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ABSTRACT

The B&W Fuel Company will be delivering reload fuel to the
Portland General Electric Trojan plant beginning in 1991, This
report presents a complete LOCA evaluation for operation of the
Trojan nuclear plant with Mark-BW reload fuel. ¢.. “"iance with
the criteria of 10 CFR 50.46 is demonstrated. Opiration of the
unit while in transition from Westinghouse-supplied fuel to BWFC~
supplied Mark-BW fuel is also justified. Other BWFC topical
reports describe the Mark-BW fuel assembly design; the
mechanical, nuclear, and thermal-hydraulics methods supporting
the design; and ECCS codes and methods. The analyses and
evaluations presented in this report serve, in conjunction with
the other topical reports, as a reference for future reload
safety evaluations applicable to cores with BWFC-supplied fuel
assemblies.



ACKNOWLEDSEMENTS

The B&W Fuel Company wishes to acknowledge the efforts put forth
by J. R, Biller, J. J. Cudlin, B. M. Dunn, J. A. Klingenfus, R.
J., Lowe, C. K. Nithianandan, N. H. Shah, and K, C. S8hieh in
preparing and documenting the material contained in this report.

e« i =






Page

1 L IntrOductlon . . . . . . . . . . . . . . . . . . . . 1 . 1

2. Summary and Conclusions . . « + + + ¢ 4 + ¢ s 4 o+ oa s 2.1

2, Plant Description .« « « ¢« « ¢ ¢ ¢ o 6 s e e 3:1

3.1 Physical Description . . ¢ ¢« « &+ & ¢« ¢ o + &+ « « 3,1

3.2 Description of Emergency Core Cooling System . 3:3

3.3 Plant Parameters . . .« « ¢« s ¢ s % & 4 4o 4 a 3«5

4. Analysis Inputs and Assumptiong . . . « « + + « « « + 4.1

4.1 Computer Codes and Methode . . . . + + « « « « + 4.1

4.2 1Inputs and Assumptions . . .+ + + « + + & 4+ 4.2

4.2.1 RELAPS5/MOD2-B&W Modeling . . . . + « + « 4.3

4.2.2 REFLOD3IB Modeling . . « + « ¢ &« & R T

‘ . 4.2.3 FRAP=T6-B&W Modeling . . + « + + + « « + 4.1

402.4 BEACH Mod‘linq . . . . . . . . . . . . . 401

S. Bensitivity Btudies . .« ¢ ¢« + v 4 v w4 8.1
5.1 Evaluation Model Generic Studies . . . . . . . . 5

.2 Confirmable Sensitivity Studies . . . . . .
5! 3 Break Location . . . . . . . . . . . . . . . . . 50 8

6., Plant-Specific Studies and Spectrum Analysis . . . . 6.1
6.1 Bame CEO® .+ 4 & o v & 4 4 0 v & w s a4 woa e s B
6.2 Minimum ECCS Analysis . . . . +'¢ v « & 4+ « 4 « 6.1
6.3 Break TYP® . o ¢ o« ¢ o ¢ o % 4« % o o 4 v 4 & s 4
6.4 Break Spectrum Analysis . . . . . .« + + s+ o . 6.4

o O






Summary of Results (LOCA Limit Runs)

Plant Parameters and Operating Conditions
LOCA Model Geometric Values .

Spectrum and Break Type Comparison

LOCA Limits Results .

Westinghouse Standard 17 x 17 / Mark-Bw

Design Differences .

. . . .

- vil =

.

Page
2.3



Figure
4=1

4~2a

6=6

fr",:‘

1ist of Fi

Large Break Analysis Code Interface .
RELAPS /MOD2~B&W LBLOCA Noding Diagram
Reactor Coolant LOoCpPE + + + + o & « o » &
RELAPS /MOD2-B&W LBLOCA Noding Diagram
ROBCLOr COL® s s ¢« v & % 4 % + u % 3 & &
REFLOD3B Noding Diagram . . « « « « « &« +
BEACH and FRAP-T6~B&W Noding Diagram

for Mark=®W Fuel Assembly . . « + « + + &
TACO3 Fuel Temperature and Internal Pin
Pressure as a Function of Burnup 3 - ol
Plant~Specific Studies Analysis Diagram .
Base Case - DECLB, C, = 1.0, Max ECCS Systenm
Pressure During Blowdown . . .« « + « + +
Base Case -~ DECLB, C, = 1.0, Max ECCE Mass
Flux During Blowdown at Peak Power Location
Base Case - DECLB, C, = 1.0, Max ECCS
Maximum ECC Pumped Injection Containment
Prossure® : ¢ « o s o ¢ 5 s & s s % % »

Base Case -~ DECLB, C, = 1.0, Max ECCS
Reflooding RBLE  « & & & s & 4 o % 5 o s %
Base Case - DECLB, C, = 1.0, Max ECCS

Heat Transfer Coefficient at PCT Location .
Base Case - DECLB, C, = 1,0, Max ECCS

Heat Transfer Coefficient

&t Rupture Location . .« + ¢ o« ¢ & » & & &
Base Case - DECLB, C, = 1,0, Max ECCS

Heat Transfer Coefficient Adjacent

0 Rupture Toostion .« « « & « % & v & 3 o
Base Case - DECLB, C, = 1,0, Max ECCS
Peak Cladding Temperature . . . « + + + &

