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CHAPTER 4.0
REACTOR

4.1 SUMMARY DESCRIPTION

This chapter describes: 1) the mechanical components of the reactor and reactor
core, including the fuel rods and fuel assemblies, 2) the nuclear design, and
3) the thermal-hydraulic design.

The reactor core is composed of an array of fuel assemblies that are similar in
mechanical design, but different in fuel enrichment. Within each fuel
assembly, all rods are of the same enrichment. Three different enrichments
were employed in the first core. The enrichments for Cycle 1 at Wolf Creek
were 2.10 (Region 1), 2.60 (Region 2), and 3.10 (Region 3) weight percent. The
average enrichments were increased in subsequent reloads in order to achieve an
eighteen month cycle. This began in Cycle 2 and Cycle 4 was the first eighteen
month cycle. Enrichments up to 5.0 weight percent may be used for reload fuel
when credit is taken for integral fuel burnable absorbers (IFBA) or 4.6 weight
percent without credit of IFBA.

The Westinghouse 17x17 low-parasitic (LOPAR) fuel design was used during cycle
1 and for the fresh fuel loaded in Cycles 2 and 3 as well. Cycle 4 fresh fuel
incorporated the anti-snag grid design into the LOPAR fuel design. Cycle 5
fresh fuel added the reconstitutable top nozzle (RTN) and debris filter bottom
nozzle (DFBN) features to the WCGS fuel design. Cycle 6 fresh fuel
incorporated the low pressure drop Zircaloy mid grid feature as described in
Reference 1. With the incorporation of the Zircaloy mid grids, the WCGS fuel
design changed from the LOPAR design to the Westinghouse VANTAGE 5H (V5H) fuel
design. Cycle 7 fresh fuel incorporated the Zircaloy Intermediate Mixing Vane
Grids (IFM), as described in Reference 1, to provide additional coolant mixing
in the upper fuel regions. An Inconel Protective Bottom Grid (PBG) was added
to Cycle 8 fresh fuel to provide an additional debris barrier and increased
fretting resistance. Cycle 9 fresh fuel incorporated the Integral Fuel
Burnable Absorber (IFBA) design, as described in Reference 1, as an alternative
to discrete burnable absorbers. Cycle 10 fresh fuel incorporated fully

enriched annular axial blankets and the use of Zirlo™ as the material for the
manufacture of the fuel clad, guide thimble and instrumentation tubes, mid

grids, and IFM grids. With the incorporation of the Zirlo™ material, the WCGS
fuel design changed to the Westinghouse VANTAGE 5H with Performance + features
(V5H P+) fuel design. The V5H P+ design is the .374” outside diameter rod
equivalent to the VANTAGE+ design discussed in Reference 2. The Cycle 10 fresh
fuel also included 8 demonstration assemblies of the Robust Fuel Assembly (RFA)
design. The differences between the VOH P+ design and the RFA design are
discussed in Reference 4. The Cycle 12 fresh fuel incorporated a revised rod
design that increases the void volume available in the fuel rod and is referred
to as the low rod internal pressure fuel rod design. The low rod internal
pressure fuel rod design is discussed in Reference 5. With the incorporation
of the low rod internal pressure fuel rod design the WCGS fuel design changed
to the Westinghouse VANTAGE 5H with Performance + features, Zirlo +2

(V5H P+2z*?) fuel design.

The Cycle 13 fresh fuel incorporated the features of the Robust Fuel Assembly
design, including modified mid-grids, modified IFM grids, and thicker wall
guide thimble and instrument tubes, into the V5H p+7"2 design. With the
incorporation of these features the WCGS fuel design changed to the
Westinghouse Standard Fuel Rod Robust Fuel Assembly Zirlo™ (STD RFA z'° or RFA
2*?) design. The Cycle 13 fresh fuel also included 4 demonstration assemblies
that incorporated the RFA-2 mid-grid design and the Integral Clamp Top Nozzle
(ICTN) design. The RFA-2 mid-grid is an improved mid-grid that provides
increased margin for fretting wear, while maintaining the RFA mid-grids
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performance in other areas such as DNB and pressure drop. The key difference
between the RFA and RFA-2 mid-grid design is the increased spring and dimple
contact area with the fuel rod. The complete discussion of the differences
between the modified mid-grid used in the RFA Zz'* design and RFA-2 mid-grid is
contained in Reference 6. The ICTN includes a modified top nozzle casting that
includes the spring clamps. The springs are located with pins that are welded
in place (to the integral clamp) but do not react to the spring force. The
ICTN design eliminates the potential for the fracture of the hold down spring
screws by the removal of the spring screws in the ICTN design. The
modification increases the fuel assembly integrity and eliminates the potential
for loose parts from fractured spring screws entering the RCS during normal
operations or during fuel movement during refueling outages. The features of
the Integral Clamp Top Nozzle are discussed in Reference 7.

The Cycle 14 fresh fuel incorporated the features of the 17x17 RFA-2 (second
generation Robust Fuel Assembly) design, including modified mid-grids, modified
IFM grids, and thicker wall guide thimble and instrument tubes. The RFA-2
design is identical to the RFA design except for the mid-grid. The key
difference between the RFA and RFA-2 mid-grid design is the increased spring
and dimple contact area with the fuel rod. There is no change to the fuel
assembly length, envelope or fuel rod design relative to the RFA design. The
RFA-2 mid-grid is an improved mid-grid that provides increased margin for
fretting wear while maintaining the RFA mid-grids performance in others areas
such as DNB and pressure drop. The complete discussion of the differences
between the RFA-2 Z*? modified mid-grid design and the RFA-2 72 mid-grid design
is contained in Reference 6.

The core may consist of any combination of LOPAR, V5H, V5H P+, RFA, V5H P+ z*?,
RFA 2™ and RFA 7Z° fuel assemblies as described in Subsection 4.2.2. The fuel
is arranged in a checkered low-leakage pattern.

A fuel assembly is composed of 264 fuel rods in a 17 x 17 square array, except
that limited substitution of filler rods for fuel rods may be made (Reference
3). The center position in the fuel assembly is reserved for incore
instrumentation. The additional 24 positions in the fuel assembly have guide
thimbles for the rod cluster control assemblies (RCCAs). The guide thimbles
are joined to the bottom nozzles of the fuel assembly and also serve to support
the fuel grids. The fuel grids consist of an "egg-crate" arrangement of
interlocked straps that maintain lateral spacing between the rods. The straps
have spring fingers and dimples which grip and support the fuel rods. The
grids also have coolant-mixing vanes. The fuel rods consist of slightly
enriched uranium, in the form of cylindrical pellets of uranium dioxide,

contained in Zircaloy-4/Zirlo™ tubing. The tubing is plugged and seal-welded
at the ends to encapsulate the fuel. All fuel rods are pressurized internally
with helium during fabrication to reduce clad creepdown during operation and
thereby to increase fatigue life.

Depending on the position of the assembly in the core, the guide thimbles are
used for rod cluster control assemblies (RCCAs), neutron source assemblies, or
burnable absorber assemblies. If none of these are required, the guide
thimbles may be fitted with plugging devices to limit bypass flow.

The bottom nozzle is a box-like structure which serves as the lower structural
element of the fuel assembly and directs the coolant flow distribution to the
assembly. The top nozzle assembly serves as the upper structural element of
the fuel assembly and provides a partial protective housing for the RCCA or
other components.
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The RCCAs consist of 24 absorber rods fastened at the top end to a common hub
or spider assembly. Each absorber rod consists of either all hafnium or an
alloy of silver-indium-cadmium clad in stainless steel. The RCCAs are used to
control relatively rapid changes in reactivity and to control the axial power
distribution.

The reactor core is cooled and moderated by light water at a pressure of 2250
psia. Soluble boron in the moderator/coolant serves as a neutron absorber.
The concentration of boron is varied to control reactivity changes that occur
relatively slowly, including the effects of fuel burnup and transient xenon.
Burnable absorber rods were also employed in the first core and subsequent
reloads to limit the amount of soluble boron required and thereby maintain the
desired range of reactivity coefficients. Either the borosilicate glass
burnable absorber, the Wet Annular Burnable Absorber (WABA), or the Integral
Fuel Burnable Absorber (IFBA) are included in subsequent reloads.

The nuclear design analyses established the core locations for control rods and
burnable absorbers and define design parameters, such as fuel enrichments and
boron concentration in the coolant. The nuclear design analyses established
that the reactor core and the reactor control system satisfy all design
criteria, even if the highest reactivity worth RCCA is in the fully withdrawn
position. The core has inherent stability against diametral and azimuthal
power oscillations. Axial power oscillations which may be induced by load
changes and resultant transient xenon may be suppressed by the use of the
control rods (RCCAs).

The thermal-hydraulic design analyses established that adequate heat transfer
is provided between the fuel clad and the reactor coolant. The thermal design
takes into account local variations in dimensions, power generation, flow
distribution, and mixing. The mixing vanes incorporated in the fuel assembly
spacer grid design induce additional flow-mixing between the various flow
channels within a fuel assembly as well as between adjacent assemblies.

The performance of the core is monitored by fixed neutron detectors outside of
the core, movable neutron detectors within the core, and thermocouples at the
outlet of selected fuel assemblies. The ex-core nuclear instrumentation
provides input to automatic control functions.

Table 4.1-1 presents the principal nuclear, thermal-hydraulic, and mechanical
design parameters of WCGS.

The analytical techniques employed in the core design are tabulated in Table
4.1-2. The mechanical loading conditions considered for the core internals and
components are tabulated in Table 4.1-3. Specific or limiting loads considered
for design purposes of the various components are listed as follows: fuel
assemblies in Section 4.2.1.5 and neutron absorber rods, burnable absorber
rods, neutron source rods, and thimble plug devices in Section 4.2.1.6. The
dynamic analyses, input forcing functions, and response loadings are presented
in Section 3.9(N).
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TABLE 4.1-1

REACTOR DESIGN TABLE

Thermal and Hydraulic Design Parameters WCGS

1. Reactor core heat output, MWt 3,565

2. Reactor core heat output, 108 Btu/hr 12,480

3. Heat generated in fuel, % 97.4

4, System pressure, nominal, psia 2,250

5.  System pressure, minimum steady state, psia 2,220

6.  Minimum departure from nucleate boiling ratio for design 1.76 (WRB-2)
transients 1.30 (W-3)

7.  DNB correlation WRB-2 or W-3

Coolant Flow
8. Total thermal flow rate, gpm 361,296

9. Effective flow rate for heat transfer, gpm 337,414
(6.61% bypass flow assumed)

Rev. 10



Thermal and Hydraulic Design Parameters

Coolant Flow (Continued)

10.

11.

12.

13.

14.

15.

16.

17.

Effective flow area for heat transfer, ft2
Average velocity along fuel rods, ft/sec
Average mass velocity, 106 Ibm/hr-ft2
Nominal inlet, F

Average rise in vessel, F

Average rise in core, F

Average in core, F

Average in vessel, F

Heat Transfer

18.

19.

20.

21.

Active heat transfer, surface area, ft2
Average heat flux, Btu/hr-ft2

Maximum heat flux for normal operation,
Btu/hr-ft2

Average linear power, kW/ft

WOLF CREEK

TABLE 4.1-1 (Sheet 2)

WCGS

51.3
14.7
2.31
553.7
65.6
68.6
588.0

586.5

59,742

198,340

460,100

5.68
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Thermal and Hydraulic Design Parameters

Heat Transfer (Continued)

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Peak linear power for normal operation, kW/ft

WOLF CREEK

TABLE 4.1-1 (Sheet 3)

Peak linear power resulting from overpower transients/operator

errors, assuming a maxi-
mum overpower of 118%, kW/ft

Heat flux hot channel factor, Fq

Peak fuel control temperature at peak linear power for prevention

of centerline melt, F

Core Mechanical Design Parameters

Number of fuel assemblies

Designs

UO2 rods per assembly
Rod pitch, in.

Overall dimensions, in.

Fuel weight, as UO», Ib per assembly (typical)

RCC
canless
17 X 17
LOPAR

264

0.496

8.426 x
8.426

1154

193

RCC RCC
canless canless
17 X 17 17 X 17

V5H V5H

w/IFM

264 264
0.496 0.496

8.426 x 8.426 x
8.426 8.426

1154 1154

WCGS

14.48

21.8°

2.50°

4,700

RCC
canless
17 X 17

V5H
w/IFM &

PBG

264

0.496

8.426 x
8.426

1149

RCC
canless
17 x 17
V5H P+

264

0.496

8.426 x
8.426

1132

RCC
canless
17 x 17
V5H P+

z"?

264
0.496

8.426 x
8.426

1138

RCC
canless
17 x 17
RFA 22
and RFA-2Z*

264

0.496

8.426 x 8.426

1144
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Core Mechanical Design Parameters

WOLF CREEK

TABLE 4.1-1 (Sheet 4)

32.  Zircaloy/Zirlo™ weight, Ib per assembly 264 270 275 278 275 274
(Approx.)
33.  Number of grids per assembly See Note 1  See Note 2 See Note 3 See Note 4 See Note 5 See Note 5
34  Loading technique 3 3 3 3 3 3
Region Region Region Region Region Region
Nonuniform Nonuniform Nonuniform Nonuniform Nonuniform Nonuniform
Note 1 8 Total Grids, 1 Inconel Top Grid, 6 Inconel Mid Grids, 1 Inconel Bottom Grid
Note 2 8 Total Grids, 1 Inconel Top Grid, 6 Zircaloy Mid Grids, 1 Inconel Bottom Grid
Note 3 11 Total Grids, 1 Inconel Top Grid, 6 Zircaloy Mid Grids, 3 Zircaloy IFM Grids, 1 Inconel Bottom Grid
Note 4 12 Total Grids, 1 Inconel Top Grid, 6 Zircaloy Mid Grids, 3 Zircaloy IFM Grids, 1 Inconel Bottom Grid,
| Inconel Protective Bottom Grid
Note 5 12 Total, 1 Inconel Top Grid, 6 Zirlo™ Mid Grids, 3 Zirlo™ Intermediate Flow Mixing Grids,
1 Inconel Bottom Grid, 1 Inconel Protective Bottom Grid
Fuel Rods
35. Total Number of Fuel Rods in the core 50,952
36. Outside diameter, in. 0.374 0.374 0.374 0.374 0.374 0.374
37.  Diametral gap, in. 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065
38.  Clad thickness, in. 0.0225 0.0225 0.0225 0.0225 0.0225 0.0225
39. Clad material Zircaloy-4 Zircaloy-4 Zircaloy-4 Zircaloy-4 Zirlo™ Zirlo™
Fuel Pellets
40.  Material UO, sintered
41. Density % of theoretical 95
42. Diameter, in. 0.3225

Rev. 18
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See Note 5
3

Region
Nonuniform

0.374
0.0065
0.0225
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Core Mechanical Design Parameters

Fuel Pellets

43. Length, in (range)

44. Fuel Enrichment, Weight Percent (range)

45. Deleted
Rod Cluster Control Assemblies

46. Number of clusters,
full length / part length

47. Neutron absorber
Full length,

48. Cladding Material

49. Clad thicknesses, in

50. Number of absorber rods per cluster

WOLF CREEK

TABLE 4.1-1 (Sheet 5)

WCGS

0.372-0.530

21-5.0

53 /-

Hafnium

Type 304
SS-cold worked

0.0185

24

Ag-In-Cd

Type 304
SS-cold worked

0.0185

24

Rev. 14



Core Mechanical Design Parameters

Core structure
51. Core barrel, 1.D./O.D., in.

52. Thermal shield

53. Baffle thickness, in.
Structure Characteristics

54. Core diameter, equivalent, in.

55. Core height, active fuel, in.
Reflector Thickness and Composition

56. Top, water plus steel, in.

57. Bottom, water plus steel, in.

58. Side, water plus steel, in.

59.  H2O/U molecular ratio core,
lattice, cold

Notes:

(

(c

a) See Section 4.3.2.2.6.
(b) This is the value of F® for normal operation.
) Limited substitution of filler rods for fuel rods is allowed.

WOLF CREEK

TABLE 4.1-1 (Sheet 6)

WCGS

148.0/152.5

Neutron pad
design

0.88

132.7

143.7

Rev.
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TABLE 4.1-2

ANALYTI CAL TECHNI QUES I N CORE DESI GN

ANALYSI S Techni que
Mechani cal design of core Static and dynam c
i nternal s, |oads, nodel i ng

defl ections, and
stress anal ysis

Fuel rod design

Fuel performance charac- Sem enpi rical thermal
teristics (tenperature, nodel of fuel rod with
i nternal pressure, clad consi deration of fue
stress, etc.) density changes, heat

transfer, fission gas
rel ease, etc.

Nucl ear design (initial core design)

1. Cross sections and M croscopi ¢ dat a:
group constants macr oscopi ¢ constants
for honogeni zed core
regi ons

Conput er Code

Bl owdown code
FORCE, finite

el ement, struc-
tural analysis
code, and ot hers

West i nghouse f uel
rod desi gn node

Modi fi ed ENDF/ B
Li brary LEOPARD
ClI NDER t ype

Secti on
Ref er enced

3.7(N). 2.1

3.9(N).2
3.9(N). 3

bl
Pownnn
NwWwWwE
RPRWN R

Rev.
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ANALYSI S

Nucl ear Design (initial core

X-Y power distribu-
tions, fuel depletion,

critical boron concen-

trations, X-Y xenon
di stributions, reac-
tivity coefficients

Axi al power distribu-
tions, control rod
worths, and axia
xenon di stribution

Fuel rod power

Ef f ecti ve resonance
t enmperat ure

WOLF CREEK

TABLE 4.1-2 (Sheet 2)

Techni que

desi gn)

Group constants for
control rods with self-
shi el di ng

2-D, 2-group diffusion
theory

1-D, 2-group diffusion
t heory

I ntegral transport
theory

Monte Carl o wei ghting
function

Conput er Code

HAMVER- Al M

TURTLE

PANDA

LASER

REPAD

Secti on

4.3.3.2

4.3.3.3

4.3.3.3

4.3.3.1

Ref er enced

Rev.
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TABLE 4.1-2 (Sheet 3)

Section
ANALYSI S Techni que Conput er Code Ref er enced
Nucl ear Desi gn (Conti nued)
6. Criticality of reac- 2-D, 2-group diffusion LEOPARD 4.3.2.6
tor and fuel assem t heory PDQ
blies
7. Vessel irradiation Mul tigroup spati al DOT 4.3.2.8
dependent transport
t heory
Thermal - hydraul i ¢ design (initial core design)
1. Steady state Subchannel anal ysis of THI NC- 1V 4.4.4.5.2
I ocal fluid conditions
in rod bundles, includ-
ing inertial and cross-
fl ow resi stance ternmns,
sol ution progresses from
core-wide to hot assem
bly to hot channe
2. Transient departure Subchannel anal ysi s of THI NC- | 4.4.4.5.2
from nucl eate boil - | ocal fluid conditions (THINC-I11)
i ng anal ysi s in rod bundl es during

transients by including
accunul ation terms in
conservation equati ons;
sol ution progresses from
core-wi de to hot assenbly
to hot channel

Rev.



ANALYSI S

WOLF CREEK

TABLE 4.1-2 (Sheet 4)

Techni que

Nucl ear Design (Reload Pattern Design & Anal ysis)

1. Cross section and
group constants

2. Rod worths, Boron
wort hs & | et down,
reactivity coefficients

3. Nodal power distribu-
tions

4. Fuel Pin Powers,
| NCORE constants

M cro-group neutron spectrum
cell average few group cross
sections, assenbly average
nodal constants

3-D, 2-group nodal code

3-D, 2-group nodal code

2-D, 2-group nodal code

Thermal - hydraul i ¢ design (Reload Pattern Design & Anal ysis)

1. Steady state and
transi ent departure
from nucl eate
boi l'i ng anal ysi s

Subchannel anal ysi s of

| ocal fluid conditions

in rod bundl es, including
inertial and cross-fl ow
resi stance terns

Comput er Code

PHCENI X- P

ANC

ANC

ANC

VI PRE- 01

Secti on

Ref er enced

4.3.3.2

4.3.3.3

4.3.3.3

4.3.3.3

4.4.4.5.2

Rev.
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10.
11.
12.
13.
14.
15.

16.

© © N o o A W Db R

WOLF CREEK

TABLE 4. 1-3

DESI GN LOADI NG CONDI TI ONS FOR REACTOR CORE COVPONENTS

Fuel assenbly wei ght

Fuel assenbly spring forces

I nternal s wei ght

Control rod trip (equivalent static |oad)
Differential pressure

Spring prel oads

Cool ant flow forces (static)

Tenperature gradients

Differences in thermal expansion

a. Due to tenperature differences

b. Due to expansion of different materials
Interference between conmponents

Vi bration (mechanically or hydraulically induced)
One or nore | oops out of service

Al'l operational transients listed in Table 3.9(N)-1
Punp over speed

Seismc |oads (Operating Basis Earthquake and Safe Shutdown
Ear t hquake)

Bl ondown forces (due to cold and hot |eg break)

Rev.
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4.2 FUEL SYSTEM DESIGN

The plant design conditions are divided into four categories in accordance with
their anticipated frequency of occurrence and risk to the public: Condition I
- Normal Operation; Condition II - Incidents of Moderate Frequency; Condition
ITT - Infrequent Incidents; and Condition IV - Limiting Faults. Chapter 15.0
describes bases and plant operation and events involving each condition.

The reactor is designed so that its components meet the following performance
and safety criteria:

a. The mechanical design of the reactor core components and
their physical arrangement, together with corrective
actions of the reactor control, protection, and emergency
cooling systems (when applicable) ensure that:

1. Fuel damage* is not expected during Condition I and
Condition II events. It is not possible, however, to
preclude a very small number of rod failures. These
are within the capability of the plant cleanup system
and are consistent with plant design bases.

2. The reactor can be brought to a safe state following
a Condition III event with only a small fraction of
fuel rods damaged** although sufficient fuel damage
might occur to preclude immediate resumption of
operation.

3. The reactor can be brought to a safe state and the
core can be kept subcritical with acceptable heat
transfer geometry following transients arising from
Condition IV events.

b. The fuel assemblies are designed to withstand loads
induced during shipping, handling, and core loading
without exceeding the criteria of Section 4.2.1.5.

c. The fuel assemblies are designed to accept control rod
insertions in order to provide the required reactivity
control for power operations and reactivity shutdown
conditions (if in such locations).

* Fuel damage as used here is defined as penetration of the
fission product barrier (i.e., the fuel rod clad).

** In any case, the fraction of fuel rods damaged must be
limited so as to meet the dose guideline of 10 CFR 100.

4.2-1 Rev. 12
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d. All fuel assemblies have provisions for the insertion of
incore instrumentation necessary for plant operation.

e. The reactor internals, in conjunction with the fuel
assemblies and incore control components, direct reactor
coolant through the core. This achieves acceptable flow
distribution and restricts bypass flow so that the heat
transfer performance requirements can be met for all
modes of operation.

4.2.1 DESIGN BASES

The fuel rod and fuel assembly design bases are established to satisfy the
general performance and safety criteria presented in this section.

Design values for the properties of the materials which comprise the fuel rod,
fuel assembly, and incore control components are given in Reference 2 for
Zircaloy clad fuel and in Reference 20 for Zirlo™ clad fuel. Other
supplementary fuel design criteria/limits are given in Reference 21.

4.2.1.1 Cladding

a. Material and Mechanical Properties

Zircaloy-4 and Zirlo™ combines neutron economy (low absorption cross-
section); high corrosion resistance to coolant, fuel, and fission
products; and high strength and ductility at operating temperatures.
Reference 1 documents the operating experience with Zircaloy-4 and
Zirlo™ as a clad material. Information on the mechanical properties
of the cladding is given in References 2 and 20 with due consideration
of temperature and irradiation effects.

b. Stress-strain limits
1. Clad stress

The von Mises criterion is used to calculate the effective
stresses. The cladding stresses under Condition I and II events
are less than the Zircaloy 0.2% offset yield stress, with due
consideration of temperature and irradiation effects. While the
cladding has some capability for accommodating plastic strain,
the yield stress has been accepted as a conservative design
basis.

2. Clad tensile strain
The total tensile creep strain is less than 1% from the
unirradiated condition. The elastic tensile strain during a

transient is less than 1% from the pretransient value. This
limit is consistent with proven practice.

4.2-2 Rev. 12
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c. Vibration and fatigue
1. Strain fatigue

The cumulative strain fatigue cycles are less than
the design strain fatigue life. This basis 1is
consistent with proven practice. (Ref. 1).

2. Vibration

Potential fretting wear due to vibration is
prevented, ensuring that the stress-strain limits are
not exceeded during design life. Fretting of the
clad surface can occur due to flow-induced vibration
between the fuel rods and fuel assembly grid

springs. Vibration and fretting forces vary during
the fuel life due to clad diameter creepdown combined
with grid spring relaxation.

d. Chemical properties

Chemical properties of the cladding are discussed in
Reference 2 for Zircaloy and Reference 20 for Zirlo™.

4.2.1.2 Fuel Material

a. Thermal-physical properties

The thermal-physical properties of UO, are described in Reference 2
with due consideration of temperature and irradiation effects.

Fuel pellet temperatures - The center temperature of the
hottest pellet is below the melting temperature of the
UO, [melting point of 5080 °F (Ref. 3) unirradiated and
decreasing by 58°F per 10,000 MWD/MTU]. While a limited
amount of center melting can be tolerated, the design
conservatively precludes center melting. A calculated
fuel centerline temperature of 4700°F has been selected
as an overpower limit to ensure no fuel melting. This
provides sufficient margin for uncertainties, as
described in Section 4.4.2.9.

The normal design density of the fuel is 95 percent of
theoretical. Additional information on fuel properties
is given in Reference 2.

b. Fuel densification and fission product swelling

The design bases and models used for fuel densification
and swelling are provided in Reference 18.

c. Chemical properties
Reference 2 provides the justification that no adverse

chemical interactions occur between the fuel and its
adjacent material.
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4.2.1.3 Fuel Rod Performance

The detailed fuel rod design establishes such parameters as pellet size and
density, cladding-pellet diametral gap, gas plenum size, and helium pre-
pressurization level. The design also considers the effects such as fuel
density changes, fission gas release, cladding creep, and other physical
properties which vary with burnup. The integrity of the fuel rods is ensured
by designing to prevent excessive fuel temperatures, excessive internal rod gas
pressures due to fission gas releases, and excessive cladding stresses and

strains. This is achieved by designing the fuel rods to satisfy the
conservative design bases in the following subsections during Condition I and
Condition II events over the fuel lifetime. For each design basis, the

performance of the limiting fuel rod must not exceed the limits specified.
a. Fuel rod models

The basic fuel rod models and the ability to predict
operating characteristics are given in References 17, 18, 27,
and Section 4.2.3.

b. Mechanical design limits

Fuel rod design methodology has been introduced that reduces the
densification power spike factor to 1.0 and Reference 19 demonstrates
that clad flattening will not occur in Westinghouse fuel designs.

The rod internal gas pressure remains below the value

which causes the fuel/clad diametral gap to increase due

to outward cladding creep during steady state operation.

Rod pressure is also limited so that extensive departure

from nucleate boiling (DNB) propagation does not occur

during normal operation and any accident event. (Reference 7).

4.2.1.4 Spacer Grids

a. Mechanical limits and material properties

The grid component strength criteria are based on

experimental tests. The limit is established at the lower
95%confidence on the true mean crush strength.

This limit is sufficient to ensure that under worst-case
combined seismic and blowdown loads from a Condition III and IV,
loss-of-coolant accident, the core will maintain a geometry
amenable to cooling. As an integral part of the fuel

assembly structure, the grids satisfy the applicable fuel
assembly design bases and limits defined in Section

4.2.1.5.

The grid material and chemical properties are given in
Reference 2 for Zircaloy-4 and Reference 20 for Zirlo™.
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Vibration and fatigue
The grids provide sufficient fuel rod support to limit
fuel rod vibration and maintain clad fretting wear to

within acceptable limits (defined in Section 4.2.1.1).

Fuel Assembly

Structural design

Integrity of the fuel assembly structure is ensured by setting design
limits on potential stresses and deformations due to various loads and
by preventing the assembly structure from interfering with the

functioning of other components. Three types of loads are considered.

1. Non-operational loads such as those due to shipping and handling.

2. Normal and abnormal loads which are defined for Conditions I and
IT.

3. Abnormal loads which are defined for Conditions III and IV.

These limits are applied to the design and evaluation of the top and
bottom nozzles, guide thimbles, grids, and the thimble joints.

The design bases for evaluating the structural integrity
of the fuel assemblies are:

1. Nonoperational - 4 g axial and 6 g lateral loading
with dimensional stability.

2. For the normal operating and upset conditions, the
fuel assembly component structural design criteria
are established for the two primary material
categories, namely austenitic steels and Zirconium Alloys.
The stress categories and strength theory presented
in the ASME Boiler and Pressure Vessel Code, Section
ITII, are used as a general guide. The maximum shear-
theory (Tresca criterion) for combined stresses is
used to determine the stress intensities for the
austenitic steel components. The stress intensity is
defined as the numerically largest difference between
the various principal stresses in a three-dimensional
field. The allowable stress intensity value for
austenitic steels, such as nickel-chromium-iron
alloys, 1is given by the lowest of the following:

(a) One-third of the specified minimum tensile
strength or 2/3 of the specified minimum yield
strength at room temperature;

(b) One-third of the tensile strength or 90 percent
of the yield strength at temperature but not to
exceed 2/3 of the specified minimum yield
strength at room temperature.
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The stress limits for the austenitic steel
components are given below. All stress
nomenclature is per the ASME Code, Section III.

Stress Intensity Limits

Categories Limit

General primary membrane Sm
stress intensity

Local primary membrane 1.5 Sm
stress intensity

Primary membrane plus bending 1.5 Sm
stress intensity

Total primary plus secondary 3.0 Sm
stress intensity

The Zircaloy or Zirlo™ structural components, which consist
of guide thimbles, fuel tubes, and mixing grids

are in turn subdivided into two categories because of
material differences and functional

requirements. The fuel tube design criteria are

covered separately in Section 4.2.1.1. The

maximum shear theory is used to evaluate the

guide thimble design. For conservative purposes,

the Zircaloy and Zirlo™ unirradiated properties are used to
define the stress limits.

(c) Abnormal loads during Condition III or IV -
worst cases represented by combined seismic and
blowdown loads.

1. Deflections or failures of components cannot
interfere with the reactor shutdown or
emergency cooling of the fuel rods.

2. The fuel assembly structural component
stresses under faulted conditions are
evaluated using primarily the methods
outlined in Appendix F of the ASME Code,
Section III. Since the current analytical
methods utilize elastic analysis, the stress
allowables are defined as the smaller value
of 2.4 Sm or 0.70 Su for primary membrane and
3.6 Sm or 1.05 Su for primary membrane, plus
primary bending. For the austenitic steel
fuel assembly components, the stress
intensity is defined in accordance with the
rules described in the previous section for
normal operating conditions. For the

Zircaloy and Zirlo™ components, the stress intensity,

Sm, 1s set as the smaller value of 2/3 of the material
yield strength, Sy, or 1/3 of the ultimate strength, Su,
at reactor operating temperature. This results in
Zircaloy and Zirlo™ stress limits being the smaller of
1.6 Sy or 0.70 Su for primary membrane and 2.4 Sy or 1.05
Su for primary membrane plus bending. For

conservative purposes, the Zircaloy and Zirlo™
unirradiated properties are used to define

the stress limits.
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The material and chemical properties of the
fuel assembly components are given in
Reference 2 for Zircaloy-4 and Reference 20 for

Zirlo™,
3. Thermal-hydraulic design

This topic is discussed in Section 4.4.

4.2.1.6 1Incore Control Components

The control components are subdivided into permanent and temporary devices.

The permanent type components are the rod cluster control assemblies, secondary
neutron source assemblies, and thimble plug devices. The temporary components

are the burnable absorber assemblies and the primary neutron source assemblies,
which are normally used only in the initial core.

Materials are selected for compatibility in a pressurized water reactor
environment, for adequate mechanical properties at room and operating
temperature, for resistance to adverse property changes in a radioactive
environment, and for compatibility with interfacing components. Material
properties are given in Reference 2.

The design bases for each of the mentioned components are given in the
following subsections.

a. Control (neutron absorber) rods

Design conditions which are considered under Article NB-
3000 of the ASME Code, Section III are as follows:

1. External pressure equal to the reactor coolant system
operating pressure with appropriate allowance for
overpressure transients

2. Wear allowance equivalent to 1,000 reactor trips

3. Bending of the rod due to a misalignment in the guide
tube

4. Forces imposed on the rods during rod drop

5. Loads imposed by the control rod drive mechanism

6. Radiation exposure during maximum core life

The control rod cladding is cold drawn Type 304
stainless steel tubing. The stress intensity limit,
Sm, for this material is defined as 2/3 of the 0.2
percent offset yield stress.

The absorber materiil temperature does not exceed its
melting temperature .

7. Temperature effects at operating conditions

The melting point basis is determined by the nominal material
melting point minus uncertainty.
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Burnable absorber rods (standard and WABA)

The cladding for burnable absorber rods is designed as a

Class 1 component under Article NB-3000 of the ASME Code,
Section III, 1973 for Conditions I and II. For abnormal

loads during Conditions III and IV, code stresses are not
considered limiting. Failures of the burnable absorber

rods during conditions III and IV do not interfere with reactor
shutdown or cooling of the fuel rods.

The burnable absorber material is nonstructural. The
structural elements of the burnable absorber rod are
designed to maintain the absorber geometry even if the
absorber material is fractured. In addition, the
structural elements are designed to prevent excessive
slumping. The standard burnable absorber material is
borosilicate glass and is designed so that the absorber

material is below its softening temperature (1510 °F
+ 18 °F for reference 12.5 w/o boron rod). The

softening temperature for borosilicate glass is defined
in ASTM C 338.

The wet annular burnable absorber (WABA) material is B4C
contained in an Alumina matrix. Thermal-physical and gas
release properties of Al,03-B4C are described in
reference 8. The WABA rods are designed so that the

absorber temperature does not exceed 1200 °F during

normal operation or an overpower transient. The 1200 °F
maximum temperature He gas release in a WABA rod
will not exceed 30% (reference 8).

Neutron source rods

The neutron source rods are designed to withstand the
following:

1. The external pressure equal to the reactor coolant
system operating pressure with appropriate allowance

for overpressure transients, and

2. An internal pressure equal to the pressure generated
by released gases over the source rod life
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d. Thimble plug device
The thimble plug device may be used to restrict bypass
flow through those thimbles not occupied by absorber,

source, or burnable absorber rods.

The thimble plug devices satisfy the following
criteria:

1. Accommodate the differential thermal expansion
between the fuel assembly and the core internals

2. Maintain positive contact with the fuel assembly and
the core internals

3. Limit the flow through each occupied thimble to an
acceptable design value

4.2.1.7 Surveillance Program

Section 4.2.4.5 and Sections 8 and 23 of Reference 9 discuss the testing and
fuel surveillance operational experience program that has been and is being
conducted to verify the adequacy of the fuel performance and design bases.
Fuel surveillance and testing results, as they become available, are used to
improve fuel rod design and manufacturing processes and ensure that the design
bases and safety criteria are satisfied.

4.2.2 DESIGN DESCRIPTION

The fuel assembly, fuel rod, and incore control component design data are given
in Table 4.3-1.

Each fuel assembly consists of 264 fuel rods, 24 guide thimble tubes, and one
instrumentation thimble tube arranged within a supporting structure. Limited
substitution of filler rods for fuel rods may be made. The instrumentation
thimble is located in the center position and provides a channel for insertion
of an incore neutron detector, if the fuel assembly is located in an
instrumented core position. The guide thimbles provide channels for insertion
of either a rod cluster control assembly, a neutron source assembly, a burnable
absorber assembly, or a thimble plug device, depending on the position of the
particular fuel assembly in the core. Figure 4.2-1 and Figure 4.2-1a show a
cross-section of typical fuel assembly arrays, and Figure 4.2-2, Figure 4.2-2a,
Figure 4.2-2b, Figure 4.2-2c, and Figure 4.2-2d show a fuel assembly full-
length view. The fuel rods are loaded into the fuel assembly structure so that
there is clearance between the fuel rod ends and the top and bottom nozzles.

Fuel assemblies are installed vertically in the reactor vessel and stand
upright on the lower core plate, which is fitted with alignment pins to locate
and orient each assembly. After all fuel assemblies are set in place, the
upper support structure is installed. Alignment pins, built into the upper
core plate, engage and locate the upper ends of the fuel assemblies. The upper
core plate then bears downward against the holddown springs on the top nozzle
of each fuel assembly to hold the fuel assemblies in place.
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The V5H P+ assembly skeleton is identical to that previously described for V5H
except for those modifications necessary to accommodate the intended fuel

operation to higher burnups. The modifications consist of the use of Zirlo™
guide thimbles and small skeleton dimensional alterations to provide additional
fuel assembly and rod growth space at the extended burnup levels. The V5H P+
fuel assembly is shorter than the V5H fuel assembly. The grid centerline
elevations of the V5H P+ are identical to those of the V5H fuel assembly,
except for the top grid. The V5H P+ top grid has been lowered. However, since
the V5H P+ fuel is intended to replace the V5H fuel, the V5H P+ exterior
assembly envelope is equivalent in design dimensions, and the functional
interface with the reactor internals is also equivalent to those of previous
Westinghouse fuel designs. Also, the V5H P+ fuel assembly is designed to be
mechanically and hydraulically compatible with the V5H fuel assembly. The same
functional requirements and design criteria as previously established for the
Westinghouse V5H fuel assembly remains valid for the V5H P+ fuel assembly.
Figure 4.2-2c shows a full-length view of the V5H P+ fuel assembly design. A
comparison between Figure 4.2-2b and Figure 4.2-2c details the small skeleton
dimensional alterations mentioned above.

The V5H P+2"? assembly skeleton is similar to that previously described for V5H
P+ except for those modifications necessary to accommodate the low rod internal
pressure design and incorporation of a “cast” top nozzle design. The
modifications consist of the use of longer Zirlo™ guide thimbles and
instrument tube and repositioning of the top grid. The V5H P+2%? fuel assembly
is taller than the V5H P+ fuel assembly and the same height as the V5H fuel
assembly. Operational experience with the ZIRLO™ material has shown that the
growth characteristics of ZIRLO™ do not require the shorter skeleton design
used with the V5H P+ fuel assembly. The additional height of the V5H P+z'*
fuel assembly skeleton allows the incorporation of fuel rod design
modifications to accrue rod internal pressure benefits (low rod internal
pressure rod design). The grid centerline elevations of the V5H P+2"? are
identical to those of the V5OH fuel assembly (all grids) and V5H P+ fuel
assembly except for the top grid. Since the V5H P+z*? fuel is intended to
replace the V5H and V5H P+ fuel, the V5H P+z*? exterior assembly envelope is
equivalent in design dimensions, and the functional interface with the reactor
internals is also equivalent to those of previous Westinghouse fuel designs.
Also, the V5H P+z™? fuel assembly is designed to be mechanically and
hydraulically compatible with the V5H and V5H P+ fuel assembly. The same
functional requirements and design criteria as previously established for the
Westinghouse V5H and V5H P+ fuel assemblies remains valid for the V5H p+2z*?
fuel assembly. Figure 4.2-2d shows a full-length view of the V5H P+z*? fuel
assembly design. A comparison between Figure 4.2-2c and Figure 4.2-2d details
the alterations mentioned above.

The RFA 2 assembly skeleton is similar to that previously described for the
V5H P" z*? except for those modifications made to accommodate a modified mixing
vane LPD mid-grid, a modified mixing vane IFM grid, and thicker guide thimble
and instrument tubes. The grid changes are designed to improve thermal-
hydraulic performance and the addition of thicker thimble and instrument tubes
reduce the potential for fuel assembly bow and subsequently incomplete rod
insertion (IRI) concerns. The same functional requirements and design criteria
as previously established for the Westinghouse V5H P+2"? fuel assembly design
remains valid for the RFA z°? design. Figure 4.2-2d shows a full-length view
of the RFA z*? fuel assembly design.

The RFA-2 z'? assembly skeleton is similar to that previously described for the
RFA 27 except for the mid-grids. The differences between the RFA and RFA-2
mid-grids are the increased spring and dimple contact area with the fuel rod in
the RFA-2 design. The same functional requirements and design criteria as
previously established for the Westinghouse RFA z'? fuel assembly design
remains valid for the RFA-2 Zz*? design. Figure 4.2-2d shows a full-length view
of the RFA-2 7'? fuel assembly design.
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Improper orientation of fuel assemblies within the core is prevented by the use

of an indexing hole in one corner of the top nozzle top plate. The assembly is
oriented with respect to the handling tool and the core by means of a pin which
is inserted into this indexing hole. Visual confirmation of proper orientation

is also provided by an engraved identification number on the opposite corner
clamp.

