hemisphere and vessel cylinder or'in
the vessel wall at the surf ace of the debris, exceeds the temperature
dependent strength of - the material. When this occurs, MARCH assumes
that all of the core debris (liquid'+ solid) is instantly transferred to
the drywell floor.

a 7.3.5.3 Modeling recommendations. A mechanistic bottom head
failure model cannot be developed independently f rom a lower plenum melt
transport model. This is true because prior to development of a mech-
anistic lower plenum melt relocation model, one does not know (a) the

* degree of coherence of the melt relocation, (b) the physical state and
composition of the debris, (c) the internal heat generation rate of the

.

debris, nor (d) the mechanism by which the debris reaches
head.

- the bottom

o
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- and A2 is the. equivalent horizontal projection of some apportioned frac-
i tion of . the bottom head ~ surface . in the given radial zone. The weld *

joint could ' be assumed to fail when the total internal energy of the,

debris above the . weld ' area cxceeds some critical value. This approach
; is ' 'similar to that currently used to model grid plate failure in
' MARCH. If ' desired, the model could be designed to accommodate the

,falling of solid material from the debris bed onto the area A . Models2
[ similar to those developed by Henry could be employed following weld
! failure, and models similar to those developed by Hagen or those
- currently employed in MARCH could be utilized to simulate heat transfer
! to and failure of the area of the head (A2) surrounding the housing and

instrument tube. In the central region of the vessel, the above models
[ would . have . to be modified to account for the possibility of failure of

the head drain nozzle.'

f
7.4 In-vessel Fission Product Transport

Phenomena and Modeling

! The intent of this section is not to provide a detailed discussion
! of generalized fission product transport phenomena, but rather to high-
| light those - areas where differences in BWR and PWR designs dictate dif-

ferent fission product transport modeling approaches.. The major unique,

; characteristics of BWRs are :(a) the size and arrangement of in-vessel '.-
! structures, (b) the impacts of SRV op3 ration during pressurized accident
! situations, (c) sceam demand of turbine driven ECC systems, and (d) core
j and head spray operation.

. Figure .7.5 is a simplified schematic ~ of '.the BWR in-vessel struc-
tural arrangement. The ~ normal flow path for material leaving the core *

,

is identified as path A in the figure. Material flows up through the
.! ~

through the standpipes, separators, and dry-core, into the steam done,

; era, lui.o the upper head, and out of the vessel via the main steam
; lines. For attuations other than those involving a break somewhere in
j the reactor enolant boundary, . the majority of the fission products and
; aerosols leaving the melting core during the early stages of the acci-
i dent would follow this flow path prior. to release tof the ' main condenser
{ or pressure suppression. pool.

| Table 7.5 presents a summary of the surface areas iof the BWR upper
'

internal structures. 'Due to the substantial surface areas available in
, these structures, fission product -plateout and deposition are major con--
cerns. Accurate evaluation of these phenomena necessitates realistic-
estimates of structural' temperatures. .During the.~early stages of a core
melt accident, these ' structures will be significantly colder ' than ' the
gases. and aerosols. which are evolving from' the"' core. Substantial
amounts ' of fission product deposition on these structures are expected

"during this: phase of the' accident Later in~the accident'it is probable
~

L
.

.

that some or all of the structures would heat up significantly, perhaps *

-driving off much of the more volatile material which had previously de-
! ' posited in and near their surfaces. The effectiveness of the steam sep-

arators in removing aerosols from the - gas stream is not fully under-
stood. : Any aerosols; trapped - by the separators would .. either deposit on '~

i

,i! n
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amounts of fission product deposition on these structures are expected
during this phase of the accident. Later in the accident it is probable

* that some or all of the structures would heat up significantly, perhaps
driving off much of the more volatile material which had previously de-
posited in and near their surfaces. The effectiveness of the steam sep-
arators in removing aerosols from the gas stream is not fully under-
stood. Any aerosols trapped by the separators would either deposit on.

the interior surf aces of the separators or be directed to the outside of
the separators where they might settle out for possible resuspension
later by one of the bypass flows described below.

Two alternative flow paths are shown in Fig. 7.5 bypass some or all
of the upper internal structures. Path B is a bypass path which exists
in the reactor when the water level is below the dryer skirt. This path
is present due to the design of the steam dryer skirt which extends down
past the top of the steam separators, but does not form a seal between

,

' the regions of the vessel above and below the dryer assembly. The
second bypass path (path C, Fig. 7.5) is open anytime the reactor water
level is below the outlet of the jet pumps. It is possible that this
path would only become significant during the later stages of the core
melt accident, when core debris has penetrated into the lower plenum
region. It should be noted that failure of the core shroud or shroud
head would also enable gas and aerosol flows to bypass the upper core
internals.

The second major design characteristic of BWRs which influences
fission product transport within the reactor vessel is the operating,

j characteristics of the SRVs. As described in Sect. 2.4, BWR SRVs are
! not continuous flow devices. Once open, an SRV will remain open until
! the primary system pressure drops 34 to 69 KPa (50 to 100 psi). For ac-

cident conditions in which the reactor remains isolated and pressurized.
this operating characteristic of the SRVs will result in primary system.

pressure and SRV steam flow histories similar to those shown in Fig.
7.6. SRV actuation has two major in-vessel impacts: vessel water level
swell and an increase in steam flow through the core due to flashing of *

the water. The water level swell results in a brief recovering of hot
,

| core debris and scrubbing or dissolution of the associated fission prod-
[ ucts.

| It is also apparent that the operating characteristics of the SRVs
will result in brief periods of significant steam and gas flows through
the core debris and structures, separated by substantial periods of time
during which the reactor vessel is slowly repressurizing. The' internal
natural circulation patterns within the reactor vessel during the rela-
tively quiescent periods between SRV actuations and the capability to
model natural circulation paths within the vessel should be included in
future codes. The impact of SRV actuation on in-vessel fission product

| retention and transport of fission products to the pressure suppression -
i pool should also be modeled.

For accidents involving operation of steam turbine driven HPCI and
| 4 RCIC systems, the impact of this steam demand on internal reactor vessel

circulation patterns and steaming rates should be . considered. The steam
demand of these turbines ranges between 40,000 and 184,000 lb,/h. For
accidents in which these systems operate subsequent to core damage, the

e
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m
impact of these steau flows on in-vessel fission product retention and
transport of fission products to the suppression pool should be modeled.

*BWRs have two separate systems by which water can be sprayed into
the reactor vessel. High and Icw pressure cire spray systems inject in-
to the shroud head region above the core. A 'second spray nozzle in the
upper reactor vessel head might be wed ,during accident conditions to
spray water into the upper vessel plenum. The ef fects of these sprays ,

would include cotrainment of deponited raterials, cooling af structures,
and alteration ini circulation patterns within the vessel. The offi-
ciency of these sprays in removing fission products and aerosols f ro:a
the internal ~ veasel atmosphere it: highly uncertain. It is desireble,
however, to in:1ude some simple treatment for this phenomenon in the
analysis of accidents in'which these spray systems are operable.

It is possible that unmelted fuel pellets, and perhaps even un-
failed fuel rods, will be present in the reactor at the time of bottom
heed failure. The history of this material subsequent to head failure
is particularly important, since the fission product scrubbing capabil-
ity of the suppression pool may be bypassed subsequent to vessel breach
(containment type and accident sequence dependent). Realistic fission
product transport models must therefore have the capability to evaluate
the status and distribution of fission products within the reactor ves-
sel throughout the entire course of the core melt accident - both prior
to and following vessel failure.

It is c1rar f rom the discussion in this chapter that a realistic
assessment of severe accidents requires a coupled heat transfer /thermo-

,

hydraulic / fission product transport analysis approach - rather than the
decoupled (MARCH / CORRAL) approach currently utilized for such evalua-
tions. This is particularly true due to the decay heat source asso-
ciated with fission products and the possible effects of aerosol induced
atmospheric clonding and deposition on various heat transfer mechanisms .

within the reactor vessel.
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Tabie 7.1.. ECCS modeling requirements

Automatic actuation on low reactor water. level
Automatic actuation on high drywell pressure

,

System trip on high reactor water level

System isolation on loy reactob' pressure
,- Steam demand of IIPCI and RCIC pump turbines

'

Constant flow pumps

Variable flow pumps ...
.

Multiple sudtio.
~ '

sources
~

~

Auto switch of suction from one source to another-
s

Correct ve.c il injection ' types - (liquid or spray).- f ,

Correct vessel injection locations (lower plenum,-
shroui head, etc)'

Manual operator' actuation' - '
'
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Table 7.2. Core structural heat transfer paths - intact geome t ry

d #
Interior Peripheral Peripheral Canister Canister Asse mbly

**** I "E*'*EIEI* "E' I ''fuel fuel pin fuel pin wall wall tie
# "" c olant rod shroudpins (can type) (CR type) (can type) (CR type) pla tes

Interior fuel pin R R R R.V D

Peripheral fuel pin R R R.V R D

(can type)
Peripheral fuel pin R R RV R D

(CR type)

Assembly coolant RV R,V R,V RV R,V V

Canister wall R RV R D R,V KO h
(can type )

Canister wall R RV R D RV R

(CR type)

Assembly tie plates D D D V D D

Interstitial coolant R.V R,V RV (R,V)#
Control rod R R,V

Cure shroud RS (R,V)d

tanister wall adjacent to caninter wall.
Itanister wall adjacent to contrut rod.

tuter row of assemh11es only.
M)TE: R - Radiation

V - Convection
D - Conduction

I
_ _ _ _ - - -
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Table 7.3. BWR zonal core deformation scenario
.