- viii =~

Page
4.14

4.16
4.17

6.12

6.12



Figure
6-10

6~11

6=l12a

6=12b

6=13a

('A-ljb

6~14a

6=14Db

6=-16

6=17

Base Case -~

List of Figures (Con't)

DECLB, C, = 1.0, Max ECCS

Cladding Temperature at Rupture Location

Base Case =

DECLB, C, = 1.0, Max ECCS

Cladding Temperature Adjacent
to Rupture Location . . .« « « « + « o+

Base Case -
Tenmperature
Base Case =~
Temperature
Base Case =~
Temperature
Base Case ~
Temperature
Base Case -~
Temperature
Base Case =~
Temperature

Minimum ECCS Study =~
ECC Pumped Injection

DECLB, C, = 1.0, Max ECCS Fluid
at PCT lLocation . . + « « .+ &
DECLB, C, = 1.0, Max ECCS Fluid
at PCT location .+ .« « + + «
DECLB, C, = 1.0, Max ECCS Fluid
at Rupture Locatien . . . . .
DECLB, C, = 1.0, Max ECCS Fluid
at Rupture Location . . . . .
DECLB, C, = 1.0, Max ECCE Fluid
Adjacent to Rupture Location .
DECLB, C, = 1,0, Max ECCS Fluid
Adjacent to Rupture Location .

Containment Pressure

Minimum ECCS Study - DECLB, C, = 1.0
Pumped ECC Injection Flow Rate . . . . .
Minimum ECCS Study - DECLB, C, = 1.0
Downcomer Water Level . . . « + &« « & + &

Minimum ECCS Study =~ DECLB, Cy = 1.0 System
Pressure During Blowdown . . + + + « + «

Minimum ECCS Study = DECLB, Cy = 1.0 Mass Flux

During Blowdown at Peak Power Location . .
Minimum ECCS Study = DECLB, C, = 1.0
ReLICOAINY REED & ¢ ¢« o s & o 4 0 & & + &
Minimum ECCS Study = DECLB, Cy = 1.0 Heat

Transfer Coefficient at Peak Power Location

- iy =

DECLB, €, = 1.0 Minimunm

Page

6.13

6.19

6.20



List of Fiaures (Con't)

Figure Page
6=22 Minimum ECCS Study - DECLB, C, = 1.0 Peak

Cladding Temperature e 4 . a # & 4 % s v a s a B0
6-23 Minimum ECCS Study = DECLB, C, = 1,0 Cladding

Temperature at Rupture Location . . . . . . . 6,21
6-24 Minimum ECCS Study - DECLB, C, = 1,0 Cladding

Temperature Adjacent to Rupture Location . . . 6.21
€-25a Minimum ECCS Study - DECLB, C, = 1.0 Fluid

Temperature at PCT Location . . . « « + « « « 6.22
6-25b Minimum ECCE Study - DECLB, C, = 1.0 Fluid

Temperature at PCT Location . . . « « « . . . 6.22
6-26 Break Type Study ~ Split, C, = 1.0 System

Pressure During Blowdown . . . . + « « + + + « 6,23
627 Break Type Study = Split, C, = 1.0

Mass Flux During Blowdown

at Peak Power Location . . . +« + « ¢ « : « « .+ 6,23
6=-28 Break Type Study -~ Split, C, = 1.0

ReLloOAING RBLE ¢ + o ¢ o' % 4 ¢ ¢ ¢ o« o % « o« ©.24
6=29 Break Type Study = Split, C, = 1.0 Heat

Transfer Coefficient at Peak Power Location . 6.24
6=30 Break Type Study ~ Split, C, = 1,0 Peak

Cladding Temperature . . . .« « « &« + « +« +« « &+ 6,25
6~31 Break Type Study =~ Split, C, = 1.0 Cladding

Temperature at Rupture Location . . . . . . . 6.25
6-32 Break Type Study =~ Split, C, = 1.0 Cladding

Temperature Adjacent to Rupture Locatien . . . 6.26
6-33a Break Type Study = Split, C, = 1.0 Fluid

Temperature at PCT Location . . . . . « + . . 6.26
6-33b Break Type Study = Split, C, = 1.0 Fluid

Temperature at PCT Location . . . . . + + + .« 6.27

6+~24 Discharge Coefficient Study - DECLB C, = 0.8
System Pressure During Blowdown . . . . . . . 6.27




Liot of Figures (Con't)
¥4 et -
-3 Discharge Coefficient Study =~ DECLB Cs = 0.

