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4.

REACTOR

4.1

SUMMARY DESCRIPTION

The reactor is a pressurized water reactor and is functionally comprised of the
reactor internals, fuel system, and control rod drives.

The fuel system con

sists of the fuel assemblies and control components.
The major functions of the reactor internals are to support the core, maintain
fuel assembly alignment, and direct the flow of reactor coolant.
The fuel system is designed to operate at 2,568 MWt with sufficient design margins
to accommodate transient operation and instrument error without damage to the
core and without exceeding limits for the Reactor Coolant System (RCS).

The

fuel system is designed to meet the performance objectives within the limits of

.

design and operation specified in Sections 4.2, 4.3, and 4.4.

The fuel assembly is designed for structural adequacy and reliable performance
during core operation.

This includes steady-state and transient conditions

under the combined effects of pressure, temperature, hydraulic forces, and
irradiation.

The fuel assembly is mechanically compatible with the reactor

internals and control components.

In addition to incore operation, the fuel

assembly must be designed for handling, shipping, and storage to assure that
the fuel assembly maintains its dimensional and structural integrity.

Section

III of the ASME Boiler and Pressure Vessel Code serves as a guide for fuel
assembly and reactivity control component analysis.
The fuel assembly thermal-hydraulic operating characteristics have been deter
mined and found to be compatible with design limits.
during transients so that no fuel melting occurs.

Power peaks are controlled

The minimum core DNB ratio

at the design overpower is well above the design limit.

Although net steam

generation occurs in the hottest core channels at the design overpower,
hydraulic stability analyses have shown that no flow oscillations will occur.
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The control components (control rod assemblies, axial power shaping rod as

semblies, and burnable poison rod assemblies) are designed to perform their
functions in controlling the reactor.
Core reactivity is controlled by control rod assemblies (CRAs), axial power
shaping rod assemblies (APSRAs), burnable poison rod assemblies (BPRAs) and
soluble boron in the coolant. Sufficient CRA worth is available to shut the
reactor down with at least 1% Ak/k subcritical margin in the hot condition at
any time during the life cycle with the most reactive CRA stuck in the fully
withdrawn position. Equipment is -provided to add soluble boron to the reactor
coolant to ensure a similar shutdown capability when the reactor is cooled to
ambient temperatures.
The reactivity worth of a CRA and the rate at which reactivity can be added
are limited to ensure that credible reactivity accidents cannot cause a tran
sient capable of damaging the RCS or causing significant fuel failure.
The control rod guide path is designed to ensure that the control assemblies
will not disengage from the fuel assembly guide tubes during operation.
Guidance is provided by close-tolerance indexing of the fuel assembly upper
end fitting with the upper grid rib section.

4.1-2

FUEL SYSTEM DESIGN

4.2

The fuel system consists of fuel assemblies and control components which are
designed to the bases described in 4.2.1 and 4.2.2.

DESIGN BASES - FUEL SYSTEM DESIGN

4.2.1

The fuel is designed to meet the performance objectives specified in 4.2.1.1
without exceeding the limits of design and operation specified in 4.2.1.2.

4.2.1.1

Fuel System Performance Objectives

The core is designed to operate at 2568 MWt (rated power) with sufficient
design margins to accommodate transient operation and instrument error without
damage.

The fuel rod cladding is designed to maintain its integrity for the antici
pated operating transients throughout core life.

The effects of gas release,

fuel dimensional changes, and corrosion- or irradiation-induced changes in the
mechanical properties of cladding are considered in the design of fuel assemblies.

4.2.1.2

4.2.1.2.1

Limits

Nuclear Limits

The core has been designed to the following nuclear limits:

a.

Fuel assemblies have been designed for the maximum assembly burnups shown
in Table 4.2-2.

b.

The power Doppler coefficient is negative.

However, the control system

is capable of compensating for reactivity changes resulting from either
positive or negative nuclear coefficients.

c.

A control system consisting of part length axial power shaping rods is
provided to allow the shaping of power axially in the core, thereby
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thwarting any tendency towards axial instability resulting from a
redistribution of xenon.

d.

The core will have sufficient excess reactivity to produce the design
power level and lifetime without exceeding the control capacity or
shutdown margin.

e.

Controlled reactivity insertion rates have been limited to a maximum
value of 1.1 x 104 (Ak/k)/sec for a single regulating CRA group with
drawal, and 4.4 x 10-6 (Ak/k)/sec for soluble boron removal.

f.

Reactor control and maneuvering procedures will not produce peak-to
average power distributions greater than those listed in Table 4.2-1.
The low reactivity worth of CRA groups inserted during power operation
limits power peaks to acceptable values.

4.2.1.2.2

*

Reactivity Control Limits

The control system and operational procedures will provide adequate control of
the core reactivity and power distribution.

The following control limits will

be met:

a.

Sufficient control will be available to produce an adequate shutdown
margin.

b.

The shutdown margin will be maintained throughout core life with the CRA
of highest worth stuck out of the core.

c.

CRA withdrawal rate limits the reactivity insertion rate to a maximum of
1.1 x 10
(Ak/k)/sec for a single regulating group. Boron dilution is
limited to a reactivity insertion rate of 4.4 x 106 (Ak/k)/sec.

For more detail refer to 4.3.

4.2-2
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4.2.1.2.3

Thermal and Hydraulic Limits

The reactor core is designed to meet the following limiting thermal and
hydraulic conditions:

a.

The fuel pin cladding, fuel pellets, and fuel pin internals must be
designed so that the fuel-to-clad gap characteristics ensure that the
maximum fuel temperature does not exceed the fuel melting limit at the
112 percent design overpower at any time during core life.

The TACO2

computer program is used to verify heat rate capacity (Reference 6).

b.

The minimum allowable DNBR during steady-state operation and anticipated
transients for Mark-B fuel is 1.30 with the B&W-2 correlation (References
1 and 2); and for Mark-BZ fuel, the minimum allowable DNBR is 1.18 with
the BWC correlation (Reference 8).

c.

Although generation of net steam is allowed in the hottest core channels,
flow stability is required during all steady-state and operational tran
sient conditions.

By preventing a departure from nucleate boiling (DNB), neither the cladding
nor the fuel is subjected to excessively high temperatures.

For more detail refer to 4.4.

4.2.1.2.4

Mechanical Limits

Fuel assemblies are designed for structural adequacy and reliable performance
during core operation, handling, and shipping.

Design criteria for core opera

tion include steady state and transient conditions under combined effects of
flow induced vibration, temperature gradients, and seismic disturbances.

Spacer grids, located along the length of the fuel assembly, position fuel
rods in a square array, and are designed to maintain fuel rod spacing during
core operation, handling, and shipping.

Spacer-grid to fuel-rod contact loads

are established to minimize fretting, but to allow axial relative motion result
ing from fuel rod irradiation growth and differential thermal expansion.
4.2-3
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The fuel assembly upper end fitting is indexed to the plenum assembly by the
upper grid rib section immediately above the fuel assemblies to assure proper
alignment of the fuel assembly guide tubes to the control rod guide tube.
The guidance of the control rod assembly and axial power shaping rod assembly
is designed such that these assemblies will never be disengaged from the fuel
assembly guide tubes during operation.

a.

Section III of the ASME Boiler and Pressure Vessel Code is used as a
guide in classifying the stresses into various categories and combining
these stresses to determine stress intensities.

The following limits

apply to the fuel cladding stress analysis.

(1)

The stress intensity value of the primary membrane stresses in the
fuel rod cladding that are not relieved by small material deforma
tion of the cladding shall not exceed the lesser of 2/3 the minimum
unirradiated yield strength or 1/3 the minimum unirradiated ultimate
tensile strength.

(2)

All fuel cladding stresses (primary and secondary) shall not exceed
the lessor of 2.0 times the unirradiated yield strength or 1.0 times
the unirradiated ultimate tensile strength for Condition I and II
occurrences, as permitted by the ASME Boiler and Pressure Vessel
Code.

Refer to 4.2.3.1.1 for the Duke clad stress and strain

methodology.

b.

Strain limits for this stress condition are established based on low
cycle fatigue techniques, not to exceed 90 percent of the material
fatigue life.

Evaluation of cyclic loading is based on conservative

estimates of the number of cycles to be expected.

-An

example of this

type of stress is the thermal stress resulting from thermal gradients
across the cladding thickness.

c.

Cladding uniform strain is limited to a maximum of 1.0 percent.

4.2-4

1988 Update

4.2.2.1

Fuel Assemblies

4.2.2.1.1

General

The fuel assembly designs shown in Figures 4.2-2 and 4.2-2A are typical of the
designs used in Oconee 1, 2 and 3 and are of the canless type where the eight
spacer grids, the end fittings, and the guide tubes form the basic structure.
Fuel rods are supported at each spacer grid by contact points integral with the
wall of the cell boundary.

For the MK B-4, MK B-5, MKB-4Z, and MK B-5Z designs,

the guide tubes are permanently attached to the upper end and lower end fittings.
Introduction of the reconstitutable top nozzle on the MK B-6, MK B-7, and MK
B-8 designs eliminates permanent attachment of the guide tubes to the upper end
fitting.

Use of similar material in the guide tubes and fuel rods results in

minimum differential thermal expansion.

The fuel is sintered low-enriched uranium dioxide cylindrical pellets.

e

The

pellets are clad in Zircaloy-4 tubing and sealed by Zircaloy-4 end caps, welded

at each end.

The clad, fuel pellets, end caps, and fuel support components

form a "fuel rod".

Two hundred and eight fuel rods, sixteen control rod guide

tubes, one instrumentation tube assembly, six segmented spacer sleeves, eight
spacer grids, and two end fittings make up the basic "Fuel Assembly" (Figures
4.2-2 and 4.2-2A).

The guide tubes, spacer grids, and end fittings form a

structural cage to arrange the rods and tubes in a 15 x 15 array.
position in the assembly is reserved for instrumentation.
tubes are located in 16 locations of the array.

The center

Control rod guide

Fuel assembly components,

materials, and dimensions are tabulated in Table 4.2-2.

At Oconee, several variations of the basic fuel assembly are used; Mark B-4, Mark
B-4Z, Mark B-5, Mark B-5Z, Mark B-6, Mark B-7, and Mark B-8.

The Mk B-4

assembly is a 15 x 15 Inconel grid assembly and has been used successfully for
many years in all units.

Mk B-5 is identical to the Mk B-4 except that its

upper end fitting has been modified to provide a positive holddown capability
of fixed core components without a retainer assembly installed (see section
4.5.2.5).

This type was first implemented in the Oconee 3 Cycle 7 Reload

(Reference 7).

The Mk B-4Z and Mk B-5Z assemblies differ from the Mk B-4 and
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*

Mk B-5 assemblies in grid material composition of the intermediate grids.

The

Z-grid assemblies are made of Zircaloy-4 material (with minor changes made to
the assembly to accommodate the differences in grid designs).

The MK B-6, MK B-7, and MK B-8 designs are shown on Figure 4.2-2A.

The MK B-6

is similar in design to the MK B-5Z except for the addition of the removable
upper end fitting and deletion of the top grid skirt.

The MK B-6 reconstitut

able top nozzle features the use of locking cups on the guide tube nuts to
enable removal of the upper end fitting for purposes of reconstitution.

The

MK B-7 is similar to the MK B-6, except that the lower end fitting has been
shortened and also the cladding length and shoulder gap dimensions have in
creased with respect to the MK B-6.

The MK B-8 is identical to the MK B-7,

however, the lower end cap was lengthened and the bottom spacer grid was
lowered to increase resistance to coolant-borne debris.

For the units' current core compositions, refer to the latest reload reports.

4.2.2.1.2

Fuel Rod

The fuel rod consists of fuel pellets, cladding, fuel support components, and
end caps.

All fuel rods are internally pressurized with helium.

The pellets are manufactured by cold pressing enriched uranium dioxide powder
into cylinders with edge chamfers and inverted, truncated cone ends and then
sintering to obtain the desired density and microstructure.

After sintering,

the pellets are centerless ground to the required diametrical dimensions.

There are spring spacers located both above and below the pellet stack in the
fuel rods.

Both springs are designed to accommodate maximum thermal expansion

of the fuel column without being deflected beyond solid height.

The lower

spring is much stiffer by design, so the fuel column preload, thermal expansion
and irradiation expansion principally compresses the upper spring.

.

Zircaloy spacers are located between the fuel pellets and the spring spacers

to provide thermal insulation and separation.

The MK B-8 does not use

Zircaloy spacers.
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.

Fission gas generated in the fuel is released into pellet voids, the radial
gap between the pellets and the cladding, and into the plenums at the top and
bottom ends of the fuel rods.

Fuel rod data are given in Table 4.2-2, and

the fuel rod is shown in Figure 4.2-3.

4.2.2.1.3

Spacer Grids

Spacer grids are constructed from strips .which are slotted and fitted together
in "egg crate" fashion.

Each grid has 32 strips, 16 perpendicular to 16,

which forms the 15 x 15 lattice.

The square walls formed by the interlaced

4.2-7a
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.

strips provide support for the fuel rods in two perpendicular directions.
Contact points on the walls of each square opening are integrally punched in
the strips.

On each of the two end spacer grids, the peripheral strip is

extended and rigidly attached to the respective end fitting.

The grid exten

sion (skirt) exists only on the bottom grid in the MK B-6, MK B-7, and MK B-8
designs.

4.2.2.1.4

Lower End Fittings

The lower end fitting positions the assembly in the lower grid rib section.
The lower ends of the fuel rods rest on the grillage of the lower end fitting.
Penetrations in the lower end fitting are provided for attaching the control
rod guide tubes and for access to the instrumentation tube assembly.

The MK

B-5Z, MK B-6, MK B-7, and MK B-8 lower end fittings are of an anti-straddle
design which will prevent the fuel assembly from being improperly seated on the
lower grid assembly.

4.2.2.1.5

Upper End Fitting

The upper end fitting positions the upper end of the fuel assembly in the
upper grid rib section and provides means for coupling the handling equip
ment.

An identifying number on each upper end fitting provides positive

identification.

Attached to the upper end fitting is a holddown spring.

This spring provides

a positive holddown margin to oppose hydraulic forces resulting from the flow
of the primary coolant.

Penetrations in the upper end fitting grid are provided for the guide tubes.

4.2.2.1.6

Guide Tubes

The Zircaloy guide tubes provide continuous guidance for the control rod as
semblies when inserted in the fuel assembly and provide the structural con

tinuity for the fuel assembly.

Welded to each end of a guide tube are flanged

and threaded sleeves, which secure the guide tubes to each end fitting by lock
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welded nuts (except in the case of the MK B-6, MK B-7, and MK B-8 designs, the
upper guide tube nut is held secure by a crimped locking cup).

Transverse

location of the guide tubes is provided by the spacer grids.

4.2.2.1.7

Instrumentation Tube Assembly

This assembly serves as a channel to guide, position, and contain the in-core
instrumentation within the fuel assembly.

The instrumentation probe is guided

up through the lower end fitting to the desired core elevation.

It is retained

axially at the lower end fitting by a retainer sleeve.

4.2.2.1.8

Spacer Sleeves

The spacer sleeve fits around the instrument tube between spacer grids
and prevent axial movement of the spacer grids during primary coolant flow
through the fuel assembly.

4.2.3

DESIGN EVALUATION - FUEL SYSTEM DESIGN

This subsection contains a description of the fuel system design evaluation
and is primarily a mechanical evaluation.

Nuclear design evaluation is contained within 4.3.3.

Thermal hydraulic design

evaluation is presented in 4.4.3.

4.2.3.1

Fuel Rod

The basis for the design of the fuel rod is discussed in 4.2.1.

Materials

testing and actual operation in reactor service with Zircaloy cladding have
demonstrated that Zircaloy-4 material has sufficient corrosion resistance and
mechanical properties to maintain the integrity and serviceability required
for design burnup.

4.2.3.1.1

Clad Stress and Strain

The following descriptions summarize the analyses of fuel rod cladding stress
and strain for .reload fuel cycle designs, as performed by Duke.
4.2-9
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TACO2 (Reference 6), in conjunction with its own approved methodology
(Reference 4).

(1)

Cladding Stress Analysis

The cladding stresses for a new fuel cycle design are bounded by a
conservative design analysis that uses Section III of the ASME
Boiler and Pressure Vessel Code as a guide in classifying the
stresses into various categories, assigning appropriate limits to
these categories, and combining these stresses to determine stress
intensity.

Each new fuel cycle design is assessed to determine if

reanalysis is required.

The stress analysis is very conservative,

and reanalysis should not be required for standard Mark B reloads.

The fuel rod stress analysis considers those stresses that are not
relaxed by small material deformation, and this analysis complies
with the following design criteria:

*

All fuel cladding stresses (primary and secondary) shall
not exceed the lesser of 2.0 times the minimum unirradiated
yield strength or 1.0 times the minimum unirradiated
ultimate tensile strength for condition I and II occurrences,
per Section III of the ASME Boiler and Pressure Vessel
Code.

The stress intensity value of the primary membrane stres
ses in the fuel rod cladding, which are not relieved by
small material deformation of the cladding, shall not ex
ceed the lesser of:

(1)

one-third of the specified minimum ultimate tensile
strength at room temperature

(2)

one-third of the minimum ultimate tensile strength at
operating temperature
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(3)

two-thirds of the specified minimum yield strength at
room temperature

(4)

two-thirds of the minimum yield strength at operating
temperature

In performing the stress analysis, all the loads are selected to
represent the worst case loads and are then combined.

This repre

sents a conservative approach since they cannot occur simultane
ously.

This insures that the worst conditions for condition I and

II events are satisfied.

In addition, these input parameters were

chosen so that they conservatively envelope all Mk-B design
conditions.
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4.2.2.1
4.2.2.1.1

Fuel Assemblies
General

The fuel assembly shown in Figure 4.2-2 is of the design used in Oconee 1,
2 and 3 and is of the canless type where the eight spacer grids, end fittings
and the guide tubes form the basic structure.

Fuel rods are supported at each
The

spacer grid by contact points integral with the wall of the cell boundary.
guide tubes are permanently attached to the upper and lower end fittings.

Use

of similar material in the guide tubes and fuel rods results in minimum
differential thermal expansion.
The

The fuel is sintered low-enriched uranium dioxide cylindrical pellets.

pellets are clad in Zircaloy-4 tubing and sealed by Zircaloy-4 end caps, welded
at each end.

The clad, fuel pellets, end caps, and fuel support components

form a "fuel rod".

Two hundred and eight fuel rods, sixteen control rod guide

tubes, one instrumentation tube assembly, seven segmented spacer sleeves,
eight spacer grids, and two end fittings make up the basic "Fuel Assembly"
(Figure 4.2-2). The guide tubes, spacer grids, and end fittings form a
structural cage to arrange the rods and tubes in a 15 x 15 array.
position in the assembly is reserved for instrumentation.

The center

Control rod guide

Fuel assembly components,

tubes are located in 16 locations of the array.

materials, and dimensions are tabulated in Table 4.2-2.
At Oconee, four variations of the basic fuel assembly are used; Mark B-4, Mark
B-5, Mark B-4Z, and Mark B-5Z.

The Mk B-4 assembly is a 15 x 15 Inconel grid

assembly and has been used successfully for many years in all units.

Mk B-5

is identical to the Mk B-4 except that its upper end fitting has been
developed to provide a positive holddown capability of fixed core components
without a retainer assembly installed (see section 4.5.2.5).

This type was

first implemented in the Oconee 3 Cycle 7 Reload (Reference 12).

The Mk B-4Z

and Mk B-5Z assemblies differ from the Mk B-4 and Mk B-5 assemblies in grid
The Z-grid assemblies are

material composition of the intermediate grids.

*

made of Zircaloy-4 material (with minor changes made to the assembly to
accommodate the differences in grid designs).

For the units' current core

compositions refer to the latest reload reports.
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4.2.2.1.2

Fuel Rod

The fuel rod consists of fuel pellets, cladding, fuel support components, and
end caps.

All fuel rods are internally pressurized with helium.

The pellets are manufactured by cold pressing enriched uranium dioxide powder
into cylinders with edge chamfers and inverted, truncated cone ends and then
sintering to obtain the desired density and microstructure.

After sintering,

the pellets are centerless ground to the required diametrical dimensions.

There are spring spacers located both above and below the pellet stack in the
fuel rods.

Both springs are designed to accommodate maximum thermal expansion

of the fuel column without being deflected beyond solid height.

The lower

spring is much stiffer by design, so the fuel column preload, thermal expansion
and irradiation expansion principally compresses the upper spring.

Zircaloy spacers are located between the fuel pellets and the spring spacers
to provide thermal insulation and separation.

Fission gas generated in the fuel is released into pellet voids, the radial
gap between the pellets and the cladding, and into the plenums at the top and
bottom ends of the fuel rods.

Fuel rod data are given in Table 4.2-2, and

the fuel rod is shown in Figure 4.2-3.

4.2.2.1.3

Spacer Grids

Spacer grids are constructed from strips which are slotted and fitted together
in "egg crate" fashion.

Each grid has 32 strips, 16 perpendicular to 16,

which forms the 15 x 15 lattice.

The square walls formed by the interlaced

strips provide support for the fuel rods in two perpendicular directions.
Contact points on the walls of each square opening are integrally punched in
the strips.

