GE Nuclear Energy

BWR/6
General Description of a
Boiling Water Reactor




GE Nuclear Energy

BWR/6
General Description of a
Boiling Water Reactor




NOTICE

This document contains general information about the Boiling Water Reactor and
should not be construed as a representation of any particular application. This
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BWR BACKGROUND

In this era of greater ecological emphasis, dwindiing
fossil fuel supply, and increased electric power
demand, it becomes necessary to use to the fullest
extent possible all technological advances available to
us. Nuclear fuel — replacing coal, oil, and gas — pro-
vides the most economical, the most reliable, and the
most stabilized power source of the era.

General Eiectric selected the boiling water reactor
(BWR) as the most promising nuclear power concept
because of its inherent advantages in control and
design simplicity, and established an atomic power
equipment business in 1955 to offer it commercially.
Aside from its heat source, the BWR generation cycleis
substantially similar to that found in fossil-fueled
power plants.

The beginning of the General Electric BWR Product
Line was the Vallecitos BWR in 1957, which was located
in Vallecitos, California. This 1000-psi (6900 kPa) reac-
tor powered a 5-MWe generator and provided power to
the Pacific Gas & Electric Company grid through 1963.
A major extrapolation from that first test facility is the
Dresden 1 piant, located near Morris, Illinois. Con-
struction of this 180-MWe plant began in 1959, with
commercial power production achieved in 1961.

The value of the BWR concept has been proven by
the BWR designs General Electric has evolved over the
past decade. The Oyster Creek plant, located in Toms
River, New Jersey, incorporated the BWR/2, the first
modern light water reactor. The BWR/2 was first
offered in 1963, and had an output of well over 500
MWe. Then came BWR/3, at the twin Dresden 2 and 3
units, at 800 MWe. Shortly thereafter, the Browns Ferry
BWR/4 units at 1100 MWe located in Decatur, Alabama,
were announced, followed by the Zimmer Class BWR/5
in 1969 located in Moscow, Ohio. And in 1972, BWR/6
with ratings up to 1390 MWe was introduced as the
sixth stage in the design evolution of the BWR. In terms
of product refinement, the progressive development
from BWR/1 through BWR/6 has been marked by a
disciplined, evolutionary, building-block approach,
supported at each step by exhaustive research and
testing, and underscored by adequate design margins
at each stage. Today, the selection and refinement of
standard modules serves as the basis for General Elect-
ric's design standardization activities. Since the
Vallecitos BWR, utilities throughout the world are com-
mitted to over 87 GE-BWR's, of which 36 are currently
in operation. A summary of the BWR design progress is
presented in Table 1-1.

1-1
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Table 1-1
EVOLUTION OF THE GENERAL ELECTRIC BWR

Product Line Year of

Number Introduction
BWR/1 1955
BWR/2 1963
BWR/3 1965
BWR/4 1966
BWR/5 1969
BWR/6 1972

BWR/6 PRODUCT LINE

This document describes the latest BWR Product
Line, the BWR/6. The improvements in performance,
reliability, and licensability represent a logical
extension of the values which traditionally have char-
acterized BWR Product Lines. This latest product
improvement is again a well-balanced combination of
extensive GE development work, generating expe-
rience obtained from BWR plants, and retention of
proven standard modules to strengthen the BWR relia-
bility, licensability, and standardization.

The BWR/6 Product Line is capable of producing
20% more power from the same size pressure vessels as
used in the BWR/5 Product Line, withoutincreasing the
size of the respective buildings or supporting systems.
Power output capabilities range from approximately
600 MWe to 1400 MWe gross. Principal design features
include:

Characteristic Plants

Dresden 1, Big Rock Point, Humboldt Bay, KRB

Initial commercial BWR's
First internal steam separation

Oyster Creek

Plants purchased solely on economics
Large direct cycle

Dresden 2

First jet pump application
Improved ECCS: spray and flood

Browns Ferry

Increased power density (20%)

Zimmer

Improved ECCS systems
Valve flow control

BWR/6

1-2

8 by 8 fuel bundle

Improved jet pumps and steam separators
Added fuel bundles, increased output
Reduced fuel duty: 13.4 kW/ft (44 kW/m)
Improved ECCS performance

Improved licensability

Solid-state nuclear system protection system
Compacted control room

e Compact jet pumps with increased coolant circu-
lation capability.

¢ Increased capacity from steam separators and
dryers.

¢ More fuel bundles in standard pressure vessels
and improvements in reactor internals arrange-
ment.

¢ Smaller-diameter fuel rods, longer in active fuel
length and arranged in 8 by 8 bundles within the
same external outline as the previous 7 by 7 design.
This lowers the kilowatt rating per length of fuel
and permits increased heat output per bundle.

* Improved control and instrumentation systems
incorporating the latest solid-state electronics
technology.

¢ Improved operator-machine interface systems for
better control of the plant.



MARK lIl CONTAINMENT

Also described in this document is the Mark Il refer-
ence containment design for the BWR/6 Product Line.
The Mark Il provides a number of innovative features
over previous containment designs:

¢ Reduced overall reactor building height

* Improved seismic response

* Lower containment design pressure

+ Improved accessibility for installation and inspec-
tion of nuclear boiler piping and equipment

* Improved pipe whip design

¢ Improved licensing features

e Shorter construction schedules

e Construction cost savings

In short, Mark {11 employs the construction simplicity
of a dry containment while retaining the proven safety

and low pressure advantages of a pressure suppression
type containment.

SUMMARY DESCRIPTION

The direct cycle boiling water reactor nuclear system
(Figure 1-1) is a steam generation and steam utilization
system consisting of a nuclear core located inside a
reactor vessel and a conventional turbine-generator
and feedwater supply system. Associated with the
nuclear core are auxiliary systems to accommodate the
operational and safeguard requirements and neces-
sary controls and instrumentation. Water is circulated
through the reactor core, producing saturated steam
which is separated from recirculation water, dried in
the top of the vessel, and directed to the steam turbine-
generator. The turbine employs a conventional regen-
erative cycle with condenser deaeration and
condensate demineralization.
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The steam produced by the nuclear core is, of
course, radioactive. The radioactivity is primarily N-16,
a very short-lived isotope (7 seconds half-life) so that
the radioactivity of the steam exists from the reactor
vessel only during power generation. Extensive gener-
ating experience has fully demonstrated that shutdown
maintenance on a BWR turbine, condensate, and feed-
water components can be performed essentially as ata
fossil-fuel plant. Carryover of long-lived radioactive
particles by the steam supply to the turbine and con-
densate system is virtually nonexistent. More than 700
billion kWh of successful operating experience and
numerous refueling and maintenance outages in plants
using this direct-cycle approach support the sound-
ness of General Electric’s choice of the BWR.

The nuclear core, the source of the heat, consists of
fuel assemblies and control rods contained within the
reactor vessel and cooled by the recirculating water
system. A 1220-MWe BWR/6 core consists of 748 fuel
assemblies and 177 control rod assemblies forming a
core array about 16 feet (4.9m) in diameter and 14 feet
(4.3m) high. (See Section 3 for a detailed description of
the BWR core.) The power level is maintained or
adjusted by positioning control rods up and down
within the core. The BWR core power level is further
adjustable by changing the recirculation flow rate
through the core without changing control rod posi-
tion. This unique BWR feature helps achieve the super-
ior load-following capability of the BWR.

The BWR is the only light water reactor system that
employs bottom-entry control rods (see Section 2).
Bottom-entry and bottom-mounted control rod drives

MAIN STEAM FLOW

STEAM DRYERS TO TURBINE

STEAM
SEPARATORS

MAIN FEED FLOW
FROM TURBINE

DRIVING FLOW

EQUIPMENT

ISOLATION
CORE JET PUMP VALVE
EQUIPMENT
ISOLATION FLOW
VALVE CONTROL

RECIRCULATION VALVE
PUMP

Figure 1-2. Steam and Recirculation Water
Flow Paths

allow refueling without removal of control rods and
drives, and allow drive testing with an open vessel prior
to initial fuel loading or at each refueling operation. The
hydraulic control rod drive system, which incorporates
mechanical locking of the rod at the selected position,
provides positive driving and positioning of the control
rods. Rapid control rod insertion is accomplished by
pressurized accumulators that provide a rod insertion
force far greater than any gravity or mechanical
system.

The BWR requires substantially lower primary coo-
lant flow through the core than pressurized water reac-
tors (PWR’s). The core flow of a BWR is the sum of the
feedwater flow and the recirculation flow (typical ofany
boiler).

An important and unique feature of the GE-BWR
Product Line is the application of jet pumps inside the
reactor vessel. These pumps generate about two-thirds
of the recirculation flow within the reactor vessel. The
external recirculation loop is small and compact in
comparison with PWR's, a feature that contributes to
the inherent ease of maintenance of the BWR (see
Figure 1-2). Recirculation pump power of the BWR is
but a small fraction of the PWR pumping power (see
Section 2). The jet pumps also contribute to the inher-
ent safety of the BWR design under loss-of-coolant
emergency conditions. Like most boilers, the BWR can
deliver at ieast 10% power in a natural recirculation
mode without operation of the recirculation pumps.

The BWR operates at constant pressure and main-
tains constant steam pressure similar to most fossil
boilers. Most important, the BWR operates at steam
pressure of about haif the primary system pressure ofa
PWR, while producing steam of equal pressure and
quality. The lower pressure and compact system is not
only easier and less time-consuming to install, but also
the lower pressure operation permits application of
fast-acting and effective emergency core cooling sys-
tems (ECCS), described in Section 4.

The integration of the turbine pressure regulatorand
control system with the reactor water recirculation flow
control system permits automated changes in steam
flow to accommodate varying load demands on the
turbine. Power changes of up to 25% of rated powercan
be accomplished automatically by recirculation flow
control alone, thus providing automatic load-following
capability for the BWR without altering control rod
settings.

The nuclear boiler system is supported by the spe-
cialized functions of its auxiliary systems which are
described in Section 4.



Several auxiliary systems are used for normal plant ¢ Standby liquid control (SBLC) system

operation: * Reactor core isolation cooling (RCIC) system
* Residual heat removal (RHR) system
* Reactor water cleanup (RWCU) system — Low pressure coolant injection (LPCI) function
* Shutdown cooling function of residual heat remo- — Steam condensing function
val (RHR) system — Containment spray function
¢ Fuel building and containment pools cooling and — Suppression pool cooling function
filtering system * High pressure core spray (HPCS) system
¢ Closed cooling water system for reactor service * Low pressure core spray (LPCS) system
* Radioactive waste treatment system ¢ Automatic depressurization function
The following auxiliary systems are used as backup Additional sections of this manual provide descrip-
(standby) or emergency systems: tions of other supporting systems and programs.

1-5/1-6



INTRODUCTION

The nuclear boiler assembly consists of the equip-
ment and instrumentation necessary to produce, con-
tain, and control the steam power required by the
turbine-generator. The principal components of the
nuclear boiler are:

* Reactor Vessel and Internals — Reactor pressure
vessel, jet pumps for reactor water recirculation,
steam separators and dryers, core spray and feed-
water spargers, and core support structure.

* Reactor Water Recirculation System — Pumps;
control and equipment isolation valves; piping and
its suspension devices, restraints, and suppres-
sors; used in providing and controlling core flow.

* Main Steam Lines — Safety/relief and containment
isolation valves; piping up to and including out-
board containment isolation valve, and its res-
traints, suppressors, and guides.

* Control Rod Drive System — Control rods, control
rod drive mechanisms, and hydraulic system for
insertion and withdrawal of the control rods.

* Nuclear Fuel and Instrumentation are the subjects
of separate sections of this manual (Sections 3
and 6).

REACTOR ASSEMBLY

The reactor assembly (Figure 2-1) consists of the
reactor vessel, its internal components of the core,
shroud, top guide assembly, core plate assembly,
steam separator and dryer assemblies, and jet pumps.
Also included in the reactor assembly are the control
rods, control rod drive housings, and the control rod
drives. Each fuel assembly that makes up the core rests
on an orificed fuel support mounted on top of the con-
trol rod guide tubes. Each guide tube, with its fuel
support piece, bears the weight of four assemblies and
is supported by a control rod drive penetration nozzle
in the bottom head of the reactor vessel. The core plate
provides lateral guidance at the top of each control rod
guide tube. The top guide provides lateral support for
the top of each fuel assembly.

Control rods occupy alternate spaces between fuel
assemblies and may be withdrawn into the guide tubes
below the core during plant operation. The rods are
coupled to control rod drives mounted within housings
which are welded to the bottom head of the reactor
vessel. The bottom-entry drives do not interfere with
refueling operations. A flanged joint is used at the bot-
tom of each housing for ease of removal and mainte-
nance of the rod drive assembly.

Section 2

Nuclear
Boiler Assembly
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Except for the Zircaloy in the reactor core, these
reactor internals are stainless steel or other corrosion-
resistant alloys. All major internal components of the
reactor can be removed except the jet pump diffusers,
the core shroud, the jet pump and high pressure coo-
lant injection inlet piping. The removal of the top guide
assembly and the core plate assembly is a major task
and it is not expected that these components would
require removal during the life of the plant. The removal
of other components such as fuel assemblies, in-core
assemblies, control rods, and fuel support pieces, is
performed on a routine basis.

Reactor Vessel

The reactor vessel is a pressure vessel with a single
- full diameter removabie head. The base material of the
_vessel is low alloy steel which is clad on the interior
except for nozzies with stainless steel weld overlay to
provide the necessary resistance to corrosion. Since
the vessel head is exposed to a saturated steam envir-
onment throughout its operating lifetime, stainless
steel cladding is not used over its interior surfaces.

Fine-grained steels and advanced fabrication tech-
niques are selected to maximize structural integrity of
the vessel. BWR vessels have the lowest neutron expo-
sure of any light water reactor. Furthermore, the annu-
lus space which carries recirculating water and
feedwater downward between the core shroud and the
vessel reduces radiation experienced by the vessel wali
material. Vessel material surveillance samples are
located within the vessel to enable periodic monitoring
of exposure and material properties. Provisions are
made for irradiating both tensile and impact specimens
for a program of monitoring and evaluating radiation
induced changes in vessel. Such programs have been
conducted in most Generatl Electric designed power
reactors and considerable data have been accumulated
on the performance of vessel materials after irradiation.
The initial selection of high-quality materials, coupled
with a continuing evaluation program, permits the ves-
sel to meet the requirements of operability and safety
throughout its design iifetime.

The vessel head closure seal consists of two con-
centric metal O-rings. This seal system has been dem-
onstrated to perform without detectable leakage at all
operating conditions. These conditions include cold
hydrostatic testing, heating and cooling, and power
operation. To monitor seal integrity, a leak detection
system is used as discussed in Section 6.

Vessel supports, internal supports, their'attach—

. ments, and adjacent shell sections are designed to take

23

combined loads, including control rod drive reactions,
earthquake loads, and jet reaction thrusts. The vessel is
mounted on a supporting skirt which is bolted to a
concrete and steel cylindrical vessel pedestal which is
integral with the reactor building foundation.

Many features have been incorporated in the design
of the vessel and its associated piping to simplify the
refueling operation. Steam outlet lines are welded to
the vessel body, thereby eliminating the need to break
flanged joints in the steam lines when removing the
head for refueling. Another design feature is the seal
between the vessel and the surrounding drywell, which
permits flooding of the space (reactor well) above the
vessel.

Core Shroud

The shroud is a cylindrical, stainless steel structure
which surrounds the core and provides a barrier to
separate the upward flow through the core from the
downward flow in the annulus. A flange at the top of the
shroud mates with a flange on the top guide which in
turn mates with a flange on the steam separator assem-
bly to form the core discharge plenum. The jet pump
discharge diffusers penetrate the peripheral shelf of the
shroud support below the core elevation to introduce
the coolant into the inlet plenum. The peripheral shelf
of the shroud support is welded to the vessel wall to
prevent the jet pump outlet flow from bypassing the
core and to form a chamber around the core which can
be reflooded in the event of a loss-of-coolant accident.
The shroud support carries the weight of the shroud,
the steam separators, the jet pump system, and the
seismic and pressure loads both in normal and fault
conditions of operation.

Two ring spargers, one for low pressure core spray
and the other for high pressure core spray, are
mounted inside the core shroud in the space between
the top of the core and the steam separator base. The
core spray ring spargers are provided with spray noz-
zles for the injection of cooling water. The core spray
spargers and nozzles do not interfere with the installa-
tion or removal of fuel from the core. A nozzle for the
injection of neutron absorber (sodium pentaborate)
solution is mounted below the core in the region of the
recirculation inlet plenum. The core sprays and
standby liquid control systems are described in detail
in Section 4,



Steam Separator Assembly

The steam separator assembly consists of a domed
base on top of which is weided an array of standpipes
with a three-stage steam separator located at the top of
each standpipe. The steam separator assembly rests on
the top flange of the core shroud and forms the cover of
the core discharge plenum region. The seal between
the separator assembly and core shroud flanges is
metal-to-metal contactand does not require a gasket or
other replacement sealing devices. The separator
assembly is boited to the core shroud flange, by long
holddown bolts which, for ease of removal, extend
above the separators. During installation, the separator
base is aligned on the core shroud flange with guide
rods and finally positioned with locating pins. The
objective of the long-bolt design is to provide direct
access to the bolts during reactor refueling operations
with minimum-depth underwater tool manipulation
during the removal and installation of the assemblies. It
is not necessary to engage threads in making up the
shroud head. A tee-boltengages inthe top guide and its
nut is tightened to only nominal torque. Final loading is
established through differential expansion of the bolt
and compression sleeve. The fixed axial flow type
steam separators have no moving parts and are made of
stainless steel. In each separator, the steam-water mix-
ture rising through the standpipe impinges on vanes
which give the mixture a spin to establish a vortex
wherein the centrifugal forces separate the water from
the steam in each of three stages. Steam leaves the
separator at the top and passes into the wet steam
plenum below the dryer. The separated water exits
from the lower end of each stage of the separator and
enters the pool that surrounds the standpipes to join
the downcomer annulus flow. An internal steam separ-
ator schematic is shown in Figure 2-2.

Steam Dryer Assembly

The steam dryer assembly is mounted in the reactor
vessel above the steam separator assembly and forms
the top and sides of the wet steam plenum. Vertical
guides on the inside of the vesse! provide alignment for
the dryer assembly during installation. The dryer
assembly is supported by pads extending inward from
the vessel wall and is held down in position during
operation by the vessel head. Steam from the separa-
tors flows upward and outward through the drying
vanes. These vanes are attached to a top and bottom
supporting member forming a rigid, integral unit. Mois-
ture is removed and carried by a system of troughs and

drains to the pool surrounding the separators and then
into the recirculation downcomer annuius between the
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core shroud and reactor vesse! wall. A schematic of a
typical steam dryer panel is shown in Figure 2-3.
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Figure 2-2. Internal Steam Separator



CONTROL ROD DRIVE BLOWOUT RESTRAINT
STRUCTURE

The control rod drive blowout restraint structure is an
engineered safeguard feature to prevent a nuclear tran-
sient in the highly unlikely event that there is a control
rod drive housing faiture which may cause a control rod
to be expelied from the core.

The blowout restraint structure consists of restraint
beams and restraint hardware. The restraint beams are
located in the horizontal plane immediately below the
reactor vessel bottom head between the rows of control
rod drive housings and secured at their ends to the
reactor vessel pedestal. The restraint hardware con-
sists of support bars, grid plates, and grid clamps
bolted together into a structure immediately below the
mounting flanges of the control rod drives. The struc-
ture is hung from the restraint beams by hanger rods

STEAM DRYER
SKIRT

COLLECTING
TROUGH

Figure 2-3. Steam Dryer

and their disc springs. Loads resulting from a blowout
are transmitted to two grid plates, two support bars,
four hanger rods and their disc springs, and two adja-
cent restraint beams.

The control rod drive housings are also restrained
with respect to lateral seismic loadings by sets of adjus-
table spacer blocks (which are boited to every other
control drive housing flange) and by a beam attached
to the reactor support pedestal.

REACTOR WATER RECIRCULATION SYSTEM

The function of the reactor water recirculation sys-
tem is to circulate the required cootant through the
reactor core. The system consists of two loops external
to the reactor vessel, each containing a pump with a
directly coupled water-cooled (air-water) motor, a flow
control valve, and two shutoff valves.

High-performance jet pumps located within the reac-
tor vessel are used in the recirculation system. The jet
pumps, which have no moving parts, provide a continu-
ous internal circulation path for a major portion of the
core coolant flow. The system was first incorporated in
the Dresden 2 plant design and since has been a stand-
ard part of the General Electric BWR product line.

Flow Path
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The jet pump recirculation system (Figure 2-4) pro-
vides forced circulation flow through the reactor core.
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Figure 2-4. Jet Pump Recirculation System



The recirculation pumps take suction from the
downward flow in the annulus between the core shroud
and the vessel wall. Approximately one-third of the
core flow is taken from the vessel through the two
recirculation nozzles. There, it is pumped at a higher
pressure, distributed through a manifold to which a
number of riser pipes are connected, and returned to
the vessel inlet nozzles. This flow is discharged from
the jet pump nozzle into the initial stage of the jet pump
throat where, due to a momentum exchange process, it
induces surrounding water in the downcomer region to
be drawn into the jet pump throat where these two flows
mix and then diffuse in the diffuser, to be finally dis-
charged into the lower core plenum.
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the fuel channel where it is heated and becomes a
two-phase, steam-water mixture. The steam-water
mixture enters a plenum located directly above the core
and bounded by the separator dome which opens to the
separator array of fixed steam separators. The steam is
separated from the water and passes through a dryer
where any remaining water is removed. The saturated
steam leaves the vessel through steam line nozzles
focated near the top of the vessel body and is piped to
the turbine. Water collected in the support tray of the
dryer is routed through drain lines, joins the water
leaving the separators, and flows downward in the
annulus between the core shroud and the vessel wall.
Feedwater is added to the system through spargers
located above the annulus and joins the downward flow
of water. A portion of this downward flow enters the jet
pumps and the remainder exits from the vessel as recir-
culation fiow.

Jet Pump Applications In BWR’s

The jet pumps are located in the annular region
between the core shroud and the vessel inner wall (Fig-
ure 2-5). Each pair of jet pumps is supplied driving flow
from a single riser pipe: these risers have individual
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Figure 2-7. Jet Pump Principle

vessel penetrations and receive flow from one of two
external manifolds. Driving flow to each distribution
manifold is furnished by its associated centrifugal
pump. The recirculation system includes 16 to 24 jet
pumps, depending on the size of the nuclear boiler
system.

Description

Each jet pump assembly (Figure 2-6) is composed of
two jet pumps and contains no moving parts. Each jet
pump consists of an inlet mixer, a nozzle assembly with

~ five discharge ports, and a diffuser.
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The inlet mixer assembly, a replaceable component,
is a constant-diameter section of pipe with a diffuser
entrance section at the lower end and the drive nozzle
at the upper end. The nozzle assembly can be removed
by disconnecting the removable split flange.

The jet pump diffuser is a gradual conical section
terminating in a straight cylindrical section at the lower
end which is welded into the shroud support.

The overall length of the jet pumps is approximately
19 feet (5.8m).
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Figure 2-8. Core Submersion Capability
of Jet Pump System



instrumentation monitors jet pump flow passages to
ascertain their individual and coliective flow rates
under varying operating conditions.

Jet Pump Operating Principle

The driving flow enters the nozzle section at a high
pressure and is accelerated to a high velocity because
of the constriction atthe nozzle outlet. The suction flow
enters at a low pressure which is further reduced as the
flow is accelerated through the converging suction
inlet nozzle. These two streams merge in the mixing
section where a pressure rise occurs because of veloc-
ity profile rearrangement and the momentum transfer
caused by the mixing. The rate of pressure rise
decreases near the end of the mixing section because
mixing is essentially completed. A diffuser is located
downstream from the mixing section to slow the rela-
tively high velocity mixed streams. This converts the
dynamic head into static head. These processes are
illustrated in Figure 2-7.

The jet pump system readily accommodates the full
spectrum of flow rates required for load tollowing.

Jet Pump Safety Features

The safety feature of post-accident core flooding
capability with a jet pump design is depicted in Figure
2-8. This design allows flooding at no less than two-
thirds of the core height. There is no recirculation line
break which can prevent reflooding of the core to the
level at the top of the jet pump.

Pumps and Motors

The reactor recirculation pumps are of the vertical,
centrifugal, mechanical seal type and are constructed
of stainless steel. The pumps operate at 25% of rated
speed during startup and are powered from a low-
frequency motor-generator set. Following startup, the
pumps operate at constant speed and are powered
from auxiliary power.

The pump shaft seal assembly consists of multiple
mechanical seals built into a cartridge or cartridges
which can be readily replaced with spare cartridges
without removing the motor from the pump. Each of the
seals carries an equal portion of the total pressure
differential and each seal is capable of sealing against
maximum pump operating pressure. A throttle bushing
located in the pump casing minimizes leakage in the

unlikely event of a gross failure of all shaft seals. The

temperature of the seal cavity is controlied by cooling .
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coils which circulate water from the closed cooling
water system for reactor service. The temperatures of
the cavity and cooling water for each pump are
recorded, and on high temperature activate an alarmin
the control room.

The drive motor for each pump is a vertical, water-
cooled (air-water heat exchanger), totally enclosed,
three-phase, squirrel-cage induction motor designed
to operate at constant speed. Cooling water to the
air-water cooler for motor windings cooling and
through coils in the bearing oil reservoir for motor
bearing cooling is provided from the closed cooling
water system, described in Section 4. Temperature
recorders and high-temperature alarms are located in
the control room for motor windings, bearing oil reser-
voirs, and cooling water.

Valves and Piping

The recirculation loop piping is of welded construc-
tion. The piping, associated valves, and pumps are
hung using constant-support hangers, thereby min-
imizing resultant stresses at the point of attachment to
the reactor vessel. All recirculation piping is restrained
to prevent pipe whipping as a result of jet action forces
that might arise if a pipe break were to occur.

The shutoff and bypass valves are motor-operated
gate valves and the flow control valve is a ball-type with
electro-hydraulic actuator.

The flow control valve is on the discharge side of the
pump. One shutoff valve is on the suction side of the
pump, the other is downstream of the flow control
valve. This allows maintenance in parallel with the
refueling operation. No special reactor pressure vessel
water level considerations are necessary. The stainless
steel valves have double sets of valve stem packing to
provide a highly reliable seal.

MAIN STEAM LINES

Steam exits from the vessel several feet below the
reactor vessel flange through four nozzles. Carbon
steel steam lines are welded to the vessel nozzles, and
run parallel to the vertical axis of the vessel, downward
to the elevation where they emerge horizontally from
the containment. Two air-operated isolation valves are
installed on each steam line, one inboard and one out-
board of the containment penetration. The safety/relief

valves are flange connected to the main steam line for
ease of removal for test and maintenance.



A flow-restricting nozzle is included in each steam
line as an additional engineered safeguard to protect
against a rapid uncovering of the core in case of a break
of a main steam line.

Safety/Relief Valves

The safety/relief valves are dual-function valves dis-
charging directly to the pressure suppression pool. The
safety function provides protection against over-
pressure of the reactor primary system. The relief func-
tion provides power-actuated valve opening to
depressurize the reactor primary system. The valves
are sized to accommodate the most severe of the fol-
lowing two pressurization transient cases determined
by analysis:

¢ Turbine trip from turbine design power, failure of
direct scram on turbine stop valve closure, failure
of the steam bypass system, and reactor scrams
from an indirect scram, or

¢ Closure of all main steam line isolation valves, fail-
ure of direct scram based on valve position
switches, and reactor scrams from an indirect
scram.

For the safety function, the valves open at spring set
point pressure and close when inlet pressure falls to
96% of spring set point pressure.

For the pressure-relief function, the valves are
power-actuated manually from the control room or
power-actuated automatically upon high pressure.
Each valve is supplied by separate power circuits.
Valves which are power-actuated automatically upon
high pressure close when pressure falls to a preset
closing pressure. The pressure-relief function set point
is below that for operation of valves for the safety
(spring-actuated) function. By operating at the lower
set point for the pressure-relief function, the reclosing
set point of the valves provides a higher differential
shutoff pressure than a spring reset valve, assuring leak
tightness of the valves. The pressure-relief function
may be used (in the event the main condenser is not
available as a heat sink after reactor shutdown) to
release steam generated by core decay heat until the
residual heat removal system steam condensing func-
tion is initiated.

To limit the cycling of relief valves to one valve subse-
guent to their initial actuation during a main steam line
isolation event, two valves (one a backup to the other)
have the feature of automatically changing normai set
pressures (opening and closing) following their initial

actuation at normal set pressures to a lower level,
thereby limiting the pressure cycles to alevel where the
other relief valves will not reopen. In conjunction with
these two valves, the set pressure for the closing of the
other valves is changed automatically which allows for
them to stay open longer before closing to accommo-
date pressure swings. Manual valve operation and
resetting of valve set pressure to their normal levels
following the transient is by the control room operator.

Selected safety/relief valves are associated with the
automatic depressurization of the primary system
under assumed loss-of-coolant accident conditions.
These valves have two independent logic channels
powered from different power sources, either of which
can initiate depressurization. The valves open automat-
ically and remain open until the pressure falls to a
preset closure pressure. These valves open automati-
cally upon signals of high drywell pressure and low
reactor water level and confirmation of one low pres-
sure coolantinjection function of the residual heat rem-
oval system or low pressure core spray system running.
Initiation signals need not be simultaneous. The valves
remain open until the primary system pressure is
reduced to a point where the iow pressure coolant
injection function of the residuat heat removal system
and/or the low pressure core spray system can ade-
quately cool the core. The initiation of automatic
depressurization is delayed from 90 to 120 seconds to
allow the operator to terminate the initiation should the
high pressure core spray system initiation and accepta-
ble reactor vessel level have been confirmed.

The valves used for automatic depressurization can
be manually power actuated to open at any pressure.
The signal for manual power actuation is from redund-
ant control room switches from different power
sources.

In the unlikely event that the residual heat removal
shutdown suction line is unavailable during reactor
shutdown to cool reactor water and during the period
when the low pressure coolant injection function of the
residual heat removal system and/or the low pressure
core spray system pumps are injecting water into the
reactor vessel, safety/relief valves used for automatic
depressurization can be used to pass water from the
reactor vessel to the suppression pool via valve dis-
charge lines. For this to occur, the reactor vessel floods
to a level above the vessel main steam line nozzles.
Selected safety/relief valves are opened from the con-
trol room to pass reactor water to the suppression pool.
See Section 4 for further descriptions of automatic
depressurization.
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Isolation Valves

Each steam line has two containment isolation
valves, one inside and one outside the containment
barrier. The isolation valves are spring loaded, pneu-
matic piston-operated globe valves designed to fail
closed on loss of pneumatic pressure or loss of power
to the pilot valves. Each valve has an airaccumulator to
assist in the closure of the valve upon loss of the air
supply, electrical power to the pilot valves, and failure
of the loaded spring. Each valve has an independent
position switch initiating a signal into the reactor pro-
tection system scram trip circuit when the valve closes.

The isolation valves close upon (a) low water level in
the reactor vessel, (b) high radiation from the steam
line, (c) high fiow rate in the main steam line, (d) low
pressure at inlet to the turbine, (e) high ambient and
differential steam line tunnel temperature (outside the
containment), (f) low condenser vacuum (unless pro-
cedurally bypassed), and (g) high turbine buiiding
temperature. The signal for closure comes from two
independent channels; each channel has two inde-
pendent tripping sensors for each measured variable.
Once isolation is initiated, valves continue to close and
cannot be opened except by manual means. The valves
may each be operated by independent remote-manual
switches located in the control room. Lights in the
control room indicate the position of the valve.

A shutoff valve is used in each steam line outboard of
the external containment isolation valve and functions
as a backup to the isolation valve. The shutoff valve is
part of leakage control system to prevent possible
release of nuclear steam which could leak through the
main steam containment isolation vaives following a
loss-of-coolant event. Independent containment
inboard and containment outboard divisions are used
to establish a pressurized barrier between the contain-
ment barrier and the environs. Outleakage is effectively
eliminated and inleakage is directed into the contain-
ment from the pressurized volume. Both divisions are
powered from auxiliary and standby ac power. While
either of the two divisions is sufficient to establish the
necessary pressure barrier, both are initiated in the
control room by a remote manual switch after it has
been determined that a loss-of-coolant event has
occurred. The system will not actually initiate unless
the pressure leveis of the air supply and the reactor
vessel are within the permissive interlock set points.

The main steam line isolation valves remain closed if

the steam line pressure is greater than the air pressure
interlock set point. When the interlock is cleared, air is
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admitted to raise the pressure in the main steam lines to
a predetermined level to establish the containment
pressure boundary.