1. Control Rod Melts. In steam rich environment, rapid iron oxidation

may form a slug which remains in place. In steam depleted environ-
ment, molten material will relocate downward along blade surf ace.

,

2. Interior fuel pins fail -- Intra assembly debris bed formed.
3. Peripheral fuct pins adjacent to canister walla fail. Entire intra-

assembly area is rubblized.

4. Canister wall fails.

5. Entire zone rubblizes.

6. Upper zones in same radial region relocate downward.

7. Fuel pellet molting begins.

Table 7.4. Desirable BWR core melt modeling capabilities

1. Representation of 1 fuel assembly and control rod per radial zone.
*

2. Representation of 3 fuel pins / assembly (interior, canister / canister
peripheral pins, and canister / control rod peripheral pins)

3. Two radial nodes per pin (fuel, clad)

4. Single node canister wall with nonsymmetric radial oxidation profile. *

5. . Cladding f ailure on burst, buckle, or shatter.

' 6. Debris bed formation on buckle or shatter of peripheral fuel pins.

7. Falling slug model for molten material (clad,-canister, control

blades).,

8. Frozen plug formation model for melting control blades.

9. B4C-li20 reactions.-,
,

t 10. Downward relocation of intact structure - above deformation zone.
,

11. Axial conduction in' all structures.
i

12. Appropriate radiation heat transfer models -(including ef f ects of
aerosol clouding and. appropriate structures)..

|
13. Oxidation kinetics appropriate for both steam' rich and. steam starved .

( condition.

:14.' Physically. based fuel pin,= canister, and control rod quench models. *

15.' Decay power with actinide contribution.-

!
l .
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Table 7.5. Estimated structural

.

surface areas
i

Surface area.
Structure

, . [m (ft2)]-
1

i

! . - Shroud 81 (870)
4

j Shroud head '21 (225)
). Standpipes. 209 (2250)

.

Separators 260 (2800)'.
'

Dryers 2973 (32000)

i Upper head ~ 121'(1300)
)
4

4
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Fig. 7.1. Simple BWR primary system nodalization.
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8. BWR CONTAINMENT SEVERE ACCIDENT PHENOMENOLOGY
AND MODELING CONCERNS-

,

8.1 Background

.

The discussion in the remainder of this chapter will be best facil-
itated by first briefly describing the mass and energy flows from the
reactor vessel into various containment compartments during the course
of a severe accident.

If the accident does not involve a break in the reactor coolant
system boundary or MSIV leakage, all material (steam, hydrogen, fission
products) leaving the reactor vessel prior to vessel failure is routed
to the pressure suppression pool via either the SRVs or HPCI/RCIC tur-
bine exhausts. In the case of a pipe break accident, some or all of

; this material will be dumped into the compartment whe re the break oc-
curred. In the case of MSIV leakage, material will be dumped to the
main condenser or to the standby gas treatment system if a leakage con-
trol system is installed. Leakage from the main condenser to the local
compartment atmosphere is possible if turbine gland sealing steam is not
available. In addition to these mass flows, the hot reactor vessel and
SRV pipe surfaces will heat the drywell atmosphere if the drywell cool-
ers are not operating.

Subsequent to vessel head failure, core debris will drop onto the.

floor beneath the reactor and begin attacking the concrete. (In some MK,

II designs, some of the core debris could fall into the suppression pool
via downcomers located directly beneath the vessel.) The attack of the
concrete by the hot core debris will generate copious quantities of hot
gases which are released directly into the drywell atmosphere. The+

core / concrete reaction will corttinue until a stable heat transfer geom-
etry is reached or (in MK II designs) the floor fails, allowing the
debris to drop into the suppression pool below. It is also possible
that during this process the reactor pedestal could ' fail, . allowing the
vessel to drop down onto the drywell floor.

The scenario described above, together with the generic BWR con-
tainment systems described in Sect. 3.6, provides the basis for iden-
tifying the BWR containment systems, structures, and phenomena which
should be modeled in realistic BWR severe accident analysis codes. Fig-
ures 8.1 through 8.5 illustrate the complex design and interaction of
BWR containment systems. Tables 8.1 through 8.5 summarize the systems
and structures depicted in Figs. 8.1 through 8.5. These figures and
tablee form a concise set of geneml BWR severe accident mdeling re-
quirement -quidelines, and future BWR eevere accident analysie codes
should incorporate mdels for each of the systeme and structures con-
tained in these tables and figures. The reader should consult Sect. 3.6
for an illustration of the avplication of Fige. 8.1 through 8.5. The
. remaining . sections of this chapter will discuss the systems and severe*

accident phenomena related to each of. the BWR containment compartments.

6

.
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h 8.2 Global Modeling Issues
. ..

The . basic goal' of ccntainment modeling is to determine the timing,
location, magni tude, and chemical form of fission product releases to
the: ' environment. This can only be accomplished by accurately - quantify-4

ing the effects of various fission -product transport and retention phe- .

nomena..within each ' containment compartment. In the case of BWRs, both

-primary and secondary containment ' compartments _ must be analyzed. It

t williaiso be necessary to model the turbine building . for accidents in
which MSIV leakage is a' concern.

Realistic evaluation - of - BWR' contain' ment geometries illustrated in

Figs. 8.1 through 8.5 will require a code which is capable of treating
both . series and parallel inter-compartment flow paths. In general, the
code must have the capability to track . compartmental atmospheric and
pool temperatures and pressures, atmospheric gas compositions and mass+

and energy flows into, f rom, - and between compartments. Figure 8.6 is a
'

schematic representation - of the various BWR containments, showing - pos-
- sible inter-compartment flow paths which exist during normal plant _oper- --

7 ations and . _ those which' might be opened following a severe accident due
1 to gross structural failure or actuation of. blowout panels. In addition
i to these . flow paths, _ failures . in the reactor coolant system pressure

boundary can result in leakage. into both primary and secondary contain-
ment compart ments . -- The structure and solution techniques employed -in
future severe accident analysis codes should accommodate such complex '

,

.

containment geometries.-
i
;

8.3 Suppression Chamber Modeling-

a

;- As described in Chap. 3.- the design _of BWR ' preseure . suppression .
_

chambers varies significantly between the MK' I, . MK II, and-MK III con-
figurations. - All suppression chambers, however,- basically consist of a .

i compartment which contains' a pool of water. . Table 8.5 is a _ composite -
listing -_(based on Tables 8.1 through 8.4) of systems, structures, and
phenomena . responsible for- mass and . energy tranafer to,-~ from, or - within

d the various ' types : of : BWR suppression chambers. Each ' of the. mechanisms
.

in ' Table 8.5? must be modeled in a realistic BWR. containment! analysis -
|' . code.

Almost all existing suppression ' chamber analysis codes treat the~
suppression pool'as'a.well mixed ' single node. A' review of Table 8.5 and

[: --Sect. 3.6 will > reveal? that : the :' points : of' injection to and suction from
_the. pool are widely _ distributed.- 'Under certain L accident conditions
;(such asE a t stuck open relief ~ valve with no pool circulation- or 'certain '

~

I

!= accidents in which the' RHR ' system is ino'perable),: this ' design character- -

_

istic1can11ead 1 to L significant; thermall stratification within the pool,1
- resulting in ; localized pool boiling and pressurization" of the contain '

~

JmentDbefore the bulk pool temperature ) reaches 1 saturation. For ~ cases
''

p. such (as this, qa- single - node pool mode 11is c incapableL of accurately; pre ~i
' - dicting suppression chamber . response.--

Cooks.1:has developed /a distributed,-? lumped: parameter MKJI suppres-
- ston'. pool ( model L for ? dischargefof; a single :SRV ,into . an . initially well -

~ '

i
_

*

..

^

.g.,-

< ''-i'- -

v- : - - - |
.
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)
mixed pool. This model could provide the basis for a comprehensive dis-
tributed node pool model. The CONTEMPT-LT code 8. 2 incorporates a simple,

two region (liquid and vapor) wetwell model which incorporates many de-
sirable characteristics-although the pool is modeled as a single node.
The MARCil . 3 suppression pool model also utilizes a single, well mixed8

node approach, though the MARCH models are significantly less advanced
than the CONTEMPT-LT pool models. Since any distributed node pool model*

will undoubtedly require significantly longer computer execution time
than will single node models, future severe accident analysis codes
should provide the user a choice between single and multi-node pressure
suppression pool representations.

A single node suppression chamber atmosphere model might be suf fi-
cient for most purposes, however, a multi-node atmosphere model would be
desirable for analysis for localized hydrogen deflagration phenomena.