Mess Flux During Blowdown

at Peak Power Location . . . WP SR o SO ERR R T
6=3¢ Discharge Coefficient Study = DECLB C, = 0.¢

Ref{looding Rate . 50 ‘ g 6,2
6=3° Discharge Coefficient Study - DECLB C, # 0.8

Heat Transfer Coefficient

at Peak Power Location . . 0 al i i NigU a4 | 6.29
6~3¢ Discharge Coefficient Study - DECLB C, = 0.¢&

Peak Cladding Temperature ¢ o3 o s oa:e 6429
6=39 Discharce Coefficaent Study - DECLB C, = 0.¢

Cladding Teuperature at Rupture Location . . . 6.3

-4 Discharge Coefficient Study = DECLB Cy * 8

Cladding Temperature Adjacent

to Rupture Location ¢ I (R O P : 6.3
6-4la Discharge Coefficient Study = DECLB Co = 0.8

Fluid Temperature at PCT Location S P € 1
6=-41k Discharge Coefficient Study = DECLB C, = (

Flu'd Temperatur2 at PCT Loczation 6.31
6=42 Discharge Coefficient Study = DYCLB C, = 0.¢

Syetem Pressure During Blowdown ¢ 6.32
64 Discharje Coefficient Study - CECLE Cqy = 0.6

Mass Flux During Blowdown

At PedkK POWEr LOCALION &+ « ¢ ¢ 5 o s s s 4 s o« 6.32
6=44 Lischarge Coefficient Study = DECLB Cqy = 0.6

Reflooding Rate s 8 - ¥ S £ 3
6-4¢ Discharge Coefficient Study ~ DECLB C, = 0.6

’ -

Heat Transfei' Coefficient

at Peak Power Location . ‘ 6.3
6=4¢ Discharge Coefficient Study - DECLB C, = 0.6

Peak Cladding Temperature . . I ¢« v o« 834
6=47 Discharge Coefficient Study - DECLB C. = 0.€

Cladding Temperature at Rupture Location . . . 6.34

- X1 =
. : ’

0n »



i A9 L i 4
E=4 Discharge Coefficient Study = DECLB C {
s
ladding Temperature Adjacent ¥
t kepture Locatior " S LA S U . . 6438
6=4 Dischavge Coefficient Study =~ DECLB C, = 0.¢€
g i i a C ~
Fluld T'emperature at PCT Location ‘. o 6.
H=49} [ cha 'ge Coefficient Study = DECLB C, 6 = .
Flulid Temperature at PCT Location . . . . 6.3¢ :

] Axial Dependence of Allowed Total Peaking

Factor Large Break LOCA Mark=-BWw : £

4 LOCA Limits Study =~ Axial Power Shapes .
‘ LOCA Limits Study = 2.9 Foot Case Mass Flux
ouring Blowdown at Peak Power Location |
l - LOCA Limite Study = 2.9 Foot Case

- LOC. mits Study - 2.9 -
)
o
i o .
lransfer Coefficient at !
T . 4 2 ~ \ \’ . —~ ™~
LOCA Limlts Study = 2.9 Fcot C:
- 4 '] 8 o - - 1 " ’
A [ \ Xidation . . % : 11
A 1 N 4 i "~ - . y 1 3
LOCA Limltsg Study = 4.6 Feot Cas Mase rlux
[ N L ) ) 5 et - —~ ~ - M
During Blowdown at Peak Power Location P 11
) PR e SRS . .
LOCA Limits Study = 4.6 Foot Case
AT
ladding Temp: atures . . £ % w9 ‘ 12
r ‘a2l k 4 =) N \r . ™
4 -1 [OCA Limits St._.1 - 4 6 oot Case Heat
o
2 2 d . - - & - - pu . n/ym o -
[ransfer Coefficient at PCT Location . . g ] 2
a9 . Rl - ’ - -~ & .
. 11 Limits Study «++6 Foot Case
4 -~ - N\ 3 - 1
Loca, 0OXldation ' . " . . . . ¢ . . d
—_— ¢ g | 5 J L - Mo o Soa o :
o ¥ LOCA [limlitsg StvLuy = 6.3 Foot Case Mass Flux
o
r - Tl ! D W . " » 1
During Blowdown at Peak Power Location . . . 1
» 1 T N . y ) Y
b LG A LA il d ’.f‘ S cu oA Yy € . f \)vt Ca&@
3 Cladding Temperatures IR S R (R . 4 14
a




4 [OCA Limits Study = 6.3 Foot Case Heat

Transfer Coefficient at PCT Location

' A‘l
: LOCA Limits Study - 6.3 Foot Case
Loczal Oxidation § 8 ] e v g N e ek v . Tadl
] € LOCA Limlits Study - 8.0 Foot Case Mass Flux
During Blowdown at Peak Power Location . . 18

LOCA Limits Study =~ 8.0 Foot Case
Cladding Temperatures == B

. » . . * ’ ' ' ' . R &

[LOCA Limits Study - 8.0 Foot Case Haat

Transfer Coefficient at PCT Location . . . . . 7410
LOCA imits Study -~ 8, Foot Case

Local Oxidatior § TR Lo e 8 AR B e, ‘ 1
LOCA Limits Study = 9.7 Foot Case Mass Flux

During Blowdown at Peak Power Location ' : Fiy

] LOCA Limits Study - 9.7 Foot Case
Cladding Temperatures gy rigrotgty byl i il LS T Calk

. LOCA Limits Study = 9.7 Foot Case Heat
ransfer Coefficient at PCT Location

i

LOC Limits Studv = 9.7 Foot Case

)
{

)
.
b
s
Q.
-
o7
t
P
O
<

V

-

s
L










assumed break size, For breaks larger than 1.0 ft?, compliance
is demonstrated by calculations and analyses performed in
accordance with the BWFC Large Break LOCA Evaluation Model ‘or
recirculating steam generator plants, BAW-10168 (Reference 1).
For breake staller than 1.0 ft?, compliance is shown by
validating th»at the calculations performed in support of the
plant prior to the loading of the Mark-BW fuel remain applicable
when the Mark-BwWw is in use.