CONTROL ROD DRIVE SYSTEM
Description

Positive core reactivity control is maintained by the
use of movable control rods interspersed throughout
the core. These control rods thus controi the overall
reactor power level and provide the principal means of
quickly and safely shutting down the reactor. The rods
are moved vertically by hydraulically actuated, locking
piston-type drive mechanisms. The drive mechanisms
perform both a positioning and latching function,and a
scram function with the latter overriding any other sig-
nal. The drive mechanisms are bottom-entry, upward-
scramming drives which are mounted on a flanged
housing on the reactor vessel bottom head. Here they
cause no interference during refueling and yet they are
readily accessible for inspection and servicing.
Hydraulic connections to the drive mechanism are
made at ports in the face of the housing flange.

The control rod drive system consists of a number of
locking-piston control rod drive mechanisms, a
hydraulic control unit for each drive mechanism, a
hydraulic power supply for the entire system, and
instrumentation and controls with necessary intercon-
nections (Figure 2-9). The locking-piston-type control
rod drive mechanism is a double-acting hydraulic pis-
ton which uses condensate water as the operating fluid.
Accumulators provide additional energy for scram. An
index tube and piston, coupled to the control rod, are
locked at fixed increments by a collet mechanism. The
collet fingers engage notches in the index tube to pre-
vent unintentional withdrawal of the control rod, but
without restricting insertion. The drive mechanism can
position the rods at intermediate increments over the
entire core length. The control rod can be uncoupled
from below the vesel without removing the reactor ves-
sel head, or with the vesse! head removed for refueling,
without removing the drive mechanism. Some of the
advantages of the botttom-mounted drive arrangement
are as follows:

¢ The drives do not interfere with refueling and are
operative even when the head is removed from the
reactor. Furthermore, this location makes them
more accessible forinspection and servicing. Such
an arrangement makes maximum use of the water
in the reactor as a neutron shield, while yielding
the least possible neutron exposure to drive
components.



e The locking piston drive provides the highest
scram forces and operating force margins of all
known types of drive mechanisms. This provides
high operational reliability, particularly in the
scram function.
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Figure 2-9. Basic Control Rod Drive System

¢ The use of water of reactor quality as the operating
fluid eliminates the need for special hydraulic sys-
tems, with their inherent leakage and maintenance
problems.

e The continuous in-flow of high-purity water
through the drives minimizes the contamination
deposits within the drives from foreign material
that may be in the reactor vessel.

* By using high-purity water as the operating fluid,
the drives can use simple internal piston seals
which allow leakage into the reactor vessel.
Dynamic shaft or push rod seals and their attend-
ant systems and wear problems are eliminated.

* Control rod entry from below the core provides the
best axial flux shaping and resultant fuel economy
for the boiling water reactor.

The number of drives supplied with a reactor is
selected to give the optimum power distribution in the
core and to give the operator the maximum degree of
control flexibility during startup, maneuvering, and flux
shaping.

Design Background

Locking piston drives have been extensively and suc-
cessfully used in boiling water reactors since 1959 and
have accumulated millions of hours of operating time
during this period. A total of 354 hydraulic control rod
drives had been manufactured prior to the initiation of
etforts to produce a standard drive. These original
drives are still in service in six operating plants.

The current design is essentially the “third genera-
tion” of the locking piston drive concept. Itis a standard
model with identical units being supplied to General
Electric boiling water reactors now operating or under
construction. There are more than 4800 drives of stand-
ard design now operating on reactors in commercial
service and more than 5000 in various stages of manu-
facture, installation, and testing.

As of early 1980, the 4800 drives operating in 40
reactors in commercial service represented in excess
of 28,000 drive-years of operating experience. These
totals represent the largest totals of any control rod
drive design used in the electrical power-producing
industry.

High reliability has been demonstrated by these
drives in plants using the standard model; there have
been no forced outages caused by controi rod drive

mechanisms after the beginning of commercial service.



Operating experience has also demonstrated that the
design life of the major and expendable parts is being
met.

Standardization of control rod drives provides the
following benefits:

¢ It has made it possible to concentrate effort on
features affecting reliability and maintainability.

* It has allowed extensive and thorough evaluation
through tests such as those described in the fol-
lowing paragraphs.

* It ensures the ready availability of spare and
replacement parts in the future.

Test Background

In addition to the extensive experience record
accumulated with the manufacture and operation of
4800 drives now in operation, all drives are subjected to
extensive manufacturing and preoperational tests.

Factory Quality Control Tests — Each drive mecha-
nism, including the sampling assigned for prototype
testing, is subjected to a standard quality control test at
reactor pressure conditions. Drive shim motion and
latching, including proper position indication, are veri-
fied. After completion of this test, drive friction is deter-
mined to ensure proper operation and to verify proper
alignment and concentricity. Each drive is then sub-
jected to cold scram tests to determine scram times at
various reactor pressures and to verify stepping
performance.

In addition to normal dimensional inspection, mate-
rial verification, heat-treatment control, weld inspec-
tion, etc., standard quality control tests and
examinations include:

* Hydrostatic testing of each drive is performed to
verify pressure welds in accordance with ASME
Code.

¢ Electrical components are tested for electrical
continuity and resistance to ground.

* All drive parts which cannot be visually inspected
for dirt are flushed with filtered water (no foreign
material is permissible in effluent water) at high
velocity.

* Seal leakage tests are performed to demonstrate
proper drive assembly.

To preserve their factory condition, CRD's are

shipped to the site in watertight reusable metal
containers.
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Reactor Preoperational Tests — After the drives are
installed in the reactor, a final series of tests is per-
formed to make final adjustments in the hydraulic sys-
tem and to ensure proper installation of both the
hydraulic system and the drives. Readings and obser-
vations taken at this time constitute the basis for eva-
luating any performance changes in actual reactor
service and their relationship to maintenance life.

CONTROL ROD DRIVE HYDRAULIC SUPPLY
SYSTEM

The control rod drive hydraulic supply system,
located in the fuel building, supplies pressurized
demineralized water to the control rod drive system to
provide hydraulic operating pressure and cooling
water for the drive mechanisms. The system is made up
of high-head, low-flow pumps and the necessary pip-
ing, filters, control valves, and instrumentation. Two
100% capacity pumps are used, one of which is a
standby spare. The pumps take suction from the con-
densate treatment system effluent.

Pressure Control

Condensate treatment system effluent is pumped to
a pressure of 1800 psi (12,400 kPa) by a multistage
centrifugal pump with a full-capacity standby pump
available. After filtering, water approximately 1750 psi
(12,000 kPa) charges the scram accumulators. The flow
regulator automatically maintains a constant flow to
the system. During normal operation periods when rod
drive movement is not required, the bypass flow pro-
vides cooling for each of the drives by way of the cool-
ing water header, with the excess water and exhaust
water generated by normal drive motion going to the
reactor vessel by reverse flow through deenergized
insert exhaust solenoid valves in hydraulic control
units of non-moving valves. The cooling pressure regu-
lator valve is manually adjusted to give the desired
pressure atthe cooling water header to maintain proper
cooling of the drive mechanisms.

The drive pressure regulator valve maintains the cor-
rect pressure on this drive water header for control rod
positioning. It is also manually adjustable. During peri-
ods when a drive mechanism is in motion, a stabilizing
valve is automatically closed to reduce the bypass flow
by the amount required to move the drive, thus main-
taining the pressure balance of the system.

System Operation

Basic components of the hydraulic system for con-
trolling the drive mechanism during positioning and



scram operation are shown in Figure 2-10. All compo-
nents shown are typical for each rod drive.

The main movable element of the system consists of
the main drive piston, the index tube and the controi
rod coupled to the index tube. The movable element is
held in any chosen position by a collet which engages
one of several notches in the index tube. Gravity holds
the tube notch against the latch since the entire mecha-
nism is essentially at reactor pressure. The control rod
is moved by applying a pressure greater than reactor
pressure to either the top or bottom of the main drive
piston. When the reactor protection system calls for a
reactor scram, all control rods are driven into the core
at the maximum rate of speed.

When a scram signal is initiated, control air is vented

from the scram valves, allowing them to open by spring
action. Opening the exhaust valve reduces the pressure
above the main drive piston to atmospheric pressure
and opening the inlet valve applies the accumulator
pressure of 1750 psi (1200 kPa) to the bottom of the
piston. Since the notches in the index tube are tapered
on the lower edge, the latch is forced open by cam

action, allowing the index tube to move upward without
restriction under influence of the high pressure differ-
ential across the piston. As the drive moves upward and
accumulator pressure reduces to reactor pressure, the
ball check valve opens, letting reactor water complete
the scram action. If reactor pressure is low, such as
during startup, the accumulator will fully insert the rod
in the required time without assistance from reactor
pressure.

ROD CONTROL AND INFORMATION

The primary purpose of the rod control and informa-
tion function is to effect control rod motion as
requested by the operator. It displays all information
which is relevant to the movement of rods. in addition
to enabling the operatorto move rods, the function also
enforces adherence to operating restrictions which
limit the consequences of a potential rod drop acci-
dent. At higher power levels it limits rod movements so
that rods cannot be withdrawn to the point of generat-
ing excessive heat flux in the fuel. Unit conditions are
considered in determining which restrictions are app-
lied to a given rod movement request.
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Position

Rod position is sensed by a series of sealed glass
reed switches contained within a tube inside the drive
piston. Two switches are spaced every 3 inches with
each of the dual switches feeding a separate channel.
These signals are multiplexed inside the containment
and transmitted to the control room. The rod position
information function decodes these data and makes
them available to other parts of the rod control and
information function, to the Unit process computer and
to the operator. An invalid input caused by a failed reed
switch is detected and made known to the operator who
can take remedial action. The status of the scram valves
and accumulators on the hydraulic control unit is moni-
tored and these data are available to the operator and
the computer.

Ganged Rods

The speed and capacity of the rod control and infor-
mation function permit the control of more than one
rod at a time. Up to four rods can be operated simul-
taneously. The position of each rod in a gang is moni-
tored. in the continuous movement ganged rod mode,
the rods move together so that all rods are within two
notches of all other rods in the gang. Ganged rod oper-
ation effects significant time saving during hot restart
and other large control maneuvers.

Operation

The following description of the operation of the rod
control and information function follows the flow of
data as the operator selects and drives a rod. Prior to
the operator selecting a rod, certain data are being
transterred. Rod position information is one parameter
which is being continuously monitored. Starting at the
control rod drives, rod data are taken from the magnetic
reed switches of the rod position probes. These data
are duplicated (i.e., two switches per position). These
raw data are wired to a position multiplexer which is
located inside the containment. Data are transmitted to
the scan control portion of the rod position information
function which makes them available to other functions
as required. The scan control is also capable of recog-
nizing an invalid input which would result from a failed
reed switch.

When the operator selects a rod (or rods) the rod
interface function transforms that request into suitable
electronic form and transmits the request word to the
rod activity control function. (Note that this is done for
two parallel channels.) The rod activity control function
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looks at the present control rod pattern as provided by
the rod position information function, and aiso looks at
the Unit status (i.e., mode and power level). It then
examines its pattern control memory to ascertain
whether movement of the requested rod is allowed
under existing conditions. If motion is permitted, the
rod activity control function then generates a com-
mand word and transmits it to the rod gang drive func-
tion. If the two rod activity control channels agree with
each other, the rod gang drive function passes the
command word through to the transponder cards on
the individual control rod drive hydraulic control units.
The transponder on the selected drive acknowledges
that the command word has been received and acted
upon. As the rod moves, the rod position and informa-
tion function transmits its position to the rod activity
control function, and then to the rod gang drive func-
tion and to the operator.

Control Rod Withdrawal Features

Control rods cannot be withdrawn when any input
from redundant sources indicates a block condition.
When a block condition occurs, the rod settle cycle is
initiated to avoid spurious rod drift indications.

Continuous rod withdrawal may be effected only by
deliberate manipulation of two independent control
switches by the operator.

Interlocks prevent more than one control rod from
being withdrawn from its fully inserted position at any
time during refueling.

Drive Design

The mechanical arrangement of the drive mecha-
nism itself is illustrated in Figure 2-11 which shows the
important elements in the drive unit. In comparing this
with Figure 2-10, the following should be noted:

* The area above the main piston is actually inside
the index tube. The moving piston is hollow and
moves in an annulus between the stationary
cylinder and the stationary piston tube.

* The inside of the stationary piston tube is con-
nected to the scram hydraulic passage. It is con-
nected to the area above the piston by orifices in
the piston tube. These orifices are progressively
cut off by the main piston seals at the end of the
scram stroke to decelerate the rod.

* The latch mechanism is made of six collet fingers
attached to an annular collet piston operating in an
annular cylinder surrounding the index tube. The
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spring action of the fingers holds them against the
index tube. To unlatch the rod, pressure must be
applied to the collet piston which drives the fingers
up against the guide cap and cams them outward
free of the index tube. This mode of operation is
shown in Figure 2-11.

* The annular passage between the drive and the
housing becomes the hydraulic passage which
connects reactor pressure to the bottom of the
large check valve and, hence, to the bottom of the
main piston. This construction ensures that the
reactor pressure is always available to the lower
end of the piston for a scram and that the drive can
be actuated in the withdraw direction only by a
pressure higher than reactor pressure.

The control drive-rod coupling, shown in Figure 2-
12, contains unique features which permit the drive to
be uncoupled from the control rod either from below
the reactor (without removing the reactor vessel head)
or from above the reactor without draining all the coo-
lant from the reactor vessel.

Hydraulic Control Unit

The operating valves, accumulator, scram valves,
and associated piping for each locking piston drive are

UNLOCKING
HANDLE

VELOCITY
LIMITER

SOCKET

combined into single hydraulic control unit which is
preassembled as a module and tested prior to shipment
(Figure 2-13). The modular construction contributes to
the demonstrated reliability of the CRD system and has
the following advantages:

¢ The unitis more compactthan the equivalent com-
bination of components installed in the field and
therefore occupies less building space.

¢ Installation work is minimized, allowing shorter
construction schedules.

¢ All valve and pressure switch settings are accomp-
lished prior to shipment, thereby minimizing the
time required for preoperational testing. Similarly,
each component and associated piping is hydro-
tested prior to shipping.

To facilitate maintenance of components, isolation
valves are used so that all major components can
be removed (except the scram valve bodies) with-
out requiring a plant shutdown.

* All components in the design have been selected
based on extensive engineering tests or millions o?
hours of accumulated field experience.
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INTRODUCTION AND SUMMARY

The design of the boiling water reactor core and fuel
is based on the proper combination of many design
variables and operating experience. These factors con-
tribute to the achievement of high reliability, excellent
performance, and improved fuel cycle economy.

Discussed in this Section are such design parame-
ters as moderator-to-tuel volume ratio, core power
density, thermal-hydraulic characteristics, fuel expo-
sure level, nuclear characteristics of the core and fuel,
heat transfer, flow distribution, void content, cladding
stress, heat flux, and the operating pressure.Design
analyses and calculations employed in this scope
design have been verified by comparison with data
from operating plants. General Eiectric continualiy
evaluates this combination of design variables to be
certain that changing conditions, which may signifi-
cantly affect fuel cycle economics, are properly consi-
dered and that the resulting final core design
represents an optimum combination of the variables.

The reactor core mechanical structure, lattice con-
figuration, and fuel element design are basically the
same as employed in General Electric designed plants
at Oyster Creek, Nine Mile Point, Nuclenor, Quad Cities
1 and 2, Fukushima 2, and Brown's Ferry 1, 2, and 3.
Previous plants representative of the BWR 1 class such
as Dresden 1, Humboldt Bay, KRB (Gundremmingen),
and Tarapur differ only slightly. The design has
remained constant through the many representatives
of the BWR/3, /4, and /5 classes.

A number of important features of the boiling water
reactor core design are summarized in the following
paragraphs:

* The BWR core mechanical design is based on con-
servative application of stress limits, operating
experience, and experimental test results. The
moderate pressure levels characteristic of a direct
cycle reactor [approximately 1000 psia (6900 kPa)]
reduce cladding temperatures and stress levels.

* The low coolant saturation temperature, high heat
transfer coefficients, and neutral water chemistry
of the BWR are significant, advantageous factors
in minimizing Zircaloy temperature and associated
temperature-dependent corrosion and hydride
buildup. This results in improved cladding perfor-
mance at long exposures. The relatively uniform
fuel cladding temperatures throughout the BWR
core minimize migration of the hydrides to cold
cladding zones and reduce thermal stresses.

Section 3

Reactor
Core Design




¢ The basic thermal and mechanical criteria applied
in the BWR design have been proven by irradiation
of statistically significant quantities of fuel. The
design heat fluxes and linear thermal outputs
[approximate maximum of 13.4 kW/ft (44 kW/m)]
are similar to values proven in fuel assembly
irradiation.

¢ The design power distribution used in sizing the

core represents a worst expected state of opera-
tion. Provisions for nonoptimum operation allow
operational flexibility and reliability.

power at rated conditions is significantly less than
the criticai power limit.

* Because of the large negative moderator density
(void) coefficient of reactivity, the BWR has a
number of inherent advantages. These are the use
of coolant flow as opposed to control rods for load
following, the inherent self-flattening of the radial
power distribution, the ease of control, the spatial
xenon stability, and the ability to override xenonin
order to follow load.

The inherent spatial xenon stability of the BWR is
particularly important for large-sized plants. For
example, the Dresden 1 reactor has been operated
for several years on full power during the day and
halt power at night load schedule. This produces
maximum xenon concentration gradients, yet no
xenon instabilities have been observed.

CORE CONFIGURATION

The reactor core of the boiling water reactor is
arranged as an upright cylinder containing a large
number of fuel assemblies and located within the reac-
tor vessel. The coolant flows upward through the core.
A typical core arrangement (plan view) of a iarge boil-
ing water reactor and the lattice configuration are
shown in Figures 3-1and 3-2. Important components of
this arrangement are described in the following pages.

FUEL ASSEMBLY DESCRIPTION

As can be seen from Figures 3-1 and 3-2, the boiling
water reactor core comprises essentially only two com-
ponents: fuel assemblies and control rods. The fuel
assembly and control rod mechanical designs are basi-
cally the same as used in Dresden 1 and in ail subse-
quent General Electric boiling water reactors.

N

Fuel Rod

A fuel rod consists of UO, peliets and a Zircaloy 2
cladding tube. The UO; pellets are manufactured by

The reactor is designed so that the peak bundle
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Figure 3-1. Typical Core Arrangement

compacting and sintering UO, powder in cylindrical
pellets and grinding to size. The immersion density of
the pellets is approximately 95% of theoretical UO,
density. A sample of BWR fuel pellets is shown in
Figure 3-3.

A fuet rod is made by stacking pelletsintoa Zircaloy 2
cladding tube which is evacuated, back-filled with
helium to 3 atmospheres pressure, and sealed by weld-
ing Zircaloy end plugs in each end of the tube. Typical
end plugs and welded tube ends are shown in Figure
3-4. The Zircaloy tube is 0.483 inch (12.3mm) o.d.,
160-1/4 inches (4.07m) long, with a 32-mil (0.81mm)
wall thickness. The pellets are stacked to an active
height of 1560 inches (3.8m), with the top 9.5 inches
(241mm) of tube available as a fission gas plenum. A
plenum spring is located in the plenum space to exerta
downward force on the pellets; this plenum spring
keeps the pellets in place during the pre-irradiation
handling of the fuel bundle. The selected dimensions
result in a 9-mil (0.23mm) diametral gap between the
peliet and the tube.

Design Basis of Fuel Rods

The BWR fuel rod is designed as a pressure vessel.
The ASME Boiler and Pressure Vessel Code, Section
Ill, is used as a guide in the mechanical design and
stress analysis of the fuel rod.

The rod is designed to withstand the applied loads,
both external and internal. The fuel pellet is sized to



provide sufficient volume within the fuel tube to accom-
modate differential expansion between fuel and clad-
ding. Overall fuel rod design is conservative in its
accommodation of the mechanisms affecting fuel in a
BWR environment.

Fuel Bundie

Each fuel bundle contains 64 rods which are spaced
and supported in a square (8 by 8) array by lower and
upper tie plates. The lower tie plate has a nosepiece
which fits into the fuel support piece and distributes
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coolant flow to the fuel rods. The upper tie plate has a
handle for transferring the fuel bundte. Both tie plates,
shown in Figures 3-5 and 3-6, are fabricated from stain-
less steel and are designed to satisfy both flow and
mechanical strength considerations. Mechanically,
these parts are designed to stay within the yield
strength of the material during normal handling
operations.

Three types of rods are used in a fuel bundle: tie rods,
water rods, and standard fuel rods. The third and sixth
tuel rods along each outer edge of a bundle are tie rods.
The eight tie rods in each bundle have threaded end
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Figure 3-3. Typical BWR Fuel Peliets

Figure 3-4 Typical End Plugs and Welded Tube Ends
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- Figure 3-5. Upper Tie Plate

Figure 3-6. Lower Tie Plate (Nosepiece)



plugs which screw into the lower tie plate casting and
extend through the upper tie plate casting. A stainless
steel hexagonal nut and locking tab, shown in Figure
3-5, is installed on the upper end plug to hold the
assembly together. These tie rods support the weight of
the assembly only during fuel handling operations
when the assembly hangs by the handle; during opera-
tion, the fuel rods are supported by the lower tie plate.
Two rods in the interior foursome within each bundie
(diagonally opposite the control blade) are water rods,
i.e., tubes of Zr-2 cladding without UQ5 fuel. Small
holes are located at both the lower and upper ends
allowing water to be driven through the rod, thus intro-
ducing moderating material within the bundle interior.
One water rod also serves as the spacer-positioning
rod being mechanically locked to each of the seven
spacer assemblies (see Figure 3-7), thereby fixing the
axial position of each spacer. The fuel rod spacers are
equipped with Inconel-X springs to maintain rod-to-
rod spacing. The remaining 54 fuel rods ina bundleare
standard rods having a single tube of fuel pellets the
same length as the tie rods. The end plugs of both the
spacer-capture rod and the standard rods have pins
which fit into anchor holes in the tie plates. An Inconel-
X expansion spring located over the top end plug pin of
each fuel rod keeps the fuel rods seated in the lower tie
plate while allowing them to expand axialty by sliding
within the holes in the upper tie plate to accommodate
differential axial thermal expansion. These expansion
springs are shown on the top of each fuel rod in Figure
3-5.

The initial core has an average enrichment ranging
from approximately 1.7 wt % U-235 to approximately
2.0 wt% U-235 depending oninitial cycle requirements.
Individual fue! bundle enrichments in the initial core
are of three or four different average enrichments,
ranging from that of natural uranium, 0.711 wt % U-235,
to a maximum of approximately 2.2 wt % U-235. The
design of the initial core achieves an optimum balance
of fuel economy, operating margins and ease of transi-
tion to equilibrium cycle refueling. The reload fuel has
anaverage enrichment inthe range of 2.6 to 3.05 wt % of
U-235.

Different U-235 enrichments are used in fuel bundtes
to reduce local power peaking. Low enrichment ura-
nium rods are used in corner rods and in the rods
nearer the water gaps; higher enrichment uranium is
used inthe central part of the fuel bundle. Selected rods
in each bundie are blended with gadolinium burnable
poison.” The fuel rods are designed with characteristic

* Poison: a material that absorbs neutrons unproductively and hence

removes them from the fission chain reaction in a reactor, thereby
decreasing its reactivity.
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mechanical end fittings, one for each enrichment. End
fittings are designed so that it is not mechanically pos-
sible to complete assembly of a fuel bundle with any
high enrichment rods in positions specifed to receive a
low enrichment. A complete fuel bundle is shown in
Figure 3-8.

A recent innovation in BWR core design and operat-
ing strategy known as the Control Cell Core (CCC) has
been developed by General Electric and is being dem-
onstrated in operating BWR's. With successful comple-
tion of the demonstration projects, the CCC design will
be available in future initial BWR cores and in reload
cycles. A discussion of the CCC design is included as
an appendix to this Section.

Bundle Features
The design has two important features:

¢ The bundle design places minimum external for-
ces on a fuel rod; each fuel rod is free to expand in
the axial direction.

* The unique structural design permits the removal
and replacement, if required, of individual fuel
rods.

Fuel Channel

A fuel channel encloses the fuel bundie; the combi-
nation of a fuel bundie and a fuel channel is called a fuel
assembly (see Figure 3-9).

The channel is a square shaped tube fabricated from
Zircaloy 4; its outer dimensions are 5.455 inches
(138.6mm) by 5.455 inches (138.6mm) by 166.9 inches
(4.2m) long. The reusable channel makes a sliding seal
fit on the lower tie plate surface. It is attached to the
upper tie plate by the channel fastener assembly (con-
sisting of a spring and a guard), and a capscrew
secured by a lock-washer. Spacer buttons are located
on two sides of the channel to properly space four
assemblies within a core cell. The fuel channel is shown
in Figure 3-10. The fuel channels direct the core coo-
lant flow through each fuel bundle and also serve to
guide the contro! rod assemblies.

The use of the individual fuel channel greatly
increases operating flexibility because the fuel bundle
can be separately orificed and thus the reload fuel
design can be changed to meet the newest require-
ments and technology. The channels also permit fast

in-core sampling of the bundles to locate possible fuel
leakers.



Figure 3-7. Typical Fuel Rod Spacers

Figure 3-8. Completed Fuel Bundle



Initial Core

The initial core uses gadolinia in some fuel rods for
temporary reactivity control.This gadolinia is loaded
with slightly higher concentrations in the lower portion
of the fuel rods (i.e., below the core midplane) in order
to lower the axial power peaking factor. The magni-
tudes of gadolinia concentrations will be adjusted
according to the enrichment requirements of initial
core fuel.

Reload Fuel

Reioad fuel also contains gadolinia. The distribution
of gadolinia within the rods is similar to the gadolinia
rods in the initial core.
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For all fuel types, the gadolinia concentrations are
established to result in nearly complete depletion
within a single operating fuel cycle.

Neutron Sources

Several antimony-beryllium startup sources are
located within the core. They are positioned vertically
in the reactor by “fit-up” in a slot (or pin) in the upper
grid and a hole in the lower core support plate (see
Figure 3-11). The compression of a spring at the top of
the housing exerts a column-type loading on the
source. Though anchored firmly in place, the sources
can easily be removed, but they need not be disturbed
during refueling.
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Figure 3-10. Fuel Channel

The active portion of each source consists of a beryl-
lium sleeve enclosing two antimony-gamma sources.
The resulting neutron emission strength is sufficient to
provide indication on the source range neutron detec-
tors for ail reactivity conditions equivalent to the condi-
tion of all rods inserted prior to initial operation.

The active source material is entirely enclosed in a
stainless steel cladding with an outside diameter of
approximately 0.7 inch (17.8mm). The source is cooled
by natural circulation of the core leakage flow in the
annulus between the beryllium sieeve and the
antimony-gamma sources.

The current neutron source mechanical design and
the design analysis methods have been verified in the
various General Electric operating BWR's.

CORE DESIGN

The reactor core is designed to operate at rated
power with sufficient design margin to accommodate
changes in reactor operations and reactor transients
without damage to the core. In order to accomplish this
objective the core is designed, under the most limiting
operating conditions and at 100% of rated power, to
meet the following bases:

* The maximum linear heat generation rate, in any
part of the core, is less than 13.4 kW/ft (44 kW/m).
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¢ Less than 0.1% of the core experiences transition
boiling during the worst expected transient.

A later part of this section, “Margin Between Operat-
ing Limits and Damage Limits,” discusses these two
design bases and their associated margins.

Power Distribution

The design power distribution is divided for conven-
ience into several components. The relative assembly
power peaking factor is the maximum fuel assembly
average power divided by the reactor core average
assembly power. The axial power peaking factor is the
maximum heat flux of a fuel assembly divided by the
average heat flux in that assembly. The local power
peaking factor is the maximum fuel rod heat flux at a
horizontal plane in an assembly divided by the average
fuel rod heat flux at that plane. Peaking factors vary
throughout an operating cycle, even at steady-state fulil
power operation, since they are affected by withdrawal
of control rods to compensate for fuel burnup.

Representative maximum peaking factors for a typi-
cal core are —

¢ Relative assembiy power 1.40
e Axial peaking 1.40
* Local peaking 113
* Total peaking 2.22



Axial Distribution — Because of the presence of steam
voids in the upper part of the core, there is a natural
characteristic for a BWR to have the axial power peak in
the lower part of the core. During the early part of an
operating cycle, bottom-entry control rods permit a
reduction of this axial peaking by locating a larger
fraction of the control rods in the lower part of the core.
At the end of an operating cycle, the higher accumu-
lated exposure and greater depletion of the fuel in the
lower part of the core reduces the axial peaking.The
operating procedure is to locate control rods so that the
reactor operates with approximately the same axial
power shape throughout an operating cycle.

Relative Assembly Power Distribution — The
maximum-to-average fuel bundle peaking or radial dis-
tribution is reduced in a boiling water reactor core
because of greater steam voids in the center bundles of
the core. A control rod operating procedure is also
used to maintain approximately the same radial power
shape throughout an operating cycle.

Local Power Distribution — The local power distribu-
tion is reduced by the use of several uranium enrich-
ments in a fuel bundle. Lower uranium enrichments are
located near the water gaps, and higher enrichments
are located in the center of a fuel bundle.

Core Thermal Hydraulics

Central UO, Temperature — The maximum UO,
temperature will occur in new fuel operating at the
maximum linear heat generation rate of 13.4 kW/ft (44
kW/m). Based on published conductivity data, the max-
imum temperature is approximately 3400F (1871C).

Core Orificing — Control of core flow distribution
among the fuel assemblies is accomplished by fixed
orifices. These orifices are located in the fuel support
pieces and are not affected by fuel assembly removal
and replacement.

The core is divided into two orifice zones. The outer
zone of fuel assemblies, located near the core
periphery, has more restrictive orifices than the inner
zone. Thus, flow to the higher power fuel assemblies is
increased. The orificing of all fuel assemblies increases
the flow stability margin.

Thermal Hydraulic Limits — There are three types of
boiling heat transfer to be considered in defining ther-
mal limits: nucleate boiling, transition boiting and fitm

boiling. Nucleate boiling is the extremely efficient
mode of heat transfer in which the BWR is designed to
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operate. Transition boiling is manifested by an unsta-
ble fuel cladding surface temperature which rises sud-
denly as steam blanketing of the heat transfer occurs,
then drops to the nucleate boiling temperature as the
steam blanket is swept away by the coolant flow, then
rises again. At still higher bundle powers, film boiling
occurs which results in higher fuel cladding tempera-
tures. The cladding temperature in film boiling, and
possibly the temperature peaks in transition boiling,
may reach values which could cause weakening of the
cladding and accelerated corrosion. Overheating is
conservatively defined as the onset of the transition
from nucleate boiling. The relationship between clad-
ding surface temperature and nucleate, transition and
film boiting modes of heat transfer is shown in Figure
3-12. The core and fuel design basis has been defined,
accommodating uncertainties, such that margin is
maintained between the most limiting operating condi-
tion and the transition boiling condition at all times in
core life.

The onset of transition boiling is predicted by a
correlation which was developed as part of the General
Electric Thermal Analysis Basis (GETAB). A major fea-
ture of the development work which produced data for
this correlation is the ATLAS Experimental Heat
Transfer Facility, the largest and most versatile facility
of its kind in the world. ATLAS permits full-scale ther-
mal hydraulic testing of BWR fuel assemblies under
conditions of power, flow, pressure, enthalpy, and
power peaking which duplicate the actual reactor
environment. This facility is also capable of simulating
transient and emergency core cooling conditions. Data
from this prototypical testing form the extensive data
base on which the correlation is founded.

The GETAB correlation predicts the steam quality
(critical quality) at which boiling transition occurs as a
function of the distance above the boiling boundary
(boiling length) for any given mass flow rate, power
level, pressure, local steam quality, bundie flow geome-
try, and local peaking pattern. The figure of merit used
for reactor design and operation is the critical power
ratio (CPR). The use of CPR is both convenient for
application and descriptive of the relation between nor-
mal operating conditions and conditions which pro-
duce a boiling transition. As previously mentioned, the
critical quality is predicted by the GETAB correlation.
The “critical power” is defined as that bundle power
which would produce the critical quality. The critical
power ratio is then defined as the ratio of the critical
power to the operating bundie power, at the reactor
condition of interest. These relationships are illustrated
in Figure 3-13. Shown in this figure are the correlation

line and steam quality distributions over the length of
the bundle for three bundie powers. Py, Py, and Pritical.
As seen in the figure, the critical power (Pciical) is that
bundle power which produces a steam quality versus
boiling length curve that is tangent to the correlation
line. The CPR must be held above a prescribed value for
all fuel assemblies in the reactor core. The minimum
CPR for the most limiting fuel assembly in the core is
defined as the minimum critical power ratio (MCPR).
Reactor operating limits are thus stated in terms of
MCPR.