In the case of MK II plants, the pool model should accommodate di-
rect interaction of pool water and core debris following vessel head
failure (via vents under the reactor) and drywell floor melt-through.
Existing containment models do not accommodate this phenomenon.

I

8.4 Drywell Compartment Modeling

Table 8.6 is a summary listing of mass and energy transfer mechan-
isms which can influence the response of the drywell compartment during

*
a severe accident. A realistic BWR containment analysis code should
have the capability to model these mechanisms.

Due to the relatively small size of MK I and MK II containments it
is extremely important to accurately simulate the impact of reactor ves-
sel and SRV line surface heat transfer, core / concrete reactions, and.

penetration leakage. These issues have been areas of major concern for
BWR users of the MARCII code since MARCH typically predicts extremely
high (>900 K) temperatures in the MK I drywell following the onset of
core-concrete reactions.

Both MARCH and CONTEMPT model many of the mechanisms listed in
Table 8.6. However, neither CONTEMPT-LT nor MARCH has any representa-
tion of hydrogen recombiners, reactor vessel surf ace heat transfer, hy-
drogen mixing systems, drywell purge systems, or containment atmospheric
dilution systems. Many of the phenomenological models employed in
CONTEMPT are more mechanistic than those employed in MARCH, however
CONTEMPT-LT does not incorporate any treatment of core / concrete reac-
tions or the gases produced by these reactions. Furthermore, neither
CONTEMPT-LT nor MARCH incorporates models for drywell floor or reactor
pedestal wall melt-through (both of which are major issues of concern
for severe accidents in MK II plants).

. 8.5 Secondary Containment Modeling

The secondary containment compartments in present BWR designs are
the reactor building reactor zone and refueling zone, the annulus com-
partment, fuel building, auxiliary building, and the enclosure building.*

These do not all exist in any single design.

_ _



m _ . . _ , . _ _ _ . ..._,. _ . . _ _ . . _ - _ _ _ _ _ _ . ____

% ~>

178
3.s
*

-

'.Drywell or suppression chamber failure in the MK I and II designsn

will- result in direct - leakage from the primary containment into the
~

- reactor building reactor or refueling zone. In the standard MK III de-
sign, failure of the reactor building (annulus boundary) will result in

'
leakage to the atmosphere, fuel building, or auxiliary building. Fail-

ure of the containment building in the alternate MK III design will re-
; sult in leakage from the containment building to the enclosure or aux- .

iliary buildings. Finally, failure of the MK I and II reactor building,
: or the MK III fuel, auxiliary, or_ enclosure buildings can result in di-
rect. leakage from these compartments to the surrounding atmosphere.;

!

|- . This is particularly: true in . cases when SGTS failure results in positive
: gauge pressures in the " containment. A BWR severe accident containment~

_

2 - analysis code should be capable of simulating each of these failures and
the resulting inter-compartment flows.

Table 8.7 is a listing of the mass and energy transfer mechanisms i
,

associated with each of these compartments. Due to the. open nature of
,

; the - reactor building refueling zone, the annulus, and the enclosure
building, it is probable that a single volume modeling representation of

; these compartments would provide adequate accuracy in compartmental tem-
perature and pressure predictions, etc. However, a multi-volume repre-

.

sentation of . the reactor building reactor zone and the . auxiliary andi

fuel buildings -is desirable due to the complex structural design of
'

these buildings. As noted in Table .8.7, much of the ECCS equipment is
located in rooms in . the reactor and auxiliary buildings. Since high

'

room temperature is an isolation signal for many of; these systems, a ,
,

multi-volume representation of these compartments is very desirable. |

Accurate evaluation of hydrogen deflagration events and fission product;
'

transport phenomena will, however, require a -detailed treatment of atmo-

j: spheric composition regardless of the modeling structure employed.
<

:

| 8.6 Fission Product Transport -in Containment
;

i 8.6.1 Introduction

i
! As ' previously. stated, .the basic purpose of all severe accident

modeling is to determine the timing, magnitude, location, and chemical -
form of all fission products . releases to the environment. The complex i

; configuration. of BWR containments - greatly complicates this task.- The

|- purpose of this section is ~ not .to provide a detailed discussion of gen-
eralized fission product transport . . phenomena, but rather- to highlight

t

those areas where differences in BWR and PWR containment designs might.
j. ~ dictate - dif ferent fissimr product - transport modeling approaches.

,

j- ' During ; a' severe accident, ' fission _ products may escape the reactor -
F- - vessel via the . SRVs, .~ MSIVs, pipe breaks, HPCI' and LRCIC ' steam supply
'

lines, and, of course, vessel : melt-through. . - Potential . leakage paths
also are present.' in : the core spray,o RHR,7 recirculation and scram dis--; ,

~

'

L charge ~ volume ' systems. - (A detailed ' discussion 'of these - fission ~ product |
release pathways '(for the Browns Ferry; plant - BWR 4/MK' I) 'is presented| 1

[ - in Appendix A of ' Ref.= 8.4.) In.' BWR accidents,- the primary fission' pro-
' duct release paths prior to vesse1 ~ melt-through would - be via the SRVe ? to ~'

s-

-

) -
' '
.

- _

y $"p' ' 1 -1P -~ 4 g -. 8k -s-+ prf% -g d'-we4 7 .t b



179

the suppression pool or via a pipe break to one of the primary or sec-
ondary containment compartments. The fission products would be in the

,

form of gases, vapors, and particulates, and would be waterborne when
they enter the containment in some instances.

The natural fission product removal processes in the containment
include

o

".... sorption and condensation onto surfaces and particles, con-
densation into aerosol particles, chemical reactions with surfaces
and other species in the atmosphere, and dissolution in any water
present. The natural removal processes undergone by particulate
matter would include agglomeration into larger particles (by pro-
cesses such as Brownian, gravitational, and turbulent coagulation)
and subsequent removal of particulates from the containment atmo-
sphere (by processes such as gravitational, diffusional, thermo-
phoretic, and diffusiophoretic deposition. In all cases, processes
would occur which would partially counteract some of these removal
processes. For example, condensed vapors could be revaporated and
deposited particles could be resuspended. Thus the concentration
of materials in the containment atmosphere typically would be a
complex function of the many processes which would take place. ...

Inasmuch as most of the radionuclides other than the noble gases,
and perhaps some of the halogens, could form aerosol particles in
the containment, the post-accident behavior of the majority of
radionuclides could be determined by the overall aerosol be-.

havior."8.5

Accurate simulation of these processes will necessitate detailed models
for atmospheric gas, steam and aerosol compositions and some simulation

* of the various chemical reactions which produce changes in chemical
species compositions.

8.6.2 Suppression chamber fission product transport concerns

Since severe accidents would generally involve the release of fis-
sion products into the suppression pool and/or the drywell prior to '

gross primary containment failure, systems and structures which might
significantly influence fission product retention in these compartments
are of_special interest. As previously stated, many accidents would re-
sult in the release of significant quantities of fission products into
the suppression pool via the SRVs or .possibly the drywel1~ vents.- These

,

'gaseous and particulate materials would be carried in flows of steam and
noncondensable gases. The suppression pool can remove and retain sig-
nificant quantities of fission products from the SRV and vent inputs,
but the ef fectiveness of the pool scrubbing function is a complex, and
as yet not well understood, function of pool temperature, depth, pres-

, sure, and material flow rates and compositions (fraction of-noncondens-
able gases). Heating of the pool due to the deposited fission products
should be modeled. An additional complication is the fact that consid-
erable fractions of the pool may flash (and subsequently boil) when the -
primary containment fails, resulting in resuspension of significant3

.

5
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quantities of materials which.had previously been deposited in the pool.
- Operation of suppression chamber RHR sprays, plateout of material on

,,

- vent / pool boundary structures and flow of material through the vents,
and reactor building-to-wetwell and wetwell-to-drywell vacuum breakers
- also must be considered in mechanistic fission product transport calcu-
lations.

Few physical models for fission product ' retention in the pool cur- +

; rently exist, but relatively good models can be formulated for SRV,
vent, vacuum breaker, and standby. gas treatment system flows. A

'
reasonable approach to this problem at the current time is to utilize
experimentally based, time dependent pool decontamination factors (see
Sect. 4.5, Ref. 8.4) which would vary, based on the chemical and
physical form of the incoming flow (particulates, organic iodine, etc.),
the _ source of the incoming flow (SRV quenchers or vents), and the
physical state of the pool (subcooled or saturated). Simplistic modele
of this type are described in Appendix E of Ref. 8.6.

8Rastler .7 has summarized available suppression pool decontamina-
| tion experimental results. These data could provide the basis for

establishment of appropriate decontamination factors for present appli-
cations.