On each of the two end spacer grids, the peripheral strip is

extended and rigidly attached to the respective end fitting.
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4.2.2.1.4

Lower End Fittings

The lower end fitting positions the assembly in the lower grid rib section.
The lower ends of the fuel rods rest on the grillage of the lower end fitting.
Penetrations in the lower end fitting are provided for attaching the control
rod guide tubes and for access to the instrumentation tube assembly.

Upper End Fitting

4.2.2.1.5

The upper end fitting positions the upper end of the fuel assembly in the
upper grid rib section and provides means for coupling the handling equip
ment.

An identifying number on each upper end fitting provides positive

identification.

Attached to the upper end fitting is a holddown spring.

This spring provides

a positive holddown margin to oppose hydraulic forces resulting from the flow
of the primary coolant.

Penetrations in the upper end fitting grid are provided for the guide tubes.

4.2.2.1.6

Guide Tubes

The Zircaloy guide tubes provide continuous guidance for the control rod as
semblies when inserted in the fuel assembly and provide the structural con
tinuity for the fuel assembly.

Welded to each end of a guide tube are flanged

and threaded sleeves, which secure the guide tubes to each end fitting by lock
welded nuts.

Transverse location of the guide tubes is provided by the spacer

grids.

4.2.2.1.7

Instrumentation Tube Assembly

This assembly serves as a channel to guide, position, and contain the in-core
instrumentation within the fuel assembly.

The instrumentation probe is guided

up through the lower end fitting to the desired core elevation.

It is retained

axially at the lower end fitting by a retainer sleeve.
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Spacer Sleeves

4.2.2.1.8

The spacer sleeve fits around the instrument tube between spacer grids
and prevent axial movement of the spacer grids during primary coolant flow
through the fuel assembly.
DESIGN EVALUATION - FUEL SYSTEM DESIGN

4.2.3

This subsection contains a description of the fuel system design evaluation
and is primarily a mechanical evaluation.
Nuclear design evaluation is contained within 4.3.3.

Thermal hydraulic design

evaluation is presented in 4.4.3.

4.2.3.1

Fuel Rod

The basis for the design of the fuel rod is discussed in 4.2.1. Materials
testing and actual operation in reactor service with Zircaloy cladding have
demonstrated that Zircaloy-4 material has sufficient corrosion resistance and
mechanical properties to maintain the integrity and serviceability required
for design burnup.

Clad Stress and Strain

4.2.3.1.1

The following descriptions summarize the analyses of fuel rod cladding stress
and strain for reload fuel cycle designs, as performed by Duke. Duke employs
TACO2 (Reference 11), in conjunction with its own approved methodology
(Reference 8).

(1)

Cladding Stress Analysis
The cladding stresses for a new fuel cycle design are bounded by a
conservative design analysis that uses Section III of the ASME
Boiler and Pressure Vessel Code as a guide in classifying the
stresses into various categories, assigning appropriate limits to
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these categories, and combining these stresses to determine stress
intensity. Each new fuel cycle design is assessed to determine if
The stress analysis is very conservative,
and reanalysis should not be required for standard Mark B reloads.
reanalysis is required.

The fuel rod stress analysis considers those stresses that are not
relaxed by small material deformation, and this analysis complies
with the following design criteria:

*

All fuel cladding stresses (primary and secondary) shall
not exceed the lesser of 2.0 times the minimum unirradiated
yield strength or 1.0 times the minimum unirradiated
ultimate tensile strength for condition I and II occurrences,
per Section III of the ASME Boiler and Pressure Vessel
Code.

9

*

The stress intensity value of the primary membrane stres

ses in the fuel rod cladding, which are not relieved by
small material deformation of the cladding, shall not ex
ceed the lesser of:
(1) one-third of the specified minimum tensile strength at
room temperature
(2) one-third of the tensile strength at temperature
(3) two-thirds of the specified minimum yield strength at
room temperature
(4) two-thirds of the yield strength at temperature
In performing the stress analysis, all the loads are selected to
represent the worst case loads and are then combined.

This repre

sents a conservative approach since they cannot occur simultane
ously.

This insures that the worst conditions for condition I and

II events are satisfied.

In addition, these input parameters were

chosen so that they conservatively envelope all Mk-B design
conditions.
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The primary membrane stresses result from the compressive pressure
loading.

Stresses resulting from creep ovalization are addressed

in the creep collapse analysis.

The internal fuel rod pressure cannot exceed system pressure for
condition I and II occurrences (at coolant temperatures greater than
525 0 F).

However, during a cooldown between 525 0 F and 425 0 F, the

fuel rod is permitted to operate in tension, with a tensile hoop
stress less than 7000 psi.

Cooldown limits on reactor coolant

system pressure and reactor coolant system temperature prohibit
tensile stresses greater than 7000 psi.

Cladding tensile stresses

are also addressed at cold (room temperature) conditions at BOL.

The minimum internal fuel rod pressure at HZP conditions is combined
with the maximum design system pressure during a transient to
simulate the maximum compressive pressure differential across the
cladding.

The worst case compressive pressure loads are combined

with the other worst case loads.

0

These are described below:

The maximum grid loads will occur at BOL.

During opera

tion, the contact force will relax with time due to fuel
rod creep-down and ovalization as well as grid spring
relaxation.
*

Conservative cladding dimensions with regard to stress.

*

The maximum radial thermal stress will occur at the maxi
mum rated power (power level corresponding to centerline
fuel melt).

This stress cannot physically occur at the

same time the maximum pressure loading occurs, but is
assumed to do so for conservatism.

(Maximum cladding

temperature gradient is combined with minimum pin
pressure.)
*

Ovality bending stresses are calculated at BOL condi
tions.

A linear stress distribution is assumed.

The

creep collapse analysis calculates the stress increase
with time and ovalization.
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Flow induced vibration and differential fuel rod growth
stresses are also addressed.
Resulting stresses meet the above criteria for both primary mem
brane and primary plus secondary stress intensities.

(2) Cladding Strain Analysis
The limit on transient cladding strain is that uniform total strain
of the cladding should not exceed 1.0%.
A generic strain analysis has been completed by Duke using TACO2 to
ensure that the strain criterion above is not exceeded.

This is a

bounding, generic analysis that requires no reload assessments.
Should reanalysis be required because of a significant change in the
fuel rod design, Duke's generic strain analysis would be repeated
using the same methodology.

A description of the generic methodology

follows:
TACO2 is used to calculate cladding strain.

A very conservative

local power ramp is first determined by considering a maximum
local power change induced by a worst case core maneuvering
The scenario involves some or all of the following:

scenario.

core power level changes, xenon transient, and control rod
position changes.

This worst case local power level change is

then modeled in TACO2 to determine the fuel pellet thermal
expansion.

The cladding transient strain is calculated from the

pellet expansion using the following equation:

(Pellet O.D.)

Strain = [peak

-

(Pellet 0.D.)

(Pellet 0.D.) 0

o0

x 100

c 1.0%

where (Pellet 0.D.) peak = maximum pellet 0.D. at the local power peak,
and (Pellet 0.D.)

= pellet 0.D. prior to the ramp.
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Pellet O.D. dimensions are used to calculate cladding strain because the
strain itself is caused by pellet thermal expansion.

There are three

major conditions in this calculation that make it conservative.

The

first is the extreme power change that is used to simulate the worst case
peaking.

The second is that the pellet is assumed to be in hard contact

at initiation of the ramp.

This is a conservative assumption since the

power ramp is initiated from a very low power level and pellet/cladding
contact is not expected to occur at this low linear heat rate.

The third

conservatism is that the pellet is non-compliant and that all of the
pellet thermal expansion results directly in cladding strain.

(3) End of Life Pressures
An analysis is performed to demonstrate that internal pin pressure
remains below system pressure (4.2.3.1.3).

4.2.3.1.2

Cladding Collapse

Cladding creepdown under the influence of external (system) pressure is a
phenomenon that must be evaluated during each reload fuel cycle design to
ensure that the most limiting fuel rod does not exceed the cladding collapse
exposure limit.

Cladding creep is a function of neutron flux, cladding temp

erature, applied stress, cladding thickness, and initial ovality.

Accept

ability of a fuel cycle design is demonstrated by comparing the power histories
of all the fuel assemblies against the generic assembly power history used in
existing design analyses.

Changes in pellet or cladding design are also

evaluated against previously analyzed fuel rod geometries and a reanalysis is
performed if necessary.

The CROV (Reference 3) computer code calculates ovality changes in the fuel
rod cladding due to thermal and irradiation creep and is used to perform the
fuel rod creep collapse analysis when required.

CROV predicts the conditions

necessary for collapse and the resultant time to collapse.

Conservative inputs

to the CROV cladding collapse analysis include the use of minimum cladding wall
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thickness and maximum initial ovality (conservatively assumed to be a uniform
oval tube), as allowed by manufacturing specifications or batch specific
as-built tolerance limits.

Other conservatisms included are minimum backfill

pressure and zero fission gas release.

Internal pin pressure and cladding

temperatures, input to CROV, are calculated by TACO2 using a (conservative)
generic radial power history, a generic pin to assembly local peak, and a
standard axial flux shape.

The conservative fuel rod geometry and conservative power history are used to
predict the number of EFPH required for complete cladding collapse.

To demon

strate acceptability, the maximum expected residence time of the cycle is
compared against the EFPH required for complete collapse.

All operating

cores must meet this criterion.

Each reload batch is evaluated, and results are reported in Table 4-1 of the
reload report for each unit and cycle.

Table 4-1 of the reload report states

the cladding collapse time as well as the maximum expected residence time for
each batch.

4.2.3.1.3

Fuel Thermal Analysis

Duke Power Company is performing its own reload design analyses per the
approved methodology of Reference 4.
performance code.

Duke currently uses the TACO2 fuel pin

The following paragraphs summarize the methods that are

used by Duke in performing its Oconee reload fuel temperatures, end of life
pin pressure, and ECCS analysis interface criteria analyses, using TACO2.

(1)

Fuel Pin Pressure Analysis

The reload design pin pressure analysis is assessed against generic
analysis criteria pin configuration and pin power history envelopes.
If either the fuel geometry or the generic reload design pin power
history is violated, then a reanalysis is performed.
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Pin pressure analysis is performed using TACO2. The rod is assumed to
have a 1.5 symmetric axial flux shape at the beginning of life and
decreasing with burnup, with a conservative pin power history. Incore
fuel densification is minimized in this analysis to yield a smaller plenum
volume and a maximum pin pressure.

Internal pin pressure must remain

below system pressure over the length of the cycle to be acceptable.
(2) Linear Heat Rate Capability
Linear heat rate capability of all fuel rods in a reload batch is asses
sed by comparison against generic analysis criteria and a generic pin
power history envelope.

Any rod whose geometry or power history falls

outside of those criteria must be reanalyzed.
The Linear Heat Rate to Melt (LKRTM) analysis is performed using TACO2,
assuming maximum incore pellet densification. This analysis assumes a
conservative pin power history and a 1.5 cosine axial flux shape at the
beginning of life and decreasing with burnup., A larger than nominal radial
gap is employed which statistically includes the effects of a lower
tolerance limit (LTL) pellet O.D. and upper tolerance limit (UTL) clad
I.D.

All statistics are performed at the 95/95 level.

In this analysis,

very small axial segments of the fuel rod are spiked to high linear heat
rates at each burnup step until centerline fuel melt occurs. The result
ing heat rate required to reach centerline fuel melt at each burnup is
then plotted versus burnup.
The minimum LHRTM occurs early in life due to fuel densification, but
quickly increases due to the offsetting effects of cladding creepdown,
pellet swelling, and fuel relocation.

(No credit is taken for fuel

restructuring in the LKRTM analyses).
Results of the minimum linear heat rate to melt (LHRTM) analysis are
reduced by additional uncertainties, applied during the nuclear design
*

analysis.
This reduced maximum allowable LHRTM is then compared against predicted
cycle power distributions, and core imbalance is limited to prevent
centerline fuel melt.
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(3) ECCS Analysis Interface Criteria
Duke reviews each batch of fuel and the fuel cycle design for compatibil
ity with the vendor's fuel rod thermal analysis inputs to the ECCS analy
sis.

Review criteria have been developed by Duke and have been reviewed

and approved by the vendor.

Should the fuel rod thermal analysis inputs for a specific cycle lie
outside the vendor's generic analysis, Duke will reperform the fuel rod
thermal analysis to ensure that the results remain bounded by the results
of the vendor's generic analysis.

In the unlikely event that the

cycle specific thermal analysis results (fuel temperature and pin pres
sure) are more limiting than the vendor's generic analysis, either the
fuel cycle design must be modified or the vendor must resolve the concern
within the vendor's ECCS analysis.

Responsibility for identification of

incompatibility and resolution lies with Duke.

4.2.4

FUEL ASSEMBLY, CONTROL ROD ASSEMBLY, AND CONTROL
ROD DRIVE MECHANICAL TESTS AND INSPECTION

To demonstrate the mechanical adequacy and safety of the fuel assembly, con
trol rod assembly (CRA), and control rod drive, a number of functional tests
have been performed.

4.2.4.1

Prototype Testing

A full-scale prototype fuel assembly, CRA, and control rod drive have been
tested in the Control Rod Drive Line (CRDL) Facility located at the B&W Re
search Center, Alliance, Ohio (Reference 5).

This full-sized loop is capable

of simulating reactor environmental conditions of pressure, temperature, and
coolant flow.

To verify the mechanical design, operating compatibility, and

characteristics of the entire control rod drive fuel assembly system, the
drive was stroked and tripped approximately 200 percent of the expected operat
ing life requirements.
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A portion of the testing was performed with maximum misalignment conditions.
Equipment was available to record and verify data such as fuel assembly pres
sure drop, vibration characteristics, and hydraulic forces and to demonstrate
control rod drive operation and verify scram times.

All prototype components

were examined periodically for signs of material fretting, wear, and vibration/
fatigue to insure that the mechanical design of the equipment met reactor
operating requirements.

The Type C prototype drive mechanism used on Oconee 3 was tested at Diamond
Power Specialty Corporation, Lancaster, Ohio (Reference 5).

This consisted

of component testing, a 100 percent misalignment life test (equivalent to 20
year operation), and motor performance tests.

Throughout these tests the

drive components were examined for material fretting, wear and vibrational
fatigue.

4.2.4.2

Model Testing

Many functional improvements have been incorporated in the design of the fuel

assembly as a result of model tests.

For example, the spacer grid to fuel rod

contact area was fabricated to ten times reactor size and tested in a loop
simulating the coolant flow Reynolds number of interest.

Thus, visually, the

shape of the fuel rod support areas was optimized with respect to minimizing
the severity of flow vortices and pressure drop.

A 9-rod (3 x 3) assembly

using stainless steel spacer grid material has been tested at reactor
conditions (640F, 2,200 psi, 13 fps coolant flow) for 210 days.

Two full

sized canned fuel assemblies with stainless steel spacer grids have been
tested at reactor conditions, one for 40 days and the other for 22 days.

A

prototype canless fuel assembly using Inconel 718 spacer grids has been tested
for approximately 90 days, approximately half of that time at reactor condi
tions.

The principal objectives of these tests were to evaluate fuel assembly

and fuel rod vibration and/or fretting wear resulting from flow-induced vibra
tion.

Vibratory amplitudes have been found to be very small, and, with the

exception of a few isolated instances which are attributed to pretest spacer
grid damage, no unacceptable wear has been observed.
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4.2.4.3

Component and/or Material Testing

4.2.4.3.1

Fuel Rod Cladding

Refer to Appendix B of Reference 3 for a detailed report of externally
pressurized fuel rod creep collapse tests.

4.2.4.3.2

Fuel Assembly Structural Components

The structural characteristics of the fuel assemblies which are pertinent to
loadings resulting from normal operation, handling, earthquake, and accident
conditions are investigated experimentally in test facilities such as the
CRDL Facility.

Structural characteristics such as natural frequency and

damping are determined at the relatively high (up to approximately 0.300 in.)
amplitude of interest in the seismic and LOCA analyses. Natural frequencies
and amplitudes resulting from flow-induced vibration are measured at various
temperatures and flow velocities, up to reactor operating conditions.

4.2.4.3.3

B&W Fuel Surveillance Program

B&W conducts various test programs aimed at obtaining fundamental engineering
data on fuel and control components for design, manufacturing, and licensing
The extensive previous operating history and detailed fuel surveill
ance confirms the basic soundness of the B&W fuel design. The operation of all
B&W fuel will continue to be closely monitored to ensure continued safe and
support.

reliable fuel performance.
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4.2.4.4

4.2.4.4.1

Control Rod Drive Tests and Inspection

Control Rod Drive Developmental Tests

The testing and development program for the roller nut drive has been completed.
The prototype drive was tested at the B&W Research Center at Alliance, Ohio.
Wear characteristics of critical components have indicated that material com
patibility and structural design of these components would be adequate for
the design life of the mechanism.

The trip time for the mechanism as deter

mined under test conditions of reactor temperature, pressure, and flow was
well within the specification requirements.

The Type C prototype drive was tested at the Diamond Power Specialty Corpora
tion, Lancaster, Ohio (Reference 5).
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4.3

NUCLEAR DESIGN

The reactor core is designed to operate at 2568 MWt with sufficient nuclear
design margins to accommodate transient operation without damage to the core.
The core design characteristics are given in Table 4.2-1.

Core reactivity is controlled by control rod assemblies (CRA), soluble boron
in the coolant, and burnable poison rod assemblies (BPRA).

Sufficient CRA

worth is available to shut down the reactor with at least a 1% Ak/k
subcritical margin in the hot condition at any time during the cycle with
the most reactive CRA stuck in the fully withdrawn position.

Equipment is

provided to add soluble boron to the reactor coolant to ensure a similar
shutdown capability when the reactor is cooled to ambient temperatures.

The reactivity worth of a CRA and the rate at which reactivity can be added
are limited to ensure that credible reactivity accidents cannot cause a
transient capable of damaging the RCS or causing significant fuel failure.

DESIGN BASES - NUCLEAR DESIGN

4.3.1

The core has been designed to the following nuclear limits:

a.

Fuel assemblies have been designed for the maximum burnups shown in Table
4.2-2.

b.

The power Doppler coefficient is negative.

However, the control system

is capable of compensating for reactivity changes resulting from either
positive or negative nuclear coefficients.

c.

A control system consisting of part length axial power shaping rods is
provided to allow the shaping of power axially in the core, thereby
thwarting any tendency towards axial instability resulting from a
redistribution of xenon.

d.

The core will have sufficient excess reactivity to produce the design
power level and lifetime without exceeding the control capacity or
shutdown margin.
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e.

Controlled reactivity insertion rates have been limited to a maximum value
of 1.1 x 104 (Ak/k)/s for a single regulating CRA group withdrawal, and
4.4 x 10-6 (Ak/k)/s for soluble boron removal.

f.

Reactor control and maneuvering procedures will not produce
peak-to-average power distributions greater than those listed in Table
4.2-1.

The low reactivity worth of CRA groups inserted during power

operation limits power peaks to acceptable values.

4.3.2

DESCRIPTION - NUCLEAR DESIGN

A summary of the nuclear characteristics of the core is given in Table 4.3-1.

4.3.2.1

Excess Reactivity

The Oconee reactor cores are designed with sufficient excess reactivity to

yield the desired cycle length.

This excess reactivity is controlled by

soluble boron, burnable poison rod assemblies (BPRA), and control rod
assemblies (CRA).

The nuclear designer makes an engineering tradeoff between soluble boron and
burnable poison rods to assure that the BOC moderator coefficient for power
levels above 95 percent Hot Full Power (HFP) is nonpositive.

Table 4.3-2 shows

a typical eighteen month fuel cycle's excess reactivity at various conditions.

Table 4.3-3 shows the k-effective calculated for a single fuel assembly.

The

minimum critical mass, with and without xenon and samarium poisoning, may be
specified as a single assembly or as multiple assemblies in various geometric
arrays.

The unit fuel assembly has been investigated for comparative purposes.

A single cold, clean assembly containing a maximum probable enrichment of 3.5
weight per cent is subcritical.

Two assemblies side-by-side are supercritical

under these conditions.
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4.3.2.2

Reactivity Control

The excess reactivity is controlled by a combination of soluble boron, lumped
burnable poison, and control rods.

Long term decreases in reactivity caused by

fuel burnup are offset by decreases in soluble boron concentration and
decreases in burnable poison worth.

Short term reactivity effects are

controlled by changes in control rod position.

Soluble Boron
Figure 4.3-1 illustrates a typical variation of soluble boron versus cycle
length of an eighteen month fuel cycle. The change in boron concentration
accounts for depletion of the fuel and is also a function of the BPRA loading
and burnout.

Burnable Poison Rod Assemblies (BPRAs)

Figure 4.3-2 shows a typical burnable poison loading and enrichment scheme
for an eighteen month fuel cycle.

The BPRAs burnout as the fuel depletes and

at end of cycle have a small residual reactivity effect caused by structural
materials and water displacement effects.
The BPRA loadings and placement are chosen to shape radial power peaks and to
decrease initial soluble boron concentration to a level where the BOC
moderator temperature coefficient is non-positive.

Since the BPRA assemblies

are located in the control rod guide tubes, they cannot be placed in rodded
locations.

In addition, they will usually be in fresh fuel assemblies.

4.5.2.4 for a physical description of the BPRAs.