The statistical basis for the selection of design and
operational limits explicitly recognizes that there is a
possibility, however small, that some combination of a
transient and various uncertainties and tolerances may
cause transition boiling to exist locally for some period
of time. In applying this statistical basis, the MCPR
limits are derived from the following design basis
requirement:

Transients caused by single operator error or single
equipment malfunction shall be limited such that, con-
sidering uncertainties in monitoring the core operating
state, more than 99.9% of the fuel rods are expected to
avoid boiling transition.

Determination of actual GETAB operating limits is
made by application of the above design requirement

"to specific reactors using a full core statistical analysis.
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In addition to the uncertainty of the GETAB correlation
itself, explicit uncertainties for the following parame-
ters are input to the statistical analysis: feedwater flow,
feedwater temperature, reactor pressure, core flow,
core inlet temperature, friction factor multipliers,
nuclear instrument (TIP) readings, and local power
distributions. These uncertainties are combined in a
Monte Carlo analysis which calculates the number of
boiling transition events which would occur in the core
under the input conditions.

The result of this analysis is an MCPR limit for the
worst transient (design basis) condition. The steady-
state operating limit is derived from this by applying an
additional MCPR margin for the worst expected
transient.

Thermal-Hydraulic Analysis

A computer program is used to analyze the thermal
and hydraulic characteristics of the reactor core as a
whole. The geometric, hydraulic, and thermal charac-
teristics of the core design are represented, including
number of fuel assemblies in each orifice zone of the
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reactor core, fuel assembly dimensions, friction factors
and flow restrictions, and the flow characteristics of the
fuel orifices, inlet plenum region of the reactor, along
with bypass and leakage fiow paths around the fuel
assembly channeis. Individual cases are analyzed by
providing reactor power, flow, inlet enthalpy and
appropriate power distribution factors as input to the
above computer program. The output of the program
includes the calculated flow distribution among the
several channel types and a detailed analysis of the
heat fluxes, steam quality, void fraction, and MCPR at
as many as 24 axial nodes for the average and peak
power fuel assemblies in each orifice zone.

Comparisons of the analytical models used with fuel
assembly design details such as fuel-rod-to-fuel-rod
and fuel-rod-to-fuel-assembly-channel clearances and
spacer configurations have been made to ensure that
the computer programs adequately represent the
actual core and fuel design, and that design correla-
tions are applicable.

In addition, fuel thermal design calculations, includ-
ing calculation of fuel rod temperature, UO5 pellet ther-
mal expansion characteristics, and rate of UO; swelling
due to irradiation, have been performed. Thermal
effects of irradiation, including reduction in local
power peaking factor due to U-235 depletion, buildup
of plutonium near the surface of the pellet, and effect of
gap width and gas composition on gap conductance,
have been considered in confirming that the thermal-
hydraulic performance objectives will be met.

Core Nuclear Characteristics

Basis of Nuclear Characteristics — The nuclear calcu-
lations are based on nuclear data selected from the best
current sources of information throughout the nuclear
industry and on calculational computer codes deve-
loped by General Electric for the BWR. Of even greater
importance is the fact that these data and computer
codes are continually checked against experimental
data obtained from critical facilities, startup tests of
BWR's going into commercial operation, and against
the long-term operating data of BWR's such as Dresden
1, Garigliano, KRB, and other more recently operating
BWR plants. Predicted isotopic compositions are
checked by comparisons with measured isotopic data
of discharged BWR fuel.

Reactivity Coefficients — In a boiling water reactor, two
reactivity coefficients are of primary importance: the
fuel Doppler coefficient and the moderator density
reactivity coefficient. The moderator density reactivity

coefficient may be broken into two components: that
due to temperature and that due to steam voids.

Fuel Doppler Reactivity Coefficient — As in all light
water moderated and low enrichment reactors, the fuel
Doppler reactivity coefficient is negative and promptin
its effect, opposing reactor power transients. When
reactor power increases, the UQO, temperature
increases with minimum time delay and results in
higher neutron absorption by resonance capture in the
U-238.

Moderator Density Reactivity Coefficient — During
normal plant operations, the steam void component of
the moderator density reactivity coefficients is of prime
importance. The steam void component is large and
negative at all power levels. At full rated power, the
steam voids are equivalent to approximately 3%
reactivity.

The fuel assembly design is such that the moderator
density reactivity coefficient of the water within the fuel
channel is negative for all conditions of operation. The
in-channel moderator coefficient is smallest at the
cold, zero power condition.

The large and negative moderator density coefficient
at operating power levels is due to the steam void effect.
This steam void effect results in the following operating
advantages:

Xenon Override Capabllity — As the steam void reactiv-

" ity effect is large compared with xenon reactivity, the
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BWR core has the excellent capability of overriding the
xenon effect, thereby increasing power after a power
decrease.

Xenon Stability — The steam void reactivity is the prim-
ary factor in providing the high xenon stability charac-
teristic. See “Reactor Stability” later in this section.

Load Changing by Flow Control — Since the fuel
Doppler reactivity opposes a change in load, the void
effect must be and is larger than the fuel Doppler effect
in order to provide load changing capability by flow (or
moderator density) control.

Thermal-Hydraulic Stability — The negative void effect
is an important contributor to reactor thermal-
hydraulic stability.

Reactivity Control

The movable boron-carbide control rods are suffi-
cient to provide reactivity control from the cold shut-



down condition to the fuil load condition.
Supplementary reactivity control in the form of solid
burnable poison is used only to provide reactivity com-
pensation for fuei burnup or depletion effects.

The movable control rod system is capable of main-
taining the reactor in a subcritical condition when the
reactor is at ambient temperature (cold), zero power,
zero xenon, and with the strongest control rod fully
withdrawn from the core. In order to provide greater
assurance that this condition can be met in the operat-
ing reactor, the core design is based on calculating a
reactivity less than 0.99, or a 1% margin on the “stuck
rod” condition.

Supplementary solid burnable poisons are used to
assist in providing reactivity compensation for fuel
burnup. For all operating cycles, the supplementary
control is provided by gadolinia mixed into a portion of
the UO, reload fuel rods.

Margin Between Operating Limits and Damage Limits

Two mechanisms which could result in fuel damage
(i.e., perforation of the cladding) are:

¢ Severe overheating of the fuel cladding.
* Fracture of the fuel cladding due to excessive
strain resulting from UQ, thermal expansion.

Although significant weakening of the fuel cladding
due to overheating is not expected to occur until well
into the film boiling region, fuel damage is conserva-
tively defined as the onset of transition boiling. This, by
definition, corresponds to MCPR = 1.00. In addition to
this limit a statistical margin of approximately 6% is
made to allow for the various uncertainties in predict-
ing and detecting the actual boiling state. Thus, during
the worst expected transient, the MCPR is not permit-
ted to go below a value of approximately 1.06. An addi-
tional margin for the effects of the worst transient
produces the normal operating limit. A typical value for
this operating limit is MCPR = 1.23. During full power
operation, the fuel will typically operate with an MCPR
greater than 1.30. The difference between the actual
operating value of MCPR and the operating limit is
termed the operating margin.

A value of 1% plastic strain of Zircaloy cladding is
conservatively defined as the limit below which fuel
damage is not expected to occur. Available data indi-
cate that the threshold for damage in irradiated Zirca-
loy cladding is in excess of this value. The linear heat
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generation rate required to cause this amount of clad-
ding strain is approximately 25 kW/ft (82 kW/m). The
linear heat generation rate for the worst expected tran-
sient is approximately 16 kW/ft (62.56 kW/m). During
normal full power operation the maximum linear heat
generation rate will not exceed 13.4 kW/ft (44 kW/m).
The fuel damage limit of 1% plastic strain is based on
tensile tests of irradiated cladding from both the Valle-
citos Boiling Water Reactor (VBWR) and Dresden 1
reactors and based on fuel tests at linear heat rate
conditions of more than 25 kW/ft (82 kW/m).

Strain Localization

It was determined for 7X7 BWR fuel that strain locali-
zation due to pellet-to-cladding interaction at pellet
interfaces (ridging) and pellet cracks can cause asmall
but statistically significant number of fuel rod perfora-
tions during normal reactor operation. The following
fue! design improvements have been made for 8x8
BWR/6 fuel to reduce pellet-to-cladding localized
strain:

1. The fuel pellet length-to-diameter ratio is
decreased from 2:1 to 1:1, which reduces ridging.

2. The fuel pellet is chamfered, which reduces
ridging.

3. The maximum linear heat generation is
decreased from 18.5 kW/ft (60.7 kW/m) to 13.4
kW/ft (44 kW/m), which reduces thermal distor-
tion and ridging.

4. The cladding heat treatment procedure is
improved to reduce the variability of the cladding
ductility.

Reactor Stability

The large fuel time constant and inherent negative
moderator feedback are major contributors to the sta-
bility of the boiling water reactor. The Doppler reactiv-
ity feedback appears simultaneously with a change in
fuel temperature and opposes the power change that
caused it, while heat conduction to water and the sub-
sequent formation of steam voids must await transfer of
heat through the fuel material. Since the Doppler reac-
tivity opposes load changes, itis desirable to maintaina
large ratio of moderator-to-Doppler coefficient for
optimum ioad following capability. The BWR takes
advantage of itsinherently large moderator-to-Doppler
coefficient ratio by permitting a variation of coolant
flow for load following.

Xenon instability is an oscillatory phenomenon of
xenon concentration throughout the reactor that is



theoretically possible in any type of reactor. If such a
condition should occur, it can restrict load following
periormance, cause increased local power peaking in
the core and possibly reduce the fuel economics of the
core. The BWR as designed by General Electric has
characteristics which provide a large margin of damp-
ing to such oscillations. This is primarily brought about
by the high negative power coefficient characteristic of
the core. In addition, the use of in-core ion chambers
for local monitoring of core conditions and for locai
reactivity adjustment brought about by the control rods
and local steam void control provide complete knowi-
edge of core conditions and adequate control capabil-
ity. Since xenon oscillations are local phenomena
within the core, they are not evident when looking at
core averaged values and unless in-core instrumenta-
tion is provided, the presence of such oscillations may
not be known until they have caused power peaking
with possible core damage.

If the magnitude of the power coefficient of reactivity
becomes too small, spatial xenon oscillations will
occur and restrict reactor load following and perfor-
mance. Even in the stable region, itis important to have
well-damped power distributions and to select reactor
load following variables which do not tend to encour-
age spatial xenon oscillations. Studies have shown that
underdamped, unacceptable behavior would occur for
large boiling water reactors with a power coefficient
less negative than —0.014 Ak per unit fractional change
in power. Current boiling water reactor designs resulit
in power coefficients well beyond the range of instabil-
ity of xenon. This advantage of the boiling water reactor
is of major importance for large, loosely coupled
nuclear cores. Flow control further aids spatial xenon
stability by providing a power shape which remains
relatively constant at varying reactor power levels.

The water-to-fuel volume ratio is determined from
consideration of the reactivity coefficient for safe and
stable operation. This ratio is selected to provide cold
lattice coefficients which preclude detrimental startup
transients. In parallel to the allowance of considerable
margin in design for good load following and spatial
xenon stability, the water-to-fuel volume ratio selected
is close to the optimum for minimum fuel cycle costs.

With proper design, the dynamics of a boiling water
reactor allow satisfactory performance with respect to
stability. The fact that such design stability exists has
been demonstrated through extensive tests on
Dresden 1, Garigliano, KRB, and other General Electric

designed reactors, and on the experimental boiling
water reactor. For example, the Dresden 1 reactor has
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been operated for several years on full power during
the day and half power at night load schedule, which
produces maximum xenon concentration gradients; no
xenon instabilities have been observed.

REACTOR REACTIVITY CONTROL

Control Rods

The control rod design, using boron carbide (B4C)
compacted in stainless steel tubes, was introducedinto
service in the Dresden 1 boiling water power reactor in
April 1961. Since that date, this design has been the
standard reference control element in all General
Electric boiling water reactors and has replaced the 2%
boron-steel rods previously used. Over the years, B4C
control rods have been produced routinely in quantity,
by tested manufacturing procedures. During the years
since the first rods were placed in service, they have
demonstrated excellent mechanical and nuclear
performance.

The control rods perform dual functions of power
distribution shaping and reactivity control. Power dis-
tribution in the core is controlled during operation of
the reactor by manipuiation of selected patterns of
rods. The rods, which enter from the bottom of the
near-cylindrical reactor, are positioned in such a
manner to counterbalance steam voids in the top of the
core and effect significant power flattening. These
groups of control elements, used for power flattening,
experience a somewhat higher duty cycle and neutron
exposure than the other rods.

The reactivity contro! function requires that all rods
be available for either reactor “scram” (prompt shut-
down) or reactivity regulation. Because of this, the con-
trol elements are mechanically designed to withstand
the dynamic forces resulting from a scram. They are
connected to bottom-mounted, hydraulically actuated
drive mechanisms which allow either axial positioning
for reactivity regulation or rapid scram insertion. The
design of the rod-to-drive connection permits each
blade to be attached or detached from its drive during
refueling without disturbing the remainder of the con-
trol functions. The bottom-mounted drives permit the
entire control function to be left intact and operabile for
tests with the reactor vessel open.

Description of Rods

The cruciform control rods contain 72 stainless steel
tubes (18 tubes in each wing of the cruciform) filled
with boron carbide powder compacted to approxi-
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mately 75% of theoretical density. The tubes are seal
welded with end plugs on either end. Stainless steel
balls are used to separate the tubes into individual
18-inch (0.46m) longitudinal compartments. The stain-
less steel balls are held in position by a slight crimp in
the tube. The individual tubes, 3/16 inch (4.8mm) in
diameter, act as pressure vessels to contain the helium
gas released by the boron-neutron capture reaction.

The tubes are held in cruciform array by a stainless
steel sheath extending the full length of the tubes. A top
casting and handle, shown in Figure 3-14, aligns the
tubes and provides structural rigidity at the top of the
control rod. Rollers, housed by the top casting, provide
guidance for control rod insertion and withdrawal. A
bottom casting is also used to provide structural rigid-
ity and contains positioning rollers and a parachute
shaped velocity limiter. The castings are welded into a
single structure by means of a small cruciform post
located in the center of the control rod. The control!
rods have an active length of 144 inches (3.7m) of boron
carbide, a span of 9.75 inches (0.25m}, and an overall
length of 173.75 inches (4.4m). The control rods can be
positioned at 6-inch (152mm) steps and have an opera-
tions withdrawal and insertion speed of 3 inches
(76.2mm) per second.

Control rods are cooled by the core ieakage (bypass)
flow. The core leakage flow is made up of recirculation
flow that leaks through the severat leakage flow paths:

* Four holes in fuel assembly nosepiece (lower tie
plate)

* The area between fuel channel and fuel assembly
nosepiece

¢ The area between fuel assembly nosepiece tie and
fuel support piece

¢ The areabetween fuel support piece and core plate
* The area between core plate and shroud
* Holes in the core plate for bypass flow control

Control Rod Nuclear Characteristics

The control rod system is designed so that adequate
shutdown capability is available at all times. To permita
margin for credible reactivity changes, the control sys-
tem has the capability to shut down and maintain the
core continuously subcritical with the maximum worth
control rod fully withdrawn. This capacity is experi-
mentally demonstrated when reactivity alterations are
made to the reactor core. The use of mechanical con-

trol permits periodic tests on the core reactivity during
refueling. Control rods are withdrawn adjacent to an

inserted fresh fuel assembly to verify subcriticality and
predicted excess reactivity of the fuel.

The control rod insertion rates on scram are suffi-
cient to protect the reactor against damage in all tran-
sients which are expected to occur during the life of the
plant.

The control rods are used primarily for power distri-
bution shaping and for shim control of long-term reac-
tivity changes which occuras a result of fuel irradiation.
The fiow control function, which is used to foliow rapid
load changes, reduces requirements on speed of con-
trol rod response and thus improves plant safety. Every
2 to 3 months, the control rod patterns are altered to
provide more uniform fuel and control rod burnup. In
normal daily operation, little control rod movement is
required for depletion of reactivity. The resulting low
frequency of control rod changes reduces the possibil-
ity of operator error.

With the normal control rod patterns required to
maintain an acceptable power distribution in the oper-
ating core, an average control rod will be worth about
0.005 Ak effective. The maximum worth of a rod in a
typical power operation pattern will be about 0.01 Ak
effective. The notch increment dimensions and spac-
ing of the rods are set to limit the reactivity insertion to
about 0.0003 Ak/k for any notch increment of control
withdrawn. Preplanned withdrawal patterns and pro-
cedural patterns and procedural controls are used to
prevent abnormal configurations yielding excessively
high rod worths.

The rod worth monitoring function is contained in
the on-line digital computer. Its purpose is to determine
that low worth scatter control rod patterns are main-
tained. The function is preventive in concept. It allows
maximum freedom of control rod scheduling and pre-

vents those rod patterns which result in excessive rod
worth.

The velocity limiter is a mechanical device which is
an integral part of the control rod assembly and pro-
tects against the low probability of a rod drop accident.
Itis designed to limit the free fall velocity and reactivity
insertion rate of a control rod so that fuel damage
would not occur. It is a one-way device, in that control
rod scram time (or fast insertion) is not significantly
affected.

Supplementary heactivity Control

The control requirements of the initial core are
designed to be considerably in excess of the equili-



brium core requirements because all of the fuel is fresh
in the initial core. The initial core control requirements
are met by use of the combined effects of the movable
control rods and a supplemental burnable poison. The
supplementary burnable poison is digadolinia trioxide
(Gdy03), called gadolinia, mixed with UO; in several
fuel rods in each fuel bundle.

Only a few materials have nuclear cross sections that
are suitable for burnable poisons. An ideal burnable
poison must deplete completely in one operating cycle
so that no poison residue exists to penalize initial U-235
enrichment requirements. It is also desirable that the
positive reactivity from poison burnup match the
almost linear decrease in fuel reactivity from fission
product buildup and U-235 depletion. A self-shielded
burnable poison consisting of Gd203 dispersed in a few
selected fuel rods in each fuel assembly provides the
desired characteristics. The Gd,O3 depletes as a
cylinder with decreasing radius to provide a linear
increase in reactivity. The concentration is selected so
that the poison essentially depletes in the operating
cycle. It is possible to improve power distributions by
spatial distribution of the burnable poison.

FUEL MANAGEMENT

General Electric can supply recommendations on
optimum reloading schemes during core life. Long-
range loading schedules are furnished with the initial
core and can be periodically revised as operating data
become available. The flexibility of the boiling water

reactor core design permits variation of the intervals
between refueling through variation of the refueling
batch size.

The first shutdown for refueling will occur approxi-
mately 1to 2 years after commencement of power oper-
ation. Thereafter, the plant operating cycle time (time
between core reloading) can be varied up to potentially
18 months. During transition from the initial core to the
equilibrium core, the refueling batch size can be varied
to maintain this equilibrium refueling interval.

The design refueling schedule is based on the speci-
fied annual load factor. Variations in the annual load
factor can be accommodated by the following:

* Maintaining a constant reload fuel enrichmentand
varying the refueling batch size to maintain the
equilibrium retueling interval. A large refueling
batch size is required as the load factor is
increased.

¢ Varying the refueling batch size and the reioad fuel
enrichment to maintain the equilibrium refueling
interval and constant discharge exposure.

. » Maintaining constant reload fuel enrichment and
refueling batch size and allowing the refueling
interval to vary up to 18 months.

For annual refueling at high capacity factors, approx-
imately one-fourth of the fuel is discharged each cycle.
For 18 month refueling cycles, approximately one-third
of the fuel is discharged at the end of each cycle.



Section 3, Appendix

Control Cell Core Improved Design

S. R. Specker, L. E. Fennern, R. E. Brown, R. L. Crowther, and K. L. Stark

A new BWR core design and operating strategy known as the
Control Cell Core (CCC) concept has been developed by GE
and is being demonstrated in an operating BWR. This concept
results from a coupled optimization of fuel bundle design,
refueling patterns and control rod patterns. The primary objec-
tives of the CCC concept are to simplify BWR operation,
improve fuel reliability, increase operating thermal margins
and improve BWR capacity factors. The need for periodic
control rod pattern exchanges during an operating cycle is
either eliminated or substantially reduced by the concept, with
subsequent major impact on utility operations. The design
concept has potential for backfit to all existing BWRs.

Description

The CCC concept is based on an operating strategy in which
control rod movement to offset reactivity changes during
power operations is limited to a fixed group of control rods.
Each of these rods and its four surrounding fuel assemblies
comprise a control cell. All other control rods are normally
completely withdrawn from the core while operating at power.
Low reactivity fuel assemblies are placed in the control ceils so
that control rod motion occurs adjacent only to low power fuel.

The control cell locations for a typical large BWR are shown in
Figure 1. For an initial cycle, low enrichment fuel assemblies
are placed in the control cells. In the reload cycles, the fuel
assembilies from the lowest reactivity batch residingin the core
after the discharge batch has been selected are placed in the
control cells. For a typical equilibrium cycle, these correspond
to the highest burnup assemblies.

The cumulative effects of an inserted control rod on the local
power distribution of a control cell fuel assembly are minimized
by designing the fuel with a relatively low enrichment rod in the
corner of the assembly nearest the control rod and by allowing
a fuel assembly to reside in a control cell for only one cycle.

There are two principal differences between the design and
operation of the CCC and a conventional BWR core. They are:

1) In a conventionally designed BWR core, fuel as-
semblies of differing reactivity are scatter loaded in the
core so that surrounding any particular control rod loca-
tion there is normally at least one assembily of relatively
high reactivity. As a result, control rod motion occurs
adjacent to relatively high power fuel in a conventional
core.

With the CCC design, low reactivity fuel assemblies are
placed in the control cells so that control rod motion
occurs adjacent only to relatively low power fuel.
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Figure 1. Typical Control Cell Locations for a Large
BWR Core
2) In conventional BWR operation, four basic control rod

patterns designated as A-1, A-2, B-1, and B-2 are used
to develop operating control rod pattern sequences
through each cycle. Alternating sets of control rods are
designated for use as deep or as shallow rods for each
of these basic patterns. During a typical annual operat-
ing cycle, about five control rod pattern exchanges are
performed.

With the CCC design, a fixed group of control rods
located in the low power control cells is utilized for
reactivity and power distribution control throughout the
entire cycle. Conventional rod pattern exchanges are
not required.

Performance Characteristics

Analytical studies and feedback from a current operating plant
demonstration indicate that, relative to conventional cores, the
CCC design has the potential to simplify operations and in-
crease BWR capacity factors. To understand the underlying
physical bases for these improvements, it is useful to examine



in detail some of the important differences in the performance
characteristics of conventional cores and CCC's.

Conventional Core Characteristics

To begin the discussion, itis useful to look at the behavior of a
typical high reactivity, high power fuel assembly in a conven-
tional core. Figure 2 illustrates the change in the nodal power
distribution of such a high power fuel assembly as an adjacent
inserted control rod is withdrawn. Note the large increase in
power as the control rod tip is withdrawn past a specific axial
node and the magnitude of the resulting peak nodal power.
Note also that the maximum nodal power occurs when the
controt rod is partially inserted rather than when completely
withdrawn. This behavior results from the presence of rela-
tively low in-channel voids in a region of high neutron impor-
tance immediately off the tip of the controi rod. Such a partially
controlled fuel assembly is frequently the location of the peak
nodal kW/ft in a conventional core.
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Figure 2. Power™ in Fresh Fuel Assembly of Conventional
Design as Adjacent Control Rod is Withdrawn
Toward Bottom

Another characteristic of a conventional core which can be
seen in Figure 2 is the underburning of the lower portion of the
high power fuel assembly which occurs when a shallow control
rod is inserted immediately adjacent to it. When the control rod
is withdrawn, this underburning will cause an increase in the
peak nodal power in the assembly relative to the uncontrolled
peak shown in Figure 2. Thermal margins can be seriously
eroded, particularly near the end of a cycle, by underburning
the bottom of a conventional core. Careful control rod pattern
selection and periodic rod pattern exchanges are required to
obtain a good “bottom burn" in the high power assemblies of a
conventional core.

Besides its effect on the nodal power and burnup, an inserted
control rod also causes a localized distortion in the neutron
flux. When inserted, the control rod depresses the neutron flux
and hardens the spectrum in nearby fuel rods resulting in a
reduced burnup rate and an increased Pu/U conversion ratio
relative to the fuel rods located further away from the control
rod.
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When the control rod is withdrawn, these nearby rods, be-
cause of their relatively lower burnup and increased plutonium
content, operate at a higher power than if they had previously
been uncontrolled. The magnitude of this power increase is
greatest in the corner rod and depends primarily on the burnup
that an axial segment of a fuel assembly accumulated while
previously controlled, and the burnup accumulated since be-
coming uncontrolled. This phenomenon is commonly referred
to as a control blade history (CBH) effect on local power
distribution. If the adjacent fuel assembly contains unburned
gadoiinia, the effect of CBH on local power distribution is
further complicated by the reduced gadolinia burnup rate in
the nearby gadolinia bearing rods. This can cause additional
distortions in local and global power distributions.

Periodic exchanges between the basic A and B rod patterns
mitigates the effects of control blade history on core power
distributions and makes it possible to more uniformly burn the
lower portions of high power fuel assemblies. However, the
requirement to periodically exchange rod patterns has some
adverse impacts. Operation is complicated and capacity fac-
tors are reduced by the need to reduce core power to perform
an exchange. Also, the exchange of patterns excites spatial
xenon oscillations which, aithough well damped, can compli-
cate and delay the return to rated power after the exchange.

CCC Characteristics

In the CCC, controt rods are inserted adjacent only to the low
power control cell fuel assembiies while operating at power. A
high power fuei assembly has at least one low power assem-
bly between it and an inserted control rod. Figure 3 illustrates
the change in the nodal power distribution of a low power
control cell assembly as the adjacent control rod is withdrawn.
Figure 4 shows the corresponding nodal power distribution in
the highest power assembly adjacent to the control cell as-
semblies.

There are several important characteristics to note in these
figures:

1) The highest peak nodal power in the control cell assem-
bly is about 16% lower than that of the adjacent high
power assembly.

2) The power distribution in the high power assembly is
much less sensitive to control rod motion than in a
conventional design.

3) The peak nodal power in the high power assembly is not
significantly increased when the control rod is partially
inserted.

These characteristics provide the following potential advan-
tages relative to conventional designs:

1) The need for conventional rod pattern exchangesis
eliminated

Since the control cell fuel operates at a substantially
lower peak nodal power than the highest power fuel in
the core, the effects of control blade history on local
peaking, and the effects of shallow control rods on axial
burnup and power distributions, can be accommodated
without the need for conventional rod pattern ex-
changes. For CCC backfit applications in plants with
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D-lattice geometry (nonsymmetric water gaps) a
deep/shallow exchange within the cell rods may be
needed once or twice during an annual cycle to mitigate
control blade history effects. No exchanges will be re-
quired in plants with symmetric water gaps (C-lattice).

Shallow control rods are easier to use

Since shallow control cell rods do not cause farge distor-
tions in the axial power and burnup distributions of high
power fuel assemblies, they are easier and more effec-
tive to use for axial power shaping than in conventional
cores. As seenin Figure 4, there is little or no underburn-
ing of the high power fuel due to shallow rod insertion.
Comparing Figures 2 and 4 it can also be seen that a
shallow control cell rod is actually more effective in
reducing the axial peak in a high power assembly than is
a shallow rod in a conventional core.

There is potential for lower peak kW/ft

Inthe CCC, the partial insertion of a control cell rod does

not significantly increase the peak nodal power of
nearby high power assemblies whereas in conventional
cores there can be a 3% or more increase. Also, with the
CCC. the peak nodal power of the high power as-
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semblies would not be significantly increased if shallow
rods caused an underburning of the lower portions of the
control cell fuel assemblies.

Margin to the onset of transition boiling is increased
in partially controlied assemblies

In the CCC, the integrated power in a control cell as-
sembly adjacent to a partially inserted control rod is
typically at least 20% lower than that of the high power,
uncontrolled fuel assemblies in the core. Therefore, any
decrease in the margin to the onset of transition boiling
due to the distortion of the local and axial power distribu-
tion by an inserted control rod can be accommodated
without affecting the minimum thermal margin of the
core.

Fuel duty is reduced

The maximum change in kW/ft (A kW/ft) experienced
by a node in a high power fuel assembly due to a one
notch (6 inch) control rod withdrawal is reduced by about
a factor of five with the CCC relative to a conventional
core. Also, the peak nodal power of the fuel which is
experiencing adjacent control rod movement is lower in
the CCC design.

In addition to the effects apparent from Figures 2to 4, there are
several other potential advantages which result from the fuel
loading and operating strategy used in the CCC. They are:

6)

Significant burnup is not accumulated with control
rods inserted adjacent to fuel assemblies contain-
ing unburned gadolinia

The control cells are composed of either low enrichment
assemblies without gadolinia or high exposure as-
semblies in which the initial gadolinia has been de-
pleted. In conventional cores, the interaction between
inserted control rods and adjacent assemblies with un-
burned gadolinia is quite complicated and tends to make
core power distributions more sensitive to deviations
from pre-pianned control rod patterns and to uncertain-
ties in predictive methods.

Control rod patterns are always one-eighth core
symmetric

The control cells are located in octant symmetric posi-
tions in the core. In conjunction with an octant symmetric
loading pattern, this provides maximum in-core in-
strumentation coverage so that most assemblies have
two applicable LPRM and TIP readings. In conventional
cores, the B1 and B2 rod patterns are not octant sym-
metric so that there is not redundant instrumentation
coverage. Octant symmetry contributes to simpler op-
eration, improved thermal margins and increases in-
strumentation and process computer reliability.

Less fuel experiences adjacent control rod motion

Control rod motion at power is experienced only by
control cell fuel selected from the highest exposure
batch in the core. A typical 748-bundle CCC equilibrium
cycle core has 37 control cells containing 148 as-
semblies. Since a normal reload batch size for such a
core is at least 190 assemblies, about 22% of the fuel



assemblies loaded in the core will never experience
adjacent control rod motion while operating at power
during their entire residence in the core. In conventional
cores, all of the fuel assemblies will normally experience
adjacent control rod motion at various times during their
cycles of residence in the core.

Operating Plant Demonstration

A demonstration of the CCC concept is currently in progress in
cycle 6 of the Millstone Nuclear Power Station Unit 1. The
Millstone core contains 580 fuel assemblies and operates at a
power density of 40.8 kW/¢ . In cycle 6, the core is comprised
of 188 assemblies of the 7x7 fuel design and 392 assemblies
of the 8x8 design.

The CCC was implemented in Milistone by changing oniy the
refueling and control rod patterns. No change was made in the
reload bundle design. The core loading pattern for cycle 6 is
illustrated in Figure 5. The reload pattern is one-eight core
symmetric as are the planned rod patterns. The controi cells
are comprised of the highest burnup 8x8 fuel assemblies from
the third reload batch. Although of lower reactivity than the 8x8
fuel, the 7x7 reload batch 1 and 2 fuel was not loaded in control
cells, thereby avoiding any control rod motion adjacent to the
7x7 fuel while operating at power.

FRESH TWICE BURNED
= FUEL = FUEL
180274} 180262)
ONCE BURNED
2 "FUEL ?7x 7| = 7x7FUEL
@a0274)

Figure 5. Milistone Control Cell Core Design Cycle 6
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The Millstone reload pattern illustrates the flexibility of the
basic CCC concept to adapt to a specific operational state.
The capability to utilize existing bundles in the control cells,
while notideal in the long term, enables the CCC conceptto be
immediately backfit to an operating plant, thereby obtaining
most of the CCC performance improvements at an early date.
The Millstone CCC also differs from the ideal or optimum CCC
design in that the control cells contain fuel with an average
beginning-of-cycle burnup of 10to 13 GWd/st rather than high
exposure, last cycle fuel. As a result, the control cell fuel at
Millstone will operate at a somewhat higher power than would
be the case in a more optimum CCC application.

The Millstone CCC demonstration started up in April, 1978.
The experience to date has been excellent. The pre-planned
operating strategy is being closely followed and is meeting the
primary demonstration objectives of simplifying operations
and improving capacity factor.

The Millstone CCC demonstration cycle will continue until the
Spring of 1979. it is expected that the CCC operating experi-
ence will continue to be favorable throughout the duration of
cycle 6 and that the CCC design will be continued in sub-
sequent cycles of Millstone operation.

Conclusion

The Control Cell Core improved design has the potential to
simplify the operation and increase the thermal margins and
capacity factors of present and future BWRs. Feedback to
date indicates that these improvements are being realized
during the operation of Millstone Unit 1. The feasibility of
implementing a CCC demonstration on a BWR/4 plant is
currently being studied and, if favorable, would result in pro-
gram initiation in late 1979. Until additional design and operat-
ing experience is gained for a variety of reactor core condi-
tions, the feasibility of, and incentives for, implementing the
CCC concept must be carefully evaluated on a case-by-case
basis.



INTRODUCTION

Because the reactor is basically a water boiler, pro-
cess systems are required which clean and control the
chemistry of the water in the reactor vessel as well as
protect the reactor core. Called the reactor auxiliary
systems, these systems may be divided into two gen-
eral categories: systems necessary for normal nuclear
boiler operations, including startup and shutdown; and
systems which accommodate or provide backup in
case of an abnormal condition.