8.6.3 Drywell fission product transport concerns

'

Prior to vessel melt-through, fission products may enter the dry-
*

well via a reactor coolant boundary pipe break, or via the drywell vent,

and vacuum breaker system. Subsequent to vessel failure, the core /
,

concrete reaction will generate tremendous quantities of noncondensable
gases and aerosols which will disperse directly into the drywell atmo-
sphere. All of the basic fission product transport phenomena described .

in Sect. 8.6.1 will occur. - In addition to the natural phenomena, BWR
severe accident analysis codes should have the capability to simulate;

' the impact of drywell fan coolers, sprays, SGTS, H2 mixing, and purge
system operation on the time dependent distribution of fission products

'

within the drywell. The SGTS, H2 mixing aud-purge systems basically im-
pact . the drywell fission product distribution by removing - portions of4

the 'drywell atmosphere. The drywell fan coolers condense steam and di -
rectly remove fission products by plateout and deposition on the cooling
coils. The drywell spray system condenses steam and washes aerosols out
of the drywell atmosphere. All of these phenomena can .significantly
affect the time dependent distribution of fission products . in the dry-

c well.
!

8.6.4 Primary containment failure - impact on
' fission product distribution-

If . the primary containment is intact prior to vessel melt-through,
*evolution of - gas from the core / concrete reaction will result- Lin pressure

and '. temperature increases in the drywell that will eventually challenge:

the integrity ; of , the containment. The timing, ~~ location, and ' nature of .
the.- primary containment. failure can significantly impact - the _ ultimate ~

~

distribution of. fission products following a severe accident. ',

,
- .
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The four basic types of primary containment failure mechanisms are
static overpressurization of the containment resulting in (1) liner rup-
ture, or (2) penetration leakage due to dif ferential expansion between"

the penetration assemblies and the liner: (3) degradation of the elas-
tomer seals in primary containment electrical penetration assemblies due
to excessive containment temperatures, and (4) primary containment base-
mat melt-through. Due to their small size, MK I and MK II containments,

would generally fail by one of the first three mechanisms prior to base-
mat melt-through. It is unclear whether MK III systems would behave in
the same manner.

Greene (Chap. 7, Ref. 8.1) has reviewed and summarized existing
work on BWR severe accident static overpressurization containment fail-
ure analysis for MK I containments. Historically, only shell failure
modes (type 1 above) have been analyzed even though most investigators
have noted that penetration leakage (type 2 failure) is likely prior to
gross containment failure to by overpressurization.

8Available studies .8,8.9 indicate that the MK I containment liner
would fail at the intersection of the spherical and cylindrical sections
in the drywell at gauge pressures ranging between 0.81 and 1.22 MPa (117
and 177 psig). MK II containment failure would occur in the upper third
of the suppression pool liner at a gauge pressure of ~0.92 MPa ( ~133
psig). Failure of the standard MK III containment liner would occur

i near the junction of the hemispherical head and the cylindrical wall, at
! a gauge pressure of ~0.69 MPa (~100 psi).

None of the available studies have made any definitive statements*
regarding the size of such liner failure opening since existing anal-
ytical methods are -incapable of addressing such issues.

Existing structural mechanics models are not sufficiently refined
to allow a detailed analysis of type 2 failures on a scale that would be

o practical for application to BWR severe accident analysis codes. It is
possible, however, that failures of this type could forestall or perhaps
even circumvent gross containment liner (type 1) failures.

Excessive temperatures may ba reached in the containment due both
to the evolution of hot gases and aerosols from the core / concrete reac-
tion and to direct radiation to the containment liner and other struc-
tures from the hot core debris. Excessively-high temperatures could re-
sult in the degradation of elastomer seal material employed in contain-
ment electrical penetration assemblies.8.10,8,11 Such degradation night-
allow the primary containment atmosphere to leak directly into the reac-
tor building in the MK I and MK II designs. It is possible, however,-
that such leakage paths would be partially or even totally plugged due
to aerosol deposition along the flow path.8.12 (It should be noted that
such plugging would not necessarily yield reduced fission ; product re-
leases since it might result in . a violent static-overpressurization
failure _of the containment boundary. )

A suf ficiently large failure in the ' drywell (MK I and II) or con-
tainment - building (MK III) liner would result in a depressurization of

a the associated compartment. At some point, the containment ~ pressure
could drop below the saturation pressure of the . suppression pool, _ re-
sulting in pool . boiling .and an attendant redistribution of fission pro-
ducts from the pool. If-the liner fails in a gross (type 1) fashion,-

_4 tremendous quantities of pool water would flash and boil in a very brief "

:

_



182

time. In the MK I and II designs this steam would flow through the dry-
.well vacuum breakers and vents, through the drywell, and out the failure

~

openings. In the MK III design suppression chamber, steam could flow
directly out any breach in the containment building wall. Depending on
the location and configuration of the containment breach, material could
flow directly into the reactor building reactor and/or refueling zone
.(MK I and II), the annuius (standard MK III), or the fuel and auxiliary .

building (alternate MK III). The steam could, of course, carry substan-
tial quantities of fission products.

Due to the great uncertainty currently associated with containment
failure mechanisms, a reasonable approach to the modeling of these phe-
nomena in BWR severe accident analysis codes is to allow the user to
specify the time, pressure, or temperature and location at which the
containment failure will occur. The initial size of the failure would
also be input. Existing information .12. relating - to aerosol plugging8

rates could be incorporated to account for the ef fective time-dependent
decrease in failure size due to these phenomena.

8.6.5 Secondary containment fission product transport concerns

As previously described, the secondary containment in MK I and MK
II designs is comprised of the reactor and refueling zones of the reac-
tor building. The secondary containment in the standard MK III design
consists of the reactor, fuel, and auxiliary buildings, and the enclo-

'sure and auxiliary buildings in the alternate MK III design.4

In addition to the natural fission product' transport and deposition
processes discussed in Sect. 8.6.1, realistic BWR fission product trans-
port analysis codes must be capable of considering the impact of BWR
secondary containment systems which might continue to operate during a ,

severe accident. These systems include reactor building-to-suppression
chamber vacuum breakers, annulus-to-containment building vacuum break-
ers, reactor and refueling zone blowout panels, standby gas treatment
systems, reactor enclosure recirculation systems, and fire protection
system sprays.

In many accidents in MK I and MK 11 plants, failure of the primary
containment could lead to failure (opening) of the reactor building re-
actor zone-to-refueling zone and refueling zone-to-atmosphere blowout
panels, i.e., loss of secondary containment integrity. Such phenomena

, must be modeled accurately in fission product- transport codes.

| Standby gas treatment systems draw suction f rom the secondary con-
I tainment volumes during accident conditions. . Operation of these systems-

can significantly impact fission product release' magnitudes due to re-
moval of aerosols by the HEPA filters and removal of iodine by the char-
coal' beds. These phenomena-must be modeled in . realistic _ BWR severe ac-
cident analysis codes. ' A second impact of SGTS operation which is of ten
over-looked - is th'at , in some plants, the SGTS ' capacities are suffi-

'

ciently - -large to maintain . negative pressures 'in the reactor: building ,

even af ter the reactor building blowout _ panels open.8.4 The net impact
_

of _ this is to significantly decrease the - magnitude _ of direct fission
product releases to the environment, allowing more time for natural
deposition processes - to occur 1within the containment. It - should be ,

a
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,

noted, however, that continued operation of SGTS systems under core melt
(high aerosol loading) conditions could result in tearing of the SGTS
HEPA f11ters. This tearing would allow aerosols to penetrate into and-

possibly deposit in the SGTS charcoal beds. The decay heat source from
any aerosols retained in the bed could be significant and might even re-
sult in ignition of the charcoal.

Some MK 11 plants incorporate a reactor enclosure recirculation
*

system (Sect. 3.5.3). This system can draw suction from either the re-
actor or refueling zone of the reactor building, filter the atmosphere
through charcoal and HEPA filters, and return the cleaned gas to either
zone of the reactor building. This system would function as a fission
product trap during accidents in which it remains functional. However,
the survivability of the RERS under the extreme environmental conditions
produced during severe accidents is questionable.

Although not a part of the secondary containment system, fission
product transport phenomena in the main turbine building must be modeled
for cases involving fission product leakage into the building via the
main steam lines and turbine gland seals.

a

e
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Table 8.1. MK 1 systems and structuresa4

|

O 9 M Hin out in out

Drywell Recombiners DC DV DV

RV DS Sprays SGTS;
'

VB

Break flow
CAD

Wetwell RHR HPCI/RCIC VB
Turbine exhaust ECCS

suction
SRVs
Sprays
VB
DV

RB/RXZ ECCE RC- Sprays BP,

Break VB
SGTS

RB/RFZ Sprays SGTS
BP BPg

a RV Reactor Vessel
DS Drywell Structures
DV Drywell Vents
DC Drywell Coolers
VB Vacuum Breakers

CAD Containment Air Dilution System
ECCE ' Emergency. Core Cooling Equipment

RC Emergency Core Cooling Equipment Room Coolers
BP Blowout Panels

RB/RXZ Reactor Zone -of Reactor Building
RB/RFZ Refueling Zone of Reactor . Building

-.

O

4

..
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,

.

a
; Table 8.2. MK Il systems and structures

.