A summary of *the results of the analyses is presented in Chapter
2. Chapter 3 provides a general description of the Trojan plant.
The analysis parameters used for the large break calculations are
discussed in Chapter 4 and system sensitivity studies in Chapter
5. The large break spectrum ara.ysis to determine the most
limiting break is documerted in Chapter 6. Chapter 7 presents
the LOCA limit calculations which =“oufirm adherence to the first
two criteria of 10 CFR 50.46, The evaluation of maximum hydrogen
generation, coolable geometry, and long-term cooling are
presented in Chapters 8, 9 and 10, respectively. Validation of
the applicability of the earlier small break LOCA studies is
provided in Chapter 11.

During the transition from Westinghouse fuel to the Mark=-BW
assembly, the core will for some time consist of a mix of the two
fuel assembly types. For such cycles, Appendix A shows that the
mixing of the assemblies does not alter the LOCA performance of
either fuel assc.bly to any degree approaching the criteria of 10
CFR 50.46.
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3. _Plant Description

The Trojan Juclear power plant uses a nuclear steam supply system
(N£SS) designed by Westinghouse that is representative of the
standard Westinghouse four~-loop, 3411 Mwt design. The ECCS
provided for the plant consists of the conventional combination
of high pressure pumped injection, pressurized water storage
tanks, ancd low pressure pumped injection all connected into the
reactor coolant piping just upstream of the reactor vessel. The
plant uses a dry containment system.

The reactor coolant system 1is enclosed entirely within the
containment and is arranged into four heat transport loops, each
of which has one recirculating steam generator and one reactor
coolant pump. The reactor coolant is directed through the
nuclear core within the reactor vessel, transported to the steam
generators via four pipes (hot legs), cooled within the steam
generator tubes, and returned tc the reactor vessel through four
cold leg pipes. Fiow through the system is driven by four
reactor coolant pumps, one per coolant loop. System pressure is
maintained by a pressurizer connected to the loop two hot leg.

Reactor Vessel

The reactor vessel configuration is that of a cylindrical shell
with a hemispherical bottom head and a removable hemispherical
upper head. Major regions of the reactor vessel are the inlet
and outlet nozzles, the downcomer, the lower plerum, the core,
the upper plenum, and the upper head. Coolant ent:rs the vessel
through four inlet nozzles and passes downward through the
downcomer to the lower plenum. From the lower pienum, coolant is
directed upward, passing eitner through the core or the baffle
bypass region, to the upper plenum. Within the upper plenum, the
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coolant mixes with a small amount of flow that was bypassed
directly from the downcomer to the upper head and exits the
reactor vessel through the hot leg nozzles.

Reactor Core and Fuel Assembly

The reactor core comprises 193 fuel assemblies, with each fuel
assembly consisting of 264 fuel rods, 24 guide thimbles, and one
instrument tube. Each fuel rod consists of stacked fuel pellets
contaitned in a 2r-4 fuel rod with a gap between the fuel pellet
and the fuel rod. Fifty three of the fuel assemblies have rod
cluster control assemblies used for power control and shutdown
capabiility. Trojan has silver-indium=-cadmium control rods. The
Trojan plant will be replacing the Westinghouse standard 17 X 17
fuel assembly with the Mark-BW fuel assembly. Both fuel
assemblies are 17 x 17 fuel rod arrays with active lengths of
approximately 12 feet. A comparison of fuel rod geometries for
both fuel types is provided in Appendix A.

Reactor Coolant Loops

The coolant loop piping 1is connected to the reactor vessel
through eight nozzles, all of which are located at the same
elavation, approximately six feet above the top of the core. The
outlet piping (hot legs) runs from the reactor vessel in a
horizontal plane and undergoes an upward bend as it attaches to
the steam generator inlet plenum. ihe steam generators are cf
tie recirculating or U-tube type with vertical tubes and inlet
and outlet plenums at a common elevation. The steam generator
cutlet. pipe is bent to vertically downward at the plenum and
continues downward for about 10 feet. At this pouint, the piping
is bent through a 180 degree turr. to vertically upward and rises
to meet the reactor coolant pump casing (refer to FSAR Figurs
3.6-2 in Reference 8). Discharge from the reactor coolant pump
is horizontal and at the same elevation as the reactor vessel
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inlet nozzles, making the run of piping from the reactor coolant
pump to the reactor vessel horizontal.

Steam Generators

The Trojan steam generators are of the recirculating or U-tube
design. Preheated feedwater enters the steam generator above the
tube region, travels down the downcomer mixing with fluid being
recirculated by the separators, and enters the tube region at the
tube sheet. The two=-phase mixture from the tube wovundle then
enters the separators wherein the steam is allowed to proceed to
the steam generator upper dome, and the liquid is recirculated to
the downcomer and back to the tube bundle.

3.2 C inni ¢ I : apaidng o

The FECCS provided for the plants consists of the cor:antional
combination of high pressure pumped injection, pressurized water
storage tanks, and low pressure pumped injection all connected to
the reactor coolant piping upstream of the reactor vessel.