Auxiliary systems used during normal plant opera-
tion include the reactor water cleanup system, the fuel
building and containment pools cooling and filtering
system, the closed cooling water system for reactor
services, the shutdown cooiing function of the residual
heat removal system, radioactive waste treatment sys-
tem, and offgas treatment system.

Backup auxiliary systems used during abnormal
plant operation include the reactor core isolation cool-
ing system, the standby liquid control system, the
steam condensing function of the RHR system (hot
standby), and the suppression poot cooling function of
the RHR system. Other process systems, commonly
referred to as emergency core cooling systems (ECCS)
are designed as safety systems to mitigate the conse-
quences of postulated emergency situations that could
otherwise lead to core damage and release of fission
products to the environs. Emergency core cooling sys-
tems consist of the low pressure coolant injection func-
tion of the residual heat removal system, the high and
low pressure core spray systems, and automatic
depressurization (blowdown). The essential service
water system and the area cooling systems which ser-
vice the areas where ECCS equipment is located are
also required during abnormal plant operation.

REACTOR WATER CLEANUP SYSTEM

The purpose of the reactor water cleanup system
(Figure 4-1) is to maintain high reactor water quality by
removing fission products, corrosion products, and
other soluble and insoluble impurities. In addition, the
system provides a means for water removal from the
primary system during periods of increasing water
volume.

The cleanup system is sized to process the water
volume of the reactor system in approximately 3-1/2
hours. The system can be operated during startup,
shutdown, and refueling operation, as well as during
normal plant operations.
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Water is removed from the reactor through the reac-
tor recirculation pump suction line and returned
through the feedwater line. Under normal operation,
the water is removed at reactor temperature and pres-
sure and pumped through regenerative and nonregen-
erative heat exchangers where it is cooled, and then
through the filter-demineralizer units. The flow con-
tinues through the shell side of the regenerative heat
exchanger where it is heated before returning to the
reactor.

During startup and other times of increasing water
volume, excess water is normally removed from the
reactor by blowdown through the cleanup system to
the main condenser, or alternately to the waste collec-
tor tank, or waste surge tank. During this operation, the
return flow to the regenerative heat exchanger is
reduced, thereby reducing the cooling capability of this
exchanger and correspondingly increasing the duty of
the nonregenerative heat exchanger. The nonregener-
ative heat exchanger is designed to cool reactor water
flow to the filter-demineralizer units to approximately
120°F (49°C) during both normal operation and reactor
vessel blowdown. Cooling water is supplied to the non-
regenerative heat exchanger by the closed cooling
water system for reactor service.

The operation of the reactor water cleanup system is
controlied from the main control room. Filter resin
backwashing and precoating operations are controlled
from a local panel. The cleanup system is isolated from
the reactor automatically by closure of motor-operated
isolation valves on any of the following signals:

* High temperature after the nonregenerative heat
exchanger

* Low reactor water level

* Standby liquid control solution injection

¢ High ambient temperature in the cleanup system
equipment area

* High flow rate differential between system inlet
and outlet

¢ High differential temperature across the system’s
ventilation system.

FUEL BUILDING AND CONTAINMENT POOLS
COOLING AND CLEANUP SYSTEM

The fuel building and containment pools cooling and
cleanup system (Figure 4-2) accommodates the spent
fuel cooling heat load as well as drywell heat trans-
ferred to the upper containment pool. The equipment
for the cooling and cleanup systems consists of circu-
lating pumps, heat exchangers, filter-demineralizers,
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Figure 4-1. Reactor Water Cleanup System
and the required piping, valves, and instrumentation.
Pumping loops circulate pool water through the heat
exchangers and fuel pool filters and return the flow by
discharging it through diffusers mounted in the fuel
storage pool and in the containment pool. The suction
for the circulating pumps is taken from the skimmer
surge tank. The skimmer surge tank is fed from
skimmers located at the top of these pools.

The upper containment pool! has a shield wall with a
removable gate between the reactor well, the fuel hold-
ing pool and the fuel transfer pool. With the gate
inserted in the slot, the upper containment pool can be
drained for work at the pressure vessel flange level.
With the pools full of water, the gates are removed
during refueling operations to permit the transfer of
fuel and equipment between pools.

The residual heat removal system heat exchangers
are also available to supplement the fuel pool cooling
heat exchangers. The need for the residual heat remo-
val system heat exchangers is not normally required
but may be needed when more than the normal number
of spent fuel assemblies are stored in the pool.

The system pumps and heat exchangers are iocated
in the fuel building below the normal fue! pool water
level. The heat exchangers are cooled by essential
plant service water.

Control of water clarity, radioactivity levels, and pur-
ity of the pools is accomplished by filtration-
demineralization. The filter-demineralizer units, which
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Figure 4-2. Fuel Building and Containment Pools Cooling and Cleanup System
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may become radioactive as they collect corrosion pro-
ducts, are normally located in the fuel building. Pool
water is usually filtered continually.

Because there are no drain connections at the bot-
tom of the fuel storage pool, the spent fuel assemblies
can neverbe exposed by an accidental valve opening or
pipe break. Fuel is not stored in the upper containment
pool during normal operation. A portable underwater
vacuum system, similar to that used in swimming pools,
can be used to clean pool walls, floors, and internals
removed from the reactor vessel. Deposition at the
water line of the pool walis is minimized by a number of
surface skimmers. These devices remove a portion of
the surface water and recycle it to the pool.

CLOSED COOLING WATER SYSTEMFORREACTOR
SERVICE

The closed cooling water system (Figure 4-3) con-
sists of a separate, forced circulation loop. This system
uses water piped from the site service water source to
provide a heat sink for selected nuciear system equip-
ment. Its purpose is to provide a second barrier
between the primary systems containing radioactive
products and the service water system that is the final
heat sink and, therefore, eliminates the possibility of
radioactive discharge into piant effluents that could
result from heat exchanger leaks. The plant service
water pumps provide coolant to the closed cooling
water system for reactor service which inturn generally
service the following equipment:

» Reactor recirculation pump seal coolers
* Reactor recirculation pump motor coolers
* Nonregenerative cleanup heat exchanger
* Clean sump coolers

* Sample coolers

* Drywell coolers

» Cleanup recirculation pump coolers

» Offgas system glycol coolers

¢ Control rod drive supply pumps

* Radwaste concentrator condensers

* Radwaste concentrated waste tank

* Control rod drive supply pumps

Any possible radioactive leakage from the foregoing
reactor equipment would be to, and would be confined
in, the closed loop cooling water system which is moni-
tored continuously for radioactivity. A surge tank is
used to accommodate system volume swell and shrin-
kage and to provide a means for adding makeup water
and inhibitors.
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Figure 4-3. Closed Cooling Water System
for Reactor Service

The closed cooling water system design temperature
depends on the maximum temperature of service water
intake. The closed cooling water system satisfies the
plant’s full power load requirements. Extra cooling cap-
ability, with all spares operating, is adequate to handle
ptant startup duty.

EMERGENCY EQUIPMENT COOLING SYSTEM

An emergency equipment cooling system services
certain equipment required for normal and emergency
shutdown of the plant. The system provides cooling
water for the residual heat removal system pump motor
and pump seal cooler and the high pressure and low
pressure core spray systems pump motors and pump
seal coolers. Upon loss of normal ventilation such as
may occur upon loss of external a-c power, the emer-
gency equipment cooling system provides ventilation
cooling for the high pressure and low pressure core
spray systems, the residual heat removal system, and
the reactor core isolation cooling system equipmentas
required to prevent overheating. On faiiure of any sin-
gle component, the emergency equipment cooling sys-
tem will service at least two residual heat removal

system pumps or one residual heat removal system
pump and the low pressure core spray system pump,



the high pressure core spray system pump, and any
standby core cooling system equipment being cooled
by ventilation equipment being serviced by the emer-
gency equipment cooling system.

STANDBY LIQUID CONTROL SYSTEM

The standby liquid control system (Figure 4-4) is a
redundant control system capable of shutting the reac-
tor down from rated power operation to the cold condi-
tion in the postulated situation that the control rods
cannot be inserted. The operation of this system is
manually initiated from the reactor control room. No
operating BWR has ever required the use of the standby
liquid control system.

The equipment for the standby liquid control system
is located in the reactor building and consists of a
stainless steel storage tank, a pair of full capacity posi-
tive displacement pumps and injection valves, a test
tank, and the necessary piping, valves, and
instrumentation.

The standby liquid control system is adequate to
bring the reactor from the hot operating condition to
cold shutdown and to hold the reactor shut down with
an adequate margin when considering temperature,
voids, Doppler effect, equilibrium, xenon, and shut-
down margin. It is assumed that the core is operating at
normal xenon level when injection of liquid control
chemical is needed.

The liquid control chemical used is boron in the form
of sodium pentaborate solution. It is injected into the
bottom of the core where it mixes with the reactor
coolant. The sodium pentaborate is stored in solution
in the standby liquid control tank. Electric heaters auto-
matically keep the solution above the saturation
temperature. The system temperature and liquid level
in the storage tank are monitored and abnormal condi-
tions are annunciated in the contro! room.

Analyses, backed by results from plant startup and
operation, have shown that automatic initiation of the
standby liquid control system is not required,* and that
ample time and signals are available to allow for safe
shutdown by manual operator action. When initiation
of liquid control chemical is required, the operator
inserts a key into the key switch to open all system
valves and to start one of the pumps. Use of the key
switch minimizes the probability of anaccidental injec-

* Automatic initiation may be required by the Nuclear Regulatory
Commission as defined in NUREG 0460 (Anticipated Transients
without Scram for Light Water Reactors).
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tion of the liquid chemical soiution. The admission
valves for this system are of the explosive type to pro-
vide a high assurance of opening when actuated and to
prevent boron from leaking into the reactor when the
injection pumps are being tested.

To verify the operability of components, testing is
done in two parts. With the injection valves closed, the
pumps are tested by pumping demineralized water
from the test tank through a test line and back to the test
tank. During plant shutdown, the injection system can
be tested by firing the explosive valves and pumping
demineralized water from the test tank into the reactor
vessel. The operability of the injection system is done
during plant shutdown to permit the replacement of the
explosive charges. A low no-fire current can be passed
through the primer in the trigger assembly of each of
the explosive valves to monitor circuit continuity to
assure that the valve is in state of firing readiness. The
containment isolation valves (two check valves located
in series near the drywell penetration) are tested by
means of a bleed-off between the two.

Should the liquid control system ever be used to shut
down the reactor, the sodium pentaborate would be
removed from the primary system by flushing for gross
dilution and by operation of the reactor cleanup system
for final polishing.

REACTOR CORE ISOLATION COOLING (RCIC)
SYSTEM

The reactor core isolation cooling system (Figure

4-5) maintains sufficient water in the reactor pressure
vessel to cool the core and then maintain the nuciear
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Figure 4-5. Reactor Core Isolation Cooling System

boiler in the standby condition in the event the vesse)
becomes isolated from the turbine steam condenser
and from feedwater makeup flow. The system also
allows for complete plant shutdown under conditions
of loss of the normal feedwater system by maintaining
the necessary reactor water inventory until the reactor
vessel is depressurized, allowing the operation of the
shutdown cooling function of the residual heat removal
system. The system delivers rated flow within 30
seconds after initiation. A “water leg” pump keeps the
piping between the pump and the discharge shutoff
valve full of water to ensure quick response and to
eliminate potential hydraulic damage on system
initiation.

Following a reactor scram during normat plant oper-
ation, steam generation continues at a reduced rate
due to the core fission product decay heat. The turbine
bypass system directs the steam to the main con-
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denser, and the feedwater system provides makeup
water required to maintain the reactor vessel inventory.

In the event the reactor vessel becomes isolated from
the main condenser, the relief vailves automaticaily (or
by operator action from the control room) maintain
vessel pressure within desirable limits. In the event
feedwater becomes unavailable, the water level in the
reactor vessel drops due to continued steam genera-
tion by decay heat. Upon reaching a predetermined low
level, utilizing one-out-of-two-twice logic, the RCIC
system is initiated automatically to maintain safe
standby conditions of the isolated primary system. The
turbine-drive pump supplies makeup water from one of
the fotlowing sources capable of being isolated from
other systems: the condensate storage tank (first
source), the steam condensed in the RHR heat
exchangers (second source), or the suppression pool
(an emergency source). The turbine is driven with a
portion of the decay heat steam from the reactor vessel
and exhausts to the suppression pool.

The makeup water is pumped into the reactor vessel
through a connection to the reactor feedwater line.

A design flow functional test of the RCIC system may
be performed during normal plant operation by draw-
ing suction from the condensate storage tank and dis-
charging through a full flow test return line to the
condensate storage tank. The discharge valve to the
reactor feedwater line remains closed during the test,
and reactor operation remains undisturbed. If the sys-
tem requires initiation while in the test mode, the con-
trol system automatically returns to the operating
mode.

Cooling water for pump and turbine operations and
for the lube oil cooler and the gland seal condenser is
supplied from the discharge of the pump.

The RCIC system operates independently of auxil-
iary a-c power, plant service air, or external cooling
water systems. System valves and auxiliary pumps are
designed to operate by d-c power from the station
batteries.

Two turbine control systems include a speed gover-
nor limiting the speed to its maximum operating level
and a control governor with automatic set-point adjust-
ment which is positioned by demand signal from a flow
controller. Manual operation of the control governor is
possible when in the test mode, butautomatically repo-
sitioned by the demand signal from the controlier if
system initiation is required. The operator has the cap-



ability to select manual control of the governor, and
adjust power and fiow to match decay heat steam
generation,

The turbine and pump automatically shut down
upon:

* turbine overspeed,

¢ high water level in the reactor vessel,
* low pump suction pressure,

¢ high turbine exhaust pressure, and

* automatic isolation signal.

The steam supply system to the turbine is automati-
cally isolated upon:

¢ high pressure drop across two pipe elbows in the
steam supply line,

* high area temperature,

* low reactor pressure (two-out-of-two logic), and

* high pressure between the turbine exhaust rupture
diaphragms (two-out-of-two logic).

EMERGENCY CORE COOLING SYSTEM

The emergency core cooling system (ECCS) com-
prises the low pressure coolant injection function of the
residual heat removal system, the high and low pres-
sure core spray systems, and automatic depressuriza-
tion of the primary system. The ECCS (Figure 4-6) is
designed to perform the following:

¢ Prevent fuel cladding fragmentation for any
mechanical failure of the nuclear boiier system up
to, and including, a break equivalent to the largest
nuclear boiler system pipe.

¢ Provide this protection by at least two independ-
ent, automatically actuated cooling systems.

¢ Function with or without external (off-site) power
sources.

* Permit testing of all emergency core cooling sys-
tems by acceptable methods, including, wherever
practical, testing during power plant operations.

¢ Provide this protection for long time periods and
from secure sources of cooling water with the cap-
ability of dissipating the rejected heat for a min-
imum of 30 days.

The aggregate of the ECCS is designed to protect the
reactor core against fuel cladding damage (fragmenta-
tion) across the entire spectrum of line break accidents.
The operational capability of the various ECCS's to
meet functional requirements and performance objec-
tives is outlined in the following paragraphs.
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Figure 4-6. Emergency Core Cooling System

The operation of the ECC network is automatically
activated by the reactor protection system upon
redundant signals that are indicating low reactor vessel
water level or high drywell pressure or a combination of
indicators showing low reactor vessel water level and
high drywell pressure.

During the first 10 minutes following initiation of
operation of the ECCS, any one of the following three
combinations satisfies the functional requirements of
the system objectives:

* The operation of the automatic depressurization
function, the high pressure core spray system, and
two low pressure coolant injection loops of the
residual heat removal system. (Failure of Division
1)

* The operation of the automatic depressurization
function, the high pressure core spray system, the



low pressure core spray system, and one low pres-
sure coolant injection loop of the residual heat
removal system. (Failure of Division 2)

e The operation of the automatic depressurization
function, three low pressure coolant injection
loops of the residual heat removal system, and the
low pressure core spray system. (Failure of Div-
ision 3)

In the event of a break in a pipe that is part of the
ECCS, any one of the following four combinations sat-
isfies the functional requirement:

* The operation of the automatic depressurization
function and two low pressure coolant injection
loops of the residual heat removal system.

¢ The operation of the automatic depressurization
function, one low pressure coolant injection loop
of the residual heat removal system, and the low
pressure core spray system.

* The operation of the automatic depressurization
function, the high pressure core spray system, and
one low pressure coolant injection loop of the
residual heat removal system.

* The operation of the automatic depressurization
function, the high pressure core spray system, and
the low pressure core spray system.

A combination of either the high pressure core spray
system or the low pressure core spray system plus any
two other ECCS pumps provides two phenomenologi-
cal cooling methods (flooding and spraying).

After the first 10 minutes following the initiation of
operation of the ECCS and in the event of an active or
passsive failure in the ECCS or its essential support
system, one of the following two combinations satisfies
the performance objectives and the requirement for
removal of decay heat from the containment.

' Two low pressure coolant injection loops of the
residual heat removal system with at least one heat
exchanger and 100% service water flow.

¢ Either the high pressure core spray system or the
low pressure core spray system, one low pressure
coolant injection loop of the residual heat removal
ststem with one heat exchanger, and 100% service
water flow.

The separation of redundant equipment of the var-
ious systems that make up the ECCS is maintained to
assure maximum operational availability. Electrical
equipment and wiring for the engineered safeguard
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features of the ECCS are broken into segregated div-
isions, further assuring a high degree of redundancy.
Refer to Figure 4-7.

The power for operation of the ECCS system is from
regular a-c power sources. Upon loss of the reguiar
power, operation is from on-site standby a-c power
sources. The standby diesel-generator set is capable of
accommodating full capacity of the low pressure coo-
lant injection and spray function. The high pressure
core spray system is completely independent of exter-
nal power sources, having its own diesel generator as
shown.

The operation of ECCS pumps is also possible froma
local keylock hand switch and from the control room.
Automatic signals pre-empt all others. Should normal
power fail while the system is operating or in the pro-
cess of going into operation, the system will restart
from the standby sources. All system alarms annun-
ciate in the control room.

Although the feedwater system is not considered a
part of the ECCS, under some circumstances, it could
either refill the vessei or at least maintain a water level,
depending upon the location of the postulated break,
for a given spectrum of break sizes. In the case of
turbine-driven feedwater pumps, this additional coo-
lant source would still be available from the electrically
driven condensate pumps.

High Pressure Core Spray System

The purpose of the high pressure core spray system
(Figure 4-8) is to depressurize the nuclear boiler sys-
tem and to provide makeup water in the event of a loss
of reactor coolant inventory. In addition, the high pres-
sure core spray system prevents fuel cladding damage
(fragmentation) in the event the core becomes unco-
vered due to loss of coolant inventory by directing this
makeup water down into the area of the fuel assem-
blies. The makeup water is jetted as a spray over the
area of the fuel assemblies from nozzles mounted in a
sparger ring located inside the reactor vessel above the
fuel assemblies. The high pressure core spray system is
an integral part of the total design for ECC which pro-
vides for adequate core cooling and depressurization
for all rates of coolant loss from the nuclear boiler.

The high pressure core spray system includes a

sparger ring with spray nozzles located inside the reac-
tor pressure vessel, a motor-driven pump, diesel-
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generator, valves, piping and instrumentation
necessary to provide an operating system with the cap-

ability of being tested during plant operation.

Cooling water for the operation and testing of the
high pressure core spray system is from the conden-
sate storage tank. Upon depletion of this supply, the
system automatically transfers to the water in the con-
tainment suppression pool. Water inventory lost from
the nuclear boiler system drains to the drywell to weir
wall level and then into the suppression pool thereby
providing an inexhaustible supply of cooling water
allowing continued operation of the high pressure core
spray system until it is manually stopped by the opera-
tor from the control room. System piping and equip-
ment are maintained full of condensate water at all
times to avoid time delays in filling the lines and to
avoid hydraulic hammer.

The high pressure core spray system can operate
independently of normal auxiliary a-c power, plantser-
vice air, or the emergency cooling water system. Oper-
ation of the system is automatically initiated from
independent redundant signals indicating low reactor
vessel water level or high pressure in the primary con-
tainment. The system also provides for remote-manual
startup, operation, and shutdown. A testable check
valve in the discharge line prevents back flow from the
reactor pressure vessel when the reactor vessel pres-
sure exceeds the high pressure core spray system pres-
sure such as may occur during initial activation of the
system. A low flow bypass system is placed into opera-
tion until pump head exceeds the nuclear system pres-
sure and permits flow into the reactor vessel.

The high pressure core spray system can be tested
during normal plant operation or when the plant is shut
down. During normai plant operation, pump suction is
from the condensate storage tank with a full flow return
line to the condensate storage tank. During plant shut-
down, pump suction is from the primary containment
pressure suppression pool with a full flow return line to
the suppression pool. The controt system provides for
the automatic transfer to the service mode upon the
presence of ECC demand signal.

The integrity of the piping internal to the reactor
vessel is determined by comparing the difference in
pressure between spray sparger and the bottom of the
core area with the pressure drop across the core. An
increase in this comparison initiates an alarm in the
control room.

1. CONTAINMENT
2 DRYWELL
3. SPRAY SPARGER

4 RPV

5. SUPPRESSION POOL

6. CONDENSATE STORAGE
INITIAL SOURCE

7. SYSTEM PUMP

Figure 4-8. High Pressure Core Spray System
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Figure 4-8. Low Pressure Core Spray System
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Low Pressure Core Spray System

The function of the low pressure core spray system
(Figure 4-9) is to prevent fuel cladding damage (frag-
mentation) in the event the core is uncovered by the
loss of coolant. The cooling effect is accomplished by
directing jets of water down into the fuel assemblies
from spray nozzles mounted in a sparger ring located
above the reactor core. The system is an integral part of
the total design for ECC which provides for adequate
core cooling for all rates of coolant loss from the
nuclear boiler. The system goes into operation once
the reactor vessel pressure has been reduced and the
operation of the other systems of the ECCS prove
inadequate to maintain the necessary water level in the
reactor vessel at the reduced vessel pressure.

The low pressure core spray system includes a
sparger ring with spray nozzles located in the reactor
vessel above the core, a motor-driven pump, motor-
operated valves, piping, valves, and instrumentation
necessary to provide a system for required operation
with the capability of being tested. The system is con-
nected to the containment suppression pool for its
supply of water for cooling and connectable to the
residual heat removal system for testing and flushing.
The elevation of the pump, with respect to the minimum
water level of the suppression chamber, ensures ade-
quate net positive suction head. The system pump is
protected from overheating during operation against
high reactor vessel pressure or closed injection or test
valves by a low-flow bypass line to the suppression
pool. A “water leg" pump keeps the piping between the
pump and the injection valve full of water to ensure
quick response and to eliminate potential hydraulic
damage on system initiation.

In the event of complete loss of normal electrical
power, the spray system may be operated (automati-
cally or manually) from the standby diesel-generator.

The operation of the iow pressure core spray system
pump is initiated from independent, redundant signals
indicating low-low-reactor-water leve! and/or high
pressure in the drywell, both using a one-out-of-two-
twice logic. (The same signals initiate starting of the
standby diesel generators.) The motor-operated vaive
in the discharge line opens automatically upon activa-
tion of the pump and a permissive pressure differential
across the valve. As the reactor vessel pressure
decreases, the flow rate of water to the reactor vessel
increases. A testable check valve in the discharge line

located inside the containment precludes back flow
from the reactor vessel when the vessel pressure is

greater than the pump discharge pressure. The opera-
tion of the system can be initiated from the main control
room.

Water lost from the reactor vessel collects in the
drywell to the level of the weir wall and then flows into
the suppression chamber. This establishes a closed
loop allowing the spray system to continue to operate
until it is manually stopped by the operator.

A bypass line to the suppression pool, capable of
rated core spray flow, permits testing while the power
plant is in service. A motor-operated valve controls
bypass flow and is operated by a keylocked switch in
the control room. The position of the valve (as is true for
all air- or motor-operated valves) is indicated in the
control room. The valve receives a signal to close,
which pre-empts all others, in the event that operation
of the low pressure core spray system is required.

To allow for system testing during plant shutdown,
reactor water, via a temporary connection (removable
spool piece) to the residual heat removal system, is
discharged into the reactor vessel through the core
spray sparger. The spool piece is removed prior to plant
startup and the open pipe capped.

Automatic Depressurization Function

Blowdown, through selected safety/relief valves, in
conjunction with the operation of the low pressure coo-
lant injection function of the residual heat removal sys-
tem and/or low pressure core spray system, functions
as an alternate to the operation of the high pressure
core spray system for protection against fuel cladding
damage (fragmentation) upon loss of coolant over a
given range of steam or liquid line breaks. The blow-
down depressurizes the reactor vessel, permitting the
operation of the low pressure coolant injection func-
tion and/or the low pressure core spray system. Biow-
down is activated automatically upon coincident
signals of fow water level in the reactor vessel and high
drywell pressure. A time delay of approximately 2 min-
utes after receipt of the coincident signals aliows the
operator time to bypass the automatic biowdown if the
signals are erroneous or the condition has corrected
itself. The operator can initiate blowdown from the
control room at any time.

RESIDUAL HEAT REMOVAL (RHR) SYSTEM

The residual heat removal (RHR) system (Figure 4-

10) removes residual heat generated by the core under
normal (including hot standby) and abnormal shut-
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Figure 4-10. Residual Heat Removal System

down conditions. The low pressure coolant injection

function of the residual heat removal system is an inte-
gral part of the ECCS. The design objectives of the
system follow:

* To restore and maintain, if necessary, the water
level in the reactor vessel after a loss-of-coolant
accident so that the core is sufficiently cooled to
prevent fuel cladding damage (fragmentation)

e To limit suppression pool water temperature

¢ To remove decay heat and sensible heat from the
nuclear boiler system while the reactor is shut
down for refueling and servicing

* To condense reactor steam so that decay and
residual heat may be removed if the main con-
denser is unavailable (hot standby)

* To supplement the fuel and containment pools
cooling and cleanup system capacity when neces-
sary to provide additional cooling capability.

The RHR system is made up of various subsystems

with the following operational functions to satisfy these
objectives.
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Figure 4-11. Residual Heat Removal System, Low

Pressure Coolant Injection Function

Low Pressure Coolant Injection (LPCI)*

The low pressure coolant injection function (Figure
4-11) in conjunction with the low pressure core spray
system, the high pressure core spray system, and/or
automatic depressurization of the nuclear boiler sys-
tem (depending upon operability of the high pressure
core spray system or level of depletion of reactor vessel
water) will restore and maintain the desired water level
in the reactor vessel required for cooling after a loss-of-
coolant accident.

In conjunction with the low pressure core spray sys-
tem, redundancy of capability for core cooling is
achieved by sizing the RHR pumps so that the required
flow is maintained with one pump not operating. Using
a split bus arrangement for pump power supply (essen-
tial power system), two RHR pumps are connected to
one bus and the third RHR pump and a low pressure

* Part of the emergency core cooling network.



core spray pump are connected to the second bus to
obtain the desired cooling capability. The pumps
deliver full flow inside the core shroud when the differ-
ential pressure beteen the reactor vessel and the con-
tainment approaches 20 psi (138 kPa).

The availability of the LPCI function is not required
during normal nuclear system startup or cooldown

when the reactor vessel gage pressure is less than 135
psi (931 kPa).

The operability of the pumps can be tested at any
time during normal plant operation by bypassing the
reactor vessel and pumping the flow back to the pres-
sure suppression pool.

Suppression Pool Cooling

The suppression pool cooling function of the resid-
ual heat removal system (Figure 4-12) ensures that the
temperature in the suppression pool immediately after
blowdown, and when the reactor vessel gage pressure

Trnf
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Figure 4-12. Residual Heat Removal System,
Suppression Pool Cooling Function
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is greater than 135 psi (931 kPa) does not exceed a
predetermined limit [generally 170°F (77°C)*]. Sup-
pression pool water is pumped from the pooi through
either or both of two completely independent loops,
including pump and heat exchanger, and returned to
the pool. The heat removed by the heat exchanger is
transferred to the residual heat removal system service
water. Suppression pool cooling is manually initiated.

Reactor Steam Condensing (Hot Standby)

During nuclear boiler system isolation and in con-
junction with the operation of the reactor core isolation
cooling system and steam blowdown to the suppres-
sion pool, steam at reduced pressure and temperature
is directed from the main steam lines to the residual

* This may be exceeded following blowdown in the event of a design
basis accident.
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Figure 4-13. Residual Heat Removal System,
Steam Condensing Function



heat removal system heat exchanger (see Figure 4-13).
Condensate at a temperature not exceeding 140°F
(60°C) is directed to the reactor core isolation system
for return to the nuclear boiler system. Noncondensa-
ble gases from the heat exchangers are vented to the
suppression pool. Steam condensing is manually
initiated.

Nuclear Boiler Shutdown Cooling

The shutdown cooling function of the residual heat
removal system (Figure 4-14) removes residual heat
(decay heat and sensible heat) from the nuclear boiler
system after reactor shutdown in preparation for
refueling or nuclear system servicing. When the reactor
vessel gage pressure is reduced to 135 psi (931 kPa)
after Shutdown, the shutdown cooling function is man-
ually initiated by first draining the loops of water and
flushing with condensate. [At reactor gage pressure
above 135 psi (931 kPa), the low pressure coolant injec-
tion function of the residual heat removal system,
which shares equipment and piping with the shutdown
cooling function, remains functional.] The shutdown
cooling function has the capability of reducing the
reactor vessel toa temperature of 125°F (52°C), includ-
ing draining and flushing, within approximately 20
hours after the contro! rods are inserted for shutdown
and then to continue to reduce the temperature. Reac-
tor water is taken from one of the reactor water recircu-
tation loops, pumped through the heat exchanger, and
return to the reactor vessel by way of the feedwater
lines. Shutdown cooling is manualily initiated.

During the operation of the shutdown cooling func-
tions a portion of the flow is diverted to the reactor
vessel head spray nozzie to condense the steam con-
centrated there.

Containment Spray Cooling

The containment spray cooling function (see Figure
4-15) of the residual heat removal system condenses
and removes heat of any steam that bypasses the dry-
well, and prevents overpressurization of the contain-
ment. The suppression pool water is pumped from the
pool through either or both of the same two completely
independent loops, including pumps and heat
exchanger. The containment spray function is manu-
ally initiated and terminated. Full spray flow is achieved
within approximately 3 minutes of initiation.

Other Features

A flanged connection between the RHR system and
the fuel building and containment pools cooling sys-
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Figure 4-14. Residual Heat Removal System,
Shutdown Cooling Function

tem can be made through use of a removabie spool
piece. This connection permits use of the RHR system
to augment the cooling capability of the fuel building
and containment pools cooling system, if required,
during periods of larger than normal spentfuel storage.

A similar flange connection between the RHR system
and the low pressure core spray system provides test-
ing capability for the low pressure core spray system.

Double valve drain lines, between the containment
isolation valves, provide a manual capability of check-
ing for leaks from the nuclear boiler system.

The arrangement and location of equipment, piping,
and instrumentation is designed to assure maximum
operational availability by means of division into segre-
gated groups of redundant equipment. Flow loops are
thus separated and piping runs routed along structural
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walls to provide protection against damage from
missile-like fragments. The RHR service water pumps
are located where adequate suction is assured at all
operating conditions.

During fuel bundle movement above the core, after
reactor pressure vessel head removal, reactor water is
returned to the upper containment pool through distri-
bution headers as an aid to visibility in the reactor well
area.

SUMMARY

For ease of reference, a summary of the design and
operating characteristics of the reactor auxiliaries is
presented in the following tables. Table 4-1 is a sum-
mary of the system and equipment capacities givenas a
percentage of the design requirement. Table 4-2 is a
summary of the mode of control for the various auxil-
iary systems.