9n 9out M M1 in out

| Drywell Recombiners DC Sprays DV
i RV DS DV SGTS

Break flow
CAD

VB

- Wetwell RHR HPCI/RCIC ECCS

; Turbine exhaust suction
SRV

Sprays
DV

28/RXZ RERS RERS RERS RERS
ECCE RC SGTS SGTS

Sprays BP+

Break

RB/RFZ RERS RERS RERS RERS
'

"

SGTS SGTS

a RV Reactor Vessel,

DS Drywell Structures .

DV Drywell Vents
DC Drywell Coolers,

j VB Vacuum Breakers
! CAD Containment Air Dilution System
| ECCE Emergency Core Cooling Equipment

RC Emergency Core Cooling Equipment Room Coolers
BP Blowout Panels

I
RB/RXZ Reactor Zone of Reactor Building
RB/RFZ- Refueling Zone of Reactor Building

RERS Reactor Enclosure Recirculation System

>

.

$

6

. . .
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Table 8.3. Standard MK III systems
and structuresaj-

91n 9 ut N M
o in out

Drywell RV DRS RHR/ sprays DV

Recombiners DS Break flow
VB SGTS

H2 mix sys.
DV

Containment RHR VB SGTS

DV H2 mix sys.
RHR/ sprays Purge sys.

RHR/ flood ECCS

RCIC turbine suction

exhaust
SRV

Annulus Conduction Drywell purge SGTS

through VB
# cont. walls

Fuel Bldg Fire sprays SGTS

Auxiliary F "E RC Fire sprays SGTS

. Bldg

a RV Reactor Vessel
DS Drywell Structures

.DV Drywell Vents
DC _Drywell Coolers-
VB Vacuum Breakers

-DRS Drywell-Recirculation System
CAD Containment Air Dilution System

ECCE Emergency Core Cooling Equipment
RC Emergency Core Cooling Equipment Room Coolers
BP Blowout Panels

6:

C '.
.

.
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*Table 8.4. Alternative MK III systems
aand structures

9 9 M, M1n out . g out

Drywell RV DC RHR/ sprays DV

Recombiners DS 'VB SGTS
DV DP

Break flow

Containment- CC RHR/ sprays SGTS

DV ECCS

RCIC turbine suction
exhaust

Auxiliary F.C Fire sprays SGTS
Bldg

Enclosure SGTS SGTS .

Bldg

a RV- .Re' actor. Vessel
DS Drywell Structures
DV .Drywell Vents *

DC Drywell Coolers
VB Vacuum Breakers

DRS Drywell Recirculatifon. E stemf
. CAD Containment Air Dilution System
ECCE Emergency Core C oling Equipment

RC EmergencyLCore Cooling Equipment Room Coolers
~BP- Blowout Panels
.DP Drywell Purge
CC . Containment. Cooling

.

. , . .

a e.
#
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= Table 8.5. BWR suppression chamber mass and energy
transfer mechanisms

Region Mechanism Directiono
4

Liquid

Mass transfer: SRVs +
Drywell vents +,-
ECCS turbine exhaust +
Sprays + atmospheric fallout +
Condensaion on structures +
Pipe break +
Evaporation -

Boiling1 -

Flashing -

ECCS pump suction -

RHR drain pump suction -

Structural failure -

RHRS (Mixing)
Drywell floor melt-through (MK II) +

Heat transfer:"
-

Structures +,-
RHRS -

Sensible heat to compartment +,-,

. atmosphere
''

Fission products +

Vapor

Mass transfer: Sprays +
Vacuum breakers +
SGTS -

H2 mixing system +
Purge system -

Penetration leakage -

Structural failure -

H2 reactions +,-

' Heat transfer: Structures- +,-
Containment coolers - -

Sensible heat to pool +,-
H2 reactions +

CWithout mass transfer.
* '. i

. c

-
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Table 8.6. BWR drywell mass and energy transfer mechanisms

Atmosphere Mechanism Direction
,.

Atmosphere

Mass transfer: Sprays +
Vacuum breakers +
Containment atmosphere +
Dilution system +,-

H2 mixing system +
Vents -

SGTS -

Penetration leakage -

Structural failure -

Drywell purge system -

Hydrogen recombiners +,-

Condensation -

Fallout -

Sump evaporation +
H2 reactions +,-

Core / concrete reactions +4 -

Energy transfer:a Reactor vessel and SRV lines +
Sensible heat from sump +,-
S tructures +,-
Fan coolers - -

Hydrogen recombiners +
;

Sump

Mass transfer: Condensation +
Sprays and atmospheric fallout +
Evaporation -

Boiling -

Flashing -

Overflow to PSP -

Sump pumps -

| Structural failure -

Floor melt-through (MK II) -

Energy transfer: Core debris reactions +
! Fission products +
| Sensible heat to - atmosphere +,-

!

GWithout mass transfer.
.

!

|

|
O'
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Table 8.7 -BWR secondt.ry containment mas
~ and energy transfer mechanisms

Region Mechanism. Direction

Reactor Building Reactor Zone (MK 1, 11)
'"*7
_

Mass transfer: Fire sprays +
Blowout panels -

Reactor coolant boundary breaks +

SGTS -

Infiltration +

Primary containment penetration +

leakage
Primary containment failure +

Vacuum breakers (MK 1 only) -

Exfiltration -

. Energy transfer Equipment (ECCS) waste heat +

Structural +,-

Emergency core cooling -

Equipment room air coolers +

Reactor Building Refueling Zone (MK I, II)

Mass t ransfer: Ytre sprays . +

dlowout panels +,-
SGTS -

Infiltration +

.Exfiltration -

Energy transfer: Structural +,-
Annulus-

~

Mass transfer: Drywell' purge +

Vacuum breakers -

SGTS _. ~

, Structural failure +,-

< Annulus mixing nystem - Mixing

Heat t ransf e r: Structural' +,-

Auxiliary that iding .

Mass Transfer: . Fire sprays +

' Annulus failure. +. , -

Pipe' break +
SGTS -

Energy transfers Structutal
. .

+,-
Equipment ro<ws air coolera . -

hCCS | equipment waste heat '+

Fuel Building

; Mass transfer: Fire sprayuL I+.
~SGTS -

Annu!us failure L+,-:

-:: eat transfer: StructuralJ + , - -
' ^

4

'

Enclosure Building

-Mass transfer: Annulus fatture' ' +,-
4. Infiltration' '+ 1;

'Exfiltration. - -.

SGTS i -

Heat transfers- Structures +,--

_ 0,; <Without mass transfer.
-

S'

c
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9. HUMAN FACTOR MODELING CONSIDERATIONS

The accident at Three Mile Island I served as a forceful reminder9

of the importance of_ the operator's role in the mitigation or exacerba-
tion- of accidents in' nuclear power plants. The key factor in determin-
~ ing the operator's actions at ' any point .in an accident is the " apparent" g
plant status (which may be dif ferent _ than the actual plant status) dis-
played to the operator. by the available control room instrumentation.
It is, the refore,1 desirable that the severe accident analyst have the
capability of determining what information would be available to the
control room operator throughout the course of the accident.

There are two- factors which influence the quality of the informa-
, tion available to the operator via the control room instrumentation:
(1)- non design basis environmental conditions in the vicinity of the

'

sensors which can result in erroneous instrumentation readings, and (2)
limits to the physical range of the instrumentation.

An understanding of the first factor can be gained by reviewing the
operating' principle of BWR in-vessel water level instrumentation sys-
tems. The measured water level is the level existing in the reactor
downtomer annulus. To measure this water - level, . two connections are

. made to the reactor -vessel. One connection penetrates the reactor ves-
sel in the steam volume area. This high pressure side penetration con-
nects to a condensing chamber which is' an enlarged volume in the piping.
This chamber is not thermally insulated _and remains at- approximately the .

*
same temperature as the surrounding dry-well. atmosphere. Most of the
reference leg piping in BWR 5 and 6 plants is routed out of .the drywell
into the containment to minimize density changes because of - changing
drywell temperature). Steam entering the _ condensing chamber condenses .-
on the inside-of:the chamber.- The resulting condensation collects in a V
reference ' leg which connects to one side of' a level transmitter.

The lower penetration (variable leg) enters the reactor ; vessel in-
the downcomer annulus region. This 'line connects to the low pressure
side of the level-transt.itter. With ' this arrangement, reactor ~ pressure-

is felt on both sides- of the dif ferentia1' pressure detector and does not
affect the measurement. The pressure caused by the reference- column of
water is comparedito' the pressure ' resulting from the water level .inside
the reactor vessel. - ' Since the reference leg remains constant :(under .de-

'

sign conditions), because _ of the _ action of the condensing chamber, any.
change in-the-height of '. the -reactor-vessel. water level produces.a.dif-
ference in the water - column pressures - that ~ is proportional: to _ the reac -

i ' tor-vessel water; level.'