The high pressure injection capability of the plants is achieved
through two systems: the centrifugal chrarging system (CC) and
the safety injection system (S8I). The centrifugal charging
system is the highest pressure system of the ECCS, capable of
injecting above normal operating system pressure, and is part of
the makeup and purification system during normal operation. The
system includes sufficient redundancy such that one full train
remains operative under the agsumption of a single active
failure. Emergency operation is activated automatically after
receiving a safety injection systems "SIS" signal, indicating low
reactor coolant system pressure or high conta.nment pressure.
The safety injection system operates in the middle pressure
range, capaple of injecting up to about 1430 psia. It has two
separate pumping sources with sufficient redundancy in the number
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of components to provide the reguired flow rate assuming a single
active failure. The system is also actuated by the safety
injection systems "SIS" signal.

The accumulator system consists of four tanks, each containing
about a thousand cubic feet of borated water and four hundred
cubic feet of nitrogen pressurized to 600 psi. The tanks are
connected to the reactor cooclant system at the reactor coolant
pump discharge via pipes. Reverse flow during normal operation
is prevented by in-line check valves. The system is, therefore,
self-contained, self-actuating and passive. Flow into the RCS
occurs whenever the reactor cocvlant system pressure falls below
the tank prensure.

Low pressure injection is achieved with the residual heat removal
system (RHR). Normally used for cooling when the reacLor is not
operating, the system aiso serves the low pressure ECC injection
function by providing borated water through the four accumulator

injection nozzles. In emergency operation, the RHR purps
initially inject water from the refueling water storage tank
(RWST). When the RWST low level set point is reached, the RHR

pumps are aligned to take suction from the containment sump.
During recirculation, injection flow is passed through a heat
cxchanger before being returned to the reactor coolant system.
The system contains sufficient redundancy such that one full
train is available under a single active failure. Actuation is
by the safety injection systems "SIS" signal on low reactor
coolant system pressure or high containment pressure. In its
recirculation mode, the RHR injection system prov.des for long-
term core cooling.

In the recirculation mode, only the RHR puip is capable of taking
suction from the containment sump. However long=term, high
pressure cooling is possible because both the centrifugal
charging pumps and thz: Safety Injection pumps can take suction

- 3.4 =
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4. _Analysis Inputs and Assumptions

The f4Grojan plant evaluation performed for this report was
conducted in accordance with the B&W Fuel Company recirculating
steam generator LOCA evaluation model (Reference 1). This
chapter provides a brief discussion of the Computer codes, plant
parameters, and assumptions used in the evaluation. Although the
chapter 1s oriented to the analysis of large breaks, the
information supplied =nplies widely to both large and small break
calculations. Specific assumptions for the SBLOCA calculations
are provided within Cirapter 11 or in the referenced SULLOCA
analyses repcorts.

4.1 Computer Codes and Methods

For the evaluation of cladding temperature transients and local
oxidation, the B&W Fuel Company LOCA evaluation model consists of
a group of computer codes. Figure 4-~1 illustrates the
interrelation between and among the computer codes used for the
+arge break analyses. The RELAP5/MOD2-B&W code calculates system
thermal-hydraulics and core power generation during blowdown.
The thermal-hydraulic transient calculations are continued with
the REFLOD3B code to determine refill time and core reflooding
rates for the remainder of the transient. The FRAP-T6=B&W code
is used to determine the hot pin temperature response during
blowdown. The BEACH code is used to determine the hot pin
cladding temperature response during refill and reflood with core
flooding rates from the REFLOD3B outputs.

The evaluation model and previous analyses employ FRAP=T6 through
the end-of-adiabatic-heatup, not making the transfer to BEACH
until the beginning of reflooding. The switch from FRAP-T6 to
BEACH during the refill phase strictly represents a change to the
evaluation model. However, during this period the cladding is
evaluated adiavpatically, no heat transfer is allowed from the
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Total Peaking Factor (F,) = The maximum total peaking
factor assumed by this analysis is 2.50.

w

6. The moderator density reactivity coefficient is based
on beginning-of=-cycle conditions to minimize negative
reactivity.

T The c¢ladding rupture model is based on NUREG-0630,

4.2, RELAPS/MOD2~-B&W Modelingd

The RELAPS/MOD2-~B&W computer code is used to analyze RCS thermal-
hydraulic behavior during the blowdown phase of a LOCA.
PELAPS5/MOD2~B&W, a modified version of the RELAPS5/MOD2 code, is
documented in BAW-10164 (Reference 2). RELAPS permits the user
to select model representation that results in a suitable finite
difrerence model for the fluid system being analyzed. The
nodalization for the plant evaluation, shown in Figure 4-2, was
developed in accordance with the BWFC LOCA evaluation model
(Reference 1).

The control wvolume inputs generally consist of volum: geometry
(area and height), flow-related parameters (resistance, hydraulic
diameter, surface roughness), primary metal heat data, and
initial conditions (pressure, temperature and flow). The non-
equilibrium, non-homogenous option is used throughout, except for
the core region, where the equilibrium, homogeneous option is
selected in order to generate blowdown thermal-hydraulic data
consistent with the formulation of the FRAP-T6 ccde. Flow paths
are defined between control volume geometric centers. T.e B&W-
developed SAVER computer code (Reference 3) is used to determine
the initial pressure drops and flow distribution. RELAP5/MOD2-
B&W is run in steadv-state to assure proper initialization.
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within the fuel 1s computed by the code and 1s the sum of the

fission power and fission product decay

Kinetics mode . used 1N the code accounts fo. chi
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models tne broken loop. within each loop, the hot legs are
separated into 4 nodes; the RSG inlet plenum (Nodes 120 and 220)
and RSG outlet plenum (Nodes 130 and 230) are single nodes., The
RSG tubes (Nodes 125 and 225) are separated into sixteen
segments, The tube flow area is based on the assumption that
11.5 percent of the tubes have been plugged on the primary side
and removed from service, The colé leg reactor coolant pump
suction consists of 5 nodes, and the reactor coolant pump (Nodes
160 and 260) is a single node. The cold leg from the reactor
coolant pump to the reactor vessel is modeled as four nodes for
the broken loop and as two volumes for the unbroken loop.