4.2.2.1 Fuel Rods

Two types of fuel rod designs may be used in the V5H, V5H P+, V5H P+z*?, RFA z*?
and RFA-2 2'? fuel assemblies. The fuel rod designs are referred to as
Intergral Fuel Burnable Absorber (IFBA) fuel rods and Non-IFBA fuel rods. The
IFBA and Non-IFBA fuel rod designs are identical with the exception of the
items noted in Section 4.2.2.1.2. A reference to fuel rods encompasses both
designs. The fuel rod structure consists of bottom end plug, a fuel tube
(clad), uranium dioxide ceramic pellets, a plenum spring and top end plug. A
schematic of the fuel rod is shown in Figure 4.2-3, Figure 4.2-3a, Figure 4.2-
3b, Figure 4.2-3c, and Figure 4.2-3d.

4.2.2.1.1 Non-IFBA Fuel Rods

The LOPAR and V5H fuel rods consist of uranium dioxide ceramic pellets
contained in slightly cold worked Zircaloy-4 tubing which is plugged and seal
welded at the ends to encapsulate the fuel. The fuel pellets are right
circular cylinders consisting of slightly enriched uranium dioxide powder which
has been compacted by cold pressing and then sintered to the required density.
The ends of each pellet are dished slightly to allow greater axial expansion at
the center of the pellets. Cycle 2 fresh fuel incorporated a small chamfer on
the end of each pellet at the outer cylindrical surface and an internal gripper
bottom end plug. The internal gripper feature facilitates fuel rod loading and
provides appropriate lead-in for the removable top nozzle reconstitution
feature. Cycle 5 fresh fuel incorporated the high burnup short top and bottom
end plug design with a slightly longer fuel tube. Cycle 8 fresh fuel
incorporated the Performance+ top end plug, Performance+ extended bottom end
plug, and variable pitch plenum spring. The extended bottom end plug is used
in conjunction with the protective bottom grid discussed in Section 4.2.2.2.4.
The variable pitch plenum spring has a smaller wire diameter, coil diameter and
shorter free length. The variable pitch plenum spring provides the same
support as the regular V5H plenum spring but with fewer turns which translates
into less spring volume and increased void volume in the rod. A schematic of
the fuel rod is shown in Figure 4.2-3, Figure 4.2-3a, and Figure 4.2-3Db.

Cycle 10 fresh fuel incorporates the V5H P+ fuel rod. The V5H P+ fuel rod
represents a modification to the V5H fuel rod intended to support extended
burnup operation for the fuel clad by using Zirlo™ in place of the Zircaloy-4
clad. The Zirlo™ alloy is a zirconium alloy similar to Zircaloy-4, which has
been specifically developed to enhance corrosion resistance. The V5H P+ fuel
rod has the same clad wall thickness as the V5H design. The V5H P+ fuel tube
is shorter to provide room for the required rod growth at extended burnups.
The V5H P+ fuel rods will contain, as in the V5H design, enriched uranium
dioxide fuel pellets. Schematics of the V5H P+ fuel rods are shown in Figure
4.2-3c.

Cycle 12 fresh fuel incorporates the low rod internal pressure fuel rod design
associated with the V5H P+%"? fuel assembly design. Operational experience has
shown that the ZIRLO™ material growth characteristics will accommodate a
taller fuel assembly skeleton and a longer fuel rod than the V5H P+ design
while still allowing extended burnup operation. The V5H P+2*? fuel rod
represents a modification to the V5H P+ fuel rod intended to provide additional
rod internal void volume to achieve rod internal pressure relief. The
additional void volume is created by the following configuration changes:
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1) the V5H P+z'? fuel rod top end plug does not include the external gripper
feature of the Performance+ top end plug resulting in a shorter top end
plug,

2) the V5H P+7% fuel tube is longer than the V5H P+ fuel tube, and

3) the wvariable pitch plenum spring is longer to accommodate the increased rod

length.
The V5H P+2%? fuel rods will contain, as in the V5H P+ design, enriched uranium
dioxide fuel pellets. Schematics of the V5H P+2"? fuel rods are shown in

Figure 4.2-3d.

Cycle 13 fresh fuel, RFA AR design, utilizes the same fuel rod design as the
V5H P+Z*? design.

Cycle 14 fresh fuel, RFA-2 72 design, utilizes the same fuel rod design as the
V5H P+Z*? and RFA 7% designs.

Void volume and clearances are provided within the rods to accommodate fission
gases released from the fuel, differential thermal expansion between the clad
and the fuel, and fuel density changes during irradiation. Shifting of the
fuel within the clad during handling or shipping prior to core loading is
prevented by a stainless steel helical spring (plenum spring) which bears on
top of the fuel. At assembly, the bottom plug is inserted and welded and the
pellets are stacked in the clad to the required fuel height. The spring is
then inserted into the top end of the fuel tube and the top end plug is pressed
into the end of the tube and welded. All fuel rods are internally pressurized
with helium during the top end plug welding process in order to minimize
compressive clad stresses and prevent clad flattening under coolant operating
pressures.

Cycle 10 fresh fuel (V5H P+) incorporates the use of axial blankets in the fuel
rod. The axial blankets are a nominal 6 inches of unenriched fuel pellets or
fully enriched annular fuel pellets at each end of the fuel rod pellet stack.

Axial blankets reduce neutron leakage and improve fuel utilization. The use of
fully enriched annular fuel pellets in the axial blankets also provides
additional void volume. The axial blankets utilize chamfered pellets which are

physically different in length from the enriched pellets used in the rest of
the pellet stack to help prevent accidental mixing during manufacturing. Axial
blankets continue to be utilized in subsequent fresh fuel designs.

The fuel rods are prepressurized and designed so that: 1) the internal gas
pressure mechanical design limit given in Section 4.2.1.3 is not exceeded, 2)
the cladding stress-strain limits (see Section 4.2.1.1) are not exceeded for
Condition I and II events, and 3) clad flattening will not occur during the
fuel core life.

4.2.2.1.2 1Integral Fuel Burnable Absorber Fuel Rods

The Integral Fuel Burnable Absorber (IFBA) fuel rod design for the V5H, V5H P+,
V5H P+2"?, RFA 2" and RFA-2 7% designs are identical to the Non-IFBA fuel rod
design for the V5H, V5H P+, V5H P+z*?, RFA z'? and RFA-2 Z'2 designs,
respectively, with the following exceptions:

a) Some of the fuel pellets are coated with a thin layer of zirconium diboride
(ZrB,) on the pellet cylindrical surface.

b) The helium back fill pressure for the IFBA fuel rod is lower than the Non-
IFBA fuel rod.
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The zirconium diboride coating is referred to as the Integral Fuel Burnable
Absorber design or IFBA. Other than the zirconium diboride coating, the fuel
pellets for an IFBA rod are identical to the enriched uranium dioxide pellets
described for the Non-IFBA fuel rod. The IFBA pellets are placed in the
central portion of the fuel pellet stack (up to 134 inches). The lower back
fill pressure for the IFBA rod offsets the increased rod pressure at end of
life due to the production and release of helium from the zirconium diboride
coating on the IFBA fuel pellets.

The number and pattern of IFBA rods loaded within an assembly may vary
depending on the specific application. The IFBA design provides an alternate
means of reactivity control as opposed to the discrete burnable absorber
designs discussed in Section 4.2.2.3. An evaluation and test program for the
IFBA design features is given in section 2.5 of Reference 19. Cycle 9 fresh
fuel incorporated the use of the IFBA rod design.

4.2.2.2 Fuel Assembly Structure

The fuel assembly structure consists of a bottom nozzle, thimble screws, top
nozzle, guide thimbles, inserts, lock tubes, and grids, as shown in Figure 4.2-
2, Figure 4.2-2a, Figure 4.2-2b, Figure 4.2-2c, and Figure 4.2-2d.

4.2.2.2.1 Bottom Nozzle

The bottom nozzle serves as the bottom structural element of the fuel assembly
and distributes the coolant flow to the assembly. The bottom nozzle is
fabricated from Type 304 stainless steel. The standard bottom nozzle design
consists of a perforated plate and four angle legs with bearing plates, as
shown in Figure 4.2-2. The plate prevents accidental downward ejection of the
fuel rods from the fuel assembly. The bottom nozzle is fastened to the fuel
assembly guide tubes by locked thimble screws which penetrate through the
nozzle and mate with a threaded plug in each guide tube.

The Cycle 5 fresh fuel design incorporated the Debris Filter Bottom Nozzle
(DFBN) to reduce the possibility of fuel rod damage due to debris-induced
fretting. The relatively large flow holes in a conventional nozzle are
replaced with a new pattern of smaller flow holes. The holes are sized to
minimize passage of debris particles large enough to cause damage while
providing sufficient flow area, comparable pressure drop, and continued
structural integrity of the nozzle. The Cycle 6 fresh fuel added a reinforcing
skirt to the DFBN design, as shown in Figure 4.2-2a, Figure 4.2-2b, Figure 4.2-
2c, and Figure 4.2-2d. the reinforcing skirt is located between the angle legs
around the perimeter of the bottom nozzle and contains five holes on each face
to allow lateral fluid flow. The legs and skirt form a plenum for the inlet
coolant flow to the fuel assembly and enhance reliability during postulated
adverse handling conditions while refueling. Tests to measure pressure drop
and demonstrate structural integrity verified that the 304 stainless steel DFBN
is totally compatible with the current design.

Coolant flows from the plenum in the bottom nozzle upward through the
penetrations in the plate to the channels between the fuel rods. The
penetrations in the plate are positioned between the rows of the fuel rods.

Axial loads (holddown) imposed on the fuel assembly and the weight of the fuel
assembly are transmitted through the bottom nozzle to the lower core plate.
Indexing and positioning of the fuel assembly are provided by alignment holes
in two diagonally opposite bearing plates which mate with locating pins in the
lower core plate. Lateral loads on the fuel assembly are transmitted to the
lower core plate through the locating pins.
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4.2.2.2.2 Top Nozzle

The top nozzle functions as the upper structural element of the fuel assembly
and provides a partial protective housing for the rod cluster control assembly
or other components that are installed in the guide thimble tubes. The top
nozzle consists of an adapter plate, enclosure, top plate, and pads. The top
nozzle assembly consists of holddown springs, screws and clamps mounted on the
top nozzle as shown in Figure 4.2-2, Figure 4.2-2a, Figure 4.2-2b, Figure 4.2-
2c, and Figure 4.2-2d. The springs and spring screws are made of Inconel-718
and Inconel-600 respectively, whereas other components are made of Type 304
stainless steel.

The standard top nozzle adapter plate is provided with round penetrations and
semicircular ended slots to permit the flow of coolant upward through the top
nozzle. Other round holes are provided to accept sleeves which are welded to
the adapter plate at their upper ends and mechanically attached to the thimble
tubes at the lower end. The ligaments in the plate cover the tops of the fuel
rods and prevent their upward ejection from the fuel assembly. The enclosure
is a box-like structure which sets the distance between the adapter plate and
the top plate. The top nozzle has a large square hole in the center to
permitaccess to the thimble tubes for the control rods and provide a partial
protective housing for the control rod spiders. Holddown springs are mounted
on the top nozzle and are retained by spring screws and clamps located at two
diagonally opposite corners. On the other two corners, integral pads are
pitioned which contain alignment holes for locating the upper end of the fuel
assembly. Figure 4.2-6 shows the top nozzle attachment to the thimble tubes
for the standard top nozzle assembly.

Cycle 5 fresh fuel incorporated the reconstitutable top nozzle (RTN) design.
The RTN design for the V5H and V5H P+ fuel assembly differs from the standard
top nozzle design in two ways: a groove 1is provided in each thimble
throughhole in the nozzle adapter plate to facilitate attachment and removal;
and the nozzle plate thickness is reduced to provide additional axial space for
fuel rod growth.

Cycle 12 fresh fuel incorporates a cast RTN design and shot-peened Inconel-600
spring screws into the top nozzle design. The top nozzle enclosure, top plate
and pads are cast as a single unit and joined with the adapter plate to make
the cast RTN.

Cycle 13 fresh fuel incorporates shot-peened Inconel-718 spring screws into the
cast RTN top nozzle design.

Cycle 14 fresh fuel, RFA-2 ZQ, utilizes the same top nozzle design as the
Cycle 13 fresh fuel, RFA z*°.

In the RTN design, a stainless steel nozzle insert is mechanically connected to
the top nozzle adapter plate by means of a preformed circumferential bulge near
the top of the insert. The insert engages a mating groove in the wall of the
adapter plate thimble tube throughhole. The insert has four equally spaced
axial slots which allow the insert to deflect inwardly at the elevation of the
bulge, thus permitting the installation or removal of the top nozzle. The
insert bulge is positively held in the adapter plate mating groove by placing a
lock tube with a uniform ID identical to that of the thimble tube into the
insert. The inserts are mechanically attached to the thimble tubes at the
lower end with three bulge joints. Figure 4.2-6a shows the top nozzle
attachment to the thimble tubes for the RTN assembly.
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To remove the top nozzle, a tool is first inserted through the lock tube and

expanded radially to engage the bottom edge of the lock tube. An axial force
is then exerted on the tool which overrides the local lock tube deformations

and withdraws the lock tube from the insert. After the lock tubes have been

withdrawn, the top nozzle is removed by raising it off the upper slotted ends
of the nozzle inserts which deflect inwardly under the axial 1lift load. With
the top nozzle removed, direct access is provided for fuel rod examination or
replacement. Reconstitution is completed by the remounting of the top nozzle
and the insertion of the lock tubes. The design bases and evaluation of the

RTN are given in Section 2.3.2 of Reference 19.

4.2.2.2.3 Guide Thimble and Instrument Tubes

The guide thimbles are structural members which also provide channels for the
neutron absorber rods, burnable absorber rods, neutron source rods, or thimble

plug devices. Each thimble is fabricated from Zircaloy-4 or Zirlo™ tubing
having two different diameters.

The Cycle 6 fresh fuel incorporation of the Zircaloy-4 mid grids required a
concurrent incorporation of the VANTAGE 5 (V5) reduced diameter thimble tubes.
The VANTAGE 5 guide thimbles are also referred to as the VANTAGE 5H (V5H) guide
thimble tubes. With the exception of a reduction in the guide thimble diameter
above the dashpot, the V5H and V5H P+ guide thimbles are identical to those in
the LOPAR design. A 0.008 inch reduction to the guide thimble OD and ID is

required due to the thicker Zircaloy/Zirlo™ grid straps. The V5H and V5H P+
guide thimble tube ID provides an adequate nominal diametral clearance of 0.061
inch for the control rods. The scram time to the dashpot for accident analyses
is 2.7 seconds. The reduced V5H and V5H P+ thimble tube ID provides sufficient
diametral clearance for burnable absorber rods, source rods, and any dually

compatible thimble plugs. Cycle 10 fresh fuel incorporated the use of Zirlo™
material for the guide thimble and instrumentation tubes. The V5H P+ assembly
design uses guide thimble and instrument tubes which are slightly shorter than
those used in the V5H assembly design. Cycle 12 fresh fuel incorporated

slightly longer guide thimble and instrumentation tubes as part of the VLH

P+z* fuel assembly design (same length as the V5H design). |

Cycle 13 fresh fuel incorporated thicker guide thimble and instrumentation
tubes with a larger outer diameter as part of the RFA z*? fuel assembly design.
The RFA 77 guide thimble tube wall thickness is increased approximately 25% to |
improve stiffness and address incomplete rod insertion (IRI) considerations.
The major and minor (dashpot) OD of the guide thimble tube are increased while
maintaining the same major and minor (dashpot) ID to accommodate the increased
wall thickness. There is no change to the dashpot flow hole diameters or the
dashpot transition elevation.

Cycle 14 fresh fuel, RFA-2 7% fuel assembly design, utilizes the same guide
thimble tube design included in the RFA 7% fuel assembly design.

The guide thimble diameter at the top section provides the annular area
necessary to permit rapid control rod insertion during a reactor trip. The
lower portion of the guide thimble reduces to a smaller diameter to produce a
dashpot action near the end of the control rod travel during trip operation.
The dashpot is provided with a calibrated flow port to decelerate the rod at
the end of the travel. The top end of the guide thimble is fastened to an
insert (RTN) or top Inconel grid sleeve (Standard Top Nozzle) by three
expansion swages. When attaching to a RTN, the insert fits into and is locked
into the top nozzle adapter plate using a lock tube. When attaching to a
standard top nozzle, the top Inconel grid sleeve is welded to the top nozzle
adapter plate. The lower end of the guide thimble is fitted with an end plug
which is then fastened to the bottom nozzle by a crimp-locked thimble screw.
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Fuel rod support grids are fastened to the guide thimble assemblies to create
an integrated structure. Attachment of the Inconel and Zircaloy or Zirlo™
grids to the Zircaloy or Zirlo™ thimbles is performed using the mechanical
fastening technique as depicted in Figures 4.2-4 and 4.2-5 except for the
bottom grid which is retained by clamping between the thimble end plug and the
bottom nozzle.

An expanding tool is inserted into the inner diameter of the Zircaloy or

Zirlo™ thimble tube at the elevation of the grid sleeves that have been
previously attached into the grid assembly. The four-lobed tool forces the
thimble and sleeve outward to a predetermined diameter, thus joining the
twocomponents.

When attaching to a standard top nozzle, the top inconel grid sleeve and
thimble tube are joined together using three bulge joint mechanical attachments
as shown in Figure 4.2-6. The sleeve is then welded to the top nozzle adapter
plate. When attaching to a RTN, the thimble tube is joined together with the
top nozzle insert and top Inconel grid sleeve using three bulge joint
mechanical attachments as shown in Figure 4.2-6a. This bulge joint connection
was mechanically tested and found to meet all applicable design criteria.

The intermediate mixing vane Zircaloy grids, incorporated with Cycle 7 fresh
fuel, employ a single bulge connection to the sleeve and thimble as compared to
a three bulge connection used in the top Inconel grid (Figure 4.2-5).
Mechanical testing of this bulge joint connection was also found to be

acceptable. Cycle 10 fresh fuel incorporated the use of Zirlo™ material for
the intermediate mixing vane grids.

The bottom grid assembly is joined to the assembly by crimp lock screw, as
shown in Figure 4.2-7. The stainless steel insert is spot-welded to the bottom
grid and later captured between the guide thimble end plug and the bottom
nozzle by means of a stainless steel thimble screw.

The described methods of grid fastening are standard and have been used
successfully since the introduction of Zircaloy guide thimbles in 1969.

The central instrumentation tube of each fuel assembly is constrained by
seating in a counterbore in the bottom nozzle at its lower end and is expanded
at the top and mid grids in the same manner as the previously discussed
expansion of the guide thimbles to the grids. This tube has a constant
diameter and guides the incore neutron detectors.

The V5H, V5H P+, and V5H P+2*? instrumentation tube designs have a 0.008 inch
diametral decrease compared to the LOPAR assembly instrumentation tube. This
decrease still allows sufficient diametral clearance for the incore neutron
detector (max. OD = 0.397 inch) to traverse the tube without binding. The RFA
z"? and RFA-2 Z*? instrumentation tube design includes an increased wall
thickness consistant with the RFA Z'? and RFA-2 Z'? guide thimble tubes. The OD
of the tube is increased while maintaining the same ID to accommodate the
increased wall thickness.

4.2.2.2.4 Grid Assemblies

The fuel rods, as shown in Figure 4.2-2, Figure 4.2-2a, Figure 4.2-2b, Figure
4.2-2c, and Figure 4.2-2d, are supported at intervals along their length by
grid assemblies which maintain the lateral spacing between the rods. Each fuel
rod is supported within each grid by the combination of support dimples and
springs. The grid assembly consists of individual slotted straps assembled and
interlocked into an "egg-crate" arrangement with the straps permanently joined
at their points of intersection.
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The top and bottom Inconel (non-mixing vane) grids of the LOPAR, V5H, V5H P+,
V5H P+z*?, RFA Z'? and RFA-2 7'? assemblies are nearly identical in design. The
only differences are: 1) V5H, V5H P+, V5H P+z'%, RFA z'? and RFA-2 2" top and
bottom grids have a snag-resistant design which minimizes assembly interactions
during core loading/unloading, 2) V5H, V5H P+, VS5H P+z"%, RFA 7z and RFA-2 7%
top and bottom grids have dimples which are rotated 90 degrees to minimize fuel
rod fretting and dimple cocking, 3) V5H, V5H P+, V5H P+2z'? and RFA z'? top and
bottom grid heights have been increased to 1.522 inches, 4) the V5H, V5H P+,
VS5H P+z*?, RFA Z'? and RFA-2 z'° top grid spring force has been reduced to
minimize rod bow, and 5) the V5H, V5H P+, V5H P+z*?, RFA z'’ and RFA-2 7' top
grid uses 304L stainless steel sleeves.

Cycle 4 fresh fuel incorporated the snag-resistant top and bottom grid design
mentioned above into the fuel design for Wolf Creek.

The LOPAR fuel design utilizes six intermediate (mixing vane) grids made of
Inconel. The snag-resistant design described for the top and bottom grid was
incorporated into the six intermediate grids with Cycle 4 fresh fuel. Cycle 6
fresh fuel incorporated intermediate (mixing vane) grids made of Zircaloy
material rather than Inconel. Cycle 10 fresh fuel incorporated six

intermediate (mixing vane) grids made of Zirlo™ rather than Zircaloy. These
Zircaloy and Zirlo™ grids (known as the V5H Zircaloy grid and V5H P+ Zirlo™
grid) are designed to give the same pressure drop as the Inconel grid.

Relative to the Inconel grid, the V5H Zircaloy and V5H P+ Zirlo™ grid strap
thickness and strap height are increased for structural performance. 1In
addition to the snag-resistant design noted above, the upstream strap edges of
the V5H Zircaloy grid and V5H P+ Zirlo™ grid are chamfered and a diagonal grid
spring is employed to reduce pressure drop. The V5H Zircaloy grids and V5H P+
Zirlo™ grids incorporate the same grid cell support configuration as the
Inconel grids (six support locations per cell: four dimples, and two springs).
The Zircaloy and Zirlo™ grid interlocking strap joints and grid/sleeve joints
are fabricated by laser welding, whereas the Inconel grid joints are brazed.

The V5H Zircaloy, V5H P+ Zirlo™, RFA Zirlo™ and RFA-2 Zirlo™ grid have
superior dynamic structural performance relative to the Inconel grid.
Structural testing was performed and analyses have shown the V5H Zircaloy grid,
V5H P+ Zirlo™, RFA Zirlo™ and RFA-2 Zirlo™ seismic/LOCA grid load margin is
superior to that of the Inconel grid.

The Intermediate Flow Mixer (IFM) grid in the VANTAGE 5H assembly is an
adaptation of the existing VANTAGE 5 IFM grid design to a 0.374 inch OD
standard fuel rod. As shown in Figure 4.2-2a, Figure 4.2-2b, and Figure 4.2-
2c, IFMs are located in the three uppermost spans between the mid-grids but are

not intended to be structural members. The IFM grid envelope is slightly
smaller than the mid grid. Each IFM grid cell provides four (4) point fuel rod
support. The simplified cell arrangement allows the IFM to accomplish its flow

mixing objective with minimal pressure drop. Cycle 7 fresh fuel incorporated
the Zircaloy Intermediate Flow Mixer grid. Cycle 10 fresh fuel incorporated

the use of Zirlo™ material in the manufacture of the IFM grids.

The Protective Bottom Grid (PBG) is a partial height grid similar in
configuration to the IFM Grid, but fabricated of Inconel without mixing vanes.
The PBG is positioned directly above the bottom nozzle. As shown in Figures
4.2-2b, 4.2-2c, 4.2-2d, 4.2-3b, 4.2-3c, and 4.2-3d, the fuel rods are
positioned close to the bottom nozzle and are modified with a slightly longer
bottom end plug. The PBG provides added protection against debris induced
fretting by trapping debris below this grid where it can wear against the solid
end plug. In addition, the PBG provides improved resistance to grid-rod
fretting by means of additional support at the bottom of the fuel rod. Cycle 8
fresh fuel incorporated the protective bottom grid.
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Cycle 13 fresh fuel incorporated the RFA z*? fuel assembly design. RFA z*?
changes made to the mid-grid include a modified vane pattern (which is now

symmetrical), longer vane geometry, modified spring and dimple geometry, a
narrower spring window cut-out, a longer intersect slot length, opposite hand
spring and the incorporation of the anti-snag outer grid strap design. IFM

modifications include a symmetric vane pattern, longer vane geometry, and a
change to the dimple profile. The Inconel top, bottom, and protective grids
are not changed in the RFA z"* design except for new insert tubing for the
bottom and protective grids to accommodate the increase in thimble and
instrument tube diameters.

Cycle 14 fresh fuel is the RFA-2 72" fuel assembly design. The RFA-2 z7*? design
changes the mid-grid to include a modified spring and dimple geometry that
increases the line-contact length of the rod-spring and rod-dimple interface.
The RFA-2 2'? IFM grid design is not changed relative to the RFA z'? IFM™ grid
design. The RFA-2 z"? Inconel top, bottom and protective grid designs are not
changed relative to the RFA Z'? Inconel top, bottom and protective grid
designs.

The magnitude of the grid-restraining force on the fuel rod is set high enough
to minimize possible fretting without overstressing the cladding at the points
of contact between the grids and fuel rods. The grid assemblies also allow
axial thermal expansion of the fuel rods without imposing restraint sufficient
to develop buckling or distortion of the fuel rods.

4.2.2
RFA-2

.2.5 Fuel Assemblies - LOPAR, V5H, and V5H P+, V5H P+Z*%, RFA Z*? and
727? designs

The initial fuel assembly design used at Wolf Creek was the Westinghouse 17x17
low-parasitic (LOPAR) fuel design. The original LOPAR fuel assembly design is
shown in Figure 4.2-1, Figure 4.2-2, and Figure 4.2-3. Westinghouse developed
several fuel performance enchancing features which were added to the LOPAR
design over a period of several reloads. The major enhancements included:

e Chamfered pellet design

e High burnup top and bottom end plug designs
e Anti-snag grid design

e Debris Filter Bottom Nozzle (DFBN) design

e Reconstitutable Top Nozzle (RTN) design

These features were gradually added to the base LOPAR design for Cycle 2
through 5 fresh fuel. The actual point that the particular enhancement was
incorporated is specified in the appropriate section of the USAR.

The Westinghouse VANTAGE 5H fuel design is a variation of the LOPAR design that
includes all of the fuel performance enhancements listed above along with the
following:

e VANTAGE 5H (V5H) Zircaloy-4 Mid Grid design
e VANTAGE 5 Guide Tube design

Cycle 6 fresh fuel incorporated the V5H Zircaloy mid grids and the V5 guide
tube designs. This marked the point at which the fuel design for Wolf Creek
became the Westinghouse VANTAGE 5H fuel design. The V5H fuel assembly design
is shown in Figures 4.2-1la, 4.2-2a, 4.2-2b, 4.2-3a, and 4.2-3b. Westinghouse
has continued to developed fuel performance enhancing features which were added
to the base V5H design over a period of several reloads. The major
enhancements include:
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e Zircaloy-4 Intermediate Flow Mixer (IFM) grid design
e Tnconel Protective Bottom Grid (PBG) design

e Performance+ Extended Bottom End Plug design

e Performance+ Top End Plug design

e Variable Pitch Plenum Spring design

(] Integral Fuel Burnable Absorber (IFBA) design

These features were gradually added to the base V5H design for Cycle 7 through
9 fresh fuel. The actual point that the particular enhancement was
incorporated is specified in the appropriate section of the USAR.

Westinghouse VANTAGE 5H with Performance+ features (V5H P+) fuel design is a
variation of the V5H design that includes all of the fuel performance
enhancements listed above along with the following:

e Zirlo™ Clad fuel rod design

e 7irlo™ guide thimble and instrumentation tube design
o Zirlo™ mid grid design

e Zirlo™ IFM grid design

e Zirlo™Fully enriched annular axial blankets

Cycle 10 fresh fuel incorporated the performance enhancement features listed
above. This marked the point at which the fuel design became the Westinghouse
VANTAGE 5H with Performance+ features (V5H P+) fuel design. The V5H P+ fuel
assembly design is shown in Figures 4.2-1la, 4.2-2c and 4.2-3c.

Westinghouse VANTAGE 5H with Performance+ features, Zirlo™ (V5H P+2z'%) fuel

design is a variation of the V5H P+ design that includes all of the fuel
performance enhancements listed above along with the following:

e TLow pressure fuel rod design
e Cast Reconstitutable Top Nozzle design
e Shot-peened spring screw design

To implement the low rod internal pressure fuel rod design, the following
changes were required to the fuel rod and skeleton designs:

e Performance + Top End Plug design replaced by a shorter top end plug (with
no external gripper) design

e Extended length zirlo™ fuel rod tube design

e Extended length Variable Pitch Plenum Spring design

e Extended length zirlo™ guide thimble tubes and instrument tubes

Cycle 12 fresh fuel incorporated the performance enhancement features listed
above. This marked the point at which the fuel design became the Westinghouse
VANTAGE 5H with Performance+ features, Zirlo™ (VS5H P+z'?) fuel design. The V5H
P+7"? fuel assembly design is shown in Figures 4.2-la, 4.2-2d and 4.2-3d.

Westinghouse Robust Fuel Assembly zirlo™ (RFA z*%) fuel design is a variation

of the, VS5H P+z"? design that includes the fuel performance features of the V5H
p+z7*? design along with the following:

e Shot-peened Inconel-718 spring screw design,

e ZIRLO™ thicker thimble and instrument tube design (0.020 in. wall vs. 0.016
in.),

e Modified Zirlo

e Modified Zirlo™ Intermediate Flow Mixing (IFM) grid design.

™ Low Pressure Drop (LPD) structural mid-grid design,
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Cycle 13 fresh fuel incorporated the performance enhancement features listed
above. This marked the point at which the fuel design became the Westinghouse
Robust Fuel Assembly Zirlo™ (RFA Z'?) design. The RFA Z'° fuel assembly design
is shown in Figures 4.2-2d and 4.2-3d.

The Westinghouse second-generation Robust Fuel Assembly zilo™ (RFA-2 z*%) fuel
design is a variation of the RFA 7" design that includes the fuel performance
features of the RFA z'7 design along with the following:

e Modified Zirlo Low Pressure Drop (LPD) structural mid-grid design with
increased spring and dimple contact area (RFA-2 mid-grid).

There is no change to the fuel assembly length, envelope or fuel rod design
relative to the RFA 2" design.

Cycle 14 fresh fuel incorporated the performance enhancement features listed
above. This marked the point at which the fuel design became the Westinghouse
second-generation Robust Fuel Assembly Zirlo™ (RFA-2 z'%) design. The RFA-2 z*2
fuel assembly design is shown in Figures 4.2-2d and 4.2-3d.

Table 4.3-1 provides a comparison of the LOPAR, V5H, V5H P+, V5H P+z*?, RFA z*?
and RFA-2 2" fuel assembly design parameters.

4.2.2.3 1Incore Control Components

Reactivity control is provided by neutron absorbing rods and a soluble chemical
neutron absorber (boric acid). The boric acid concentration is wvaried to
control long-term reactivity changes, such as:

a. Fuel depletion and fission product buildup
b. Cold to hot, zero power reactivity change

c. Reactivity change produced by intermediate-term
fission products, such as xenon and samarium

d. Burnable absorber depletion
The chemical and volume control system is discussed in Chapter 9.0.

The rod cluster control assemblies provide reactivity control for:
a. Shutdown
b. Reactivity changes resulting from coolant temperature
changes in the power range
c. Reactivity changes associated with the power coefficient
of reactivity
d. Reactivity changes resulting from void formation

It is desirable to have a negative moderator temperature coefficient at power
levels exceeding 70% rated thermal power (RTP) throughout the entire cycle in
order to reduce possible deleterious effects caused by a positive coefficient
during loss-of-coolant or loss-of-flow accidents. Since soluble boron alone is
insufficient to ensure a negative moderator coefficient, burnable absorber
assemblies and/or IFBAs are also used. Burnable absorbers such as WABAs and
IFBAs are used to achieve a better power peaking control and a flatter power
distribution.
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Although a negative moderator coefficient is desirable, it is acceptable and in
some cases essential to have the coefficient be slightly positive in an attempt
to extend cycle length. Current WCGS reload cycles are designed to have a
small positive moderator temperature coefficient (<3 pcm/°F) at low thermal
power (<30% RTP) during the first 25% of the cycle. The addition of excess
reactivity to extend cycle length necessitates a greater amount of boric acid,
which results in an increase of the moderator temperature coefficient.

The rod cluster control assemblies and their control rod drive mechanisms are
the only moving parts in the reactor. Figure 4.2-8 illustrates the rod cluster
control and control rod drive mechanism assembly, in addition to the
arrangement of these components in the reactor, relative to the interfacing
fuel assembly and guide tubes. In the following paragraphs, each reactivity
control component is described in detail. The control rod drive mechanism
assembly is described in Section 3.9(N) .4.

The neutron source assemblies provide a means of monitoring the core during
periods of low neutron level. The thimble plug may be used to limit bypass
flow through those fuel assembly thimbles, which do not contain control rods,
burnable absorber rods, or neutron source rods.

4.2.2.3.1 Rod Cluster Control Assembly

The rod cluster control assemblies are divided into two categories: control
and shutdown. The control groups compensate for reactivity changes associated
with variations in operating conditions of the reactor, i.e., power and
temperature variations. Two nuclear design criteria have been employed for
selection of the control group. First, the total reactivity worth must be
adequate to meet the nuclear requirements of the reactor. Second in view of
the fact that these rods may be partially inserted at power operation, the
total power peaking factor should be low enough to ensure that the power
capability is met. The control and shutdown group provides adequate shutdown
margin.

A rod cluster control assembly is composed of 24 neutron absorber rods fastened
at the top end to a common spider assembly, as illustrated in Figure 4.2-9.

The absorber material used in the control rods is a solid hafnium or Silver-
Indium-Cadmium (Ag-In-Cd) bar which is essentially "black" to thermal neutrons
and has sufficient additional resonance absorption to significantly increase
its worth. The absorber material is sealed in cold worked stainless steel
tubes (see Figure 4.2-10). Sufficient diametral and end clearances are
provided to accommodate relative thermal expansions.

The bottom plugs are bullet-nosed to reduce the hydraulic drag during reactor
trip and to guide smoothly into the dashpot section of the fuel assembly guide
thimbles.

The absorber rod end plugs are Type 308 stainless steel. The design stresses
used for the Type 308 material are the same as those defined in the ASME Code,
Section III, for Type 304 stainless steel. At room temperature, the yield and
ultimate stresses per ASTM 580 are the same for the two alloys. In view of the
similarity of the alloy composition, the temperature dependence of strength for
the two materials is also assumed to be the same.

The allowable stresses used as a function of temperature are listed in Table 1-
1.2 of Section III of the ASME Code. The fatigue strength for the Type 308
material is based on the S-N curve for austenitic stainless steels in Figure 1-
9.2 of Section III.
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The spider assembly is in the form of a central hub with radial vanes
containing cylindrical fingers from which the absorber rods are suspended.
Handling detents and detents for connection to the drive rod assembly are
machined into the upper end of the hub. Two coil springs inside the spider
body absorbs the impact energy at the end of a trip insertion. The radial
vanes are joined to the hub by tack welding and brazing, and the fingers are
joined to the vanes by brazing. A centerpost, which holds the spring and its
retainer, is threaded into the hub within the skirt and welded to prevent
loosening in service. All components of the spider assembly are made from
Types 304 and 308 stainless steel except for the retainer, which is of 17-4 PH
material, and the springs, which are Inconel-718 alloy.

The absorber rods are fastened securely to the spider. The rods are first
threaded into the spider fingers and then pinned to maintain joint tightness,
after which the pins are welded in place. The end plug below the pin position

is designed with a reduced section to permit flexing of the rods to correct for
small misalignments.

The overall length is such that when the assembly is withdrawn through its full
travel the tips of the absorber rods remain engaged in the guide thimbles so
that alignment between rods and thimbles is always maintained. Since the rods
are long and slender, they are relatively free to conform to any small
misalignments with the guide thimble.

4.2.2.3.2 Burnable Absorber Assembly
(Standard Borosilicate Glass and WABA)

Each burnable absorber assembly consists of burnable absorber rods attached to
a holddown assembly. A burnable absorber assembly is shown in Figure 4.2-11
for the WABA rod and in Figure 4.2-1la for the borosilicate glass absorber rod.
When needed for nuclear considerations, burnable absorber assemblies may be
inserted into selected thimbles within fuel assemblies.

The discrete burnable absorber rods are the wet annular burnable absorber
(WABA) rod design and the borosilicate glass rod design. Integral Fuel
Burnable Absorber (IFBA) rods, described in Section 4.2.2.1.2, are an
alternative burnable absorber that may be used. The borosilicate glass
burnable absorber design was used in Cycles 1 and 2 and the WABA design was
introduced in Cycle 3. Cycle 9 fresh fuel incorporated the IFBA design.

The WABA rod design consists of annular pellets of aluminum oxide-boron carbide
(A1,03-B4C) burnable absorber material contained within two concentric Zircaloy
tubes. These Zircaloy tubes, which form the inner and outer clad for the
annular burnable absorber rod, are plugged, pressurized with helium, and seal
welded at the ends to encapsulate the annular stack of absorber material. A
Zircaloy spacer tube is placed at the bottom of the pellet stack to position
the absorber stack within the WABA rod, and a C-shape Zircaloy spring clip is
placed on top of the absorber stack to keep it in position and accommodate
absorber stack growth. An annular plenum is provided within the rod to
accommodate the helium gas released from the absorber material during boron
depletion. The reactor coolant flows inside the inner tubing and outside the
outer tubing of the annular rod. A typical WABA rod is shown in a longitudinal
cross-section in Figure 4.2-12.

The borosilicate glass absorber rods consist of borosilicate glass tubes
contained within Type 304 stainless steel tubular cladding which is plugged and
seal welded at the ends to encapsulate the glass. The glass is also supported
along the length of its inside diameter by a thin-wall tubular inner liner.

The top end of the liner is open to permit the diffused helium to pass into the
void volume, and the liner overhangs the glass. The liner has an outward
flange at the bottom end to maintain the position of the liner with the glass.
A typical borosilicate glass burnable absorber rod is shown in longitudinal and
transverse cross-sections in Figure 4.2-12a.
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The absorber rods in each burnable absorber assembly are grouped and attached
together at the top end of the rods to a hold-down assembly by a flat
perforated retaining plate which fits within the fuel assembly top nozzle and
rests on the adapter plate.

The retaining plate and the absorber rods are held down and restrained against
vertical motion through a spring pack which is attached to the plate and is
compressed by the upper core plate when the reactor upper internals assembly is
lowered into the reactor. This arrangement ensures that the absorber rods
cannot be ejected from the core by flow forces. Each rod is permanently
attached to the baseplate by a nut which is crimped or lock-welded into place.

The cladding of the WABA rods is Zircaloy. The cladding of the borosilicate
glass rods is slightly cold worked Type 304 stainless steel. All other
structural materials in the assembly are Type 304 or 308 stainless steel except
for the springs, which are Inconel-718. The aluminum oxide-boron carbide
pellets or the borosilicate glass tubes provide sufficient boron content to
meet the criteria discussed in Section 4.3.1.

4.2.2.3.3 Neutron Source Assembly

The purpose of the neutron source assembly is to provide base neutron level to
ensure that the neutron detectors are operational and responding to core
multiplication neutrons. For the first core, a neutron source is placed in the
reactor to provide a positive neutron count of at least 2 counts per second on
the source range detectors attributable to core neutrons. The detectors,
called source range detectors, are used primarily when the core is subcritical
and during special subcritical modes of operations.

The source assembly permits detection of changes in the core multiplication
factor during core loading and approach to criticality. This can be done since
the multiplication factor is related to an inverse function of the detector
count rate. Changes in the multiplication factor can be detected during
addition of fuel assemblies while loading the core, changes in control rod
positions, and changes in boron concentration.

The primary source rod, containing a radioactive material, spontaneously emits
neutrons during initial core loading, reactor startup, and initial operation of
the first core. After the primary source rod decays beyond the desired neutron
flux level, neutrons are then supplied by the secondary source rod. The
secondary source rod contains a stable material, which is activated during
reactor operation. The activation results in the subsequent release of
neutrons.

Four source assemblies were installed in the initial reactor core: two primary
source assemblies and two secondary source assemblies. Subsequent cycles (2-
10) utilize only the secondary source assemblies. Each primary source assembly
contains one primary source rod and a number of burnable absorber rods. Each
secondary source assembly contains four secondary source rods and a number of
thimble plugs. A secondary source assembly is shown in Figure 4.2-14 and a
primary source assembly is shown in Figure 4.2-14a.