See

See the appropriate reload

report for actual BPRA loadings for any particular cycle.

Control Rod Assemblies

.

Oconee has 61 full length control rods assigned to seven control rod groups (1

to 7).

Groups 1 to 4 are designated safety banks and are maintained out of

the core above HZP.

Groups 5 to 7 are designated control banks and may be

inserted to pre-established limits shown in the Technical Specifications
between HZP and HFP.
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A typical control rod pattern is shown in Figure 4.3-3.

The groupings of

control rods into the various rod groups can vary with reload cycle and
reference to the appropriate reload report should be made for the particular
pattern being used for a particular cycle.

In addition to being able to shut

the reactor down, full length control rods are used to control reactivity
changes caused by power level changes, transient xenon, and small periodic
boron dilution changes.
Oconee has 8 Axial Power Shaping Rods (APSRs) which are always assigned to
Group 8. These rods do not insert upon reactor trip and are used for axial
power shaping and can be used to damp axial xenon oscillations.
Reactivity Shutdown Analysis

4.3.2.3

The ability to shut down the core from any operating condition by 1% Ak/k is a
Technical Specification requirement.

This is accomplished by analytical

calculations during the reload design and rod index limits are set such that
at least a 1% Ak/k shutdown margin is available for a trip from any allowable
operating condition.
Table 4.3-4 illustrates a shutdown margin calculation for a typical Oconee
fuel cycle.

Conservatisms include a worth reduction penalty for control rod

burnup and a 10 percent rod worth uncertainty.

The flux redistribution effect

is included because the power deficit was calculated with a two-dimensional
code.

This item may not be shown in a shutdown margin table if a three

dimensional calculation of power deficit was performed.
A detailed discussion of the calculation of the remaining parameters in Table
4.3-4 can be found in Reference 1 and Reference 2.
For the shutdown margin calculation for a particular reload cycle refer to the
appropriate reload report.
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a reactivity control have a less negative moderator temperature coefficient
than do cores controlled solely by movable or fixed CRA.
effect on the coolant is a change in density.

The major temperature

An increasing coolant temperature

produces a decrease in water density and an equal percentage reduction in boron
concentration.

The boron concentration change results in a positive reactivity

component by reducing the absorption in the coolant.

The magnitude of this

component is proportional to the total reactivity held by soluble boron.
Distributed poisons (burnable poison rods or inserted control rods) have a
negative effect on the moderator coefficient for a system with 1200 ppm boron
and no rods inserted.

Depending on the core size, core loading, and power

density, a plant may or may not require additional distributed poisons to yield
the appropriate moderator temperature coefficient as determined by the safety
analysis and the stability analysis of the core.

This is illustrated in

Table 4.3.5.
Items 4d and 6 in Table 4.3-5 above reflect three dimensional calculations
using thermal feedback.

These coefficients are more negative than the two

dimensional isothermal values perviously calculated and shown.

It is seen from

comparison (Tables 4.3-5, 4.3-6, 4.3-7) that three-dimensional spatially
distributed effects are important in the determination of reactivity co
efficients.
The three-dimensional PDQ07 calculation with thermal feedback was also used to
calculate for Oconee I Cycle 1 the change in spatially dependent moderator
coefficient for changes in inlet, outlet, and core average moderator tempera
ture (oF ), as shown in Table 4.3-6.
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The Oconee reactors operate on a constant core average moderator temperature
with both inlet and outlet temperature changing with power level.

The core

average moderator temperature as seen by the control system is defined to be

T
m

T. + T
out
T in
2

The BOL distributed temperature moderator coefficients for different reactor
power levels are presented in Table 4.3-7.

These coefficients were found by

changing both inlet and outlet temperatures.

Criticality in each case was

attained by appropriate control rod insertion.

The moderator temperature coefficient was also calculated for the equilibrium
xenon condition at the beginning of the fuel cycle.
2.1% Ap in control rods.

The calculation assumed

The 100% power moderator coefficient varied in the

manner shown in Table 4.3-8.
The EOL coefficient was calculated for.a change in both the inlet and outlet
temperatures with a boron concentration of 17 ppm.

The coefficient for 100%

power was found to be
a = -2.8 x 10
m

Fm

This, then, is the "rods out" moderator coefficient at the end of the first
fuel cycle for Oconee I, Cycle 1.

4.3-7
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The coefficients reported in Tables 4.3-6 and 4.3-7 above are for a core
containing 2.1 percent Ap in control rods.

A "rods out" calculation for the

beginning of life moderator conditions in Item 1, Table 4.3-6 was performed
as a basis for comparison and the result was
a = +0.52 x 10
m

4

Ap/oF m

An examination of the data in Table 4.3-5 shows that the limiting factor on
a moderator coefficient is the value used in safety analysis, i.e.,
+0.9 x 10-4 Ap/oF . The margin between this value and the nominal calculated
value of +0.27 x 10

4

is considered adequate to cover uncertainties.

Ap/oF
m

Power Coefficient

4.3.2.4.5

The power coefficient, ap, is the fractional change in neutron multiplication
per unit change in core power level.

A number of factors contribute to ap, but

only the moderator temperature coefficient and the Doppler coefficient contri
butions are significant.

a

p

= a

The power coefficient can be written as

8 m +

-+a

m8P

Tf

f 3P

where
am = moderator temperature coefficient
a

= fuel Doppler coefficient

Tm 8T
' a

aP

= change in moderator and fuel temperature per unit
change in core power.

Power coefficients were calculated for Oconee I, Cycle 1 at BOL (time zero) at
various power levels.

A boron concentration of 1200 ppm was used for all power

levels, and criticality was achieved with control rods.

The three-dimensional

PDQ07 Code with thermal feedback was used to include the effects of spatially
distributed fuel and moderator temperatures.

In calculating the power

coefficients, the inlet temperatures were allowed to increase slightly, thus,
providing a greater moderator effect (i.e., emphasizing the positive moderator
coefficient - refer to Table 4.3-6)
4.3-8
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The results are presented in Table 4.3-9 and plotted in Figure 4.3-5.
4.3.2.4.6

pH Coefficient

Currently, there is no definite correlation which will permit prediction of pH
reactivity effects.

Some of the parameters needing correlation are the effects

relating pH reactivity change for various operating reactors, pH effects versus
reactor operating time at power, and changes in effects with varying clad,
temperature, and water chemistry.

Yankee, Saxton, and Indian Power Station 1

have experienced reactivity changes at the time of pH changes, but there is no
clearcut evidence that pH is the direct reactivity influencing variable without
considering other items such as clad materials, fuel assembly crud deposition,
system average temperature, and prior system water chemistry.

The pH characteristic of this design is shown below in Table 4.3-10 where the
cold values are measured and the hot values are calculated.

Saxton experiments (Reference 3) have indicated a pH reactivity effect of 0.0016
Ap/ApH unit change with and without local boiling in the core.

Considering the

system makeup rate of 35,000 lb/h and the core in the hot condition with
1,200 ppm boron in the coolant, the corresponding changes in pH are 0.02 pH units
per hour for boron dilution and 0.05 pH units per hour for
with 0.5 ppm

7 Li).

7Li

dilution (starting

Applying the pH worth value quoted above from Saxton, the

total reactivity insertion rate for the hot condition is 3.1 x 10-8 Ap/sec.
This insertion rate or reactivity can be easily compensated by the operator or
the automatic control system.

4.3.2.5

Reactivity Insertion Rates

Figure 4.3-6 displays the integrated rod worth of three overlapping rod
banks as a function of distance withdrawn.
used in the core during power operation.

The indicated groups are those
Using approximately 1.2% Ak/k CRA

groups and a 30 in./min drive speed in conjunction with the reactivity response
given in Figure 4.3-6 yields a maximum reactivity insertion rate of 1.1 x 10-4
(Ak/k)/sec.

The maximum reactivity insertion rate for soluble boron removal

is 4.4 x 10-6 (Ak/k)/sec.

4.3-9
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Power Decay Curves

4.3.2.6

Figure 4.3-7 displays the beginning-of-life power decay curves for the CRA
worths corresponding to the 1 percent hot shutdown margin with and without a
The power decay is initiated by the trip of the CRA with a 300 msec

stuck rod.

delay from initiation to start of CRA motion.

The time required for insertion

of a CRA 2/3 of the distance into the core is 1.4 sec.

4.3.3

NUCLEAR EVALUATION

The nuclear evaluation for a fuel cycle design is composed of the preliminary
fuel cycle design, the final fuel cycle design, and the maneuvering analysis.
The preliminary fuel cycle design determines the number and enrichment of the
fresh fuel to be inserted for a given cycle.
The final fuel cycle design uses the models discussed in 4.3.3.1 to optimize
the placement of fresh and burned assemblies, control rod groupings, and BPRA
(if any) to result in an acceptable fuel design.

It must meet the following

design criteria with appropriate reductions to account for calculational un
certainties:

a.

Radial Pin Peak < 1.714 (inner flow zone)
< 1.629 (outer flow zone)

.

b.

Moderator Temperature Coefficient < 0.0 at >95% hot full power.

c.

Maximum pellet burnup < 55,000 MWD/MTU.

d.

Shutdown Margin at HZP > 1.0% Ap.

e.

Ejected rod worth at HZP < 1.0% Ap.

f.

Ejected rod worth at HFP < 0.65% Ap.
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The purpose of a maneuvering analysis is to generate three dimensional power
distributions and imbalances for a variety of rod positions, xenon distri
butions, and power levels.

The first

The maneuvering analysis can be divided into five discrete phases.

is the fuel cycle depletion performed to establish a nominal rod index and
fuel depletion history.

The second is the generation of integral rod worth

curves at several burnup steps.

The third step is the power maneuver

performed in the nominal manner at BOC (4EFPD) and usually after a rod pull or
at EOC.

The fourth phase is to perform control rod and APSR scans at the most

severe times of the power transient.

The fifth step is to perform selected

control rod and APSR scans at the various depletion steps.

Each of these

phases involves running multiple three dimensional cases and generation of
three dimensional power distribution, rod positions, and imbalance for each
case.

*

This data is processed by utility codes to calculate CFM, DNBR, and LOCA
margins and to produce "fly speck" graphs to be used to set Technical
Specification limits on rod position, offset versus power level, and reactor
protective system setpoints.

The analytical models and their application are discussed in this section as
well as core instabilities associated with xenon oscillations.

4.3.3.1

Analytical Models

Reactor design calculations are made using a large number of computer codes.
The following two sections describe the major analytical models employed by
DUKE in the design of Oconee reload cores.

Table 4.3-11 specifies the

cycle of each unit when these methodologies were first applied.

The

methodology used in a particular reload design is stated in the appropriate
reload report.

4.3-11
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4.3.3.1.1

CASMO-Based Methodology

The CASMO-based calculational methods for nuclear design have been reviewed and
approved by the NRC in Reference 4. This methodology was first applied for
the reload design analysis of Unit 1 Cycle 10.

Verification to Measured Data

The verification of the CASMO-based methods for nuclear design is documented
in Reference 4.

4.3.3.1.2

Original Duke Calculational Methods

The original Duke calculational methods for nuclear design have been reviewed
and approved by the NRC in Reference 2.
Units 2 and 3.

These methods are presently applied to

The methodology described in section 4.3.3.1 will be used for

Units 2 and 3 in the near future.

This transition will be documented by

revisions in Table 4.3-11.

Verification to Measured Data

The verification of the Duke Power Calculational Methods for nuclear design is
documented in Reference 2.

4.3.3.1.3

Control of Power Distributions

The reactors are designed to permit power maneuvering on control rods.

Various

calculations are performed to develop operational Power-Imbalance, RPS Power
Imbalance, and rod insertion limits.

These three-dimensional calculations

account for effects of rod insertion, xenon distribution, and power level on
the power distribution.

A more detailed discussion of these calculations can

be found in Reference 2.

0
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During startup testing an out-of-core detector correlation test is performed to
calibrate the imbalance as measured by the out-of-core detectors to that
measured by in-core detectors.

Uncertainties in the measurement of imbalance

and power level are accounted for to assure that the reactor trips before any
DNBR or fuel melt limit is reached.

The out-of-core neutron flux detectors each consist functionally of two six
foot sections of uncompensated ion chambers placed opposite the top and bottom
halves of the core.

Comparison of the signals from the two detectors gives an

indication of the core axial offset or imbalance.

This imbalance signal (top

core power minus bottom core power) is monitored in the control room.

When an

imbalance is indicated, the operator will move the APSR's in the direction of
the imbalance to reduce the axial offset, i.e.,
positive offset - move APSR's toward top;
negative offset - move APSR's toward bottom.

The integrated control system will automatically compensate for reactivity
changes and consequent power swings caused by the part length control rod
movement.

4.3.3.1.4

Nuclear Design Uncertainty (Reliability) Factors

In various calculations additional conservatism is applied to the calculated
parameters.

The factors sometimes are analysis dependent and are tabulated in

References 2 and 4.

4.3.3.1.5

Power Maldistributions

Misaligned Control Rods

.

The reactor has a control function to protect against a rod out of step with

its group.

The position of each rod is compared to the average of the group.
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If a fault is detected at power levels greater than 60% of rated power, a rod
withdrawal inhibit is activated and the Integrated Control System (ICS) runs
the plant back to 55% of rated power.

If a rod is dropped, the Integrated

Control System (ICS) cannot maintain core power to match demand by withdrawal
of other rods, and the plant is run back to 60 percent of rated power.

Several

cases were also analyzed for BOL for Oconee 1, Cycle 1, with single dropped
rods.

The calculations were performed with half-core X-Y geometry in PDQ07 at

rated power without thermal feedback.

The results are given in Figure 4.3-9.

The maximum radial-local power peak is 1.92.

The original FSAR design limit is

a 2.1 radial-local at rated power with a 1.5 cosine yielding a 1.3 DNBR based
on the W-3 correlation.

At a 114 percent overpower condition the design limit

can also be expressed as a 1.9 radial-local with a 1.5 cosine yielding a 1.3
DNBR.

The dropped rods illustrated in Figure 4.3-9 do not represent violations

of the thermal limits of the design.
Radial power tilts can be detected with the out-of-core instrumentation, and the

operator has the flexibility to monitor the upper or the lower detectors to
determine the X-Y power symmetry condition at any time.
For the assumed case where one CRA is left out of the core while the remainder of
the group is fully inserted - this condition would not occur except with regard to
rod "swaps".

Since rod swaps are performed at reduced power, and since the

operator can monitor the out-of-core detectors, an X-Y tilt resulting from such a
condition could be detected and appropriate action taken before the approach to
thermal limits could be realized.

The APSR drives are also equipped with the position monitors and the alarm
function for a rod out of step with the group average.
not permit rod drops.

These drives, however, do

With the power removed from the rod drive windings of the

APSR, the roller nut will not disengage and the rod remains in its position.

.

Since the APSR's are made of low-absorbing (gray) material, it is not likely that
thermal limits will be exceeded if one of the rods were stuck and the rest of the

group were moved.
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Azimuthal Xenon Oscillations
The Oconee reactors are predicted to have a substantial margin to threshhold for
azimuthal xenon oscillations.

Therefore, this mode is not considered to be likely

to produce a power peaking problem.

Fuel Misloading

Misloading the fuel pins in an assembly is prevented by loading controls and
procedures.

Each fuel rod is identified by an enrichment code, and the design of

the reactor is such that only one enrichment is used per assembly.

The

manufacturing process relies on administrative procedures and quality control
checks to assure that fuel rods are placed in the proper assembly.

One such

administrative procedure which will be practiced to the extent practical is the
"campaigning" of enrichments so that only a single enrichment is handled at a
given time in fuel fabrication.

Gross fuel assembly misplacement in the core is prevented by administrative
core loading procedures and the prominent display of fuel assembly
identification markings on the upper end fitting of each assembly.

After the

core is loaded, an independent check is performed to verify the core loading.

During startup physics testing, misloaded fuel may be discovered by unexpected
quadrant power tilt or differences between predicted and measured power
distributions.

4.3.3.2

Xenon Stability Analysis and Control

Modal and digital analysis of the Oconee 1 core indicated that a tendency toward
xenon instability in the axial mode would exist for a given combination of
events (BOL, rodded core).

.

Therefore, eight part-length Axial Power Shaping

Rod Assemblies (APSRA) have been included in the design.

They will be positioned

during operation to maintain an acceptable distribution of power for any

particular operating condition in the core, thereby reducing the tendency for
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axial oscillations.

Similar analysis which was performed on the Oconee 2 core

indicated that it would be stable with regard to axial oscillations.

Oconee 3

should have characteristics similar to those of Oconee 1.

The azimuthal stability of the cores are dependent upon core loadings, power
densities, and moderator temperature coefficients.

In any event, the cores

will not be susceptible to diverging azimuthal oscillations.

If the loadings

and power densities are low enough, the core will be inherently stable (Oconee
1 & 3).

If not, then burnable poison is added in the amount necessary to

provide a moderator temperature coefficient that will result in azimuthal
stability (Oconee 2).

A detailed description of the xenon analyses performed

on Unit 1 and 2 cores may be found in Reference 5.
The first two parts of Reference 5, which considered modal and one-dimensional
digital analyses, pointed out the need for multi-dimensional calculations
regarding xenon stability.

The reactor core designs for Oconee Units 1 and 2,
Cycle 1, have been analyzed in three dimensions with thermal feedback. For

the Unit 1 operating core at beginning of life, the predicted azimuthal
stability index is -0.07 hr

1.

Using modal analysis with the three-dimensional

results shows that the shape factor must be approximately 50 percent flat for
the power coefficient of -5.05 x 10 6 as calculated by previously described
methods.

Since the curves in Part 1 of Reference 5 were generated for a

power coefficient of -3.92 x 10-6 Ap/MWt, it was necessary to generate two new
curves for azimuthal stability.
4.3-11.

These curves are shown in Figures 4.3-10 and

From Figure 4.3-10 the threshold (i.e., stability index = 0)

moderator coefficient for the nominal case is approximately +3 x 104 Ap/oFm.
Including compounded errors from Figures 4.3-11, the threshold moderator
coefficient is approximately +1 x 10

Ap/oF.

Using the least favorable

predictions of the Doppler and moderator coefficients, a stability index of
-0.067 hr

1

106 Ap/MWt.

is obtained.

This corresponds to a power coefficient of -4.73 x

For the Unit 2 operating core at beginning of life (96 FPH), the

predicted azimuthal stability index is -.085 hr

1.

Again, using modal

analysis combined with three-dimensional results shows the shape factor to be
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approximately 40 percent flat for the calculated power coefficient of -4.67 x
10-6 Ap/MWt.

Azimuthal stability curves for the nominal and compounded error

cases are shown in Figures 4.3-12 and 4.3-13 respectively.

From Figure 4.3-12

the nominal threshold moderator coefficient extrapolates to approximately +5 x
10

Ap/oF .

When compounded errors are considered as in Figure 4.3-13 the

threshold moderator coefficient is approximately +2.5 x 10

Ap/oF .

Operating procedures are in effect which allow the reactor operator to damp
out any axial xenon oscillation if it should occur.
NUCLEAR TESTS AND INSPECTIONS

4.3.4

Nuclear Testing and Inspection can be divided into two areas:

1. Initial Core

2. Startup Testing for Reload Cores.

Initial Core Testing

4.3.4.1

The startup testing performed on Oconee 1, 2, and 3 initial cores was an
extensive program to verify both calculational methods and proper behavior of
the core.

4.3.4.2

The results of this testing was reported in References 6, 7, and 8.
Zero Power, Power Escalation, and Power Testing For Reload Cores

Physics testing for reload fuel cycles is documented in the "Oconee Nuclear
Station Generic Startup Physics Test Program" submitted to the NRC on July 11,
1980 (Reference 9). The core symmetry test outlined in this report has been
revised per Reference 10.
The Startup Physics Test Program for Oconee Nuclear Station is structured to
provide assurance that the installed reactor core conforms to the design
core.

This document provides the minimum test program which will be conducted

on each Oconee unit.

Additional tests may be performed during a specific

start-up test program as conditions warrant.
*

However in all cases, the

following tests will be performed:
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1. Pre-critical Test Phase
a.

Rod Drop Time

2. Zero-Power Physics Test Phase
a.

Critical Boron Concentration

b.

Moderator Temperature Coefficient

c. Control Rod Worth

3. Power Escalation Test Phase
a. Low power, power distribution
b.

Full power, power distribution

In addition to the above tests, which comprise the basic Startup Physics Test
Program, a separate test, the reactivity anomaly check, is performed
approximately each 10 EFPD, during steady-state operation, at equilibrium
conditions pursuant to Technical Specification 4.10.

This procedure is used

to verify that the measured all-rods-out hot full power critical boron
concentration is in agreement with the predicted value.

The test conditions,
procedure descriptions, acceptance criteria and review requirements for each
of the above are provided in References 9 and 10.
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THERMAL AND HYDRAULIC DESIGN

4.4

DESIGN BASES

4.4.1

The bases for the thermal and hydraulic design have been established to enable
the reactor to operate at 2,568 HWt rated power with sufficient design margins
to accommodate both steady-state and transient operation without damage to the
core and without exceeding the design pressure limits for the reactor coolant
system.

The thermal-hydraulic design bases also help to ensure that the fuel

rod cladding will maintain its integrity during steady-state operation, design
overpower, and anticipated operational transients occurring throughout core life.