The level-transmitter converts this dif ferential pressure signal to
an electrical signal and transmits . it; to a control ' room. indicator, . a

protection : or fisolation system trip channel, 'or .. an alarm trip" signal ."
i . The ~ instrument is calibrated to ' read -maximum level whea zero differen-

tia17 pressure is' applied..
, ._

This ' type 'of : level measurement : system : makes '~ no . correction for. %

; , changes; in ' reactor : vessel or , reference leg ' water . temperature or density,
' and . is ? termed uncompensated. Each. Zevel detectorLis calibmted for a! -

|given tempemture of the Ireactor coolant and reference leg. . Any devia--
- ; tion [ from these conditione) introduces errone'in ' the tevel masurement g

..
~

!: because of 'changee ?in Lthe M2ter ? density. Each ' instrument 'is calibrated
,
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at the vessel pressure and drywell temperature in which the instrument |1s to be used. I
o Compensated level detector systems operate with a reference leg |tempe ratu re maintained near the reactor temperature to help compensate

{for density changes, In this type of system, the reference leg tends to
flash to steam during large pressure reduction transients in the reactor
vesse]. While this enndition is only temporary, the indicated level,j

appears high n. than actual level during the transient period.
Many s( vere accidents would result in drywell temperature and pres-

sure extremes and reactor vessel depressurization transients which could
yield significant errors in the indicated reactor vessel water level.
As shown in Fig. 9.1, most BWRs have only one level instrumentation sys-
tem which is capable of generating vessel water level readings when the
level is below the top of the active fuel. This system, which is de-
signed to monitor reactor vessel level during design basis loss of cool-
ant accidents, is calibrated for saturated water and steam conditions of
212*F inside the reactor vessel and the drywell. This system would
yield erroneous core water level indications during many severe accident
conditions. Similar limitations exist for the remaining level indica-
tion systems. The different calibration points of the level indication
systems would also lead to contradictory level readings during many
severe accident conditions. This is a particular concern for BWR-4 sys-
tems in which the re ference leg piping is located within the drywell.

The second factor noted above is that the indication range of much
of the control room instrumentation is such that readings would be of f*

scale during many phases of a seve re accident. During such situations
operators would be forced to make decisions and take actions based on
incomplete, and, perhaps, inaccurate information.

An accurate assessment of the operator's role in severe accident
y management cannot be accomplished without consideration of the issues

discussed above. Future severe accident analysis codes should incorpor-
ate an " interpretive" algorithm which would be capable of converting
predicted values of critical pla.'t parameters to values which would be
displayed to operators in the control room.

Table 9.1 is a suggested list of parameters for inclusion in an in-
terpretive processor. Such an algorithm would be relatively easy to de-
sign and code, and would utilize relatively meager computer resources.
The information generated by such a processor, when combined with pre-

9pared emergency procedure guidelines .2 would provide the analyst with a
powerful tool for investigation of the ope ra tor 's role in severe acci-
dent mitigation.

o
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Table 9.1. Interpretive parameters

;

Reactor vessel level (all indicating systems)

Reactor pressure

- Drywell pressure

Drywell atmospheric temperature
* Wetwell (containment building) pressure '

Pressure suppression-pool temperature

Pressure suppression pool level
'd Condensate storage tank level

*
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10. ATWS MODELING ISSUES

ci

10.1 Introduction

The previous chapters of this report have described a wide variety.." of modeling capabilities necessary for realistic simulation of a broad
spectrum of BWR severe accidents. As mentioned in Chapt. 4, the results
of existing BWR probabilistic risk assessments indicate that the four
" risk dominating" sequences for BWRs are (1) transients coupled with
failure to provide makeup water to the reactor, (2) transients accom-
panied by loss of containment cooling, (3) loss of coolant accidents,
and (4) transients coupled with f ailure to achieve reactor suberitical-
ity (ATWS). It is the author's belief that the first three types of ac-
cidents can be adequately modeled by a code having the capabilities
previously described in this report. The purpose of thic chapter is to
briefly summarize the additional modeling capabilities necessary for ac-
ceptable representation of ATWS events.

Section 10.2 presents a brief description of the plant response to
an event in which the reactor fails to scram when initially called upon,
and of subsequent automatic and operator initiated actions which would
result in accident mitigation. Section 10.3 describes situations in
which failure of mitigative actions would lead to core melting. Fi-

nally, Sects. 10.4 and 10.5 describe the additional severe accident
modeling capabilities necessary for evaluation of ATWS accident phe--

nomena in the reactor vessel and containment.

10.2 Mitigated ATWS Sequence Descriptiony

10.2.1 Introduction

A recent evaluation performed by the General Electric Co.10.1 re-
veals that the two major transient without scram sequences of . concern in
BWRs are (1) ATWS/MSIV closure, and (2) ATWS/ turbine trip.

The ATWS/MSIV closure sequence is an accident in which the reactor
is isolated and no feedwater flow is available (for plants with turbine
driven feed pumps). This is the most limiting of the two transients in
that higher vessel pressures and pressure suppression pool temperatures
are expected than in the other transient.

The ATWS/ turbine trip transient differs from the previous transient
in that the MSIVs are open and feedwater flow is available during the
early part of the transient. The main condenser is, therefore, avail-
able for steam discharge via the turbine bypass valves during a portion
of the accident. Peak reactor pressures are calculated to be lower than
those for the MSIV closure accident.10.1 It should be noted that the
turbine trip ATWS converts to a MSIV closure ATWS prior to core uncov--

ery, since the MSIVs automatically close on receipt of a low reactor
water level signal.

The following section will present a brief description of the
d ATWS/MSIV closure accident in which normal mitigation procedures result

y

n-
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.

( in accident termination prior to core damsge. This description is pre-
sented to afford the reader an improved visualization of ATWS mitigation -
procedures.

10.2.2 ATWS/MSIV closure transient description

The MSIV closure accident results in the greatest challenge to the
.

reactor coolant pressure boundary. Following MSlV closure, reactor ves-
sel pressure immediately increases, producing a reduction in core void
f raction and a rapid increase in power. Feedwater flow is lost due to
the feedwater pump trip associated with MSlV closure. Reactor power is
expected to peak at approximately 525% of the initial value at 4 s into
the transient.

The pressure spike associated with MSIV closure produces SRV actua-
tion and recirculation pump trip. Recirculation pump trip (which is
vital for ATWS mitigation) reduces core flow which, together with loss
of feedwater flow, results in increased core voiding and substantially
reduced core power levels. Continued SRV actuation results in a steady
reduction in vessel water level, triggering HPCI and RCIC injection at
~1 min into the accident. Reactor vessel water level would continue to
drop for some period since the combined flow of the RPCI and RCIC sys-
tems is insufficient to replace SRV losses at this point in the acci-
dent.

The operator should attempt to manually scram the reactor following
indication of automatic scram failure. Assuming that the manual scram ,

function is unavailable, the GE Emergency Procedure Guidelines
(EPGs)10.2 call for the operator to manually insert the control rods.
(This is a slow process since only one rod can be driven at a time.)
The operators are to initiate the SLC system if the reactor is not shut =

down before the pressure suppression pool reaches 110*F.
If the p ressure suppression pool reaches 110*F with reactor power

greater than 3% and SRVs actuating, the EPGs require that the operator
stop all injection except that from the CRD hydraulic and SLC systems
until the power level drops below 3%, or the level drops to the top of
the active fuel, or all SRVs close with a drywell pressure less than 2.5
psig. Thereaf ter the operators are to prevent automatic ADS operation
and maintain the level near the top of the active core until the reactor
can be brought to a safe shutdown state via rod insertion or SLC system
operation. In the event the vessel water Icvel cannot be maintained-
above the top of the core, the reactor would be depressurized to allow
use of low pressure injection systems.

10.3 ATWS Degraded Core Progression

Regardless of the transient initiator, current BWR ATWS emergency
procedure guidelines rely upon a combination of recirculation pump trip, ,

manual rod insertion, SLC injection, and lowering of vessel water level
to control or terminate the accident. Successful SLC injection will re-
sult in power levels of a few percent within 20 min of the start of in-
jection. Recirculation pump trip alone will result in power levels '
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below 30% - even if the SLC system is unavailable. Reduction in water
levels.to near the top of the active fuel will result in additional re-
ductions in power level due to increases in core voiding.

Preliminary results f rom an ongoing BWR ATWS study at Oak Ridge Na-
tional Laboratory 10.3 indicate that, properly executed, the current EPGs
will . result in termination of the ATWS sequence within 20 min if the SLC4 system functions as designed. In the event that the operator cannot or
does not manually scram, insert rods, or utilize the SLC system, the
mitigating actions described in the current EPGs will result only in
" arrest" of the ATWS sequence. For such cases, execution of the EPGs
will result in either of two conditions: (1) reactor power of a few
percent of the initial value and vessel water level stabilized near the
top of the active fuel, with injection via HPCI/RCIC systems; or (2)
power status unknown, vessel water level below the top of the active
fuel and dropping, injection via HPCI/RCIC systems, and depressurization
underway. It is these two EPG exit conditions that are of interest to
the ' severe accident analyst.