Two new “double encapsulated” secondary source assemblies are available for use
beginning with Cycle 11. Each of the new double encapsulated secondary source
assemblies contains six double encapsulated secondary source rods and a number
of thimble plugs. A double encapsulated secondary source assembly is shown in
Figure 4.2-14Db.

4.2-23 Rev. 18



WOLF CREEK

Neutron source assemblies are positioned at opposite sides of the core. The
source assemblies are inserted into the guide thimble tubes in fuel assemblies
at selected unrodded core locations. As shown in Figure 4.2-14 and Figure 4.2-
14b, the secondary source assembly contains a holddown assembly identical to
that of the burnable absorber assembly. The primary and secondary source rods
have the same cladding material as the absorber rods. The secondary source
rods contain Sb-Be pellets stacked to a height of approximately 88 inches. A
secondary source rod assembly is shown in Figure 4.2-13. The double
encapsulated secondary source rods also contain Sb-Be pellets stacked to a
height of approximately 88 inches. A double encapsulated secondary source rod
assembly is shown in Figure 4.2-13a. The primary source rods contain capsules
of californium source material and alumina spacer to position the source
material within the cladding. The rods in each source assembly are permanently
fastened at the top end to a holddown assembly.

The other structural members are constructed of Type 304 stainless steel,
except for the springs. The springs exposed to the reactor coolant are
Inconel-718.

4.2.2.3.4 Thimble Plug Device

Thimble plug devices may be used to limit bypass flow through the rod cluster
control guide thimbles in fuel assemblies which do not contain either control
rods, source rods, or burnable absorber rods. A typical thimble plug device is
shown in Figures 4.2-15 and 4.2-15a.

The thimble plug devices consist of a flat baseplate with short rods suspended
from the bottom surface and a spring pack assembly. The 24 short rods, called
thimble plugs, project into the upper ends of the guide thimbles to reduce the
bypass flow.

FEach thimble plug is permanently attached to the baseplate by a nut which is
crimped or lock-welded to the threaded end of the plug. Similar short rods are
also used on the source assemblies and burnable absorber assemblies to plug the
ends of all vacant fuel assembly guide thimbles. When in the core, the thimble
plug devices interface with both the upper core plate and with the fuel
assembly top nozzles by resting on the adapter plate. The spring pack is
compressed by the upper core plate when the upper internals assembly is lowered
into place.

All components in the thimble plug device, except for the springs, are
constructed from Type 304 stainless steel. The springs are Inconel-718.

4.2.3 DESIGN EVALUATION

The fuel assemblies, fuel rods, and incore control components are designed to
satisfy the performance and safety criteria of the introduction to Section 4.2,
the mechanical design bases of Section 4.2.1, and other interfacing nuclear and
thermal-hydraulic design bases specified in Sections 4.3 and 4.4.

Effects of Conditions II, III, IV or anticipated transients without trip on
fuel integrity are presented in Chapter 15.0 or supporting topical reports.

The initial step in fuel rod design evaluation for a region of fuel is to
determine the limiting rod(s). Limiting rods are defined as those rod(s) whose
predicted performance provides the minimum margin to each of the design
criteria. For a number of design criteria, the limiting rod is the highest
burnup rod of a fuel region. In other instances, it may be the maximum power
or the minimum burnup rod. For the most part, no single rod is limiting with
respect to all design criteria.
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After identifying the limiting rod(s), a worst-case performance analysis is
performed which considers the effects of rod operating history, model
uncertainties, and dimensional variations. To verify adherence to the design
criteria, the evaluation considers the effects of postulated transient power
changes during operation consistent with Conditions I and II. These transient
power increases can affect both rod average and local power levels. Parameters
considered include rod internal pressure, fuel temperature, clad stress, and
clad strain. In fuel rod design analyses, these performance parameters provide
the basis for comparison between expected fuel rod behavior and the
corresponding design criteria limits.

Fuel rod and fuel assembly models used for the performance evaluations are
documented and maintained under an appropriate control system. Materials
properties used in the design evaluations are given in Reference 2.

4.2.3.1 Cladding
a. Vibration and wear

Fuel rod vibrations are flow induced. The effect of the
vibration on the fuel assembly and individual fuel rods
is minimal. The cyclic stress range associated with
deflections of such small magnitude is insignificant and
has no effect on the structural integrity of the fuel
rod.

The reaction force on the grid supports due to rod
vibration motions is also small and is much less than the
spring preload. No significant wear of the clad or grid
supports is expected during the life of the fuel assembly.

Clad fretting and fuel vibration have been experimentally
investigated, as shown in Reference 10. Hydraulic flow
test results of the RFA-2 fuel assembly are discussed in
Reference 26.

b. Fuel rod internal pressure and cladding stresses

A burnup dependent fission gas release model (References 18
and 27) is used to determine the internal gas pressures as a
function of irradiation time. The plenum height of the

fuel rod has been designed to ensure that the maximum
internal pressure of the fuel rod will not exceed the

value which would cause the fuel/clad diametral gap to
increase and extensive DNB propagation during steady state
operation.

The clad stresses at a constant local fuel rod power are
low. Compressive stresses are created by the pressure
differential between the coolant pressure and the rod
internal gas pressure. Because of the prepressurization
with helium, the volume average effective stresses are
always less than approximately 10,000 psi at the
pressurization level used in this fuel rod design.
Stresses due to the temperature gradient are not included
in this average effective stress because thermal stresses
are, 1in general, negative at the clad inside diameter and
positive at the clad outside diameter, and their
contribution to the clad volume average stress is small.
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Furthermore, the thermal stress decreases with time
during steady state operation due to stress relaxation.
The stress due to pressure differential is highest in the
minimum power rod at the beginning-of-life due to low
internal gas pressure, and the thermal stress is highest
in the maximum power rod due to steep temperature
gradient.

Tensile stresses can occur once the clad has come into
contact with the pellet. These stresses are induced by
the fuel pellet swelling during irradiation. Swelling of
the fuel pellet can result in small clad strains (<1
percent) for expected discharge burnups, but the
associated clad stresses are very low because of clad
creep (thermal and irradiation-induced creep). The 1-
percent strain criterion is extremely conservative for
fuel-swelling driven clad strain because the strain rate
associated with solid fission products swelling is very
slow. A detailed discussion on fuel rod performance is
given in Section 4.2.3.3.

Materials and chemical evaluation

Zircaloy-4 and Zirlo™ clad has a high corrosion resistance
to the coolant, fuel, and fission products. As shown in
Reference 1, there is pressurized water reactor operating
experience on the capability of Zircaloy and Zirlo™ as a
clad material. Controls on fuel fabrication specify maximum
moisture levels to preclude clad hydriding.

Metallographic examination of irradiated commercial fuel
rods has shown occurrences of fuel/clad chemical
interaction. Reaction layers of <1 mil in thickness have
been observed between fuel and clad at limited points
around the circumference. Metallographic data indicates
that this interface layer remains very thin, even at high
burnup. Thus, there is no indication of propagation of
the layer and eventual clad penetration.

Stress Corrosion

Stress corrosion cracking is another postulated

phenomenon related to fuel/clad chemical interaction.
Out-of-pile tests have shown that in the presence of high
cladding tensile stresses, large concentrations of selected
fission products (such as iodine) can chemically attack

the Zircaloy and Zirlo™ tubing and can lead to eventual
cladding cracking. Extensive post-irradiation examination has
produced no in-pile evidence that this mechanism is operative in
commercial fuel.

Cycling and Fatigue

A comprehensive review of the available strain fatigue models was

conducted by Westinghouse as early as 1968. This review included the
Langer-0’Donnell model (Reference 12), the Yao-Munse model and the
Manson-Halford model. Upon completion of this review and using the

results of the Westinghouse experimental programs discussed below, it
was concluded that the approach defined by Langer-0’Donnell would be
retained and the empirical factors of their correlation modified in
order to conservatively bound the results of the Westinghouse testing
program.
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The Westinghouse testing program was subdivided into the following
subprograms:

1. A rotating bend fatigue experiment on unirradiated Zircaloy-4

specimens at room temperature and at 725°F. Both hydrided and
nonhydrided Zircaloy-4 cladding were tested.

2. A biaxial fatigue experiment in gas autoclave on unirradiated
Zircaloy-4 cladding, both hydrided and unhydrided.

3. A fatigue test program on irradiated cladding from the VCS and
Yankee Core V conducted at Battelle Memorial Institute.

The results of these test programs provided information on different
cladding conditions including the effects of irradiation, of hydrogen
levels and of temperature.

The design equations followed the concept for the fatigue design
criterion according to the ASME Boiler and Pressure Vessel Code,
Section ITII.

It is recognized that a possible limitation to the satisfactory
behavior of the fuel rods in a reactor which is subjected to daily
load follow is the failure of the cladding by low cycle strain
fatigue. During their normal residence time in a reactor, the fuel
rods may be subjected to ~1000 cycles with typical changes in power
level from 50% to 100% of their steady-state values.

The assessment of the fatigue life of the fuel rod cladding is subject
to a considerable uncertainty due to the difficulty of evaluating the
strain range which results from the cyclic interaction of the fuel
pellets and cladding. This difficulty arises, for example, from such
highly unpredictable phenomena as pellet cracking, fragmentation, and
relocation. Nevertheless, since early 1968, this particular
phenomenon has been investigated analytically and experimentally.
Strain fatigue tests on irradiated and nonirradiated hydrided Zr-4
claddings were performed, which permitted a definition of a
conservative fatigue life limit and recommendation on a methodology to
treat the strain fatigue evaluation of the Westinghouse reference fuel
rod designs.

It is believed that the final proof of the adequacy of a given fuel
rod design to meet the load follow requirements can only come from
incore experiments performed on actual reactors. Experience in load
follow operation dates back to early 1970 with the load follow
operation of the Saxton reactor. Successful load follow operation has
been performed on reactor A (>400 load follow cycles) and reactor B
(>500 load follow cycles). In both cases, there was no significant
coolant activity increase that could be associated with the load
follow mode of operation.

Rod bowing
Reference 11 presents the NRC-approved model used for
evaluation of fuel rod bowing. The effects of rod bowing

on DNBR are described in Section 4.4.2.2.5. Also refer
to item e in Section 4.2.3.3.
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g. Consequences of power-coolant mismatch
This subject is discussed in Chapter 15.0.
h. Irradiation stability of the cladding

As shown in Reference 1, there is PWR operating experience on the

capability of Zircaloy and Zirlo™ as a cladding material. Extensive
experience with irradiated Zircaloy-4 is summarized in Reference 2,

and Appendices A through E in Reference 20 for Zirlo™.

i. Creep collapse and creepdown
This subject and the associated irradiation stability of
cladding have been evaluated, using the models described in

Reference 19.

4.2.3.2 Fuel Materials Considerations

Sintered, high density uranium dioxide fuel reacts only slightly with the clad
at core operating temperatures and pressures. In the event of clad defects,
the high resistance of uranium dioxide to attack by water protects against fuel
deterioration, although limited fuel erosion can occur. As has been shown by
operating experience and extensive experimental work, the thermal design
parameters conservatively account for changes in the thermal performance of the
fuel elements due to pellet fracture which may occur during power operation.
The consequences of defects in the clad are greatly reduced by the ability of
uranium dioxide to retain fission products, including those which are gaseous
or highly volatile. Observations from several operating Westinghouse
pressurized water reactors (Ref. 9) have shown that fuel pellets can densify

under irradiation to a density higher than the manufactured values. Fuel
densification and subsequent settling of the fuel pellets can result in local
and distributed gaps in the fuel rods. Fuel densification has been minimized

by improvements in the fuel manufacturing process and by specifying a nominal
95-percent initial fuel density.

The evaluation of fuel densification effects and their consideration in fuel
design are described in References 18 and 27. The treatment of fuel swelling
and fission gas release are described in Reference 18.

The effects of waterlogging on fuel behavior are discussed in Section 4.2.3.3.

4.2.3.3 Fuel Rod Performance

In the calculation of the steady state performance of a nuclear fuel rod, the
following interacting factors must be considered.

a. Clad creep and elastic deflection
b. Pellet density changes, thermal expansion, gas release,
and thermal properties as a function of temperature and

fuel burnup

c. Internal pressure as a function of fission gas release,
rod geometry, and temperature distribution
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These effects are evaluated using fuel rod design models (References 18 and 27)
which include appropriate models for time-dependent fuel densification. With
the above interacting factors considered, the model determines the fuel rod
performance characteristics for a given rod geometry, power history, and axial
power shape. In particular, internal gas pressure, fuel and clad temperatures,
and clad deflections are calculated. The fuel rod is divided into several
axial sections and radially into a number of annular zones. Fuel density
changes are calculated separately for each segment. The effects are integrated
to obtain the internal rod pressure.

The initial rod internal pressure is selected to delay fuel/clad mechanical
interaction and to avoid the potential for flattened rod formation. It is

limited, however, by the design criteria for the rod internal pressure (see
Section 4.2.1.3).

The gap conductance between the pellet surface and the clad inner diameter is
calculated as a function of the composition, temperature, and pressure of the
gas mixture and the gap size or contact pressure between clad and pellet.
After computing the fuel temperature for each pellet annular zone, the
fractional fission gas release is assessed, using an empirical model derived
from experimental data (References 18 and 27). The total amount of gas
released is based on the average fractional release within each axial and
radial zone and the gas generation rate which, in turn, is a function of
burnup. Finally, the gas released is summed over all zones, and the pressure
is calculated.

The model shows good agreement with a variety of published and proprietary data
on fission gas release, fuel temperatures, and clad deflections (References 18
and 27). These data include variations in power, time, fuel density, and
geometry.

a. Fuel/cladding mechanical interaction

One factor in fuel element duty is potential mechanical
interaction of fuel and clad. This fuel/clad interaction
produces cyclic stresses and strains in the clad, and
these, in turn, consume clad fatigue life. The reduction
of fuel/clad interaction is therefore a goal of design.
The technology of using prepressurized fuel rods has been
developed to further this objective.

The gap between the fuel and clad is initially sufficient
to prevent hard contact between the two. However, during
power operation a gradual compressive creep of the clad
onto the fuel pellet occurs due to the external pressure
exerted on the rod by the coolant. Clad compressive
creep eventually results in fuel/clad contact. Once
fuel/clad contact occurs, changes in power level result
in changes in clad stresses and strains. By using
prepressurized fuel rods to partially offset the effect
of the coolant external pressure, the rate of clad creep
toward the surface of the fuel is reduced. Fuel rod
prepressurization delays the time at which fuel/clad
contact occurs and hence significantly reduces the extent
of cyclic stresses and strains experienced by the clad
both before and after fuel/clad contact. These factors
result in an increase in the fatigue life margin of the
clad and lead to greater clad reliability. If gaps
should form in the fuel stacks, clad flattening will be
prevented by the rod prepressurization so that the
flattening time will be greater than the fuel core life.
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A two-dimensional (r,®) finite element model has been
developed to investigate the effects of radial pellet
cracks on stress concentrations in the clad. Stress
concentration, herein, is defined as the difference
between the maximum clad stress in the ®-direction and
the mean clad stress. The first case has the fuel and
clad in mechanical equilibrium and, as a result, the
stress in the clad is close to zero. In subsequent
cases, the pellet power is increased in steps, and the
resultant fuel thermal expansion imposes tensile stress
in the clad. 1In addition to uniform clad stresses,
stress concentrations develop in the clad adjacent to

radial cracks in the pellet. These radial cracks have a
tendency to open during a power increase but the
frictional forces between fuel and clad oppose the
opening of these cracks and result in localized increases
in clad stress. As the power is further increased, large
tensile stresses exceed the ultimate tensile strength of
UO,, and additional cracks in the fuel are created which
limits the magnitude of the stress concentration in the
clad.

As part of the standard fuel rod design analysis, the
maximum stress concentration evaluated from finite
element calculations is added to the volume-averaged
effective stress in the clad, as determined from one-
dimensional stress/strain calculations. The resultant
clad stress is then compared to the temperature-dependent

Zircaloy/Zirlo™ vyield stress in order to assure that the
stress/strain criteria are satisfied.

Transient Evaluation Method

Pellet thermal expansion due to power increases is
considered the only mechanism by which significant
stresses and strains can be imposed on the clad. Such
increases are a consequence of fuel shuffling , reactor
power escalation following extended reduced power
operation, and full-length control rod movement. In the
mechanical design model, lead rod burnup values are
obtained using best estimate power histories, as
determined by core physics calculations. During burnup,
the amount of diametral gap closure is evaluated, based
upon the pellet expansion cracking model, clad creep
model, and fuel swelling model. At various times during
the depletion, the power is increased locally on the rod
to the burnup-dependent attainable power density, as
determined by core physics calculations. The radial,
tangential, and axial clad stresses resulting from the
power increase are combined into a volume average
effective clad stress.

The Von Mises criterion is used to determine if the clad
yield stress has been exceeded. This criterion states
that an isotropic material in multiaxial stress will
begin to yield plastically when the effective stress
exceeds the yield stress, as determined by an axial
tensile test. The yield stress correlation is that for
irradiated cladding, fuel/clad interaction occurs at high
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burnup. In applying this criterion, the effective stress
is increased by an allowance which accounts for stress
concentrations in the clad adjacent to radial cracks in
the pellet, prior to the comparison with the yield
stress. This allowance was evaluated using a two-

dimensional (r, ©®) finite element model.

Slow transient power increases can result in large clad
strains without exceeding the clad yield stress because
of clad creep and stress relaxation. Therefore, in
addition to the yield stress criterion, a criterion on
allowable clad strain 1s necessary. Based wupon high
strain rate burst and tensile test data on irradiated
tubing, l-percent strain was determined to be a
conservative lower limit on irradiated clad deformation
and was thus adopted as a design criterion.

A comprehensive review of the available strain-fatigue
models was conducted by Westinghouse as early as 1968.
This included the Langer-0'Donnell model (Ref. 12), the
Yao-Munse model, and the Manson-Halford model. Upon
completion of this review and using the results of the
Westinghouse experimental programs discussed below, it
was concluded that the approach defined by Langer-
O'Donnell would be retained and the empirical factors of
their correlation modified in order to conservatively
bound the results of the Westinghouse testing program.

The Langer-0'Donnell empirical correlation has the
following form:

E 100

Sy = In |[—— | + S

W, (100 — Ra)
where:

S = 1/2 E Agt = pseudo-stress amplitude which

causes failure in N cycles (lb/in.ﬂ
f

A% = total strain range (in./in.)

E = Young's Modulus (lb/in.z)

Ng = number of cycles to failure

RA = reduction in area at fracture in a
uniaxial tensile test (%)

Se = endurance limit (lb/in.2)

4.2-31

Rev.

16



WOLF CREEK

Both RA and S, are empirical constants which depend on
the type of material, the temperature, and irradiation.

The Westinghouse testing program was subdivided into the
following subprograms:

1. A rotating bend fatigue experiment on unirradiated
Zircaloy-4 specimens at room temperature and at 725
F. Both hydrided and nonhydrided Zircaloy-4 cladding
were tested.

2. A biaxial fatigue experiment in gas autoclave on
unirradiated Zircaloy-4 cladding, both hydrided and
nonhydrided.

3. A fatigue test program on irradiated cladding from
the Carolina-Virginia Tube Reactor and Yankee Core V
conducted at Battelle Memorial Institute.

The results of these test programs provided information
on different cladding conditions, including the effect of
irradiation, hydrogen level, and temperature.

The design equations followed the concept for the fatigue
design criterion according to the ASME Code, Section
ITI. Namely,

1. The calculated pseudo-stress amplitude (S;) has to be
multiplied by a factor of 2 in order to obtain the
allowable number of cycles (Ng)

2. The allowable cycles for a given S5 is 5 percent of
Ng, maintaining a safety factor of 20 on cycles.

The lesser of the two allowable number of cycles is
selected. The cumulative fatigue life fraction is then
computed as:

K n
2: —k < 1
T Nex
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where:

ny number of diurnal cycles of mode k

Neyp number of allowable cycles

It is recognized that a possible limitation to the
satisfactory behavior of the fuel rods in a reactor which
is subjected to daily load follow is the failure of the
clad by low-cycle strain fatigue. During their normal
residence time in the reactor, the fuel rods may be
subjected to 1,000 cycles or more with typical

changes in power level from 50 to 100 percent of their
steady state values.

The assessment of the fatigue life of the fuel rod clad
is subject to a considerable uncertainty due to the
difficulty of evaluating the strain range which results
from the cyclic interaction of the fuel pellets and

clad. This difficulty arises, for example, from such
highly unpredictable phenomena as pellet cracking,
fragmentation, and relocation. Nevertheless, since early
1968, this particular phenomenon has been investigated
analytically and experimentally (Ref. 12). Strain
fatigue tests on irradiated and nonirradiated hydrided
Zircaloy-4 claddings were performed which permitted a
definition of a conservative fatigue life limit and
recommendation on a methodology to treat the strain
fatigue evaluation of the Westinghouse reference fuel rod
designs.

It is believed that the final proof of the adequacy of a
given fuel rod design to meet the load follow
requirements can come only from incore experiments
performed on actual reactors. Experience in load follow
operation dates back to early 1970 with the load follow
operation of the Saxton reactor. Successful load follow
operation has been performed on reactor A (~400 load
follow cycles) and reactor B (~500 load follow cycles).
In both cases, there was no significant coolant activity
increase that could be associated with the load follow
mode of operation.

Irradiation experience

Westinghouse fuel operational experience is presented in
Reference 1. Additional test assembly and test rod
experiences are given in Sections 8 and 23 of Reference
9.
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c. Fuel and cladding temperature

The methods used for evaluation of fuel rod temperatures
are presented in Section 4.4.2.11.

d. Waterlogging

Local cladding deformations typical for waterlogging*
bursts have never been observed in commercial
Westinghouse fuel. Experience has shown that the small
number of rods which have acquired clad defects,
regardless of primary mechanism, remain intact and do not
progressively distort or restrict coolant flow. In fact,
such small defects are normally observed through
reductions in coolant activity to be progressively closed
upon further operation due to the buildup of zirconium
oxide and other substances. Secondary failures which
have been observed in defected rods are attributed to
hydrogen embrittlement of the cladding. Post-irradiation
examinations point to the hydriding failure mechanism
rather than a waterlogging mechanism; the secondary
failures occur as axial cracks in the cladding and are
similar regardless of the primary failure mechanism.

Such cracks do not result in flow blockage or increase
the effects of any postulated transients.

More information is provided in References 15 and 16.

e. Potentially damaging temperature effects during
transients

The fuel rod experiences many operational transients
(intentional maneuvers) during its residence in the
core. A number of thermal effects must be considered
when analyzing the fuel rod performance.

The clad can be in contact with the fuel pellet at some
time in the fuel lifetime. Clad/pellet interaction
occurs 1f the fuel pellet temperature is increased after
the clad is in contact with the pellet. Clad/pellet
interaction is discussed earlier in the section.

Waterlogging damage of a previously defected fuel rod has
occasionally been postulated as a mechanism for subsequent
rupture of the cladding. Such damage has been postulated as
a consequence of a power increase on a rod after water has
entered such a rod through a clad defect of appropriate
size. Rupture is postulated upon power increase if the rod
internal pressure increase is excessive due to insufficient
venting of water to the reactor coolant.
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The potential effects of operation with waterlogged fuel
discussed above concluded that waterlogging is not a
concern during operational transients.

Clad flattening, as shown in Reference 6 and 19, has been
observed in some operating power reactors. Thermal
expansion (axial) of the fuel rod stack against a
flattened section of the clad could cause failure of the
clad. This is no longer a concern because clad
flattening is precluded during the fuel residence in the
core (see Section 4.2.3.1).

Potential differential thermal expansion between the fuel
rods and the guide thimbles during a transient is
considered in the design. Excessive bowing of the fuel
rods is precluded because the grid assemblies allow axial
movement of the fuel rods relative to the grids.
Specifically, thermal expansion of the fuel rods is
considered in the grid design so that axial loads imposed
on the fuel rods during a thermal transient will not
result in excessively bowed fuel rods.

Fuel element burnout and potential energy release

As discussed in Section 4.4.2.2, the core is protected
from DNB over the full range of possible operating
conditions. In the extremely unlikely event that DNB
should occur, the clad temperature will rise due to the
steam blanketing at the rod surface and the consequent
degradation in heat transfer. During this time, there is
a potential for chemical reaction between the cladding
and the coolant. However, because of the relatively good
film boiling heat transfer following DNB, the energy
release resulting from this reaction is insignificant
compared to the power produced by the fuel.

Coolant flow blockage effects on fuel rods

This evaluation is presented in Section 4.4.4.6.
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4.2.3.4 Spacer Grids

The coolant flow channels are established and maintained by the structure
composed of grids and guide thimbles. The lateral spacing between fuel rods is
provided and controlled by the support dimples of adjacent grid cells. Contact
of the fuel rods on the dimples is maintained through the clamping force of the
grid springs. Lateral motion of the fuel rods is opposed by the spring force
and the internal moments generated between the spring and the support dimples.
Grid testing is discussed in Reference 13 (LOPAR), Reference 22 (V5H),
References 20 and 23 (V5H P+), and References 24 and 25 (RFA and RFA-2).

As shown in Reference 13 (LOPAR), Reference 22 (V5H), and References 20 and 23
(V5H P+), and References 24 and 25 (RFA and RFA-2) grid crushing tests and
seismic and loss-of-coolant accident evaluations demonstrate that the grids
will maintain a geometry that is capable of being cooled under the worst-case
accident Condition III & IV event.

4.2.3.5 Fuel Assembly

4.2.3.5.1 Stresses and Deflections

The fuel assembly component stress levels are limited by the design. For
example, stresses in the fuel rod due to axial thermal expansion and Zircaloy
or Zirlo™ irradiation growth are limited by the relative motion of the rod as
it slips over the grid spring and dimple surfaces. Clearances between the fuel
rod ends and nozzles are provided so that Zircaloy or Zirlo™ irradiation
growth does not result in rod end interferences. Stresses in the fuel assembly
caused by tripping of the rod cluster control assembly have little influence on
fatigue because of the small number of events during the life of an assembly.
Assembly components and prototype fuel assemblies made from production parts
have been subjected to structural tests to verify that the design bases
requirements are met.

The fuel assembly design loads for shipping have been established at 4 g axial
and 6 g lateral directions. Accelerometers are permanently placed into the
shipping cask to monitor and detect fuel assembly accelerations that would
exceed the criteria. Past history and experience have indicated that loads
which exceed the allowable limits rarely occur. Exceeding the limits requires
reinspection of the fuel assembly for damage. Tests on various fuel assembly
components, such as the grid assembly, sleeves, inserts, and structure joints,
have been performed to assure that the shipping design limits do not result in

impairment of fuel assembly function. Seismic analysis of the fuel assembly is
presented in Reference 13 (LOPAR), Reference 22 (V5H), References 20 and 23
(V5H P+), and Reference 24 (RFA). Since the RFA-2 mid-grid change has no

impact on the seismic/LOCA analysis, the conclusion for the RFA 7" design in
Reference 24 remains valid for the RFA-2 z*7 design.

4.2-36 Rev. 18



WOLF CREEK

4.2.3.5.2 Dimensional Stability

A prototype fuel assembly has been subjected to column loads in excess of those
expected in normal service and faulted conditions (Ref. 13).

No interference between control rods and thimble tubes will occur during
insertion of the rods following a postulated loss-of-coolant accident transient
due to fuel rod swelling, thermal expansion, or bowing. In the early phase of
the transient following the coolant break, the high axial loads, which could be
generated by the difference in thermal expansion between fuel clad and
thimbles, are relieved by slippage of the fuel rods through the grids. The
relatively low drag force restraint on the fuel rods will induce only minor
thermal bowing, which is insufficient to close the fuel rod-to-thimble tube

gap.

Reference 13 (LOPAR), Reference 22 (V5H), References 20 and 23 (V5H P+), and
Reference 24 (RFA) shows that the fuel assemblies will maintain a geometry
amenable to cooling during a combined seismic and double-ended loss-of-coolant
accident. Reference 25 shows that the grid crush strength and seismic factor
P/K/? improved with the RFA-2 design relative to the RFA design. Since the
contact length change has no impact on the fuel assembly models used in the
seismic and LOCA evaluation, the seismic and LOCA evaluation for the RFA design
is applicable for the RFA-2 design.

4.2.3.6 Reactivity Control Assembly and Burnable Absorber Rods

a. Internal pressure and cladding stresses during normal,
transient and accident conditions

The designs of the standard burnable absorber, WABA, and
source rods provide a sufficient cold void volume to
accommodate the internal pressure increase during

operation. This is not a concern for the standard
absorber rod because no gas is released by the absorber
material.

For the standard absorber rod, the use of glass in
tubular form provides a central void volume along the
length of the rods (see Figure 4.2-12a). For the WABA
rods, an annular plenum is provided within the rod to
accommodate the helium gas released from the absorber
material during boron depletion (see Figure 4.2-12).

For the source rods, a void volume is provided within the
rod in order to limit the internal pressure increase
until end of life (see Figures 4.2-13 and 4.2-13a).

The stress analysis of the standard absorber and source
rods assumes 100-percent gas release to the rod void
volume, in addition to the initial pressure within the
rod. The stress analysis of the WABA rods assumes a
helium release rate of 30% due to the design of the rod.
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During normal transient and accident conditions the void
volume limits the internal pressures to values which
satisfy the criteria in Section 4.2.1.6. These limits
are established not only to ensure that peak stresses do
not reach unacceptable values, but also to limit the
amplitude of the oscillatory stress component in
consideration of the fatigue characteristics of the
materials.

Rod, guide thimble, and dashpot flow analyses indicate
that the flow is sufficient to prevent coolant boiling
within the guide thimble. Therefore, clad temperatures
at which the clad material has adequate strength to
resist coolant operating pressures and rod internal
pressures are maintained.

Thermal stability of the absorber material, including
phase changes and thermal expansion

The radial and axial temperature profiles within the
source and burnable absorber rods have been determined by
considering gap conductance, thermal expansion, neutron
or gamma heating of the contained material as well as
gamma heating of the clad.

The maximum temperature of the silver-indium-cadmium
alloy or hafnium control rod absorber material was
calculated and found to be significantly less than the
material melting point, and occurs axially at only the
highest flux region. The thermal expansion properties of
the absorber material and the phase changes are discussed
in Reference 3.

The maximum temperature of the borosilicate glass was

calculated to be about 1300°F and takes place following
the initial rise to power. As the operating cycle
proceeds, the glass temperature decreases for the
following reasons: 1) reduction in power generation due
to boron-10 depletion, 2) better gap conductance as the
helium produced diffuses to the gap, and 3) external gap
reduction due to borosilicate glass creep.

The maximum temperature of the aluminum oxide-boron
carbide burnable absorber pellet is calculated to be less

than 1200°F which takes place following the initial rise
to power. As the operating cycle proceeds, the burnable
absorber pellet temperature decreases for the following
reasons: (1) reduction in heat generation due to Bj
depletion, (2) better gap conductance as the helium
produced diffuses to the gap.
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Sufficient diametral and end clearances have been
provided in the neutron absorber, burnable absorber, and
source rods to accommodate the relative thermal
expansions between the enclosed material and the
surrounding clad and end plug.

Irradiation stability of the absorber material, taking
into consideration gas release and swelling

The irradiation stability of the absorber material is
discussed in Reference 3 for the Ag-In-Cd and hafnium
material. Irradiation produces no deleterious effects in
the absorber material.

Gas release is not a concern for the control rod material
because no gas is released by the absorber material.
Sufficient diametral and end clearances are provided to
accommodate swelling of the absorber material.

Based on experience with borosilicate glass and on
nuclear and thermal calculations, gross swelling or
cracking of the glass tubing is not expected during
operation. Some minor creep of the glass at the hot
spot, on the inner surface of the tube, could occur but
would continue only until the glass came in contact with
the inner liner. The wall thickness of the inner liner
is sized to provide adequate support in the event of
slumping and to collapse locally before rupture of the
exterior cladding if unexpected large volume changes, due
to swelling or cracking, should occur. The ends of the
inner liner are open to allow helium, which diffuses out
of the glass, to occupy the central void.

The Al,03-B4C WABA pellets are designed such that gross
swelling or crumbling of the pellets is not expected
during reactor operation. Although some minor cracking
of the pellets may occur due to temperature cycles during
startup and shutdown, this cracking should not affect the
overall absorber stack integrity.

Potential for chemical interaction, including possible
waterlogging rupture

The structural materials selected have good resistance to
irradiation damage and are compatible with the reactor
environment.

Corrosion of the materials exposed to the coolant is
quite low, and proper control of chloride and oxygen in
the coolant will prevent the occurrence of stress
corrosion. The potential for the interference with rod
cluster control movement due to possible corrosion
phenomena is very low.
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Waterlogging rupture is not a failure mechanism
associated with Westinghouse-designed control rods.
However, a breach of the cladding for any postulated
reason does not result in serious consequences. The
Ag-In Cd and hafnium absorber material are relatively
inert and would still remain remote from high coolant
velocity regions. Rapid loss of material resulting in
significant loss of reactivity control material would not
occur. There is extensive U.S. Naval reactor experience
with unclad hafnium as an absorber material, and its
corrosion resistance has been excellent, in fact it has
been reported to be superior to Zircaloy-2, with respect
to corrosion resistance (Ref. 3).

4.2.4 TESTING AND INSPECTION PLAN

4.2.4.1 Quality Assurance Program

The quality assurance program plan of the Westinghouse Nuclear Fuel Division is
summarized in Reference 14.

The program provides for control over all activities affecting product quality,
commencing with design and development and continuing through procurement,
materials handling, fabrication, testing and inspection, storage, and
transportation. The program also provides for the indoctrination and training
of personnel and for the auditing of activities affecting product quality
through a formal auditing program.

Westinghouse drawings and product, process, and material specifications
identify the inspections to be performed.

4.2.4.2 Quality Control

Quality control philosophy is generally based on the following inspections
being performed to a 95-percent confidence that at least 95 percent of the
product meets specification, unless otherwise noted.

a. Fuel system components and parts
The characteristics inspected depend upon the component
parts and includes dimensional, visual check, audits of
test reports, material certification and nondestructive

examination such as X-ray and ultrasonic.

All material used in this core is accepted and released
by Quality Control.

b. Pellets
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Inspection is performed for dimensional characteristics
such as diameter, density, length, and squareness of
ends. Additional wvisual inspections are performed for
cracks, chips, and surface conditions, according to
approved standards.

Density is determined in terms of weight per unit length
and is plotted on zone charts used in controlling the
process. Chemical analyses are taken on a specified
sample basis throughout pellet production.

Rod inspection

Fuel rod, control rod, burnable absorber, and source rod

inspections consist of the following nondestructive

examination techniques and methods, as applicable.

1. Leak testing
Each fuel, WABA, and secondary source rod is tested,
using a calibrated mass spectrometer, with helium
being the detectable gas.

2. Enclosure welds
All weld enclosures are nondestructively examined by
a qualified volumetric nondestructive examination
method (e.g., per ASME 142, x-ray or ultrasonics) in
accordance with Westinghouse specifications.

3. Dimensional
All rods are dimensionally inspected prior to final
release. The requirements include such items as
length, camber, and visual appearance.

4. Plenum dimensions
All of the fuel rods and burnable absorber rods are
inspected by X-ray, gamma scanning, or other approved
methods to ensure proper plenum dimensions.

5. Pellet-to-pellet gaps
All of the fuel rods are inspected by gamma scanning
or other methods to ensure that no significant gaps exist
between pellets.

6. Enrichment Deviation
All of the fuel rods are gamma scanned to

verify enrichment control prior to acceptance for
assembly loading.
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7. Traceability

Traceability of rods and associated rod components is
established by Quality Control.

Assemblies

Each fuel, control, burnable absorber and source rod
assembly is inspected for compliance with drawing and/or
specification requirements. Other incore control
component inspection and specification requirements are
given in Section 4.2.4.3.

Other inspections

The following inspections are performed as part of the
routine inspection operation:

1. Tool and gage inspection and control, including
standardization to primary and/or secondary working
standards. Tool inspection is performed at
prescribed intervals on all serialized tools.
Complete records of calibration and conditions of
tools are kept.

2. Audits of inspection activities and records are
performed to ensure that prescribed methods are
followed and that records are correct and properly
maintained.

3. Surveillance inspection, where appropriate, and
audits of outside contractors are performed to ensure
conformance with specified requirements.

Process control

To prevent the possibility of mixing enrichments during
fuel manufacture and assembly, strict enrichment
segregation and other process controls are exercised.

The UO, powder is kept in sealed containers. The
contents are fully identified both by descriptive tagging
and preselected color coding. A Westinghouse
identification tag completely describing the contents is
affixed to the containers before transfer to powder
storage. Isotopic content is confirmed by analysis.

Powder withdrawal from storage can be made by only one
authorized group, which directs the powder to the correct
pellet production line. All pellet production lines are
physically separated from each other, and pellets of only
a single nominal enrichment and density are produced in a
given production line at any given time.
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Finished pellets are placed on trays and transferred to
segregated storage racks within the confines of the
pelleting area. Samples from each pellet lot are tested
for isotopic content and impurity levels prior to
acceptance by Quality Control. Physical barriers prevent
mixing of pellets of different enrichments in this
storage area. Unused powder and substandard pellets are
returned to storage in the original color-coded
containers.

Loading of pellets into the clad is performed in isolated
production lines, and again only one enrichment is loaded
on a line at a time.

A serialized traceability code is laser marked on each
fuel tube, which identifies the contract and enrichment.
The end plugs are inserted and the end plugs are then
inert welded to seal the tube. The code provides a
reference to the fuel contained in the fuel rods.

At the time of installation into an assembly, the

rod codes are placed into a matrix to identify each rod
in its position within a given assembly. Before a fuel
assembly is Quality Control released, the traceability
codes on the described matrix are checked to ensure that
the fuel rods in the assembly are from the correct
region. Traceability of all fuel assembly components in
an assembly are permanently maintained and identified
with a unique identification number engraved on the fuel
assembly top nozzle.

Similar traceability is provided for burnable absorber rods,
source rods, and control rods, as required.

4.2.4.3 1Incore Control Component Testing and Inspection

Tests and inspections are performed on each reactivity control component to
verify the mechanical characteristics. In the case of the rod cluster control
assembly, prototype testing has been conducted, and both manufacturing
tests/inspections and functional testing at the plant site are performed.

During the component manufacturing phase, the following requirements apply to
the reactivity control components to ensure proper functioning during reactor

operation:

a. All materials are procured to specifications to attain
the desired standard of quality.
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b. All spider assemblies are proof tested by applying
a load to the spider body so that a specified load with
a given tolerance is applied to each vane. This
proof load applied to each vane provides a bending
moment at the spider body greater than the load caused by
the acceleration imposed by the control rod drive
mechanism.

c. All rods are checked for integrity by the methods
described in Section 4.2.4.2, item c.

d. To ensure proper fitup with the fuel assembly, the rod
cluster control, burnable absorber, and source assemblies
are installed in the fuel assembly without restriction or
binding in the dry condition. In addition, each rod
assembly must meet a straightness requirement over the
entire inserted length of each rod assembly. Following
core loading, but prior to initial criticality, the rod
cluster control assemblies were tested to demonstrate
reliable operation in accordance with Regulatory
Guide 1.68, Appendix A, Section 2.b. This testing
is further discussed in Section 14.2.12.3.27.

In order to demonstrate continuous free movement of the RCCAs and to ensure
acceptable core power distributions during operations, partial movement checks
are performed on every rod cluster control assembly, as required by the
technical specifications. 1In addition, periodic drop tests of the rod cluster
control assemblies are performed at each refueling shutdown to demonstrate
continued ability to meet trip time requirements.

If a RCCA cannot be moved by its mechanism, adjustments in the boron
concentration ensure that adequate shutdown margin would be achieved following
a trip. Thus inability to move one rod cluster control assembly can be
tolerated. More than one inoperable rod cluster control assembly could be
tolerated, but would impose additional demands on the plant operator.
Therefore, the number of inoperable rod cluster control assemblies has been
limited to one.

4.2.4.4 Tests and Inspections by Others

If any tests and inspections are to be performed on behalf of Westinghouse,
Westinghouse will review and approve the quality control procedures, inspection
plans, etc. to be utilized to ensure that they are equivalent to the
description provided in Sections 4.2.4.1 through 4.2.4.3 and are performed to
meet all Westinghouse requirements.
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4.2.4.5 1Inservice Surveillance

Westinghouse has conducted a program to examine detailed aspects of the 17 x 17
fuel assembly. This program is described in Section 23 of Reference 9.
Reference 1 is periodically updated in order to provide recent results of
operating experience with Westinghouse fuel and incore control components.

4.2.4.6 Onsite Inspection

Written procedures are used by the station staff for the post-shipment
inspection of all new fuel and associated components, such as control rods,
plugs, and inserts. Fuel handling procedures specify the sequence in which
handling and inspection take place.

Loaded fuel containers, when received onsite, are externally inspected to
ensure that labels and markings are intact and seals are unbroken. After the
containers are opened, the shock indicators attached to the suspended internals
are inspected to determine if movement during transit exceeded design
limitations.