System

Reactor Water Cleanup
System

Fuel Building and Containment
Pools Cooling and
Cleanup System

Closed Cooling Water
System for Reactor
Service

Standby Liquid Control
System

Reactor Core Isolation
Cooling System

High Pressure Core
Spray System

Low Pressure Core Spray
System

Residual Heat Removal
System

Low Pressure Coolant
Injection Function

Hot Standby Function

Suppression Pool
Cooling Function

Shutdown Cooling
Function

Containment
Spray Function

Table 4-1

SUMMARY OF SYSTEM CAPACITIES

Process
Capacity

100%

100%
cooling
100%
filtering

100%

100%

100%

100%

100%

>100%

100%

200%

100%

200%

Pumps

Two 50%

Two 50%
pumps

100% pius

one spare

Two 100%

100%

100%

100%

Three 33%

Two 100%

Two

Two 100%
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Heat
Exchangers

One 100%
regenerative
One 100%
nonregenerative

Two 50%
cooling

100% plus
one spare

Two at 50%
(steam
condensing)

Two 100%

Two 50%

Two 100%

Remarks

Two 50% filter-demineralizer
units

Two 50% filter-demineralizer
units. Additional cooling
capacity by connection to
RHR system

Positive displacement
pumps; two 100% explosive
valves and one 100% storage
tank

Uses RHR system for cooling
pressure suppression pool
water

Uses RHR system for cooling
pressure suppression pool
water

Uses RHR system for cooling
pressure suppression pool
water

The LPCS pump is a backup
to this mode

Uses the RCIC turbine driven
pump to return condensate to
reactor vessel



Table 4-2
SUMMARY OF CONTROL MODES FOR AUXILIARY SYSTEMS

Type
System of Control Remarks

Reactor Water Cleanup System Manual* Backwashing and resin changing from
automatic cycle, manually initiated

Fuel Building and Containment Pool Manual* Backwashing and precoating from

Cooling and Cleanup System automatic cycle, manually initiated
(remote manual control from radwaste
panel)

Reactor Building Closed Cooling Water Manual* Local valve adjustment

System

Standby Liquid Control System Manual* Local motor test

Reactor Core Isolation Cooling System Automatic Low vessel water leve!

Manual*

Automatic Depressurization Automatic* Two coincident signals (water level and
drywell pressure) with time delay for
manual override

Manual*

High Pressure Core Spray System Automatic Low reactor water level,

high containment pressure
Manual*
Low Pressure Core Spray System Automatic Low reactor water level,
high containment pressure
Manual*
Residual Heat Removal System
Low Pressure Coolant Injection Function Automatic Low reactor water level, plus high
containment pressure
Manual*
Hot Standby Function Manual*
Suppression Pool Cooling Function Manual* Emergency control at local panel
Shutdown Cooling Function Manual*
Containment Spray Function Manual*

* Manual is remote operator initiation from control room.
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INTRODUCTION

The radioactive waste treatment system provides for
the collection, processing and reciaiming of liquid
waste which can be reused for plant services. The sys-
tem also provides for the processing and packaging of
radioactive solid waste preparatory to disposal. A
decontaminating offgas treatment system provides for
the low temperature holdup, filtering, and decay of
radioactive gases which are continuously released
from the main condenser by way of the steam jetinjec-
tors during plant operation. The guideline for process-
ing of radioactive waste is to limit the release to the
environment to a level “as low as reasonably achieva-
ble” in accordance with 10CFR50, Appendix I. This is
several orders of magnitude below the NRC estab-
lished timits in 10CFR20.

GASEOUS WASTE TREATMENT

There are two different types of radioactive gases
produced in a light water reactor plant. First, there are
activation gases. These are elements which become
radiocactive from exposure to radiation from the reactor
core. The most significant of these gases are N-13,
N-16,N-17, O-18, O-19, and F-18. Second, there are the
fission gases which are released by fuel rod perfora-
tions, such as the radioisotopes of the noble gases
krypton and xenon. The more fuel rod perforations the
greater percentage of the offgas is fission gases.

Gaseous Waste Release Paths

Several potential sources of radioactives gases in a
BWR plant are:

* Steam jet air ejector offgases

¢ Turbine steam seal system offgases

* Mechanical vacuum pump exhaust

* Leaks from radioactive systems or components
where leakage enters ventilation pathways.

Air Ejector Offgas Treatment — A characteristic of a
boiling water type reactor is the release of dissolved
gases in the primary coolant to the steam generated in
the boiling process. These noncondensable gases are
removed from the steam on a continuing basis by the
condenser air ejector system. The BWR primary
coolant and steam, in contrastto PWR's, are not subject
to buildup of gas activity in their streams.

The gases in this system comprise air inleakage into
the turbine-condenser, hydrogen and oxygen pro-
duced by radiolytic decomposition of the reactor water,
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activation gases, and fission gases. The relative volume
of the activation and fission gases is insignificant com-
pared with the air and hydrogen-oxygen volumes.

The treatment of air ejector offgas reduces the activ-
ity leve! of the noncondensable fission gases removed
from the main condenser prior to their release to the
environs. The treatment utilizes the dynamic adsorp-
tion of radioactive noble gases on activated charcoal.
The essential features of the low temperature off-gas
system are shown schematically in Figure 5-1. Redund-
antequipment is used for gas processing except for the
gas cooler charcoal adsorbers and post filter. These
have inherent capabilities for continuing operation in
the event of mechanical difficulties.

The low temperature offgas treatment system used
skid-mounted equipment and a recombiner wherein
several components are arranged in a common vessel.
The gas reheater, recombiner catalyst, and gas con-
denser are in a common “recombiner” vessel 1o elimi-
nate the interconnection of high temperature piping
and valves. This also eliminates high piping stresses.
Skid mounting substantially reduces design and con-
struction effort required to place the equipment in the
power plant. Less interconnecting piping and valves
mean less construction effort.

Noncondensable gas removed from the main con-
denser, including air inleakage, is diluted with steam to
less than 4% (by volume) hydrogen. The steam diluted
oftgas is passed through the recombiner vessel, super-
heated, catalytically recombined, and cooled to con-
dense the moisture. The gas stream volume is thus
reduced to that which is due to condenser air inleakage
and traces of radioactive gases. This reduces the
volume of charcoal required and combustibility of the
gas. From the recombiner, the gases are cooled in a
cooler-condenser to minimize the moisture content.
The gases then pass through a desiccant dryer, a gas
cooler, charcoal adsorbent beds, a HEPA filter and
finally to the plant vent pipe. Two parallel desiccant
dryers are used alternately to dry the gases. These
dryers contain several hundred pounds of charcoal
along with desiccant material which serves to remove
short-lived krypton isotopes. The delay time is about 10
minutes. Daughter products are retained on the char-
coal and desiccant material. The desiccant dryers are
regenerated periodically by one of two installed regen-
eration systems. The gas cooler and charcoal adsorber
vessels are located in a refrigerated vault that is main-
tained at a temperature of about 0°F (~17.8°C) by one
of two refrigeration machines. Air from the refrigera-
tion machine passes through one side of the gascooler,
thus cooling the incoming dried process gas. The cold
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Figure 5-1. Low Temperature Off-Gas System



gas then enters the adsorber vessels which are
arranged in series. These two vessels contain a total of
24 tons of charcoal and are dual pass types. The gases
pass downward through the center cylindrical section
and upward through an outer annular section. Offgas
effluent from the adsorbers passes through a high effi-
ciency filter before discharge.

Design retention time for noble gases in the charcoal
beds, based on an air flow rate of 30 scfm (51m3/hr) is
46 hours for krypton and 42 days for xenon. This facili-
tates decay and removal of all the radioactive gaseous
isotopes except Kr-85 and some Xe-133 and Xe-135.
Biologically significant daughters such as SS-89, SR-
90, Ba-140 and Cs-137 are retained in the charcoal and
do not escape. The massive amount of charcoal also
retains any iodine present in the ejector offgases so
that iodine release by this path is essentially zero. The
net output from this system is less than 50 xCi/sec of
noble gases. This is based on a fuel leak rate which
would result in a noble gas release rate of 100,000
uCi/sec measured at 30 minutes from the reactor. Fora
typical site, the radiation dose at the “worst” fence post
would be less than 0.01 mRem/year which is well below
Appendix | design objectives.

Steam Seal System Offgases — Turbine shaft steam
seals may be sealed with primary steam or a steam
source generated by vaporizing condensate. In the
former case, radioactivity contained in the steam seal
offgases is that carried by the primary steam. Since
about 0.1% of the primary steam flow is used for shaft
sealing, a corresponding amount of radioactivity would
be present in the steam seal oftgases, less the amount
removed in the steam seal packing condenser. If a tall
stack is used for the piant, discharge of these gases by
way of a 2-minute offgas pipe may be used.

For plants using a roof vent, discharge of steam seal
system offgases using only a holdup pipe approxi-
mately 2 minutes long would produce but a fraction of
the design objective dose of Appendix | of 10CFR50.
Theretfore, the usual approach is to provide essentially
non-radioactive steam for sealing the steam seals. The
significant radioactivity escaping by way of the steam
seal offgases is then only tritium and its contribution to
environmental radiation dosage is minor.

In this system, condensate is evaporated to produce
steam by use of a steam generator heated by primary
steam. Condensate has a low radioactivity content and
the decontamination factor achieved in steam produc-

tion further reduces the radioactivity content by a fac-
tor of 10,000. The tritium present is not removed and so
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is present in the sealing steam. Most of the tritium stays
in the plant, however, since the sealing steam is
condensed in the steam seal condenser and returned to
the main condenser hotwell.

Condensate is used as a sealing steam source rather
than demineralized water so that it can be recycled. If
demineralized water was used, this would represent an
input of “new” water and an equivalent amount of water
would have to be discharged by way of radwaste. This
would create an unnecessary load on the radwaste
system and cause an unnecessary discharge to the
environment.

Mechanical Vacuum Pump Operation — During the
startups of a plant and before operation of the steam jet
air ejector is initiated, a mechanical vacuum pump is
used for gas evacuation of the main condenser.

The initial rate of removal of radioactive noble gases
by the vacuum pump may be significant (depending
upon prior fuel history) but decreases rapidly as a
vacuum is attained. The residual gases — primarily
xenon from iodine decay during shutdown — pumped
from the condenser during a startup produce a rela-
tively smail dose rate to the nearest neighbors, about
0.2 mRem per year or less.

LIQUID WASTE TREATMENT

Sources of radioactivity in the water and steam are
produced from reactor coolant activation, corrosion
product activation, and fission products arising from
fuel leaks. Radioactive materials may be present in both
soluble and insoluble forms. Radioactive liquids
accumulated in the waste collection facilities originate
principally from various controlted drains in the station,
backwashing of filter-demineralizers, regeneration of
deepbed demineralizers (if present), and the infrequent
chemical decontamination of various pieces of primary
system equipment. Other various sources of radioac-
tive liguid wastes are leaks from plant equipment,
laboratory and laundry drains, and floor drains.

The Process

The basic functions are the collection of wastes,
treatment, storage, and measurement to determine
quality for disposition or further treatment. The pro-
cesses and instrumentation used provide complete
control at all times. The radioactive waste treatment
system process flow diagram is shown in Figure 5-2. A
single treatment system is used to collect, treat, and
dispose of radioactive and potentially radioactive efflu-



ents or solid wastes in an economical manner without
limiting station operation and availability, while staying
well within the criteria for environmental disposal.

The treatment of liquid waste has the objective of the
elimination of liquid process effluents, treatment of
liquids to allow reuse in plant systems and the removal
of radioactivity in controlled liquid discharges to meet
Appendix |

To accommodate the range of environmental condi-
tions and dilution water availability that arise in the
siting of nuclear power stations, the liquid waste treat-
ment system has the capability of “zero liquid release”
under common station operating conditions. The use
of the detergent treatment and excess water subsys-
tems provides this capability. The various liquid pro-
cess discharges are collected as batches and treated as
necessary to achieve the desired condition for process-
ing. However, processed wastes are under control of
redundant in-line instrumentation and are normally
discharged to their in-plant destination without further
batch collection and sampling. Any processed waste
which would be discharged off site is collected,
sampled, and analyzed as a batch prior to discharge.
Wastes discharged off site would meet the dose objec-
tives of 10CFR50, Appendix |I. To demonstrate com-
pliance, environmental program sampling and analysis
of mud and marine life near the plant provide data
about environmental concentrations.

The radwaste treatment system can be used in plants
having condensate treatment systems using either
regenerated deep bed units or filter-demineralizer units
which do not regenerate their resin.

For a plant cooled by salt or brackish water, a con-
densate system using regenerated, high flow rate,
deep-bed demineralizers should be used to prevent
entry of salt water into the reactor during periods of
condenser leaks. An ultrasonic resin cleaner is used
with resins which minimizes wastes resuiting from
chemical regeneration of the resins.

Radioactive liquid wastes are collected as three
classes: high purity, low purity and chemical, and
detergent or laundry wastes. These are collected by
suitable connection of drains, piping, and tanks or
sumps in the various plant buildings to the collection
tanks in the radwaste buiiding. Oil is removed from
sump and equipment drains by means of oil separators
on these streams ahead of the collection tanks. Nor-
mally, the high-purity waste is filtered, demineralized,
monitored, and returned to condensate storage for
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further use. The low-purity and chemical wastes are
batch treated by a chemical neutralization process and
are then concentrated by evaporation for packaging as
solid waste for off-site shipment. Water boiled off in the
concentrator is processed through a demineralizer,
monitored, and returned to condensate storage. Water
returned to condensate storage is of makeup water
guality. Laundry and detergent wastes are either fil-
tered, sampled and discharged to the environment as
batches by way of the discharge canal or evaporated in
the detergent evaporator. If evaporated, the vaporis not
condensed but is discharged to the atmosphere by way
of a vent pipe.

An excess water system is used to accommodate
water input in excess of the station inventory. A large
water input may usually be caused by leakage from the
main condenser or service water heat exchanger tubes.
This system is comprised of water storage tanks to
receive water in excess of condensate storage capac-
ity, as space permits; water can be sent from this tank to
condensate storage for reuse. Alternately, this water
can be vaporized using the detergent waste evaporator.
Radioactive vapor release from this source is a small
fraction of the release of radioactive materials via venti-
lation air.

The combination of this system, the detergent waste
treatment system, and the treatment and reuse of high
purity and floor drain-chemical wastes accomplishes
“zero liquid release” of liquid radioactive wastes.

If treated effluent is to be discharged from the site, it
is discharged only after batch sampling and analysis.
Such batches are injected into the cooling water dis-
charge canal at a rate such that the maximum permissi-
ble concentrations for an unidentified mixture are not
exceeded. Annual discharges meet the guidelines of
Appendix | of 10CFR50. Actual experience has shown
that the use of the limit based on an unidentified mix-
ture is conservative when compared with the permissi-
bie limits based on determination of the actuai isotopes
that compose the discharge activity.

Control and Instrumentation

Overall control of the radwaste treatment is exer-
cised from alocal control room situated in the radwaste
building. A central panel in this room contains instru-
ments, controls and alarms for the operation of the
radwaste treatment process. This panel also carries
indicating lights to show whether or not the various
sump pumps which transfer effluents from the other
station buildings to the radwaste plant are running.
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Radwaste system alarm signals are also received in the
main control room as a common trouble alarm.

Sampling

Sampling lines are used to sample the various coilec-
tor tanks, and to monitor and control the process. Sam-
ple lines, vented to a central sampling station, provide
sample flows for continuous monitoring instrumenta-
tion (conductivity, turbidity, radioactivity) and also
provide for grabsamples. These are taken to the station
laboratory for analysis. Samples of circulating water
are also taken at the intake to the station and in the
circulating water discharge to audit the background
and discharge levels of radioactivity as necessary.

Ventilation Sources — During all phases of plant opera-
tion, various portions of the containment, turbine and
auxiliary buildings are provided with fresh air. This
ventilation air is exhausted to the atmosphere via build-
ing vents and/or a stack. It is required that less than 50
uCi/sec of radiogases and 0.001 to 0.01 uCi/secof1-131
are released via this pathway. These small releases are
estimated to contribute a whole body dose of less than
0.1 mRem/yr to the nearest neighbor and a thyroid dose
in the range of a few mRem/yr if the milk-exposure
pathway exists in the immediate off-site environment.
These ventilation sources do not require treatment to
meet the proposed guidelines of 10CFR50, Appendix .

Oftgas Release Monitoring — Air ejector offgas release
rates are continually monitored and recorded by dupli-
cate, monitor-recorders after about 2 minutes of delay.

Duplicate, continuous monitors near the release
point of the offgases record the gross activity release
rate for radiogases. Particulate and iodine samplers
also permit monitoring of any significant release of
these species, and gas samples are taken for isotopic
analysis.

To obtain background data on radiation levels and
meteorological information, an environs and plant site
monitoring program is instituted in advance of plant
startup. Environmental monitoring is normally con-
tinued during plant operation to verify the information
provided by in-plant monitors and to enable actual
release to be related to actual environs radiation dose.
Environs monitoring is usually performed with dosime-
ters supplemented by periodic surveys and sampling of
appropriate natural materials from the region. Further
description of the offgas monitoring system is provided
in Section 6.
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SOLID WASTE DISPOSAL
Source and Types of Solid Wastes

The following are typical of potentially radioactive
solid wastes:

* Filter and resin sludges

¢ Concentrated wastes from liquid waste treatment
concentrators

* Air filters from offgas and ventilation systems

¢ Solid laboratory wastes

* Contaminated clothing, tools and small pieces of
equipment which cannot be economically
decontaminated

* Miscellaneous paper, rags, etc., from contami-
nated areas

* Used reactor equipment such as spent control rod
blades, fuel channels and in-core ion chambers

Waste Resulting from Process

The sludges result from filters and filter-
demineralizers in the reactor water cleanup, conden-
sate treatment (if a filter-demineralizer type), fuel
building and containment pool cooling and cleanup,
and in the radwaste systems. Reactor water cleanup
sludges are generally kept separate because of the
usually higher radiation levels of the resultant solid
wastes. This minimizes the shielding required for oft-
site shipment of the other solid wastes.

Reactor water cleanup filter-demineralizer back-
washes are collected in backwash receivers located
beneath the cleanup filter-demineralizers. The back-
wash slurry is pumped to one of two cleanup phase
separators located in the radwaste facility. After set-
tling, water is decanted from the phase separator and
sent to low conductivity tanks. The remaining sludge is
accumulated for radioactive decay prior to further pro-
cessing as solid waste. After accumulation in a phase
separator for a predeterminedtime, input is switched to
the other phase separator. Decay occurs in the first
phase separator for about 60 days until accumulation in
the second phase separator is to be stopped. At this
time, the decayed slurry is filtered through the traveting
belt filter (TBF) and the water proceeds to the waste
demineralizer and condensate storage. The dewatered
sludge goes to the solid waste system for packaging as
a solid waste.

In plants having condensate treatment filter-
demineralizers, they are backwashed to a backwash
receiver tank located beneath these units. Each back-



wash batch is then routed to one of a pair of condensate
phase separators located in the radwaste facility.
Decantate is periodically routed to the low conductivity
tanks. Siudges are accumulated in the phase separa-
tors for accumulation prior to further processing as
solid wastes as with the cleanup system sludges.

Fuel building and containment pooi filter-
demineralizers are backwashed to a backwash receiver
located beneath the filter-demineralizers and, periodi-
cally, this slurry is pumped to the low conductivity
tanks for processing.

The radwaste fitters are traveling belt (flat bed) type
precoat filters which discharge a solid cake to the solid
waste system.

The sludges resulting from filter-demineralizer back-
washing are normally routed periodically, on a pro-
grammed basis, from the phase separators to a TBF as
described earlier. The TBF dewaters the slurry to pro-
duce a moist solid which has no free water present. The
solids are discharged to the solid waste system.

Spent demineralizer resins from the waste deminer-
alizers (and condensate demineralizers if condensate
treatment is a deep-bed type) are sent as a resin-water
slurry to a spent resintank as batches. Theresins slurry
is then routed to the TBF for dewatering. The resins go
to the solid waste system and the filtrate is demineral-
ized and returned to condensate storage.

Concentrated wastes from the waste concentrator
are collected in a concentrated waste tank. Periodi-
cally, these are pumped in measured amounts to the
solid waste system.

The solid waste system is shown in Figure 5-3. This
system uses large containers which are 6 feet (1 .8m)in
diameter by 6 feet (1.8m) high, carbon steel fitted with a
disposable mixer. The system is remotely operated
using closed circuit television to view the various
operations.

The solid waste portion of the radwaste building con-
tains a track entrance and loading area, a shielded
storage area, and a container filling/capping area, all
serviced by an overhead bridge crane. Empty contain-~
ers are stored outside the radwaste building and are
brought in as necessary.

The empty container is picked up by the bridge crane
and moved to a transfer car. The transfer car moves the
container and locates it under the mixer/filling station.
This station contains the fill pipes for soiid waste,
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cement, and concentrated waste (or water). In addition,
there is a mixer motor, the positioning mechanism, and
a vent pipe leading to a dust coilector.

After the mixer/filling station is engaged with the
container and the mixer, solid wastes are conveyed
from one or the other of the traveling belt filters to the
mixer/filling station by a screw conveyor. Normally, it
will receive dewatered, moist filter sludges. Over a
period of several days, when the weighing scale on the
transfer car indicates receipt of a predetermined
amount of sludge, filter operations are stopped. (High
container radiation can also be used to indicate suffi-
cient solid wastes have been added.) Next, a measured
amount of concentrated waste (or water) is added and
the mixer is started. A measured amount of Portland
cement is added. After the contents are well mixed, the
mixer is stopped. The mixer/filling station assembly is
then remotely disengaged from the container and the
container is moved by the transfer car to a capping
station. After capping, the container is moved for
remote pickup by the bridge crane which delivers the
filled container to shielded storage.

When shipping is desired, a flat-bed truck is driven
inside the building. Depending upon the radiation dose
measured at the mixing/filling station, a shipping cask
for shielding during shipment may be required. Eithera
steel or lead type may be used, and after selection, it is
placed on the truck bed. The waste container is placed
inside the cask by remote control and the cask lid
fastened. The waste container thus enclosed and
shielded is ready for shipment to a licensed burial
ground.

If spent resins or filter sludges from phase separators
are to be put into containers, a traveling belt filter is
operated to dewater these wastes. After appropriate
quantities are added to the container, concentrated
waste, or water, and cement are measured in as pre-
viously described.

While the system described includes solidification by
the addition of Portland cement, the solidification step
may be omitted as dewatered resins and studges may
be shipped alone. However, concentrated wastes will
always need the addition of cement so no free water is
present.

The system is so arranged and engineered that nor-
mal maintenance will occur when no waste container is
present. Means are available for safely removing con-
tainers to shielded storage in the event of equipment
malfunction during any of the process steps.



Dust from the container filling operation is removed
and contained by a dust collector. Adequate ventilation
minimizes any solid waste contamination in the rad-
waste system.

Other Solid Wastes

The general plan for handling all low activity level
solid wastes is to store temporarily on site in fiber
cartons or steel drums (shielded as necessary). Ulti-
mate disposal is by shipment to off-site storage.

Equipment too large to be accommodated in this
manner is handled as a special case. Since the fre-
quency and need for the handling of large equipmentis
quite infrequent, suitable procedures for decontamina-
tion, shielding, shipment, and storge of such items are
developed as necessary.

Used reactor equipment to be disposed of is first
stored for sufficient time in the fuel storage pool to
obtain decay of the short-lived isotopes before removal

for off-site shipment. Normally, such equipment
requires shielding when removed from the fuel pool.

The activity of most other categories of dry solid
wastes is low enough to permit handling of packages
by contact. These wastes are collected in containers
located in appropriate zones around the plant, as dic-
tated by the volumes of wastes generated during opera-
tion and maintenance. The containers (fiber, drums,
cartons, or boxes) are monitored periodically during
filling so that the contents do not exceed a practical
maximum before disposal (50 to 100 mRem/hr at the
surface would be a usual maximum). The containers
are then sealed and moved to a controlied-access,
enclosed storage area for temporary storage. Com-
pressible wastes are compacted into drums by a
hydraulic press-baling machine to reduce their volume
and then stored temporarily. Ventilation and filtration
are used to maintain control of contaminated particles
when operating packaging equipment. Compacted and
noncompressible waste packages are eventuaily
shipped to an approved off-site facility for storage.
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INTRODUCTION

The instrumentation of the boiling water reactor is
generally associated with the control of the reactor, the
prevention of the operation of the plant under unsafe or
potentially unsafe conditions, the monitoring of pro-
cess fluids and gases, and for monitoring of the perfor-
mance of the plant. The control of the plant is from the
control room. Instrumentation for monitoring the per-
formance of the plantis located in the control room and
locally. A typical control room console is shown in
Figure 6-1.

Power output from the boiling water reactor is con-
trolled by either changes in reactor water recirculation
flow rate or by the moving of control rods. As the reac-
tor power output changes, the turbine initial pressure
regulator adjusts the turbine admission valve to main-
tain nearly constant reactor pressure, admitting the
new steam flow to produce the desired change in the
turbine-generator power output. The boiling water
reactor is operated at constant reactor pressure
because pressure changes caused by turbine throttle
operation in response to load changes tend to bring
about reactor power changes opposite to the desired
change. However, smal! controlled pressure changes
are used to improve load response.

PLANT STARTUP

Startup of the plant from a cold standby condition to
a power producing condition requires:

* the startup of the reactor water recirculation
pumps,
* the pumps brought to rated speed,

* the manipulation of the reactor water recirculation,
flow control valves to provide the required flow,
¢ the movement of control rods to attain the desired

power level, and
* the monitoring of the reactor to record and monitor
reactor behavior.

The startup of the plant from a cold standby condi-
tion is manually controlled by the operator.

Reactor Startup and Operation

The operational sequence for the startup of the piant
from a cold standby condition is as follows:

* The flow control valves are set at the minimum

position which corresponds to approximately 25%
of rated flow.
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Figure 6-1.

The reactor water recirculation pumps are started.
(Because the low frequency motor-generator sets
cannot start the recirculation pump motors, the
pump motors are started from auxiliary power and
transferred to the low frequency motor-generator
sets when the pump motor nears full speed and
after the starting current has dropped).

Control rods are manually withdrawn accordingto
a predetermined schedule to achieve criticality of
the reactor. They are further withdrawn to approxi-
mately 32% of rated power with the reactor water
flow control vaives fully open and the recirculation
pumps operating at low speed (25%). (The rate at
which power level is raised is usually limited by
conditions of thermal expansion of the reactor
vessel.)

At approximately 32% of rated power, the reactor
water flow control valves are ciosed and the recir-
culation pump transferred to auxiliary power and
operated at rated speed.

From approximately 30% to approximately 40% of
rated power, the control of power level is by man-
ual control of recirculation flow by changesincon-
trol valve position from minimum position.
Above approximately 65% of rated core flow, the
recirculation flow control is automatic.

Between approximately 38% and approximately
75% of rated power, control rods are normally used
to change power level.

Above approximately 75% of rated power, change
in reactor water recirculation flow is normally used
to change power level.

Neutron monitoring channels monitor the nuclear
behavior of the reactor. (Counting channels are
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used in the subcritical range up through criticality.
The intermediate range, from criticality to the
power range, is monitored by the neutron counting
channels and/or intermediate range monitoring
channels. The power range neutron monitors are
used throughout the power range usually above
21% of rated power.)

During initial power operation, an operating curve is
established relating reactor power to recirculation
flow. The first point of the curve is full flow and rated
power. When a rod pattern is established for this point,
recirculation flow is reduced in steps at the same rod
pattern, and the relationship of flow to power is plotted.
Other curves are established at lower power ratings
and other rod patterns as desired. During operation,
reactor power may be changed by flow control adjust-
ment, rod positioning, or a combination of the two,
while adhering to established operating curves. A rod
withdrawal interlock is used to prevent unscheduled
rod withdrawal which would result in an excessive
power-to-flow ratio. The operating curves are evalu-
ated periodically, usually during startups, to compen-
sate for changing reactivity coefficients. Although
control rod movement is not required when the load is
changed by recirculation flow adjustment, long-term
transient reactivity effects are normaily compensated
for by control rod adjustment.

Turbine Startup
While the reactor temperature is being increased, the

turbine is rotated by the turning gear. When reactor
steam is available, the shaft seal steam is applied and



the mechanical vacuum pump is started. After a partial
vacuum is established in the main condenser, heating
of the turbine and steam flow from the reactor are
accomplished by first establishing a flow of steam to
the condenser through the bypass valves. This flow is
gradually transferred to the turbine until rated speed is
achieved after which the unit is synchronized with the
system. The bypass flow is controlled by the initial
pressure regulator during this initial period and the
turbine is controlled by the governor. The initial pres-
sure regulator assumes normal control of the turbine
admission valve after the unit is synchronized and a
small amount of load is applied.

POWER OPERATION

After the generator is synchronized to the electrical
system and is producing a substantial output, the
power output is adjusted to meet the system require-
ments by manual adjustment of control rods, manual or
automatic adjustment of reactor recirculation flow, ora
combination of these two methods.

Control Rod Adjustment

Withdrawing a control rod reduces the neutron
absorption and increases core reactivity. Reactor
power then increases until the increased steam forma-
tion just balances the change in reactivity caused by
the rod withdrawal. The increase in boiling rate tends to
raise reactor pressure, causing the initial pressure reg-
ulator to open the turbine admission valves sufficiently
to maintain a constant pressure. When a control rod is
inserted, the converse effect occurs.

The rate of power increase is limited to the rate at
which control rods can be withdrawn. Control rods can
be operated one at a time, or in groups of four rods in a
symmetrical pattern. Single rods or rod groups can be
withdrawn continuously or in incremental steps (notch
steps). Continuous movement is usually limited to sub-
critical and heatup conditions. Control rod movement
is the normal method of making large changes in reac-
tor power, such as daily or weekly load shifts requiring
reduction and increases of more than 25% of rated
power.

Recirculation Flow Control

The BWR is unique in that reactor power output can
be varied over a power range of approximately 25% of
the operating power level by adjustment of the reactor
recirculation flow without any movement of control
rods. This is the normal method used for load foliowing
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and maneuvering the reactor and allows for load fol-
lowing at rates of up to 1% of rated power per second.

Reactor power change is accomplished by using the
negative power coefficient. An increase in recirculation
flow temporarily reduces the volume of steam in the
core by removing the steam voids at a faster rate. This
increases the reactivity of the core which causes the
reactor power level to increase. The increased steam
generation rate increases the steam volume in the core
with a consequent negative reactivity effect, and a new
constant power level is established. When recirculation
flow is reduced, the power level is reduced in a similar
manner.

Reactor — Turbine Control

A schematic diagram of the flow control system is
shown in Figure 6-2. The adjustment of the flow control
valve changes the recirculation flow rate. To change
reactor power, a demand signal from the operator ora
load/speed error signal from the speed governing
mechanism is supplied to the master controller. A sig-
nal from the master controller adjusts the position set-
ting of the controller for each valve. This signal is
compared with the actual position of the valve asso-
ciated with each controller. The resulting error signal
causes adjustment of the valve position to reduce the
error signal to zero. The reactor power change result-
ing from the change in recirculation flow causes the
initial pressure regulator to reposition the turbine con-
trol valves.

Automatic load controi is accomplished by supply-
ing a speed-load error signal from the turbine governor
to the master controller. The energy storage capability
of the water in the reactor system is used to increase the
speed of response of the automatic load control Sys-
tem. An automatic, temporary change in the set point of
the pressure regulator is produced when there is a
demand for a change in turbine output. If an increase in
load is demanded, the pressure set pointis lowered and
water in the reactor system flashes to produce extra
steam flow to the turbine. If a decrease in load is
demanded, the pressure set point is raised which
causes the turbine control valve to move toward the
closed position.

System Control

Contro! signals between the reactor and the turbine
provide two functions required for normal operation. A
signal from the initial pressure regulator is provided to
the turbine admission valves to maintain a nearly con-
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Figure 6-2. Reactor — Turbine Control

stant reactor pressure. A signal from the speed-load
governing mechanism to the master flow controller
establishes the necessary reactor recircutation flow
required to meet the system power requirements.

If, while under normai load, the turbine speed
decreases or the speed-load changer setting is
increased, a positive speed-load signal is transmitted to
the initial pressure regulator and the master flow con-
troller. The increase in signal causes a momentary
decrease in the pressure setting of the initial pressure
regulator and causes the master controller to increase
the flow demand to the recirculation system flow valve
controller.

Decreasing the pressure setting of the initial pres-
sure regulator causes a signal to be sent to the turbine
admission valves, instructing them to open rapidly by
anamountand for a length of time which is a function of
the speed-load error. This gives a limited rapid initial
response to a speed-load error by increasing the steam
flow from the reactor vessel. The allowable duration of
this transient increased steam flow is limited by the fact
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that increased steam flow tends to reduce the reactor
pressure and power level.

The increased flow demand to the recirculation sys-
tem flow valve controller causes the flow control valve
to open wider, causing an increase in reactor recircula-
tion flow. The increased flow increases the reactor
power output by sweeping out steam bubbles from the
core faster, thus raising the effective density of the
moderator. The increased steaming rate causes a slight
increase in reactor pressure. The increase of pressure
is sensed by the initial pressure regulator, which sends
a signal instructing the turbine admission valves to
open sufficiently to increase the turbine output to a
level that will cancel the speed-load error.