Fuel cladding integrity is ensured by limiting the core to the following
thermal-hydraulic boundaries during steady-state operation at power levels
up to and including the design overpower, and, during anticipated transient
operation.

a.

The fuel pin cladding, fuel pellets, and fuel pin internals must be

designed so that the fuel-to-clad gap characteristics ensure that the
maximum fuel temperature does not exceed the fuel melting limit at the
112 percent design overpower at any time during core life.

See

4.2.3.1.3 for a discussion of fuel melting temperature.

b.

The minimum allowable DNBR during steady-state operation and anti
cipated transients for Mark-B fuel is established as 1.30 with the
BAW-2 correlation.

The minimum allowable DNBR during steady-state

operation and anticipated transients for Mark-BZ fuel is established
as 1.18 with the BWC correlation (Reference 1).

These limits on MDNBR

ensure on a 95 percent confidence level that there is a 95 percent
probability DNB will not occur.

c.

Although generation of net steam is allowed in the hottest core
channels, flow stability is required during all steady-state and
operational transient conditions.

By preventing a departure from nucleate boiling-(DNB), neither the cladding
nor the fuel is subjected to excessively high temperatures.
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The core flow distribution and coolant velocities have been set to provide
adequate cooling capability to the hottest core channels and to maintain
minimum DNB ratios greater than the design limit.

Fuel assembly design and

cladding integrity criteria are discussed in 4.2.1.2.4.
4.4.2

DESCRIPTION OF THERMAL AND HYDRAULIC DESIGN OF THE REACTOR CORE

Table 4.4-1 is an example of the information provided in each Oconee Reload
Report.
4.4.2.1

CORE DESIGN ANALYSIS DESCRIPTION

The methodology of the analysis used with the design bases criterion is fully
described in NFS-1001A (Reference 3) and NFS-1002A (Reference 26).
The input information and analytical tools for the thermal hydraulic design
and for the evaluation of individual hot channels is as follows:
1.

Heat transfer critical heat flux equations and data correlations.

2.

Nuclear power factors.

3.

Engineering hot channel factors.

4.

Core flow distribution hot channel factors.

5.

Design reactor power.

6.

Core and channel thermal hydraulic analysis computer codes.

These inputs have been derived from test data, physical measurements and
calculations.
Critical heat flux (CHF) calculations are performed with the Babcock and Wilcox

BWC correlation and the BAW-2 correlation (Reference 4).

4.4-2
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the above list are explained in detail in Chapter 6 of NFS-1001A (Reference 3).
CHATA (Reference 7), RADAR (Reference 6), and TEMP (Reference 5) are the
computer codes used in these analyses.

The design overpower is the highest credible reactor operating power permitted
by the Reactor Protective System including maximum instrumentation errors.
Normally, trip on overpower will occur at significant lower power than the
design overpower.

The design overpower value is developed in Chapter 7 of

NFS-1001A (Reference 3).

4.4.3

THERMAL AND HYDRAULIC EVALUATION

4.4.3.1

Introduction

A summary of the characteristics of the reactor core design are in 4.1 and
4.4.2.

An up-to-date cycle specific summary of design conditions are included

in Chapter 6 of each Reload Report.

Anything affecting the thermal hydraulic

design of the core is also described in Chapter 6 of each Reload Report.

The

methodology of the thermal and hydraulic design analysis is presented in
Chapter 6 of NFS-1001A (Reference 3).

4.4.3.2

Statistical Core Design Technique

The core thermal design is based on a Statistical Core Design Technique devel
oped by B&W.

The technique offers many substantial improvements over older

methods, particularly in design approach, reliability of the result, and math
ematical treatment of the calculation.

The method reflects the performance of

the entire core in the resultant power rating and provides insight into the
reliability of the calculation.

This section discusses the technique in order

to provide an understanding of its engineering merit.

The statistical core design technique considers all parameters that affect the
safe and reliable operation of the reactor core.

By considering each fuel

rod, the method rates the reactor on the basis of the performance of the
entire core.

The result then will provide a good measure of the core safety

and reliability since the method provides a statistical statement for the
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total core.

This statement also reflects the conservatism or design margin in

the calculation.
A safe reactor operating power has always been determined by the ability of
the coolant to remove heat from the fuel material.

The criterion that best

measures this ability is the DNB, which involves the individual parameters of
heat flux, coolant temperature rise, and flow area, and their inter-effects.
The DNB criterion is commonly applied through the use of the departure from
nucleate boiling ratio (DNBR).

This is the minimum ratio of the DNB heat flux

(as computed by the CHF correlation) to the surface heat flux.

The ratio is

a measure of the margin between the operating power and the power at which
DNB might be expected to occur in that channel.

The DNBR varies over the

channel length, and it is the minimum value of the ratio in the channel of
interest that is used.

The calculation of DNB heat flux involves the coolant enthalpy rise and cool
ant flow rate.

The coolant enthalpy rise is a function of both the heat in

put and the flow rate.

It is possible to separate these two effects; the

statistical hot channel factors required are a heat input factor, FQ, and a
flow area factor, FA. In addition, a statistical heat flux factor, F" is
A
Q
required; the heat flux factor statistically describes the variation in
surface heat flux.

The DNBR is most limiting when the burnout heat flux is

based on minimum flow area (small FA) and maximum heat input (large FQ ),
when the surface heat flux is large (large F").

and

The CHF correlation is pro

vided in a best-fit form, i.e., a form that best fits all of the data on
which the correlation is based.

To afford protection against DNB, the DNB

heat flux computed by the best-fit correlation is divided by a DNB factor
(BF) greater than 1.0 to yield the design DNB surface heat flux.

The basic

relationship
DNBR

-

QDNB x f(F AFQ) x
Q"x
BF

1xF

surface

F"

Q

involves as parameters statistical hot channel and DNB factors.

The DNB fac

.8

tor (BF) above is usually assigned a value of unity when reporting DNB ratios

so that the margin at a given condition is shown directly by a DNBR greater
than 1.0, i.e.,

1.30 in the hot channel.
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Selected heat transfer data are analyzed to obtain a correlation.

Since ther

mal and hydraulic data generally are well represented with a Gaussian (normal)
distribution (Figure 4.4-1) mathematical parameters that quantitatively rate
the correlation can be easily obtained for the histogram.

These same mathe

matical parameters are the basis for the statistical burnout factor (BF).

In analyzing a reactor core, the statistical information required to describe
the hot channel subfactors may be obtained from data on the as-built core,
from data on similar cores that have been constructed, or from the specified
tolerances for the proposed core.

The design factors can be shown graphically

(Figures 4.4-2 and 4.4-3).

All the plots have the same characteristic shape whether they are for subfac
tors, hot channel factors, or burnout factor.
either increasing population or confidence.

The factor increases with
The value used for the statisti

cal hot channel and burnout factor is a function of the percentage of confi
dence desired in the result, and the portion of all possibilities desired, as
well as the amount of data used in determining the statistical factor.

A

frequently used assumption in statistical analyses is that the data available
represent an infinite sample of that data.
tion should be noted.

The implications of this assump

For instance, if limited data are available, such an

assumption leads to a somewhat optimistic result.

The assumption also implies

that more information exists for a given sample than is indicated by the data;
it implies 100 percent confidence in the end result.

The B&W calculational

procedure does not make this assumption, but rather uses the specified sample
size to yield a result that is much more meaningful and statistically rig
orous.

The influence of the amount of data for instance can be illustrated

easily as follows:

Consider the heat flux factor which has the form

F"

Q
where

= 1 + KOF"

F1
Q

F" = the statistical hot channel factor for heat flux

Q

K

Cr*U

Q

a statistical multiplying factor

= the standard deviation of the heat flux factor,
including the effects of all the subfactors
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If uF" = 0.05 for 300 data points, then a K factor of 2.608 is required to
protect 99 percent of the population.

The value of the hot channel factor

then is

F" = 1 + (2.608 x 0.050) = 1.1304

Q

and will provide 99 percent confidence for the calculation.

If, instead of

using the 300 data points, it is assumed that the data represent an infinite
sample, then the K factor for 99 percent of the population is 2.326.

The

value of the hot channel factor in this case is

F" = 1 + (2.326 x 0.050) = 1.1163

Q

which implies 100 percent confidence in the calculation.
factor used above are taken from SCR-607 (Reference 8).

The values of the K
The same basic tech

niques can be used to handle any situation involving variable confidence,
population, and number of points.

Having established statistical hot channel factors and statistical DNB factors,
we can proceed with the calculation in the classical manner. The statistical
factors are used to determine the minimum fraction of rods protected, or that
are in no jeopardy of experiencing a DNB at each nuclear power peaking factor.
Since this fraction is known, the maximum fraction in jeopardy is also known.
It should be recognized that every rod in the core has an associative DNB
ratio that is substantially greater than 1.0, even at the design overpower,
and that theoretically no rod can have a statistical population factor of 100
percent, no matter how large its DNB ratio.

Since both the fraction of rods in jeopardy at any particular nuclear power
peaking factor and the number of rods operating at that peaking factor are
known, the total number of rods in jeopardy in the whole core can be obtained
by simple summation.

The calculation is made as a function of power, and the

plot of rods in jeopardy versus reactor overpower is obtained.

The summation

of the fraction of rods in jeopardy at each peaking factor summed over all
peaking factors can be made in a statistically rigorous manner only if the

confidence for all populations is identical.
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assumed, the confidence varies with population.

a conservative assumption is required.

To form this summation then,

B&W total core model assumes that the

confidence for all rods is equal to that for the least-protected rod, i.e.,
the minimum possible confidence factor is associated with the entire calculation.

The result of the foregoing technique, based on the maximum design conditions
(112 percent power), is this statistical statement:

There is at least a 95 percent confidence that at least 95 percent of the
rods in the core are in no jeopardy of experiencing DNB, even with
continuous operation at the design overpower.

The maximum design conditions are represented by these assumptions:

a.

The maximum design values of FAh (nuclear max/avg total fuel rod heat
input) are obtained by examining the maximum, nominal, and minimum
fuel assembly spacing and determining the resulting maximum value for
fuel rod peaking.

b.

The maximum value of F

(nuclear max/avg axial fuel rod heat input)
z
is determined for the limiting steady-state condition, such that
sufficient margin is provided to accommodate asymmetrical axial power
shape considerations which will permit core operation with both

positive and negative power imbalance.

c.

Every channel in the core is assumed to have the nominal pressure
drop associated with the core flow conditions.

d.

The limiting fuel assembly is penalized 5 percent in isothermal flow
such that it receives only 95 percent of the flow associated with an
average core bundle with four pump flow, as explained in NFS-10A
(Reference 3).

e.

The limiting fuel assembly is assumed to have only 98 percent (97
percent for Mark-BZ fuel) of the nominal assembly area due to the
proximity of the adjacent fuel assemblies.
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f.

The limiting assembly also contains spacer grid form loss coefficients
which are based upon minimum spacing and worst case grillage flow area
tolerances.

g.

On the subchannel types with maximum values of FAh, three different
hot channel factors are applied:

1.

The channel is assumed to have a reduced flow area, represented
by the hot channel factor Fa, of less than 1.0.
a)

2.

The fuel pin will have the greatest heat output by virtue of
the F", which increases the local surface heat flux,

Q

3.

FQ, which increases the overall fuel pin power rating, will be
greater than 1.0.

In summary, the calculational procedure outlined here represents a substanti
ally improved design technique in two ways:

a.

It reflects the performance and safety of the entire core in the
resultant power rating by considering the effect of each rod on the
power rating.

b.

It provides information on the reliability of the calculation and,
therefore, the core through the statistical statement.

4.4.3.3

4.4.3.3.1

Evaluation of the Thermal and Hydraulic Design

Hot Channel Coolant Conditions

Steady-state analyses yield the MDNBR and quality in the hot channel
at maximum design overpower conditions.

Table 4.4-1 contains a typical

hot channel MDNBR value at maximum design overpower.
each reload report.
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These are reported in

The relationship of sustained DNB to core burnout conditions is discussed in

B&W Company Topical Report BAW-10014, "Analysis of Sustained Departure from
Nucleate Boiling Operation", (Reference 9).

The analysis shows that DNB

conditions are very local and there is little likelihood of sudden fuel rod
failures or a propagation of DNB conditions.

4.4.3.3.2

Coolant Channel Hydraulic Stability

Flow regime maps of mass flow rate and quality were constructed in order to
evaluate channel hydraulic stability.

The confidence in the design is based

on a review of both analytical evaluations (References 10 through 14) and experi
mental results obtained in multiple rod bundle burnout tests.

Bubble-to-annular

and bubble-to-slug flow limits proposed by Baker (Reference 10) are consistent
with the B&W experimental data in the range of interest.

The analytical limits

and experimental data points have been plotted to obtain the maps for the four
different types of cells in the reactor core.
4.4-4, 4.4-5, 4.4-6, and 4.4-7.

These are shown in Figures

The experimental data points represent the

exit conditions in the various types of channels just previous to the burnout
for a representative sample of the data points obtained at design operating
conditions in the nine rod burnout test assemblies.

In all of the bundle tests,

the pressure drop, flow rate, and rod temperature traces were repeatable and
steady, and did not exhibit any of the characteristics associated with flow
instability.

Values of hot channel mass velocity and quality at 114 percent and 130 percent
power for both nominal and design conditions are shown on the maps.
potential operating points are within the bounds suggested by Baker.

The
Experi

mental data points for the reactor geometry with much higher qualities then
the operating conditions have not exhibited unstable characteristics
(Reference 15).

4.4.3.3.3

Reactor Flow Effects

Another significant variable to be considered in evaluating the design is the
total system flow.

Conservative values for system and reactor pressure drop

have been determined to insure that the required system flow is obtained in
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the as-built plant.

Measured system flow is considerably above design flow

used in the core reload thermal hydraulic analyses.
The difference between the reactor system flow and the reactor core flow is
the core bypass flow. The core bypass flow is defined as that part of the flow
that does not contact the active heat transfer surface area.
flow exists primarily through three different paths.

This part of the

These paths are (1)

through the core shroud, (2) through the control rod guide tubes and instru
ment tubes, and (3) between all interfaces separating the inlet and outlet
regions.
The core bypass flow rates are determined through an iterative process.

The

total core flow is obtained by taking the difference between the total system
flow and an assumed core bypass value. Pressure drops are now calculated
between the vessel inlet and outlet.

These pressure drops are then used to

calculate the flow rates through all the pre-defined core bypass paths. The
process is repeated until the calculated core bypass value is equal to the
assumed core bypass value.
The flow through the control rod guide tubes is calculated with all the control
rods assumed to be in the fully withdrawn position. Flow through the inter
faces separating the inlet and outlet plenums is calculated by assuming the
maximum tolerances at hot conditions to result in the minimum flow resist
Additional conservatism is applied to determining the core bypass flow
by adding an allowance of 50 percent of the calculated value to account for
ance.

any uncertainties.
The expected core bypass flows have been recalculated and updated as of July
1978 to reflect current core and system pressure drop information and reported
as built dimensions.

The core bypass flow ranges from 5.9 to 10.4 percent of

the total RCS flow depending on the number assemblies not containing control
rods, burnable poison rods, or source rods in each cycle as explained in
Reference 3.
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4.4.3.3.4

Reactor Inlet Temperature Effects

The influence of reactor inlet temperature on power capability at design flow
was evaluated.

A variation of loF in reactor inlet temperature will result

in a power capability change of 0.6 percent at a given DNB ratio.

4.4.3.3.5

a.

Flow Distribution Effects

Inlet Plenum Effects

The inlet plenum effects have been determined from the 1/6 scale model
flow test.

The isothermal flow test data has shown that the hot bundle

positions receive average or better flow.

It has been conservatively

assumed that the flow in the hot bundle position is 5 percent less than
average bundle flow under isothermal conditions corresponding to the model
flow test conditions.

An additional reduction of flow due to hot assembly

power is described below.

b.

Redistribution in Adjacent Channels of Dissimilar Coolant Conditions

The hot fuel assembly flow is less than the flow through an average
assembly at the same core pressure drop because of the increased pressure
drop associated with a higher enthalpy and quality condition.

This effect

is allowed for by making a direct calculation for the hot assembly flow.
The combined effects of upper and lower plenum flow conditions and heat
input to the hot assemblies have been used to determine hot assembly flows.
The worst flow maldistribution effect has been assumed in the design and
the minimum hot assembly flow has been calculated at 112 percent overpower.
Actual hot assembly flows are calculated rather than applying an equivalent
hot channel enthalpy rise factor.

c.

Physical Mixing of Coolant Between Channels

The flow distribution within the hot assembly is calculated with a mixing
code that allows an interchange of heat between channels.
cients have been determined from multirod mixing tests.

Mixing coeffi
The fuel assembly,

consisting of a 15 x 15 array of fuel rods, is divided into unit, wall,
4.4-11
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control rod, and corner cells as shown by the heavy lines in Figure 4.4-8.
The mixed enthalpy for every cell is determined simultaneously so that
the ratio of cell to average assembly enthalpy rise (Enthalpy Rise Factor)
and the corresponding local enthalpy are obtained for each cell.

4.4.3.3.6

Mixing Coefficient

A mixing coefficient of 0.02 is used in the design analyses.

The influence

of the mixing coefficient *u ranging from 0.01 to 0.06 has been considered.
The value of 0.02 is sufficiently conservative for design evaluation.

(*) The intensity of turbulence, a, is defined as

\fT2/

V

where V' is the transverse component of the fluctuating turbulent velocity,
t
This method of com

and V is the coolant velocity in the axial direction.
puting mixing is described by CVNA-227 (Reference 16).

4.4.3.3.7

Penalty for Assumed Open Vent Valve

The internals vent valves are assumed closed for the design analyses
(References 15, 17, 18, 19).

4.4.3.3.8

Hot Channel Factors and Evaluation

The calculation of DNB heat flux involves the coolant enthalpy rise and the
coolant flowrate.

Therefore, the uncertainties on DNB heat flux must include

the uncertainties on coolant enthalpy rise and coolant flowrate.

As discussed

in B&W Topical Report BAW-10021 (Reference 5), the coolant enthalpy rise is
a function of both the heat input and the flowrate.
rate these two effects:

It is possible to sepa

the statistical hot channel factors required are a

heat input factor, FQ, and a flow area factor FA.

In addition, a statistical

heat flux Factor, F", is required; the heat flux factor statistically de
scribes the variation in surface heat flux.

The DNBR is most limiting when

the DNB heat flux is based on minimum flow area (small FA) and maximum heat
input (large F ) and when the surface heat flux is large (large F").
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A flow area reduction factor is determined for the as-built fuel assembly by
taking channel flow area measurements and statistically determining an equiva
lent hot channel flow area reduction factor.

A fuel assembly has been mea

sured, and the results are shown in Table 4.4-2.

Interior channel measure

ments and measurements of the channels formed by the outermost fuel rods with
adjacent assemblies have been analyzed.
type of channel have been determined.

Coefficients of variation for each
In the analytical solution for a chan

nel flow, each channel flow area is reduced over its entire length by the
FA factors.

The hot channels have been analyzed using values for 95 percent population
protected, or FA in the interior cells of 0.98 and FA in the wall cells of
0.97.

A statistical analysis of coolant channel measurements made on 72

Oconee 1 fuel assemblies indicates that at the 99 percent confidence level,
more than 98.51 percent of the coolant channels have a flow reduction factor
(FA) greater than or equal to 0.98 in the interior cells and 0.97 in the
wall cells.

Variations in the pellet size, density, and enrichment are reflected in co
efficients of variation Numbers 2 through 7 of Table 4.4-2.

These varia

tions have been obtained from the measured or specified tolerances and
combined statistically as described in 4.4.3.2 to give a power factor on the
hot rod.

For 99 percent confidence and 95 percent population conditions,

this factor, FQ, is 1.011 and is applied as a power increase over the full
length of the hot channel fuel rod.
similar conditions is 1.014.

The local heat flux factor, F", for

These hot channel factors are given with com

plete explanation of appropriate use in 6.5.3 and 6.8.3 of NFS-1001A
(Reference 3) and NFS-1002A (Reference 26).

Several subfactors are combined statistically to obtain the final values for
FQ, F , and F

These subfactors are shown in Table 4.4-2.

The factor,
the coefficient of variation, the standard deviation, and the mean value are
tabulated.
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4.4.3.3.9

Rod Bow Effects and Penalty

The mechanisms and resulting effects of fuel rod bow are discussed in B&W
topical report BAW-10147P-A (Reference 20).

The topical report concludes that

the DNB penalty due to rod bow is insignificant and unnecessary because the
power.production capability of the fuel decreases with irradiation.

The rod

bow correlation developed in Reference 20 also conservatively predicts the rod
bow behavior of Mark-BZ fuel as discussed in Reference 21.

THERMAL AND HYDRAULIC TESTS AND INSPECTIONS

4.4.4

4.4.4.1

Reactor Vessel Flow Distribution and Pressure Drop Test

A 1/6-scale model of the reactor vessel and internals has been tested to
evaluate:

a.

The flow distribution to each fuel assembly of the reactor core and
to develop any necessary modifications to produce the desired flow
distribution.

b.

Fluid mixing between the vessel inlet nozzle and the core inlet, and
between the inlet and outlet of the core.

c.