Following removal of the fuel assembly from the container in accordance with
detailed procedures, the fuel assembly plastic wrapper is examined for evidence
of damage. The polyethylene wrapper is then removed, and a visual inspection
of the entire bundle is performed.

Control rod, source and burnable absorber assemblies usually are shipped in
fuel assemblies and are inspected after removal of the fuel assembly from the
container. The control rod assembly is withdrawn a few inches from the fuel
assembly to ensure free and unrestricted movement, and the exposed section is
visually inspected for mechanical integrity, replaced in the fuel assembly and
stored with the fuel assembly. Control rod, source or burnable poison
assemblies may be stored separately or within fuel assemblies.
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4.3 NUCLEAR DESI GN

4.3.1 DESIGN BASES

This section describes the design bases and functional requirenents used in the
nucl ear design of the fuel and reactivity control system and rel ates these
design bases to the General Design Criteria (GDC) presented in 10 CFR 50
Appendi x A.  \Where applicable, supplenental criteria such as the "Fina
Acceptance Criteria for Enmergency Core Cooling Systens" are addressed. But,

bef ore di scussing the nucl ear design bases, it is appropriate to briefly review
the four nmjor categories ascribed to conditions of plant operation

The full spectrumof plant conditions is divided into four categories, in
accordance with the anticipated frequency of occurrence and risk to the public:

a. Condition I - Normal Operation

b. Condition Il - Incidents of Mderate Frequency
c. Condition Ill - Infrequent Faults

d. Condition IV - Limting Faults

In general, the Condition | occurrences are accommpdated with margi n between
any plant paraneter and the value of that paraneter which would require either
autonmatic or nmanual protective action. Condition Il incidents are accompdat ed
with, at nost, a shutdown of the reactor with the plant capable of returning to
operation after corrective action. Fuel damage (fuel damage as used here is
defined as penetration of the fission product barrier, i.e., the fuel rod clad)
is not expected during Condition | and Condition Il events. It is not

possi bl e, however, to preclude a very snall nunmber of rod failures. These are
within the capability of the chem cal and vol ume control system (CVCS) and are
consistent with the plant design basis.

Condition Ill incidents do not cause nore than a small fraction of the fue
elements in the reactor to be damaged, although sufficient fuel el enent damage
m ght occur to preclude i medi ate resunption of operation. The release of

radi oactive material due to Condition Il incidents is not sufficient to
interrupt or restrict public use of those areas beyond the excl usion radi us.
Furthernmore, a Condition IIl incident does not by itself generate a Condition

IV fault or result in a consequential |oss of function of the reactor cool ant
or reactor containnent barriers.

Condition IV occurrences are faults that are not expected to occur but are
defined as linmting faults which nust be designed against. Condition IV faults
do not cause a release of radioactive naterial that results in exceeding the
limts of 10 CFR 100.

The core design power distribution Iimts related to fuel integrity are nmet for
Condition | occurrences through conservative design and nmai ntai ned by the
action of the control system The requirenents for Condition Il occurrences
are net by providing an adequate protection system which nonitors reactor
paranmeters. The control and protection systens are described in Chapter 7.0,
and the consequences of Condition II, Ill, and IV occurrences are given in
Chapter 15.0.
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4.3.1.1 Fuel Burnup
Basi s

Alimtation on initial installed excess reactivity or average di scharge burnup
is not required other than as is quantified in terns of other design bases,
such as core negative reactivity feedback and shutdown nargin di scussed bel ow.

Di scussi on

Fuel burnup is a neasure of fuel depletion which represents the integrated
energy output of the fuel (MAD)MIU) and is a convenient neans for quantifying
fuel exposure criteria.

The core design lifetine or design discharge burnup is achieved by installing
sufficient initial excess reactivity in each fuel region and by followi ng a
fuel replacement program (such as that described in Section 4.3.2) that neets
all safety-related criteria in each cycle of operation

Initial excess reactivity installed in the fuel, although not a design basis,
nmust be sufficient to maintain core criticality at full power operating
conditions throughout cycle Iife with equilibriumxenon, sanarium and ot her
fission products present. The end of design cycle life is defined to occur
when the chemical shimconcentration is essentially zero with control rods
present to the degree necessary for operational requirenents (e.g., the
controlling bank at the "bite" position). In terns of chem cal shim boron
concentration, this represents approxinmately 10 ppmw th no control rod

i nsertion.

4.3.1.2 Negative Reactivity Feedbacks (Reactivity Coefficient)

Basi s

The fuel tenperature coefficient will be negative, and the noderator
tenperature coefficient of reactivity will be nonpositive for full-power
operating conditions, thereby providing negative reactivity feedback
characteristics. The design basis neets GDC- 11

Di scussi on

When conpensation for a rapid increase in reactivity is considered, there are
two major effects. These are the resonance absorption effects (Doppler)
associ ated with changing fuel tenperature and the neutron spectrum and reactor
conposition change effects resulting from changi ng noderator density. These
basi ¢ physics characteristics are often identified by reactivity coefficients.
The use of slightly enriched urani umensures that the Doppler coefficient of
reactivity is negative. This coefficient provides the nost rapid reactivity
conpensation. The core is also designed to have an overall non-positive
noderator tenperature coefficient of reactivity during full power operation so
t hat average cool ant tenperature or void content provides another, slower
conpensatory effect. Full power operation is permtted only in a range of
overal |l non-positive noderator tenperature coefficient. The desired noderator
tenperature coefficient can be achi eved t hrough use of fixed burnabl e absorber
and/ or control rods by Iimting the reactivity held down by sol ubl e boron
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Restrictions on burnabl e absorber content (quantity and distribution) are not
applied as a design basis other than as they relate to acconplishnment of the
desired noderator tenperature coefficient at power operating conditions

di scussed above.

4.3.1.3 Control of Power Distribution

Basi s
The nucl ear design basis is that, with at |east a 95 percent confidence |evel

a. The fuel will not be operated at greater than 14.48 kWft
under normal operating conditions, including an all owance
of 2 percent for calorinmetric error and not including
power spi ke factor due to densification.

b. Under abnornal conditions, including the maxi num over -
power condition, the fuel peak power w |l not cause
nmelting, as defined in Section 4.4.1.2.

c. The fuel will not operate with a power distribution that
viol ates the departure fromnucleate boiling (DNB) design
basis (i.e., the DNB Rati o (DNBR) shall not be I ess than
1.30 for W3 analyses and 1.76 for WRB-2 anal yses, as
di scussed in Section 4.4.1) under Condition | and Il events,
i ncl udi ng the maxi num over power condition

d. Fuel managenent will be such as to produce val ues of fue
rod power and burnup consistent with the assunptions in
the fuel rod mechanical integrity analysis of Section
4.2.

The above basis nmeets GDC- 10.
Di scussi on

Cal cul ati on of extrene power shapes which affect fuel design linmts is
performed with proven nmethods and verified frequently with measurenents from
operating reactors. The conditions under which limting power shapes are
assuned to occur are chosen conservatively with regard to any perm ssible
operating state.

Even though there is good agreenent between cal cul ated peak power and
measurenents, a nuclear uncertainty (see Section 4.3.2.2.1) is applied to

cal cul ated peak | ocal power. Such a margin is provided both for the anal ysis
for nornmal operating states and for anticipated transients.
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4.3.1.4 Maximum Controlled Reactivity Insertion Rate

Basi s

The maxi mumreactivity insertion rate due to withdrawal of rod cluster control
assenblies at power or by boron dilution is linted. During nornal at power
operation, the maxi numcontrolled reactivity insertion rate is less than 35
pcmsec’. A maximumreactivity change rate of 75 pcnisec for accidenta

wi t hdrawal of control banks is set such that peak heat generation rate and DNBR
do not exceed the maxi num al | owabl e at over-power conditions. This satisfies
GDC- 25.

The maxi mumreactivity worth of control rods and the naxi mumrates of
reactivity insertion enploying control rods are linmted so as to preclude
rupture of the cool ant pressure boundary or disruption of the core internals to
a degree which would inpair core cooling capacity due to a rod withdrawal or

ej ection accident (see Chapter 15.0).

Fol  owi ng any Condition IV event (rod ejection, steamline break, etc.) the
reactor can be brought to the shutdown condition, and the core will maintain
acceptabl e heat transfer geonetry. This satisfies GDC 28.

1 pcm= 10-9 p (see footnote to Table 4.3-2).
Di scussi on

Reactivity addition associated with an accidental w thdrawal of a control bank
(or banks) is limted by the maxi numrod speed (or travel rate) and by the
worth of the bank(s). For this reactor, the naxi mumcontrol rod speed is 45

i nches per minute, and the maxinumrate of reactivity change considering two
control banks noving is less than 75 pcnfsec. During normal operation at power
and with control rod overlap, the maxinumreactivity change rate is |less than
35 pcni sec

The reactivity change rates are conservatively cal cul ated assuni ng unfavorabl e
axi al power and xenon distributions. The peak xenon burnout rate is 25
pcmimn, significantly |ower than the maxi mumreactivity addition rate of 35
pcnmisec for nornal operation and 75 pcm sec for accidental withdrawal of two
banks.
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4.3.1.5 Shutdown Margins

Basi s

M ni mum shut down nmargin as specified in the COLR is required at any power
operating condition, in the hot standby condition, hot shutdown condition, and
in the cold shutdown condition

In all analyses involving reactor trip, the single, highest worth rod cluster
control assenbly is postulated to remain untripped in its full out position
(stuck rod criterion). This satisfies GDC- 26.

Di scussi on

Two i ndependent reactivity control systens are provided: control rods and

sol ubl e boron in the coolant. The control rod system can conpensate for the
reactivity effects of the fuel and water tenperature changes acconpanyi ng power
| evel changes over the range fromfull-load to no-load. In addition, the
control rod system provides the m ni nrum shutdown nargi n under Condition I
events and is capable of naking the core subcritical rapidly enough to prevent
exceedi ng acceptable fuel damage limts (very small nunber of rod failures),
assum ng that the highest worth control rod is stuck out upon trip.

The boron system can conpensate for all xenon burnout reactivity changes and
will maintain the reactor in the cold shutdown condition. Thus, backup and
energency shutdown provisions are provided by a nechanical and a chemical shim
control system which satisfies GDC- 26.

Basi s

When fuel assenblies are in the pressure vessel and the vessel head is not in
place, keff Will be maintained at or below 0.95 with control rods and sol uble
boron. Further, the fuel will be maintained sufficiently subcritical that

renoval of all rod cluster control assenblies will not result in criticality.

Di scussi on

ANS| Standard N18.2 specifies a kegff not to exceed 0.95 in spent fuel storage
racks and transfer equi pnent flooded with pure water and a keff not to exceed
0.98 in normally dry new fuel storage racks, assum ng optimum noderation. No
criterion is given for the refueling operation. However, a 5-percent margin,
which is consistent with spent fuel storage and transfer and the new fuel
storage, is adequate for the controlled and conti nuously nonitored operations
i nvol ved.

The boron concentration required to neet the refueling shutdown criteriais
specified in the Core Operating Limts Report (COLR). Verification that this
shutdown criteria is nmet, including uncertainties, is achieved based on
calcul ations performed with the ANC conputer code (Reference 31). The
subcriticality of the core is continuously nonitored, as described in the
Techni cal Specifications.
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4.3.1.6 Stability
Basi s

The core will be inherently stable to power oscillations at the fundanental
node. This satisfies GDC 12.

Spatial power oscillations within the core with a constant core power out put,
shoul d they occur, can be reliably and readily detected and suppressed.

Di scussi on

Gscillations of the total power output of the core, from whatever cause, are
readi ly detected by the | oop tenperature sensors and by the nucl ear
instrunentation. The core is protected by these systens, and a reactor trip
woul d occur if power increased unacceptably, preserving the design nmargins to
fuel design linits. The stability of the turbine/steam generator/ core systens
and the reactor control systemis such that total core power oscillations are
not nornmally possible. The redundancy of the protection circuits ensures an
extrenely | ow probability of exceedi ng desi gn power |evels.

The core is designed so that dianetral and azinuthal oscillations due to
spatial xenon effects are self-danping, and no operator action or control
action is required to suppress them The stability to dianetral oscillations
is so great that this excitation is highly inprobable. Convergent azi nuthal
oscillations can be excited by prohibited notion of individual control rods.
Such oscillations are readily observabl e and al arned, using the excore long ion

chanmbers. Indications are also continuously available fromincore
t her rocoupl es and | oop tenperature neasurenents. Mvable incore detectors can
be activated to provide nore detailed information. 1In all proposed cores,

these horizontal plane oscillations are self-danping by virtue of reactivity
feedback effects designed into the core.

However, axial xenon spatial power oscillations may occur late in core life.
The control bank and excore detectors are provided for control and nonitoring
of axial power distributions.

Assurance that fuel design limts are not exceeded is provided by reactor

Over power AT and Overtenperature AT trip functions which use the neasured axia
power inbalance as an input. Detection and suppression of xenon oscillations
are discussed in Section 4.3.2.7.

4.3.1.7 Anticipated Transients Wthout SCRAM

The effects of anticipated transients with failure to trip are not considered
in the design bases of the plant. Analysis has shown that the |ikelihood of
such a hypothetical event is negligibly snall. Furthernore, generic anal yses
of the consequences of a hypothetical failure to trip follow ng antici pated
transi ents has shown that no significant core danage would result, system peak
pressures would be limted to acceptable values, and no failure of the reactor
cool ant systemwould result (Ref. 1 and 3). Nevertheless, in accordance wth
the final USNRC ATWS rul e; 10CFR50.62(b) “Requirenents for Reduction of Risk
fromAnticipated Transients Wthout Scram (ATW5) Events for Light-Water-Cool ed
Nucl ear Power Plants,” ATWS Mtigation System Actuation Crcuitry (AVMBAC) has
been installed at Wl f Creek (see Section 15.8). The AMSAC systeminitiates a
turbine trip and actuates auxiliary feedwater independent of the reactor trip
system The AMBAC equi prment is described in Section 7.7.1.11
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4.3.2 DESCRI PTI ON

4.3.2.1 Nucl ear Design Description

The reactor core consists of a specified nunber of fuel rods which are held in
bundl es by spacer grids and top and bottomfittings. The fuel rods are

constructed of Zircaloy or ZirloO cylindrical tubes containing UO, fuel
pellets. The bundles, known as fuel assenblies, are arranged in a pattern
whi ch approximates a right circular cylinder

Each fuel assenbly nornmally contains a 17 x 17 rod array conposed of 264 fuel
rods, 24 rod cluster control thinbles, and an incore instrunentation thinble.
Figure 4.2-1 shows a cross-sectional view of a 17 x 17 fuel assenbly and the
related rod cluster control locations. Further details of the fuel assenbly
are given in Section 4.2.

Fuel assenblies of different enrichments are used in the WCGS core | oadings to
establish a favorable radial power distribution. A typical checker-board

| oadi ng pattern is shown in Figure 4.3-1. The exact reloading pattern, initial
and final positions of fuel assenblies, and the number of fresh fuel assenblies
and their placenent are dependent on the energy requirenent for each cycle, and
burnup and power histories of previous cycles prior to Cycle 4.

The core average enrichnment is deternined by the ambunt of fissionable material
required to provide the desired core life-tine and energy requirenents. The
physi cs of the burnout process is such that operation of the reactor depletes

t he amount of fuel available due to the absorption of neutrons by the U 235
atonms and their subsequent fission. |In addition, the fission process results
in the fornmation of fission products, sone of which readily absorb neutrons.
These effects, depletion and the buildup of fission products, are partially

of fset by the buildup of plutoniumshown in Figure 4.3-2 for a typical 17 x 17
fuel assenbly, which occurs due to the nonfission absorption of neutrons in U
238. Therefore, at the beginning of any cycle a reactivity reserve equal to
the depletion of the fissionable fuel and the buil dup of fission product

poi sons over the specified cycle life nust be "built" into the reactor. This
excess reactivity is controlled by renovabl e neutron absorbing material in the
form of boron dissolved in the primary cool ant and burnabl e absorber rods or

| FBAs.

The concentration of the soluble neutron absorber is varied to conpensate for
reactivity changes due to fuel burnup, fission product poisoning including
xenon and samari um burnabl e absorber depletion, and the col d-to-operating
noder at or tenperature change. Figure 4.3-46 shows a typical boron | etdown
curve. Using its nornmal nakeup path, the CVCS is capable of inserting negative
reactivity at a rate of approxinately 30 pcm nmin when the reactor cool ant boron
concentration is 1,000 ppm and approxi mately 35 pcm nmi n when the reactor

cool ant boron concentration is 100 ppm |If the energency boration path is
used, the CVCS is capable of inserting negative reactivity at a rate of

approxi mately 65 pcm nmin when the reactor cool ant concentration is 1,000 ppm
and approximately 75 pcninmin when the reactor cool ant boron concentration is
100 ppm The peak burn-out rate for xenon is 25 pcmnin (Section 9.3.4

di scusses the capability of the CVCS to counteract xenon decay). Rapid
transient reactivity requirenents and safety shutdown requirenents are net with
control rods.
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During operation, the absorber content in burnable absorber rods or IFBAs is
depl eted, thus adding positive reactivity to offset sone of the negative
reactivity fromfuel depletion and fission product buildup. The depletion rate
of the burnable absorber rods or IFBAs is not critical since chemcal shimis
al ways avail abl e and fl exi bl e enough to cover any possible deviations in the
expect ed burnabl e absorber depletion rate. Figure 4.3-3 is a plot of typica
core depletions with and wi thout burnabl e absorber rods. Note that even at
end-of -l ife conditions sonme residual absorber remains in the burnabl e absorber
rods, resulting in a net decrease during the cycle lifetine.

In addition to reactivity control, the burnable absorber rods are strategically
| ocated to provide a favorable radial power distribution. Figure 4.3-4 shows

t he burnabl e absorber distributions within a fuel assenbly for several |FBA
patterns used in a 17 x 17 array for WCGS. A typical core |loading pattern with
| FBA for WCGS is shown in Figure 4. 3-5.

Tabl es 4.3-2 through 4.3-4 contain a sumary of the reactor core design
paranmeters for WCGS Cycle 3, including reactivity coefficients, delayed neutron
fraction, and neutron lifetinmes. Sufficient information is included to permt
an i ndependent cal cul ati on of the nuclear performance characteristics of the
core.

4.3.2.2 Power Distributions

The accuracy of power distribution calculations has been confirnmed through
approxi mately 1,000 flux naps during sone 20 years of operation under
conditions very simlar to those expected. Details of this confirmation are
given in Reference 2 and in Section 4.3.2.2.7.

4,3.2.2.1 Definitions

Power distributions are quantified in terms of hot channel factors. These
factors are a neasure of the peak pellet power within the reactor core and the
total energy produced in a coolant channel, relative to the total reactor power
output, and are expressed in terms of quantities related to the nucl ear or

t hermal design, nanely:

Power density is the thermal power produced per unit volune of the core
(kWliter).

Li near power density is the thernal power produced per unit |ength of active
fuel (kWft). Since fuel assenbly geonetry is standardized, this is the unit
of power density nobst commonly used. For all practical purposes, it differs
fromkWIliter by a constant factor which includes geonetry and the fraction of
the total thernal power which is generated in the fuel rod.

Average |inear power density is the total thermal power produced in the fue
rods divided by the total active fuel length of all rods in the core.

Local heat flux is the heat flux at the surface of the cladding (Btu—ft'z—hr'

). For nonminal rod paraneters, this differs fromlinear power density by a
constant factor.
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Rod power or rod integral power is the length integrated |inear power density
in one rod (kW.

Average rod power is the total thernal power produced in the fuel rods divided
by the number of fuel rods (assuming all rods have equal |ength).

The hot channel factors used in the discussion of power distributions in this
section are defined as foll ows:

F heat flux hot channel factor, is defined as the nmaxi numlocal heat flux on
the surface of a fuel rod divided by the average fuel rod heat flux, allow ng
for manufacturing tol erances on fuel pellets and rods.

N . . .
FQ nucl ear heat flux hot channel factor, is defined as the maxi mum | ocal fuel

rod |linear power density divided by the average fuel rod |inear power density,
assum ng nom nal fuel pellet and rod paraneters.

E . . .
FC? engi neering heat flux hot channel factor, is the allowance on heat fl ux

required for manufacturing tol erances. The engineering factor allows for |oca
variations in enrichnment, pellet density and di aneter, surface area of the fue
rod, and eccentricity of the gap between pellet and clad. Conbined
statistically, the net effect is a factor of 1.03 to be applied to fuel rod
surface heat fl ux.

FS@, nucl ear enthal py rise hot channel factor, is defined as the ratio of the

integral of linear power along the rod with the highest integrated power to the
average rod power.

Manuf acturing tol erances, hot channel power distribution, and surroundi ng
channel power distributions are treated explicitly in the calculation of the
DNBR described in Section 4.4,

It is convenient for the purposes of discussion to define subfactors of FQ
However, design limts are set in terns of the total peaking factor

FQ = Total peaking factor or heat flux hot channel factor

Maxi mum kKW ft
Average kWt

N E
FQ = FQ X FQ

FN Z) xP(Z FN FE
Fq = max XY()x()x Ux 0
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wher e:

N E .
FQ and FQ are defined above

Fu = factor for conservatism assumed to be 1.05
N _ . . .
Fyy(Z) = ratio of peak power density to average power density

in the horizontal plane of peak |ocal power

P(Z) = ratio of the power per unit core height in the
hori zontal plane at height Z to the average val ue of
power per unit core height

4,3.2.2.2 Radial Power Distributions

The power shape in horizontal sections of the core at full power is a function
of the fuel assenbly and burnabl e absorber |oading patterns, the control rod
pattern, and the fuel burnup distribution. Thus, at any tine in the cycle, a
hori zontal section of the core can be characterized as unrodded or with group D
control rods. These two situations conbined with burnup effects deternine the
radi al power shapes which can exist in the core at full power. Typical values

of radial factor FQY are given in Table 4.3-2. The effect on radial power

shapes of power |evel, xenon, samarium and noderator density effects are
considered also but these are quite small. The effect of nonuniformfl ow
distribution is negligible. Wile radial power distributions in various planes
of the core are often illustrated, the core radial enthalpy rise distribution
as determined by the integral of power up each channel, is of greater interest.
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Since the position of the hot channel varies fromtinme to tinme, a single
reference radial design power distribution is selected for DNB cal cul ati ons.
This reference power distribution is chosen conservatively to concentrate power
in one area of the core, minimzing the benefits of flow redistribution
Assenbly powers are nornalized to core average power. The radial power
distribution within a fuel rod and its variation with burnup as utilized in
thermal cal cul ations and fuel rod design is discussed in Section 4.4.

4.3.2.2.3 Assenbly Power Distributions

For the purpose of illustration, typical assenbly power distributions fromthe
BOL and EOL conditions are given for the sanme assenbly in Figures 4.3-12 and
4.3-13, respectively.

Since the detailed power distribution surrounding the hot channel varies from
time to tinme, a conservatively flat radial assenbly power distribution is
assuned in the DNB anal ysis, described in Section 4.4, with the rod of maxi num

integrated power artificially raised to the design val ue of FBH. Care is taken

in the nuclear design of all fuel cycles and all operating conditions to ensure

that a flatter assenbly power distribution does not occur with liniting val ues
N

of Fpy

4,.3.2.2.4 Axial Power Distributions

The shape of the power profile in the axial or vertical direction is largely
under the control of the operator through either the nmanual operation of the
control rods or autonatic notion of rods responding to nmanual operation of the
CVCS. Nucl ear effects which cause variations in the axial power shape include
noder at or density, Doppler effect on resonance absorption, spatial distribution
of xenon, and burnup. Automatically controlled variations in total power
output and full length rod notion are also inportant in determning the axial
power shape at any time. Signals are available to the operator fromthe excore
i on chanbers, which are |Iong ion chanbers outside the reactor vessel running
parallel to the axis of the core. Separate signals are taken fromthe top and
bott om hal ves of the chanbers. The difference between top and bottom signals
fromeach of four pairs of detectors is displayed on the control panel and
called the flux difference, DI. Calculations of core average peaki ng factor
for many plants and neasurenents from operating plants under nany operating
situations are associated with either D or axial offset in such a way that an
upper bound can be placed on the peaking factor. For these correlations, axial
of fset is defined as:
axi al offset = LL—;—%b

t b
and fy and f are the top and bottom detector readings.

Representative axi al power shapes for BOL, MOL, and EOL conditions are shown in

Figures 4.3-14 through 4.3-16. These figures cover a wi de range of axial
of fset, including values not permtted at full power.
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The radi al power distributions involving the partial insertion of control rods
represent a synthesis of power shapes fromthe rodded and unrodded pl anes. The
applicability of the separability assunption upon which this procedure is based
i s assured through extensive three-dinmensional cal cul ati ons of possible rodded
conditions. As an exanple, Figure 4.3-17 conpares the axial power distribution
for several assenblies at different distances frominserted control rods with
the core average distribution

The only significant difference fromthe average occurs in the | ow power
peri pheral assenblies, thus confirmng the validity of the separability
assunpti on.

4.3.2.2.5 Local Power Peaking

In January 1993 Westinghouse subnmitted topical report WCAP-13589 (Reference 35)
to the NRC, NRC approval of the report was received in January 1995. WCAP-
13589 eval uated the densification power spike factor and the clad flattening
design criterion based on fuel examination data. This data showed that, for
the then current Westinghouse nucl ear fuel designs, pellet gaps did not occur
whi ch were | arge enough to pernit cladding collapse. The report concluded that
a densification power spike factor S(Z) (where Z is axial location in the core)
of 1.0 was appropriate for current Wstinghouse nuclear fuel designs. Later
fuel designs, not covered by the data in WCAP-13589, were eval uated as outlined
in Reference 36 to assure that the conclusions of WCAP-13589 applied to those
designs as well. The reduced power spike factor of 1.0 is appropriate for use
with all Westinghouse fuel in the WCGS core.

4.3.2.2.6 Limting Power Distributions

According to the ANSI classification of plant conditions (see Chapter 15.0),
Condition | occurrences are those which are expected frequently or regularly in
the course of power operation, nmintenance, or maneuvering of the plant. As
such, Condition | occurrences are acconmpbdated with margi n between any pl ant
paranmeter and the value of that paraneter which would require either automatic

or manual protective action. Inasnuch as Condition | occurrences occur
frequently or regularly, they nust be considered fromthe point of view of
af fecting the consequences of fault conditions (Conditions Il, Il and V). In

this regard, analysis of each fault condition described is generally based on a
conservative set of initial conditions corresponding to the nost adverse set of
condi tions which can occur during Condition | operation

The list of steady state and shutdown conditions, pernissible deviations (such
as one cool ant | oop out of service), and operational transients is given in
Chapter 15.0. Inplicit in the definition of nornmal operation is proper and
tinmely action by the reactor operator. That is, the operator follows
recommended operating procedures for maintaining appropriate power

di stributions and takes any necessary renedial actions when alerted to do so by
the plant instrunentation. Thus, as stated above, the worst or liniting power
di stribution which can occur during nornmal operation is to be considered as the
starting point for analysis of Conditions II, Ill, and |V events.
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| mproper procedural actions or errors by the operator are assunmed in the design
as occurrences of noderate frequency (Condition Il). Sone of the consequences
whi ch mght result are discussed in Chapter 15.0. Therefore, the limting
power shapes which result fromsuch Condition Il events are those power shapes
whi ch deviate fromthe nornmal operating condition at the reconmended axi al

of fset band, e.g., during a xenon transient follow ng a change in power |eve
brought about by control rod notion. Power shapes which fall in this category
are used for determ nation of the reactor protection systemsetpoints so as to
maintain margin to overpower or DNB limts.

The means for naintai ning power distributions within the required hot channe
factor linmts are described in the Technical Specifications. A conplete

di scussi on of power distribution control in Westinghouse pressurized water
reactors is included in Reference 6. Detail ed background i nformati on on the
foll owi ng design constraints on |ocal power density in a Wstinghouse

pressuri zed water reactor, the defined operating procedures, and on the
nmeasures taken to preclude exceeding design limts is presented in the
West i nghouse topical report on power distribution control and |oad follow ng
procedures (Ref. 7). The foll owi ng paragraphs sunmarize these reports and
descri be the calcul ations used to establish the upper bound on peaking factors.

The cal cul ati ons used to establish the upper bound on peaking factors, FQ and

FBH, include all of the nuclear effects which influence the radi al and/or axi al

power distributions throughout core life for various nodes of operation
including load follow, reduced power operation, and axial xenon transients.

Radi al power distributions are cal culated including fuel and noderat or
tenperature feedback effects. The steady state nuclear design calcul ations are
done for normal flow with the same nmass flow in each channel and fl ow
redistribution effects are neglected. The effect of flowredistribution is
calcul ated explicitly where it is inportant in the DNB anal ysis of accidents.
The effect of xenon on radial power distribution is snmall but is included as
part of the nornal design process. Radial power distributions are relatively
fixed and easily bounded with upper limts.

The core average axial profile, however, can experience significant changes
whi ch can occur rapidly as a result of rod notion and | oad changes and nore
slowy due to xenon distribution. For the study of points of closest approach
to axial power distribution linmts, several thousand cases are exam ned. Since
the properties of the nucl ear design dictate what axial shapes can occur
boundaries on the limts of interest can be set in terns of the paraneters
which are readily observed on the plant. Specifically, the nuclear design
paranmeters which are significant to the axial power distribution analysis are:

a. Core power |eve

b. Core height

c. Coolant tenperature and flow

d. Coolant tenperature programas a function of reactor
power

e. Fuel cycle lifetines
f. Rod bank worths

g. Rod bank overl aps
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Nor nal operation of the plant assunes conpliance with the foll ow ng conditions:

a. Control rods in a single bank nove together with no
i ndividual rod insertion differing by nore than 13 steps
(indicated) fromthe bank denmand position

b. Control banks are sequenced w th overl appi ng banks.

c. The control full length bank insertion limts are not
vi ol at ed.

d. Axial power distribution control procedures, which are
given in terns of flux difference control and control
bank position, are observed.

The axial power distribution procedures referred to above are part of the
requi red operating procedures which are followed in nornmal operation. Briefly
they require control of the axial offset (flux difference divided by fractiona
power) at all power levels within a pernissible operating band of a target

val ue corresponding to the equilibriumfull power value. This mninizes xenon
transient effects on the axial power distribution, since the procedures
essentially keep the xenon distribution in phase with the power distribution

Cal cul ations are performed for nornmal operation of the reactor, including |oad
foll owi ng maneuvers. Begi nning, peak reactivity, mddle, and end-of-cycle
conditions are included in the calculations. Different histories of operation
are assuned prior to calculating the effect of load follow transients on the
axi al power distribution. A finite nunber of naneuvers each cycle are anal yzed
to determ ne the general behavior of the |ocal power density as a function of
core el evation.

These cases represent nany possible reactor states in the life of one fue
cycle, and they have been chosen as sufficiently definitive of the cycle by
conparison with much nore exhaustive studies perforned on sone 20 or 30
different, but typical, plant and fuel cycle conbinations. The cases are
described in detail in Reference 7, and they are considered to be necessary and
sufficient to generate a |ocal power density linmt which, when increased by 5
percent for conservatism wll not be exceeded with a 95-percent confidence

| evel. Many of the points do not approach the Iimting envel ope. However,
they are part of the tine histories which |lead to the hundreds of shapes which
do define the envel ope. They also serve as a check that the reactor studied is
typical of those studied nore exhaustively.

Thus it is not possible to single out any transient or steady state condition
whi ch defines the nost linmting case. It is not even possible to separate out
a smal |l nunber which forman adequate analysis. The process of generating a
nmyriad of shapes is essential to the philosophy that |leads to the required

| evel of confidence. A maneuver which provides a liniting case for one reactor
fuel cycle (defined as approaching the line of Figure 4.3-21) is not
necessarily a limting case for another reactor or fuel cycle with different
control bank worths, enrichnents, burnup, coefficient, etc. Each shape depends
on the detailed history of operation up to that tinme and on the manner in which
the operator conditioned xenon in the days i mediately prior to the tine at

whi ch the power distribution is calcul ated.
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The cal cul ated points are synthesized from axial calcul ations conbined with
radi al factors appropriate for rodded and unrodded planes. 1In these

cal cul ations, the effects on the unrodded radi al peak of xenon redistribution
that occurs following the withdrawal of a control bank (or banks) froma rodded
region is obtained. A detailed discussion of this effect may be found in

Ref erence 7. The cal cul ated val ues have been increased by a factor of 1.05 for

conservati smand a factor of 1.03 for the engineering factor Fg

The envel ope drawn over the cal cul ated [ nax (FQ . Power)] points in Figure 4. 3-
21 represents an upper bound envel ope on | ocal power density versus el evation
in the core. It should be enphasized that this envelope is a conservative
representation of the bounding values of |ocal power density. Expected val ues
are considerably smaller and, in fact, |ess conservative boundi ng val ues may be
justified with additional analysis or surveillance requirements. For exanpl e,
Fi gure 4. 3-21 bounds both BOL and EOL conditions but w thout consideration of
radi al power distribution flattening with burnup, i.e., both BOL and EOL points
presune the sane radial peaking factor. Inclusion of the burnup flattening

ef fect woul d reduce the | ocal power densities corresponding to EOL conditions
which may be limting at the higher core el evations.

Finally, as previously discussed, this upper bound envel ope is based on
procedures of |oad follow which require operation within an allowed deviation
froma target equilibriumvalue of axial offset. These procedures are detail ed
in the Technical Specifications and are followed by relying only upon excore
survei |l I ance suppl emented by the normal nmonthly full core map requirenent and
by conputer-based alarnms on deviation and tine of deviation fromthe all owed
flux difference band.

Al lowi ng for fuel densification effects the average |inear power at 3565 MA is |
5.68 kWft. FromFigure 4.3-21, the conservative upper bound val ue of

normal i zed | ocal power density, including uncertainty allowances, is 2.50,
corresponding to a peak linear power of 14.48 kWft at 102 percent power.

To determ ne reactor protection systemsetpoints, with respect to power

di stributions, three categories of events are considered, nanely rod control
equi pnent mal functions, operator errors of commission, and operator errors of
om ssion. In evaluating these three categories of events, the core is assuned
to be operating within the four constraints descri bed above.

The first category conprises uncontrolled rod withdrawal (with rods noving in
the normal bank sequence) for full Iength banks. Also included are notions of
the full-length banks below their insertion limts, which could be caused, for
exanpl e, by uncontrolled dilution or primary cool ant cool down. Power

di stributions were cal cul ated throughout these occurrences, assum ng short term
corrective action. That is, no transient xenon effects were considered to
result fromthe malfunction. The event was assunmed to occur fromtypica

normal operating situations, which include normal xenon transients. |t was
further assumed in determ ning the power distributions that total core power

| evel would be limted by reactor trip to below 118 percent. Since the study
is to deternmine protection limts with respect to power and axial offset, no
credit was taken for trip setpoint reduction due to flux difference. The peak |
power density which can occur in such events, assuming reactor trip at or bel ow
118 percent, is less than that required for center-line nelt, including
uncertainties and densification effects.
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The second category assunes that the operator mispositions the full-length rod
bank in violation of the insertion limts and creates short-term conditions not
i ncluded in nornal operating conditions.

The third category assunes that the operator fails to take action to correct a
flux difference violation. The results for Fpare nmultiplied by 102 percent
power, including an allowance for calorinetric error. The peak |inear power
does not exceed the centerline fuel nelt kWft linit, including the above
factors.

Since the peak kWft is below the centerline fuel nmelt limt, no flux

di fference penalties are required for overpower protection. It should be noted
that a reactor overpower accident is not assuned to occur coincident with an

i ndependent operator error. Additional detailed discussion of these anal yses
is presented in Reference 7.

Anal yses of possible operating power shapes show that the appropriate hot

channel factors FQ and FZH for peak | ocal power density and for DNB anal ysis at

full power are the values given in Table 4.3-2 and addressed in the Technica
Speci ficati ons.

The maxi mum al | owabl e FQ can be increased with decreasing power, as shown in

the Core Operating Limts Report (COLR). Increasing FEH wi t h decreasi ng power

is permtted by the DNB protection setpoints points and allows radial power
shape changes with rod insertion to the insertion linmts, as described in

Section 4.4.4.3.  The allowance for increased Fh, permitted is Fy, = 1.65 [1
+ 0.3 (1-P)]. This beconmes a design basis criterion which is used for

est abl i shing acceptable control rod patterns and control bank sequencing.

Li kewi se, fuel |oading patterns for each cycle are selected with consideration

of this design criterion. The worst val ues of FEH for possible rod
configurations occurring in normal operation are used in verifying that this
criterion is net. The worst val ues generally occur when the rods are assuned
to be at their insertion limts. Mintenance of constant axial offset control
est abl i shes rod positions which are above the allowed rod insertion linmts,

t hus providing increasing margin to the FZH criterion. As discussed in Section
3.2 of Reference 8, it has been determined that the COLR linits are net,

provi ded the above conditions a and b are observed. These linmits are taken as

i nput to the thermal -hydraulic design basis, as described in Section 4.4.4.3.1.

When a situation is possible in normal operation which could result in |oca
power densities in excess of those assuned as the precondition for a subsequent
hypot heti cal accident, but which would not itself cause fuel failure,
admi ni strative controls and alarms are provided for returning the core to a
safe condition. These alarns are described in detail in Chapter 7.0.
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4.3.2.2.7 Experinmental Verification of Power Distribution
Anal ysi s

This subject is discussed in depth in Reference 2. A summary of this report is
given below. It should be noted that power-distribution-related neasurenents
are incorporated into the evaluation of cal cul ated power distribution

i nfornmati on, using an incore instrumentation processing code described in

Ref erence 9. The neasured versus cal cul ati onal conparison is nornally
perfornmed periodically throughout the cycle lifetinme of the reactor, as

requi red by Technical Specifications.

In a nmeasurenent of the heat flux hot channel factor, FQ with the npvabl e
detector systemdescribed in Sections 7.7.1 and 4.4.6, the foll ow ng
uncertainties have to be consi dered:

a. Reproducibility of the nmeasured signa

b. Errors in the calculated rel ationship between detector
current and | ocal flux

c. Errors in the calculated relationship between detector
flux and peak rod power sone distance fromthe
neasur enent thinble

The appropriate allowance for category a above has been quantified by
repetitive neasurenents nmade with several inter-calibrated detectors by using
the conmon thinble features of the incore detector system The WCGS system
all ows nore than one detector to access any thinble. Errors in category b
above are quantified to the extent possible, by using the detector current
nmeasured at one thinble |ocation to predict fluxes at another |ocation, which
is al so neasured. Local power distribution

predictions are verified in critical experinments on arrays of rods with

si mul at ed gui de thinbles, control rods, burnable absorbers, etc. These
critical experinents provide quantification of errors of categories a and c
above.

Ref erence 2 describes critical experinents performed at the Wstinghouse
React or Eval uation Center and neasurenents taken on two Westinghouse plants
with incore systens of the sane type as used in the WCGS plant. The report
concludes that the uncertainty associated with Fo (heat flux) is 4.58 percent
at the 95-percent confidence level with only 5 percent of the neasurenents

greater than the inferred value. This is the equivalent of a 1.6450c |limt on a |
normal distribution and is the uncertainty to be associated with a full core

flux map with novabl e detectors reduced with a reasonable set of input data

i ncorporating the influence of burnup on the radial power distribution. The
uncertainty is usually rounded up to 5 percent.

In conparing neasured power distributions (or detector currents) with

calcul ations for the same operating conditions, it is not possible to isolate
out the detector reproducibility. Thus a conparison between neasured and

predi cted power distributions has to include some neasurenent error. Such a
conparison is given in Figure 4.3-24 for one of the maps used in Reference 2.
Since the first publication of Reference 2, hundreds of maps have been taken on
these and other reactors. The results confirmthe adequacy of the 5-percent
uncertainty allowance on the cal cul at ed FQ
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A simlar analysis for the uncertainty in FZH (rod integral power) neasurenents

results in an all owance of 3.65 percent at the equivalent of a 1.6450
confidence level. For historical reasons, an 8 percent uncertainty factor is
all owed in the nucl ear design calcul ational basis; that is, the predicted rod

integrals at full power nust not exceed the design FEH | ess 8 percent.

A neasurenent in the second cycle of a 121 assenbly, 12 foot, core is conpared
with a sinplified one-di nensional core average axial calculation in Figure 4. 3-
25. This calculation does not give explicit representation to the fuel grids.

The accunul ated data on power distributions in actual operation is basically of
t hree types:

a. Mich of the data is obtained in steady state operation at
constant power in the nornmal operating configuration

b. Data w th unusual values of axial offset are obtained as
part of the excore detector calibration exercise which is
perfornmed nonthly.

c. Special tests have been perforned in | oad foll ow and
ot her transi ent xenon conditions which have yiel ded
useful information on power distributions.