Reactor Coolant Pumps

The reactor coolant pump performance is developed from homologous
relationships adjusted for two-phase degradation based on the
data in Table 2.1.5~2 of BAW-10164, This is the same degradation
data in NUREG/CR-~4312 (Reference 5). 1In accordance with the LOCA
evaluation model, the reactor coolant pumps are assumed to trip
at the time of a LOCA.

Pressurizer

The pressurizer model consists of three parts: the surge line
(Node 400), an eight-section pressurizer (Node 410), and a valve
model (Junction 415 and Node 420). The initial condition for the
pressurizer is saturated steam over saturated liquid with a void
fraction specified in the interface node. The initial inventory
for the pressurizer is set tn approximate the normal operating
level.

Recirculating Steam Generator

In agreement with the loop noding arrangement, the chree steam
generators associated with the unbroken loops are modeled as a
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combined region (700-Series nodes) with the broken 1loop
centaining a single generator (600-Series nodes). The tube riser
section is modelled by four-volumes (Nodes 630 and 730) which
span the height of the generator tubes. Two volumes (Nodes 635,
640 and 735, 740) are modeled below the separators. Nodes 650
and 750 are sepaiator volumes. 'The steam domes are each modelled
by two nodes (660, 670 and 760, 770). The separator component in
RELAP5/MOD2 acts as a steam separator and dryer with two-phase
fluid entering from the bottom, steam exiting wupward, and
saturated fluid going back to the downcomer through Nodes 655 and
755, Nodes 625 through 665 and 725 through 765 form the steam
generator downcomer. Main and auxiliary feedwater is supplied at
Nodes 620 and 720, Nodes 675 to 680 and 775 to 780 provide
simulation of the steam lines and the safety valves.

The heat structures which model the steam generator tubes are
reduced in heat transfer area by about 5000 sqguare feet to
simulate 11.5 percent tube plugging. Heat structures of
characteristic volume and surface area are also included for the
shell, the downcomer walls, and separator comp~nents.

Break C) ¢ alus

The four-node break location configuration is a result of the
break noding sensitivity study in Appendix A of BAW~10168.
Referring to Figure 4-2a, a double-ended guillotine break is
modeled with leak paths from both Nodes 270 and 275 to the
sontainment. For a split-type break, the leak is modeled as a
single path that leaves Node 275. For the double-ended break, no
flow is permitted between the leak nodes following the break.
The switching criterion from subcooled (Extended Henry-Fauske) to
two-phase (Moody) discharge models is based on a leak node
quality of 0.1 percent.
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4.2.4  BEACH Modeling

The BEACH code is used to determine the hot fuel rod cladding
temperature response during the refill and reflooding phases of
the LOCA. BEACH heat transfer models used to determine the peak
cladding temperature are overly conservative following the
initiation of cladding cooldown and cannot be used directly to
predict cladding gquench. Rather, the occurrence of core
quenching is determined from the core guench height as predicted
by the REFLOD3B code. For these analyses, the latest version of
BEACH as documented in Revision 3 of the BEACH topical, Reference
6, has been used. This version provides an option, used for
these analyses, to reduce discontinuities in the reflooding heat
transfer coefficient selection logic. The discontinuities of the
previous BEACH version car lead to excessive cladding temperature
oscillations and non-physical heatup of the cladding a per pin
clevations when the void fraction of a quenched ncde is around
0.999. In previous submitals the effect was not problematic
because of tne incrementally lower local power levels analyzed.
At the local power levels for this application the difficulty
required correction. Revision 3 of the BEACH topical fully
documents the option and provides revised calculations that show
that use of the option does not alter the results of the
experimental benchmarks upon which code approval is based.

The BEACH model consists of a hot fuel rod and a flow channel
with time-dependent inlet and outlet volumes to permit inputs of
boundary data from the REFLOD3B calculations. The fuel rod is
axially divided into 20 segments, as shown in Figure 4-4, with
variable nodal 1length such that each grid is located at the
bottom of a node and three nodes are used to cover a grid span.
The nodalization is basically that used in the code benchmarks in
Appendixes C, D, E, and F of the BEACH topical report, BAW-10166
(Reference 6). Radially, the fuel pellet is divided into 7
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equally spaced mesh points and two egually spaced mesh points for
cladding.

The initial temperature distribution in the fuel rod and fuel
pellet-clad gap conductance are obtai'ed from the FRAP-T6
calculations at the begirning of refill. The boundary data
inputs from the REFLOD3B calculations are inlet and outlet
pressures, flooding rate, irlet water temperature, and core decay
heat. The initial temperature of the steam surrounding the fuel
rod iz set equal to the cladding surface temperature.