The overall pressure drop between the vessel inlet and outlet noz
zles, and the pressure drop between various points in the reactor
vessel flow circuit.

d.

The internals vent valves for closing behavior and for the effect on
core flow with valves in the open position.

The reactor vessel, flow baffle, and core barrel were made of clear plastic to
allow use of visual flow study techniques.

All parts of the model except the

core are geometrically similar to those in the production reactor.

However,

the simulated core was designed to maintain dynamic similarity between the
model and production reactor.
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Each of the 177 simulated fuel assemblies contained a calibrated flow nozzle.
The test loop is capable of supplying cold water (80F) to three inlet noz
zles and hot water (180F) to the fourth.

Temperature was measured in the

inlet and outlet nozzles of the reactor model and at the inlet and outlet of
each of the fuel assemblies.

Static pressure taps were located at suitable

points along the flow path through the vessel.

This instrumentation provided

the data necessary to accomplish the objectives set forth for the tests.

The

tests are summarized in BAW-10037 (Reference 15).

4.4.4.2

Fuel Assembly Heat Transfer and Fluid Flow Tests

Although the original design of the reactor is based on the W-3 heat transfer
correlation,* B&W has conducted a continuous research and development program
for fuel assembly heat transfer and fluid flow applicable to the design of the
reactor.

Single-channel tubular and annular test sections and multiple rod

assemblies have been tested at the B&W Research Center.
stantiates the thermal design of the reactor core.
is described briefly in the sections below.

This test work sub

Some of this test work

A detailed discussion of CHF

tests performed by B&W can be found in BAW-10000A (Reference 4).

4.4.4.2.1

Single-Channel Heat Transfer Tests

A large quantity of uniform flux, single-channel, critical heat flux data
has been obtained.
(Reference 22).

References to uniform flux data are given in BAW-168

The effect on the critical heat flux caused by nonuniform

axial power generation in a tubular test section at 2,000 psi pressure was
investigated as early as 1961 (Reference 23).

This program was extended to include pressures of 1,000, 1,500, and 2,000 psi
2
(Reference 24).
and mass velocities up to 2.5 x 106 lb/hr-ft

The effect on

the critical heat flux caused by differences in axial power distribution in
an annular test section was recently investigated at reactor design condi
tions (Reference 25).

Data were obtained at pressure of 1,000, 1,500, 2,000,

2
and 2,200 psi and at mass velocities up to 2.5 x 106 lb/hr-ft .

*The BAW-2 and BWC CHF correlations are now used for design analyses as
discussed in 4.4.2.1.
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The tubular tests included the following axial heat flux shapes where P/P is
local to average power:

a.

Uniform Heat Flux

(P/P)

= 1.000 constant

b.

Sine Heat Flux

(P/P)max

= 1.396 @ 50% L

c.

Inlet Peak Heat Flux

(P/P)max

= 1.930 @ 25% L

d.

Outlet Peak Heat Flux

(P/P)max

= 1.930 @ 75% L

Tests of two additional, nonuniform, 72 in. heated-length, tubular specimens
were undertaken to obtain data for peaking conditions more closely related
to the reference design.

The additional flux shapes being tested are:

a.

Inlet Peak Heat Flux

(P/P)

= 1.65 @ 288% L

b.

Outlet Peak Heat Flux

(P/P)max

= 1.65 @ 72% L

These tests will cover approximately the same range of pressure, mass velo
city, and AT as the multiple-rod fuel assembly tests.

4.4.4.2.2

Multiple-Rod Fuel Assembly Heat Transfer Tests

Critical heat flux data have been obtained from 6-ft long, 9-rod fuel assem
blies in a 3 x 3 square array.

A total of 513 data points was obtained cover

ing the following conditions:

10

1,000

0.2 x 106

ATS ! 300

P 5 2,400

G 5 3.5 x 106
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where

ATS = inlet subcooling, F

P = pressure, psia
G = mass velocity, lb/hr-ft 2

The geometry of this section consisted of nine rods of 0.420-in. diameter on
a 0.558-in. square pitch.

Analysis of the last data of this set is given in

BAW-10000A (Reference 4).

4.4.4.2.3

Fuel Assembly Flow Distribution, Mixing and Pressure Drop Tests

Flow visualization and pressure drop data have been obtained from a ten-times
full-scale (lOX) model of a single rod in a square flow channel.

These data

have been used to refine the spacer grid designs with respect to mixing
turbulence and pressure drop.

Additional pressure drop testing has been con

ducted using 4-.rod (5X), 4-rod (lX), 1-rod (lX), and 9-rod (lX) models.

Testing to determine the extent of interchannel mixing and flow distribution
has also been conducted.
has been measured.

Flow distribution in a square 4-rod test assembly

A salt solution injection technique was used to determine

the average flow rates in the simulated reactor assembly corner cells, wall
cells, and unit cells.
assembly.

Interchannel mixing data were obtained for the same

These data have been used to confirm the flow distribution and

mixing relationships employed in the core thermal and hydraulic design.
tests on a mockup of two adjacent fuel assemblies have been conducted.

Flow
Addi

tional mixing, flow distribution, and pressure drop data will be obtained to
improve future core power capability.

The following fuel assembly geometries

have been tested to provide additional data:

a.

A 9-rod (3 x 3 array) mixing test assembly, to determine flow pres
sure drop, flow distribution, and degree of mixing.
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b.

A 64-rod assembly simulating larger regions and various mechanical
arrangements within a 15 x 15 fuel assembly and between adjacent
fuel assemblies to determine flow distribution in the assembly and
between adjacent assemblies.
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4.5

4.5.1

4.5.1.1

REACTOR MATERIALS
REACTOR INTERNALS
Reactor Internal Materials

Reactor internals are fabricated primarily from SA-240 (Type 304) material and
designed within the allowable stress levels permitted by the ASME Code,
Section III, for normal reactor operation and transients.

Structural

integrity of all core support assembly circumferential welds is assured by
compliance with ASME Code Sections III and IX, radiographic inspection
acceptance standards, and welding qualification.

4.5.1.2

Design Bases

The reactor internal components are designed to withstand the stresses result
ing from startup; steady state operation with one or more reactor coolant
pumps running; and shutdown conditions. No damage to the reactor internals
will occur as a result of loss of pumping power.
The core support structure is designed as Class I structure, as defined in
3.9.5 to resist the effects of seismic disturbances.

The basic design guide

for the seismic analysis is AEC publication TID-7024, "Nuclear Reactors and
Earthquakes."
Lateral deflection and torsional rotation of the lower end of the core support
assembly is limited in order to prevent excessive deformation resulting from
seismic disturbance thereby assuring insertion of control rod assemblies
(CRAs). Core drop in the event of failure of the normal supports is limited
by guide lugs so that CRAs do not disengage from the fuel assembly guide
tubes (4.5.1.3).
e structural internals are designed to maintain their functional integrity
in the event of any major loss-of-coolant accident. The dynamic loading
resulting from the pressure oscillations because of a loss-of-coolant accident
will not prevent CRA insertion.
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Internals vent valves are provided to relieve pressure resulting from steam
generation in the core following a postulated reactor coolant inlet pipe rup
ture, so that the core will be rapidly re-covered by coolant.
Allowable Stresses

The loading combinations and corresponding stress criteria, including the
analytically predicted values of internals deflection for the combined maximum
seismic and LOCA loadings, are given in B&W Topical Report BAW-10008; Part 1;
Reactor Internals Stress and Deflection Due to Loss-of-Coolant Accident (LOCA)
and Maximum Hypothetical Earthquake".

Additional criteria for stresses due to

flow-induced vibratory loads are given in B&W Topical Report "Design of
Reactor Internals and Incore Instrument Nozzles for Flow Induced Vibrations,"
(Reference 1).
Methods of Load Analysis to be Employed for Reactor Internals and Fuel
Assembly.
In Part 1 of BAW-10008 (Reference 2), static or dynamic analysis is used as
appropriate. In general, dynamic analysis is used for earthquakes and the
subcooled portion of the loss-of-coolant accident (LOCA).

For the relative

ly steady-state portion of the LOCA, a static analysis is used. BAW-10035
(Reference 3) is analyzed in similar fashion to Part 1 except the steady
state portion of LOCA is not a significant contributor.
Where it is indicated that substantial coupling, i.e., interrelationship,
exists between major components of the Nuclear Steam System (NSS), such as the
steam generator, the piping, and the vessel, the dynamic analysis includes the
response of the entire coupled system.

However, where coupling is found to be

small, the component or groups of components are treated independently of the
overall system.
The dynamic analysis for LOCA uses predicted pressure-time histories as input
to a lumped-mass model. For earthquakes, actual earthquake records normalized
to appropriate ground motion, are used as input to the model.
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The output from

the analysis is in the form of internal motions (displacements, velocities,
and accelerations), motions of individual fuel assemblies, impact loads
between adjacent fuel assemblies, and impact loads between peripheral fuel
assemblies and the core shroud.

Motions of the reactor vessel, internals and

core are confirmed using a time history excited lumped mass solution.
In addition, seismic analysis is also performed using a modal superposition
and response spectra approach.

For the simultaneous occurrence of LOCA and the maximum hypothetical earthquake,
both time-history excitations are input to the system simultaneously such that
maximum structural motions, indicating maximum stresses, are obtained.

Outputs

are those mentioned above.
The output from the lumped-mass model and additional information such as
pressure-time histories on separate internals and core components (including
control rods) are used to calculate stresses and deflections.

These stresses

and deflections are compared to the allowable limits for the various loading
combinations as established in 3.9.5 to insure that they are less than these
allowables.
4.5.1.3

Description - Reactor Internals

Reactor internal components include the plenum assembly and the core support
assembly.

The core support assembly consists of the core support shield, vent

valves, core barrel, lower grid, flow distributor, incore instrument guide
tubes, and thermal shield.

The plenum assembly consists of the upper grid

plate, the control rod guide assemblies, and a plenum cylinder.

Figure

4.5-1 shows the reactor vessel, reactor vessel internals arrangement, and
the reactor coolant flow path.

Figure 4.5-2 shows a cross section through

the reactor vessel, and Figure 4.5-3 shows the core flooding arrangement.
Reactor internal components do not include fuel assemblies, control rod
assemblies (CRAs), or incore instrumentation.

Fuel assemblies and control

rod assemblies are described in 4.2.2, control rod drives in 4.5.3, and core
instrumentation in 7.7.3.

4.5-3

The reactor internals are designed to support the core, maintain fuel assembly
alignment, limit fuel assembly movement, and maintain CRA guide tube alignment
between fuel assemblies and control rod drives.

They also direct the flow of

reactor coolant, provide gamma and neutron shielding, provide guides for in
core instrumentation between the reactor vessel lower head and the fuel assem
blies, and support the internals vent valves.

The vent valves are designed

to vent the stream generated within the core, thereby permitting the rapid
re-covering of the core by coolant following a reactor coolant inlet pipe
rupture. All reactor internal components can be removed from the reactor
vessel to allow inspection of the reactor internals and the reactor vessel
internal surface.
A shop fitup and checkout of the internal components for Oconee 1 in an
as-built reactor vessel mockup insured proper alignment of mating parts
before shipment.

Dummy fuel assemblies and control rod assemblies were

used to check fuel assembly clearances and CRA free movement.
To minimize lateral deflection of the lower end of the core support assembly
as a result of horizontal seismic loading, integral weld-attached, deflection
limiting guide lugs are welded on the reactor vessel inside wall.

These

blocks also limit the rotation of the lower end of the core support assembly
which could result from flow-induced torsional loadings. The lugs allow
free vertical movement of the lower end of the internals for thermal expan
sion throughout all ranges of reactor operating conditions. In the unlikely
event that a flange, circumferential weld, or bolted joint might fail, the
lugs limit the possible core drop to 1/2 in. or less. The elevation plane
of these lugs was established near the elevation of the vessel support skirt
attachment to minimize dynamic loading effects on the vessel shell or bottom
head. A 1/2 in. core drop does not allow the lower end of the CRA rods to
disengage from their respective fuel assembly guide tubes, even if the CRAs
are in the full-out position. In this rod position, approximately 6-1/2 in.
of rod length remains in the fuel assembly guide tubes.
in. does not result in a significant reactivity change.

A core drop of 1/2
The core cannot

rotate and bind the drive lines, because rotation of the core support assembly
is prevented by the guide lugs.
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The core internals are designed to meet the stress requirements of the ASME
Code, Section III, during normal operation and transients. Additional
criteria and analysis are given in Reference 1. A detailed stress analysis of
the internals under accident conditions has been completed and is reported in
B&W Topical Report No. 10008, Part 1 (Reference 2).

This report analyzes the

internals in the event of a major loss-of-coolant accident (LOCA) and for the
combination of LOCA and seismic loadings. It is shown that although there is
some internals deflection, failure of the internals does not occur because the
stresses are within established limits. These deflections would not prevent
CRA insertion because the control rods are guided throughout their travel, and
the guide-to-fuel assembly alignment cannot change because positive alignment
features are provided betweem them and the deflections do not exceed allowable
values. All core support circumferential weld joints in the internals shells
are inspected to the requirements of the ASME Code, Section III.
4.5.1.3.1

Plenum Assembly

The plenum assembly is located directly above the reactor core and is removed
as a single component before refueling. It consists of a plenum cover, upper
grid, CRA guide tube assemblies, and a flanged plenum cylinder with openings
for reactor coolant outlet flow.

The plenum cover is constructed of a series

of parallel flat plates intersecting to form square lattices and has a perfo
rated top plate and an integral flange at its periphery. The cover assembly is
attached to the plenum cylinder top flange. The perforated top plate hasr
matching holes to position the upper end of the CRA guide tubes.

The plenum

cover is attached to the top flange of the plenum cylinder by a flange.
Lifting lugs are provided for remote handling of the plenum assembly. These
lifting lugs are welded to the cover grid.

The CRA guide tubes are welded

to the plenum cover top plate and bolted to the upper grid.

CRA guide assem

blies provide CRA guidance, protect the CRA from the effects of coolant
cross-flow, and provide structural attachment of the grid assembly to the
plenum cover.

Each CRA guide assembly consists of an outer tube housing, a mounting flange,
12 perforated slotted tubes and four sets of tube segments which are oriented
and attached to a series of castings so as to provide continuous guidance for
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the CRA full stroke travel.

The outer tube housing is welded to a mounting

flange, which is bolted to the upper grid. Design clearances in the guide
tube accommodate misalignment between the CRA guide tubes and the fuel
Final design clearances are established by tolerance studies and
Control Rod Drive Line Facility (CRDL) prototype test results. The test
assemblies.

results are described in 4.2.4.4.
The plenum cylinder consists of a large cylindrical section with flanges on
both ends to connect the cylinder to the plenum cover and the upper grid.
Holes in the plenum cylinder provide a flow path for the coolant water. The
upper grid consists of a perforated plate which locates the lower end of the
individual CRA guide tube assembly relative to the upper end of a
corresponding fuel assembly. The grid is bolted to the plenum cylinder lower
Locating keyways in the plenum assembly cover flange engage the
reactor vessel flange locating keys to align the plenum assembly with the
flange.

reactor vessel, the reactor closure head control rod drive penetrations, and
the core support assembly. The bottom of the plenum assembly is guided by the
inside surface of the lower flange of the core support shield.
4.5.1.3.2

Core Support Assembly

The core support assembly consists of the core support shield, core barrel,
lower grid assembly, flow distributor, thermal shield, incore instrument guide
tubes, and internals vent valves.

Static loads from the assembled components

and fuel assemblies, and dynamic loads from CRA trip, hydraulic flow, thermal
expansion, seismic disturbances, and loss-of-coolant accident loads are all
carried by the core support assembly.
The core support assembly components are described as follows:
a.

Core Support Shield

The core support shield is a flanged cylinder which mates with the reactor
vessel opening. The forged top flange rests on a circumferential ledge in the
reactor vessel closure flange.
to the core barrel.

The core support shield lower flange is bolted

The inside surface of the lower flange guides and aligns
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the plenum assembly relative to the core support shield.

has two nozzle openings for coolant flow.

The cylinder wall

These openings are formed by two

forged rings, which seal to the reactor vessel outlet nozzles by the differ
ential thermal expansion between the stainless steel core support shield and
the carbon steel reactor vessel.

The nozzle seal surfaces are finished and

fitted to a predetermined cold gap providing clearance for core support
assembly installation and removal. At reactor operating temperature, the
mating metal surfaces are in contact to make a seal without exceeding allow
able stresses in either the reactor vessel or internals. Eight vent valve
mounting rings are welded in the cylinder wall for internals vent valves.
b.

Core Barrel

The core barrel supports the fuel assemblies, lower grid, flow distributor,
and incore instrument guide tubes.

The core barrel consists of a flanged

cylinder, a series of internal horizontal former plates bolted to the
cylinder, and a series of vertical baffle plates bolted to the inner surfaces
of the horizontal formers to produce an inner wall enclosing the fuel
assemblies. The core barrel cylinder is flanged on both ends. The upper
flange of the core barrel cylinder is bolted to the mating lower flange of
the core support shield assembly and the lower flange is bolted to the lower
grid assembly.

All bolts are lock welded after final assembly.

Coolant flow

is downward along the outside of the core barrel cylinder and upward through
the fuel assemblies contained in the core barrel. A small portion of the
coolant flows upward through the space between the core barrel outer cylinder
and the inner baffle plate wall. Coolant pressure in this space is maintained
lower than the core coolant pressure to avoid tension loads on the bolts
attaching the plates to the horizontal formers.

c.

Lower Grid Assembly

The lower grid assembly provides alignment and support for the fuel
assemblies, supports the thermal shield and flow distributor, and aligns the
incore instrument guide tubes with the fuel assembly instrument tubes. The
lower grid consists of two lattice type grid structures, separated by short
tubular columns, and surrounded by a forged flanged cylinder.
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The upper

structure is a perforated plate, while the lower structure consists of inter
secting plates welded to form a grid.

The top flange of the forged cylinder

is bolted to the lower flange of the core barrel.

A perforated flat plate located midway between the two lattice structures aids
in distributing coolant flow prior to entrance into the core.

Alignment

between fuel assemblies and incore instruments is provided by pads bolted to
the upper perforated plate.
d.

Flow Distributor

The flow distributor is a perforated dished head with an external flange which
is bolted to the bottom flange of the lower grid.

The flow distributor

supports the incore instrument guide tubes and distributes the inlet coolant
entering the bottom of the core.
e.

Thermal Shield

A cylindrical stainless steel thermal shield is installed in the annulus
between the core barrel cylinder and reactor vessel inner wall.

The thermal

shield reduces the incident gamma absorption internal heat generation in the
reactor vessel wall and thereby reduces the resulting thermal stresses.

The

thermal shield upper end is restrained against inward and outward vibratory
motion by restraints bolted to the core barrel cylinder.

The lower end of the

thermal shield is shrunk fit on the lower grid flange and secured by 96 high
strength bolts.

f.

Incore Instrument Guide Tube Assembly

The incore instrument guide tube assemblies guide the incore instrument
assemblies from the instrument penetrations in the reactor vessel bottom head
to the instrument tubes in the fuel assemblies.

Horizontal clearances are

provided between the reactor vessel instrument penetrations and the instrument
guide tubes in the flow distributor to accommodate misalignment.
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Fifty-two

incore instrument guide tubes are provided and are designed so they will not
be affected by the core drop described in 4.5.1.3.

g.

Internals Vent Valves

Internals vent valves are installed in the core support shield to prevent a
pressure imbalance which might interfere with core cooling following a
postulated inlet pipe rupture.
vent valve will be closed.

Under all normal operating conditions, the

In the event of the pipe rupture in the cold leg

of the reactor loop, the valve will open to permit steam generated in the core.
to flow directly to the leak, and will permit the core to be rapidly recov
ered and adequately cooled after emergency core coolant has been supplied to
the reactor vessel.

The design of the internals vent valve is shown in Figure

4.5-4 and 4.5-5.
Each valve assembly consists of a hinged disc, valve body with sealing sur
faces, split-retaining ring, and fasteners. Each valve assembly is installed
into a machined mounting ring integrally welded in the core support shield
wall. The mounting ring contains the necessary features to retain and seal
the perimeter of the valve assembly.

Also, the mounting ring includes an

alignment device to maintain the correct orientation of the valve assembly for
hinged-disc operation. Each valve assembly will be remotely handled as a unit
for removal or installation.

Valve component parts, including the disc, are

of captured design to minimize the possibility of loss of parts to the coolant
system, and all operating fasteners include a positive locking device. The
hinged-disc includes a device for remote inspection of disc function.

Vent

valve materials are listed in Table 4.5-1.
The vent valve materials were selected on the basis of their corrosion
resistance, surface hardness, antigalling characteristics, and compatibility
with mating materials in the reactor coolant environment.
The arrangement consists of eight 14-in. inside diameter vent valve assemblies
installed in the cylindrical wall of the internals core support shield (refer
to Figure 4.5-1).

The valve centers are coplanar and are 42 in. above the
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plane of the reactor vessel coolant nozzle centers.

In cross section, the

valves are spaced around the circumference of the core support shield wall.

The hinge assembly provides eight loose rotational clearances to minimize any
possibility of impairment of disc-free motion in service.

In the event that

one rotational clearance should bind in service, seven loose rotational
clearances would remain to allow unhampered disc free motion.