These data are presented in detail in Reference 8. Figure 4.3-26 contains a
sunmary of measured values of FQ as a function of axial offset for five plants
fromthat report.

4.3.2.2.8 Testing

An extensive series of physics tests was perforned on the first core. These
tests and the criteria for satisfactory results are described in Chapter 14.0.
Since not all limting situations can be created at BOL, the main purpose of
the tests was to provide a check on the cal cul ati onal nethods used in the
predictions for the conditions of the test. Tests perforned at the beginning
of each reload cycle are |limted to verification of the selected safety-rel ated
paraneters of the reload design

4.3.2.2.9 Mnitoring Instrunentation

The adequacy of instrunent nunbers, spatial deploynent, required correlations
bet ween readi ngs and peaking factors, calibration, and errors are described in
Ref erences 2, 6, and 8. The relevant conclusions are sunmarized in Sections
4.3.2.2.7 and 4.4.6.

Provided the limtations given in Section 4.3.2.2.6 on rod insertion and fl ux
di fference are observed, the excore detector system provi des adequate on-1line
noni toring of power distributions. Further details of specific limts on the
observed rod positions and flux difference are given in the Technica

Speci fications, together with a discussion of their bases.

Limts for alarms, reactor trip, etc. are given in the Technica
Specifications. Descriptions of the systens provided are given in Section 7.7.
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4,.3.2.3 Reactivity Coefficients

The kinetic characteristics of the reactor core deternine the response of the
core to changing plant conditions or to operator adjustments nade during normal
operation, as well as the core response during abnormal or accidenta
transients. These kinetic characteristics are quantified in reactivity
coefficients. The

reactivity coefficients reflect the changes in the neutron multiplication due
to varying plant conditions, such as power, noderator or fuel tenperatures, or
pressure or void conditions, although the latter are relatively uninportant in
the WCGS reactor. Since reactivity coefficients change during the life of the
core, ranges of coefficients are enployed in transient analysis to deternine
the response of the plant throughout life. The results of such sinulations and
the reactivity coefficients used are presented in Chapter 15.0. The reactivity
coefficients are calculated on a corew se basis by radial and axial diffusion
theory nethods. The effect of radial and axial power distribution on core
average reactivity coefficients is inplicit in those cal culations and is not
significant under nornmal operating conditions. For exanple, a skewed xenon

di stribution which results in changing axial offset by 5 percent changes the
noder at or and Doppl er tenperature coefficients by less than 0.01 pcniF and 0. 03
pcm F, respectively. An artificially skewed xenon distribution which results

i n changi ng the radi al FZH by 3 percent changes the noderator and Doppl er
tenperature coefficients by less than 0.03 pcmiF and 0.001 pcni F, respectively.
The spatial effects are accentuated in some transient conditions, for exanple,
in postulated rupture of the main steamline break and rupture of a rod cluster
control assenbly nechani sm housi ng described in Sections 15.1.5 and 15.4.8, and
are included in these anal yses.

The anal ytical methods and cal cul ati onal nodel s used in cal culating the
reactivity coefficients are given in Section 4.3.3. Quantitative information
for calculated reactivity coefficients, including fuel-Doppler coefficient,
noder at or coefficients (density, tenperature, pressure, and void) and power
coefficient is given in the follow ng sections.

4.3.2.3.1 Fuel Tenperature (Doppler Power) Coefficient

The fuel tenperature (Doppler Power) coefficient (DPC) is defined as the change
in reactivity per degree change in effective fuel tenperature and is primarily
a neasure of the Doppler broadening of U 238 and Pu-240 resonance absorption
peaks. Doppl er broadening of other isotopes is also considered but their
contribution to the Doppler effect is small. An increase in fuel tenperature

i ncreases the effective resonance absorption cross-sections of the fuel and
produces a corresponding reduction in reactivity.

The DPC is cal cul ated by perform ng three-dimensional cal culations using the
ANC conput er code (Ref. 31).

The Doppl er coefficient becomes nore negative as a function of life as the Pu-
240 content increases, thus increasing the Pu-240 resonance absorption, but the
overal | val ue beconmes | ess negative since the fuel tenperature changes with
burnup, as described in Section 4.3.3.1. The upper and lower limits of Doppler
coefficient used in accident anal yses are given in Chapter 15.0.
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4,3.2.3.2 Moderator Coefficients

The noderator coefficient is a neasure of the change in reactivity due to a
change in specific coolant parameters, such as density, tenperature, pressure,
or void. The coefficients so obtained are noderator density, tenperature,
pressure, and void coefficients.

Moderat or Density and Tenperature Coefficients

The noderator tenperature (density) coefficient is defined as the change in
reactivity per degree change in the noderator tenperature. Generally, the
effects of the changes in noderator density as well as the tenperature are
consi dered together.

The sol ubl e boron used in the reactor as a neans of reactivity control also has
an effect on noderator density coefficient, since the soluble boron poison
density as well as the water density is decreased when the cool ant tenperature
rises. A decrease in the soluble poison density introduces a positive
conponent in the noderator coefficient. |If the concentration of sol uble poison
is |large enough, the net value of the coefficient nmay be positive.

Wth the burnabl e absorber rods present, however, the initial hot boron
concentration is sufficiently low that the noderator tenperature coefficient
may be negative at operating tenperatures. The effect of control rods is to
make t he noderator coefficient nore negative since the thermal neutron nean
free path, and hence the volune affected by the control rods, increases with an
i ncrease in tenperature.

Wth burnup, the noderator coefficient becones nore negative, primarily as a
result of boric acid dilution, but also to a significant extent fromthe
ef fects of the buil dup of plutoniumand fission products.

The noderator coefficient is calculated for a range of plant conditions by
perform ng ANC cal cul ations, in which the noderator tenperature (and density)
is varied. Typical values for MIC are shown in Table 4.3-6 as a function of
core average tenperature, boron concentration, and burnup. Figure 4.3-6 shows
MIC plotted as a function of burnup for conditions of hot full power and just
critical boron concentration

The noderator coefficients presented here are calculated on a corew de basis,
since they are used to describe the core behavior in nornmal and acci dent
situations when the noderator tenperature changes can be considered to affect
the entire core.

Moder at or Pressure Coefficient

The noderator pressure coefficient relates the change in noderator density,
resulting froma reactor coolant pressure change, to the correspondi ng effect
on neutron production. This coefficient is of nuch |l ess significance in
conparison with the noderator tenperature coefficient. A change of 50 psi in
pressure has approximtely the sane effect on reactivity as a 1/2-degree change
in noderator tenperature. This coefficient can be determined fromthe
noderat or tenperature coefficient by relating change in pressure to the
correspondi ng change in density. The noderator pressure coefficient is
negative over a portion of the nbderator tenperature range at BOL (0.004
pcmipsi, BOL) but is always positive at operating conditions and becones nore
positive during life (+0.3 pcnipsi, EQ).
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Moder at or Voi d Coeffi ci ent

The noderator void coefficient relates the change in neutron nultiplication to
the presence of voids in the noderator. |In a pressurized water reactor, this
coefficient is not very significant because of the ow void content in the
coolant. The core void content is less than 1/2 of 1 percent and is due to

| ocal or statistical boiling. The void coefficient varies from50 pcm percent
void at BOL and at |ow tenperatures to -250 pcnf percent void at EOL and at
operating tenperatures. The void coefficient at operating tenperature becones
nore negative with fuel burnup.

4,3.2.3.3 Power Coefficient

The conbi ned effect of noderator tenperature and fuel tenperature change as the
core power |level changes is called the total power coefficient and is expressed
in terns of reactivity change per percent power change. |t becones nore
negative with burnup reflecting the conmbi ned ef fect of nobderator and fue
tenperature coefficients with burnup

4.3.2.3.4 Conparison of Calculated and Experinental Reactivity
Coefficients

Section 4.3.3 describes the conparison of cal cul ated and experi nent al
reactivity coefficients in detail. Based on the data presented there, the
accuracy of the current anal ytical nodel is:

a. +10 percent Ap for Doppler and power defect
b. +2 pcm F for the noderator coefficient

Experi mental evaluation of the reactivity coefficients will be perforned during
t he physics startup tests described in Chapter 14.0.

4.3.2.3.5 Reactivity Coefficients Used in Transient Analysis

Table 4.3-2 gives the limting values as well for the reactivity coefficients.
The Iimting value is used as design linmits in the transient analysis. The
exact values of the coefficient used in the analysis depend on whether the
transient of interest is exanmined at the BOL or ECQL, whether nbst negative or
t he nost

positive (least negative) coefficients are appropriate, and whether spatial
nonuni formty nmust be considered in the analysis. Conservative val ues of
coefficients, considering various aspects of analysis, are used in the
transient analysis. This is described in Chapter 15.0.
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The Iinmting values shown in Table 4.3-2 are chosen to enconpass the best
estimate reactivity coefficients, including the uncertainties given in Section
4.3.3.3 over appropriate operating conditions calculated for this cycle and the
expected val ues for the subsequent cycles. The nost positive, as well as the
nost negative, values are selected to formthe design basis range used in the
transient analysis. A direct conparison of the best estinmate and design limt
val ues can be nisleading since, in nany instances, the nost conservative
conbination of reactivity coefficients is used in the transient analysis even
t hough the extrene coefficients assuned nay not sinmultaneously occur at the
conditions of lifetine, power |evel, tenperature, and boron concentration
assuned in the analysis. The need for a reevaluation of any accident in a
subsequent cycle is contingent upon whether or not the coefficients for that
cycle fall within the identified range used in the analysis presented in
Chapter 15.0 with due allowance for the cal cul ational uncertainties given in
Section 4.3.3.3. Control rod requirements are given in Table 4.3-3 for the
core described and for an equilibriumcycle, since these are nmarkedly
different. These latter nunbers are provided for infornmation only since
refueling specifications for subsequent cycles have not yet been established.

4.3.2.4 Control Requirenents

To ensure the shutdown nmargin stated in the COLR under conditions where a

cool down to anbient tenperature is required, concentrated soluble boron is
added to the coolant. Boron concentrations for several core conditions are
listed in Table 4.3-2; these values were calculated with ANC (Reference 31) for
Cycle 9. For all core conditions including refueling, the boron concentration
is well below the solubility linmt. The rod cluster control assenblies are
enpl oyed to bring the reactor to the hot shutdown condition. The m ninmum

requi red shutdown nargin is given in the COLR

The ability to acconplish the shutdown for hot conditions is denobnstrated in
Table 4.3-3 by conparing the difference between the rod cluster control
assenbly reactivity available with an allowance for the worst stuck rod with
that required for control

and protection purposes. The shutdown margin includes an all owance of 10
percent for analytic uncertainties (see Section 4.3.2.4.9). The |argest
reactivity control requirenent appears at the EOL when the noderator
tenperature coefficient reaches its peak negative value as reflected in the
| arger power defect.

The control rods are required to provide sufficient reactivity to account for
the power defect fromfull power to zero power and to provide the required
shutdown margin. The reactivity addition resulting from power reduction
consists of contributions from Doppl er, noderator tenperature, flux

redi stribution, and reduction in void content as di scussed bel ow

4.3.2.4.1 Doppl er
The Doppl er effect arises fromthe broadeni ng of U 238 and Pu-240 resonance
cross-sections with an increase in effective pellet tenperature. This effect

is nost noticeable over the range of zero power to full power due to the |arge
pell et tenmperature increase with power generation.
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4.3.2.4.2 Variable Average Moderator Tenperature

When the core is shut down to the hot, zero power condition, the average
noder at or tenperature changes fromthe equilibriumfull-load val ue determ ned
by the steam generator and turbine characteristics (steam pressure, heat
transfer, tube fouling, etc.) to the equilibriumno-load value, which is based
on the steam generator shell side design pressure. The design change in
tenperature is conservatively increased to account for the control dead band
and measurenment errors

Since the noderator coefficient at full-load tenperature is negative, there is
a reactivity addition with power reduction. The noderator coefficient becones
nore negative as the fuel depletes because the boron concentration is reduced.
This effect is the najor contributor to the increased control requirenent at
EQL.

4,3.2.4.3 Redistribution

During full power operation, the coolant density decreases with core height,
and this, together with partial insertion of control rods, results in | ess fue
depl etion near the top of the core. Under steady state conditions, the
relative power distribution will be slightly asymmetric toward the bottom of
the core. On the other hand, at hot zero power conditions, the coolant density
is uniformup the core, and there is no flattening due to Doppler. The result
will be a flux distribution which at zero power can be skewed toward the top of
the core. The reactivity insertion due to the skewed distribution is
calculated with an allowance for effects of xenon distribution

4.3.2.4.4 Void Content

A small void content in the core is due to nucleate boiling at full power. The
voi d col | apse coincident with power reduction nmakes a small reactivity
contri bution.

4.3.2.4.5 Rod Insertion All owance

At full power, the control bank is operated within a prescribed band of travel
to conmpensate for snmall changes in boron concentration, changes in tenperature,
and very small changes in the xenon concentration not conpensated for by a
change in boron concentration. When the control bank reaches either limt of
this band, a change in boron concentration is required to conpensate for
additional reactivity changes. Since the insertion lint is set by a rod
travel linmt, a conservatively high calculation of the inserted worth is made
whi ch exceeds the nornally inserted reactivity.
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4.3.2.4.6 Burnup

The reactor core is conposed of an array of fuel assenblies that are simlar in
nmechani cal design, but different in fuel enrichnment. Wthin each fue

assenbly, all rods are of the same enrichnent. Three different enrichnents
were enployed in the first core. Oher enrichnents are enployed in rel oad
fuel. The enrichnments for cycle 1 at Wl f Creek were 2.10 (Region 1), 2.60
(Region 2), and 3.10 (Region 3) weight percent. The average enrichnment has

i ncreased in each successive cycle load in order to achieve an ei ghteen nmonth
cycle. This began in Cycle 2 and Cycle 4 was the first eighteen nonth cycle.

For a 12 nonth cycle, excess reactivity of approxinately 10 percent Ap (hot)
is installed at the beginning of the cycle to provide sufficient reactivity to
conpensate for fuel depletion and fission product buil dup throughout the cycle.

Excess reactivity of approximtely 20 percent Ap (hot) is installed at the

begi nning of an 18 nonth cycle to provide sufficient reactivity to conpensate
for fuel depletion and fission product buildup throughout the cycle. This
reactivity is controlled by the additi on of soluble boron to the cool ant and by
burnabl e absorber. The sol ubl e boron concentrations for several core
configurations are given in Table 4.3-2; these values were calculated with ANC
for Cycle 9. Since the excess reactivity for burnup is controlled by sol uble
boron and/ or burnabl e absorber, it is not included in control rod requirenents.

4.3.2.4.7 Xenon and Sanari um Poi soni ng

Changes in xenon and samari um concentrations in the core occur at a
sufficiently slow rate, even follow ng rapid power |evel changes, that the
resulting reactivity change can be controll ed by changi ng the sol ubl e boron
concentration (al so see Section 4.3.2.4.16).

4.3.2.4.8 pH Effects

Changes in reactivity due to a change in coolant pH, if any, are sufficiently
smal | in magni tude and occur slowy enough to be controlled by the boron
system Further details are provided in Reference 11

4.3.2.4.9 Experimental Confirmation

Fol l owi ng a normal shutdown, the total core reactivity change during cool down
with a stuck rod has been neasured on a 121 assenbly, 10-foot-high core, and
121 assenbly, 12-foot-high core. 1In each case, the core was allowed to coo
down until it reached criticality simulating the steamline break accident.

For the 10-foot core, the total reactivity change associated with the cool down
is overpredicted by about 0.3 percent with respect to the neasured result.
This represents an error of about 5 percent in the total reactivity change and
is about half the uncertainty allowance for this quantity. For the 12-foot
core, the difference between the neasured and predicted reactivity change was
an even snaller 0.2 percent. These neasurenents and ot hers denonstrate the
ability of the nethods described in Section 4.3.3.

4.3.2.4.10 Control
Core reactivity is controlled by neans of a chenical poison dissolved in the

coolant, rod cluster control assenblies, and burnabl e absorber rods, as
descri bed bel ow.
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4,3.2.4.11 Chem cal Poison

Boron in solution as boric acid is used to control relatively slow reactivity
changes associated with:

a. The noderator tenperature defect in going fromcold
shut down at anbient tenperature to the hot operating
tenperature at zero power

b. The transient xenon and samari um poi soni ng, such as that
foll owi ng power changes or changes in rod cluster control
position

c. The reactivity effects of fissile inventory depletion and
bui |l dup of long-life fission products

d. The burnabl e absorber depletion

The boron concentrations for various core conditions are presented in Table
4.3-2; these values were calculated with ANC for Cycle 9.

4,3.2.4.12 Rod Cluster Control Assenblies

The nunber of rod cluster control assenblies is shown in Table 4.3-1. The rod
cluster control assenblies are used for shutdown and control purposes to of fset
fast reactivity changes associated with:

a. The required shutdown nmargin in the hot zero power, stuck
rods condition

b. The reactivity conpensation as a result of an increase in
power above hot zero power (power defect, including
Doppl er, and noderator reactivity changes)

c. Unprogranmmed fluctuations in boron concentration, cool ant
tenperature, or xenon concentration (with rods not
exceeding the allowable rod insertion limts)

d. Reactivity ranp rates resulting fromload changes

The al l owed control bank reactivity insertion is limted at full power to

mai ntai n shutdown capability. As the power |evel is reduced, control rod
reactivity requirenents are al so reduced, and nore rod insertion is allowed.
The control bank position is nonitored, and the operator is notified by an
alarmif the limt is approached. The determ nation of the insertion linmt
uses conservative xenon distributions and axial power shapes. |n addition, the
rod cluster control assenbly wthdrawal pattern deternined fromthese anal yses
is used in determ ning power distribution factors and in determning the
maxi mum worth of an inserted rod cluster control assenbly ejection accident.

For further discussion, refer to the COLR on rod insertion lints.
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Power distribution, rod ejection, and rod m salignnent anal yses are based on

t he arrangenent of the shutdown and control groups of the rod cluster control
assenblies shown in Figure 4.3-36. Al shutdown rod cluster control assenblies
are wi thdrawn before wi thdrawal of the control banks is initiated. |In going
fromzero to 100-percent power, control banks A, B, C, and D are w thdrawn
sequentially. The limts of rod positions and further discussion on the basis
for rod insertion limts are provided in the COLR

4.3.2.4.13 Reactor Cool ant Tenperature

React or cool ant (or noderator) tenperature control has added flexibility in
reactivity control of the Westinghouse pressurized water reactor. This feature
t akes advant age of the negative nobderator tenperature coefficient inherent in a
pressurized water reactor to:

a. Mximze return to power capabilities

b. Provide 5 percent power |oad regul ation capabilities
wi t hout requiring control rod conpensation

c. Extend the tine in cycle life to which daily |oad foll ow
operations can be acconplished

React or cool ant tenperature control supplenents the dilution capability of the
pl ant by lowering the reactor coolant tenperature to supply positive reactivity
t hrough the negative noderator coefficient of the reactor. After the transient
is over, the systemreturns the reactor coolant tenperature to the progranmed
val ue.

Moder at or tenperature control of reactivity, |ike soluble boron control, has
t he advantage of not significantly affecting the core power distribution
However, unlike boron control, tenperature control can be rapid enough to
achi eve reactor power change rates of 5 percent/m nute.

4.3.2.4.14 Burnabl e Absorber Rods

The standard burnabl e absorber of WABA rods provide partial control of the
excess reactivity available during the first fuel cycle. |In doing so, these
rods prevent the noderator tenperature coefficient frombeing positive at
normal operating conditions. They performthis function by reducing the

requi renent for soluble poison in the noderator at the beginning of the first
fuel cycle, as described previously. For purposes of illustration, a typica
burnabl e absorber rod pattern in the core together with the nunber of rods per
assenbly are shown in Figure 4.3-5, while the arrangenments within an assenbly
are displayed in Figure 4.3-4. The reactivity worth of these rods is shown in
Table 4.3-1. The boron in the rods is depleted with burnup but at a
sufficiently slowrate so that the resulting critical concentration of soluble
boron is such that the noderator tenperature coefficient remains bel ow the
safety analysis limt at all times for power operating conditions in the first
cycl e.
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4,.3.2.4.15 Peak Xenon Startup

Conpensation for the peak xenon buildup is acconplished, using the boron
control system Startup fromthe peak xenon condition is acconplished with a
conbi nation of rod nmotion and boron dilution. The boron dilution my be nade
at any tine, including during the shutdown period, provided the shutdown margin
i s nmaintained.

4,3.2.4.16 Load Foll ow Control and Xenon Contr ol

During |l oad foll ow maneuvers, power changes are acconplished using control rod
notion and dilution or boration by the boron systemas required. Control rod
notion is limted by the control rod insertion linmts on full-length rods, as
provided in the COLR and discussed in Sections 4.3.2.4.12 and 4.3.2.4.13. The
power distribution is maintained within acceptable linmts through |ocation of
the full-length rod bank. Reactivity changes due to the changi ng xenon
concentration can be controlled by rod notion and/or changes in the soluble
boron concentrati on.

Late in cycle life, extended |oad follow capability is obtai ned by augnmenting
the limted boron dilution capability at | ow sol ubl e boron concentrations by
tenporary noderator tenperature reductions.

Rapi d power increases (5 percent/nmin) frompart power during |oad foll ow
operation are acconplished with a conbination of rod notion, noderator
tenperature reduction, and boron dilution. The rapid power increase is
acconplished initially by a conbination of rod w thdrawal and noderat or
tenperature reduction. As the slower boron dilution takes effect after the
initial rapid power increase, the noderator tenperature is returned to the
progranmed val ue.

4.3.2.4.17 Burnup

Control of the excess reactivity for burnup is acconplished, using soluble
boron and/or burnabl e absorber. Sufficient burnable absorber is installed at
the beginning of a cycle to give the desired cycle lifetinme, w thout exceedi ng
the boron concentration limt. The practical mninmumboron concentration is in
the range of 0 to 10 ppm

4.3.2.5 Control Rod Patterns and Reactivity Wrth

The rod cluster control assenblies are designated by function as the control
groups and the shutdown groups. The terns "group"” and "bank" are used
synonymously throughout this report to describe a particular grouping of
control assenblies. The rod cluster assenbly pattern is displayed in Figure
4.3-36, which is not expected to change during the Iife of the plant. The
control banks are labeled A, B, C, and D and the shutdown banks are | abel ed SA,
SB, SC, SD, and SE. Each bank, although operated and controlled as a unit, is
conposed of two subgroups. The axial position of the control rod banks nay be
controll ed manual ly or automatically, while the shutdown banks are only
controlled manual ly. The rod cluster control assenblies are all dropped into
the core foll owi ng actuation of reactor trip signals.
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Two criteria have been enployed for selection of the control groups. First the
total reactivity worth nust be adequate to neet the requirenents specified in
Table 4.3-3. Second, in view of the fact that these rods nay be partially
inserted at power operation, the total power peaking factor should be | ow
enough to ensure that the power capability requirenents are net. Anal yses
indicate that the first requirenent can be net either by a single group or by
two or nore banks whose total worth equals at |east the required anbunt. The
axi al power shape woul d be nore peaked, follow ng novenent of a single group of
rods worth 3 to 4 percent. Therefore, four banks (described as A, B, C, and D
in Figure 4.3-36) have been selected. Typical control bank worths are shown in
Tabl e 4. 3-2.

The position of control banks for criticality under any reactor condition is
determ ned by the concentration of boron in the coolant. On an approach to
criticality, boron is adjusted to ensure that criticality will be achieved with
control rods above the insertion Iimt set by shutdown and other considerations
(see the COLR).

Ej ected rod worths are given in Section 15.4.8 for several different
condi tions.

Al'l owabl e devi ations due to misaligned control rods are discussed in the
Techni cal Specifications.

A representative calculation for three banks of control rods w thdrawn
simul taneously (rod w thdrawal accident) is given in Figure 4.3-37.

Cal cul ation of control rod reactivity worth versus tinme followi ng reactor trip
i nvol ves both control rod velocity and differential reactivity worth. The rod
position versus tine of travel after rod release assuned is given in Figure
4.3-38. For nucl ear design purposes, the reactivity worth versus rod position
is calculated by a series of steady state calculations at various control rod
positions, assuming all rods out of the core as the initial position in order
to mninmze the initial reactivity insertion rate. Also, to be conservative,
the rod of highest worth is assuned stuck out of the core, and the fl ux
distribution (and thus reactivity inportance) is assuned to be skewed to the
bottom of the core. The result of these calculations is shown on Figure 4. 3-
39.

The shutdown groups provide additional negative reactivity to assure an
adequat e shutdown margin. Shutdown margin is defined as the anount by which
the core would be subcritical at hot shutdown if all rod cluster control
assenblies are tripped, but assum ng that the hi ghest worth assenbly renmins
fully withdrawn and no changes in xenon or boron take place. The |oss of
control rod worth due to the material irradiation is negligible, since only
bank D may be in the core under nornal operating conditions (near full power).

The val ues given in Table 4.3-3 show that the available reactivity in w thdrawn
rod cluster control assenblies provides the design bases nini mum shut down
margi n, allowi ng for the highest worth cluster to be at its fully w thdrawn
position. An allowance for the uncertainty in the calculated worth of N-1 rods
is made before determ nation of the shutdown margin.
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4.3.2.6 Criticality of the Reactor During Refueling and
Criticality of Fuel Assenblies

The basis for naintaining the reactor subcritical during refueling is presented
in Section 4.3.1.5, and a di scussion of how control requirements are net is
given in Sections 4.3.2.4 and 4.3.2.5.

Criticality of fuel assenblies outside the reactor is precluded by adequate
design of fuel transfer and fuel storage facilities and by adm nistrative
control procedures. Sections 9.1.1 and 9.1.2 identify those criteria inportant
to criticality safety anal yses.

4.3.2.7 Stability
4,3.2.7.1 Introduction

The stability of the pressurized water reactor cores agai nst xenon-induced
spatial oscillations and the control of such transients are di scussed
extensively in References 6, 14, 15, and 16. A summary of these reports is
given in the follow ng discussion, and the design bases are given in Section
4.3.1.6.

In a large reactor core, xenon-induced oscillations can take place with no
correspondi ng change in the total power of the core. The oscillation may be
caused by a power shift in the core, which occurs rapidly by conparison wth

t he xenon-iodine tine constants. Such a power shift occurs in the axial
direction when a plant | oad change is nade by control rod notion and results in
a change in the noderator density and fuel tenperature distributions. Such a
power shift could occur in the diametral plane of the core as a result of
abnormal control action.

Due to the negative power coefficient of reactivity, pressurized water reactor
cores are inherently stable to oscillations in total power. Protection against
total power instabilities is provided by the control and protection system as
described in Section 7.7. Hence, the discussion on the core stability will be
limted here to xenon-induced spatial oscillations.

4.3.2.7.2 Stability Index

Power distributions, either in the axial direction or in the X-Y plane, can
undergo oscillations due to perturbations introduced in the equilibrium

di stributions without changing the total core power. The overtones in the
current pressurized water reactors and the stability of the core agai nst xenon-
i nduced oscillations can be determined in terns of the eigenvalues of the first

flux overtones. Witing the eigenvalue & of the first flux harnonic as:

E=b +ic [4.3-1]
then b is defined as the stability index and T = 217 c as the oscillation period
of the first harnmonic. The tine-dependence of the first harnonic & @ in the
power distribution can now be represented as:

5 ¢(t) = A e8t = aebt cos ct [4.3-2]
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where A and a are constants. The stability index can al so be obtained
approxi nately by:

1 A
b:TIn_R:J_ [43'3]

where A, and Ay4q are the successive peak anplitudes of the
oscillation and T is the tinme period between the successi ve peaks.

4.3.2.7.3 Prediction of the Core Stability

The stability of the core described herein (i.e., with 17 x 17 fuel assenbli es)
agai nst xenon-i nduced spatial oscillations is expected to be equal to or better
than that of earlier designs for cores of simlar size. The prediction is
based on a conparison of the paraneters which are significant in determ ning
the stability of the core agai nst the xenon-induced oscillations, nanmely: 1)
the overall core size is unchanged and spatial power distributions will be
simlar, 2) the noderator tenperature coefficient is expected to be simlar to
or slightly nore negative, and 3) the Doppler coefficient of reactivity is
expected to be equal to or slightly nore negative at full power.

Anal ysis of both the axial and X-Y xenon transient tests, discussed in Section
4.3.2.7.5, shows that the cal culational nbodel is adequate for the prediction of
core stability.

4.3.2.7.4 Stability Measurenents
a. Axial neasurenents

Two axial xenon transient tests conducted in a
pressurized water reactor with a core height of 12 feet
and 121 fuel assenblies is reported in Reference 17 and
will be briefly discussed here. The tests were perforned
at approximately 10 percent and 50 percent of cycle life.

Both a free-running oscillation test and a controlled
test were perforned during the first test. The second
test at md-cycle consisted of a free-running oscillation
test only. 1In each of the free-running oscillation
tests, a perturbation was introduced to the equilibrium
power distribution through an inpulse notion of the
control bank D and the subsequent oscillation period. In
the controlled test conducted early in the cycle, the
part-length rods were used to follow the oscillations to
mai ntain an axial offset within the prescribed linits.
The axial offset of power was obtained fromthe excore

i on chanber readi ngs (which had been calibrated agai nst
the incore flux maps) as a function of tinme for both
free-running tests, as shown in Figure 4. 3-40.

The total core power was nmi ntai ned constant during these
spatial xenon tests, and the stability index and the
oscillation period were obtained froma |east squares fit
of the axial offset data in the formof Equation [4.3-

2]. The axial offset of power is the quantity that
properly represents the axial stability in the sense that
it essentially elininates any contribution from even-
order harnonics, including the fundanental node. The
concl usions of the tests are:
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1. The core was stabl e agai nst i nduced axial xenon
transients, both at the core average burnups of 1550
MAD/ MTU and 7700 MADY MTU.  The neasured stability
indices are -0.041 hr-1 for the first test (Curve 1
of Figure 4.3-40) and -0.014 hr-1 for the second
test (Curve 2 of Figure 4.3-40). The corresponding
oscillation periods are 32.4 and 27.2 hours,
respectively.

2. The reactor core becones | ess stable as fuel burnup
progresses and the axial stability index was
essentially zero at 12,000 MAD/ MTU. However, the
novabl e control rod system can control axi al
oscillations, as described in Section 4.3.2.7.

Measurenments in the X-Y plane

Two X-Y xenon oscillation tests were perforned at a
pressurized water reactor plant with a core height of 12
feet and 157 fuel assenblies. The first test was
conducted at a core average burnup of 1540 MAD/ MTU and
the second at a core average burnup of 12,900 MADY MTU
Both of the X-Y xenon tests show that the core was stable
in the X-Y plane at both burnups. The second test shows
that the core becanme nore stable as the fuel burnup

i ncreased, and all Westinghouse pressurized water
reactors with 121 and 157 assenblies are expected to be
stabl e t hroughout their burnup cycles.

In each of the two X-Y tests, a perturbation was

i ntroduced to the equilibrium power distribution through
an inpulse nmotion of one rod cluster control unit |ocated
al ong the diagonal axis. Follow ng the perturbation, the
uncontroll ed oscillation was nonitored, using the novable
detector and thernocoupl e system and the excore power
range detectors. The quadrant tilt difference (QID) is
the quantity that properly represents the dianetral
oscillation in the X-Y plane of the reactor core in that
the differences of the quadrant average powers over two
symmetrically opposite quadrants essentially elimnates
the contribution to the oscillation fromthe azi nut hal
node. The QID data were fitted in the formof Equation
[4.3-2] through a | east squares nethod. A stability

i ndex of -0.076 hr-1 with a peri od of 29.6 hours was
obt ai ned fromthe thernocouple data shown in Figure 4. 3-
41.

It was observed in the second X-Y xenon test that the
pressurized water reactor core with 157 fuel assenblies
had become nore stable due to an increased fue
depletion, and the stability index was not determ ned.
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4.3.2.7.5 Conparison of Calculations with Measurenents

The anal ysis of the axial xenon transient tests was perforned in an axial slab
geonetry, using a flux synthesis technique. The direct sinmulation of the axial
of fset data was carried out using the PANDA Code (Ref. 18). The analysis of
the X-Y xenon transient tests was perforned on an X-Y geonetry, using a
nodi fi ed TURTLE Code (Ref. 10) concurring with the Advanced Nodal Code

(ANC) (Ref. 31). The PANDA, TURTLE, and ANC codes solve the two-group time-
dependent neutron di ffusion equation with ti me-dependent xenon and i odine
concentrations. The fuel tenperature and noderator density feedback is limted
to a steady state nodel. Al the X-Y calculations were perforned in an average
ent hal py pl ane.

The basic nucl ear cross-sections used in this study were generated froma unit
cell depletion program which has evolved fromthe code ARK(C) which is
essentially a conbination of the codes LEOPARD (Ref. 19) and ClI NDER (Ref. 20).
The detailed experinental data during the tests, including the reactor power

| evel, enthalpy rise, and the inpulse notion of the control rod assenbly, as
well as the plant follow burnup data, were closely sinmulated in the study.

The results of the stability calculation for the axial tests are conpared with
the experinental data in Table 4.3-5. The cal cul ati ons show conservative
results for both of the axial tests with a margin of approxinately -0.01 hr-1
in the stability index.

An anal ytical sinulation of the first X-Y xenon oscillation test shows a

cal cul at ed stabilitX i ndex of -0.081 hr-1, in good agreenment with the neasured
value of -0.076 hr-+. As indicated earlier, the second X-Y xenon test showed
that the core had becone nore stable conpared to the first test, and no

eval uation of the stability index was attenpted. This increase in the core
stability in the X-Y plane due to increased fuel burnup is due mainly to the

i ncreased nagni tude of the negative noderator tenperature coefficient.

Previ ous studi es of the physics of xenon oscillations, including three-

di mensi onal analysis, are reported in the series of topical reports, References
14, 15 and 16. A nore detailed description of the experinental results and
anal ysis of the axial and X-Y xenon transient tests is presented in Reference
17 and Section 1 of Reference 21

4.3.2.7.6 Stability Control and Protection

The excore detector systemis utilized to provide indications of xenon-induced
spatial oscillations. The readings fromthe excore detectors are available to
the operator and also formpart of the protection system

a. Axial power distribution

For nmmi ntenance of proper axial power distributions, the
operator is instructed to nmaintain an axial offset within
a prescribed operating band, based on the excore detector
readi ngs. Should the axial offset be permitted to nove
far enough outside this band, the protection limt wll
be reached, and the power will be automatically reduced.
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Twel ve-f oot pressurized water reactor cores becone |ess
stable to axial xenon oscillations as fuel burnup
progresses. However, free xenon oscillations are not

all owed to occur, except for special tests. The full-

I ength control rod banks are sufficient to danpen and
control any axial xenon oscillations present. Should the
axi al offset be inadvertently pernitted to nove far
enough outside the control band due to an axial xenon
oscillation, or any other reason, the protection linmt on
axial offset will be reached and the power will be
automatical ly reduced.

b. Radial power distribution

The core described herein is calculated to be stable
agai nst X-Y xenon-induced oscillations at all tines in
life.

The X-Y stability of large pressurized water reactors has
been further verified as part of the startup physics test
program for pressurized water reactor cores with 193 fue
assenblies. The neasured X-Y stability of the cores with
157 and 193 assenblies was in good agreenment with the
calculated stability, as discussed in Sections 4.3.2.7.4
and 4.3.2.7.5. In the unlikely event that X-Y
oscillations occur, backup actions are possible and woul d
be i nplemented, if necessary, to increase the natura
stability of the core. This is based on the fact that
several actions could be taken to nake the noderator
tenperature coefficient nore negative, which will

i ncrease the stability of the core in the X-Y pl ane.

Provi sions for protection agai nst nonsymetric
perturbations in the X-Y power distribution that could
result from equi pment mal functions are nade in the
protection systemdesign. This includes control rod
drop, rod msalignnment, and asynmetric | oss-of -cool ant
flow

A nore detail ed discussion of the power distribution
control in pressurized water reactor cores is presented
in References 6 and 7.

4.3.2.8 Vessel Irradiation

A brief review of the nethods and anal yses used in the determ nation of neutron
and gama ray flux attenuati on between the core and the pressure vessel is
given below. A nore conplete discussion on the pressure vessel irradiation and
surveill ance programis given in Section 5. 3.

The materials that serve to attenuate neutrons originating in the core and
gamma rays from both the core and structural conponents consist of the core
baffle, core barrel, neutron pads, and associated water annuli, all of which
are within the regi on between the core and the pressure vessel
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In general, few group neutron diffusion theory codes are used to determ ne
fission power density distributions within the active core, and the accuracy of
t hese analyses is verified by incore neasurenents on operating reactors.

Regi on and rodw se power-sharing information fromthe core calculations is then
used as source information in two-dimensional S, transport calcul ations (DOT
code) which conpute the flux distributions throughout the reactor

The neutron flux distribution and spectrumin the various structural conponents
varies significantly fromthe core to the pressure vessel

As discussed in Section 5.3, the irradiation surveillance programutilizes
actual test sanples to verify the accuracy of the calculated fluxes at the
vessel .

4.3.3 ANALYTI CAL METHODS

Cal cul ations required in nuclear design consist of three distinct types, which
are performed in sequence:

a. Determnation of effective fuel tenperatures

b. Generation of nacroscopic few group paraneters

c. Space-dependent, few group diffusion calculations
These cal cul ations are carried out by conputer codes which can be executed
i ndividually. However, at Westinghouse nost of the codes required have been
linked to forman automated design sequence which mnimzes design time, avoids
errors in transcription of data, and standardi zes the desi gn nethods.

4.3.3.1 Fuel Tenperature (Doppler) Calculations

Tenperatures vary radially within the fuel rod, depending on the heat
generation rate in the pellet, the conductivity of the materials in the pellet,
gap, and clad, and the tenperature of the cool ant.

Initial Core: LASER/ REPAD Cal cul ati ons

The fuel tenperatures for use in nost nucl ear design Doppler calculations are
obtained froma sinplified version of the Wstinghouse fuel rod design nodel
described in Section 4.2.1.3 which considers the effect of radial variation of
pel |l et conductivity, expansion-coefficient and heat generation rate, elastic
deflection of the clad, and a gap conductance which depends on the initial fill
gap, the hot open gap dinmension, and the fraction of the pellet over which the
gap is closed. The fraction of the gap assuned cl osed represents an enpirica
adj ustment used to produce good agreenent with observed reactivity data at BOL.
Furt her gap closure occurs with burnup and accounts for the decrease in Doppler
defect with burnup which has been observed in operating plants. For detailed
cal cul ati ons of the Doppler coefficient, such as for use in xenon stability

cal cul ations, a nore sophisticated tenperature nodel is used which accounts for
the effects of fuel swelling, fission gas release, and plastic clad

def ormat i on.
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Radi al power distributions in the pellet as a function of burnup were obtained
from LASER (Ref. 22) cal cul ations.

The effective U238 tenperature for resonance absorption was obtained fromthe
radi al tenperature distribution by applying a radially dependent weighting
function. The weighting function was deternined from REPAD (Ref. 23) Monte
Carlo cal cul ati ons of resonance escape probabilities in several steady state
and transient tenperature distributions. |n each case, a flat pellet
tenperature was determ ned which produced the sane resonance escape probability
as the actual distribution. The weighting function was enpirically determ ned
fromthese results.

The effective Pu-240 tenperature for resonance absorpti on was determ ned by a
convol ution of the radial distribution of Pu-240 densities from LASER burnup
cal culations and the radial weighting function. The resulting tenperature was
burnup dependent, but the difference between U 238 and Pu-240 tenperatures, in
terns of reactivity effects, was small

The effective pellet tenperature for pellet dinensional change was that val ue
whi ch produce the same outer pellet radius in a virgin pellet as that obtained
fromthe tenperature nodel. The effective clad tenperature for di nensiona
change was its average val ue.

The tenperature cal cul ati onal nodel was validated by plant Doppl er defect data,
as shown in Table 4.3-7, and Doppler coefficient data, as shown in Figure 4. 3-
42. Stability index measurenents also provided a sensitive neasure of the
Doppl er coefficient near full power (see Section 4.3.2.7). It can be seen that
Doppl er defect data was typically within 0.2 percent of prediction

Rel oad Cores: FIGHT-H Cal cul ati ons

The FI GHT-H code (Reference 33) perforns a cal culation of effective
tenperatures in fuel rods for use in nuclear design. The fuel nodel includes
radi al variations of heat generation rate, thernal conductivity, and thernal
expansion in the fuel pellet. Pellet-clad gap conductance depends on the kind
of initial fill gas, hot open gap dinmension, and fraction of pellet
circunference over which the gap is effectively closed due to pellet cracking.