In the first case, the reactor is in a quasi-steady state situation
in which reactor power is stabilized at a few percent of the initial
value, vessel water ' level has stabilized near the top of the fuel, and
the HPCI/RCIC system is supplying the necessary vessel makeup water from
the . condensate storage tank (CST). The pressure suppression pool is
heating up due to. steam input from the lifting SRVs. This situation can
be driven to a core . melt condition by loss of high pressure injection
capability coupled with the inability to depressurize. Loss of high.

pressure injection can occur due to exhaustion of the CST inventory
coupled with inability to - draw suction from the ~ pressure suppression
pool, overheating of the turbine driven HPCI and RCIC pump lube oil, or

. loss of all injection systems due to blow-down phenomena associated withd containment failure. Table 10.1 is a summary listing of this event se-
quence.

In the second case, the HPCI (HPCS) and RCIC systems cannot main-
tain the water level, above the top of the core (or the suppression pool
temperatures are excessively high), and the ' operator depressurizes to
allow use of the low pressure injection systems. The combined flow of
the LPCI and LPCS. systems is such that the entire reactor vessel can be
filled ' with cold water within 3 to 8 min (if vessel pressure is suffi-
ciently low). Thist is an - extremely significant point since reactor
power in this sequence is limited only by the core voiding induced by
the maintenance of reduced vessel water levels. Several scenarios are
possible once the vessel has been depressurized: (a) injection is con-
trolled by the operator to maintain the level near the top of the core,
low pressure injection is' lost, core' melts; (b) injection is initially
controlled by operator to maintain reduced level, RHR pressure suppres-
sion pool . cooling is lost, containment fails, vessel injection f ails -
core melts; (c) low pressure' injection flow limited by vessel pressure,
core is partially uncovered; (d) low pressure injection systems cover* core with cold water, producing power spike, possibly damaging fuel and
bursting the reactor ~ vessel; or (e) the core shatters into suberitical
geometry due to thermal shock. . - Table 10.2 is a summary listing of the
event. chronology for these. sequences.

4-
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Tables ' 10.1 and 10.2. reveal the large number of system and hardware
,

failures .which must occur if the ATWS event is to lead to core melting. e

This evaluation is, however, based on the assumption that the operator
-is ' wel1 ~ trained and familiar' with the Emergency Procedure Guide--

lines 10.2 - and follows them. As in all accidents, incorrect or un-
planned operator actions could change the accident . sequence and sever- g
ity.

This -description has been presented in an effort to provide a basis
for identifying ATWS severe accident analysis code modeling requirements
which are discussed in the following sections.

10.4 ATWS Modeling Concerns

10.4.1 Kinetics /thermohydraulics

Loss of injection results in the gradual uncovering of the critical
core. As the void f raction in a given zone of the core increases, mod-
eration drops, and at some point the nuclear fission reaction -in the
zone ceases.- It is possible that more coolant is ' required to n.aintain
criticality than is required to provide ' adequate cooling. If this la
true, core, melting for ATVS sequences vould nour under decay heat -
not at power. The exception to this is Case II D (Table 10.2), in which
LPECCS injection results in an intense core power spike, followed -by ,

vessel breach due to excessive pressures.
During' the core uncovery phase of ATWS accidents, steam generated

in the covered sections of the core is available for cooling and reac-
tion in the uncovered zones. This - could lead to situations where some
zones are critical but well cooled, other zones are suberitical and well r

cooled, and still other zones are subcritical and under-cooled. De-
tailed evaluation of this scenario is ' extremely difficult- since the
time- and space-dependent power levels cf the critical zones are closely
coupled - to- core thermohydraulic conditions.

Detailed treatment of the core uncovery phase of this accident re-
quires _ a coupled multi-dimensional . neutron transport and thermohy-
draulics code such as the RAMONA-3 code ,10 * 4 which employs a coupled -
neutronics/thermohydraulic modeling approach. Such detailed 'modeling
approaches are inappropriate for_ inclusion in integrated severe accident

~

analysis codes because (a) the' core dryout and uncovery phase 'of usny
ATWS accidents . w111 ' last for only a brief period ' of ' time, and (b) de- -

tailed neutronics/thermohydraulics codes typically require prohibitively
large amounts of , computer memory and CPU time to exercise.~

- A .second method for the study of ATWS ~ accidents. would be to run a
detatted code, such as RAMONA, independently and feed the' time dependent
core power distribution into a severe accident analysis code. This ap--

proach is impractical, however, since related thermohydraulic parameters
such as nodal void fractions, system pressures, fuel temperatures, etc.,' -

!must be ~. input ' to the severe accident code' as well .if realistic and con-
>sistent core heatup transients are to result.

Historically,a the approach employed for MARCH . analysis of ATWS is
to assume that " covered" regions __(regions below the calculated two phase $2

s
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level) of the core operate at some fixed percentage of full power, while
uncovered core regions produce only decay heat. This is an undesirableq
approach since it results in artificially discontinuous core power
states aad the calculated two phase level may have little physical sig-
nificance.

From the computer utilization standpoint, the only practical core9 power model for severe accident analysis code ATWS applications is a
point kinetics model. Although these models have zero dimensionality,
they can explicitly account for void and doppler feedback mechanisms.
These models have not previously been utilized for severe accident anal-
ysis applications, but it is probable 10.5 that nodal point kinetics
models could be formulated to approximate spatial power distributions
during ATWS accidents. Significant care must be exercised to ensure
that such models yield results that are consistent with detailed codes.

Case II D (Table 10.2) thermohydraulic modeling requirements are
probably beyond the present state of the art for severe accident anal-
ysis codes. In this case, reactor vessel depressurization coupled with
LPECCS injection results in rapid (less than 2 min) filling of the reac-
tor core with cold water. This produces an immediate positive reactiv-
ity addition, resulting in an intense core power increase and concomi-
tant vessel pressure pulse which may fail the vessel. Fuel pins may
also melt due to the power burst. Reactor suberiticality would be
achieved within a few seconds due to disassembly of the core and vessel.

It should be emphasized that the operator can manually control the
. LPECCS injection rates to prohibit excessively rapid core submersion.

Indeed, such operator action may be necessary to prevent the occurrence
of the Case II D ATWS over-cooling accident. Additional analysis is
needed to determine the range of core flooding rates, system pressures,

y etc., under which reactor vessel rupture might occur. In any event, the
! overall time span for the disassembly phase of this accident is so brief

that detailed analysis of the vessel failure phenomena by integrated
severe accident analysis codes is impractical and unwarranted.

f 10.4.2 In-vessel structural modeling considerations
T

i The major structural dif ference between an ATWS and other severe
; accidents is that the ' control rods are partially or fully withdrawn f rom

the core during the course of the accident. This translates to the need
for a structural core model in which the control rods can be removed,
allowing adjacent fuel assembly canisters to thermally communicate. Re-
moval of the stainions steel sheathed control rods from the core might
result in a significant reduction in hydrogen generation during the in-
core meltdown phase of the accident due to a reduction in the amount of
steel and B4C available for reaction.

Accurate evaluation of the ATWS accident also necessitates a lower
plenum structural (control rod drive guide tube) model which accommo-
dates the presence of the control blades inside the guide tubes.o

ti
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10.4.3 containment modeling issues
** 10.4.3.1 Pressure suppression pool. The ATWS event is character-,

ized- by sustained periods of SRV actuation. Since the rated capacity of
a single relief valve is ~6% (plant dependent) of the full power reactor.

| steaming rate, several. SRVs will be open simultaneously if the MSIVs are
; closed and the reactor power is above this level. The pressure suppres- * i

^ sion pool will therefore- be subjected to distributed heat loads and high
= mass flux rates in the vicinity of the --SRV exhaust quenchers. Plants
J with turbine driven HPCI and RCIC systems will also experience pressure
: suppression pool heating due to ECCS turbine exhaust during periods in

which these systems are operating.
I' Because' of the distributed nature of the SRV quencher locations,

the pressure suppression pool ' can probably be treated as a well mixed
f volume for analysis purposes under ATWS conditions when several SRVs are
;- open. Nevertheless, due to the relatively high SRV discharge mass

fluxes involved, it is possible that phenomena in the vicinity of the
SRV quenchers would produce accelerated suppression chamber (contain-<

ment) pressurization rates.
,

Techniques for treating localized pressure suppression pool phe-.

: nomena are currently under development, but realistic modeling ap-
! proaches are beyond the current state of the art.10.6 A simplified,
i well mixed, few node pool model such as that needed for modeling of . some -

; non-ATWS events is therefore appropriate for current ATWS modeling
^ applications. The capability for the user to specify the local pool .

.
temperature or time at which complete condensation of SRV and turbine

2 discharge steam ceases is, however, a highly desirable modification for-
| ATWS modeling applications.

L10.4.'3.2 Drywell. ATWS Case II D (reactor vessel rupture) pre- ,,

sents an imposing containment modeling challenge due to the great uncer-' "

tainties associated with reactor vessel failure ~ pressure, mode. loca-,

[ tion, size, etc. Primary containment (drywell) failure could occur
; either by excessive pressure or by penetration of missiles generated by
I reactor vessel failure. The large uncertaintiec associated with these

] phenomena preclude inclusion of detailed models in severe! accident anal-
; ysis codes. . Reactor vessel blowdown into, the drywell can be 'accommo-

dated with drywell mass and energy input tables and drywell failure due-
i to missile penetration can be appropriately simulated by allowing. the
: ~ user to input containment failure times and hole-size data. The .' remain -'

ing aspects of primary and ? secondary containment response during ATWS
accidents can be adequately simulated by a code having the. capabilities:

previously described in this ' report.
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Table 10.1. Case I ATWS degraded ;'

core scenario
i

!