Daily Load Following — Essentially any practical daily
load following profile can be followed. There are no
restrictions due to spatial xenon oscillations. (Early
ascent above 95% of rated power would be subject to
xenon override considerations.) Power levels can be
readily reduced to any level during daily load following,
including the power level where the turbine-generator
is supplying only house loads. Automatic load follow-
ing provides the capability to accept large changes in
load demand at operating power levels. The change in
load demand may be initiated at any power level or
reactor water recirculation flow combination in the
automatic flow control range. This region lies between
28% and 75% of rated power and core flow rate ranging
from approximately 65% to approximately 68% (con-
stant flow control valve setting) and between 40% and
rated power at rated core flow. For load reduction
demands that exceed the range of the automatic flow
control system, the main steam bypass system pro-
vides additional capability up to the bypass system
capacity. The reactor operator would then establish a
new control rod configuration to match the new power
demand. For load increase demands that exceed the
range of the automatic flow control system (assuming
reduced flow initially), the power level will rise to that
level corresponding to rated core flow and remain there
until the control rods can be adjusted to increase power
up to the desired level.

Step demands for up to 25% of the power at rated
core flow are accommodated by automatic reactor
water recirculation flow control.

Automatic Dispatch Operation — Automatic reactor
water recirculation flow control in combination with
ganged control rods allows full participation in an auto-
matic dispatch system with the combined purpose of
meeting tie line regulation, spinning reserve, grid load



rejection, and daily load following requirements. Dur-
ing such operation, automatic reactor water recircula-
tion flow control meets the rapid changes in load
demand required by tie line regulation, while at the
same time providing margins for spinning reserve or
grid load rejection. The Unit operator would adjust
control rods to preserve the desired automatic margins
during the siower changes in base power level required
by daily load following.

Turbine Bypass Valve

A fast response, modulating-type valve, controlled
by the steam bypass pressure regulator system, is used
to perform three basic functions. The primary function
is to reduce the rate of rise of reactor pressure when the
turbine admission valves are moved rapidly in the clos-
ing direction. To perform this function, the bypass
valve needs about the same speed of response as the
turbine admission valves to prevent a pressure-induced
reactor scram from high neutron flux when the turbine
load is suddenly reduced by partial or complete closure
of the turbine admission valves.

The second function of the bypass valve is to control
reactor pressure during startup of the turbine. This
allows the reactor power level to be held constant while
the turbine steam flow is varied as the turbine is
brought up to speed under the control of its speed
governor.

The third function of the bypass valve is to help con-
trol reactor pressure after the turbine has been tripped.
It is used to discharge the decay heat to the condenser
and to control the rate of cooling of the reactor system.

Pressure Relief Function

A pressure relief function is used to control large
pressure transients. This system will operate safety/
relief valves following closure of the main steam isola-
tion valves or the sudden closure of the turbine
admission or stop valves and failure of the turbine
bypass system to relieve the excess pressure. For this
function, the safety/relief vaives discharge steam from
the steam lines inside the drywell to the suppression
chamber. Each safety/relief valve is operated from its
own overpressure signal for the relief function, and by
direct spring action for the safety function.

To limit the cycling of safety/relief valves to one vaive
subsequent to their initial actuation during a main

steam line isolation event, two valves (one a backup to
the other) have the feature of automatically changing
normal set pressures (opening and closing) following
their initial actuation at normal set pressures to a lower
level, thereby limiting the pressure cycles to a level
where the other relief valves will not reopen. In con-
junction with these two valves, the set pressure for the
closing of the other valves is changed automatically
which allows for them to stay open longer before clos-
ing to accommodate pressure swings. Manual valve
operation and resetting of vaive set pressure to their
normal levels following the transient is by the control
room operator.

Reactor Feedwater Control System

The reactor feedwater control system automatically
controls the flow of reactor feedwater into the reactor
vessel to maintain the water in the vessel within prede-
termined levels during all modes of plant operation.
The control system utilizes signals from reactor vessel
water level, steam flow, and feedwater flow.

The reactor feedwater control system provides the
signal for the reduction of reactor water recirculation
flow to accommodate reduced feedwater flow caused
by failure of a singe feedwater pump.

PLANT SHUTDOWN

For normal plant shutdown, reactor power and plant
output are reduced by manual insertion of control rods.
After turbine load is reduced to a minimum value, steam
flow is maintained through the bypass vaive and the
generator is disconnected from the system. Reactor
power is further reduced to a low level and the decay
heat is rejected to the condenser through the turbine
bypass valve. If the reactor is to be kept in the hot
standby or steam condensing condition, criticality is
maintained but fission power is reduced to a low feve!
(about 0.01% of rated power is sufficient to maintain
operating temperature). |f refueling or other functions
requiring access to the vessel are planned, all control
rods are inserted and the reactor is cooled down by
release of steam to the main condenser. The rate of
cooldown is normally controlled by periodically lower-
ing the setting of the initial pressure regulator. After
vessel gage pressure has been reduced sufficiently
[135 psi (930 kPa)], the heat sink can be switched from
the main condenser to the Residual Heat Removal Sys-
tem heat exchangers in order to get the reactor to the
cold shutdown condition.



REACTOR INSTRUMENTATION
NEUTRON MONITORING SYSTEM

Reactor power is monitored from the source range
up through the power operating range by suitable neu-
tron monitoring channels, with all detectors inside the
reactor core. This location of detectors provides maxi-
mum sensitivity to control rod movement during the
startup period and provides optimum monitoring in the
intermediate and power ranges. Three types of neutron
monitoring are used: source range counting; interme-
diate range, voitage variance method; and local power
range, d-c ion chambers (see Figure 6-3). A traversing
in-core probe system provides for periodic calibration
of the neutron detectors.

Source Range Monitor (SRM)

In the source range, the neutron flux is monitored by
fission counters which are inserted to about the mid-
plane of the core by the drive mechanisms (Figure 6-4)
which move each chamber into the core through
inverted thimbles. A range from below the source level
to 10° nv is covered.

As startup progresses and the count rate approaches
the top of the meter range (about 106cps), the counters
are withdrawn downward to give a drop in apparent
count rate. Criticality normally occurs before move-
ment of the counters is necessary. The counterscan be
motor driven to any position within their limits of travel
(see Figure 6-4); however, two or three selected posi-
tions will provide the necessary range to achieve criti-
cality and provide overlap with the intermediate range
monitors.

When the reactor reaches the power range, the coun-
ters are moved to a position approximately 2 feet
(0.61m) below the core. This places the counters in a
low neutron flux so that burnup and activation of the
counters are minimized.

Intermediate Range Monitor (IRM)

The intermediate range is from about 108t0 1.5x 1013
nv. In this range, the neutron flux is monitored by a
system using a voltage variance method (also known as
MSV or Campbell method). This method makes use of
the a-c component of voltage which is due to the ran-
dom nature of neutron pulses generated in a detection
chamber. With small chambers located in the high
temperature ambient of the reactor core, the a-c com-
ponent is used to measure neutron flux at lower power
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Figure 6-3. Ranges of Neutron Monitoring System

levels because cable leakage and gamma radiation
have relatively little effect on the signal.

These fission chambers are also withdrawn during .
full power operation to maintain their expected life and
to reduce activation. They are positioned with drive
mechanisms similar to those used for the source range
fission counters.

Local Power Range Monitor (LPRM)

In the power range, neutron flux is monitored by
fixed in-core ion chambers which are arranged in a
unitorm pattern throughout the core. These chambers
cover a range of about 1% to 125% of rated power on a
linear scale. When a control rod or group of control
rods is selected for movement, the readings from the
adjacent detectors are displayed on the operator’s con-
trol benchboard together with a display of the position
ot the rod or group of rods.

Detector assemblies each contain four fission
chambers and a calibration guide tube for a traversing
ion chamber. The chambers are uniformly spacedinan
axial direction and lie in four horizontal planes. Each
ion chamber is connected to a d-c amplifier with a
linear output. Internal controls permit adjustment of
the amplifier gain to compensate for the reduction of
chamber sensitivity caused by burnup of its fissionable
material.
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These detectors are individually replaced through
the bottom of the reactor vessel as described in Section
8. The design life of the ion chambers is 1.1 X 1022 nvt
before the neutron-to-gamma current ratio drops to
5:1.

Traversing In-Core Probe (TIP)

The calibration guide tube included in each fixed
in-core assembly permits the insertion of a traversing
ion chamber to obtain vertical flux profiles and to cali-
brate the chambers. Each calibration guide tube
extends nearly to the top of the active portion of the
core and is sealed at the upper end. The tubes pass
through the nozzles and seals beneath the reactor ves-
sel and connect to an indexing mechanism located
inside the containment. The indexing mechanism per-
mits the traversing ion chamber to be directed to many
different detector assemblies.

Fiux readings along the axial length of the core are
obtained by fully inserting the traversing ion chamber
into one of the calibration guide tubes, then taking data

as the chamber is withdrawn. The data goes directly to

the computer. One traversing chamber and its asso-
ciated drive mechanism is used for each group of seven
to nine fixed in-core assemblies (depending on reactor
size).

Average Power Range Monitor (APRM)

The average power level is measured by four average
power range monitors. Each monitor measures bulk
power in the core by averaging signals from as many as
24 detectors distributed throughout the core. The out-
put signals from these monitors are displayed and are
also used to operate trips in the reactor protection
system.

NUCLEAR SYSTEM PROTECTION SYSTEM

The nuclear system protection system is a four-
channel electrical alarm and actuating system which
monitors the operation of the reactor, which, upon
sensing an abnormal condition, initiates action to pre-
vent an unsafe or potentially unsafe condition. The

system integrates the following functions:



* Reactor Trip — Monitors reactor operation and
shuts down the reactor when certain limits are
exceeded.

* Nuclear System Isolation — Isolates the reactor
vessel and all connections of the primary pressure
boundary that penetrate the containment barrier.

* Engineered Safety Feature Actuation — Actuates
engineered safety feature systems.

The nuclear system protection system uses “solid
state” electronic technology from sensor output to
actuation device inputs which include sensors, signal
conditioning, combinational logic and actuator logic.
The system provides for the analog indication of major
variables, separation of divisions and on-line
testability.

Logic bases for the nuclear system protection system
functions are as follows:

* Reactor trip initiation for automatic control and
reactor shutdown is based on a two-out-of-four
logic.

* Nuclear system isolation by isolation valve closure
in process lines penetrating the containment bar-
rier is based on two-out-of-four logic for main
steam isolation valves, and a one-out-of-two taken
twice logic for remainder of nuctear system isola-
tion function.

* Engineered safety feature systems initiation is
based on a one-out-of-two taken twice logic.

Sensors can be either analog (such as process con-
trol transmitters) or digital (such as pressure switches
or limit switches). Analog inputs for important variables
drive indicators which allow the operator not only to
see the absolute value, but to compare readings in
different channels. Both analog and digital signals are
modified, if necessary, in signal conditioners to signals
that are compatibie with the solid-state logic. After
conditioning, the digital signals go directly to the deci-
sion logic. Each conditioned analog signal is compared
with the output of a set-point generator in a bistable trip
unit. When the pre-set level is exceeded, the bistable
puts out a signal to the decision logic.

The decision logic is made up of solid-state circuitry
that compares with various inputs. When a combina-
tion of inputs requires action, the logic circuitry pro-
vides a signal that seals in to turn on a solid-state power
gate that operates activation devices, such as contac-
tors, circuit breakers, and solenoid pilot valves. The

actuation devices in turn control power to the motors

that operate valves and drive pumps, or control the air
supply to pneumaticalily operated valves.

Simultaneous open and close manual switch con-
flicts are prevented by exclusive “OR” logic. Manual
inputs may be either momentary or maintained. The
identity of the most recent momentary inputis retained.
When a maintained manual input is removed, the input
channel reverts to automatic status.

Upon loss of a-c power, functions which are normatly
energized (such as the reactor trip function) will pro-
vide fail-safe trip action. For such functions, loss of
power to asensor, its channel, or associated iogic auto-
matically produces a trip output. For normally deener-
gized functions (such as emergency core cooling), loss
of power to a sensor, its channel, or associated logic
leaves the state of the actuated equipment unchanged.
Subsequent restoration of power will not introduce
transients that couid cause a change of state in the
actuated equipment.

Reactor Trip Function

The nuclear system protection system initiates the
rapid insertion of the control rods to shut down the
reactor. The system is of the fail-safe design where it
will trip on loss of electrical power, but will not trip and
cause a scram on the loss of asingle power source. The
four trip channels are physically separated from each
other and from other equipment precluding the possi-
bility of interactions that could cause possible false
scrams or failure to scram. The logic requires a manual
reset by the operator which is automatically inhibited
for 10 seconds. One reset switch is used for each trip
channel. Failure of a single trip channel, division logic,
or a system component will not prevent the normal
protective action of the nuclear system protection
system.

Nuclear System Isolation Function

The nuclear system protection system provides for
the closing of valves to isolate the containment thereby
preventing the release of steam and process fluids. The
togic and equipment required for those valves which
are required to be open during emergency core cooling
are part of each of the separate emergency core cool-
ing systems.

The lines which penetrate the containment and are
required to be isolated during emergency core cooling
consist of three groups:



* Reactor Coolant Pressure Boundary Isolation —
These are lines which connect directly to the reac-
tor vessel and penetrate the dryweli and contain-
ment barrier.

¢ Contalnment Isolation — These are lines which do
not connect to the reactor vessel but penetrate the
drywell and containment atmosphere.

¢ Closed System Isolation — These are lines that
penetrate the containment but are neither part of
the reactor coolant pressure boundary nor are they
connected directly to the containment
atmosphere.

All isolation valves except non-testable check valves
are capable of remote manual control from the control
room. Automatic closure signals override manual con-
trol signals. Once isolation has been initiated, valves
close fully and witl not reopen automatically when the
signal clears. Valve position (except non-testable
check valves) is indicated in the control room.

Power and control systems associated with contain-
ment isolation are muitichannel, faii-safe types. Failure
of a single sensor circuit or system component does
not prevent normal protective action. Two valves in the
same line are fed by separate routes from different,
reliable power sources. Control power and motive
power for an electrically operated valve are supplied
from the same source.

Engineered Safety Features Actuation Function

The engineered safety features include the emer-
gency core cooling systems (high pressure core spray
system, low pressure core spray system, low pressure
coolant injection function of the residual heat removal
system and the automatic depressurization function of
the nuclear boiler system) and the reactor core isola-
tion cooling system (see Section 4).

Divisional Separation

Four divisional separations are used for reactor trip,
isolation and emergency core cooling inputs and out-
puts, both physically and electrically. Physical separa-
tion divisions are established by their relationship to
the reactor vessel which is divided into four quadrants.
The sensors, logic and output of the various systems
are allocated to divisions.

Connections between divisions are isolated optically
at the output of the originating cabinet or panel and
buttered electrically at the receiving cabinet or panel.
Connections to external devices, such as annunciators,
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indicators, and the computer, are similarly isolated and
buffered.

Power Distribution — Both a-c and d-c power are
required for the nuclear system protection system.
Power distribution is divided into four divisions.

An inverter supplied from either the a-c emergency
bus or the d-c battery bus provides a-c power for the
scram solenoid pilot vailves and the main steam isola-
tion valves.

Reset and Annunciation

A momentary trip of any channel is annunciated and
causes that channel to lock out until manually reset.
Sufficient annunciation trip signals are used so that the
operator can determine the particular sensor or sen-
sors which caused the channel trip. The computer also
prints out the identification of sensors which have
caused scram and, if several variables are involved, it
prints out the sequence of events in which they
occurred.

Backup Protection

Two three-way normally deenergixed solenoid
valves are used to remove the main instrument air
supply from all scram valves. If any of the scram pilot
valves failed to operate properly during scram, then the
associated control rods would be scrammed by the loss
of air supply due to operation of the back-up scram
valve.

Conditions Monitored and Inputs That Activate
The Nuclear System Protection System

High Pressure in the Drywell — Abnormal drywell pres-
sure trips the reactor, initiates the automatic depres-
surization function, the high pressure core spray
system, the low pressure core spray system, and the
residual heat removal system.

Low Water Level in the Reactor Vessel — A low water
level in the reactor vessel trips the reactor, causes
nuclear system isolation, activates the automatic
depressurization function, initiates the high pressure
and low pressure core spray systems, and initiates the
reactor core isolation cooling system.

High Pressure in the Reactor Vessel — High pressure in
the reactor vessel will trip the reactor and initiate auto-
matic depressurization function.



High Neutron Flux — High neutron flux will cause a
reactor trip.

High Water Level in the Scram Discharge Volume —
High water level in the control rod drive scram dis-
charge volume will cause a reactor trip.

Turbine Stop Valve Closure and Turbine Control Vaive
Fast Closure — Turbine stop valve closure and fast
closure of the turbine contro! valve will cause a reactor
trip.

Main Steam Line Isolation — The closure of the main
steam line isolation valves will cause a reactor trip.

High Radiation Activity Near Main Steam Line — High
radiation levels near the main steam lines will cause a
reactor trip and nuclear sytstem isolation.

Leak Detection — Excessive leakage will cause nuclear
system isolation.

Low Pressure at the Turbine Inlet — Low pressure at
the turbine inlet will cause nuclear system isolation.

Bypass and Interlocks

An operation mode switch on the reactor control
panel controls the interlocking and bypassing of the
protection system for the various operational modes.
Following are the modes and interlocks provided.

Shutdown — This mode is for use when the reactoris to
be shut down and maintenance work performed. All
rods must be fully inserted and none can be withdrawn.

Refuel — This mode is for use during refueling opera-
tions. It allows a single control rod to be withdrawn for
test purposes.

Startup and Standby — This mode is for starting up of
the reactor and bringing it to a maximum of about 5%
rated power. It also permits keeping the reactor critical
while the turbine and associated equipment are being
serviced with the main steam line isolation valves
closed.

Run — This mode is for normal operation. The interme-
diate range flux scram is bypassed and all other func-
tion bypasses are removed. However, bypassing of
some individual instruments for maintenance may be
accomplished where permitted by operating
procedures.
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interlocks are used on the intermediate range neu-
tron monitors to ensure that all units are operating
properly and on the proper range. Control rod with-
drawal is blocked if the ratio of reactor power to recir-
culation flow exceeds a predetermined value.

ROD CONTROL AND INFORMATION (RC&I)

The primary purpose of the rod control and informa-
tion function is to effect control rod motion as
requested by the operator. It displays all information
which is relevant to the movement of rods. In addition
to enabling the operator to move rods, this function
also enforces adherence to operating restrictions
which limit the consequences of a potential rod drop
accident. At higher power levels it limits rod movement
so that rods cannot be withdrawn to the point of gener-
ating excessive heat flux in the fuel. Unit conditions are
considered in determining which restrictions are app-
lied to a given rod movement request.

Rod position is sensed by a series of sealed glass
reed switches contained within a tube inside the drive
piston. Two switches are spaced every 3 inches (76mm)
with each of the dual switches feeding a separate chan-
nel. These signals are multiplexed inside the contain-
ment and transmitted to the control room. The rod
position information function decodes these data and
makes them available to other parts of the rod control
and information function, to the process computer and
to the operator. The detection of an invalid input
caused by a failed reed switch is indicated. The status
of the scram valves and accumulators on the hydraulic
control unit is monitored and these data are available to
the operator and the computer.

The speed and capacity of the rod control and infor-
mation function permit the control of more than one
rod at a time. Up to four rods can be operated simui-
taneously. The position of each rod in a gang is
monitored.

PROCESS RADIATION MONITORING SYSTEM

Certain plant processes are monitored to detect
radioactivity in excess of acceptable limits. Such moni-
toring is described below.

Main Steam Line Radiation Monitoring

The main steam lines located in the steam tunnel
(downstream of outer isolation valves) between the
nuclear system and the turbine are monitored continu-
ously for gamma radiation for the purpose of detecting
increased radiation levels as might be caused by gross
fuel failures.



High radiation levels initiate reactor trip, closure of
the main steam line isolation valves, termination of
operation of the condenser mechanical vacuum pump,
and closure of the condenser mechanical vacuum
pump line valve, to preclude release of excessive radia-
tion to the environment.

Four gamma-sensitive ionization chambers monitor
the area of the steam tunnel as close to the drywell as
practical. The detectors are arranged such that each
detector views all steam lines with approximately the
same exposure.

Each ion chamber detector and instrumentation
channel feeds signals to a log radiation monitor. The
monitor has two upscale trips, one downscale trip, and
one trip indicating an inoperative instrument. The
upscale trips and the instrument-inoperative trips are
inputs to the nuclear system protection system.

Air Ejector Offgas Radiation Monitoring
and Sampling — Prior to Treatment

Condenser offgases are continuously monitored for
gross gamma radiation, and offgas samples are taken
prior to treatment by the offgas treatment system. Indi-
cations of increased activity at this point permit the
operator time (typically 15 minutes) to take appropriate
corrective action and abort the automatic closure of the
oftgas isolation valve that would occur upon reaching
off-limitievels. The radiation level of fission gases mon-
itored is also an indication of the general level of fuel
cladding defects in the core.

All instrument trips alarm in the control room.

An offgas vial sample panel permits the taking of
offgas grab samples for laboratory analysis.

Air Ejector Offgas Radiation Monitoring
and Sampling — Following Treatment

An offgas sample is drawn from the offgas process
stream following the charcoal adsorbers. The sample
stream passes in parallel through two shielded detector
chambers in series and through filters for the collection
of particulates and halogens. The sample stream is

returned to the offgas process stream at a location prior
to the charcoal adsorbers.

Redundant instrumentation channels (one monitor-
ing each of the two shielded chambers) include a
detector, a process log count-rate radiation monitor,
trip auxiliaries, and a two-pen recorder (one pen for
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each channel). The upper-level upscale trip, in con-
junction with the downscale trip, isolates the offgas
treatment system, drain valves, and alarms. Trips alarm
in the control room.

The operation of the instrument channel can be
checked for preoperation by purging the sample line
and then monitoring a check source included as part of
the monitoring system.

An offgas vial sample panel permits the taking of
offgas grab samples for laboratory analysis.

Offgas Vent Pipe Radiation Monitoring —
Pre-Release

The gases discharged to the environs from the off-
gas vent pipe are continuously monitored for radiation
and sampled for halogens and particulates. The moni-
toring of this effluent provides a permanent record of
the gross gamma radiation discharged to the environs.

A gas sample is drawn through an isokinetic probe
located high enough in the exhaust stream to ensure
representative sampling. The sample stream passes in
parallel through a shielded chamber which contains a
scintillation detector, and through filters for the collec-
tion of particulates and halogens. The sample stream is
returned to the offgas vent pipe.

The instrumentation channel includes a detector, a
process radiation monitor, and a continuous strip-
chart, single-pen recorder. The recorder and a five-
decade meter provide readout in the control room. The
process radiation monitor has three adjustable trips,
two upscale and one downscale, which alarm in the
control room.

Containment Ventilation Discharge
Monitoring and Sampling

The ventitation air discharged to the environs from
the containment is continuously monitored for radia-
tion and sampled for halogens and particulates. The
monitoring of this effluent provides a permanent record
of the gross gamma radiation discharged to the
environs.

A gas sample is drawn through an isokinetic probe
located high enough in the exhaust stream to ensure
representative sampling. The sample stream passes in
parallel through a shielded chamber which contains a
scintillation detector, and through filters for the collec-



tion of particulates and halogens. The sample stream is
returned to the ventilation duct.

The operation of the instrument channel can be
checked for proper operation by purging the sample
line and then monitoring a check source included as
part of the monitoring system.

Liquid Process Radiation Moﬁitoring

The effluent from the site service water, the liquid
radioactive waste treatment system, each of the
redundant service water cooling systems for the resid-
ual heat removal system and the process fluid of the
closed cooling water system for reactor service are
continuously sampled and monitored for gross gamma
radiation levels. Each instrument channel includes a
gamma-sensitive scintillation counter which monitors
the flowing sample and a radiation monitor. The instru-
ment channel monitoring the residual heat removal
system cooling water also includes a two-pen recorder,
one pen for each of the two cooling ioops.

Air Ejector Offgas Carbon Bed
Vault Radiation Monitoring

The vault housing the charcoal adsorbers associated
with the air ejector offgas system is monitored for
gamma radiation by a single instrument channel which
includes a sensor and converter, an indicator and trip
unit, and a locally mounted auxiliary unit. The channel
is powered from one of the power supplies used for the
monitoring units associated with the containment ven-
tilation exhaust plenum. The channel provides for read-
out both locally and in the controf room. The indicator
and trip unit has an adjustable upscale trip for indica-
tion of high radiation levels and one downscale trip for
indication of instrument trouble. A trip alarms in the
control room.

Containment Exhaust Monitoring

Air discharged to the environs from the containment
is continuously monitored for radiation and sampled
for halogens and particulates. The monitoring of this
effluent provides a permanent record of the gross
gamma radiation discharged to the environs.

A gas sample is drawn through an isokinetic probe
located high enough in the exhaust stream to assure
representative sampling. The sample stream passes in
parallel through a shielded chamber which contains a
Geiger-Muller tube-type detector and through filters

for the collection of particulates and halogens. The
sample stream is returned to the ventilation duct.
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The instrumentation channel includes a detector, a
log count rate meter which includes a power supply,
and a continuous strip-chart single pen recorder. The
detector is a beta sensitive Geiger-Muiler tube whose
output pulse is counted by the log count rate meter.
The recorder and a five-decade meter with a maximum
scale reading of 108 counts per minute provide readout
in the control room. The rate meter has two adjustable
trips, one upscale and one downscale, which alarm in
the control room.

The operation of the instrument channel can be veri-
fied for proper operation by purging the sample line
and then monitoring a check source included as part of
the monitoring system.

AREA RADIATION MONITORING SYSTEM

A number of gamma-sensitive detectors are located
throughout the plant and recorded on a multipoint
recorder in the control room. Monitors are available in
several sensitivity ranges and are chosen to match the
expected radiation levels. Local indication and annun-
ciation are also available for frequently occupied areas.

LEAK DETECTION SYSTEM

The detection of leaks occurring within the reactor
drywell and leaks occurring outside the reactor dry-
well, including the containment, fuel, and auxiliary
equipment buidings, and the steam line tunnel, uses
sensing and monitoring instrumentation for indication
of abnormal flows in process piping systems, abnormal
pressure and temperature changes, increased equip-
ment drain and floor drain sump flow activity, and
abnormal radiation levels.

Small leaks are generally detected by temperature
and pressure changes, and fill-up rate of drain sumps.
Larger leaks can aiso be detected by changes in reactor
water level and changes in flow rates in process lines.

COMPUTER

The computer system for the BWR is designed to
reliably monitor plant parameters and perform a series
of operations and caiculations designed to allow
increased plant operation efficiency.

Operation
Several significant operations are accomplished by

the computer. Total reactor core power is computed.
The core power distribution is ascertained by neutron



flux measurements and analytical procedures. Limiting
power densities and critical heat flux ratios within the
core are determined. Fuel isotopic composition, local
power range monitor sensitivities, and correction fac-
tors are also calculated, stored and made available for
printout and utilization by other programs.

In order to obtain more comprehensive histories of
the plant operation and function, many of the calcu-
lated results are printed out for final analysis and use by
plant personnel. The exposures of reactor fuel, control
rods, and fixed in-core detectors are all accumulated
and stored in memory. Weighted moderator void frac-
tions which must be computed for use in core calcula-
tions are also stored in memory.

Output

Logs — Information resulting from the running of a
program or that stored in the computer's memories, is
printed out either on direction of one of the controlling
programs or upon request by an operator. Output logs
are initiated as part of an on-demand program
requested by the operator, or they occur as periodic
logs which are printed by the computer according to its
executive program. The historical logs are pro-
grammed by the computer to be printed out hourly,
daily, and monthly. The logging of the event recall and
sequence-of-events functions is initiated by the
change of state of an input and provides the historical
data and the sequential data for analysis by operating
and maintenance personnel. Summary logs may be
printed on demand.

Alarms — As part of the scanning function, the input
analog signal is checked against reasonabie value lim-
its. The converted digital signal is limit tested accord-
ing to operator established limits or program
calculated limits. If the limits of either the inputs or
converted values are exceeded, they will be alarmed. A
change in state of preselected digital inputs will be
atarmed. Others are not alarmed but merely stored in
the computer memory for use in applicable programs
when called upon. Alarm information is displayed to
the operator on video terminals. Any change in state of
a preselected range of digital inputs will initiate a
sequence of events recording. Chronological change
of state of these preselected inputs is logged by the
computer.

The process computer is an integral part of the reac-
tor instrumentation system in order to more quickly
and accurately determine the local power density dis-
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tribution throughout the reactor core. The increase in
accuracy allows the core to be operated closer to limits
without increasing the probability of fuel deterioration.
The increase in speed allows a quicker response to
operating conditions. The increased accuracy and
speed of determining the core power distribution allow
a smaller core to be used for a given power rating.

Function

The primary function of the computer is to perform
reactor core calculations and provide the reactor oper-
ator with current core operating data. In addition to
core calculations, it is the function of the computer to
monitor, calculate, store, log, and alarm information
which has been collected by the plant instrumentation.

Monitoring

The computer monitors analog, digital, and pulse
inputs from the various nuclear system auxiliary sys-
tems. Neutron flux level inputs are received from the
neutron monitoring system. Contro! rod position and
movement are received from the control rod informa-
tion functions of the rod control and information sys-
tem. Reactor pressure, steam and feedwater flow, and
reactor vessel water level are received from the feed-
water control system. All input variables to the nuclear
system protection system are also monitored by the
computer. The computer analog inputs are scanned at
high speed. Selected contact inputs are monitored for
change of state. These are incorporated in a sequence
of events function which is initiated by actuation of any
input contact in this group. The balance of the contact
inputs supply data for specific programs. Along with
the NSSS contacts, the state of these contacts is read
periodically.

The information gathered from the nuclear system
instrumentation is recorded in the computer memories.
It is heid there and updated regularly so that current
values are available when these data are needed in
calculations. As the individual programs are executed,
the input data are withdrawn from memory and oper-
ated upon by the computer. The results of these pro-
grams are either printed, displayed or stored as
directed by the program.

A computer functional block diagram is presented in
Figure 6-5. It displays the interconnections of the main
components of the computer in its application to the
nuclear boiler.
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OPERATORS
CONSOLES

CONTROL ROOM PANELS,
CABINETS, AND RACKS

Main and auxiliary control panels, cabinets, and
instrument racks with the nuclear boiler controls and
instrumentation are located in the control room and
elsewhere. The main panels of a compact control room
design include equipment such as control switches,
indicating lights, instruments, and annunciators, as
well as the main controls for process instrumentation.
The auxiliary panels, cabinets, and racks include the
signal conditioning and sensing equpment for nuclear
boiler instrumentation.

NUCLENET™ 1000 CONTROL COMPLEX
To turther enhance the operator control, a compact

control room design is available, the Nuclenet 1000
Control Compiex. From one command position, a sin-
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gle operator can effectively control and monitor opera-
tion of the nuclear plant.

The Nucienet Control Complex is an integrated
approach to the design and scope of BWR control
rooms. The concept integrates the conventional com-
ponents of a control room into one system. The design
functionally provides the complete engineering and
hardware for the signal processing, recording, display,
and control required to operate the BWR plant and
forms a well-defined boundary between the control
room equipment and field cabling.

The Nuclenet Control Complex is composed of three
distinct subdivisions integrated to form the control
complex. These are the operator’s interface system, the
performance calculation and monitoring systems, and
the power generation control complex (PGCC).

The operator’s interface system includes that instru-
mentation, equipment, and software necessary to pro-
vide the operator with information and control required
to operate the plant. This includes benchboards, pan-
els, consoles, and displays. (Refer to Figures 6-6 and
6-7, typical operator’'s console.)

The performance calculation and monitoring system
includes the equipment and software required for sup-
porting and supplemental information needed for over-
all plant operations. This includes the nuciear steam
supply (NSS) and balance-of-piant (BOP) core and
performance calculations, data logging functions, and
other supplemental functions.

The Nuclenet Contro! Complex incorporates PGCC,
a packaging scheme that utilizes factory fabrication to
provide a prefabricated control room complex. The
auxiliary cabinets, panels, benchboards, and consoles
associated with the control room systems are built and
mounted on floor sections. Factory fabricated cabies
provide interconnecting of the complex. The assembly
components incorporate the use of termination
cabinets for field inputs. Prior to shipment to the site,
the entire complex, excluding the termination cabinets,
is preassembled at the factory and a factory system test
conducted (Figures 6-8 and 6-9).
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INTRODUCTION

The General Electric BWR nuclear systemis usedin a
containment system which includes the pressure sup-
pression feature to contain the energy and prevent
significant fission product release in the event of a
postulated design basis loss-of-coolant accident
(LOCA).

The reference Mark Il containment design is a
single-barrier pressure containment and a multi-
barrier fission containment system consisting of the
containment vessel (pressure and fission barrier), and
fission product barriers, which include the shield build-
ing, auxiliary building and fuel building, all of which are
normally kept at a negative pressure relative to atmos-
phere, to further limit nuclear radiation to the
environment.