In the worst

case, at least four clearances must bind or seize solidly to adversely affect
the valve disc free motion.
In addition, the valve disc hinge loose clearances permit disc self-alignment
so that the external differential pressure adjusts the disc seal face to the
valve body seal face.

This feature minimizes the possibility of increased

leakage and pressure-induced deflection loadings on the hinge parts in
service.
The external side of the disc is contoured to absorb the impact load of the
disc on the reactor vessel inside wall without transmitting excessive impact
loads to the hinge parts as a result of a loss-of-coolant accident.
Evaluation of Internals Vent Valve

4.5.1.4

A vapor lock problem could arise if water is trapped in the steam generator
blocking the flow of steam from the top of the reactor vessel to a cold leg
leak.

Under this condition, the steam pressure at the top of the reactor

would rise and force the steam bubbles through the water leg in the bottom
of the steam generator.

This same differential pressure that develops a

water leg in the steam generator will develop a water leg in the reactor
vessel which could lead to uncovering of the core.
The most direct solution to this problem is to equalize the pressure across
the core support shield, thus eliminating the depression of the water level
in the core.

This was accomplished by installing vent valves in the core

support shield to provide direct communication between the top of the core
and the coolant inlet annulus.

These vent valves open on a very low-pressure
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differential to allow steam generated in the core to flow directly to the
leak from the reactor vessel. Although the flow path in the steam generator
is blocked, this is of no consequence since there is an adequate flow path
to remove the steam being generated in the core.
During the vent valve conceptual design phase, criteria were established for
valves for this service. The design criteria were (1) functional integrity,
(2) structural integrity, (3) remote handling capability, (4) individual part
capture capability, (5) functional reliability, (6) structural reliability,
criteria
and (7) leak integrity throughout the design life. The design
resulted in the selection of the hinged-disc (swing-disc) check valve, which
was considered suitable for futher development.
Because of the unique purpose and application of this valve, B&W recognized
the need for a complete detailed design and development program to determine
valve performance under nuclear service conditions. This program included
both analytical and experimental methods of developing data. It was performed
subcontractors.
primarily by B&W and the selected valve vendor or his
Vent valve preliminary design drawings were prepared and analyzed both by B&W
and the vendor/subcontractor. Specifications and drawings were prepared, and
orders were placed with the vendor for the design, development, fabrication,
and test of a full-size prototype vent valve. The prototype valve was com
testing was suc
pleted and subjected to the tests described in 4.5.4. All
cessfully completed and minor problems encountered during valve assembly
handling or use were corrected to arrive at the final design for the produc
tion valve (Reference 4).
The only signficant problem encountered during test was seizing of one jack
which
screw. This was attributable to an excessive thickness of "Electrolyze"
the speci
spalled off the screw threads. This problem was corrected by reducing
further
fied "Electrolyze" thickness from 0.0015 in. to 0.0004 in. max. and no
to galling, the final
galling was encountered. To further enhance resistance
of a 1 in.-12 UNF
design jackscrew has a 1-1/8 in.-8 Acme thread form instead
of 410 SS.
and the material is an age hardened corrosion resistant alloy instead
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No further jackscrew problems have occurred or are anticipated on the basis that
the surfaces are separated by the low friction "Electrolyze", different materials
of different hardnesses are used, loose fits are employed, and thread contact
stresses are low (3775 psi).
The final design of this valve is shown in Figure 4.5-4.

The valve disc

hangs closed in its natural position to seal against a flat, stainless steel
seat inclined 5 degrees from vertical to prevent flow from the inlet coolant
annulus to the plenum assembly above the core.

In the event of LOCA, the

reverse pressure differential will open the valve.

At all times during normal

reactor operation, the pressure in the coolant annulus on the outside of the
core support shield is greater than the pressure in the plenum assembly on
the inside of the core support shield. Accordingly, the vent valve will be
held closed during normal operation.

With four reactor coolant pumps opera

ting, the pressure differential is 42 psi resulting in a several-thousand
pound closing force on the vent valve.
Under accident conditions, the valve will begin to open when a pressure dif
ferential of less than 0.15 psi develops in a direction opposite to the normal
pressure differential. At this point, the opening force on the valve counter
acts the natural closing force of the valve.

With an opening pressure dif

ferential of no greater than 0.3 psi, the valve would be fully open. With
this pressure differential, the water level in the core would be above the
top of the core.

In order for the core to be half uncovered, assuming solid

water in the bottom half of the core, a pressure differential of 3.7 psi would
have to be developed. This would provide an opening force of about 10 times
that required to open the valve completely.

This is a conservative limit

since it assumes equal density in the core and the annulus surrounding the
core.

The hot, steam-water mixture in the core will have a density much less
than that of the cold water in the annulus, and somewhat greater pressure
differentials could be tolerated before the core is more than half uncovered.
An analog computer simulation was developed to evaluate the performance of
the vent valves in the core support shield.

This analysis demonstrated that

adequate steam relief exists so that core cooling will be accomplished.
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The behavior of the valve disc during LOCA conditions was investigated and
the rather complex dynamic behavior of the disc during LOCA was analyzed as
a series of simpler models which provide conservative predictions of peak
stresses and deflections.

The valve disc remains closed initially for the LOCA hot leg (36 in. pipe) case
and the disc opening on subsequent differential pulses is less than one-half
of the initial disc to vessel wall impact velocity for the LOCA cold leg
(28 in. pipe) case.

Therefore, the disc motion and initial impact with the

vessel inside wall was chosen as the worst case and the only one requiring
consideration.

The cold-leg LOCA pressure time history acting on the disc

was approximated by a piecewise linear time function.

The momemt due to

pressure was equated to the rotary inertia of the disc to determine the
velocity of impact with the vessel inside wall.
The model chosen for the initial impact consisted of three effective springs
and two masses to represent the disc with its lug, the compliance of the disc,
and the vessel inside wall.
Loads generated on impact were based on the conservation of energy.

The

stresses obtained for these loads indicated that the elastic model assuming
conservation of energy was not valid and that the impact must assume plastic
deformation.

The locations and modes of plastic deformation

are illustrated

in BAW-10005 (Reference 4).
The plastic analysis provided the following information:
a.

Crush deformation of lug after disc corner contacts the vessel wall
is predicted to be 0.165 inches.

b.

The total deformation of lug from contact with the vessel wall until
disc assembly motion is arrested is predicted to be 0.483 inches.

c.

The total angular deformation at the plastic hinge is predicted to
be 0.016 radians.
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d.

An analysis was performed on the reactor vessel wall for disc assem
bly impact and the results indicate that while the stainless steel
cladding is deformed locally, the reactor maintains its structural
and pressure boundary integrity.

Because of conservative assumptions used in the plastic analysis, actual defor
mations will be considerably less than the above predicted values.

Although

plastic deformation may occur as predicted above on impact, the disc will retain
its structural integrity.

Plastic deformation of the disc dissipates the stored

kinetic energy stored in the disc effectively; thus the energy available for,
rebound is less than 1 percent of the initial impact energy and is too low to
overcome the pressure differential and cause impact on the valve body.

Disc

and body hinge components were analyzed for worst case disc impact loadings
and the resulting stresses were found to be less than the allowable limits;
therefore, the valve disc free-motion (venting) function will be unaffected.
From the above, it is concluded that vent valve performance will not be
impaired during the course of an accident because disc free-motion part
stresses remain within allowable limits, disc structural integrity is main
tained, vessel pressure boundary integrity is maintained, and plastic defor
mation of the disc seating surface improves the venting function.
With reference to Figure 4.5-5, each jackscrew assembly consists of a
jackscrew, internally splined mating nut ring, nut ring spring, capture cover
and cover attachment fasteners (socket head cap screws).

In the figure, the

splined nut ring and its spring are hidden from view by the capture cover.
The potential for loss of jackscrew assembly parts during the plant lifetime
is considered remote on the basis that the jackscrews and capture parts are
accessible for visual inspection during scheduled refueling outages.

A

jackscrew loss is considered remote because a failure in service is highly
improbable with the low compressive load (1000 psi) involved and the jack
screw is retained in the valve body by a central shoulder and the ends are
threaded into the retaining rings.

An in-service failure of the splined nut

ring and its spring is remote becuase these parts are subjected to little or
no load and even if they did fail all parts would be retained within the
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capture cover.

Capture cover failure and loss is highly improbable on the

same basis that is it not loaded in service.

The capture cover is attached

to the upper retaining ring by socket head cap screws which are lock welded
to the cover at installation.

By design, these screws are retention rather

structural devices and are not loaded in service.

These screws do not re

quire a pre-load to hold the formed cover in place; therefore, a loss of
pre-load by lock welding would not jeopardize the cover or screw installation
Two fillet welds 1800 apart are used to lock weld

or structural integrity.

each screw head to the capture cover and in the absence of loads on both the
cover and screws, the likelihood of lock weld failure and loss of screw heads
is considered remote.

With the capability to inventory these cap screw heads

visually at scheduled refuelings, any problem related to the loss of these
screws would be apparent early in the plant life and the valve assemblies
could be removed for corrective action.

The internals vent valves are described, including materials and hinge part
loose clearances in Table 4.5-2.

The internals vent valves have been tested for ability to withstand the
effects of vibratory excitations and for other functional characteristics
as described in 4.5.4.

4.5.2

CORE COMPONENTS

This section addresses core components that are not an integral part of the
fuel assembly itself.

Specifically addressed are the following:

control rod

assembly, axial power shaping rod assembly, and burnable poison rod assembly.

4.5.2.1

Fuel Assemblies

The fuel system (fuel assembly and its components) is addressed in 4.2.

4.5.2.2

Control Rod Assembly (CRA)

Each control rod assembly (Figure 4.5-6) has 16 control rods, a stainless
steel spider, and a female coupling.

The 16 control rods are attached to the
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spider by means of a nut threaded to the upper shank of each rod.
assembly, all nuts are lock welded.
CRA by a bayonet type connection.

After

The control rod drive is coupled to the
Full length guidance for the CRA is

provided by the control rod guide tube of the upper plenum assembly and by
the fuel assembly guide tubes.

The CRAs and guide tubes are designed with

adequate flexibility and clearances to permit freedom of motion within the
fuel assembly guide tubes throughout the stroke.

Oconee 3, Cycle 8 introduced a new long life control rod assembly design.
Future replacement CRAs for all units will be of this type.

The extended life

control rod assembly (CRA) is nearly identical to B&W's standard design.

The

present designed spider/coupling arrangement is retained as are all other
envelope dimensions.

Reference to Table 4.5-3, demonstrates the differences

between the standard and the plant-life CRA design.

The major differences are

found in the slight reduction in the absorber OD and the use of Inconel 625

.

clad (as compared to the standard SS 304 material).

Inconel 625 CRA cladding

was selected because of its added creep and corrosion resistance.

In addition,

the rodlets are prepressurized with helium, and the cladding is slightly
thicker to retard creepdown and ovalization.

Each control rod has a section of neutron absorber-material.
material is an alloy of silver-indium-cadmium.

The absorber

End pieces are welded to the

tubing to form a water-tight and pressure-tight container for the absorber
material.

Both the inconel and the stainless steel tubing provides the structural strength
of the control rods and prevents corrosion of the absorber material.

A tube

spacer similar to that in the fuel assembly is used to prevent absorber motion
within the cladding during shipping and handling, and to permit differential
expansion in service.

These control rods are designed to withstand all operating loads including
those resulting from hydraulic force, thermal gradients, and reactor trip
deceleration.

The ability of the control rod clad to resist collapse has been

established in a test program on cold-worked stainless steel tubing. Because
the Ag-In-Cd alloy poison does not yield a gaseous product under irradiation,
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internal pressure and swelling of the absorber material does not cause
excessive stressing or stretching of the clad.
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Because of their length and the possible lack of straightness over the entire
length of the rod, some interference between control rods and the fuel
assembly guide tubes is expected. However, the parts involved, especially the
control rods, are flexible and only small friction drag loads result.
Similarly, thermal distortions of the control rods are small because of the
low heat generation and adequate cooling.

Consequently, control rod assemblies

do not encounter significant frictional resistance to their motion in the guide
tubes.

4.5.2.3

Axial Power Shaping Rod Assembly (APSRA)

Gray APSR's are provided for additional control of axial power distribution.
Each axial power shaping rod assembly (Figure 4.5-7) has 16 axial power
shaping rods, a stainless steel spider, and a female coupling.

The 16 rods

are attached to the spider by means of a nut threaded to the upper shank of
each rod.

After assembly all nuts are lock welded.

The axial power shaping

rod drive is coupled to the APSRA by a bayonet connection.

The female coupl

ings of the APSRA and CRA have slight dimensional differences to ensure that
each type of rod can only be coupled to the correct type of drive mechanism.
When the APSRA is inserted into the fuel assembly it is guided by the guide
tubes of the fuel assembly.

Full length guidance of the APSRA is provided by

the control rod guide tube of the upper plenum assembly.

At the full out

position of the control rod drive stroke, the lower end of the APSRA remains
within the fuel assembly guide tube to maintain the continuity of guidance
throughout the rod travel length.

The APSRAs are designed to permit maximum

conformity with the fuel assembly guide tube throughout travel.
Each axial power shaping rod has a section of neutron absorber material.
For these gray APSRs, this absorber material is Inconel 600, and the clad is
coldworked, Type 304 stainless steel tubing.

The tubing provides the struc

tural strength of the axial power shaping rods and prevents corrosion of the
absorber material.

Gray APSRs are designed with improved creep life.

Cladding thickness and rod

ovality control, which are the primary factors controlling the creep life of a
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stainless steel material, have been improved to extend the creep life of the
gray APSR.

Minimum design classing thickness is 24 mils.

The gray APSRs used in Units 2 and 3 have been prepressurized to extend its
lifespan to twice that of a non-pressurized gray APSR tube.

Replacement APSRs

for Unit 1 will be prepressurized gray APSRs when needed.
Pertinent data on gray APSRs is shown in Table 4.5-4.
These axial power shaping rods are designed to withstand all operating loads
including those resulting from hydraulic forces and thermal gradients.

The

ability of the axial power shaping rod clad to resist collapse due to the
system pressure has been established in a test program on cold worked stain
less steel tubing.

The absorber material does not yield gaseous products under

irradiation, therefore, internal pressure is not generated within the clad.
Swelling of the absorber material is negligible, and does not cause unaccept
able clad strain.
Because of their great length and unavoidable lack of straightness, some slight
mechanical interference between axial power shaping rods and the fuel assembly
guide tubes must be expected.

However, the parts involved are flexible and

result in very small friction drag loads.

Similarly, thermal distortions of

the rods are small because of the low generation and adequate cooling.

Con

sequently, the APSRAs do not encounter significant frictional resistance to
their motion in the guide tubes.

4.5.2.4

Burnable Poison Rod Assembly (BPRA)

Each BPRA (Figure 4.2-1) has 16 burnable poison rods, a stainless steel spider,
and a coupling mechanism.
to the spider.

The coupling mechanism and the 16 rods are attached

The BPRA is inserted into the fuel assembly guide tubes through

the upper end fitting.

Retention is provided by the feet on the BPRA spider,

which rest upon the fuel assembly holddown spring retainer ring.

Thus the

BPRA is pinned between this retainer ring and the reactor's upper grid pads.
All Oconee fuel which is of the Mk B5 (or later) design, uses this BPRA design.
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The burnable poison rod is clad in cold-worked Zircaloy-4 tubing and Zircaloy-4
upper and lower end pieces.

The end pieces are welded to the tubing to form a

water and pressure-tight container for the absorber material.

The Zircaloy-4

tubing provides the structural strength of the burnable poison rods.
In addition to their nuclear function, the BPRA also serve to minimize guide
tube bypass coolant flow.

Pertinent data on the BPRA is shown in Table 4.5-5.

The burnable poison rods are designed to withstand all operating loads in
cluding those resulting from hydraulic forces and thermal gradients.

The

ability of the burnable poison rod clad to resist collapse due to the system
pressure and internal pressure has been demonstrated by an extensive test
program on cold-worked Zircaloy-4 tubing (4.2.4.3.1).

I
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4.5.3

CONTROL ROD DRIVES

Oconee 3 uses the Type C control rod drive mechanism in contrast to Oconee 1
and 2 which use Type A mechanisms.

Both types are sealed, reluctance motor

driven screw units and the design requirements are identical.

Section 4.5.3.1

describes Type A mechanisms, and 4.5.3.2 describes Type C mechanisms.

4.5.3.1

Type A Mechanisms

The control rod drive mechanism (CRDM) positions the control rod within the
reactor core, provides for controlled withdrawal or insertion of the control
rod assemblies, is capable of rapid insertion or trip, and indicates the
location of the control rod with respect to the reactor core.

The speed at

which the control rod is inserted or withdrawn from the core is consistent
with the reactivity change requirements during reactor operation.

For conditions

that require a rapid shutdown of the reactor, the shim safety drive mechanism
releases the CRA and supporting CRDM components permitting the CRA to move by
gravity into the core.

The reactivity is reduced during such a rod insertion

at a rate sufficient to control the core under any operating transient or
accident condition.

The control rod is decelerated at the end of the rod trip

insertion by a buffer assembly in the CRDM upper housing.
supports the control rod in the fully inserted position.

The buffer assembly
The CRDM data is

listed in Table 4.5-6, and criteria applicable to drive mechanisms for both
control shim rod assemblies and axial power shaping rod assemblies are given
below.

Additional requirements for the mechanisms which actuate only control

shim rod assemblies are also given below.

4.5.3.1.1

a.

General Design Criteria

Single Failure

No single failure shall inhibit the protective action of the control rod drive
system.

The effect of a single failure shall be limited to one CRDM.
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b.

Uncontrolled Withdrawal

No single failure or sequence of dependent failures shall cause uncontrolled
withdrawal of any control rod assembly (CRA).

c.

Equipment Removal

The disconnection of plug-in connectors, modules, and subassemblies from the
protective circuits shall be annunciated or shall cause a reactor trip.

d.

Position Indication

Continuous position indication, as well as an upper and lower position limit
indication, shall be provided for each CRDM.

The accuracy of the position in

dicators shall be consistent with the tolerance set by reactor safety analysis.

e.

Drive Speed

The control rod drive control system shall provide a single uniform mechanism
speed.

The drive controls, or mechanism and motor combination, shall have an

inherent speed limiting feature.

The speed of the mechanism shall be 30

in./min for both insertion and withdrawal.

The withdrawal speed shall be lim

ited to not exceed 25 percent overspeed in the event of speed control fault.

f.

Mechanical Stops

Each CRDM shall have positive mechanical stops at both ends of the stroke or
travel.

The stops shall be capable of receiving the full operating force of

the mechanisms without failure.

g.

Control Rod Positioning

The control rod drives shall provide for controlled withdrawal or insertion of
the control rods out of, or into, the reactor core to establish and hold the
power level required.
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4.5.3.1.2

Additional Design Criteria

The following criterion is applicable only to the mechanisms which actuate
The shim safety drives are capable of rapid insertion

control rod assemblies:

or trip for emergency reactor conditions.

4.5.3.1.3

Shim Safety Drive Mechanism

The shim safety drive mechanism consists of a motor tube which houses a lead
The top end of the motor tube

screw and its rotor assembly, and a buffer.
is closed by a closure and vent assembly.

An external motor stator surrounds

the motor tube (a pressure housing) and position indication switches are
arranged outside the motor tube extension.

The control rod drive output element is a non-rotating translating lead screw
coupled to the control rod.

The screw is driven by separating anti-friction

roller nut assemblies which are rotated magnetically by a motor stator located
outside the pressure boundary.

Current impressed on the stator causes the

separating roller nut assembly halves to close and engage the lead screw.
Mechanical springs disengage the roller nut halves from the screw in the
absence of a current.

For rapid insertion, the nut halves separate to release

the screw and control rod, which move into the core by gravity.

A hydraulic

buffer asembly within the upper housing decelerates the moving CRA to a low
speed a short distance above the CRA full-in position.

The final CRA deceler-.

ation energy is absorbed by the down-stop buffer spring.

The CRDM is a

totally sealed unit with the roller nut assemblies magnetically driven by the
stator coil through the motor tube pressure housing wall.

The lead screw

assembly is connected to the control rod by a bayonet type coupling.

An

anti-rotation device (torque taker) prevents rotation of the lead screw while
the drive is in service.

A closure and vent assembly is provided at the top

of the motor tube housing to permit access to couple and release the lead
screw assembly from the control rod.

The top end of the lead screw assembly

is guided by the buffer piston and its guide.

Two of the six phase stator

housing windings are energized to maintain the control rod position when the
drive is in the holding mode.
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4.5.3.1.4

CRDM Subassemblies

The CRDM is shown in Figures 4.5-10 and 4.5-11.

Subassemblies of the CRDM

are described as follows:

a.

Motor Tube

The motor tube is a three-piece welded assembly designed and manufactured in
accordance with the requirements of the ASME Code, Section III, for Class A
nuclear pressure vessel.

Materials conform to ASTM or ASME, Section II,

Material Specifications.

All welding shall be performed by personnel qualified

under ASME Code, Section IX, Welding Qualifications.

The motor tube wall

between the rotor assembly and the stator is constructed of magnetic material
to present a small air gap to the motor.

This region of the motor tube is of

low alloy steel clad on the inside diameter with stainless steel or with
Inconel.