PHOENI X- P code system described in Section 4.3.3.2, generates few group cross
sections as a function of burnup, fuel type, and tenperature, for use in ANC
The FI GHT-H code generates tenperature dependent nunber densities for use in
PHOENI X-P. FIGHT-H al so generates fuel effective resonance tenperatures and
average tenperatures as a function of burnup and enrichnment for use in PHOEN X-
P

Bur nup dependence in the fuel nodel for Doppler defect and coefficients is

based on an enpirical nodel of progressive pellet cracking which was determ ned
from operating plant measurenents.
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4.3.3.2 Macroscopic Goup Constants

Macroscopi ¢ group constants for use in the spatial few group diffusion codes
were generated for the initial core with a |linked version of LEOPARD (Reference
19) and CI NDER (Reference 20) codes, constants for current reload cores are
generated with the code PHOEN X-P (Reference 32). A description of each code
fol | ows.

Macroscopi ¢ few group constants and consi stent m croscopi c cross-sections
(needed for feedback and m croscopic depletion calculations) are generated for
fuel cells by a version of the LEOPARD (Ref. 19) and CI NDER (Ref. 20) codes,
which are linked internally and provi de burnup-dependent cross-sections.

Nornal ly, a sinplified approximation of the main fuel chains is used. However,
where needed, a conplete solution for all the significant isotopes in the fue
chains, fromTh-232 to Cm 244, is available (Ref. 24). Fast and thermal cross-
section library tapes contain mcroscopic cross-sections taken for the nost
part fromthe ENDF/B (Ref. 25) library, with a few exceptions where other data
provi ded better agreement with critical experinents, isotopic neasurenents, and
plant critical boron values. The effect on the unit fuel cell of nonlattice
conponents in the fuel assenbly is obtai ned by supplying an appropriate vol une
fraction of these materials in an extra regi on which is honbgenized with the
unit cell in the fast (MJFT) and thermal (SOFOCATE) flux calculations. [In the
thermal cal culation, the fuel rod, clad, and noderator are honbgeni zed by

ener gy- dependent di sadvantage factors derived froman analytical fit to
integral transport theory results.

Group constants for burnabl e absorber cells, guide thinbles, instrunent
thinbles, and interassenbly gaps are generated in a nmanner anal ogous to the
fuel cell calculation. Reflector group constants are taken frominfinite
nmedi um LEOPARD cal cul ati ons.

Baffl e group constants are calculated froman average of core and radi al
reflector microscopic group constants for stainless steel

Group constants for control rods are calculated in a |linked version of the
HAMVER (Ref. 26) and Al M (Ref.27) codes to provide a better treatnent of self-
shielding in the broad resonance structure of the isotopes at epithernal
energies than is available in LEOPARD. The Doppl er broadened cross-sections of
the control rod materials are represented as snooth cross-sections in the 54-
group LEOPARD fast group structure and in 30 thermal groups. The four group
constants in the rod cell and appropriate extra region are generated in the
coupl ed space-energy transport HAMMER cal cul ation. A corresponding AIM

cal cul ation of the honogenized rod cell with extra region is used to adjust the
absorption cross-sections of the rod cell to match the reaction rates in
HAMVER. These transport-equival ent group constants are reduced to two-group
constants for use in space-dependent diffusion calculations. 1In discrete X-Y
cal cul ations, only one mesh interval per cell is used, and the rod group
constants are further adjusted for use in this standard nesh by reaction rate
mat chi ng the standard nmesh unit assenbly to a fine mesh unit assenbly

cal cul ati on.
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Val idation of the cross-section nethod is based on analysis of critica
experinments, as shown in Table 4.3-4, isotopic data, as shown in Table 4. 3-8,
plant critical boron (Cg) values at HZP, BOL, as shown in Table 4.3-9, and at
HFP as a function of burnup, as shown in Figures 4.3-43 through 4. 3-46.
Control rod worth neasurenments are shown in Table 4. 3-10.

Confirmatory critical experinents on burnable poisons are described in
Ref erence 28.

The PHOENI X- P conputer code is a two-dinmensional, nultigroup, transport based
|attice code and capable of providing all necessary data for PWR anal ysis.
Bei ng a di nensional lattice code, PHOEN X-P does not rely on pre-determ ned
spatial /spectral interaction assunption for a heterogeneous fuel lattice,
hence, will provide a nore accurate nulti-group flux solution than versions of
LEOPARDY Cl NDER. The PHCENI X- P conputer code is approved by the USNRC as the
lattice code for generating nmacroscopi c and nicroscopic few group cross
sections for PWR analysis (Reference 32).

The solution for the detailed spatial flux and energy distribution is divided
into two major steps in PHOENI X-P ( Reference 32). In the first step, a two-

di mensi onal fine energy group nodal solution is obtained which couples

i ndi vi dual subcell regions (pellet, clad and noderator) as well as surroundi ng
pins. PHCEN X-P uses a nethod based on the Carlvik's collision probability
approach and het erogeneous response fluxes which preserves the heterogeneity of
the pin cells and their surroundings. The nodal solution provides accurate and
detailed local flux distribution which is then used to spatially honbgenize the
pin cells to fewer groups.

The second step in the solution process solves for the angular fl ux

di stribution using a standard S4 discrete ordinates calculation. This step is
based on the group-collapsed and honpbgeni zed cross sections obtained fromthe
first step of the solution. The S4 fluxes are then used to nornalize the
detail ed spatial and energy nodal fluxes. The nornalized nodal fluxes are used
to conmpute reaction rates, power distribution and to deplete the fuel and
burnabl e absorbers. A standard Bl cal culation is enployed to evaluate the
fundamental node critical spectrumand to provide an inproved fast diffusion
coefficient for the core spatial codes.

The PHOENI X- P code enploys a 42 energy group library which has been derived
mainly form ENDF/B-V files. The PHCEN X-P cross sections |library was desi gned
to properly capture integral properties of the multi-group data during group
col | apse, and enabling proper nodeling of inportant resonance paraneters. The
library contains all neutronic data necessary for nodeling fuel, fission
produces, cladding and structural, coolant and control/burnabl e absorber
materials present in Light Water Reactor cores.

Group constants for burnabl e absorber cells, guide thinbles, instrunent
thinbles, control rod cells and other non-fuel cells can be obtained directly
from PHOENI X- P wi t hout any adj ustments such as those required in the cell or
1-di nensional lattice codes.
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4.3.3.3 Spatial Few Goup Diffusion Cal cul ations

For the initial core, spatial fewgroup diffusion calculations primarily

consi sted of two-group X-Y cal cul ations using an updated version of the TURTLE
code, and two-group axial calcul ations were perfornmed using an updated version
of the PANDA code. Spatial few group diffusion calculations for reload cores
are performed with the ANC code (Advanced Nodal Code) (Reference 31). The

t hree di nensi onal nature of ANC provides both the radial and axial power

di stributions.

For the initial core, validation of TURTLE reactivity cal cul ati ons was
associated with the validation of the group constants thensel ves, as discussed
in Section 4.3.3.2. Validation of the Doppler calculations was associated with
the fuel tenperature validation discussed in Section 4.3.3.1. Validation of

t he noderator coefficient cal culations was obtai ned by conparison with plant
measurenents at hot zero power conditions, as shown in Table 4.3-11

Axi al calculations are used to deternmine differential control rod worth curves
(reactivity versus rod insertion) and axi al power shapes during steady state
and transi ent xenon conditions (flyspeck curve). Goup constants and the
radi al buckling used in the axial calculation were obtained fromthe PANDA
radi al calculation, in which group constants in annular rings representing the
various material regions in the X-Y plane are honobgeni zed by fl ux-vol une

wei ghti ng.

For rel oad cores, nodal three dinensional calculations are carried out to
determ ne the critical boron concentrations and power distributions. The
noderator coefficient is evaluated by varying the inlet tenperature in the sane
cal cul ations used for power distribution and reactivity predictions.

ANC i s used in two-di nensional and three-di mensional cal cul ations. ANC can be
used for safety analyses and to calculate critical boron concentrations,
control rod worth, reactivity coefficients, etc

For rel oad cores, nodal three dinensional calculations are carried out to
determ ne the critical boron concentrations and power distributions. The
noderator coefficient is evaluated by varying the inlet tenperature in the sane
cal cul ations used for power distribution and reactivity predictions.

ANC is used in two-di nensional and three-di mensional cal cul ations. ANC can be
used for safety analyses and to calculate critical boron concentrations,
control rod worth, reactivity coefficients, etc

Val idation of the spatial codes for cal culating power distributions involves
the use of incore and excore detectors and is discussed in Section 4.3.2.2.7.

Based on conparison with neasured data, it is estinated that the accuracy of
current anal ytical methods is:
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2 x 10°9/ F for noderator coefficient
50 ppm for critical boron concentration with depletion
3 percent for power distributions

10 percent for total rod bank worth

4 pcnmistep for differential rod worth

1 pcm ppm for boron worth
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TABLE 4. 3-1
REACTOR CORE DESCRI PTI ON

Active Core
Equi val ent di aneter, in. 132. 7
Active fuel height, in. 143. 7
Hei ght-to-dianeter ratio 1.08
Total cross section area, ft2 96. 06
HyO' U nol ecul ar ratio, lattice, cold 2.41
Ref | ect or Thi ckness and Conposition
Top - water plus steel, in. ~10
Bottom - water plus steel, in. ~10
Side - water plus steel, in. ~15

Fuel Assenblies

Total Nunber in the Core 193

Fuel Assenbly Type LOPAR V5H V5H V5H V5H P+
(St andar d) w | FM w | FM & PBG

Rod Array 17x17 17x17 17x17 17x17 17x17

Rods per assenbly 264 264 264 264 264

Rod pitch, in. 0. 496 0. 496 0. 496 0. 496 0. 496

Overal | transverse dinensions, in. 8.426 x 8. 426 x 8.426 x 8.426 x 8. 426x
8. 426 8. 426 8. 426 8. 426 8. 426

Fuel weight, as U0, |b. per 1154 1154 1154 1149 1132

assenbly (Approxi mate)

Zircaloy/ Zirl o™ wei ght, |b. per assenbly 264 270 275 278 275

( Appr oxi mat e)

Nunber of grids per assenbly 8 - Type R 8 11 12 12

Conposition of grids I nconel -718 (see note 1) (see note 2) (see note 3) (see note 4)

Wei ght of Zircaloy/Zirlo™

grids in active core region, N A 11.70 14. 61 14. 61 14. 65

I'b. per assenbly (Approxinate)
Wei ght of Inconel grids in

active core region, |b. per 12. 04 2.22 2.22 2.22 2.22

assenbl y (Approxi mate)

Nurmber of guide thinbles per 24 24 24 24 24

assenbl y

Composi tion of guide thinbles Zircaloy-4 Zircaloy-4 Zrcaloy-4 Zircaloy-4 zir|om™
Nunber of |Instrunent guide 1 1 1 1

thi nbl es per assenbly

Conposi tion of Instrument tube Zircaloy-4 Zircaloy-4 Zrcaloy-4 Zrcaloy-4 zir|om™

Di aneter of guide thinbles, 0.450 1.D. x 0.442 |.D. x 0.442 |.D. x 0.442 1.D. x 0.442 1.D. x
upper part (above dashpot), in. 0.482 O D. 0.474 O D. 0.474 O D. 0.474 O D. 0.474 O D.

D aneter of guide thinbles, |ower 0.397 1.D. x0.397 I.D. x0.397 I.D. x0.397 1.D. x0.397 1.D. x
part (bel ow dashpot), in. 0.429 O D. 0.430 O.D. 0.430 O.D. 0.430 O.D. 0.430 O D.

D aneter of Instrunent guide 0.448 1.D. x 0.440 |.D. x 0.440 1.D. x 0.440 1.D. x 0.440 1.D. x
thinbles, full length, in. 0.484 O D. 0.476 O.D. 0.476 O.D. 0.476 O.D. 0.476 O.D.

V5H P+Z7

17x17
264

0. 496
8. 426x
8. 426
1138

274

12

(see note 4)

14. 65

2.22
24

Zirl o™

irlom™

442 | .D.
474 O.D.
397 1.D
430 O D.
440 |.D.
476 O.D.

COOOCOoON

X

X

X

RFA Z? and
RFA-2 77

17 x 17

264

0. 496

8. 426x

8. 426

1144

280 |
12

(see note 4)
14. 65

2.22

24

Zirl o™

1

Zirlo™
0.442 |.D. x
0.482 O D
0.397 |.D. x
0.439 O D.
0.442 |1.D. x
0.482 O.D.

Note (1) Eight total grids - 1 Inconel Top Gid, 1 Inconel BottomGid, 6 Zircaloy Md Gids
Note (2) Eleven total grids - 1 Inconel Top Gid, 1 Inconel BottomGid, 6 Zircaloy Md Gids,

3 Zircaloy IFM Gids

Note (3) Twelve total grids - 1 Inconel Top Gid, 1 Inconel BottomGid, 6 Zircaloy Md Gids,

3 Zircaloy IFM Gids, 1 Inconel Protective BottomGid

Note (4) Twelve total grids - 1 Inconel Top Gid, 1 Inconel BottomGid, 6 Zirlo™ Md Gids,

3 Zirlo™m |IFMGids, 1 Inconel Protective BottomGid
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TABLE 4.3-1 (Sheet 2)

Rods

Total Nunber fuel rods in the core
Fuel Rod Type

(applicabl e Fuel Assenbly Type)

CQutside dianeter, in.
Di ameter gap, in.

Cl ad t hickness, in.
Clad materi al

Pel l ets
Mat eri al
Density (percent of theoretical)

50, 952
St andar d

Per f or mance +

(LOPAR and V5H)  (V5H P+, VBH P+Z?,

0. 374
0. 0065
0. 0225
Zircal oy-4

W0, sintered
95

Fuel enrichments (wei ght percent range) 2.1-5.0
Di ameter, in. (Typical) 0. 3225
Length, in. (Typical) 0. 387
Mass of W0, per foot of fuel rod, Ib/ft 0. 363
Rod C uster Control Assenblies
Nunber of clusters, full length, in 53
the core
Neut ron Absorber Materi al Haf ni um
Di aneter, in. 0.341
Density, Ib/in.3 0. 454
d addi ng materi al Type 304, cold
wor ked st ai nl ess
st eel
G ad thickness, in. 0. 0185
Nunber of absorber rods per cluster 24
Excess Reactivity (lInitial Core)
Maxi mum fuel assenbly Keo (cold, 1.

cl ean unbor at ed wat er)

Maxi mum core reactivity (cold, zero 1.222

power, beginning of cycle, zero
sol ubl e boron)

RFA Z?, and RFA-2 Z%)
0.374
0. 0065
0. 0225

Zirl o™

Si | ver -1 ndi um Cadni um
0. 341

0. 367

Type 304, cold worked
st ai nl ess st eel

0. 0185
24

Rev. 18
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TABLE 4.3-1 (Sheet 3)

Del et ed Tabl e



WOLF CREEK

TABLE 4. 3-2
NUCLEAR DESI GN PARAMETERS

Core average linear power, including densification
effects, kWft

Total Heat flux hot channel factor, FQ

. N
Nucl ear enthal py rise hot channel factor, FAH

5.68
2.50

1.65

Reactivity Coefficients(d)

Doppl er-only power coefficients, see Figure 15.0-2
(pcnf@@omer)(b)
Upper curve
Lower curve
Doppl er tenperature coefficient (pcan)(b)
Boron coeffi cient (pcnfppn)(b)
Moder at or tenperature coefficient (pcan)(b)
Rodded noderator density (pcnfgnfcc)(b)
Boron coefficient for boron dilution (pcnfppn)(b)
Modes 1, 2, and 3
Modes 4 and 5

Design Limts

(Sheet 1 Only)

-19.4 to -12.7
-10.1 to -6.7
-3.5to -1.0
-16 to -5

+6 to -50

<47, 000

-12.5
-14.0

Rev. 13



WOLF CREEK

TABLE 4.3-2 (Sheet 2)

Del ayed Neutron Fraction and Pronpt NeutronLifetine

Beff Limts: nmaxinumat BCOL, (mninumat EQL)

| 1* nmicrosecond (Typical rel oad)

Control Rods
| Rod requirenents
Maxi mum bank worth, pcm
Maxi mum ej ected rod worth
Bank worth, HZP no overl ap (pcn)(b)
Bank D
Bank C
Bank B
Bank A
Typi cal Radial Factor (BOL to EQL)
Unr odded
D bank
D + C banks
D + C + B banks

0.0075 (0.0044)
12.7 (BOL)

See Table 4.3-3
<2000
See Chapter 15.0

BO., Xe free (Reload) EQOL, Xe = Equ. (Rel oad)

606
645
445
396

571
999
716
5351

1.37 to 1.28
1.50 to 1.45
1.60 to 1.45
1.80 to 1.55

Rev. 13



Boron Concentrations

Zero power, keff = 0.99, col d(€)
Typi cal Reloag,

Zero power, Kkeff = 0.99, hot (f)
Typi cal Reloag,

Desi gn basis refueling boron concentration

Zero power, keff < 0.95, col d(€)
Typi cal Reloag,

Zero power, keff = 1.00, hot(€)
Typi cal Reloag,

Ful | power, keff = 1.0
Typi cal Reloag,

Ful | power, keff = 1.0,
Typi cal Reloag,

Reduction with fuel burnup
First cycle (ppm GAD MTU) (€)
Rel oad cycl e (ppn GAD/ MTU)

all RCCA out, No Xenon, 3000

all RCCA out, No Xenon, 3000

all RCCA out, No Xenon, 3000

all RCCA out, No Xenon, 3000

all RCCA out, No Xenon, 3000

all RCCA out, No Xenon, 3000

WOLF CREEK

TABLE 4.3-2 (Sheet 3)

MAD/ T

MAD/ T

MAD/ T

MAD/ T

MAD/ T

MAD/ T

2050

2310

See COLR
1960

2150

1950

1550

See Figure 4.3-3
~ 100

Rev.

13




WOLF CREEK

TABLE 4.3-2 (Sheet 4)

NOTES:

(a)
(b)
(c)

(d)
(e)
(f)

Uncertainties are given in Section 4.3.3.3.

1 pcm= (percent mlle) 10°° Ap where Ap is calculated fromtwo statepoint values of kegfs by In (kq/kp).

G gawatt day (GAD) = 1000 negawatt day (1,000 MAD). During the first cycle, fixed burnable poison rods are

present which significantly reduce the boron | etdown rate conpared to reload cycles.
Del et ed

Col d nmeans 68°F, 1 atm

Hot nmeans 557°F, 2250 psi a.

Rev.

11
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TABLE 4. 3-3

REACTI VI TY REQUI REMENTS FOR ROD CLUSTER CONTROL ASSEMBLI ES

Reactivity Effects Begi nni ng-of - Li fe
(percent) (First Cycle)

End-of -Life
(First Cycle)

1. Control requirenents

Fuel tenperature, Doppler (%\p) 1.
Moder at or tenperature (%ﬁp)(a) 0.
Redi stri buti on (%\p) 0.
Rod insertion allowance (%\p) 0.
2. Total control (%\p) 2.

3. Estimated rod cluster control assenbly
worth (53 rods)
a. Al full length assenblies inserted
(%\p) 7.
b. Al but one (highest worth) assenblies

i nserted (%\p) 6.

37

54

46

End-of -Li fe
(Typi cal
Rel oad Cycl e)

Not Required

5.74

Rev. 13
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TABLE 4. 3-3 (Sheet 2)

| Reactivity Effects Begi nni ng-of -Li fe
(percent) (First Cycle)

End-of -Life
(First Cycle)

End-of - Life
(Typi cal

Rel oad Cycl e)

4. Estimated rod cluster control assenbly
credit with 10 percent adjustnment to
acconpdate uncertainties, 3b - 10

precent (%\p) 5.82
5.  Shutdown margin available 4-2 (%\p) 3.30
NOTES:

(a) Includes void effects.

(b) The design basis mni mum shutdown is 1.3 percent.

5.75

2.04

5.17

1. 88(b)

Rev.

13



WOLF CREEK

TABLE 4. 3-4

BENCHVARK CRI Tl CAL EXPERI MENTS

Descri ption of Nunber of LEOPARD kgff Using
Experi ments” Experinments Experi nent al Buckl i ngs
Uo7

Al cl ad 14 1.0012

SS cl ad 19 0. 9963

Borated Hy0 7 0. 9989

Subt ot al 40 0. 9985
U- Met a

Al cl ad 41 0. 9995

Uncl ad 20 0. 9990

Subt ot al 61 0. 9993

Tot al 101 0. 9990

Reported in Reference 12.

Rev. O
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TABLE 4. 3-5

AXI AL STABI LI TY | NDEX PRESSURI ZED WATER
REACTOR CORE WTH A 12- FOOT HEI GHT

Bur nup Cs Stability Index (hr'l)
(MAD MTU) Fz (ppm. Exp Cal c
1550 1.34 1065 -0.041 -0.032
7700 1.27 700 -0.014 -0.006
5090" -0. 0325 -0. 0255

RADI AL STABI LI TY | NDEX

2250"* -0.068 -0.07

4-1oop plant, 12-foot core in
4-1oop plant, 12-foot core in
test.

cle 1, axial stability test.
cle 1, radial (X-Y) stability

Rev. O
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0. 150
0. 150
0. 150

3
3
3

10
10
10

21. 4
21. 4
21. 4

WOLF CREEK

Tabl e 4. 3-6

ARO Mbder ator Tenperature Coefficients versus Average
Moder at or Tenperature and Burnup

PPM

2500
2000
1500

2500
2000
1500

1500
1000
500

1000
500
0

Aver age Mbder ator Tenperature (Deq. F)

ARO, HFP Equilibrium Xenon

Power : 0 25% 50% 75% 100%
Core Avg Tenp.: 557 565. 3 573. 4 581.4 589.1
RCS Avg Tenp.: 557 564. 3 571.6 579.1 _586.5
4. 86 3. 89 2.72 1.39 -0.22
1.20 0. 04 -1.35 -2.90 -4.74
-2.90 -4.28 -5. 87 -7.66 -9.72
5.60 4.55 3.28 1.82 0. 04
1.79 0. 53 -0. 97 -2.66 -4.67
-2.50 -3. 97 -5.70 -7.61 -9.84
-4, 83 -6.68 -8.81 -11.15 -13.86
-9.74 -11.80 -14.13 -16.67 -19.52
-15.21 -17.49 -20.02 -22.76 -25.78
-12.28 -14.72 -17.51 -20.64 -24.08
-17.85 -20.51 -23.52 -26.78 -30.22
-24.22 -27.12 -30.32 -33.65 -37.15
Rev. 16




WOLF CREEK

TABLE 4.3-7

COMPARISON OF MEASURED AND CALCULATED DOPPLER DEFECTS

Core Burnup Calculated
Plant Fuel Type (MWD /MTU) Measured (pcm)* (pcm)
1 Air-filled 1800 1700 1710
2 Air-filled 7700 1300 1440
3 Air and 8460 1200 1210

helium-filled

* pcm = 10° x 1n (k1/ks)

Rev.



Atom Ratio

U-234/U0
U-235/U

U-236/U
U-238/U

Pu-238/Pu
Pu-239/Pu
Pu-240/Pu

Pu-241/Pu

Pu-242/Pu
(b)

Pu/U

Np-237/U-238

Am-241/Pu-239

Cm-242/Pu-239
Cm-244/Pu-239

NOTES :

(a) Reported in Reference 29.

o w Ul B

U1 O OO

|-

WOLF CREEK

TABLE 4.3-8

SAXTON CORE II ISOTOPICS
ROD MY, AXIAL ZONE 6

(b) Weight ratio.

(a)

Measured 20Precision (%)
.65 x 107> 429
.74 x 1073 +0.9
.55 x 104 +5.6
.99386 +0.01
.32 x 1073 +2.3
.73971 +0.03
.19302 +0.2
.014 x 1072 0.3
.81 x 10°3 +0 9
.938 x 10-2 +0.7
.14 x 1074 +15
.23 x 1072 +15
.05 x 104 10
.09 x 1074 0

LEOPARD

Calculation

o w Ul

Ul U1l oo

.60 x 107>
.73 x 1073

.74 x 1074
.99385

.222 x 1073
. 74497
.19102

.74 x 1072
.38 x 10°3

.970 x 1072

.86 x 1074

.08 x 1072

.11 x 1074
.98 x 1074

Rev.
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TABLE 4.3-9

CRITICAL BORON CONCENTRATIONS, HZP, BOL

Plant Type Measured Calculated

2-loop, 121 assemblies
10-foot core 1583 1589

2-loop, 121 assemblies
12-foot core 1625 1624

2-loop, 121 assemblies
12-foot core 1517 1517

3-loop, 157 assemblies
12-foot core 1169 1161

Rev.



WOLF CREEK

TABLE 4.3-10

COMPARISON OF MEASURED AND CALCULATED ROD WORTH

2-Loop Plant, 121 Assemblies,

10-Foot Core Measured (pcm) Calculated (pcm)
Group B 1885 1893
Group A 1530 1649
Shutdown group 3050 2917

ESADA Critical®, 0.69" Pitch,

2 w/o PuO,, 8% Pu-240,

9 Control Rods

6.21" rod separation 2250 2250
2.07" rod separation 4220 4160
1.38" rod separation 4100 4019

* Reported in Reference 30.

Rev. 0



WOLF CREEK

TABLE 4.3-11

COMPARISON OF MEASURED AND CALCULATED MODERATOR
COEFFICIENTS AT HZP,

Plant Type/
Control Bank Configuration

3-loop, 157 assemblies,
12-foot core

D at 160 steps

D in, C at 190 steps

D in, C at 28 steps

B, C, and D in
2-loop, 121 assemblies,
12-foot core

D at 180 steps

D in, C at 180 steps

C and D in, B at 165
steps

B, C, and D in, A at 174
steps

4-loop, 193 assemblies,
12-foot core

ARO

D in

D and C in

D, C, and B in

D, C, B, and A in
*

fuel.

5, X2
Yigo = 10 lnEI/ATQF

BOL
Measured Yiso* Calculated 7Yigqo
(pcm/F) (pcm/F)
-0.50 -0.50
-3.01 -2.75
-7.67 -7.02
-5.16 -4.45
+0.85 +1.02
-2.40 -1.90
-4.40 -5.58
-8.70 -8.12
-0.52 -1.2
-4.35 -5.7
-8.59 -10.0
-10.14 -10.55
-14.63 -14.45

Isothermal coefficients, which include the Doppler effect in the

Rev.



Wolf Creek

11

12

13

14

15

R P N M L K J H G F E D c B A
Q¢
2B FEED |1B 18 1B FEED |28
28 18 FEED |18 FEED |18 FEED 1A FEED | 1B 2B
28 FEED (FEED | 1B FEED |2A 18 2B FEED |18 FEED |FEED | 2B
i
i
18 FEED |2A FEED |18 FEED |28 ; FEED 148 FEED |28 FEED |18
2B FEED | 1B FEED |18 FEED |18 FEEL 1B FEED |18 FEED |18 FEED 2B
FEED |18 FEED |18 FEED |28 FEED |28 FEED |28 FEED |18 FEED |18 FEED |
1B FEED |28 FEED |1B FEED |18 18 1B FEED |1B FEED |28 FEED |18
18 18 18 8 FEED |2B 18 ri) 18 B FEED (2B 18 1B 18 )
909 270
18 FEED |oB FEED |18 FEED |18 18 18 FEED |18 FEED |28 FEED |18
FEED |1B FEED |18 FEED |28 FEED |28 FEED |28 FEED |48 FEED |18 FEED
B FEED |18 FEED |18 FEED |18 FEED  |1B FEED |18 FEED |18 FEED |28
1B FEED |28 FEED |1B FEED |28 FEED |48 FEED |28 FEED [1B
28 FEED |FEED |1B FEED |28 18 28 FEED |18 FEED |FEE] |28
28 18 FEED |18 FEED |48 FEED |18 FEED |1B 28
8 FEED |18 18 18 FEED |28
1B = Once Burnt
2B = Twice Burnt
Rev
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UPDATED SAFETY ANALYSIS REPORT

FIGURE 4.3-1

TYPICAL CORE LOADING PATTERN
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FIGURE 4.3-2

PRODUCTION AND CONSUMPTION OF
HIGHER ISOTOPES




WOLF CREEK
2000
02 r NOTE: HOT. FULL PoweR. Rops oyt
1600 |—. ~
=z ~
= ~ ~WITHOUT BURNABLE POISON
= ~._ /
— b
g ~ i
8
z 800 L ~N BURNUP DIFFERENCE
2 ~. ~N \l565 MWD/MTU
[ae]
= S
S o |- ~~ ~
= WITH BURNABLE POISONS ~
S N
) N N
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18.000
CORE AVERAGE BURNUP (MWD/MTU)
Rev, ¢
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FIGURE 4.3-3

BORON ConcENTRATTION VERSUS FIrst
LICLE BURNUP WITH AND WITHour
BURNABLE POISON Rops
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FIGURE 4.3-4

TYPICAL INTEGRAL FUEL BURNABLE ABSORBER ROD

ARRANGEMENT WITHIN AN ASSEMBLY
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WOLF CREEK

AR A AR S SR S S M A SR S
1
32 | 80 | 32 | 80 | 32 2
104 | 80 104 | 6SS| 104 80 | 104 3
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32 | 80| 32 | 80 | 32 14
15
0°
(W)
Rev. 13
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UPDATED SAFETY ANALYSIS REPORT

TYPICAL INTEGRAL FUEL BURNABLE ABSORBER AND

SOURCE ASSEMBLY LOCATIONS

FIGURE 4.3-5
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FIGURE 4.3-6

MTC VS BURNUP at HFP, ARO
CRITICAL CONDITIONS
(TYPICAL)
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UPDATED SAFETY ANALYSIS REPORT

FIGURE 4.3-12

RODWISE POWER DISTRIBUTION IV A
TYPICAL ASSEMBLY NEAR BEGINNING-

OF-LIFE, HOT FuLL POWER,

EQUILIBRIUM XENON, UNRODDED CoR:
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FiGURE 4.3-13

RODWISE POWER DISTRIBUTION [N A
TYPICAL ASSEMELY NEAR EnD-¢=-
LIFE, HOT FULL POWER, EQUI.I[B27UM
XENON, UNRODDED CORE




NORMALIZED POWER

WOLF CREEK
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WOLF CREEK
UPDATED SAFETY ANALYSIS REPORT

FIGURE H4.3-1Y4

TYPICAL AXIAL POWER SHAPES
OCCURRING AT BEGINNING-UF-LIFE

0



NORMALIZED POWER

WOLEF CREEK
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Rev., O
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OPDATED SAFETY ANALYSIS REPORT

FIGURE 4.3-15

TYPICAL AXIAL POWER SHAPES
OCCURRING AT MIDDLE-OQF-LIFF




NORMALIZED POWER

WOLEF CREEK
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OPDATED SAFETY ANALYSIS REPORT

FIGURE H4.3-16

TYPICAL AXIAL POWER SHAPES
OCCURRING AT END-OF-LIFE
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4.4 THERMAL AND HYDRAULIC DESIGN

4.4.1 DESIGN BASES

The overall objective of the thermal and hydraulic design of the reactor core
is to provide adequate heat transfer which is compatible with the heat
generation distribution in the core such that heat removal by the reactor
coolant system or the emergency core cooling system (when applicable) assures
that the following performances and safety criteria requirements are met:

a. Fuel damage (defined as penetration of the fission
product barrier, i.e., the fuel rod clad) is not expected
during normal operation and operational transients
(Condition I) or any transient conditions arising from
faults of moderate frequency (Condition II). It is not
possible, however, to preclude a very small number of rod
failures. These will be within the capability of the
plant cleanup system and are consistent with the plant
design bases.

b. The reactor can be brought to a safe state following a
Condition III event with only a small fraction of fuel
rods damaged (see above definition) although sufficient
fuel damage might occur to preclude resumption of
operation without considerable outage time.

c. The reactor can be brought to a safe state and the core
can be kept subcritical with acceptable heat transfer
geometry following transients arising from Condition IV
events.

In order to satisfy the above criteria, the following design bases have been
established for the thermal and hydraulic design of the reactor core.

4.4.1.1 Departure from Nucleate Boiling Design Basis

Basis

There will be at least a 95% probability that departure for nucleate boiling
(DNB) will not occur on the limiting fuel rods during normal operation and
operational transients and any transient conditions arising from faults of
moderate frequency (Condition I and II events) at 95% confidence level.
Historically, this criterion has been conservatively met by adhering to the
following thermal design basis: there must be at least a 95% probability that
the minimum departure from nucleate boiling ratio (DNBR) of the limiting power
rod during Condition I and II events is greater than or equal to the DNBR limit
of the DNB correlation being used. The DNBR limit for the correlation is
established based on the variance of the correlation such that there is a 95%
probability with 95% confidence that DNB will not occur when the calculated
DNBR is at the DNBR limit.

4.4-1 Rev. 6
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Discussion

The WCGS utilizes the EPRI VIPRE-01 Computer Code (Versatile Internals and
Component Program for Reactors, EPRI) with the WRB-2 Critical Heat Flux
Correlation for core thermal-hydraulic analysis. The WRB-2 correlation was
developed to obtain a more accurate CHF predictor for mixing vane grid fuel
assemblies of the same design as the 17X17 standard fuel mixing vane design
(Reference 8). The calculated design limit DNBR for the VIPRE-01 code with the
WRB-2 CHF correlation is below the 1.17 DNBR design limit for the Westinghouse
THINC computer code with the WRB-2 correlation. Therefore, conservative use of
a 1.17 DNBR design limit for the VIPRE-01 code with the WRB-2 correlation will
be utilized for core DNBR analyses.

DNBR margin is maintained for the fuel by ensuring the DNB safety analyses meet
a Safety Analysis Limit DNBR of 1.76. The limiting Condition II transient from
DNBR perspective, is analyzed using VIPRE-01 code and results in a minimum DNBR
greater than 1.76. The Safety Analysis Limit DNBR is set greater than the
design limit DNBR (see Section 4.4.2.12) to provide generic DNB margin.

For analyses beyond the range of application of the WRB-2 correlation, the W-3
CHF Correlation is used. For the Rod Withdrawal from Subcritical accident
analysis, the design limit DNBR for the VIPRE-01 code with the W-3 correlation
is 1.30. For the Steam Line Break accident analysis, the design limit DNBR
for the VIPRE-01 code with the W-3 correlation is 1.45 (see section 4.4.2.2).

4.4.1.2 Fuel Temperature Design Basis

Basis

During modes of operation associated with Condition I and Condition II events,
there is at least a 95-percent probability that the peak kW/ft fuel rods will
not exceed the U0, melting temperature at the 95-percent confidence level. The
melting temperature of U0, is taken as 5,080°F (Ref. 1), unirradiated and
decreasing 58°F per 10,000 MWD/MTU. By precluding U0y melting, the fuel
geometry is preserved, and possible adverse effects of molten UO, on the
cladding are eliminated. To preclude center melting and as a basis for
overpower protection system setpoints, a calculated centerline fuel temperature
of 4,700°F has been selected as the overpower limit. This provides sufficient
margin for uncertainties in the thermal evaluations, as described in Section
4.4.2.9.1.

4.4-2 Rev. 16
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Discussion

Fuel rod thermal evaluations are performed at rated power, maximum overpower,
and during transients at various burnups. These analyses assure that this
design basis, as well as the fuel integrity design bases given in Section 4.2,
are met. They also provide input for the evaluation of Condition III and IV
events given in Chapter 15.0.

4.4.1.3 Core Flow Design Basis
Basis

A minimum of 91.6 percent of the thermal flow rate will pass through the fuel
rod region of the core and be effective for fuel rod cooling. Coolant flow
through the thimble tubes, as well as the leakage from the core barrel-baffle
region into the core, are not considered effective for heat removal.

Discussion

Core cooling evaluations are based on the thermal flow rate (minimum flow)
entering the reactor vessel. A maximum of 8.4 percent of this value is
allotted as bypass flow. This includes rod cluster control guide thimble
cooling flow, head cooling flow, baffle leakage, and leakage to the vessel
outlet nozzle.

4.4.1.4 Hydrodynamic Stability Design Basis

Basis

Modes of operation associated with Condition I and II events shall not lead to
hydrodynamic instability.

4.4.1.5 Other Considerations

The above design bases, together with the fuel clad and fuel assembly design
bases given in Section 4.2.1, are sufficiently comprehensive so no additional
limits are required.

Fuel rod diametrical gap characteristics, moderator-coolant flow velocity and |
distribution, and moderator void are not inherently limiting. Each of these
parameters is incorporated into the thermal and hydraulic models used to ensure
the above-mentioned design criteria are met. For instance, the fuel rod
diametrical gap characteristics change with time (see Section 4.2.3.3), and the |
fuel rod integrity is evaluated on that basis. The effect of the moderator

flow velocity and distribution (see Section 4.4.2.2) and moderator void
distribution (see Section 4.4.2.4) are included in the core thermal evaluation
and thus affect the design bases.

4.4-3 Rev. 10



WOLF CREEK

Meeting the fuel clad integrity criteria covers possible effects of clad
temperature limitations. As noted in Section 4.2.3.3, the fuel rod conditions
change with time. A single clad temperature limit for Condition I or Condition
IT events i1s not appropriate since, of necessity, it would be overly
conservative. A clad temperature limit is applied to the loss-of-coolant
accident (see Section 15.6.5), control rod ejection accident, and locked rotor
accident.

4.4.2 DESCRIPTION
4.4.2.1 Summary Comparison

The design of the WCGS unit described in this report has similar thermal-
hydraulic parameters as the Comanche Peak Units 1 and 2 (Docket Nos. 50-445 and
50-446) .

Values of pertinent design and operating parameters are presented in Table 4.4-
1. The reactor is designed to meet the DNB design basis as no fuel centerline
melting during normal operation, operational transients, and faults of moderate
frequency.

Fuel densification has been considered in the DNB and fuel temperature
evaluations, utilizing the methods and models described in detail in Reference
3.

4.4.2.2 Critical Heat Flux Ratio or Departure from Nucleate
Boiling Ratio and Mixing Technology

The minimum DNBRs for the rated power, design overpower, and anticipated
transient conditions are given in Table 4.4-1. The minimum DNBR in the
limiting flow channel will be downstream of the peak heat flux location (hot
spot) due to the increased downstream enthalpy rise.

DNBRs are calculated by using the correlation and definitions described in
Sections 4.4.2.2.1 and 4.4.2.2.2. The VIPRE-01 computer code (discussed in
Section 4.4.4.5.1) is used to determine the flow distribution in the core and
the local conditions in the hot channel for use in the DNB correlation. The
use of hot channel factors is discussed in Section 4.4.4.3.1 (nuclear hot
channel factors) and in Section 4.4.2.2.4 (engineering hot channel factors).
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The WRB-2 (Reference 8) correlation has been developed to predict the DNB
performance of Westinghouse fuel designs which employ grids with mixing vanes
of the same design as the 17X17 standard fuel mixing vane design. This mixing
vane design is unique in that the mixing vane area to flow area ratio and the
azimuthal extension of the vanes around the rod circumference both differ from
the mixing vane designs of other Westinghouse grids. The WRB-2 correlation is
also based entirely on rod bundle data. However, the data used to develop the
correlation is essentially the 17X17 "R" type grid subset (both STD and OFA
fuel) of the WRB-1 data base plus additional DNB test data obtained to quantify
the increase in DNB performance due to the addition of Intermediate Flow mixing
vane grids (IFM) for the Vantage 5 geometry.

The applicable range of variables for the WRB-2 correlation is:

Pressure : 1440 < P < 2490 psia
Local Mass Velocity 0.9 <G E/10 <
3.7 1b/

Local Quality : -0.1 < X945¢ £ 0.3
Heated Length, Inlet to : Ly < 14 feet

CHF Location
Grid Spacing : 10 < Isp < 26 inches
Equivalent Hydraulic Diameter : 0.37 < dg £ 0.51 inches
Equivalent Heated Hydraulic : 0.46 < dy < 0.59 inches

Diameter

Figure 4.4-22 shows measured critical heat flux plotted against predicted
critical heat flux using the WRB-2 correlation. The 95/95 limit DNBR utilized
in thermal/hydraulic analyses has been conservatively set equal to the
Westinghouse THINC/WRB-2 code design limit DNBR of 1.17, appropriate for 17X17
standard fuel assemblies. For conditions outside the range of applicability of
the WRB-2, the W-3 correlation is used.

For the W-3 correlation, the 95/95 limit DNBR is 1.30 at system pressures
greater than or equal to 1000 psi. For low pressure application (500-1000
psi), the 95/95 limit DNBR is 1.45 (Reference 87).