REACTOR BUILDING

The reactor building structure, shown in Figure 7-2,
includes the shieid building, the containment system,
the drywell, the reactor vessel pedestal, the reactor
shield wall, drywell pipes support structure, the pres-
sure suppression pool, weir wall, the upper contain-
ment pooi structure, equipment rooms, the operating
floor, and miscellaneous platforms. It also includes the
steam tunnel which connects the drywell, located in the
reactor building, and the turbine building which places
part of the steam tunnel in the containment portion of
the reactor building and part in the auxiliary building.
The steam tunnel is divided into two parts by the shield
building. A single, reinforced concrete foundation mat
support all reactor building structures. Components
located within the drywell include, but are not limited
to, the reactor vessel, the reactor water recirculation
system, the main steam lines, main steam line safety/
relief valves and discharge piping, control rod drives
and piping, piping and valves associated with reactor
vessel, nuclear system instrumentation, and heating
and ventilation. Components located outside the dry-
well, but inside the containment vessel include, but are
not limited to, the control rod drive hydraulic modules,
standby liquid control system components, reactor
water cleanup system heat exchangers, auxiliary sys-
tem piping, refueling bridge, polar crane, nuclear sys-
tem instrumentation, and heating and ventilating.
Except for the weir annulus, the vapor suppression
pool itself is located inside the containment and out-
side the drywell.
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Shieid Building

The shield building is a cylindrical shell of reinforced
concrete with a shallow spherical dome roof. It is a
seismic Category | structure completely enclosing the
reference free-standing containment. A radial gap of
approximately 5 feet (1.5m) between the containment
and the interior face of the shield building permits con-
struction operations and periodic visual inspection of
the containment. The primary function of the shield
building, the “secondary fission product barrier,” is to
further limit nuclear radiation to the environment in the
event of an accident involving the reiease of fission
products. The structure also protects the containment
from adverse atmospheric conditions and external
missiles.

The shieid building annulus provides a plenum for
the collection and filtration of fission product leakage
from the containment that may occur foliowing a
design basis accident. The annulus is normally keptata
negative pressure relative to atmospheric pressure so
any leakage through the shield building or containment
is into this space. Under accident conditions, the venti-
lation exhaust from this space is automatically diverted
through the filtered standby gas treatment system
before release to the environs.

Containment Vessel

The containment is a steel leakage barrier which
prevents significant fission product release to the
shield building annulus in the event of an accident.

The reference containment, classified as a seismic
Category I structure, isa free-standing, vertical, cyclin-
drical steel pressure vessel with an ellipsoidal head and
a flat bottom steel liner plate. The cylindrical shell has
horizontal external stiffeners and is anchored into the
reactor building foundation mat. The flat, bottom liner
plate, which is continuously supported by and inte-
grated with the foundation mat, serves as a leak-tight
membrane only and not as a pressure retaining part.
The drywell, weir wall and reactor vessel pedestal loads
are transferred through the bottom liner onto the foun-
dation mat.

The containment, including all penetrations and
welded attachments, acts as an independent structural
component within the reactor building for the maxi-
mum temperature and pressure conditions that can
occur as the result of a LOCA, and accommodates
reactor blowdown through the safety/relief valve dis-
charge piping to the suppression pool. The contain-

ment also supports an overhead polar crane which is
used for servicing the reactor.

Among the major penetrations through the contain-
ment are two, standard, double-door, personnel access
locks and an equipment hatch. The locks extend
through the shield building and are supported by the
containment vessel. One lock is located at the operat-
ing floor level and the other is one level above grade.
The elevator/stair access tower of the fuel building
serves both locks of the reactor building and all levels
of the fuel and auxiliary buildings. The double-door
locks permit personnel access to the containment dur-
ing reactor operation for inspection and maintenance
of equipment. Penetration seals are utilized at locations
where piping, mechanical devices, and electrical con-
ductors pass through the containment. The penetra-
tion seals maintain the containment leakage barrier.

Drywell

The drywell is a cylindrical shell of reinforced con-
crete with a flat roof slab containing a centrally-
located, circular access cover above the reactor vessel
for refueling and maintenance. It is a seismic Category |
structure which (a) supports the upper containment
pool; (b) contains the transient pressure resulting from
a LOCA and channeis the air-steam mixture to the
suppression pool; (c) provides shielding to reduce radi-
ation leveis in the containment external to the drywell
to levels which permit normal access during reactor
operation; and (d) provides pipe whip, jet impingement,
and missile protection for the containment. The drywell
roof slab, which is also the base slab for the upper
containment pool, transmits the weight of the pool to
the foundation mat through the cylindrical drywell
walls. The circular opening in the drywell roof slab over
the reactor vessel is covered during operation with a
removable steel drywell head which is a part of the
pressure boundary.

The drywell head is unboited and removed during
refueling to provide access to the reactor vessel. A
vessel-to-drywell seal maintains drywell-containment
pool boundary integrity when the drywell head is not in
place. Any leakage is drained off to the waste treatment
system.

A standard, double-door, personnel lock penetrates
the drywell and permits access to it during periods of
reactor shutdown or hot standby. Another hatch, which
also penetrates the drywell wall, can be removed during
periods of reactor shutdown in order to transfer large



equipment in and out of the drywell. A motor removal
cart, which rides on rails, permits the transfer of the
recirculation pump motors out of the drywell for
maintenance.

Large diameter horizontal vent openings, used to
conduct the LOCA steam to the suppression pool,
penetrate through the lower section of the drywell. The
vents are formed by sections of pipe which are welded
to matching circular openings in the inner and outer
face plates of the drywell. Three identical rows of vents
are spaced circumferentially around the drywell, pro-
viding sufficient vent area for the size of the nuclear
steam supply unit.

Suppression Pool and Weir Wall

The suppression pool is an annular pool of deminer-
alized water between the drywell and the outer contain-
ment boundary. This pool covers the horizontal vent
openings in the drywell to maintain a water seal
between the drywell interior and the remainder of the
containment volume.

The suppression pool provides (a) a means to con-
dense any steam released in the drywell area during a
hypothetical LOCA,; (b) a heat sink for the reactor core
isolation cooling system during hot standby operation
until the decay heat can be piped directly to the residual
heat removal (RHR) heatexchangers; (c) a heat sink for
venting the nuclear system safety/relief valves; and (d)
a source of water for the emergency core cooling sys-
tems (ECCS). The suppression pool also serves as a
heat sink under normal operating conditions. Blow-
down through the main steam safety/relief valves dur-
ing anticipated reactor transients is routed to the
suppression pool where the steam discharges through
an “X-type"” quencher at the end of the discharge piping
and is condensed. The discharges are spaced to ensure
uniform, dynamic load distribution and mixing in the
pool during safety/relief valve operation.

Upper Containment Pool

The upper containment pool is a rectangular
stainless-steel-lined pool crossing the top of the dry-
well area. The drywell area roof slab serves as the base
slab for the pool. The long sides of the pool form two
beams which stiffen the drywell roof slab and allow it to
withstand internal pressure loading during a LOCA.

The water in this pool provides shielding for the oper-

ating floor during normal reactor operation. A portion
of this water is also drained to the suppression pool
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following a LOCA. This makes up for the water inven-
tory pumped into the vessel and the drywell by the
emergency core cooling system. Interior crosswalls
divide the pool into five areas: (a) steam separator stor-
age; (b) reactor cavity; (c) steam dryer storage; (d)
racks for temporary storage of fuel elements; and (e)
fuel transfer.

Equipment Rooms

Equipment rooms within the containment provide
radiation shielding for certain reactor water cleanup
system components located outside the drywell. Rein-
forced concrete is used for both shielding and strength.
The rooms are supported by the drywell and the upper
containment pool walls and are separated from the
containment.

AUXILIARY BUILDING

The auxiliary building, shown in Figure 7-1, is located
adjacent to the reactor building and encloses the main
steam tunnel. The lower level of the auxiliary building
contains the pump rooms for the High Pressure Core
Spray (HPCS), Low Pressure Core Spray (LPCS),
Reactor Core Isolation Cooling (RCIC) and Residual
Heat Removal (RHR) systems.

The second or grade level of the auxiliary building
serves as the primary access to this structure. Cable
trays leading to the control room and cable spreading
room are located at this level.

The third level of the auxiliary building houses elec-
trical switchgear, battery rooms, motor control centers
and electrical penetrations. The top level of the auxil-
iary building houses the heating and ventilation supply
systems and water chillers for the reactor and auxiliary
building.

Steam Tunnel

The steam tunnel contains the four main steam lines,
two feedwater lines and other process piping linking
the drywell area with the turbine building via the auxil-
iary building. The steam tunnel is a rectangular rein-
forced concrete structure supported by the drywell and
provides shielding for the contained process lines. A
gap between the tunnel and the containmentaliows for
differential movement.

FUEL BUILDING

The fuel building, shown in Figure 7-1 provides for
the receiving of new fuel, the storage of new and spent



fuel, the preparation and servicing of fuel, the transfer
of new and spent fuel to the reactor servicing pools
within the reactor buiiding, and the preparation of
spent fuel for off-site shipment. The fuel building is
located adjacent to the reactor building and is accessi-
ble for fuel servicing during plant operation.

A lined fuel pool is used for the storage and servicing
of spent fuel and the preparation of new fuel for inser-
tion into the reactor. An area of the pool, separated by
gates, is used for transfer of fuel to the reactor servicing
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pools located in the reactor building, and the receiving
ot spent fuel discharged from the reactor using a
transfer tube. Another area of the fuel storage pool,
also separated by gates, is used for the loading and
decontamination of equipment and its containers for
off-site shipping.

The process system equipment for maintaining the
temperature and quality of water for the fuel building
pools and for the upper containment pool is located
within the fuel buiiding.



INTRODUCTION

Commercial operation and maintenance of a nuclear
power station requires a comprehensive organization
of trained personnel as well as a program and docu-
mented procedures to support this organization. This
section provides an outline of the typical requirements
for an organization and supporting program to carry
out a successful nuclear power plant operating and
maintenance program. Organizational requirements,
as well as the various aspects of operation and mainte-
nance, are discussed.

NUCLEAR POWER STATION ORGANIZATION

The functional responsibility of a staff to operate a
boiling water reactor power station is similar to that
required for an equivalent-sized conventional, modern,
fossil-fueled power generating station, with the addi-
tional requirement of special knowiedge and skill in
nuclear phenomena and fundamentais.

Staff and operating functions authorized to operate
the nuclear reactor are subject to NRC examination
and licensing. The station staff can, however, vary
through a wide range, depending upon the utility’'s
practices for staffing conventiona! stations and the
planned use of nonstation personnel for major mainte-
nance outages. The station staff should be self-
sufficientin all operations. A minimum staff for a typical
single-unit nuclear power plant is 97, and for a dual-
unit plant, about 140.

The organizational chart shown in Figure 8-1 repre-
sents the combined utility experience of General Elec-
tric in the operation and startup of more than 40
General Electric BWR units.

Plant Management

The superintendent of plant is responsible for adher-
ence to the operating license and technical specifica-
tions, for safeguarding the general public and station
personnel from radiation exposure. He is also responsi-
ble for the safe, efficient, and reliable operation, and
maintenance of the facility, and for execution of the
administration controls and quality-related activities
within the station.

The assistant superintendent of plant assists the
superintendent of plant in these duties and assumes
these direct responsibilities in the superintendent's
absence.
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The supervisor of operations is responsible for the
routine as well as abnormal or emergency operating
situations that may arise. He is responsibie for seeing
that all operations are carried out in a safe, efficient
manner, and that the plant is operated in conformance
to the operating license, technical specifications, and
in accordance with approved written procedures.

The health physics supervisor is charged with the
responsibility of providing the superintendent of plant
with the information necessary to establish compliance
with regulations pertaining to radiation safety, uniform
enforcement of station health physics requirements,
and that every reasonable effort to minimize personnel
exposures has been made.

The quality supervisor reports to the superintendent
of plant, assuring the degree of independence neces-
sary to obtain objective verification of quality-related
activities. The quality supervisor has stop work author-
ity on any nonconforming activity being performed by
plant personnel or subcontractors.

The personnel and administration supervisor is
responsible for development and implementation of
programs and procedures in the areas of clerical,
records management, training, and plant stores.

Operating Organization

The operations staff performs the operating func-
tions at the plant. A functional description of duties
follows. Operations staffing for single and dual plants is
shown below, based on a five-platoon shift coverage.

Single Dual

Staft Unit Unit
Shift Supervisor 5 5
Assistant Shift Supervisor 0 5
Plant Control Operator 10 15
Nuclear Plant Operator 5 10
Auxiliary System Operator 10 10
TOTAL 30 45

The shift supervisors are directly responsible to the
supervisor of operations. They are in charge of and
responsible for the shift crew assigned to their specific
shift. Ths shift supervisors have the authority to shut
down the plant, if, in their opinion, plant conditions
indicate that a nuclear safety hazard exists or indicate
approved procedures so direct. Shift supervisors direct
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ptant operations, supervise and check the performance
of control room and other operators, inspect equip-
ment when required, authorize various forms such as
blocking permits, radiation work permits, maintenance
work requests, and radwaste release forms, and
respond to plant or equipment abnormalities in accor-
dance with approved plant procedures. Additionally,
shift supervisors inform station management in atimely
manner of conditions which may affect public safety,
plant personnel safety, plant capacity or reliability, or
cause hazard to equipment. Shift supervisors log sig-
nificant plant operations and problems, and determine
that sufficient manpower is available for the operations
planned for the next shift in order to ensure adequate
plant staffing at all times. Additionally, the shift supervi-
sors may, at times, direct the activities of other person-
nel during tasks such as backshift maintenance.

The assistant shift supervisors assist the shift super-
visors in these duties and assume these direct respon-
sibilities in the event of the unavailability of the shift
supervisors. The shift and assistant shift supervisors
participate in operator training, retraining and requali-
fication activities from the standpoint of providing gui-
dance, direction, and instruction to shift personnel, as
well as pursuing academic work to keep their SRO
licenses current. As assigned by the supervisor of oper-
ations, the assistant shift and shift supervisors review
procedures as they apply to startup, shutdown, power
operation, load changes, fuel handling, emergency
situations, surveillance activities, etc., from the stand-
point of safety, accuracy, and experience gained as the
result of operation.

Plant control operators (PCQO’s) perform operations
directed by shift supervision, monitor control room
instrumentation, respond to plant or equipmentabnor-
malities in accordance with approved plant proce-
dures, direct the activities of the other operators, and
log plant operations, systems or equipmentabnormali-
ties, and plant data. Plant shutdowns or scrams may be
initiated by these operators when observation of plant
conditions and equipment indicate a nuclear safety
hazard exists, or approved procedures so direct. The
PCO’s manipulate process controls as necessary to
match load demand and to respond to other process
changes.

The PCO’s are responsible for taking immediate
operator action necessary to maintain or bring the
plant to a safe condition during abnormal and/or emer-
gency conditions. The PCO’s participate in the training
of new PCO’'s and maintain their reactor operator



licenses by taking part in the license requalification
program.

The nuclear plant operators (NPO's) and auxiliary
systems operators (ASO’s) perform routine duties out-
side the control room as assigned and necessary for
continuous, safe plant operation and are available to
the shift and assistant shift supervisors for additional
work assignments that arise from time to time. They
assist in plant startup, shutdown, surveillance, and
emergency response as directed by assistant shift or
shift supervisors and/or the PCO's. For those tasks
requiring the use of checklists or procedures, such as
valving for plant startup, or data sheets used on routine
equipment checks, they are responsible for performing
these assigned evolutions and for making accurate
entries according to the applicable procedure, data
sheet, or checklist. The NPQO's and ASO’s are responsi-
ble for assisting in the training of new employees and
for improvement and upgrading of their own perfor-
mance by participating inthe applicable sections of the
training program.

Shift personnel will be trained in Heaith Physics

The shift personneil are instructed that should condi-
tions exceed preestablished radiation levels or expo-
sure limits, or if conditions occur that are deemed to be
unsafe or hazardous, the shift or assistant shift supervi-
sor will be informed. A health physics monitor or quali-
fied alternate will be assigned to each shift, and if the
assistant shift or shift supervisor feels that a radiologi-
cal condition exists that warrants attention and investi-
gation by health physics, he will direct this individual to
assist as necessary.

Health Physics Organization

The health physics supervisor is responsibie to the
superintendent of plant. The health physics supervisor
is charged with the responsibility of providing the
superintendent of plant with the information necessary
to establish compliance with regulations pertaining to
radiation safety, uniform enforcement of station health
physics requirements, and for determining that every
reasonable effort to minimize personnel exposures has
been made. In addition, the health physics supervisor is
responsible for assuring that the staff who implement
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the health physics program is trained and retrained in
operational health physics principles.

The health physics engineer is removed from the line
function of day-to-day health physics activities to pro-
vide the latitude and time to develop and implement a
station as low as reasonably achievable (ALARA) pro-
gram that is responsive to plant status. The health
physics engineer's major responsibility is to provide
the health physics supervisor with the information
necessary to establish that every reasonabile effort has
been made to minimize personnel exposures.

The health physics specialists assure implementa-
tion of the station health physics program by supervi-
sion of routine and special survey and evaluation
programs required by applicable regulations and
procedures. The health physics specialists’ major
responsibility is to provide the healith physics supervi-
sor with the information necessary to establish that
survey and recordkeeping requirements are properly
met and that plant activities receive appropriate health
physics attention.

Single Dual
Staff Unit Unit
Health Physics Engineer 1 1
Health Physics Specialist 1 2
Health Physics Monitor 5 8
TOTAL 7 11

Technical Organization

The technical supervisor reports to the superintend-
ent of plant and is responsibie for all activities of the
Technical Support Organization.

The Technical Support Organization is responsible
for performing functions inthe areas of chemistry, radi-
ochemistry, nuclear engineering, plant engineering
and instrument and control/computer calibration,
maintenance, and testing. The technical supervisor is
responsible for development and implementation of
programs and procedures in these technical areas.
Reporting to the technical supervisor are the senior
results engineer, senior nuclear engineer, instrumenta-
tion and control/computer supervisor, and chemistry
supervisor.



Single Dual

Staff Unit Unit
Chemistry Supervisor 1 1
Chemistry Leader 1 1
Chemistry Analysis 2 3
Senior Nuclear Engineer 1 1
Reactor Engineer 1 1
Senior Results Engineer 1 1
Results Engineer 2 3
Engineer 3 5
Nuclear Plant Specialist 1 2
Technical Assistant 2 3
1&C Computer Supervisor 1 1
1&C Foreman 1 1
instrument Engineer-Leader 3 4
Instrument Engineer 7 9
TOTAL 27 36

The senior results engineer supervises the activities
of the engineering support staff which consists of
results engineers, engineers, nuclear plant specialists,
and technical assistants. Activities of the engineering
support staff include plant systems engineering sup-
port, plant equipment and systems performance eva-
luation, plant surveillance, procedure preparation and
review, failure analysis, test development and imple-
mentation, preparation of routine and special reports,
maintenance of technical files, initiating engineering
recommendations for improved operation, and con-
tinued support of plant operations and maintenance.

The senior nuclear engineer supervises nuclear engi-
neering activities and is assisted by reactor engineers.
Activities of this group include on-site nuclear fuel
management and performance activities, ptanning and
coordinating fuel handling, inventory and inspection
operations and coordination with the appropriate Gen-
eral Electric department on long-term fuel manage-
ment. The senior nuclear engineer assists the
integrated startup group in coordination of initial criti-
cality, low power physics tests, power ascension tests,
and provides technical direction to operations neces-
sary for the safe thermal and nuclear operation of the
reactor.

The instrumentation and control/computer supervi-
sor supervises the activities of the instrument and con-
trol group which consists of an 1&C engineer, 1&C
foreman, instrument engineer-leaders, and instrument
engineers. The 1&C/computer supervisor is responsi-
ble for development and direction of the instrument
and control maintenance program for the station.
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Responsibilities include development of instrumenta-

tion and control surveillance procedures, resolution of

instrument and control/computer problems, comple-
tion of instrumentation and control surveillance test-

fng, and calibration and maintenance of

instrumentation and controls, and control of 1&C test

eguipment.

The chemistry supervisor supervises the activities of
the chemistry and radiochemistry group which con-
sists of chemistry leaders and chemistry analysts. The
chemistry supervisor is responsible for activities in the
chemistry laboratory, radiochemistry laboratory, and
radiological counting room. The chemistry supervisor
is also responsible for the development and implemen-
tation of station chemistry, radiochemistry, and
appropriate programs that provide monitoring of plant
processes and discharges.

Quality Organization

The quality supervisor reports to the superintendent
of plant, assuring the degree of independence neces-
sary to obtain objective verification of quality-related
activities. The quality supervisor is assisted by engi-
neers, specialists, and personnel from other sections as
assigned. The quality supervisor will be responsible for
the verification that on-site quality related activities are
accomplished in accordance with the Operational
Quality Assurance Program. This verification will be
accomplished by review of documents and procedures,
inspection, testing, or monitoring of plant activities or
an appropriate combination of these methods. The
quality supervisor works closely with each section
supervisor to provide guidance in implementing QA
requirements.

The quality supervisor has stop work authority on
any nonconforming activity being performed by plant
personnel or subcontractors. These stop work orders
may be overruled by the superintendent of plant or
assistant superintendent of plant. Activities associated
with stop work action are documented and auditable.

The quality supervisor is responsible for keeping the
superintendent of plant informed on all quality-related
matters.

Single Dual

Staff Unit Unit
Quality Engineer 1 1
Quality Specialist 1 1



Maintenance Organization

Plant mechanical and electrical maintenance activi-
ties are under the direction of the supervisor of mainte-
nance who is responsibie to the superintendent of
plant. The supervisor of maintenance is responsible for
close liaison between other station organizations to
assure safe equipment operation, shutdown, startup,
and functional test, and to assure that work is per-
formed in accordance with station health physics
procedures. He is also responsible for the development
and periodic review of piant maintenance procedures
and instructions pertaining to quality-related work
activity of his group. He is responsible for the genera-
tion of appropriate maintenance records.

The foreman — electrical repairs and foreman —
mechanical repairs, reporting directly to the supervisor
of maintenance, direct, plan, and coordinate related
maintenance activities. Maintenance crews consist of
station mechanical leaders, station mechanics, and
station repairmen.

Single Dual

Staff Unit Unit
Mechanical Foreman 1 1
Station Mechanical Leader 2 3
Station Mechanic 5 8
Station Repairman 4 6
Electrical Foreman 1 1
Station Mechanical Leader 1 2
Station Mechanic 3 4
Station Repairman 1 2
TOTAL 18 27

Personnel and Administrative Organization

The personnel and administrative supervisor reports
to the superintendent of plant and is responsible for
activities of the personnel and administrative (P&A)
organization.

The P&A organization performs functions in the
areas of clerical, records management, training, and
plant stores. The personnel and administrative supervi-
sor is responsible for development and implementation
of programs and procedures in these areas. The plant
training supervisor, administrative assistant, and stores
supervisor report to the personnel and administrative
supervisor.
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* The plant training supervisor is responsible for
coordinating and scheduling the station training
program. Additionally, the plant training supervi-
sor is responsible for development, periodic
review, and revision of procedures needed to
implement and document the station training
program.

* The administrative assistant directs clerical activi-
ties and Records Management System. The admi-
nistrative assistant performs duties related to
budgeting, data gathering and analysis, cost con-
trol, payroll, employment, employee relations and
payment of invoices.

* The stores supervisor directs the operation of the
storeroom and supervises the activities of all store-
room personnel.

The storeroom staff is responsible for requisitioning
and receiving incoming materials, supplies and spare
parts. They perform clerical work and associated
recordkeeping required for handling safety-related
parts.

Single Dual

Staff Unit Unit
Administrative Assistant 1 1
Clerks 6 9
Stores Supervisor 1 1
Material Clerk 2 3
Stockman 1 2
Plant Training Supervisor 1 1
Instructor 1 2
TOTAL 13 19

NORMAL STATION OPERATION

The operating characteristics of the system are
established by the program of power testing. Thereaf-
ter, normal startup and power generation operation are
performed routinely and efficiently by use of
procedures.

All plants operate under licenses issued by the NRC.
Operating limits are contained in the Technical Specifi-
cations in accordance with Federal Regulations
(10CFR50.36).

Detailed written operating procedures for all modes
of plant operation are prepared prior to the initial start-
up and critical testing period. Appropriate changes in



these procedures are made, according to the expe-
rience of the power operation test program. The follow-
ing is an outline of the principal normal operating
procedures which have a potential effect on the safe
operation of the plant. This information is presented to
indicate the general method of operation.

Cold Startup

The number of control rods which must be with-
drawn to reach cold criticality increases as the expo-
sure increases. The control rod withdrawal sequences
for approach to criticality are specifically designed to
produce an acceptable flux distribution and period
anywhere in the sequence.

A procedure for a normal cold startup is summarized
as follows. This information is presented to indicatethe
nature and scope of the program. Details may be modi-
fied as the final planning and execution progress.

* Prior to actual startup, a complete and detailed tist
is verified to ensure that all equipment and systems
are in proper condition for operation, that all safety
circuitry and interlocks are operative and in service
where applicable, that valve and control settings
are proper for startup, and that the reactor is prop-
erly filled with water. The reactor protection sys-
tem and the neutron flux level scram sensors are
set to operate to protect the reactor in the event of
an off-standard condition. The actual startup then
proceeds.

* Recirculation, condenser, circulating, and CRD
pumps are started.

* Cleanup system is started.

* The reactor is brought to critical by withdrawal of
control rods in a prescribed sequence.

* To avoid developing undesirable thermal stresses
in the reactor vessel walls, power is adjusted to
maintain a specific metal temperature rate of rise
limit.

* Turbine is put on turning gear.

* The steam seal regulator is placed in service.

* Vacuum pumps are placed in service.

* Air ejectors are placed in service when sufficient
steam pressure is available.

¢ Feedwater flow and/or blowdown is adjusted as
required to maintain the proper water level.

¢ Warming of turbine valve chest begins at a gage
pressure of 600 to 700 psi. (4137 kPa to 4826 kPa.)

* Assystem pressureincreases, the pressure regula-
tor is adjusted upward until the operating pressure
is reached.

8-7

* The turbine-generator is brought to speed by
admitting steam into the turbine.

* The turbine-generator is synchronized and lightly
loaded.

* The electrical load is increased to the desired
value. This is accomplished by control rod with-
drawal and recirculation flow increase to establish
the desired steam flow rate.

Hot Startup

Whenever the plant has been shut down for a short
period of time and the reactor vessel and auxiliary sys-
tems remain at or near operating temperature, a hot
startup procedure is followed to return the plant to
service. This procedure is essentially independent of
the cause of shutdown, assuming that the cause is
recognized and all nonstandard conditions have been
corrected. The reactor instrumentation is reset and
downscaled as required, and a hot startup check list is
compieted prior to the withdrawal of control rods. The
startup proceeds in a manner similar to the normal cold
startup procedure outlined previously.

Full Power Operation

Normal power operation of the station, including
adjustment to rapid load changes, is controlled by the
manual or automatic adjustment of reactor recircula-
tion flow. Also, manual adjustments of control rods are
used to shape core power distribution and to change
reactor power levels due to daily load requirements.

The main functions of the operating personnel dur-
ing normal operations are as follows:

* Surveillance of plant equipment for proper func-
tioning and performance of necessary adjust-
ments and repairs. These functions include routine
preventive and overhaul maintenance, process-
steam sampling, observing and recording informa-
tion provided by plant instrumentation, routine
tests of control rod functioning, and periodic tests
of critical station valves and all emergency core
cooling systems.

¢ Manipulation of control rods and manual adjust-
ment of recirculation flow control to accommodate
changes inload demand and to optimize flux distri-
bution and fuel burnup while remaining within
operating limits,

* Receipt and preparation of new fuel for refueling,
and the preparation of irradiated fuel for off-plant
shipment. This latter operation includes the remo-
val of fuel bundles from the channels and inspec-
tion of the channels before reuse.



* Evaluation of any abnormal conditions and initia-
tion of emergency action as required to minimize
the effects of equipment difficulties. Although the
safety of the plant is protected by the inherent
self-limiting power characteristics of the reactor
and by the safety devices provided, alertness of the
operating staff ensures proper and safe operation
of the plant and continued proper functioning of
the automatic features.

* Operating the waste disposal system.

Operational Shutdown

An operational shutdown of short duration can be
accomplished while maintaining system pressure. The
reactor steaming rate is reduced by control rod inser-
tion. The turbine generator is then removed from the
distribution grid in the customary manner. During this
shutdown, the reactor will remain critical with fission
power reduced to a low level (less than 0.01% of rated
uniess the decay heat is insufficient to accommodate
system heat losses and the steam-operated auxiliar-
ies). Steam is bypassed to the condenser only as
required to maintain system pressure.

Isolation Shutdown

The reactor may be isolated from the turbine and
balance of plant and yet be maintained at the pressur-
ized condition. The reactor is normally not critical dur-
ing this type of shutdown. The main steam line isolation
valves are closed.

In this condition, core decay heat will initially cause
the reactor relief valves to open and blow down to the
suppression pool. Reactor water level is maintained by
the reactor core isolation cooling system taking suc-
tion from the condensate storage tank.* Concurrently,
reactor steam at reduced pressure and temperature
can be introduced to the residual heat removal system
heat exchangers, where it is condensed and ultimately
returned to the reactor by way of the reactor core isola-
tion cooling system.

Extended Shutdown

Normal plant shutdowns of long duration, such as
those required for refueling and other plant mainte-
nance, are performed in a similar manner. However,
system pressure is reduced by progressive readjust-
ment of the pressure regulator set point to ensure con-

* HPCS system can be considered as as backup to RCIC to provide
makeup water in isolated conditions.

8-8

trolled cooling. The determining factor is the allowable
cooling rate for the pressure vessel and critical equip-
ment. After the turbine is removed from the line, steam
is bypassed to the main condenser until the rate of
decay heat is sufficiently low to be removed by the
shutdown cooling function of the residual heat removal
system.

Emergency Shutdown

The plant is designed to accommodate abnormal
shutdowns such as loss of generator load or turbine
trip-out. Depending on the operating condition of the
plant and the size of the load rejection, a portion of the
steam may be bypassed to the condenser. When the
bypass system is not capable of accommodating the
excess steam generation, the reactor will automatically
scram and the reactor core isolation coolingand HPCS
systems will be actuated if required to maintain the
vessel water level. Any of the foregoing shutdown
modes of operation may be established after the emer-
gency shutdown.

Power Recovery Time Following a Scram

The normal plant operating features that delay
achieving power following a scram follow:

* Control rod withdrawal rates
* Coid plant heatup rates

¢ Turbine loading rates

¢ Xenon considerations

The exact recovery time, dictated by rod removal
rates, is a function of the elapsed fuel cycle time. At the
beginning of the fuel cycle, a shorter time could be
realized, but toward the end of the fuel life, more rods
must be removed to reach power and a longer time
would be required.

If the reactor system is to be cooled down, a heating
rate may be the limiting factor based on temperature
differences existing in particular regions of the pres-
sure vessel. The turbine loading rates are a function of
turbine temperatures.

PROGRAM COURSES

The training of a staff to operate a boiling water
reactor power station includes special training in
nuclear phenomena and fundamentals. Genera! Elect-
ric offers a complete training program for either the
utility that has purchased its first nuclear plant or the
utility that has an experienced nuclear staff. A typical
training schedule is illustrated in Figure 8-2.



Operator training includes classroom courses, BWR
Training Center courses, and special training pro-
grams and services. The courses that make up the
standard training program may be taken either individ-
ually or in combination, depending upon the trainee’s
experience or need.

MAINTENANCE
Routine Maintenance

Routine maintenance is undertaken in much the
same way as in a fossil-fueled power station. The basic
principles under which maintenance is performed are
as follows:

* Maintenance is performed in accordance with spe-
cific procedures to minimize the possibility of error
damage to the components.

« Component and system maintenance records are
maintained to facilitate scheduling and completion
of all necessary maintenance.

¢ Maintenance of most facilities outside of biological
shielding may be undertaken by direct contact
during station operation.

* To permit maintenance of such majorcomponents
as the reactor, or a recirculating water pump, a
complete nuclear unit shutdown is required.

* Radiation monitoring is used during the initial
approach to potentially radioactive equipment,
and monitoring continued periodically during dis-
assembly by use of portable monitors.

* Protective clothing is worn and other measures are
observed as necessary to avoid the spread of
radioactive materials.

e Components are decontaminated, as necessary,
prior to performance of maintenance. Such decon-
tamination measures assist in reducing exposure
to personnel during the ensuring work.

Nonroutine Maintenance

Nonroutine maintenance is scheduled as necessary
during periodic shutdowns of the station. Such shut-
downs are scheduled on the basis of system require-
ments, the safety of continued operation, and the
availability of maintenance manpower.

Maintenance Summary

A summary of the most important functions is given
below. In the case of conventional components, such
as pumps and heat exchangers, it is recommended that
normal maintenance practices be followed. Usually,
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this work is accomplished during regular plant shut-
down for refueling.

Other equipment is serviced as required by normal
operating practice. As a general rule, primary equip-
ment is serviced during refueling outages; auxiliary
equipment would be serviced while the plant is
operating.
Item Maintenance
Recirculation

pump
shaft seals

Inspect at each refueling and replace
if required.