1f rupture occurs, BEACH is run in two passes. First, the code
is run to the time of rupture. At this point, the cladding
surface area at the location of rupture is increased, the
blnckage model applied, and BEACH rertarted to the end of the
analysis.
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TABLE 4-1 LOCA MODEL GEOMETRIC VALUES

Parameter
OVERALL SYSTEM

Model Value

Total System Volume Including Pressurizer, ft’

Total System Liguid Volume
Including Pressurizer, ft’
REACTOR VESSEL

RV I.D, at Flange, in

RV 1.D. of lower Shell, in
RV Inlet Nozzle I.D., in

RV Outlet Nozzle I.D., in

REACTOR COOLANT LOOP

Hot Leg Pipe I.D,, in

Cold Leg Pump Suction Pipe I1.D., in
Cold Leg Pump Discharge Pipe I.D., in

Pump Volume, ft?

RECIRCULATING STEAM GENERATOR
U=-Tube Outer Diameter, in
Tube Wall Thickness, in
Number of U=Tubes

Heat Transfer Area, ft?°

The values provided for the
temperature and without tube

table are
plugging.

12,100

11,400

167

173

27

29.

29.
3l.
27.
56.

0
0
3,388

51,500

at
The

+0

.0

. 875

.05

standard
actual

evaluation used values adjusted to hot full power operation
reduced to account for the assumed degree of tube plugging.
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FIGURE 4-1. LARGE BREAK ANALYSIS CODE INTERFACE. ‘
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4=2b0, RELAPS/MOD2-B&W LBLOCA NODING LiaAGRAM, REACTOR CORE.
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FIGURE 4-4. BEACH AND FRAP-T6-B&W NODING DIAGRAM .
FOR MARK-BW FUEL ASSEMBLY.
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LOCA evaluations require that a substantial number of sensitivity
studies be performed with the evaluation model in order to
establish model convergence and conservatisnm. Most of the
studies upon which the evaluations in this report are based are
generic and were documented in the evaluation model report, BAW-
10168 (Reference 1). Studies such as break spectrum and worst
case ECCS configuration are considered plant-specific and are
documented in this report. This chapter provides a discussion of
the generic sensitivity studies from the reference evaluation
model report that have been applied. The plant-specitic
sensitivity studies are presented in Chapter 6.

8.1 Evaluation Model Generic Studies

Of the sensitivity studies presented in the original evaluation
model topical report (Reference 1), the majority are generic and
would apply to any plant evaluated. Those studies considered
generic each demonstrate results that are characteristic of the
evaluation model--the codes and interfaces--and that are not
plant dependert. An example of this is the RELAP5/MOD2~B&W time
step study, which demonscrated that the automatic time step
selection in RELAPS5/MOD2-B&W would produce converged results.
This demonstration need not be repeated for plant-specific
applications wherein the modeling techniques used are represented
by those in the evaluation model studies. Furthermore the
studies being referenced in the Evaluation Model Report were
conducted with a standard 3411 Mwt class Westinghouse plant
meaning that they were in essence conducted on the Trojan plant.
The following is a listing of the sensitivity studies considered
to be generic, with a discussion of why the conclusions of the
study are applicable for this applications report. For
convenience of review, each discussion is referred to the section
in the evaluation model report where the study is documented.
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RELAPS/MOD2=B&W T4 St Stud

This study (BAW-10168, Appendix A, Section A.2.1) verified that
for light water reactor geometry, the RELAPS time step controller
governs the code solution sufficiently to assure converged
results. Alternate system designs within the range of designs
covered by the evaluation model will not change that result,
Therefore, the study remains applicable.

RELAP5/MOD2~B&W Loop Noding Study

This study (BAW-10168, Appendix A, Section A.2.2) verified the
general noding requirements within the loop for recirculating
steam generator plants, In conjunction with the break noding
study, the results can be applied to the separate regions of the
hot leg, the steam generator, and the cold leg. Alternate system
designs within the range of designs covered by the evaluation
model will not change the noding requirements. Therefore, the
study remains applicable.

RELAPS/MOD2-B&W Break Noding Study

This study (BAW=10168, Appendix A, Section A.3.1) verified that
hydraulic stability is achieved by providing at least one control
volume in the pipe between any adjacent component and the break
node. The break noding study is applicable to all plants covered
by the evaluation model. Therefore, the study remains
applicable.

RELAPS/MOD2-B&W Pressurizer Location Study

Although the assumption placing the pressurizer in one of the
intact loops was somewhat conservative, this study (BAW-10168,
Appendix A, Section A.3. ) showed that there is little difference
in results when the pressurizer is modeled in the broken loop.
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The lack of sensitivity to pressurizer location is expected to
hold for all designs covered by the evaluation model. Therefore,
the study remains applicable.

RELAPS/MCD2-B&W Core Crossflow Study

This study (BAW-10168, Appendix A, Section A.3.4) verified that
cross flow in a light water reactor is limited ard does not alter
the course of a LOCA evaluation substantially. The study is
dependent only on the basic aspects of the fuel design, which are
consistent across the range of designs considered by the
evaluation model. Therefore, the study remains applicable.