4.4.2.2.1 Departure from Nucleate Boiling Technology

Early experimental studies of DNB were conducted with fluid flowing inside
single heated tubes or channels and with single annulus configurations with one
or both walls heated. The results of the experiments were analyzed, using many
different physical models for describing the DNB phenomenon, but all resultant
correlations are highly empirical in nature. The evolution of these
correlations is described by Tong (Ref. 4 and 5), including the W-3 correlation
which is in wide use in the pressurized water reactor industry.
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As testing methods progressed to the use of rod bundles instead of single
channels, it became apparent that the bundle average flow conditions could not
be used in DNB correlations. As discussed by Tong (Ref. 6) test results showed
that correlations based on average conditions were not accurate predictors of
DNB heat flux, and that a knowledge of the local subchannel conditions within
the bundle is necessary.

In order to determine the local subchannel conditions, the VIPRE-01 Code (Ref.
9) was developed. VIPRE-01 has been developed for nuclear power utility
thermal/hydraulic analysis applications. It is designed to help evaluate
nuclear reactor core safety limits, including minimum departure from nucleate
boiling ratio (MDNBR), fuel and clad temperature, and coolant state in normal
operating steady state and transients and assumed accident conditions.

VIPRE-01 was developed on the strengths of the COBRA code series and has gone
through extensive benchmarking against COBRA in Reference 9. Calculations
covered a large range of data from comparisons of VIPRE-01 calculations to
simple heat-conduction problems having analytical solutions, to complex
environments involving flow blockage, two phase pressure drop, void fraction
measurements, fuel temperatures and heat transfer.

The basic computational philosophy of VIPRE uses the subchannel analysis
concept where a problem is divided into a number of quasi-one-dimensional
channels that communicate laterally by diversion crossflow and turbulent

mixing. Conservation equations of mass, axial and lateral momentum, and energy
are solved for the fluid enthalpy, axial flow rate, lateral flow per unit
length, and momentum pressure drop. The flow field is assumed to be

incompressible and homogeneous, although models are added to reflect subcooled
boiling and co-current liquid/vapor slip.

NRC approval of the EPRI VIPRE-01 computer code is given in Reference 90. WCGS
Thermal Hydraulic methodology utilizing the VIPRE-01 code is given in Reference
2.

4.4.2.2.2 Definition of Departure from Nucleate Boiling Ratio

The DNB heat flux ratio (DNBR) as applied to this design when all flow cell
walls are heated is:

"

_ 9DNB, N
DNBR - " [4.4_4]
dloc
where:
"
" _ 9DNB, EU
9dpNB,N ~ F [4.4-5]

n

and qpyg gy 1s the uniform DNB heat flux as predicted by the applicable DNB
4
correlation.
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F is the flux shape factor to account for nonuniform axial heat flux
distributions (Ref. 85) with the "C" term modified as in Reference 5.

q" is the actual local heat flux.
4.4.2.2.3 Mixing Technology

The transverse momentum equation in VIPRE-01 includes terms describing the
exchange of momentum between channels due to turbulent mixing. Turbulent
mixing is natural eddy diffusion between subchannels which is characterized by
eddy diffusivities. However, for numerical applications, such as VIPRE-01, the
turbulent mixing is represented by an equivalent lateral mass flow rate. This
equivalent lateral flow, defined as W' in VIPRE-01, defines the coolant
exchange rate between adjacent channels and thus, specifies the exchange of
mass, energy, and momentum between channels.

Turbulent mixing in VIPRE-01 is accounted for with an empirical relation in
which the user must specify a form for the turbulent mixing correlation, the
turbulent mixing coefficient, and the turbulent momentum factor (FTM).

There are four correlations available in VIPRE-01 for defining the turbulent
crossflow. A sensitivity study was performed in Reference 93, showing that |
VIPRE-01 in insensitive to which correlation is utilized. The correlation used
in WCGS analyses is:

W' = P*S*G [4.4-9]
where:
W' = the calculated turbulent crossflow, lbm*ft/sec
B = the turbulent mixing coefficient (TDC)
S = the gap width, ft
G = the average mass velocity in the channels connected

by the gap under consideration lbm/sec

The application of the TDC in the VIPRE-01 analysis for determining the overall
mixing effect on heat exchange rate is presented in Reference 9 and Reference
93. |

As a part of an ongoing research and development program, Westinghouse has
sponsored and directed mixing tests at Columbia University (Ref. 12). These
series of tests, using the "R" mixing vane grid design on 13-, 26-, and 32-inch
grid spacing, were conducted in pressurized water loops at Reynolds numbers
similar to that of a pressurized water reactor core under the following single
and two phase (subcooled boiling) flow conditions:
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Pressure 1,500 to 2,400 psia

Inlet temperature 332°to 642°F

Mass velocity 1.0 to 3.5 x 10° 1b /hr-ft?

Reynolds number 1.34 to 7.45 x 10° m

Bulk outlet quality -52.1 to -13.5 percent
TDC is determined by comparing the THINC Code predictions with the measured
subchannel exit temperatures. Data for 26-inch axial grid spacing are
presented in Figure 4.4-4 where the TDC is plotted versus the Reynolds
number. TDC is found to be independent of Reynolds number, mass velocity,

pressure, and quality over the ranges tested. The two phase data (local,
subcooled boiling) fell within the scatter of the single phase data. The
effect of two-phase flow on the value of TDC has been investigated by Cadek
(Ref. 12), Rowe and Angle (Ref. 13 and 14), and Gonzalez-Santalo and Griffith
(Ref. 15). 1In the subcooled boiling region, the values of TDC were
indistinguishable from the single phase values. In the quality region, Rowe
and Angle show that in the case with rod spacing similar to that in pressurized
water reactor core geometry, the value of TDC increased with quality to a point
and then decreased, but never below the single phase value. Gonzalez-Santalo
and Griffith showed that the mixing coefficient (TDC) increased as the void
fraction increased.

The data from these tests on the "R" grid showed that a design TDC value of
0.038 (for 26-inch grid spacing) can be used in determining the effect of
coolant mixing in thermal-hydraulic analyses.

A mixing test program similar to the one described above was conducted at
Columbia University for the 17 x 17 geometry and mixing vane grids on 26-inch
spacing (Ref. 16). The mean value of TDC obtained from these tests was 0.059,
and all data was well above the current design value of 0.038.

Since the actual reactor grid spacing is approximately 20 inches, additional
margin is available for this design, as the value of TDC increases as grid
spacing decreases (Ref. 12). Use of the 0.038 TDC for V5H and RFA fuel with
IFM grids is utilized for Wolf Creek. Calculation of the generic DNBR margins
for Wolf Creek was performed utilizing this 0.038 TDC (References 11, 92).

The turbulent momentum factor (FTM) in VIPRE-01 controls the efficiency of the
momentum mixing due to turbulent crossflow between subchannels. An FTM of 0.0
indicates that crossflow mixes enthalpy only, while an FTM of 1.0 indicates
that crossflow mixes momentum equally with enthalpy. Sensitivity studies
performed during the VIPRE - 01 qualification effort have shown that VIPRE-01
is relatively insensitive to FTM (Reference 93). However, Reference 9
recommends an FTM of 0.8.
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4.4.2.2.4

The total hot channel factors for heat flux and enthalpy rise are defined as
the maximum-to-core average ratios of these quantities.
channel factor considers the local maximum linear heat generation rate at a

point (the hot spot), and the enthalpy rise hot channel factor involves the

maximum i

Each of the total hot channel factors is composed of a nuclear hot channel

factor (s
engineeri
and fabri

subfactors which account for the influence of the variations of fuel pellet
density, enrichment, and eccentricity; fuel rod diameter pitch and

diameter,
bowing; i

WOLF CREEK

Hot Channel Factors

ntegrated value along a channel (the hot channel).

The heat flux hot

ee Section 4.4.4.3) describing the fission power distribution and an
ng hot channel factor, which allows for variations in flow conditions
cation tolerances. The engineering hot channel factors are made up of

nlet flow distribution; flow redistribution; and flow mixing.

E
Heat Flux Engineering Hot Channel Factor, FQ

The heat flux engineering hot channel factor is used to evaluate the maximum

heat flux. This subfactor is determined by statistically combining the

tolerance
the fuel

exceeded for 95 percent of the limiting fuel rods at a 95-percent confidence

level. T

Enthalpy

s for the fuel pellet diameter, density, enrichment, eccentricity,

and

rod diameter, and has a value of 1.033. Measured manufacturing data
on recent Westinghouse 17 x 17 fuel were used to verify that this value was not

hus, it is expected that a statistical sampling of the fuel assemblies
of this plant will yield a value no larger than 1.033.

E

Rise Engineering Hot Channel Factor, FAH

The effect of variations in flow conditions and fabrication tolerances on the

hot channel enthalpy rise is directly considered in the VIPRE core thermal

subchanne
condition
engineeri

a.

1 analysis (see Section 4.4.4.5.1) under any reactor operating

. The items included in the consideration of the enthalpy rise

ng hot channel factor are discussed below:

Pellet diameter, density, and enrichment and fuel rod
diameter, pitch, and bowing Design values employed in the
VIPRE analysis related to the above fabrication variations are
based on applicable limiting tolerances so that these design
values are met for 95 percent of the limiting channels at a
95-percent confidence level. Measured manufacturing data on
Westinghouse 17 x 17 fuel show that the tolerances used

in this evaluation are conservative. In addition, each

fuel assembly is inspected to assure that the channel

spacing design criteria are met. The effect of

variations in pellet diameter, enrichment, and density is
considered statistically in establishing the design limit
DNBRs (see Subsection 4.4.2.12 for the Revised Thermal Design
Procedure (Reference 91) employed in this application.)
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b. 1Inlet flow maldistribution

The consideration of inlet flow maldistribution in core
thermal performances is discussed in Section 4.4.4.2.2.
A design basis of 5-percent reduction in coolant flow to
the hot assembly is used in the VIPRE analysis.

c. Flow redistribution

The flow redistribution accounts for the reduction in
flow in the hot channel resulting from the high flow
resistance in the channel due to the local or bulk
boiling. The effect of the nonuniform power distribution
is inherently considered in the VIPRE analysis for every
operating condition which is evaluated.

d. Flow mixing

The subchannel mixing model incorporated in the VIPRE
Code and used in reactor design is based on experimental
data (Ref. 11 and 17) discussed in Sections 4.4.2.2.3 and
4.4.4.5.1. The mixing vanes incorporated in the spacer
grid design induce additional flow mixing between the
various flow channels in a fuel assembly as well as
between adjacent assemblies. This mixing reduces the
enthalpy rise in the hot channel resulting from local
power peaking or unfavorable mechanical tolerances.

4 4.2.2.5 Effects of Rod Bow on DNBR

The phenomenon of fuel rod bowing, as described in Reference 83, must be
accounted for in the DNBR safety analysis of Condition I and Condition IT
events for each plant application. Applicable generic credits for margin
resulting from retained conservatism in the evaluation of DNBR and/or margin

obtained from measured plant operating parameters (such as FiH or core flow)--
which are less limiting than those required by the plant safety analysis--can
be used to offset the effect of rod bow.

For the WCGS safety analysis, sufficient margin was maintained between the
VIPRE-01/WRB-2 design limit DNBR (1.23) and the safety analysis limit DNBR
(1.76) to completely offset any DNBR penalties associated with rod bow (a
maximum of less than 1.5% for a burnup of 24,000 MWD/MTD, identified in
References 83, 84 and 85.
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The maximum rod bow penalties accounted for in the design safety analysis are
based on an assembly average burnup of 24,000 MWD/MTU (Reference 85). At

burnups greater than 24,000 MWD/MTU, credit is taken for the effect FiH
burndown, due to the decrease in fissionable isotopes and the buildup of
fission product inventory, and no additional rod bow penalty is required.

4.4.2.3 Linear Heat Generation Rate
The core average and maximum linear heat generation rates are given in Table
4.4-1. The method of determining the maximum linear heat generation rate is

given in Section 4.3.2.2.

4.4.2.4 Two Phase Flow Correlations and Void Correlations

Two phase flow is less well understood and considerably more complex than
single phase flow and consequently requires more constitutive relations.
VIPRE-01 uses the homogeneous model for two phase flow. It considers the two
phase flow to be a single fluid with the properties (density, viscosity, etc.)
of the mixture. This is a fairly reasonable approximation of the flow field at
high pressures and high mass velocities, but is less satisfactory at lower
pressures and low mass velocities. The homogeneous model can be modified by
including a two phase flow multiplier in the calculation of the friction
pressure losses. The mixture density for momentum can be adjusted by using the
void fractions determined with void fraction/quality relations and subcooled
void correlations. These correlations take into account the effects of
nonhomogeneities in the two phase flow field.

The subcooled void correlation in VIPRE-01 is used to model the transition from
single-phase to boiling flow for heat transfer from a hot wall. Specifically,
the subcooled correlations in VIPRE-01 are used to model boiling which occurs
in the proximity of the fuel rod while the bulk flow remains in a subcooled

condition. Thus, the subcooled correlation is used to determine a flowing
quality for the coolant even though the bulk fluid temperature remains below
saturation. The flowing quality, supplied by the subcooled void correlation,

is then used in a bulk void correlation to calculate the subcooled void.

The two phase flow correlations available in VIPRE-01 fall into three
categories. They are the two phase friction multipliers, a subcooled void
correlation, and a bulk void correlation. An option to supply a hot wall
correction term to the friction factor is also available.
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The subcooled void correlation selected for use was the EPRI correlation,

which was developed from rod bundle data. The other subcooled void correlation
available in VIPRE-01 is the LEVY correlation. LEVY was developed from data
using non-cylindrical geometries. Both correlations employ a two-step method
for the determination of the flowing quality. First, the subcooled
correlations determine the point of bubble departure from the heated surface.
Secondly, the correlations establish a relationship between the actual local
vapor fraction and the corresponding thermal equilibrium value. The EPRI
correlation was determined to be more appropriate for use in the analysis of
reactor cores and CHF test sections (Reference 9).

The bulk void correlation used was also the EPRI correlation, which should be
used when the EPRI subccooled void correlation is selected (Reference 9). This
correlation is actually the Zuber-Findlay correlation with coefficients
developed for the EPRI model.

The two phase friction multiplier used in the thermal-hydraulic analyses is the
EPRI correlation, which was developed principally from rod bundle two phase
pressure drop experimental data (Reference 9). This two phase friction flow
correlation demonstrated superior performance over other correlations available
in VIPRE-01 during the VIPRE-01 benchmarking effort. Like the subcooled void
and bulk void correlations, the two phase friction multiplier correlations are
empirical expressions dependent upon the range of conditions and physical
geometries used in the correlation derivation. As such, the selection of
appropriate subcooled void, bulk void, and two phase friction multiplier
correlations can be based on those correlations which have consistent
assumptions and complimentary bases.

4.4.2.5 Core Coolant Flow Distribution

Assembly average coolant mass velocity and enthalpy at various radial and axial
core locations for first core near the beginning of core life power
distribution are given in Figures 4.4-5 through 4.4-7. Typical coolant
enthalpy rise and flow distributions for the 4-foot elevation (1/3 of core
height) are shown in Figure 4.4-5, for the 8-foot elevation (2/3 of core
height) in Figure 4.4-6, and at the core exit in Figure 4.4-7. The THINC Code
analysis for this case utilized a uniform core inlet enthalpy and inlet flow
distribution. No orificing is employed in the reactor design.
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4.4.2.6 Core Pressure Drops and Hydraulic Loads

4.4.2.6.1 Core Pressure Drops

The analytical model and experimental data used to calculate the pressure drops
shown in Table 4.4-1 are described in Section 4.4.2.7. The core pressure drop
includes the fuel assembly (including the effect of inserted core components,
such as rod cluster controls), lower core plate, and upper core plate pressure
drops. The full power operation pressure drop values shown in Table 4.4-1 are
the unrecoverable pressure drops across the vessel, including the inlet and
outlet nozzles, and across the core. These pressure drops are based on the
best estimate flow for actual plant operating conditions, as described in
Section 5.1.4. This section also defines and describes the thermal design flow
(minimum flow) which is the basis for reactor core thermal performance and the
mechanical design flow (maximum flow) which is used in the mechanical design of
the reactor vessel internals and fuel assemblies. Since the best estimate flow
is that flow which is most likely to exist in an operating plant, the
calculated core pressure drops in Table 4.4-1 are based on this best estimate
flow rather than the thermal design flow.

Uncertainties associated with the core pressure drop values are discussed in
Section 4.4.2.9.2.

4.4.2.6.2 Hydraulic Loads

The fuel assembly holddown springs, Figure 4.2-2, are designed to keep the fuel
assemblies in contact with the lower core plate under all Condition I and IT
events, with the exception of the turbine overspeed transient associated with a
loss of external load. The holddown springs are designed to tolerate the
possible overdeflection associated with fuel assembly liftoff for this case and
provide contact between the fuel assembly and the lower core plate following
this transient. More adverse flow conditions occur during a loss-of-coolant
accident. These conditions are presented in Section 15.6.5.

Hydraulic loads at normal operating conditions are calculated, considering the
mechanical design flow which is described in Section 5.1 and accounting for the
minimum core bypass flow based on manufacturing tolerances. Core hydraulic
loads at cold plant startup conditions are based on the cold mechanical design
flow, but are adjusted to account for the coolant density difference.
Conservative core hydraulic loads for a pump overspeed transient, which could
possibly create flow rates 20 percent greater than the mechanical design flow,
are evaluated to be approximately twice the fuel assembly weight.

Core hydraulic loads were measured during the prototype assembly tests

described in Section 1.5. Reference 19 contains a detailed discussion of the
results.
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4.4.2.7 Correlation and Physical Data

4.4.2.7.1 Surface Heat Transfer Coefficients

The VIPRE-01 code contains a set of heat transfer correlations for each of the
four regions of the boiling curve. The user can supply a separate heat
transfer correlation for use in the single phase forced convection region, the
subcooled and saturated nucleate boiling region, the transition boiling region,
and the film boiling region. FEach correlation is discussed in detail in
Reference 9.

In the single phase forced convection region, forced convection heat transfer

coefficients are obtained from the familiar Dittus-Boelter correlation (Ref.
20), with the properties evaluated at bulk fluid conditions:

hD D_G 0.8 ( Cpu ) 0.4
R = 0.023 ((—;—)j tjg—) [4.4-10]

where

o

= heat transfer coefficient, (Btu/hr—ftZ—F)
= equivalent diameter, (ft)

= thermal conductivity, (Btu/hr-ft-F)

mass velocity, (lbm/hr—ftz)

= dynamic viscosity, (lby/ft-hr)

= heat capacity, (Btu/lb,-F)

[oR=EN0O N N wi=)
I

P

This correlation has been shown to be conservative (Ref. 21) for rod bundle
geometries with pitch to diameter ratios in the range used by pressurized water
reactors.

The onset of nucleate boiling occurs when the clad wall temperature reaches the
amount of superheat predicted by Thom's (Ref. 22) correlation. After this
occurrence, the outer clad wall temperature is determined by:

ATg ¢+ = [0.072 exp (-P/1260)] (q")o'5 [4.4-11]
where:

ATg5+ = wall superheat, Ty, - Tgat (F)

q" = wall heat flux, (Btu/hr-ft?)

P = pressure, (psia)

Ty = outer clad wall temperature, (F)

Tegat = saturation temperature of coolant at P, (F)
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VIPRE benchmarking studies indicate that the Thom correlation provided the best
agreement with experimental data.

The WRB-2 CHF correlation was used to define the peak of the boiling curve.
The VIPRE-01 code has not been approved for licensing analyses for conditions
in which the heat transfer mode is beyond the point of CHF on the boiling curve

(Reference 90). The Condie-Bengston correlation was used to define the
transition boiling region and the Groenveld 5.7 correlation used in the film
boiling region. These correlations are input only to complete the heat

transfer correlation set.
4.4.2.7.2 Total Core and Vessel Pressure Drop

Unrecoverable pressure losses occur as a result of viscous drag (friction)
and/or geometry changes (form) in the fluid flow path. The flow field is

assumed to be incompressible, turbulent, single-phase water. These assumptions
apply to the core and vessel pressure drop calculations for the purpose of
establishing the primary loop flow rate. Two-phase considerations are

neglected in the vessel pressure drop evaluation because the core average void
is negligible (see Table 4.4-3).

Two-phase flow considerations in the core thermal subchannel analyses are
considered, and the models are discussed in Section 4.4.4.2.3. Core and vessel
pressure losses are calculated by equations of the form:

_ L pv
DP = (K+F De) 25, (149) [4.4-12]

where:

>
s]

ol
|

= unrecoverable pressure drop, (lbf/in2)

= fluid density, (1lby /ft3)

= length, (ft)

= equivalent diameter, (ft)

fluid velocity, (ft/sec)

= 32.174, (lby-ft/lbg-sec?)

= form loss coefficient, dimensionless

= friction loss coefficient, dimensionless

0}

"UW(k)Q<JUb“O
1

Fluid density is assumed to be constant at the appropriate value for each
component in the core and vessel. Because of the complex core and vessel flow
geometry, precise analytical values for the form and friction loss coefficients
are not available. Therefore, experimental values for these coefficients are
obtained from geometrically similar models.
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Values are quoted in Table 4.4-1 for unrecoverable pressure loss across the
reactor vessel, including the inlet and outlet nozzles, and across the core.
The results of full-scale tests of core components and fuel assemblies were
utilized in developing the core pressure loss characteristic. The pressure
drop for the vessel was obtained by combining the core loss with correlation of
1/7th scale model hydraulic test data on a number of vessels (Ref. 23 and 24)
and form loss relationships (Ref. 25). Moody (Ref. 26) curves were used to
obtain the single phase friction factors.

Tests of the primary coolant loop flow rates were made (see Section 4.4.5.1)
prior to initial criticality to verify that the flow rates used in the design,
which were determined in part from the pressure losses calculated by the method
described here, were conservative.

4.4.2.8 Thermal Effects of Operational Transients

DNB core safety limits are generated as a function of coolant temperature,
pressure, core power and axial power imbalance. Steady state operation within
these safety limits ensures that the DNB design basis is met. Figure 15.0-1
shows the DNBR limit lines and the resulting Overtemperature AT trip lines

(which become part of the Technical Specifications), plotted as AT, versus Tavg
for various pressures.

This system provides adequate protection against anticipated operational
transients that are slow with respect to fluid transport delays in the primary
system. In addition, for fast transients, e.g., uncontrolled rod bank
withdrawal at power incident (see Section 15.4.2) specific protection functions
are provided as described in Section 7.2, and the use of these protection
functions are described in Chapter 15.0.

4.4.2.9 Uncertainties in Estimates

4.4.2.9.1 Uncertainties in Fuel and Clad Temperatures

As discussed in Section 4.4.2.11, the fuel temperature is a function of crud,
oxide, clad, gap, and pellet conductances. Uncertainties in the fuel
temperature calculation are essentially of two types: fabrication
uncertainties such as variations in the pellet and clad dimensions and the
pellet density; and model uncertainties such as variations in the pellet
conductivity and the gap conductance. These uncertainties have been quantified
by comparison of the thermal model to inpile measurements, (Ref. 30 through
36), by out-of-pile measurements of the fuel and clad properties (Ref. 37
through 48), and by measurements of the fuel and clad dimensions during
fabrication. The resulting uncertainties are then used in all evaluations
involving the fuel temperature. The effect of densification on fuel
temperature uncertainties is also included in the calculation of the total
uncertainty.
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In addition to the temperature uncertainty described above, the measurement
uncertainty in determining the local power and the effect of density and
enrichment variations on the local power are considered in establishing the
heat flux hot channel factor. These uncertainties are described in Section
4.3.2.2.1.

Reactor trip setpoints, as specified in the Technical Specifications, include
allowance for instrument and measurement uncertainties, such as calorimetric
error, instrument drift and channel reproducibility, temperature measurement
uncertainties, noise, and heat capacity variations.

Uncertainty in determining the cladding temperature results from uncertainties
in the crud and oxide thicknesses. Because of the excellent heat transfer
between the surface of the rod and the coolant, the film temperature drop does
not appreciably contribute to the uncertainty.

4.4.2.9.2 Uncertainties in Pressure Drops

Core and vessel pressure drops based on the best estimate flow, as described in
Section 5.1, are quoted in Table 4.4-1. The uncertainties quoted are based on
the uncertainties in both the test results and the analytical extension of
these values to the reactor application.

A major use of the core and vessel pressure drops 1s to determine the primary
system coolant flow rates, as discussed in Section 5.1. 1In addition, as
discussed in Section 4.4.5.1, tests on the primary system prior to initial
criticality were made to verify that a conservative primary system coolant flow
rate has been used in the design and analyses of the plant.

4.4.2.9.3 Uncertainties Due to Inlet Flow Maldistribution

The effects of uncertainties in the inlet flow maldistribution criteria used in
the core thermal analyses are discussed in Section 4.4.4.2.2.

4.4.2.9.4 Uncertainty in DNB Correlation

The uncertainty in the DNB correlation (see Section 4.4.2.2) can be written as
a statement on the probability of not being in DNB based on the statistics of
the DNB data. This is discussed in Section 4.4.2.2.2.

4.4.2.9.5 Uncertainties in DNBR Calculations

The uncertainties in the DNBRs calculated by VIPRE-01 analysis (see Section
4.4.4.5.1) due to uncertainties in the nuclear peaking factors are accounted

for by applying conservatively high values of the nuclear peaking factors and
including measurement error allowances. In

4.4-17 Rev.7



WOLF CREEK

addition, conservative values for the engineering hot channel factors are used
as discussed in Section 4.4.2.2.4. The results of a sensitivity study (Ref.
18, 93) with VIPRE-01 show that the minimum DNBR in the hot channel is
relatively insensitive to variations in the core-wide radial power distribution

(for the same value of FiH).

The ability of the VIPRE-01 Code to accurately predict flow and enthalpy
distributions in rod bundles is discussed in Section 4.4.4.5.1. Studies have
been performed (Ref. 18, 93) to determine the sensitivity of the minimum DNBR
in the hot channel to the void fraction correlation (also see Section 4.4.2.4);
the inlet velocity and exit pressure distributions assumed as boundary
conditions for the analysis; and the grid pressure loss coefficients. The
results of these studies show that the minimum DNBR in the hot channel is
relatively insensitive to variations in these parameters. The range of
variations considered in these studies covered the range of possible variations
in these parameters.

4.4.2.9.6 Uncertainties in Flow Rates

The uncertainties associated with loop flow rates are discussed in Section 5.1.
For core thermal performance evaluations, a thermal design loop flow is used
which is less than the best estimate loop flow. In addition, another 8.4
percent of the thermal design flow is assumed to be ineffective for core heat
removal capability because it bypasses the core through the various available
vessel flow paths described in Section 4.4.4.2.1.

4.4.2.9.7 Uncertainties in Hydraulic Loads

As discussed in Section 4.4.2.6.2, hydraulic loads on the fuel assembly are
evaluated for a pump overspeed transient which creates flow rates 20 percent
greater than the mechanical design flow. As stated in Section 5.1, the
mechanical design flow is greater than the best estimate or most likely flow
rate value for the actual plant operating condition.

4.4.2.9.8 Uncertainty in Mixing Coefficient

The value of the mixing coefficient, TDC, used in VIPRE analyses for this
application is 0.038, approved for grid spacing < 22 in.

The results of the mixing tests done on 17 x 17 geometry, as discussed in

Section 4.4.2.2.3, had a mean value of TDC of 0.059 and standard deviation of
0.007. Calculation of generic DNBR margin was done utilizing a 0.038 TDC.
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4.4.2.10 Flux Tilt Considerations

Significant quadrant power tilts are not anticipated during normal operation
since this phenomenon is caused by some asymmetric perturbation. A dropped or
misaligned rod cluster control assembly could cause changes in hot channel
factors. However, these events are analyzed separately in Chapter 15.0. This
discussion will be confined to flux tilts caused by x-y xenon transients, inlet
temperature mismatches, enrichment variations within tolerances, and so forth.

The design value of the enthalpy rise hot channel factor FiH, which includes an
8-percent uncertainty (as discussed in Section 4.3.2.2.7), 1s sufficiently
conservative such that flux tilts up to and including the alarm point (see the

Technical Specifications) will not result in values of FiH greater than that
assumed in the limiting analysis. The design value of Fg does not include a
specific allowance for quadrant flux tilts.

When the indicated quadrant power tilt ratio exceeds 1.02, corrective action
must be taken. The procedure to be followed is explained in detail in the
Technical Specifications. The quadrant power tilt ratio limit assures that the
radial power distribution satisfies the design values used in the power
capability analysis.

4.4.2.11 Fuel and Cladding Temperatures

Consistent with the thermal-hydraulic design bases described in Section 4.4.1,
the following discussion pertains mainly to fuel pellet temperature evaluation.
A discussion of fuel clad integrity is presented in Section 4.2.3.1.

The thermal-hydraulic design assures that the maximum fuel temperature is below
the melting point of UO, (see Section 4.4.1.2). To preclude center melting and
as a basis for overpower protection system setpoints, a calculated centerline
fuel temperature of 4,700°F has been selected as the overpower limit. This
provides sufficient margin for uncertainties in the thermal evaluations as
described in Section 4.4.2.9.1. The temperature distribution within the fuel
pellet is primarily a function of the local power density and the UO, thermal
conductivity. However, the computation of radial fuel rod temperature
distributions combines crud, oxide, clad gap, and pellet conductances. The
factors which influence these conductances, such as gap size (or contact
pressure), internal gas pressure, gas composition, pellet density, and radial
power distribution within the pellet, etc., have been combined into a
semiempirical thermal model (see Section 4.2.3.3) with the model modifications
for time dependent fuel densification given in Reference 3. This thermal model
enables the determination of these factors and their net effects on temperature
profiles. The temperature predictions have been compared to inpile fuel
temperature measurements (Ref. 30 through 36) and melt radius data (Ref. 50 and
51) with good results.
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As described in Reference 3, fuel rod thermal evaluations (fuel centerline,
average and surface temperatures) are determined throughout the fuel rod
lifetime with consideration of time dependent densification. To determine the
maximum fuel temperatures, various burnup rods, including the highest burnup
rod, are analyzed over the rod linear power range of interest.

The principal factors which are employed in the determination of the fuel
temperature are discussed below. 4.4.2.11.1 UOp Thermal Conductivity

The thermal conductivity of uranium dioxide was evaluated from data reported by
Howard, et al. (Ref. 37); Lucks et al. (Ref. 38); Daniel, et al. (Ref. 39);
Feith (Ref. 40); Vogt, et al. (Ref. 41); Nishijima, et al. (Ref. 42); Wheeler,
et al. (Ref. 43); Godfrey, et al. (Ref. 44); Stora, et al. (Ref.45); Bush (Ref.
46); Asamoto, et al. (Ref. 47); Kruger (Ref. 48); and Gyllander (Ref. 52).

At higher temperatures, thermal conductivity is best obtained by utilizing the
integral conductivity to melt, which can be determined with more certainty.
From an examination of the data, it has been concluded that the best estimate

for the value of 1%80000 Kdt is 93 watts/cm. This conclusion is based on the

integral values reported by Gyllander (Ref. 52), Lyons, et al. (Ref. 53),
Coplin, et al. (Ref. 54), Duncan (Ref. 50), Bain (Ref. 55), and Stora (Ref.
56) .

The design curve for the thermal conductivity is shown in Figure 4.4-9. The
section of the curve at temperatures between 0° and 1,300°C is in excellent
agreement with the recommendation of the IAEA panel (Ref. 57). The section of
the curve above 1,300°C is derived for an integral value of 93 watts/cm (Ref.
50, 52 and 56).

Thermal conductivity of UO2 at 95-percent theoretical density can be
represented best by the following equation:

_ 1 -13 3
K = 11.8 + 0.0238T + 8.775 x 10 T [4.4—13]
where:
K = watts/cm-°C
T = °C

4.4.2.11.2 Radial Power Distribution in UO2 Fuel Rods

An accurate description of the fuel rod radial power distribution as a function
of burnup is needed for determining the power level for incipient fuel melting
and other important performance parameters, such as pellet thermal expansion,
fuel swelling, and fission gas release rates. Radial power distributions in
U0, fuel rods are determined with the neutron transport theory code, LASER.

The LASER Code has been
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validated by comparing the code predictions on radial burnup and isotopic
distributions with measured radial microdrill data (Ref. 58 and 59). A "radial
power depression factor," f, is determined using radial power distributions
predicted by LASER. The factor f enters into the determination of the pellet
centerline temperature, T, relative to the pellet surface temperature, Tg,
through the expression:

g'f
f K(T) dT = <= [4.4-14]
Ts
where:
K(T) = the thermal conductivity for UO, with a uniform
density distribution
q' = the linear power generation rate

4.4.2.11.3 Gap Conductance

The temperature drop across the pellet-clad gap is a function of the gap size
and the thermal conductivity of the gas in the gap. The gap conductance model
is selected such that when combined with the UO, thermal conductivity model,
the calculated fuel centerline temperatures predict the inpile temperature
measurements. A more detailed discussion of the gap conductance model is
presented in Reference 88.

4.4.2.11.4 Surface Heat Transfer Coefficients

The fuel rod surface heat transfer coefficients during subcooled forced
convection and nucleate boiling are presented in Section 4.4.2.7.1.

4.4.2.11.5 Fuel Clad Temperatures

The outer surface of the fuel rod at the hot spot operates at a temperature of
approximately 660 F for steady state operation at rated power throughout core
life due to the presence of nucleate boiling. Initially (beginning-of-1life),
this temperature is that of the clad metal outer surface.

During operation over the life of the core, the buildup of oxides and crud on
the fuel rod surface causes the clad surface temperature to increase.

Allowance is made in the fuel center melt evaluation for this temperature rise.
Since the thermal-hydraulic design basis limits DNB, adequate heat transfer is
provided between the fuel clad and the reactor coolant so that the core thermal
output is not limited by considerations of clad temperature.

4.4.2.11.6 Treatment of Peaking Factors

The total heat flux hot channel factor, Fo, is defined as the ratio of the
maximum to core average heat flux. The design value of Fn as presented in
Table 4.3-2 and discussed in Section 4.3.2.2.6, is 2.50 for normal operation.
This results in a peak linear power at full power conditions of 14.48 for 3565
MWt operation.
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As described in Section 4.3.2.2.6, the peak linear power resulting from
overpower transients/operator errors (assuming a maximum overpower of 118
percent) is limited such that the centerline fuel melt kW/ft limit is never
exceeded. The centerline temperature kW/ft must be below the U0y melt
temperature over the lifetime of the rod, including allowances for
uncertainties. The fuel temperature design basis is discussed in Section
4.4.1.2 and results in a maximum allowable calculated centerline temperature of
4,700°F. The centerline temperature at the peak linear power resulting from
overpower transients/operator errors (assuming a maximum overpower of 118
percent) 1is below that required to produce melting.

4.4.2.12 Revised Thermal Design Procedure (RTDP)

WCGS utilizes the Revised Thermal Design Procedure (RTDP), Reference 91. to
determine a design limit DNBR value used as a basis in thermal-hydraulic
analyses. With the RTDP methodology, uncertainties in plant operating
parameters, nuclear and thermal parameters, fuel fabrication parameters,
computer codes, and DNB correlation predictions are considered statistically to
obtain DNB uncertainty factors. Based on the DNB uncertainty factors, RTDP
design limit DNBR values are determined such that there is at least a 95
percent probability at a 95 percent confidence level that DNB will not occur on
the most limiting fuel rod during normal operation and operational transients
and during transient conditions arising from faults of moderate frequency
(Condition I and II events). Since the parameter uncertainties are considered
in determining the RTDP design limit DNBR wvalues, the plant safety analyses are
performed using input parameters at their nominal wvalues.

The RTDP design limit DNBR value for the WCGS is 1.23. The design limit DNBR
is used as a basis for the technical specifications and for consideration in
evaluations completed in accordance with 10 CFR 50.59.

To maintain DNBR margin to offset DNBR penalties such as those due to rod bow,
the safety analyses are performed to DNBR limits higher than the design limit
DNBR value. The difference between the design limit DNBR and the safety
analysis limit DNBR results in available DNBR margin. The net DNBR margin,
after consideration of all applicable penalties, is available for operating and
design flexibility. The safety analysis limit DNBR is 1.76.

The Standard Thermal Design Procedure (STDP is used for those analyses where
RTDP is not applicable. In the STDP method, the parameters used in the
analysis are treated in a conservative way from a DNBR standpoint. The
parameter uncertainties are applied directly to the plant safety analysis input
values to give the lowest minimum DNBR. The DNBR limit for STDP is the
appropriate DNB correlation limit after consideration of applicable penalties
is made.

4.4-22 Rev. 16



4.4.3

4.4.3.1

WOLF CREEK

DESCRIPTION OF THE THERMAL AND HYDRAULIC DESIGN
OF THE REACTOR COOLANT SYSTEM

Plant Configuration Data

Plant configuration data for the thermal hydraulic and fluid systems external
to the core are provided as appropriate in Chapters 5.0, 6.0, and 9.0.
Implementation of the emergency core cooling system (ECCS) is discussed in
Chapter 15.0. Some specific areas of interest are the following:

a.

4.4.3.2

Total coolant flow rates for the reactor coolant system
(RCS) and each loop are provided in Table 5.1-1. Flow
rates employed in the evaluation of the core are
presented throughout Section 4.4.

Total RCS volume including pressurizer and surge line,
RCS liquid volume including pressurizer water at steady
state power conditions are given in Table 5.1-1.

The flow path length through each volume may be
calculated from physical data provided in the above
referenced tables.

The height of fluid in each component of the RCS may be
determined from the physical data presented in Section
5.4. The components of the RCS are water filled during
power operation with the pressurizer being approximately
60 percent water filled.

Components of the ECCS are to be located so as to meet
the criteria for net positive suction head described in
Section 6.3.

Line lengths and sizes for the safety injection system
are determined so as to guarantee a total system
resistance which will provide, as a minimum, the fluid
delivery rates assumed in the safety analyses described
in Chapter 15.0.

The parameters for components of the RCS are presented in
Section 5.4.

The steady state pressure drops and temperature
distributions through the RCS are presented in Table 5.1-
1.

Operating Restrictions on Pumps

The minimum net positive suction head and minimum seal injection flow rate must
be established before operating the reactor coolant pumps. With the minimum 6-
gpm labyrinth seal injection flow rate established before each pump operation,
the operator will have to verify that the system pressure satisfies net
positive suction head requirements.
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4.4.3.3 Power-Flow Operating Map (BWR)

Not applicable to WCGS.

4.4.3.4 Temperature-Power Operating Map

The relationship between RCS temperature and power is shown in Figure 4.4-10.
The effects of reduced core flow due to inoperative pumps are discussed in
Sections 5.4.1, 15.2.5, and 15.3.4. Natural circulation capability of the
system is shown in Table 15.2-2.

4.4.3.5 Load Following Characteristics

Load follow using control rod motion and dilution or boration by the boron
system is discussed in Section 4.3.2.4.16.

The RCS is designed on the basis of steady state operation at full power heat
load. The reactor coolant pumps utilize constant speed drives as described in
Section 5.4, and the reactor power is controlled to maintain average coolant
temperature at a value which is a linear function of load, as described in
Section 7.7.

4.4.3.6 Thermal and Hydraulic Characteristics Summary Table

The thermal and hydraulic characteristics are given in Tables 4.3-1, 4.4-1, and
4.4-1.

4.4.4 EVALUATION

4.4.4.1 Critical Heat Flux

The critical heat flux correlation utilized in the core thermal analysis is
explained in detail in Section 4.4.2.

4.4.4.2 Core Hydraulics

4.4.4.2.1 Flow Paths Considered in Core Pressure Drop
and Thermal Design

The following flow paths for core bypass flow are considered:

a. Flow through the spray nozzles into the upper head for
head cooling purposes

b. Flow entering into the rod cluster control guide thimbles
to cool the control rods

c. Leakage flow from the vessel inlet nozzle directly to the

vessel outlet nozzle through the gap between the vessel
and the barrel
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d. Flow introduced between the baffle and the barrel for the
purpose of cooling these components

e. Flow in the gaps between the fuel assemblies on the core
periphery and the adjacent baffle wall

The above contributions are evaluated to confirm that the design value of the
core bypass flow is met. The design value of core bypass flow for the standard
plant is equal to 8.4 percent of the total vessel flow.

Of the total allowance, 3.01 percent is associated with the internals (items a,
c, d, and e above), 3.6 percent for the core, and a 1.79 percent flow
measurement uncertainty. Calculations have been performed using drawing
tolerances on a worst-case basis and accounting for uncertainties in pressure
losses. Based on these calculations, the core bypass flow is <8.4 percent.

Flow model test results for the flow path through the reactor are discussed in
Section 4.4.2.7.2.

4.4.4.2.2 Inlet Flow Distributions

Data from several 1/7 scale hydraulic reactor model tests (Ref. 23, 24, and 62)
have been utilized in arriving at the core inlet flow maldistribution criteria
to be used in the VIPRE analyses (see Section 4.4.4.5.1). THINC-I analyses
made using this data have indicated that a conservative design basis is to
consider a 5-percent reduction in the flow to the hot assembly (Ref. 63). The
same design basis of 5-percent reduction to the hot assembly inlet is used in
VIPRE analyses.