The upper end of the motor tube functions only as a pressurized

enclosure for the withdrawn lead screw and is made of stainless steel transition
welded to the upper end of the low alloy steel motor section.

The lower end of

the low alloy steel tube section is welded to a stainless steel machined
forging which is flanged at the face which contacts the vessel control rod
nozzle.

Double gaskets, which are separated by a ported test annulus, seal the

flanged connection between the motor tube and the reactor vessel.

b.

Motor

The motor is a synchronous reluctance unit with a slip-on stator.
assembly is described in 4.5.3.1.4.f.

The rotor

The stator is a 48-slot four-pole

arrangement with water cooling coils wound on the outside of its casing.
stator is encapsulated after winding to establish a sealed unit.

The

It is six

phase star-connected for operation in a pulse-stepping mode and advances 15
mechanical degrees per step.

The stator assembly is mounted over the motor

tube housing as shown in Figure 4.5-10.

c.

Plug and Vent Valve

The upper end of the motor tube is closed by a closure insert assembly con
taining a vapor bleed port and vent valve.
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have double seals.

The insert closure is retained by a closure nut which is

threaded to the inside of the motor tube.

The sealing for the closure is

applied by jackscrews threaded through the closure nut.

d.

Actuator

The actuator consists of the translating lead screw, its rotating nut assembly,
and the torque taker assembly on the screw.

The actuator lead screw travel is

139 inches.

e.

Lead Screw

The lead screw has a lead of 0.750 in.
pitch spacing of 0.375 in.

The thread is double lead with a single

Thread lead error is held to close tolerances for

uniform loading with the roller nut assemblies.

The thread form is a modified

ACME with a blank angle that allows the roller nut disengage without lifting
the screw.

f.

Rotor Assembly

The rotor assembly consists of a ball bearing supported rotor tube carrying
and limiting the travel of a pair of scissors arms.

Each of the two arms

carry a pair of ball bearing supported roller (nut) assemblies which are skewed
The current

at the lead screw helix angle for engagement with the lead screw.

in the motor stator (two of a six winding stator) causes the arms that are
pivoted in the rotor tube to move radially toward the motor tube wall to the
limit provided thereby engaging the four roller nuts with the centrally located
lead screw.

Also, four separating springs mounted in the scissor arms keep the

rollers disengaged when the power is removed from the stator coils.

A second

radial bearing mounted to the upper end of the rotor tube has its outer race
pinned to both scissor arms thereby synchronizing their motion during engage
ment and disengagement.

When a three phase rotating magnetic field is applied

to the motor stator, the resulting force produces rotor assembly rotation.

4.5-24

1984 Update

g.

Torque Extension Tube and Torque Taker

The torque extension tube is a separate tubular assembly containing a keyway
that extends the full length of the lead screw travel.

The tube assembly is

supported against rotation and in elevation by the upper end of the motor tube
extension.

The lower end of the tube assembly supports the buffer and is the

down stop.

A set of indexing serrations mate to prevent rotation and orient

the torque extension tube with the motor tube below the cap and vent valve
assembly.

An integral shoulder at the top of the tube rests against a step

in the motor tube inside diameter to provide a vertical support.

The torque taker assembly consists of the position indicator permanent magnet,
the buffer piston, and a positioning key.

The torque taker key fixed at the

top of the lead screw is mated with the torque extension tube keyway to
provide both radial and tangential positioning of the lead screw.

h.

Buffer

The buffer assembly is capable of decelerating the translating mass from the
unpressurized terminal velocity to zero velocity without applying greater-than
ten times the gravitational force on the control rod.

The water buffer con

sists of a piston fixed to the top end of the screw shaft and a cylinder which
is fixed to the lower end of the torque extension tube.

Twelve inches above

the bottom stop, the piston at the top of the screw enters the cylinder.
Guiding is accomplished because the piston and torque key are in a single
part, and cylinder and keyway are in a single mating part.

As the piston

travels into the cylinder, water is driven into the center of the lead screw
through holes in the upper section which produce the damping pressure drop.
The number of holes presented to the buffer chamber is reduced as the rod
moves into the core, so that the damping coefficient increases as the velo
city reduces, thereby providing an approximately uniform deceleration.

A

large helical buffer spring is used to take the kinetic energy of the drive
line at the end of the water buffer stroke.

The buffer spring accepts a five

foot per second impact velocity of the drive line and control rod with an
instantaneous overtravel of one inch past the normal down stop.

The inclusion

of this buffer spring permits practical clearances in the water buffer.
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i.

Lead Screw Guide

The lead screw guide bushing acts as a primary thermal barrier and as a guide
for the screw shaft.

As a primary thermal barrier, the bushing allows only a

small path for free convection of water between the mechanism and the closure
head nozzle.

Fluid temperature in the mechanism is largely governed by the

flow of water up and down through this bushing.

The diametral clearance

between screw shaft and bushing is large enough to preclude jamming the screw
shaft and small enough to hold the free convection to an acceptable value.

In

order to obtain trip travel times of acceptably small values, it is necessary
to provide an auxiliary flow path around the guide bushing.

The larger area

path is necessary to reduce the pressure differential required to drive water
into the mechanism to equal the screw displacement.

The auxiliary flow paths

are closed for small pressure differentials (several inches of water) by ball
check valves which prevent the convection flow but, open fully during trip.

j.

Position Indications

Two methods of position indication are provided: an absolute position indi
cator and a relative position indicator.

The absolute position transducer

consists of a series of magnetically operated reed switches mounted in a tube
parallel to the motor tube extension.

Each switch is hermetically sealed.

Switch contacts close when a permanent magnet mounted on the upper end of the
lead screw extension comes in close proximity.

As the lead screw (and the

control rod assembly) moves, switches operate sequentially producing an analogue
voltage proportional to position.

The accuracy of the analogue signal is ±1.44

percent and produces a readout of approximately ±2.46 percent accuracy.
Additional reed switches are included in the same tube with the absolute
position transducer to provide full withdrawal and insertion signals.

The

relative position indicator consists of a small pulse-stepping motor driving a
potentiometer that generates a signal accuracy of ±0.7 percent producing a
position readout of ±1.7 percent accuracy.

k.

Motor Tube Design Criteria

The motor tube design complies with Section III of the ASME Boiler and Pressure

Vessel Code for a Class A vessel.

The operating transient cycles, which are
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considered for the stress analysis of the reactor pressure vessel, are also
considered in the motor tube design.

Quality standards relative to material selection, fabrication, and inspection
are specified to insure safety function of the housings essential to accident
prevention.
tions.

Materials conform to ASTM or ASME, Section II, Material Specifica

All welding shall be performed by personnel qualified under ASME Code,

Section IX, Welding Qualifications.

These design and fabrication procedures

establish quality assurance of the assemblies to contain the reactor coolant
safely at operating temperature and pressure.

In the highly unlikely event that a presssure barrier component or the control
rod drive assembly does fail catastrophically, i.e.,

ruptured completely, the

following results would ensue:

(1)

Control Rod Drive Nozzle

The assembly would be ejected upward as a missile until it was stopped
by the missile shield over the reactor.

This upward motion would have

no adverse effect on adjacent assemblies.

(2)

Motor Tube

The failure of this component anywhere above the lower flange would result
in a missile-like ejection into the missile shielding over the reactor.
This upward motion would have no adverse effect on adjacent mechanisms.

1.

Axial Power Shaping Rod Drive

For actuating the partial length control rods which maintain their set position
during a reactor-trip of the shim safety drive, the CRDM is modified so that
the roller nut assembly will not disengage from the lead screw on a loss of
power to the stator.

Except for this modification, the shim drives and the

axial power shaping rod drives are identical.

4.5.3.2

Type C Mechanisms
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4.5.3.2.1

Shim Safety Drive Mechanism

The Type C shim safety drive mechanism consists of a motor tube which houses a
torque tube, a leadscrew, its rotor assembly, and a snubber assembly.
end of the motor tube is closed by a closure and vent assembly.

The top

An external

motor stator surrounds the motor tube (a pressure housing) and position indi
cation switches are arranged outside the motor tube extension.

4.5.3.2.2

CRDM Subassemblies

Those parts of the Type C CRDM subassemblies which are different from the Type
A CRDM (4.5.3.1.4) are described below:

a.

Motor Tube

That portion of the motor tube wall between the rotor assembly and the stator
is constructed of martensitic stainless steel.

b.

Motor

The stator is a 48-slot four-pole arrangement with water cooling coils in the
outside casing.

The stator is varnish impregnated after winding to establish

a sealed unit.

c.

Plug and Vent Valve

Refer to 4.5.3.1.4.

d.

Actuator

Refer to 4.5.3.1.4.

e.

Lead Screw

Refer to 4.5.3.1.4.
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f.

Rotor Assembly

Refer to 4.5.3.1.4.

g.

Torque Tube and Torque Taker

The torque tube is a separate tubular assembly containing a key that extends
The tube assembly is secured in

the full length of the leadscrew travel.

elevation and against rotation at the lower end of the closure assembly by a
retaining ring, keys and the insert closure.

The lower end of the torque tube

houses the snubber assembly and is the down stop.

The leadscrew contacts the

insert closure assembly for the upper mechanical stop.

The torque taker assembly consists of the position indicator permanent magnet,
the snubber piston and a positioning keyway.

The torque taker assembly is

attached to the top of the leadscrew and has a keyway that mates with the key
in the torque tube to provide both radial and tangential positioning of the
leadscrew.

h.

Snubber Assembly

The total snubber assembly is composed of a piston that is the lower end of
the torque taker assembly and a snubber cylinder and belleville spring assembly
which is attached to the lower end of the torque tube.

The snubber cylinder is

closed at the bottom by the snubber bushing and leadscrew.

The snubber cylinder

has a twelve-inch active length in which the free-fall tripped leadscrew and
control rod assembly is decelerated without applying greater than ten times
gravitational force on the control rod.

The damping characteristics of the

snubber is determined by the size and position of a number of holes in the
snubber cylinder wall and the leakage at the snubber piston and bushing.
Leakage reduction at the snubber piston and bushing can only be reduced to a
minimum amount caused by practical operating clearances.

Therefore, at the end

of the snubbing stroke, there is kinetic energy from a five foot per second
impact velocity that is absorbed by the belleville spring assembly by a slight
instantaneous overtravel past the normal down stop.
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structural support material of various forms.

In addition, one or more of

these examinations are performed on materials or processes which are used for
functions other than structural support (i.e. alignment dowels, etc.) so that
virtually 100 percent of the completed internals materials and parts are in
cluded in the listing.

Internals raw materials are purchased to ASME Code

Section II or ASTM material specifications.

Certified material test reports

are obtained and retained to substantiate the material chemical and physical
properties.

All internals materials are purchased and obtained to a low cobalt

limitation.

The ASME Code Section III, as applicable for Class A vessels, is

generally specified as the requirement for reference level nondestructive
examination and acceptance.

In isolated instances when ASME III cannot be

applied, the appropriate ASTM Specifications for non-destructive testing are
imposed.

All welders performing weld operations on internals are qualified in

accordance with ASME Code Section IX applicable Edition and Addenda.

The

primary purpose of the following list of non-destructive tests is to locate,
define, and determine the size of material defects to allow an evaluation of
defect, acceptance, rejection, or repair.

Repaired defects are similarly

inspected as required by applicable codes.

4.5.4.1.1

a.

Ultrasonic Examination

Wrought or forged raw material forms are 100 percent inspected
throughout the entire material volume to ASME III, Class A.

b..

4.5.4.1.2

a.

Personnel conducting these exmainations are trained and qualified.

Radiographic Examination (includes X-ray or radioactive sources)

Cast raw material forms are 100 percent inspected to ASME III Class A
or ASTM.

b.

All circumferential full penetration structural weld joints which
support the core are 100 percent inspected to ASME III Class A.

c.
*

-All radiographs are reviewed by qualified personnel who are trained
in their interpretation.
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Liquid Penetrant Examination

4.5.4.1.3
a.

Cast form raw material surfaces are 100 percent inspected to ASME
III Class A or ASTM.

b.

Full penetration non-radiographic or partial penetration structural
welds are inspected by examination of root, and cover passes to
ASME III Class A.

c.

All circumferential full penetration structural weld joints which
support the core have cover passes inspected to ASME III Class A.

d.

Personnel conducting these examinations are trained and qualified.
Visual (5X Magnification) Examination

4.5.4.1.4

This examination is performed in accordance with and results accepted on the
basis of a B&W Quality Control Specification which complies with NAV-SHIPS
250-1500-1.

Each entire weld pass and adjacent base metal are inspected prior

to the next pass from the root to and including the cover passes.

a.

Partial penetration non-radiographically or non-ultrasonically
feasible structural weld joints are 100 percent inspected to the
above specification.

b.

Partial or full penetration attachment weld joints for nonstruc
tural materials or parts are 100 percent inspected to the above
specification.

c.

Partial or full penetration weld joints for attachment of mechanical
devices which lock and retain structural fasteners.

d.

Personnel conducting these examinations are trained and qualified.
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After completion of shop fabrication, the internals components are shopfitted
and assembled to final design requirements. The assembled internals
components undergo a final shop fitting and alignment of the internals with
the "as built" dimensions of the reactor vessel. Dummy fuel and CRAs are
used to insure that ample clearances exist between the fuel and internals
structures guide tubes to allow free movement of the CRA throughout its full
stroke length in various core locations. Fuel assembly mating fit is checked
at all core locations. The dummy fuel and CRAs are identical to the
production components except that they are manufactured to the most adverse
tolerance space envelope, and they contain no fissionable or absorber
materials.
All internal components can be removed from the reator vessel to allow inspec
tion of all vessel interior surfaces. Internals components surfaces can be
inspected when the internals are removed to the canal underwater storage
location.

4.5.4.2

Internals Vent Valves Tests and Inspection

The internals vent valves are designed to relieve the pressure generated by
steaming in the core following a LOCA so that the core will remain
The valves were designed to withstand the forces
resulting from rupture of either a reactor coolant inlet or outlet pipe. To
verify the structural adequacy of the valves to withstand the pressure forces
sufficiently cooled.

and perform the venting function, the following tests were performed:

4.5.4.2.1

A full-size prototype valve assembly (valve disc retaining
mechanism and valve body) was hydrostatically tested to the
maximum pressure expected to result during the blowdown.

4.5.4.2.2

Sufficient tests were conducted at zero pressure to determine
the frictional loads in the hinge assembly, the inertia of the
valve disc, and the disc rebound resulting from impact of the
disc on the seat so that the valve response to cyclic blowdown
forces may be determined analytically.
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4.5.4.2.3

A prototype valve was pressurized to determine the pressure
differential required to cause the valve disc to begin to open.
A determination of the pressure differential required to open
the valve disc to its maximum open position was simulated by
mechanical means.

4.5.4.2.4

A prototype valve assembly was successfully installed and removed
remotely in a test stand to confirm the adequacy of the vent
valve handling tool.

4.5.4.2.5

A 1/6 scale model valve disc closing force (excluding gravity)
test is described in 4.4.4.

4.5.4.2.6

The full-size prototype valve's response to vibration was
determined experimentally to verify prior analytical results
which indicated that the valve disc would not move relative to
the body seal face as a result of vibration caused by transmission
of core support shield vibrations.

The prototype valve was mounted

in a test fixture which duplicated the method of valve mounting
in the core support shield. The test fixture with valve installed
was attached to a vibration test machine and excited sinusoidally
through a range of frequencies which encompassed those which may
reasonably be anticipated for the core support shield during
reactor operation. The relative motion between the valve disc
and seat was monitored and recorded during test.

The test

results indicated that there was no relative motion of the valve
to its seat for conditions simulating operating conditions.
After no relative motion was observed or recorded during test,
the valve disc was manually forced open during test to observe
its response. The disc closed with impact on its seat, rebounded
open and reseated without any adverse affects to valve seal
surfaces, characteristics, or performance. From this oscillo
graph record, the natural frequency of the valve disc was
conservatively calculated as approximately 1500 cps; whereas,
the range of frequencies for the Oconee system (including
internals components) has been established as 15 to 160 cps.
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These frequencies are separated by an ample margin to conclude
that no relative motion between the valve disc and its seal will
occur during normal reactor operation.

Each production valve will be subjected to tests (b) and (c) above except that
no additional analysis will be performed in conjunction with test (b).
The valve disc, hinge shaft, shaft journals (bushings), disc journal recep
tacles, and valve body journal receptacles are designed to withstand without
failure the internal and external differential pressure loadings reresult
These valve materials will be non

ing from a loss-of-coolant accident.

destructively tested and accepted in accordance with the ASME Code III require
ments for Class A vessels as a reference quality level.
During scheduled refueling outages after the reactor vessel head and the
internals plenum assembly have been removed, the vent valves are accessible
for visual and mechanical inspection.

A hook tool is provided to engage

with the valve disc exercise lug described in 4.5.1.3.2.g.

With the aid of

this tool, the valve disc will be manually exercised to evaluate the disc
freedom.

The hinge design incorporates special features, as described in

4.5.1.3.2.g, minimize the possibility of valve disc motion impairment during
its service life.

With the aid of the hook tool, the valve disc can be

raised and a remote visual inspection of the valve body and disc sealing
faces can be performed for evaluation of observed surface irregularities.
Remote installation and removal of the vent valve assemblies if required is
performed with the aid of the vent valve handling tool which includes unlock
ing and operating features for the retaining ring jackscrews.
An inspection of hinge parts is not planned until such time as a valve
assembly is removed because its free-disc motion has been impaired.

In

the unlikely event that a hinge part should fail during normal operation,
the most significant indication of such a failure would be a change in the
free-disc motion as a result of altered rotational clearances.
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Table 4.2-1(1)
Core Design, Thermal, and Hydraulic Data
Reactor
Rated Heat Output, MWt
Vessel Coolant Inlet Temperature, F
Vessel Coolant Outlet Temperature, F
Core Outlet Temperature, F
Core Operating Pressure, psig

2,568
555.6
602.4
606.2
2,185

Core and Fuel Assemblies
Total Number of Fuel Assemblies in Core
177
Number of Fuel Rods per Fuel Assembly
208
Number of Control Rod Guide Tubes per Assembly
16
Number of In-Core Instrumentation Positions
per Fuel Assembly
1
Fuel Rod Outside Diameter, in.
0.430
Clad Thickness, in.
0.0265
Fuel Rod Pitch, in.
0.568
Fuel Assembly Pitch Spacing, in.
8.587
Unit Cell Metal/Water Ratio (Volume Basis)
0.82
Clad Material
Zircaloy-4 (Cold Worked)
Fuel
Material
Form
Pellet Diameter, in.
Active Length, in.
Density, % of Theoretical

U02
Dished-End, Cylindrical Pellets
0.3686
141.8
95.0

Heat Transfer and Fluid Flow at Rated Power
Total Heat Transfer Surface in Core, ft2
Average Heat Flux, Btu/hr-ft2
Maximum Heat Flux, Btu/hr-ft 2
Average Power Density in Core, kW/k
Average Thermal Output, kW/ft of Fuel Rod
Maximum Thermal Output, kW/ft of Fuel Rod
Average Core Fuel Temperature, F
Total Reactor Coolant Flow, lb/hr
Core Flow Area (Effective for Heat Transfer), ft2
Core Coolant Average Velocity, fps

(II

48,608 (2)
175 x 103 (2)
450 x 103 (2)
85.31 (2)
5.8 (2)
14.9 (2)
1310 (2)
139.7 x 106 (3)
49.19
16.23 (3)

Table 4.2-1 (cont'd)
Power Distribution
Maximum/Average Power Ratio, Radial x Local
Nuclear)
(F
Maximum/verage Power Ratio, Axial (F Nuclear)
Overall Power Ratio (F Nuclear)
Power Generated in Fuel and Cladding, %

1.71
1.5
2.57
97.3

Hot Channel Factors
Power Peaking Factor (F )
Flow Area Reduction Factor (FA)
Interior Bundle Cells
Peripheral Bundle Cells
Local Heat Flux Factor (F ")
Hot Spot Maximum/Average neat Flux Ratio
(F nuc and mech)

1.011
0.98
0.97
1.014
2.63

DNB Data
112

Design Overpower (% Rated Power)

DNB Ratio at Design Overpower (BAW2)
Limiting DNB Ratio (BAW2) Mark - B Fuel
(BWC)

(1) Typical results only.
analysis results.

Mark

-

BZ Fuel

2.05
1.30
1.18

Refer to reload report for cycle specific design and

(2) Based on reference peaking and densified length of 140.74 inches as
applicable.
(3)

Based on 106.5 percent design flow and 8.1 percent bypass flow as
applicable.
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Table 4.2-2(1
Fuel Assembly Components
Item

Material

Dimensions (In)

Fuel

U0 2 Sintered Pellets

0.3686 Dia.

Fuel Clad

Zircaloy-4

0.430 OD x 0.377 ID
x 153-1/8 long

Fuel Rod:

Fuel Rod Pitch

0.568

Active Fuel Length

141.8

Fuel Assembly:
Fuel Assembly Pitch

8.587

Overall Length

165-5/8

Control Rod Guide Tube

Zircaloy-4

0.530 OD x 0.016 wall

Instrumentation Tube

Zircaloy-4

0.493 OD x 0.441 ID

End Fittings

Stainless Steel
(Castings)

Spacer Grid

Inconel-718 Strips

0.020 thick exteriors
0.016 thick interiors

Spacer Grid

-Zircaloy-4

0.021 thick exteriors
0.018 thick interiors

Spacer Sleeve

Zircaloy-4

0.554 OD x 0.502 ID

Fuel Assembly Design:
MK B-4
MK B-4Z, B-5, B-5Z

MK B-6, B-7, B-8
(1) Typical geometry.
reports.