Power range
in-core
flux monitors

Replace as necessary during refueling
outage.

Control rods  Replace as necessary during refueling

outage.

Fuel channels Replace as necessary at operational
convenience between refueling out-
ages while plant is operating or during

refueling.

RELIABILITY TESTS

Reliability tests are routine verifications of system or
equipment performance to give added assurance that
they will function as designed when required by plant
operating conditions. Many of these tests can be con-
ducted without interrupting plant operations, although
some variation or reduction in power output may result
during the test. Some examples are control rod drive
movement, average power range monitors trip verifica-
tion, and primary steam isolation valve operation.

Other systems can only be tested with the plant shut-
down. Such tests are conducted on a planned basis
during refueling outages. Some examples are liquid
control system valve operation and scram dump tank
high level trip.

REACTOR EQUIPMENT MAINTENANCE

The reactor internal equipment is designed so that
most components can be easily removed. Exceptions
are the upper core grid and the lower core plate. These
items are structural members of the core assembly and

normally would not be removed as a maintenance func-
tion. However, they may be removed in the reverse
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procedure of their installation or major modification
work. The core shroud and the diffuser section ofthe jet
pump are permanent parts of the vessel.

Although the probability of damaging reactor com-
ponents is very low, the potential does exist because of
the physical movement of components in the sequence
of refueling or control rod replacement. Consequently,
the need for convenient replacement is recognized and
has been incorporated into the design of the fuel sup-
port pieces, guide tubes, orifices, rod drives, and jet
pumps.

The fuel assemblies, control rods, and in-core flux
monitoring assemblies are items that have a limited
in-reactor exposure life. The design of these items has
included, to a high degree, the concept of routine
replacement. The following paragraphs are a general
description of the procedures for contro! rod, rod drive,
and in-core fiux monitor replacement.

Control Rod Replacement

Control rod life depends on the time the control rod
spends in the high flux region of the core. When the
recorded irradiation history of the contro! rod indicates
replacement is required, the fuel assemblies surround-
ing the rod are removed. The control rod is withdrawn
and the fuel support casting is removed. The control
rod is detached from the drive mechanism by actuating
a spring-loaded coupling. The control rod is then
moved to the holding pool for transfer to the fuel build-
ing storage pool. irradiated control rods must be
shielded, but the depth of water required is less than
that for fuel.

Control Rod Drive Mechanism Removal and
Replacement

It is expected that infrequent drive maintenance will
be required to inspect wear surfaces and replace seals
and other worn parts. Drive removal and replacement
are performed in the space below the reactor vessel
during plant shutdown. The control rod is withdrawn
from the core untit a seal surface on the rod coupling
closes off the top of the control rod drive housing. (A
penetration seal is used to seal from above if the rod
backseat is ineffective.) The coupling is actuated either
from above the reactor, if the vessel head has been
removed, or from below the reactor by using an activat-

ing tool which is attached to the drive. Water in the drive
is drained.

The mounting and removal of the control rod drives
with the reactor vessel mounting flange and the trans-
port of the drives in the under reactor vessel area are
performed using power assisted equipment. A plat-
form, mounted on circular track secured to the inner
surface of the reactor pedestal, provides for the opera-
tion of the drive handling equipment and for the move-
ment of the drives to the required under vessel location.
(Targets, corresponding to the location of each contro!
rod drive reactor vessel mounting flange, are located
on the under vessel area floor for this purpose.) The
drive handling equipmentinciudes a cart which mounts
on rails located on each side of a center slot in the
platform, an elevator mechanic (which is part of the
cart) and other power operated features.

The removal of a control rod drive is reverse of the
mounting of a drive. Control rod drives enter the under-
vessel area secured to the cart. Once the drive is at its
intended location by rotating the platform and moving
the cart onits raits, the drive is rotated from the horizon-
tal to the vertical, aligning the elevator with the target
on the floor. The drive is raised to meet the vessel
mounting fltange. A torquing tool is raised to secure the
drive mounting bolts. The operation of the handling
equipment is from a control station located on the
equipment handling platform.

Power Range In-Core Neutron Monitor Servicing

The litetime of the power range neutron monitors
varies with the reactor neutron flux level at a particular
core location. The power range detection assembly
consists of multipie dry tube assembly and four neu-
tron detectors. The assemblies lie in the interstice of
four fuel assembly groups that are enclosed by four
control rods. The flux monitor assemblies need not be
disturbed during refueling.

Removal of the individual detectors is accomplished
by automatic or manual winding into a shielded dispo-
sal cask. Installation of a detector is accomplished
manually by insertion until the fitting is in position on
the dry tube. When the fitting is tightened, the mechani-
cal installation is complete. The signal cable is con-
nected to the mating connection of the detector and the
sensor is ready for use.
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INTRODUCTION

The BWR/6 is designed to provide fast and efficient
refueling to minimize refueling outage time. The total
refueling system is based on extensive experience with
a large number of operating BWR’s.

This section describes the refueling tasks as well as
the refueling tools required to support a refueling ofthe
nuclear boiler in a Mark I1) containment. The refueling
concept shortens the reactor-related operations
through the use of several series of operations: fuel
handling over the reactor in the upper containment
pool, fuel transfer between the upper poo! and fuel
building transfer pool, and fuel handling into the stor-
age pool in the fuel building. The containment pool has
a fuel holding capacity equal to 25% of initial core load,
facilitating ease of the refueling operation.

The design provides for fuel preparation and storage
in the fuel building and incorporates an inclined fuel
transfer tube to effect transfer of the fuel between the
upper containment pool and the fuel building pool.

The reactor building refueling floor is shown in Fig-
ure 9-1. The storage space allotted for the various
equipment is outlined. A watertight gate separates the
fuel storage and transfer area of the upper containment
pool from the reactor well so that the reactor well can
be drained when opening the reactor vessel.

The fuel building accommodates a dry new-fuel stor-
age vault, a new-fuel inspection stand, a transfer-
storage pool, a fuel storage pool, and a spent fuel cask
shipping area.

An annual refueling outage includes these major
tasks:

* Discharge 25% of the center core fuel assemblies

» Shuffle 25% of the core from outside-in

* Reload 25% of the peripheral locations with pre-
viously channeled new fuel

REFUELING TASKS

The refueling tasks are described in the following
paragraphs.

Reactor Shutdown

The reactor is shut down according to normal station
shutdown procedures (see Section 8). During cool-
down, the reactor pressure vessel is vented and filled to

Section 9

Refueling Equipment

and Procedures
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Figure 9-1. Reactor Building Refueling Service Floor
Laydown Areas

above flange level to promote cooling. The drywell
head cavity is drained and drywell head bolts removed
during this time in preparation for head removal.

Drywell Head Removal

The drywell head typically utilizes swing bolts, which
are loosened to clear the head and swing outward to
lean on the reactor well wall. The unbolted drywell head
is lifted by the polar buitding crane to its storage space
on the refueling floor. The drywell seal surface protec-
tor is instalied before any other activity proceeds in the
reactor well area.

Vent Pipe and Vessel Head Insulation Removal

With the drywell head removed, an array of piping is
exposed that must be serviced. Various vent piping
penetrations through the reactor well must be removed
and the penetrations made watertight. Vessel head pip-
ing is stored on the head insulation and a common lift is
used to transport them to storage on the refueling floor.

Water level in the vessel is now lowered to flange level
in preparation for reactor vessel head removal.

— %
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Reactor Vessel Head Removal

The combination of head strongback, and carousel
stud tensioners is placed over the vessel head. The stud
with multiple tensioners are used to loosen successive
groups of head nuts until ali are removed and stored in
racks in the carousel. The head is attached to the
strongback. The head, strongback, and carousel are
transterred by the reactor building crane to the head
holding pedestals on the refueling fioor, keeping the
vessel head elevated to facilitate inspection and O-ring
replacement. The vessel studs in line with the fuel
transter canal are removed to provide a path for fuel
movement.

Steam Dryer Removal

The dryer-separator strongback is lowered into the
vessel opening and attached to the dryer lifting lugs.
The dryer is lifted from the reactor vessel and trans-
ported underwater to its storage location in the dryer
storage pool.

Steam Line Plug Installation

Prior to removal of the steam separator, the steam
line plugs are instalied in the four main steam nozzles
from inside the vessel. This is accomplished using the
installation tool suspended from a chain hoist attached
to the building crane. The plugs are hand-guided into
place in the steam nozzles and inflated. With these
plugs in place, servicing of the safety/relief vaives or
main steam isolation valves can be accomplished with-
out interference or holdup to refueling operations.

Steam Separator Removal

In preparation for the separator removal, the separa-
tor is unbolted and unlatched from the shroud, using
the four shroud head bolt wrenches. The dryer-
separator strongback is lowered into the vessel and
attached to the separator lifting lugs. The separator is
then transferred underwater to its storage place in the
pool.

Fuel Bundle Sampling

During reactor operation, the core off-gas radiation
level is monitored. If a rise in off-gas activity has been
noted, the reactor core may be sampled during shut-
down to locate any leaking fuel assemblies. The fuel
assembly sampler is used to obtain water samples from
the in-vessel fuel assemblies. The sampler permits the
isolation of each fuel assembly in clusters of four for the



taking of water samples to detect and identify failed
fuel. Up to 16 fuel assemblies can be sampled at one
time using 2 cabinets with a total of 4 heads, one
cabinet on each side of the reactor wall. Suspect fuel
bundles will be examined later for proper disposition.

Refueling

The gate isolating the fuel transfer area is removed,
thereby interconnecting the reactor well and the fuel
transfer area.

The refueling platform (Figure 9-2) is the principal
device to handle and transfer fuel assemblies in and out
of the reactor. To move fuel, the fuel grappie is aligned
over the fuel assembly, lowered, and attached to the
fuel bundle bail. The fuel bundie is raised out of the
core, moved through the refueling slot, positioned over
the storage rack, and lowered into the rack. Fuel is
shutfled, and new fuel is moved from the storage racks
to the reactor vessel in the same manner.

Concurrent with fuel shuffling, spent fuel assemblies
are transferred from the containment pool storage
racks to the fuel pool storage racks in the fuel building.
Any identified defective fuel assembly is placed in a
defective fuel container.

FUEL TRANSFER SYSTEM

An inclined transfer tube is used for the transfer of
fuel assemblies, control rods, or other irradiated items
between the fuel building pools and the upper pool in
the containment (see Figure 9-3). The transfer tube
assembly includes the transfer tube itself, a tilting con-
tainer and carrier for two fuel assemblies that moves up
and downinside the tube, upperand lower tilting mech-
anisms, and a mechanical transfer mechanism and
associated controls.

The transfer tube is a 24 inch (0.61 m) i.d. stainless
steel tube encased by a carbon steel guard pipe. The
tube is made up of sections joined by couplings and
sealed against internal pressure. Valves at each end of
the transfer tube keep the upper pool from draining
through the transfer tube. Bellows provide a flexible
seal to permit relative movement between buildings for
settling or seismic displacement.

A blind flange mounted over the tube provides the
required containment isolation during plant operation.
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A carriage shuttles between the containment and fuel
building pools. Individual inserts adapt the carriage to
transfer tuel, control rods or other in-core components.
A winch and dual cables are provided for moving the
carrier through the transfer tube. Tilting mechanisms
powered by hydraulic pistons rotate the container to
the vertical position for loading and unloading of fuel
bundles and other in-core components. Interlocks pre-
vent rotation of the container unless the carrier and
auxiliary or refueling platform are in the correct
position.

Control of the transfer system is from two control
stations, one on the operating floor in the reactor build-
ing near the upper end of the transfer tube, and the
other on the operating floor in the fuel building adja-
cent to the transfer pool and near the lower end of the
transfer tube. Controls, instrumentation, and commun-
ications needed to operate and monitor the transfer
system are grouped at these two locations.

The sequence of operations (some of which are auto-
matic) to perform a transfer from the containment pool
to the transfer pool in the fuel building (see Figure 9-2)
is outlined as follows:

* Load fuel assembly into tilting tube in its vertical
position.

¢ Tilt tube to the inclined position.

* Lower carriage to position just above lower valve in
transfer tube and close flapper valve.

* Open exit valve and drain the water in the tube.
(Water exit valve closes automatically.)

* Open the lower valve.

* Lower the carriage to its lower limit in the fuel
building transfer pool.

* Tilt tube to the vertical position.

* Remove fuel assembly.

With the carriage as depicted in the lower pool,

Unload the tilting tube and insert new fuel.

Tilt tube to inclined position.

Hoist the carriage to a position inside the transfer
tube, just above lower valve.

* Close the lower valve.

Open the water inlet valve and fill the transtfer tube.
Hoist carriage to upper limit in reactor building
transfer pool.

Tilt tube to a vertical position.

Untoad fuel assembly and transfer directly to core
or to fuel holding pool in containment.
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A — REACTOR BUILDING TRANSFER POOL
8 — ISOLATION VALVE ROOM
C — FUEL BUILDING TRANSFER POOL.
1 — SHIELD BUILDING WALL
2~ STEEL CONTAINMENT
3 - CABLE WINCH
4 — ROLLER TRACK AND SUPPORT STRUCTURE
6~ RAM ACTUATOR CYLINDER (SWIVEL MOUNTED)
8 — FLAPPER VALVE
7 - SHIEVE BOX
8— WATER INLET VALVE
9 — ISOLATION VALVE
10 - ADAPTOR
11— BELLOWS (TYPICAL, FOR 32 in. 1.D. PIPE)
12 — GUARD TUBE (32 in. 1.D. TYPICAL}
13 — TRANSFER TUBE SUPPORT BOX
14 ~ WATER EXIT VALVE
16 = RADIATION SHIELDING
18 ~ FUEL BUILOING WALL
17 - REFUELING FLOOR LEVEL
18 - VALVE
19 — LIFY CABLE (TYPICAL OF 2)
20 — TILTING TUBE (CONTAINING 2 FUEL BUNDLES)
21 — RAM LATCHING MECHANISM

22 — CARRIAGE (WITH ROLLERS AND CABLE ATTACHMENT)

23 — PIVOT POINT
Liad

24 — ACCOMMODATION

25— ROLLER TRACK AND SUPPORT STRUCTURE

28 — RAM ACTUATOR CYLINDER (SWIVEL MOUNTED)
27 — GROUND LEVEL

Figure 9-3.

Fuel Transfer Arrangement
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REFUELING EQUIPMENT
Refueling Platform

The refueling platform (Figure 9-2) is used to trans-
port fuel assembilies in and out of the reactor. It also is
equipped with two auxiliary hoists to handle and trans-
port other core pieces, and it provides the operator with
a work surface for most other servicing operations. The
platform travels on tracks extending along each side of
the upper containment pool. The fuel grapple is
mounted on a trolley that can traverse the width of the
platform.

The platform control system permits variable-speed,
simultaneous operation of all three platform motions.
One operator can control all the motions of the plat-
form required to handle the fuel assemblies during
refueling. Interlocks on both the grapple hoistand aux-
iliary hoists prevent hoisting of a fuel assembly over the
core with a control rod withdrawn; interlocks also pre-
vent withdrawal of a blade with a fuel assembly over the
core attached to either the fuel grapple or hoists. Inter-
locks block travel over the reactor in the startup mode.

A digital position indication system is included. The
readout, in the operator’s cab, matches the core arran-
gement cell identification numbers and permits very
accurate positioning of the refueling grapple.

Auxiliary Platform

The auxiliary platform is a low silhouette platform
which rides on rails inside of those used for the refuel-
ing platform. It is used with the refueling platform for
concurrent vessel or pool work and will accommodate
an auxiliary hoist for general purpose work. The auxil-
iary platform may be lowered to the vessel flange to
facilitate handling of jet pumps or other internal
components.

Fuel Handling Platform

The fuel handling platform is a similar device
mounted over the fuel building pools. The platform has
a motorized trolley to which the grapple is mounted.
The grapple is similar to that described for the refueling
platform. An operator's bridge is suspended from the
trolley. The combination of the bridge movement for
the length of the pools and the trolley movement for the

width of the pools provides complete access to these
pools.

Fuel Pool Jib Crane

This jib crane is used in the fuel building for tranfer-
ring new and spent fuel assemblies between the stor-
age racks and fuel preparation machines iocated in the
fuel transfer pool.

Fuel Assembly Sipper

The fuel assembly sipper is used to sample suspect
fuel assemblies in the fuel pool. It is used to evaluate
and confirm the results obtained from the in-vessel fuel
bundle sampler. The sipper circulates water in the fuel
assembly and through the fuel bundle, permitting the
desired buildup to isotopic concentration for sampling
and testing. The evaluation is made in the fue! storage
pool.

Miscellaneous Equipment

A complement of other equipment is used to facilitate
the refueling process. These are items such as slings,
grapples, actuating poles, wrenches, storage racks,
lights, viewing aids, an underwater TV system, and
vacuum cleaner.

NEW FUEL PREPARATION

New fuel is delivered to a receiving station within the
fuel building. Each crate holds aninner metal container
which contains two fuel bundles. Handling during
uncrating is normally accomplished by the fuel build-
ing crane, extending down from the servicing floor
through the equipment hatch. The inner container is
lifted up through the equipment hatch to the servicing
floor. The container is supported in a vertical position
while the fuel bundles are unstrapped and then lifted
into the new fuel storage racks located in the new fuel
storage vault.

inspection of the new fuel is normally deferred until
all the reusable metal containers are emptied and the
area around the new fue! vault is cleaned. The individ-
ual fuel bundles are then removed from the vault,
inserted in the new fuel inspection stand, dimension-
ally and visually inspected, and returned to the storage
vault to await affixing of channels.

New Fuel Inspection Stand

The new fuel inspection stand located in the refuel-
ing building is a frame structure which holds two fuel
bundles in the vertical position adjacent to each other.
The lower socket receptacle for the fuel bundle permits



the rotation of the bundle. The upper receptacle is a
retaining clamp to support the fuel bundle in the verti-
cal position. A motor-operated lift raises and lowers a
U-shaped working platform for inspection of each fuel
bundle over its entire length.

Channeling New Fuel

Two fuel preparation machines are located in the fuel
building pool: one fordechanneling spent fuel, and the
other for channeling new fuel. New fuel bundles with-
out channels are unloaded from the new fuel vault and
transported to the fuel racks in the fuel pool. A spent
fuel bundle is transported to the fuel preparation
machine, using the fuel handiing platform. The channel
is unbolted from the bundle, and the channel handling
tool is fastened to the top of the channel. The fuel
preparation machine carriage is lowered, removing the
fuet from the channel. The channel is then positioned
over a new fuel bundle located in the second fueil prepa-
ration machine, and the process reversed. The chan-
neled new fuel is stored in the pool storage racks ready
for transfer and insertion into the reactor.

The preferred method is to channel a reload batch of
fuel while the reactor is operating to ensure that the fuel
is ready for use during the refueling operation. New fuel
can then be transferred into the containment pool dur-
ing reactor cooldown and refueling preparation tasks.
Spent fuel can be transferred from the containment
pool to the fuel building during vessel reassembly after
refueling.

Dechanneling should immediately precede channel-
ing, for maximum efficiency. Channel storage adaptors
can be used to permit irradiated channels to be stored
in the fuel storage racks. These adaptors fit in the fuel

racks as spacers and allow the top of the stored chan-
nels to project above the top of the racks for convenient
handling. A channel transfer grapple is used to trans-
port channeils.

Unirradiated spare channels are normally stored in
the vacant racks in the new fuel storage vault. These
channels would be removed only as needed to com-
plete the assemblies required for the next refueling
outage.

A wall-mounted channel accumulation rack is
located between the two fuel preparation machines.
The use of this rack permits some lag to occur between
the dechanneling and channeling operations.

FUEL STORAGE AND SHIPMENT

Spent fuel removed from the reactor is stored in the
fuel storage pool in the fuel building. High density fuel
storage rack capacity to hold a normal discharge batch
of fuel bundles plus a full core is normally available as a
minimum storage capacity.

Spent fuel is stored for a time as determined by the
schedule for shipment to the fuel reprocessing facility.
For such shipments, fuel bundles are loaded into spe-
cial design shipping casks which are generally made
available by the fuel processor. The heavy casks, capa-
ble of holding many fuel bundles, arrive on special
trucks or railroad cars which are brought into the car
bay of the fuel building. The cask is lifted from the
vehicle into the cask loading pool by the fuel building
cask crane. This crane cannot traverse the spent fuel
storage areas. Once fuel is Icaded into the cask, it is
sealed and lifted back onto the transport vehicle for its
return trip to the reprocessing facility.
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INTRODUCTION SeCtlon 1 O

The objectives of the Preoperational and Startup

Test Programs are as follows: P reO pe ratiO n al a n d
* Verify that all equipment and systems meet design Sta rt U p Test P rog ra m S

and operational requirements prior to fuel loading.

* Demonstrate that the NSSS and its associated
emergency core cooling system meet all stated
criteria and operational requirements over the full
range of temperature, pressure, and power.

* Demonstrate that the reactor and all associated
control systems meet stated criteria on stability,
performance, and operability in all operating
modes.

* Demonstrate that the NSSS meets or exceeds war-
ranted performance.

* Demonstrate that all startup and surveillance tests
can be performed within the NRC Technical Speci-
fications as well as normal routine operation.

* Control and document the testing activities and
create a permanent record of the results.

* Allow utility operating and technical personne! to
obtain detailed knowledge of piant performance
characteristics.

ORGANIZATION

The preoperational and startup testing is performed
by plant personnel, with technical direction from Gen-
eral Electric Startup and Training personnel. Preopera-
tional testing, with site technical direction by Startup
Test Operations personnel, usually begins about 10 to
12 months before fuel loading. Startup testing ends
with the successful completion of the steam output
demonstration test, usually a 100-hour run of continu-
ous operation at rated conditions.

TEST DOCUMENTS

As part of the startup technical direction, the foilow-
ing documentation is used:

* Preoperational test program specifications for
equipment supplied by General Electric

* Preoperational test instructions for equipment
supplied by General Electric

» Startup test program specifications

e Startup test instructions

The specifications define the minimum test pro-
grams which General Electric considers necessary to

meet the objectives noted earlier. They include brief
descriptions, criteria, and a suggested sequence for

10-1



performing the tests. The instructions are primarily
working documents to be used by operating and tech-
nical personnel performing the test work. They contain
step-by-step instructions in enough detail for know!-
edgeable personnel to perform the tests; they also
include data sheets, methods of data analysis, results
of predictive analyses made in San Jose, and other
supporting information.

PREOPERATIONAL TESTS

A program of preoperational testing of all equipment
and systems is carried out to verify that the perfor-
mance of plant systems meets design criteria and oper-
ational requirements and that the plant is ready for fuel
ioading and initial startup. This program includes the
verifications, adjustments, and operations necessary to
ensure that initial loading and subsequent operation
can be safely undertaken. System components are
tested, logic checks are performed, and sensor set
points are verified. The system is then tested as a
whole, to the extent feasible, to verify that the system
performs in conformance with the design. Forexample,
the system tests include, as appropriate, response and
sensitivity measurements, wiring verification, air or
hydraulic flow tests, equipment interlock checks, and
vibration measurements. Finally, integrated functional
tests are performed to check the interaction of related
systems in response to simuiated plant signals.

For systems that require elevated temperatures,
pressures, or high pressure steam flows to complete a
system checkout, preliminary checks are made in the
cold condition, and final testing is accomplished dur-
ing the initial nuclear heatup or power ascension por-
tions of power testing.

The following is a brief summary of the preopera-
tional test program. Four major system pre-optestsare
described briefly; others are simply listed to indicate
the nature and scope of the program for the equipment
normally supplied by General Electric. Approximately
75 to 100 pre-op tests are also required on equipment
supplied by others.

Reactor Water Cleanup

The vessel is cieaned and filled with high purity water
and the reactor cleanup system is placed in operation
to maintain water quality. In addition, all the process
instrumentation required during the startup and “open

vessel” testing is placed in operation.
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Nuclear System Instrumentation and Control

Each primary element, transmitter, receiver, indica-
tor, control element, and any other instrumentation
device is inspected. Any damaged or inaccurate ele-
ment is repaired or replaced. All interconnecting piping
and wiring is verified. Each device is adjusted and cati-
brated in accordance with the manufacturer's recom-
mendations. All control devices are exercisedto ensure
proper operation with the accuracy and response char-
acteristics required by the system and specified by the
manufacturer.

Reactor Protection System Circuits

Each circuit of the reactor protection system is tested
to verify that a scram signal will initiate a reactor scram.

_ For example, the reactor vessel pressure sensors in the

reactor protection system as individually tested by var-
ying a simulated pressure signal to the sensors. As a
signal level corresponding to a scram condition is
reached, scram functions and annunciation should
appear for the particular channel under test. in this
manner, all scram sensors except neutron flux sensors
are tested.

Each intermediate and average power range monitor
is tested to verify the scram function of these devices by
an electronically generated signal. All reactor protec-
tion system coincidence features and the “fail-safe”
feature of each component of this system are also
tested for proper action.

Control Rod Drive System

The complete control rod drive hydraulic system
(accumulators, scram valves, exhaust header, piping,
pressure regulating valves, and interlocks) is tested
without actuation of the drive mechanism. The control
rods are then attached to the drives, and rod guides are
installed to test each rod drive and rod assembly indi-
vidually for shim control and scram operation. The
operation is repeated as often as necessary to ensure
that all the control rods are reliably operative.

Other Preoperational Tests

The foilowing is a list by title of other preoperational
tests performed:

Feedwater Control
Standby Liquid Control (SBLC)
Nuclear Boiler

Residual Heat Removal (RHR)



Reactor Core Isolation Cooling (RCIC)
Reactor Recirculation System

Fuel Handling and Vessel Servicing Equipment
Low Pressure Core Spray System (LPCS)
High Pressure Core Spray (HPCS)
Nuclear System Leak Detection

TIP Calibration System

Rod Control and Information System
Process Radiation Monitoring

Process Computer Interface
Containment Isolation

FUEL LOADING AND OPEN VESSEL TESTING

The preoperational testing program ends and the
startup testing program begins when all items neces-
sary for fuel loading have been completed. The general
procedures to be followed during this period are out-
lined in the paragraphs which foliow. Special attention
is given to matters having a potential effect on nuclear
safety.

At the start of fuel loading, all necessary equipment is
in operable condition, and the reactor vessel is filled
with water to the normal level. Normal refueling equip-
ment and techniques are used for the installation of
fuel. Minor modifications in the normal fuel handling
procedures may be made since the fuel has not been
irradiated. For example, the fuel pool and the pool
above the reactor vessel need not be filled, and thus
new fuel may be transported directly to the reactor
since it can be handled more efficiently in this manner.

Operational neutron sources are installed in the ves-
sel before fuel loading starts. These are Sb-Be sources
that produce neutrons by the y-n reaction. They are
continually regenerated by reactor operation. The
sources have sufficient neutron emission to provide
significant readings on the special neutron-sensitive
chambers used for initial fuel loading at all stages ofthe
planned loading.

An Am-Be source is installed in the vessel before
loading starts. This source produces neutrons by the
a-n reaction. The source has a sufficient neutron emis-
sion rate to provide significant readings on the special
neutron-sensitive chambers used for initial fuel loading
at all stages of the planned loading.

The special neutron-sensitive chambers for initial
fuel loading are installed in the vessel around the
periphery of the volume to be loaded. These instrument
channels are capable of initiating a reactor scram if
reactor power exceeds preestablished limits.
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All low level nuclear instrumention channels are
tested for response to neutron flux, using the neutron
sources, prior to the start of loading and/or at approp-
riate intervals during loading.

The following scram sensors must be operative:

* High water level in scram discharge volume

* Manual scram

* High flux on any of the flux monitors connected to
the reactor protection system (SRM, IRM, APRM)

* Low water level in the reactor vessel

The standby liquid control system is availabie during
loading and critical testing. At every stage during the
initial loading and in the fully loaded configuration, the
control rod system must provide the minimum cold
shutdown margin.

No special tests are required to verify the nuclear
characteristics of fuel assemblies and control rods. The
BWR is characterized by the stability of its standard
core design and core component design, and the
extensive confirmation of the analytical methods app-
lied in the design process. A manufacturing quality
assurance program is provided to establish that the
core components are fabricated to meet the physical
properties specified. The core is loaded in prescribed
steps, with a simple test performed for adequate sub-
criticality before and after each loading step. This also
functionally tests each control rod and drive. The shut-
down margin is measured or it is demonstrated that
shutdown criteria are met.

HEATUP AND LOW POWER TESTING

After fuel loading is completed, the reactor is brought
critical to verify adequate response of the startup range
monitoring and intermediate range monitoring nuclear
instrumentation systems. These systems are initially
calibrated from nuclear data.

Following the open vessel tests, the reactor vessel is
closed up and the system and plant brought to a condi-
tion of readiness for power operation (see Section 9,
Refueling Equipment and Procedures). The nuclear
system is hydrostatically pressurized and checked for
leaks prior to starting the heatup test program.

* The recirculation pumps are operated to deter-
mine base flow rates and pressure drops inthe cold
condition.

* The reactor is brought critical again and system
heating is begun; the intermediate range monitor-



ing and average power range monitoring systems
are calibrated, based on thermal data. System
pressurization begins when water temperature
increases above 212°F (100°C).

* Reactor pressure vessel surface temperature, pro-
cess temperatures, and thermal expansion are
measured.

* The control rod drive system is tested at various
intermediate pressures up to rated pressure.

¢ Radiation surveys are begun.

* The vacuum, condenser, and off-gas systems are
brought into operation and verified.

* Reactor auxiliaries are operated and verified as
appropriate (cleanup system, condensate Sys-
tems, feedwater system, etc.).

* Operability of the reactor core isolation cooling
and high pressure core spray systems are verified.
The objective is to determine the ability to start
from a cold condition and reach rated flow within
the specified time.

* The turbine is rolled as soon as steam production
is sufficient.

POWER OPERATION TEST PROGRAM

The reactor and plant are brought to full power in
incremental steps. Comprehensive testing of the oper-
ational, transient, and safety characteristics of the
nuclear system and the plant must be completed suc-
cessfully at each line before power output is increased
to the next higher line. Typically, the tests are per-
formed at 25%, 65%, and 100% of full power rating.

This power test program, as furtherdescribed below,
is designed to demonstrate not only that the plant is
properly designed and instructed and can be operated
as reliable power producer in the utility system, butaiso
that all of the operating safety provisions required by
NRC regulations are functioning. This power test pro-
gram, required of all light water reactors, is a vital but
not highly publicized safety assurance program.

Ascent To Rated Power

* Power calibration of nuclear instrumentation by
heat balance technique. The objective is to
improve the power calibration accuracy of the
nuclear instrumentation in the safety system. Con-
ventiona!l heat balance techniques are used.

* Radiochemical sampling and analyses are begun.
The objectives are to establish a base condition
from which to measure changes and to check out
laboratory procedures.
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* Local power range monitor (LPRM) calibration.
The objective is to calibrate the power distribution
instrumention system. The calibration procedure
begins with flux measurements by moveable
chambers (TIP) and results in a set of correction
factors used to reset the LPRM ampilifier gains.

¢ Core performance evaluations are made at each
significantly different power, rod pattern, fiow, or
subcooling. The objective is to determine the core
power distribution using the LPRM system and, in
particular, to find the maximum heat flux and the
minimum critical power ratio (MCPR) at each
changed condition. Plant instrumentation and
conventional heat balance techniques are used.

* The reactor relief valves are opened one at a time.
The objective is to verify designed capacity and
operating characteristics of each valve and check
for proper reseating after operation.

Small Perturbation Tests

Thesetestsare performed at each power flow plateau
to test the dynamic response and verify stability. Con-
trol system adjustments are made when required. The
objective is to demonstrate that the reactor response is
well damped. Pressure power, core flow, and power
distribution data are recorded.

* The pressure set point of the pressure regulator is
moved quickly to £10 psi (+69 kPa).

* A control rod is moved continuously (+) an amount
sufficient to change the local power (measured by
local in-core flux monitor) less than 10% of point.

* The recirculation flow is changed quickly (+) to
affect power by less than 10% of point.

* The feedwater flow is changed quickly () to affect
power by less than 10% of point.

Large Transient Tests

Large transient tests are performed at only a few
power levels to demonstrate safe response to abnormal
disturbances:

¢ The generator breaker is tripped which causes the
turbine control valves to close rapidly and the
bypass valves to open rapidly.

* The turbine stop vaives are tripped closed which
also causes the bypass valves to open rapidly.

* One and both recirculation pumps are tripped.

* By means of the flow control system, the recircula-
tion fiow is varied at maximum rate over its maxi-
mum range.

¢ The main steam isolation valves are closed.



WARRANTY DEMONSTRATION

Upon completion of all startup tests, the NSSS war-
ranty performance test is performed in accordance
with the NSSS contract at full power to demonstrate
capability of the nuclear system to produce the steam
flow rates at required pressure and quality.
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