The experimental error estimated in the inlet velocity distribution has been
considered as outlined in Reference 18 where the sensitivity of changes in
inlet velocity distributions to hot channel thermal performance is shown to be
small. Studies (Ref. 18) made with the improved THINC model (THINC-IV) show
that it is adequate to use the 5-percent reduction in inlet flow to the hot
assembly for a loop out of service based on the experimental data in References
23 and 24.

The effect of the total flow rate on the inlet velocity distribution was
studied in the experiments of Reference 23. As was expected, on the basis of
the theoretical analysis, no significant variation could be found in inlet
velocity distribution with reduced flow rate.

4.4.4.2.3 Empirical Friction Factor Correlations

Two empirical friction factor correlations are used in the VIPRE-01 Code
(described in Section 4.4.4.5.1).

The friction factor in the axial direction, parallel to the fuel rod axis, is
evaluated using the Darcy formulation of the friction pressure drop in one-
dimensional flow (Ref. 9). The frictional pressure loss in the axial direction
is given by:

dp £G2v!
<ol [4.4-15]

dx 2Dhgc
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where G = mass velocity (lbm/sec ft2)

Dh = hydraulic diameter based on wetted perimeter (ft)

f = friction factor

Je = force-to-mass conversion constant

v' = specific volume for momentum (ft3/lbm)
The pressure loss in lateral flow, for either gaps or leakage paths, 1is
treated as a form drag loss rather than a wall friction loss. This permits the

formulation of the pressure loss in terms of the known geometric quantities:

lw| w v!
Ap = Kg ——————— [4.4-16]
2849,
where v' = specific volume for momentum (ft3/lbm)
w = crossflow through the gap (lbm/sec ft)
Kg = form loss coefficient
geo = force-to-mass conversion constant
S = gap width (ft.)

4.4.4.3 Influence of Power Distribution

The core power distribution, which is largely established at beginning-of-1life
by fuel enrichment, loading pattern, and core power level, is also a function
of variables such as control rod worth and position and fuel depletion
throughout lifetime. Radial power distributions in various planes of the core
are often illustrated for general interest. However, the core radial enthalpy
rise distribution, as determined by the integral of power up each channel, is
of greater importance for DNB analyses. These radial power distributions,

characterized by FiH (defined in Section 4.3.2.2.1) as well as axial heat flux
profiles are discussed in the following two sections.

4.4.4.3.1 Nuclear Enthalpy Rise Hot Channel Factor, FiH

Given the local linear power density q' (kW/ft) at a point x, y, z in a core
with N fuel rods and height H,
Hyo

Max }(Xolyol ZO)dZ
N hot rod power _ 0
Fau = average rod power 1 - [4.4-18]
N Zfoq (x,y,2z)dz
all
rods

The location of minimum DNBR depends on the axial profile, and the value of
DNBR depends on the enthalpy rise to that point. Basically, the maximum value
of the rod integral is used to identify the most likely rod for minimum DNBR.
An axial power profile is obtained which, when normalized to the design value

of FiH recreates the axial heat
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flux along the limiting rod. The surrounding rods are assumed to have the same
axial profile with rod average powers which are typical distributions found in

hot assemblies. 1In this manner, worst-case axial profiles can be combined with
worst-case radial distributions for reference DNB calculations.

It should be noted again that FiH is an integral and is used as such in DNB
calculations. Local heat fluxes are obtained by using hot channel and adjacent
channel explicit power shapes which take into account wvariations in horizontal
power shapes throughout the core. The sensitivity of the VIPRE analysis to
radial power shapes is discussed in Reference 93.

For operation at a fraction P of full power, the design FiH used is given by:
Fl, = 1.65 [1 + 0.3 (1 - P)] [4.4-19]

The permitted relaxation of FiH with power level is included in the DNB
protection setpoints and allows radial power shape changes with rod insertion
to the insertion limits (Ref. 66), thus allowing greater flexibility in the
nuclear design.

4.4.4.3.2 Axial Heat Flux Distributions

As discussed in Section 4.3.2.2, the axial heat flux distribution can vary as a
result of rod motion or power change or due to a spatial xenon transients which
may occur in the axial direction. Consequently, it is necessary to measure the
axial power imbalance by means of the excore nuclear detectors (as discussed in
Section 4.3.2.2.7) and protect the core from excessive axial power imbalance.
The reactor trip system provides automatic reduction of the trip setpoint in

the Overtemperature AT channels on excessive axial power imbalance; that is,
when a large axial offset corresponds to an axial shape which could lead to a
DNBR which is less than that calculated for the reference DNB design axial
shape.

The reference DNB design axial shape used is a chopped cosine shape with a peak
to average value of 1.55.

To determine the penalty to be taken in protection setpoints for extreme values
of flux difference, this reference shape is supplemented by other axial shapes
skewed to the bottom and top of the core. The course of those accidents in
which DNB is a concern is analyzed in Chapter 15.0, assuming that the
protection setpoints have been set on the basis of these shapes. In many
cases, the axial power distribution in the hot channel changes throughout the
course of the accident due to rod motion, coolant temperature, and power level
changes.

The initial conditions for the accidents for which DNB protection is required
are assumed to be those permissible within the relaxed axial offset control
strategy for the load maneuvers described in Reference 67. In the case of the
loss-of-flow accident, the hot channel heat
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flux profile is very similar to the power density profile in normal operation
preceding the accident. It is, therefore, possible to illustrate the
calculated minimum DNBR for conditions representative of the loss-of-flow
accident as a function of the flux difference initially in the core. A plot of
this type is provided in Figure 4.4-11 for first core initial conditions. As
noted on this figure, all power shapes were evaluated with a full power radial

peaking factor (FiH) of 1.55. The radial contribution to the hot rod power
shape is conservative both for the initial condition and for the condition at
the time of minimum DNBR during the loss of flow transient. Also shown is the
minimum DNBR calculated for the reference power shape at the same conditions.

4.4.4.4 Core Thermal Response

A general summary of the steady state thermal-hydraulic design parameters
including thermal output, flow rates, etc., 1s provided in Table 4.4-1.

As stated in Section 4.4-1, the design bases of the application are to prevent
DNB and to prevent fuel melting for Condition I and II events. The protective
systems described in Chapter 7.0 are designed to meet these bases. The
response of the core to Condition II transients is given in Chapter 15.0.

4.4.4.5 Analytical Techniques

4.4.4.5.1 Subchannel Analysis Method

The objective of reactor core thermal design is to determine the maximum heat
removal capability in all flow subchannels and show that the core safety limits
are not exceeded, using the most conservative power distribution. The thermal
design takes into account local variations in dimensions, power generation,
flow redistribution, and mixing.

The following sections describe the use of the VIPRE-01 Code in the thermal-
hydraulic design evaluation to determine the conditions in the hot channel and
to assure that the safety-related design bases are not violated.

The VIPRE-01 computer program uses the subchannel analysis concept where the
reactor core or fuel bundle is divided into a number of quasi-one-dimensional
channels that communicate laterally by diversion crossflow and turbulent
mixing.

The VIPRE-01 subchannel modeling allows a region of fluid flow to be described
by a number of channels of various sizes and shapes. Channel size and shape
may be small and regular or relatively large and irregular simply by inputting
flow area and wetted perimeters. Hence,
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the hottest location in the core can be modeled in detail (such as a subchannel
in a bundle array) and cooler locations in the core, which may include several
bundles, can be lumped together into a single channel. 1In any analysis where
channel sizes differ, it is desirable to input model dependent cross flow
variables consisting of the gaps between the channels and the distance between
connecting channel centroids.

For each axial segment, conservation equations of mass, axial and lateral
momentum, and energy are solved for the fluid enthalpy, axial flow rate,

lateral flow per unit length, and momentum pressure drop. The flow field is
assumed to be incompressible and homogeneous, although models are added to
reflect subcooled boiling and co-current liquid/vapor slip. Fluid properties

are functions of the local enthalpy and a uniform but time-varying system
pressure with an option to add the effects of local pressure.

The governing equations for the conservation of mass, energy, and momentum, and
the two phase flow models of friction factors, two phase friction multipliers,
subcooled and bulk quality/void models have been reviewed by comparison with
similar equations in the other widely used thermal hydraulic codes such as
COBRA-IIIC and COBRA-IV (Reference 9). In addition, VIPRE-01 contains a
recirculation solution option and a fuel rod heat conduction model with a
dynamic gap model not found in these codes.

Estimates of uncertainties are discussed in Section 4.4.2.9.

Experimental Verification

VIPRE-01 has been compared with a wide range of flow and heat transfer data to
verify the accuracy and versatility of the code, and to demonstrate
capabilities and limitations. Sensitivity studies on models, solution
parameters and various input variables have been performed to provide users
with guidance in applying the code to practical problems (Reference 9).

Comparisons were performed with VIPRE-01 for five main categories of data.
These were single and two-phase flow field data, void/quality relation data,
rod temperature measurements, heat transfer tests and experimental CHF data.
Models of FSAR Chapter 15 transients were compared for different operating
plants, and in general the VIPRE-01 results were quite consistent with the
FSAR results.

The flow distribution and two-phase pressure drop data comparisons (described
in Reference 9, Volume 4) show that the VIPRE code does an excellent job of
predicting single phase flow distributions, even with severe blockages. The
code also does a good job of predicting pressure drop, in both single and two-
phase flows.

The VIPRE-01 code is not capable of correctly predicting the flow distribution
on a subchannel basis in two phase flow, however. This is
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a generic limitation of the homogeneous model. The problem is further
illustrated in the code inability to predict the void distribution in
subchannels with two phase flow. It does, however, do a good job in predicting
the axial distribution of void and the overall two-phase pressure drop. It is
recommended that the most appropriate way to model two-phase flow is on a one-
dimensional, bundle average basis, rather than subchannel analysis.

Evaluation of the fuel and gap conductance models in VIPRE against in-pile fuel
centerline temperature data shows that the code predicts reasonable results for

a large range of operating powers. There are however, significant
simplifications in the model. It is recommended that a user use a fuel
performance code for detailed fuel performance results, and use the VIPRE

results only as a general guideline for expected behavior.

The comparisons with boiling heat transfer data show that in nucleate boiling
the Thom-plus-Dittus-Boelter heat transfer correlation option does the best
overall, of the available options in VIPRE. The range of data is limited,
however, and it is recommended that the user evaluate the results carefully in
light of the intended application. The results presented for post-CHF heat
transfer illustrate the limitations of the homogeneous model in VIPRE in
calculating film boiling. Use of the VIPRE code for post-CHF analysis is not
recommended.

Transient Analysis

The VIPRE-01 thermal-hydraulic computer code has a transient evaluation
capability. Operating transient data can be input for system pressure, core
inlet temperature or enthalpy, core power level, and core inlet mass flux.

The VIPRE-01 Code also has the capability for evaluating fuel rod thermal
response. This is treated by the methods described in Section 15.0.11.

4.4.4.6 Hydrodynamic and Flow Power Coupled Instability

Boiling flows may be susceptible to thermohydrodynamic instabilities (Ref. 72).
These instabilities are undesirable in reactors, since they may cause a change
in thermohydraulic conditions that may lead to a reduction in the DNB heat flux
relative to that observed during a steady flow condition or to undesired forced
vibrations of core components. Therefore, a thermohydraulic design criterion
was developed which states that mode of operation under Condition I and II
events shall not lead to thermohydrodynamic instabilities.

Two specific types of flow instabilities are considered for Westinghouse PWR

operation. These are the Ledinegg or flow excursion type of static instability
and the density wave type of dynamic instability are determined both by
analytical and experimental methods. The experimental data are usually used to

augment analytical tools, such as computer programs similar to the THINC-IV
program. Inspection of the DNB correlation (see Section 4.4.2.2 and Ref. 8)
shows that the predicted DNBR is dependent upon the local values of quality and
mass velocity.
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Operating experience to date has indicated that a flow resistance-allowance for
possible crud deposition is not required. There has been no detectable long-
term flow reduction reported at any Westinghouse plant. Inspection of the
inside surfaces of steam generator tubes removed from operating plants has
confirmed that there is no significant surface deposition that would affect
system flow. Although all of the coolant piping surfaces have not been
inspected, the small piping friction contribution to the total system
resistance and the lack of significant deposition on piping near steam
generator nozzles support the conclusion that an allowance for piping
deposition is not necessary. The effect of crud enters into the calculation of
core pressure drop through the fuel rod frictional component by use of a
surface roughness factor. Present analyses utilize a surface roughness value
which is a factor of three greater than the best estimate obtained from crud
sampling from several operating Westinghouse reactors.

The operator has at his disposal several methods of detecting significant RCS
flow reduction, these are:

a. Flow meter on each RCS loop.

b. 1If operating in an automatic control rod mode (T held
constant) a reduction in reactor power would be present
for significant reductions in RCS flow.

c. If operating in a manual control rod mode (power held

constant) an increase in AT across the core would be
present for significant reductions in flow.

d. Local changes in flow could be indicated by incore flux
maps (assuming significant changes in local power), and

e. Core exit thermocouple readings.

The operator will verify flow, perform calorimetric power checks, and perform
incore flux maps as required by the Technical Specifications.

Tests were performed at Batelle, Pacific Northwest Laboratories to investigate
postulated flow blockages in fuel rod bundles caused by clad ballooning. VIPRE
predictions are in very good agreement with the test data. The code correctly
predicts the velocity decrease just before the blockage, the expected
acceleration in the blockage throat, the expansion loss at the blockage exit,
and the subsequent downstream recovery for various sizes of blockage.

From a review of the open literature, it is concluded that flow perturbations
caused by flow blockage in "open lattice cores" similar to the Westinghouse
cores are confined to the vicinity of the blockage. For a flow blockage in a
single flow cell, Ohtsubo, et al. (Ref. 78) show that the mean bundle velocity
is approached asymptotically about 4 inches downstream from the blockage.
Similar results were also found
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for two and three cells completely blocked. Basmer, et al. (Ref. 79) tested an
open lattice fuel assembly in which 41 percent of the subchannels were
completely blocked in the center of the test bundle between spacer grids.

Their results show the stagnant zone behind the flow blockage essentially
disappears after 1.65 L/De or about 5 inches for their test bundle. They also
found that leakage flow through the blockage tended to shorten the stagnant
zone or, 1in essence, the complete recovery length. Thus, local flow blockages
within a fuel assembly have little effect on subchannel enthalpy rise. The
reduction in local mass velocity is then the main parameter which affects the
DNBR. If the plants were operating at full power and nominal steady state
conditions, as specified in Table 4.4-1, a reduction in local mass velocity
greater than 88 percent would be required to reduce the DNBR to the safety
analysis DNBR limit. The above mass velocity effect on the DNB correlation was
based on the assumption of fully developed flow along the full channel length.
In reality, a local flow blockage is expected to promote turbulence and thus
would likely not effect DNBR at all.

Coolant flow blockages induce local crossflows as well as promote turbulence.
Fuel rod behavior is changed under the influence of a sufficiently high
crossflow component. Fuel rod vibration could occur, caused by this crossflow
component, through vortex shedding or turbulent mechanisms. If the cross-flow
velocity exceeds the limit established for fluid elastic stability, large
amplitude whirling results. The limits for a controlled vibration mechanism
are established from studies of vortex shedding and turbulent pressure
fluctuations. The crossflow velocity required to exceed fluid elastic
stability limits is dependent on the axial location of the blockage and the
characterization of the crossflow (jet flow or not). These limits are greater
than those for vibratory fuel rod wear. Cross-flow velocity above the
established limits can lead to mechanical wear of the fuel rods at the grid
support locations. Fuel rod wear due to flow induced vibration is considered
in the fuel rod fretting evaluation (see Section 4.2.3.1).

4.4.5 TESTING AND VERIFICATION

4.4.5.1 Tests Prior to Initial Criticality

A reactor coolant flow test is performed following fuel loading but prior to
initial criticality. Coolant loop elbow differential pressure readings are

obtained in this test. This data allows determination of the coolant flow
rates at reactor operating conditions. This test verifies that proper coolant
flow rates have been used in the core thermal and hydraulic analysis. Chapter

14.0 describes the initial test programs.

4.4.5.2 1Initial Power and Plant Operation

Core power distribution measurements are made at several core power levels (see
Chapter 14.0). These tests are used to ensure that conservative peaking
factors are used in the core thermal and hydraulic analysis.

4.4-32 Rev. 10



WOLF CREEK

Additional demonstration of the overall conservatism of the THINC analysis was
obtained by comparing THINC predictions to incore thermocouple measurements
(Ref. 80). These measurements were performed on the Zion reactor. No further
in-reactor testing is planned.

4.4.5.3 Component and Fuel Inspections

Inspections performed on the manufactured fuel are described in Section 4.2.4.
Fabrication measurements critical to thermal and hydraulic analysis are
obtained to verify that the engineering hot channel factors in the design
analyses (see Section 4.4.2.2.4) are met.

4.4.6 INSTRUMENTATION REQUIREMENTS

4.4.6.1 Incore Instrumentation

Instrumentation is located in the core so that by correlating movable neutron
detector information with fixed thermocouple information radial, axial, and
azimuthal core characteristics may be obtained for all core quadrants.

The incore instrumentation system is comprised of thermocouples, positioned to
measure fuel assembly coolant outlet temperatures at preselected positions, and
fission chamber detectors positioned in guide thimbles which run the length of
selected fuel assemblies to measure the neutron flux distribution. Figure 4.4-
21 shows the number and location of instrumented assemblies in the core. The
core-exit thermocouples can provide a backup to the flux monitoring
instrumentation for monitoring power distribution.

The movable incore neutron detector system would be used for more detailed
mapping if the thermocouple system were to indicate an abnormality. These two
complementary systems are more useful when taken together than either system
alone would be. The incore instrumentation system is described in more detail
in Section 7.7.1.09.

The incore instrumentation is provided to obtain data from which fission power
density distribution in the core, and fuel burnup distribution may be
determined.

4.4.6.2 Overtemperature and Overpower DT Instrumentation

The Overtemperature DT trip protects the core against low DNBR. The Overpower
DT trip protects against excessive power (fuel rod rating protection).

As discussed in Section 7.2.1.1.2, factors included in establishing the
Overtemperature DT and Overpower DT trip setpoints includes the reactor coolant
temperature in each loop and the axial distribution of core power through the
use of the two section excore neutron detectors.

4.4.6.3 Instrumentation to Limit Maximum Power Output

The output of the three ranges (source, intermediate, and power) of detectors,
with the electronics of the nuclear instruments, are used to limit the maximum
power output of the reactor within their respective ranges.
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There are six radial locations containing a total of eight neutron flux
detectors installed around the reactor in the primary shield, two proportional
counters for the source range installed on opposite "flat" portions of the core
containing the primary startup sources at an elevation approximately 1/4 of the
core height. Two compensated ionization chambers for the intermediate range,
located in the same instrument wells and detector assemblies as the source
range detectors, are positioned at an elevation corresponding to 1/2 of the
core height. Four dual section uncompensated ionization chamber assemblies for
the power range are installed vertically at the four corners of the core and
are located equidistant from the reactor vessel at all points and, to minimize
neutron flux pattern distortions, within 1 foot of the reactor vessel. Each
power range detector provides two signals corresponding to the neutron flux in
the upper and in the lower sections of a core quadrant. The three ranges of
detectors are used as inputs to monitor neutron flux from a completely shutdown
condition to 120 percent of full power with the capability of recording
overpower excursions up to 200 percent of full power.

The output of the power range channels is used for:
a. The rod speed control function

b. Alerting the operator to an excessive power unbalance
between the quadrants

c. Protecting the core against the consequences of rod
ejection accidents, and

d. Protecting the core against the consequences of adverse
power distributions resulting from dropped rods

Details of the neutron detectors and nuclear instrumentation design and the
control and trip logic are given in Chapter 7.0. The limits on neutron flux
operation and trip setpoints are given in the Technical Specifications.

4.4.6.4 Digital Metal Impact Monitoring System (DMIMS-DX™)

General System Description

The metal impact monitoring system (DMIMS-DX™) at Wolf Creek is designed to
detect loose parts in the reactor coolant system. The system consists of
sensors preamplifiers, signal conditioners, signal processors and a display.
It contains 12 active instrument channels, each comprised of a piezoelectric
accelerometer (sensor), signal conditioning and diagnostic equipment.

Redundant sensors are fastened mechanically to the reactor coolant system at
each of the following potential loose parts collection regions:

Reactor pressure vessel - upper head region
Reactor pressure vessel - lower head region
Each steam generator - reactor coolant inlet region
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The output signal from each accelerometer is passed through a preamplifier and
an amplifier. The amplified signal is processed through a discriminator to
eliminate noises and signals that are not indicative of loose parts. The
processed signal is compared to a preset alarm setpoint. Loose parts detection
is accomplished at a frequency range of 1 kHz to 20 kHz, where background
signals from the RCS are acceptable. Spurious alarming from control rod
stepping is prevented by a module that detects CRDM motion commands and
automatically inhibits alarms during control rod stepping.

If a measured signal exceeds the preset alarm level, audible and visible alarms
in the control room are activated. Digital signal processors record the times
that the first and subsequent impact signals reach various sensors. This
timing information provides a basis for locating the loose part. The DMIMS-
DX™ also has a provision for audio monitoring of any channel. The audio
signal can be compared to a previously recorded audio signal, if desired.

The on-line sensitivity of the LPMS is such that the system will detect a loose
part that weighs from 0.25 to 30 pounds and impacts with a kinetic energy of
0.5 feet pounds on the inside surface of the RCS pressure boundary within 3
feet of a sensor.

The DMIMS-DX™ audio and visual alarm capability will remain functional after
an Operating Basis Earthquake (OBE). All of the DMIMS-DX™ components are
qualified for structural integrity during a Safe Shutdown Earthquake (SSE) and
will not mechanically impact any safety-related equipment.

The components of the loose parts monitoring system are designed for the
environmental conditions specified in Table 4.4-5. The DMIMS-DX™ components
outside containment are located in a mild environment. In addition, the
equipment inside containment is designed to remain functional through normal
radiation exposures anticipated during a 40-year operating lifetime. Physical
separation of the two instrument channels, associated with the redundant
sensors at each reactor coolant system location, exists from each sensor to a
location accessible during power operation. Capabilities exist for subsequent
periodic online channel checks and channel functional tests and for offline
channel calibrations at refueling outages.

The loose parts monitoring system complies with NRC Regulatory Guide 1.133,
except as noted in USAR Chapter 3, Appendix A, “Conformance to NRC Regulatory
Guides”.

Operators were trained in the operation and maintenance of the LPMS prior to
Refuel 14 criticality. This consisted of a formal training session onsite by
either the onsite training staff or by the vendor using the DMIMS-DX™ that was
set up for training in a training lab prior to installation. The vendor can
also provide service personnel on short notice to assist the operating staff in
operation or maintenance of the equipment and analysis of loose parts signals,
as may be required.
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TABLE 4. 4-1

THERMAL AND HYDRAULI C COVPARI SON TABLE

Comanche Peak

Desi gn Paraneters Units 1 and 2
React or core heat output, MA 3,411
Reactor core heat _output,
1068t u/ hr 11, 639
Heat generated in fuel, % 97.4
System pressure, nom nal psia 2,250
System pressure, m ni num
steady state, psia 2,220

M ni nrum DNBR at nomi na
design conditions
Typi cal fl ow channel 2.08
Thinmble (cold wall) flow channel 1.74

M ni num DNBR for design transients >1.30

DNB Correl ation "R
(W3 with nodified
spacer factor)

Cool ant Fl ow

Total thermal flow rate, gpm 390, 214
Effective flowrate for

heat transfer, gpm 367, 740
Ef fective flow area

for heat transfer, ft?2 51.1
Average vel ocity al ong

fuel rods, ft/sec 16. 6
AMerage nass velgcity,

10° I by hr ft 2.62

Conanche Peak

Cool ant Tenperat ure Units 1 and 2
Nomi nal Inlet, OF 558. 8
Average rise in vessel, OF 59.4
Average rise in core, OF 62.6
Average in core, OF 591. 8
Average in vessel, OF 588.5

WCGS
Uni t

3, 565
12, 164
97.4
2,250
2,220
2.50
2.44

>1.76
WRB- 2

361, 296
337,414
51.3
14. 7
2.31

Uni t

553.7
65.6
68. 6
588.0
586.5

Rev.
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TABLE 4.4-1 (Sheet 2)

Conmanche Peak WCGS
Desi gn Paraneters Units 1 and 2 Uni t
Heat Transfer
Active heat transfer
surface area, ft2 59, 700 59, 742
Average Heat Flux, Btu/hrft?2 189, 800 198, 340
Maxi mum Heat Flux for
nor mal operation, Btu/ hrft?2 440, 300( a) 460, 100( b)
Aver age Linear Power, kWft 5.44 5.68
Peak Linear Power for
normal operation, kWft 12. 6(a) 14. 48(b)
Peak |inear power resulting from
over power transients, operator
errors, assumng a maxi nmm
overpower of 118% kWft (c) 18.0 <22.5
Peak |inear power for prevention
of centerline nelt, kWft (d) >18.0 22.5
Power density,
kWper liter of core (e) 104.5 109.2
Specific power,
kW per kg Uranium (e) 38.4 40.1
Fuel Central Tenperature
Peak at peak |inear power for
prevention of centrline melt, OF 4700 4700
Pressure drop (f)
Across core, psi 26.1+2. 6 28.0+2.6
Acr oss vessel
i ncludi ng nozzle, psi 46.2+4. 6 49.6+4. 7
(a) This limt is associated with the value of Fq = 2.32
(b) This linmit is associated with the val ue of Fq = 2.50
(c) See Section 4.3.2.2.6.
(d) See Section 4.4.2.11.6.
(e) Based on cold dinensions and 95% of theoretical density fuel
(f) Based on best estimate reactor flow rate, at discussed in Section 5.1.
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Table 4.4-2

This Tabl e has been Del et ed
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TABLE 4. 4-3

VO D FRACTI ONS AT NOM NAL REACTOR CONDI Tl ONS
W TH DESI GN HOT' CHANNEL FACTORS

Aver age (% Maxi mum (%

Cor e 0.1 -
Hot Subchannel - 3.6
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TABLE 4. 4-4

COMPARI SON OF THI NC-1V AND THI NC-1 PREDI CTI ONS W TH DATA FROM
REPRESENTATI VE WESTI NGHOUSE TWDO AND THREE LOOP REACTORS

| nprovenent (F)

Power Percent Full Measured | nl et Or ns (F) o (F) for TH NG|V
React or (MA) Power Tenperature (F) THI NC- | TH NC- 1V over THI NC |
G nna 847 65.1 543. 7 1.97 1.83 0.14
854 65.7 544. 9 1.56 1. 46 0. 10
857 65.9 543.9 1.97 1.82 0.15
947 72.9 543. 8 1.92 1.74 0.18
961 74. 0 543. 7 1.97 1.79 0.18
1091 83.9 542.5 1.73 1.54 0.19
1268 97.5 542. 0 2.35 2.11 0.24
1284 98. 8 540. 2 2.69 2. 47 0.22
1284 98.9 541.0 2.42 2.17 0. 25
1287 99.0 544, 4 2.26 1.97 0.29
1294 99.5 540. 8 2.20 1.91 0. 29
1295 99. 6 542.0 2.10 1.83 0.27
Robi nson 1427.0 65.1 548.0 1.85 1.88 0.03
1422. 6 64.9 549. 4 1.39 1.39 0. 00
1529.0 88.0 550.0 2.35 2.34 0.01
2207. 3 100. 7 543. 0 2.41 2.41 0. 00
2213.9 101.0 533.8 2.52 2.44 0.08
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TABLE 4. 4-5

LOOSE PARTS MONI TORI NG SYSTEM

Envi r onnent al

Accel eromet ers

Tenperature
Hum dity
Radi ati on
Pressure
Vi bration

At nospher e

Preanplifiers and Cabl es (inside

Tenper at ure-el ectroni cs
Har dl i ne Cabl e
Cabl e i nsi de
cont ai nnent

Hum dity

Radi ati on

Pressure

Shock and Vi brati on

At nospher e

Si gnal Conditioning Anmplifier,
Associ at ed Equi prent (outside of

Tenperature

Radi ati on

Pressure

Hum dity

Shock and Vi bration

At nospher e

Condi ti ons

40- 650°F

0- 100%

1018nvt and 108 rad
69 psig

OBE

Alr

cont ai nnment)
40-150°F

40- 650° F

40-150°F

0-100%

1012nvt and 6x106 rad
69 psig

OBE

Alr

gnal Processor, and
cont ai nnment)
40-120°F

103 rad

At nospheric

0- 95%

In accordance with
good engi neering practice

Alr

Rev.



TDC

0.10

0.08

0.06

0.04

0.02

WOLF CREEK

LEGEND:

O 26" SPACING |-PHASE
[J 26" SPACING 2-PHASE

® O
o 8%33[3[9@@D§ o° o

l | l l I

3.0 4.0 5.0 6.0 7.0 8.0 Rev. o
G De WOLF CREEK
Re= " (107°) UPDATED SAFETY ANALYSIS REPORT
FIGURE H4.Y4-Y

TDC VERSUS REYNOLDS NUMBER FOR 26
INCH GRID SPACING




WOLF CREEK

I
¢
|
1.096 KEY:
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153 1.o74 | 1.185
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;
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1.000 1.000 | 1.001 1.000
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1,223 1170 | 1.188 | 1.065 | 1.238
1.000 1.001 1.000 | 1.002 [ 1.000
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1.126 1. 161 1.093 | 1.086 | 0.916 | 0.967
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%
.025 1.025 | 0.990 | 0.975 | 0.823 | 0.u466
1.002 1.002 | 1.002 | 1.002 | 1.000 [ 0.997
|
i
0.717 | 0.780 | 0.664 | 0.563
FOR RADIAL POWER DISTRIBUTION
0.999 | 0.999 | 0.998 | 0.997 NEAR BEGINNING OF LIFE, HOT FULL

POWER, EQUILIBRIUM XENON
CALCULATED Ek: =1, 34
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FIGURE 4.4-5

NORMALIZED RADIAL FLOW AND
ENTHALPY DISTRIBUTION AT 4 FooOT
ELEVATION




+ © —

WOLF CREEK

T

POWER, EQUILIBRIUM XENON
CALCULATED ESN=I.34

H

.096 KEY:
T T T &h/Ah S
.996 G/G
|
.026 I.120
.002 0.994
. 155 1.072 |.188
991 0.998 0.988
. 169 1.212 l.165 l.189
.990 0.986 0.990 0.998
.228 I.173 1,191 |.065 |.2u2
.985 0.989 0.988 0.998 0.981
1
. 129 i.165 1.095 1.086 0.916 0.963
.992 0.990 0.995 0.996 |.009 |.006
i
.024 1.025 0.989 0.973 0.819 0.468
.000 | .000 1.003 |.00u 1.018 1.018
[
4
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FOR RADIAL POWER DISTRIBUTION
.022 1.019 1.021 1.019 NEAR BEGINNING OF LiFE, HOT FULL
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{
1. 130 l. 165 |.09% |.087 0.914 0.961
0.993 0.991 0.995 0.996 1.005 1.003

]
1.023 |.024 0.987 0.971 0.817 0.469
1.000 [.000 |.002 {.003 1.011 1.030
0.711 0.774% 0.660 0.560

FOR RADiAL POWER DISTRIBUTION
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POWER, EQUILIBRIUM XENON
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FIGURE 4.4-7

NORMALIZED RADIAL FLOW AND
ENTHALPY DISTRIBUTION AT 12 FOOT
ELEVATION - CORE EXIT
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REACTOR COOLANT SYSTEM
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4.5 REACTOR NMATERI ALS

4.5.1 CONTROL ROD SYSTEM STRUCTURAL NATERI ALS

4.5.1.1

Mat eri al s Specifications

Al'l parts exposed to reactor coolant are nade of netals which resist the
corrosive action of the water. Three types of netals are used exc
stainl ess steels, nickel-chromumiron, and cobalt based all oys.

of stainless steels,
The martensitic stainless steels are not

| usively:
In the case

only austenitic and nartensitic stainless steels are used.
used in the heat treated conditions

whi ch cause susceptibility to stress corrosion cracking or accel erated

corrosion in the Wstinghouse pressurized water

a.

Pressure vessel

Al'l pressure containing materials conply with Section Il
of the ASME Boil er and Pressure Vessel Code, and are
fabricated fromaustenitic (Type 304) stainless steel

Coi |l stack assenbly

The coil housings require a nmagnetic material. Both | ow
carbon cast steel and ductile iron have been successfully
tested for this application. The choice, made on the
basis of cost, indicates that ductile iron will be
specified on the control rod drive nechanism (CRDM. The
finished housings are zinc plated or flane sprayed to
provi de corrosion resistance.

Coils are wound on bobbi ns of nol ded Dow Corni ng 302
material, with double glass insulated copper wire. Coils
are then vacuuminpregnated with silicon varnish. A

wr appi ng of mica sheet is secured to the coil outside
diameter. The result is a well insulated coil capabl e of
sust ai ned operation at 200°C.

Latch assenbly

Magnetic pole pieces are fabricated from Type 410
stainless steel. Al nonnagnetic parts, except pins and
springs, are fabricated from Type 304 stainless steel
Haynes 25 is used to fabricate link pins. Springs are
made from ni ckel -chromumiron alloy (Inconel-X). Latch
armtips are clad with Stellite-6 to provide inproved
wearability. Hard chronme plate and Stellite-6 are used
selectively for bearing and wear surfaces.

4.5-1 Rev. O
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d. Drive rod assenbly

The drive rod assenbly utilizes a Type 410 stainl ess
steel drive rod. The coupling is nmachined from Type 403
stainless steel. Oher parts are Type 304 stainless
steel with the exception of the springs, which are

ni ckel -chrom umiron alloy, and the | ocki ng button, which
i s Haynes 25.

4.5.1.2 Fabrication and Processing of Austenitic Stainless Stee
Conponent s

The di scussions provided in Section 5.2.3 concerning the processes,

i nspections, and tests on austenitic stainless steel conponents to ensure
freedomfromincreased susceptibility to intergranular corrosion caused by
sensitization, and the discussions provided in Section 5.2.3 on the control of
wel di ng of austenitic stainless steels, especially control of delta ferrite,
are applicable to the austenitic stainless steel pressure housing conponents of
t he CRDM

4.5.1.3 Contanination Protection and Cl eaning of Austenitic
Stai nl ess Stee

The CRDMs are cleaned prior to delivery in accordance with the gui dance of ANS
N45.2.1. Process specifications in packagi ng and shipnment are di scussed in
Section 5.2.3. Westinghouse personnel do conduct surveillance to ensure that
manuf acturers and installers adhere to appropriate requirenments, as di scussed
in Section 5.2.3.

4.5.2 REACTOR | NTERNALS MATERI ALS

4.5.2.1 Materials Specifications

Al'l the major naterial for the reactor internals is Type 304 stainless steel
Parts not fabricated from Type 304 stainless steel include bolts and dowel

pi ns, which are fabricated from Type 316 stainless steel, and radial support
key bolts, which are fabricated of Inconel-750. These naterials are listed in
Table 5.2-4. There are no other materials used in the reactor internals or
core support structures which are not otherw se included in ASME Code, Section
I11, Appendix I.

4.5.2.2 Controls on Wl ding

The di scussions provided in Section 5.2.3 are applicable to the wel di ng of
reactor internals and core support conponents.

4.5-2 Rev. O
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4.5.2.3 Nondestructive Exani nation of Wought Seanl ess
Tubul ar Products and Fittings

The nondestructive exani nation of wought seam ess tubul ar products and
fittings is in accordance with Section IIl of the ASME Code.

4.5.2.4 Fabrication and Processing of Austenitic Stainless
St eel Conponents

The di scussions provided in Section 5.2.3 and Appendi x 3A verify confornmance of
reactor internals and core support structures with Regul atory Guide 1.44.

The di scussions provided in Section 5.2.3 and Appendi x 3A verify confornmance of
reactor internals and core support structures with Regulatory CGuide 1.31

The di scussion provided in Appendi x 3A verifies conformance of reactor
internals with Regul atory Guide 1.34.

The di scussion provided in Appendi x 3A verifies conformance of reactor
internals and core support structures with Regulatory GQuide 1.71

4.5.2.5 Contanination Protection and Cl eaning of Austenitic
Stainless Stee

The di scussions provided in Section 5.2.3 and Appendi x 3A are applicable to the
reactor internals and core support structures and verify conformance with ANS
N45 specifications and Regul atory Guide 1.37.

4.5-3 Rev. O
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4.6 FUNCTI ONAL DESI GN OF REACTIVITY CONTROL SYSTENS

4.6.1 | NFORVATI ON FOR CONTRCL ROD DRI VE SYSTEM ( CRDS)

The CRDS is described in Section 3.9(N).4.1. Figures 3.9(N-5 and 3.9(N) -6
provide the details of the control rod drive nechani snms, and Figure 4.2-8
provi des the layout of the CRDS. No hydraulic systemis associated with its
functioning. The instrunentation and controls for the reactor trip systemare
described in Section 7.2, and the reactor control systemis described in
Section 7.7.

4.6.2 EVALUATION OF THE CRDS

The CRDS has been analyzed in detail in a failure node and effects analysis
(Ref. 1). This study, and the anal yses presented in Chapter 15.0, denonstrates
that the CRDS perforns its intended safety function, reactor trip, by putting
the reactor in a subcritical condition when a safety systemsetting is
approached, with any assuned credible failure of a single active conponent.

The essential elenments of the CRDS (those required to ensure reactor trip) are
i sol ated from nonessential portions of the CRDS (the rod control systen) as
described in Section 7. 2.

Despite the extrenely | ow probability of a conmon node failure inpairing the
ability of the reactor trip systemto performits safety function, analyses
have been perfornmed in accordance with the requirenments of WASH 1270. These
anal yses, docunented in References 2 and 3, have denobnstrated that acceptable
safety criteria would not be exceeded even if the CRDS were rendered i ncapabl e
of functioning during a reactor transient for which their function would
normal |y be expected.

The design of the control rod drive nechanismis such that failure of the
control rod drive nmechanismcooling systemwll, in the worst case, result in
an individual control rod trip or a full reactor trip (see Section 9.2).

4.6.3 TESTI NG AND VERI FI CATI ON OF THE CRDS

The CRDS is extensively tested prior to its operation. These tests may be
subdivided into five categories: 1) prototype tests of conponents, 2) prototype
CRDS tests, 3) production tests of components foll owi ng manufacture and prior
to installation, 4) onsite preoperational and initial startup tests, and 5)
periodic inservice tests. These tests, which are described in Sections

3.9(N). 4.4, 4.2, 14.2, and the Technical Specifications , are conducted to
verify the operability of the CRDS when called upon to function

4.6-1 Rev. O
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4.6.4 | NFORVATI ON FOR COMVBI NED PERFCORVANCE OF REACTIVITY
SYSTEMS

As is indicated in Chapter 15.0, the only postul ated events whi ch assune credit
for reactivity control systens other than a reactor trip to render the plant
subcritical are the steamline break, feedwater |ine break, and | oss-of-cool ant
accident. The reactivity control systens for which credit is taken in these
accidents are the reactor trip systemand the safety injection system (SIS)
Additional information on the CRDS is presented in Section 3.9(N).4 and on the
SIS in Section 6.3. Note that no credit is taken for the boration capabilities
of the chem cal and vol unme control system (CVCS) as a systemin the analysis of
transients presented in Chapter 15.0. |Information on the capabilities of the
CVCS is provided in Section 9.3.4. The adverse boron dilution possibilities
due to the operation of the CVCS are investigated in Section 15.4.6. Prior
proper operation of the CVCS has been presuned as an initial condition to

eval uate transients, and appropriate Techni cal Specifications have been
prepared to ensure the correct operation or renedial action

4.6.5 EVALUATI ON OF COVBI NED PERFORMANCE

The eval uations of the steamline break, feedwater |ine break, and the | oss-of-
cool ant accident, which presune the conbined actuation of the reactor trip
systemto the CRDS and the SIS, are presented in Sections 15.1.5, 15.2.8, and
15.6.5. Reactor trip signals and safety injection signals for these events are
generated from functionally diverse sensors and actuate diverse neans of
reactivity control, i.e., control rod insertion and injection of soluble

poi son.

Nondi ver se but redundant types of equipnent are utilized only in the processing
of the incom ng sensor signals into appropriate logic, which initiates the
protective action. This equiprment is described in detail in Sections 7.2 and
7.3. In particular, note that protection fromequipnent failures is provided
by redundant equi pnent and periodic testing. Effects of failures of this

equi pnment have been extensively investigated as reported in Reference 4. The
failure node and effects analysis described in this reference verifies that any
single failure will not have a deleterious effect on the engi neered safety
features actuation system Adequacy of the energency core cooling system and
SIS performance under faulted conditions is verified in Section 6. 3.

4.6-2 Rev. O
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