Maximum Assembly
Burnup (MWD/MTU)
> 43,000
43,000 - 47,000

> 50,000
Batch specific geometry is reported in individual reload
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Table 4.2-3
1 Cladding Circumferential Stress
Unit
Oconee Nuclear Station

Case

Ext Press.,
psia

Int Press.,
psia

Cladding
Temp, F

Bending +
Membrane
Stress, psi

Total
stress,
psi

Yield
Strength,
psi

Ultimate
Strength,
psi

1

2200
2500

460
460

532
532

-22500
-27600

-22500
-27600

48000
48000

57000
57000

2

2200
2500

580
580

650
650

-20800
-25700

-20800
-25700

45000
45000

50000
50000

3

2200
2500

600
600

650
650

-20500
-25400

-20500
-25400

45000
45000

50000
50000

4

2200
2500

580
580

723
723

-21000
-26100

-24900
-30000

42000
42000

44000
44000

5

2200
2500

600
600

733
733

-20700
-25700

-25100
-30200

41500
41500

43500
43500

6

2200
2500

460
460

532
532

-22500
-27600

-22500
-27600

48000
48000

57000
57000

9

2200
2500

580
580

704
704

-20900
-26000

-23800
-28900

43000
43000

46000
46000

10

2200
2500

600
600

711
711

-20600
-25600

-23900
-28900

43000
43000

46000
46000

11

2200
2500

460
460

535
535

-22500
-27600

-22800
-27800

48000
48000

57000
57000

12

1725

400

425

-16300

-16300

50000

62500

Table 4.2-4
Oconee Nuclear Station Units 2 and 3 Cladding Circumferential Stress
P
Case
Beginning of life

-

clad,

Densified
total,
psi

Yield
Strength,
psi

Ultimate
Strength,
psi

460
460

532
532

-22,500
-27,600

48,000
48,000

57,000
57,000

2200
2500

580
580

650
650

-20,800
-25,700

45,000
45,000

50,000
50,000

2200
2500

600
600

650
650

-20,500
-25,400

45,000
45,000

50,000
50,000

2200
2500

580
580

723
723

-24,900
-30,000

42,000
42,000

44,000
44,000

2200
2500

600
600

733
733

-25,100
-30,200

41,500
41,500

43,500
43,500

ext,
psia_

int,
psia

2200
2500

T

F

pre

operational hot standby 0% power
Beginning of life - void

section of cladding 100% power
Beginning of life - void

section of cladding 114% power
Beginning of life - fueled

section of cladding 100% power
Beginning of life - fueled

section of cladding 114% power
End of life - hot standby

2200

460

532

-22,500

48,000

57,000

0% power

2500

460

532

-27,600

48,000

57,000

End of life - fueled section
of cladding - 100% power

2200
2500

580
580

704
704

-23,800
-28,900

43,000
43,000

46,000
46,000

End of life - fueled section
of cladding - 114% power

2200
2500

600
600

711
711

-23,900
-28,900

43,000
43,000

46,000
46,000

End of life - immediately
after shutdown

2200
2500

460
460

535
535

-22,800
-27,800

48,000
48,000

57,000
57,000

End of life, cladding temp
of 425F

1725

400

425

-16,300

50,000

62,500

-

Table 4.2-5

Post-Irradiation Examination of Oconee 1 Fuel
Cycle
4

Cycle
1

Cycle
2

Cycle
3

36

15

7

10

8

7

4

10

48

30

--

-

107

26

12

20

6

5

5

5

Grid springs measured

24

63

Rods line-scanned

73
7,100

Fuel assemblies examined
Assembly lengths measured
Rod lengths measured

Rods gamma-scanned
Holddown springs measured

Channel spacings measured
Crud samples taken
Control rod assemblies examined

--

-

121

43

94

20,000

17,600

10,050

22

26

1

2

10

-

--

--

Table 4.2-6

Oconee 1 Nondestructive Examination
Summary of Results Through Three Cycles of Irradiation

0II

-

Average fuel rod growth 0.5%

-

Average assembly growth 0.4%

-

Holddown spring operating force within as-built
tolerance range

-

Rod bow less than 30% closure in 95% of the cases

-

Average rod creepdown approximately 4 mils

-

Average assembly bow 0.2 inch

Table 4.2-7
Summary of Destructive Test Phase Results
Oconee-1, End-of-Cycle 1
-

No evidence of defects or significant fretting

-

Average rod creepdown approximately 2 mils

-

Fuel densification as predicted by model

-

Internal pressure decreased 15%

-

Fission gas release less than 1%

-

Cladding tensile strength at 125% of unirradiated value

-

Cladding total elongation at 80% of unirradiated value

Table 4.3-1
Nuclear Design Data
Oconee I

Oconee II

Oconee III

0.303
0.580
0.102
0.003
0.012
1.000

0.303
0.580
0.102
0.003
0.012
1.000

0.303
0.580
0.102
0.003
0.012
1.000

94.1

93.1

93.1

128.9
142

128.9
142

128.9
142

2.85
2.04

2.88
2.06

2.88
2.06

309
400

440
400

479
400

9,569
12,518

13,774
12,518

14,995
12,518

2.10
3.15

2.62
2.64

2.56
2.54

3.34

3.34

3.34

Ag-In-Cd
61
INC-600
8
SS 304

Ag-In-Cd
61
INC-600
8
SS 304

Ag-In-Cd
61
INC-600
8
SS 304

Fuel Assembly Volume Fractions
Fuel
Moderator
Zircaloy
Stainless Steel
Void

Total UO, (BOL, First Core)
Metric Tons

-

Core Dimensions, in.
Equivalent Diameter
Nominal Active Height
Unit Cell H2 0 to U Atomic Ratio
(Fuel Assembly)
Cold
Hot
Full-Power Lifetime, Days
First Cycle
Equilibrium Cycle
Fuel Irradiation, MWD/MTU
First Cycle Average
Equilibrium Cycle Average
Fuel Loading, wt% U-235
Core Average First Cycle
First Reload Average
Typical Core Average Equilibrium
Cycle
Control Data
Control Rod Material
Number of Full Length CRA's
APSR Material
Number of APSR's
Control Rod Cladding Material
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Table 4.3-2
Typical Eighteen Month Fuel Cycle
Excess Reactivity, CRG-8 at 37.5% WD, HFP Samarium

Cycle Time
(EFPD)
0
4
25
50
100
200
427

Excess Reactivity (% Ak/k) at Specified Condition
HFP, No Xe
HZP, No Xe
300F, No Xe
68F, No Xe
17.69
17.61
17.18
16.93
16.35
14.82
10.42

16.59
16.51
16.10
15.85
15.29
13.81
9.54

14.13
14.04
13.60
13.33
12.72
11.13
6.53

11.88
9.09
8.54
8.17
7.42
5.51
0.50
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Table 4.3-3
Effective Multiplication Factor,
koff
Single Fuel Assembly (a)
Hot
Cold (b)

0.77
0.87

(a) Based on highest probable enrichment of 3.5 weight percent.
(b) A center-to-center assembly pitch of 21 in. is required for this keff in
cold, unborated water with no xenon or samarium.
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Table 4.3-4
Shutdown Margin Calculation for Typical Oconee Fuel Cycle
BOC, % Ak/k

EOC, % Ak/k

Available Rod Worth
Total rod worth, HZP

8.68

9.17

Worth reduction due to burnup of poison
material

-0.42

-0.42

Maximum stuck rod, HZP

-1.44

-1.65

Net worth

6.82

7.10

Less 10% uncertainty

0.68

0.71

Total available worth

6.14

6.39

Power deficit, HFP to HZP

1.35

2.25

Max allowable inserted rod worth

0.30

0.55

Flux redistribution

0.60

1.19

Total required worth

2.25

3.99

Shutdown margin (total available worth
minus total required worth)

3.89

2.40

Required Rod Worth

Note:

Required shutdown margin is 1.00% Ak/k.

Table 4.3-5
Moderator Temperature Coefficient

Conditions

Oconee I

Oconee II

Oconee III

1.

Core size, no. fuel assemblies

177

177

177

2.

Core average enrichment w/o U-235

2.10

2.62

2.56

3.

Avg Power density, MWt/assembly

14.508

14.508

14.508

4.

Initial critical conditions
(hot full power, clean)
a.
b.
c.
d.

1200
(a)
Boron concentration, ppm
2.1
CRA inserted worth, % Ak/k
0.0
Burnable poison worth, % Ak/k
+0.27
coeftemperature
Moderator
ficient, [10 4(Ak/k)/F]

1341
1.0
4.0
+0.03

>+1

1291
1.0
4.0
-0.01

>+1

5.

Threshold value of moderator
temperature coefficient,
[104 (Ak/k)/F] (b)

+1

6.

Moderator temperature coefficient with equilibrium xenon,
BOL, [10 4 (Ak/k)/F]

-0.30

-0.50

-0.54

7.

Most positive value of Moderator
temperature coefficient used in
safety analysis, [104 (Ak/k)/F]

+0.9

+0.9

+0.9

8.

Most negative value of Moderator
temperature coefficient used in
(Ak/k)/F]
safety analyses [10

-3.5

-3.5

-3.5

(a)

Inserted rod worth shown for Oconee 1 results from 3-D calculations and
reflects transient group worth, APSR's, and partial Doppler insertion.

(b) See 4.3.3.2
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Table 4.3-6
BOL Distributed-Temperature Moderator Coefficients,
100% Power, 1200 ppm Boron

T

Type of Temperature
Change
1. Tinconstant, T

2.

T.

and T

out

(OF)
in

change

change

constant
3. T. change T
in
out

T
(OF)
out

(x 10
m

554.03
554.03

606.90
609.33

+0.14

554.03
555.00

606.90
607.73

+0.27

554.03
551.20

606.90
606.79

+0.36

)
m
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Table 4.3-7
BOL Distributed-Temperature Moderator Coefficients, vs Power,
1200 ppm Boron,
No Xenon
T

% Power

(OF)
in

(OF)
T
out

a (x 10
m

1.

15

575.00
576.00

583.01
584.00

+0.42

2.

60

563.88
565.00

595.78
596.94

+0.30

3.

100

554.03
555.00

606.90
607.73

+0.27

)
m
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Table 4.3-8
BOL Distributed-Temperature Moderator Coefficient,
Equilibrium Xenon
a(X 10
M

Type of Temperature
Change

in and T out change

T.

)
m

0 Days (1200 ppm)
+.27

4 Days (920 ppm)
-.30
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Table 4.3-9
Power Coefficients of Reactivity
Power

a

(%

_

Full

Power.)

(x0

k-

)

a

(x10 4

)

___________

15

-7.93

-2.04

60

-6.09

-1.56

100

-4.33

-1.11
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Table 4.3-10
pH Characteristics

7Li,ppm

Tmod

OF

Boron Concen.,

pH Units

ppm

0.5
2.0

70
70

1,800
1,800

5.0
5.6

0.5
2.0

580
580

1,200
1,200

7.0
7.5

0.5
2.0

580
580

17
17

7.2
7.8

0.5
2.0

70
70

17
17

7.9
8.5
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Table 4.3-11
Design Methods

Unit
1

Cycle

Design Methods

10

4.3.3.1.1
9

2

7, 8,

3

7, 8, 9, 10

4.3.3.1.2
4.3.3.1.2

S
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Table 4.3-12
Uncertainty and Reliability Factors
B&W
Value/Reference
A.

Peaking Factors
Radial
Total

B.

1.05/11
1.075/11

1.05
1.075

10%/12
Variable/12

10%
Variable

1.075/11

1.075

1.026

1.026

1.014

1.014

Shutdown Margin
Rod Worth Uncertainty
Control Rod Burnup Penalty

C.

Centerline Fuel Melt Margin
Total Peak
Axial spacer grid
uncertainty factor
Engineering mechanical
tolerance
Power spike factor due
to densification
Axial shrinkage due
to densification

144

Note:

144
MDSH

1.05/11

1.05

Other factors accounted for in thermal-hydraulics
analyses. See Section 4.4.

LOCA Margin
Total peaking
Axial spacer grid
Engineering mechanical
tolerance
Axial shrinkage due
to densification
Maximum Xe redistri
bution factor
Quandrant power tilt
factor

F.

.

DNBR Margin
Radial Peaking

E.

Figure 4.3.3-1

Figure 4.3.3-1

MDSH*

D.

Duke (Reference 2)

Ejected Rod Worth

1.075/11
1.026

1.075
1.026

1.014
144
MDSH

1.014
144
MDSH

1.05

1.05

1.075

1.075

15%

15%

* MDSH = Minimum Densified Stack Height

Table 4.4-1
Typical Thermal-Hydraulic Design Conditions

Oconee Unit

Typical
MK B

Typical MK B/
BZ Transition
Core

Power level, MWt

2568

2568

System pressure, psia

2200

2200

Reactor coolant flow, % design flow

106.5

106.5

Vessel inlet coolant temp, 100% power, F

555.6

555.6

Vessel outlet coolant temp, 100% power, F

602.4

602.4

Ref design axial flux shape

1.5 cos

1.5 cos

Ref design radial-local power peaking factor

1.71

1.71

Active fuel length, in.

140.3

140.3

Average heat flux, 100% power, 10

Btu/hr-ft2

17 6

(a)

176(a)

CHF correlation

BAW-2

BAW-2/BWC

CHF correlation limit

1.30

1.30/1.18

Hot channel factors
Enthalpy rise
Heat flux
Flow area

1.011
1.014
0.98

1.011/1.011
1.014/1.014
0.98/0.97

Minimum DNBR with densification penalty

2.05

2.05/1.74

(a) Based on densified length of
140.3 in.
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Table 4.4-2
Coefficients of Variation

Standard
Deviation
of Variable
()

Mean Value
of Variable
(x)

Coefficient
of Variation
(o/x)

Flow Area
Interior Bundle Cells
Peripheral Bundle Cells

0.00190
0.00346

0.17740
0.21546

0.01071
0.01606

2

Local Rod Diameter

0.000647

0.430

0.00150

3

Average Rod Diameter (Die
Drawn, Local and Average
Same)

0.000647

0.430

0.00150

Local Fuel Loading
Subdensity
Subfuel Area
(Diameter Effect)

0.00647
0.000094

0.935
0.1075

0.00698
0.00692
0.00087

Average Fuel Loading
Subdensity
Sublength
Subfuel Area
(Diameter Effect)

0.00485
0.26294
0.000094

0.935
144
0.1075

0.00557
0.00519
0.00183
0.00087

6

Local Enrichment

0.00421

2.00

0.00211

7

Average Enrichment

0.00421

2.00

0.00211

CV
No.
1

4

5

Description

Enrichment values are for worst case normal assay batch, maximum
variation occurs for minimum enrichment.

Table 4.5-1

Internals Vent Valve Materials

.

Material Specification No.

Valve Part Name

Material and Form

Valve Body

304 S.S.

Valve Disc

304 S.S. Casting (a)

ASTM A351-CF8

Disc Shaft

431 S.S. Bar (b)

ASTM A276 Type 431 Cond. T

Shaft Bushings

Stellite No. 6

Retaining Rings
(Top and Bottom)

15-5 pH (H1100) S.S.
forgings

AMS 5658

Ring Jack Screws

"A-286 Superalloy"
S.S. (c)

AMS 5737 C

Jackscrew Bushings

431 S.S. Bar

ASTM A276 Type 432
Cond. A

Misc. Fasteners,

304 S.S. plate

ASTM A240

covers, locking

bar, etc.

ASTM A276

Casting (a)

ASTM A351-CF8

devices, etc.
(a)

Carbide solution annealed, Cmax 0.08%, Comax 0.2%

(b)

Heat treated and tempered to Brinnel Hardness Number (BHN) range of
290-320.

(c)

Heat treated to produce a BHN of 248 min.

The hinge assembly consists of a shaft, two valve body journal receptacles,
two halve disc journal receptacles, and four flanged shaft journals
(bushings).

Loose clearances are used between the shaft and journal inside

diameters, and between the journal outside diameters and their receptacles.
The hinge assembly is shown and the clearance gaps are identified in Figure
4.5.5.

The bushing clearances are listed in Table 4.5.2.

The valve disc hinge journal contains integral exercise lugs for remote

operation of the disc with the valve installed in the core support shield.
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Table 4.5-2
Vent Valve Shaft & Bushing Clearances
Clearance Gaps are Illustrated in Figure 4.5-5

A.

Cold Clearance Dimensions @ 700 F
Bushing I.D.
Shaft 0.D.

1.500
1.490
.010

to
to
to

1.505
1.485
.020

clearance (Gaps 1, 2, 7 & 8)

Body I.D.
Bushing O.D.

2.000
1.997
.003

to
to
to

2.003
1.995
.008

clearance (Gaps 3, 4, 5 & 6)

Bushing End Clearance Gaps 9 + 10

Bushing Flange

B.

5.756
to
4.742
to
1.014
to
.992
to
.022
to
x 4 = .996
x 4 = .992

5.752
4.746
1.006
.996
.010
.249
.248

Body Lugs
Disc Hub

End Clearance (Gaps 9 + 10)

Hot Clearance Differential Change from 70 to 580F
Linear coefficient of thermal expansion of the materials for a
temperature change of 70 to 600F.
9.8 x 106 in/in/F
8.1 x 10 6
9.82 x 106

Shaft: A286
Bushing: Stellite #6
Bodies: CF8 Stainless
AT = 580

Shaft

70 = 510

-

AD = DadT = 1.5 (9.8 x 10-6) 510 = .0075

Bushing I.D.

=

1.5 (8.1 x 106) 510 = .0062
.0013 decrease

Bushing 0.D.

=

2 (8.1 x 106 ) 510

= .0083

Body I.D.

=

2 (9.82 x 106) 510

=

.010
+.0017 increase

Bushing Endplay Hot
CF8 Body
Stellite #6 Bushing Flange

AL = 1 (9.82 x 10-6) 510 = .0050
= 1 (8.1 x 106) 510

= .0041
.0009 increase

Table 4.5-3
Control Rod Assembly Data

Data

Item
Number of CRA
A.

B.

61

Standard CRA Design
Number of Control Rods per Assembly

16

Outside Diameter of Control Rod, in.

0.440

Cladding Thickness, in.

0.021

Cladding Material

Type 304 SS, Cold-Worked

End Plug Material

Type 304 SS, Annealed

Spider Material

SS Grade CF3M

Poison Material

80% Ag, 15% In, 5% Cd

Female Coupling Material

Type.304 SS, Annealed

Length of Poison Section, in.

134

Stroke of Control Rod, in.

139

Plant-Life CRA Design i
Number of Control Rods per Assembly

16

Outside Diameter of Control Rod, in.

0.441

Cladding Thickness, in.

0.023

Cladding Material

Inconel 625

End Plug Material

Inconel 625

Spider Material

SS Grade CF3M

Poison Material

80% Ag,

Female Coupling Material

Type 304 SS, Annealed

Length of Poison Section, in.

139

Stroke of Control Rod, in.

139

15% In, 5% Cd

NOTE:

The plant-life CRA is prepressurized with Helium.
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Table 4.5-4
Axial Power Shaping Rod Assembly Data
Data

Item
Gray APSR Design
Number of Axial Power Shaping Rod Assemblies

8

Number of Axial Power Shaping Rods per Assembly

16

Outside Diameter of Axial Power Shaping Rod, in.

0.440

Cladding Thickness, in.

0.027

Cladding Material

Type 304 SS, Stainless
Steel Cold-Worked

Plug Material

Type 304 SS, Annealed

Poison Material

Inconel

Spider Material

SS Grade CF3M

Female Coupling Material

Type 304 SS, Annealed

Length of Poison Section, in.

63

Stroke of Control Rod, in.

139

-

600

1986 Update

Table 4.5-5
Burnable Poison Rod Assembly Data

Item

Data

Number of Burnable Poison Rods per Assembly

16

Outside Diameter of Burnable Poison Rod, in.

0.430

Cladding Thickness, in.

0.035

Cladding Material

Zircaloy-4, Cold Worked

End Cap Material

Zircaloy-4, Annealed

Poison Material

B 4C in. A12 03

Length of Poison Section, in.

126

Spider Material

SS Grade CF3M

Coupling Mechanism Material

Type 304 SS, Annealed

Table 4.5-6
Control Rod Drive Mechanism Design Data

Shim Safety

Axial Power
Shaping

Type

Roller Nut Drive

Roller Nut Drive

Quantity

61

8

Location

Top-mounted

Top-mounted

Direction of Trip

Down

Does not trip

Velocity of Normal Withdrawal
and Insertion, in./min.

30

30

2/3 Insertion, sec

1.40

Drive has no trip
function

3/4 Insertion, sec

1.50

Drive has no trip
function

Length of Stroke, in.

139

139

Design Pressure, psig

2,500

2,500

Design Temperature, F

650

650

Weight of Mechanism (App.)

940 lb

940 lb

Maximum Travel Time for Trip
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