1. Auto scram failure

| 2. Manual scram failure
1

3. Manual rod insertion f ailure'

.

4. SLC failurep
b 5. CST inventory depletion - t

6. HPCI/RCIC recirculation mode unavailable4

7.- ADS /SRVs unavailable for depressurization
i 8. Core melt
;

i

I
i

i

i.

t

1

4

:
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.
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Table 10.2. Case 11 ATWS degraded
core scenarios

1. Auto scram f ailure

2. Manual scrsa failure

3. Manual rod insertion failure

4 SLC failure

5. HPECCS insufficient

6. Depressurize

11 A 11 8 LI C 11 0 II E

72. Reduced level 7b. Reduced level 7c. LPECCS injection 7d. LPECCS fills 7e. LPECCS begins N

maintained maintained pressure limited vessel |
with LPECCS with LPECCS (core maintained

partially

covered)
sa. LPECCS fails bb. RHR pool cool- 8c. Partial core 8d. Core power Be. Fuel shatters

ing fails melt? pulse

9a. Core melts 9b. Cont ainment
fails

9d. Core neits/ 9e. Core me lts
vessel fails

10b. Injection fails

lib. Core me lts
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11. SUMMARY

J

11.1 Introduction

The purpose of this report is to identify the BWR plant hardware,
systems, and phenomena which must ultimately be modeled to permit real- .

istic simulation of severe accidents in boiling water reactors. Such an
undertaking is a formidable task since our current understanding of many
severe accident phenomena is quite limited and the defiaition of "real-
istic simulation" is, therefore, debatable. Due to the time restric-
tions associated with completion of the assessment, this report consti-
tutes a basic description of what should be modeled rather than a guide
to how phenomena should be modeled. The latter is a necessary and log-

ical extension of the present assessment.
The approach employed in this assessment is based on consideration

of five major factors; (1) actual plant hardware and operating pro-
cedures, (2) best estimate visualization of severe accident phenomena,
(3) previous BWR severe accident analysis experience, (4) present model-
ing capabilitics, and (5) current and future code applications. Only
after appropriate consideration of each of these five factors can one
specif y modeling priorities. This report has attempted to address each
of these areas. Based on this assessment, the following section pre-
sents the author's views regarding current BWR severe accident model
development priorities. ,

11.2 BWR obdel Development Priorities

e

Tables 11.1 and 11.2 present the author's views regarding current
BWR severe accident model development priorities. Many additional

component and system mode ls mst be developed or improved, but only
after the i tems in Tables 11.1 and 11.2 are addressed.

One of the most fundamental components of the in-vessel severe ac-
cident model is the thermohydraulic (Til) model. The Til model provides
necessary boundary conditions for heat and fission product transfer cal-
cu la t ions and therefore forms the basic foundation for all in-vessel
severe accident phenomenological modeling. The existing MARCil Til model
is inappropriate for BWR applications and unnecessarily lim'ts the
degree to which the code can be improved for BWR applications.

Future BWR severe accident analysis codes should be formulated
around an in-vessel Til model which explicitly accounts for multiple sub-
channel flows, bypass zones, upper and lower plenum structural heat
transfer, natural circulation and fission product heating. With the

possible exception of fission product heating, the current body of know-
ledge regarding these phenomena is such that significant improvements in
existing BWR severe accident '111 modeling is achievable within the exist- ,

ing state of the art.
The development of credible BWR structural heating, deformation and

relocation models ranks second in priority only to development of the Til
model. In nuny cases no appropriate structural models exist (control

e
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rod guide tube and vessel head melt penetration), while in other cases
(core structures) existing models are in such embryonic states that sig-

% nificant improvements are necessary and achievable prior to pursuit of
other model development goals.

The three major containment modeling priorities are listed in Table
11.2. As in the case for reactor modeling, the top severe accident con-

y tainment modeling priority is the development of a generalized thermody-
namic modeling approach which accommodates both series and parallet flow
paths in both the primary and secondary containment. The modeling ap-
proach must also be capable of accommodating MK Il prima ry containment
phenomena.* Such a model is necessary to provide a f ramework for later
implementation of containment ESF models.

The second containment modeling priority is the development and in-
tegration of a practical core / concrete interaction model into the ther-
modynamic model discussed above. This is particularly necessary for
analysis of the small MK 1 and MK II containments. The development of
improved pressure suppression pool models is of equal importance to the
core / concrete interaction model development since pressure suppression
pool and core / concrete interaction phenomena are the maj or sources of
mass and energy inputs to the containment.

Following development of improved modeling approaches for the three
areas listed in Table 11.2, models for the remaining items in Tables 8.1
through 8.7 should be incorporated. Great care should be taken to en-
sure that newly developed Til models can accommodate the systems and
s truc tu res shown in Figs. 8.1 through 8. 5.*

In some cases model developers may be abic to draw upon experience
and approaches developed previously. Iloweve r , in many situations,
existing mode ls are either too unwieldy for application in integrated
severe accident analysis codes (i.e., TRAC-BDI, CONTAIN, RAMONA), or too

-) simplistic (MARCll). It should be emphasized that no models exist at all
for some BWR severe accident phenomena.

Future BWR severe accident analysis code developers should strive
to formulate models which embody a reasonable balance between mechan-
istic modeling, computer resource demands, and user practicality.

*The core / concrete mixture would dump directly into the suppression
pool following drywell floor f ailure.

b

1

__
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" Table 11.1. BWR in-vessel model development priorities,

p'
Model Priorityd

1. In-vessel thermohydraulics 1g-
t incorporating (a) multiple channels

(b) bypass zone
(c) upper and lower _ plenum

structural heat transfer
(d) natural circulation.,

(e) fission product heating,

of structures, gases
s- (f) multiple injection points

2. Structural heatup/ deformation / relocation 2

for: (a) fuel
-

: (b) clad
.

(c) canisters
(d) control blades
(e) upper vessel internals
(f) control rod guide tubes

| and drive mechanisms
' (g) lower vessel head

o
dl = highest priority.

!

!

N

Table 11.2.- BWR containment model
; development priorities
!-

Model Priority"
i
! 1. Generalized primary and secondary 1

containment' model
i incorporating: (a) series and parallel

flow paths
4

(b) MK 11 capability
2. Core / concrete interaction 2

i
.

3. Pressure suppression pool '2~<

al = highest priority.

s

,

~. .. ._ _ _ . _ _ - _ . . - . _ . - _ _
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Appendix A
.

b ACRONYMS AND SYMBOLS

ADS Automatic Depressurization System
.g

AHU Air llandling Unit

ASME American Society of Mechanical Engineers

ATWS Anticipated Transient Without Scram

BOP Balance of Plant

BWR Boiling Water Reactor

CAD Containment Atmospheric Dilution

CPU Centrcl Processor Unit
CRD Central Rod Drive

CRDS Central Rod Drive System
CRDHS Control Rod Drive Hydraulic System
CST Condensate Storage Tank

ECCS Emergency Core Cooling System t

6? ESF Engineered Safety Feature
FCU Fan Coil Unit

FPCC Fuel Pool Cooling and Cleanup
N HCU liydraulic Control Unit

HEPA High Efficiency: Particulate Air

llPCI High Pressure Coolant Injection

HPCS High Pressure Core Spray

HVAC lleating Ventilating and Air. Conditioning
IRM Intermediate Range Monitor -

LOCA Loss of Coolant Accident
LPCI Low Pressure Coolant Injection

LPCS Low Pressure Core Spray

LPRM Local Power Range Monitor

MSIV Main Steam Isolation Valve
MSIV-LCS Main Steam Isolation Valve Leakage Control System

'Q' NRC Nuclear Regulatory Commission

NPSR Net Positive Suction Head
NSSSS Nuclear Steam Supply Shutoff System

f

_ - _ _ . _ _ - . _ _ _ _ - _ - - _ - . - . _ - . _ . - _ _ . _ - _ - - - _ ___- - - _ _ _ - .
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ORNL Oak Ridge National Laboratory

PCIS Primary Containment Isolation System j

PWR Pressurized Water Reactor

RCIC Reactor Core Isolation Cooling

RCIS Rod Control and Information System e

RCPB Reactor Coolant Pressure Boundary
RERS Reactor Enclosure Recirculation System

RES Nuclear Regula tory Commission Office of Nuclear Regula-
tory Research

RilR Residual Heat Removal

RPS Reactor Protection System

RWCU Reactor Water Cleanup Unit
SASA Severe Accident Sequence Analysis
SDIV Scram Discharge Instrument Volume

SGTS Standby Cas Treatment System

SJAE Steam Jet Air Ejector

SLC Standby Liquid Control
<

SPMS Suppression Pool Makeup System

SRM Source Range Monitor

SRV Safety / Relief Valve
e

e

I
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