RELAPO/MOD2-B&W Core Noding Study

In conjunction with the core crossflow study, this study (BAW-
10168, Appendix A, Section A.3.5) verified that modeling of the
reactor core with six or more axial segments with a hot and an
average channel provides sufficient spacial detailing for both
model convergence and result accuracy. The study, specifically
addressing axial noding patterns of 6 and 12 nodes, showed that
there was no substantial change in results between the two
nodings and that the model was already converged with a é-node
modelling. Therefore, the 20-node pattern used in the analyses
in this report will not effect the solution other than to resolve
spacial detail more accurately. As the basic core arrangement
and fuel design are not altered across the range of designs to be
considered, the results of the study are applicable to all plants
considered by the evaluation model. Therefore, the study remains
applicable.

RELAPS/MOD2-B&W_RCS Pumps Powered/Unpowered Study

This study (BAW-10174; response to NRC question number 16)
verified that the pumps unpowered (tripped) is a reasonable
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configuration for the calculation of large break LOCA. The study
also concluded that the status of the pumps is a minor
determinant of the calculated cladding temperature and that
plant-specific pump status sensitivity studies are unnecessary.
Therefore, the study remains valid.

This study (BAW-10168, Appendix A, Section A.2.4) showed a
considerable reduction in flooding wunder a locked rotor
assumption. The study affirms the generally accepted data on
loop resistance effects on reflooding rates and is applicable for
all plant types covered by the evaluation model, Therefore, the
study remains applicable.

~T6=B&W

This study (BAW-10168, Appendix A, Section A.3.6) verified that
the time step selection for FRAP-T6-B&W provided converged
results for the spatial detail modeled in the base runs. Because
the spatial detail required for the FRAP-T6-B&W model is not
altered for the other designs covered by the evaluation model,
the study remains valid for all designs. The study remains
applicable.

P=-T&6=-B&W

This study (BAW-10168, Appendix A, Section A.3.7) veri’ied that
the number of solution points selected for radial represwvntati<un
of the fuel pin used by the base FRAP-T6-B&W model was adequate.
The study is dependent only on the basic aspects of the fuel
design, which are consistent across the range of designs
considered by the evaluation model. The study remains
applicable,
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BEACH Tine Step Study

This study (BAW=10168, Revision 1; response to NRC gquestion
number 10) verified that the BEACH (RELAPS5) time step controller
governs the code solution sufficiently to assure converged
results. Alternate system designs within the range of designs
covered by the evaluation model will not change that result.
Therefore, the study remains applicable.

2.2 Confirmable Sensitivity Studies

In addition to the generically applicable studies, some of the
studies performed for the evaluation model are considered
confirmable. These studies remain valid under most but not all
circumstances. The following is a listing of such sensitivity
studies with a discussion of why the conclusicns of the study can
be applied to the Trojan evaluation and a reference to the
section in the evaluation model repurt where the study is
documented.

RELAPS/MOD2-B&W Pump Degradation Study

This study (BAW-10168, Appendix A, Section A.3.3) established a
most severe pump degradation multiplier by altering the pump
effects on the core flow. The study can be applied to all plants
which experience similar IOCA «core flow histories during
blowdown, The sensitivity study was performed for a standard
Westinghouse 3411 Mwt four=-loop plant and is directly applicable
to the Trojan facility.

REFLODIB Loop Noding Study

This study (BAW-10168, Appendix A, Section A.2.3) verified the
noding detail used in the REFLOD3B code. It is applicable to
plants with one-to~one correspondence of hot and cold legs, such
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as the Trojan unit. A separate study is required only for
severely altered loop designs, such as the B&W or Combustion

Engineering 2~-by~4 designs. Therefore, the study remains
applicable.
Time=in-Lis !

The BWFC Evaluation Model position on the proper time in life to
perform the LOCA evaluation is developed in Appendix B of the
Evaluation Model Report, BAW-10168, and supported by the studies
in Appendix A. The position is that "so long as no burnup
condition exists within the allowed operating limits which will
cause a cladding rupture to occur during blowdown, the beginning
of life is the most severe LOCA evaluation condition."

The analyses presented in this report are done using TACO3~-
calculated fuel inputs. To establish BOL as the worst case, the
possibility of a blowdown rupture must be precluded. It is
evident that a rupture during blowdown does not occur for the BOL
case in the analyses presented in this report. Confirmation that
no blewdown rupture occurs for other burnup conditions has been
established by the calculation of the burnup most likely to
rupture during blowdown.

Figure 5=1 1illustrates the variation in steady-state volume
average fuel temperature for different pin powers and the hot
channel pin pressure at power as functions of burnup for the
Mark-BW 1uel operating in Trojan within the LOCA Limits as
developed by this report. Although the actual values of these
variable are considered proprietary by BWFC, the trends of the
variables with burnup are shown, and these are all that is
required to establish the most likely rupture case. From Figure
§=1, the highest pin pressure occurs at burnups of 41,000 Mwd/MTu
and above, and the volume average fuel temperature at 41,000
Mwd/MTu bounds the fuel temperatures for 20,000 Mwd/MTu and
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above., From Figure 7-2, the allowed maximum local heating rate
at 41,000 Mwd/MTu is the same as that allowed for lower burnups
and higher than that allowed at burnups above 41,000 Mwd/MTu.
Therefore, the combination of parameters most likely to produce a
blowdown rupture for pin exposures between 20,000 Mwd/MTu and
60,000 Mwd/MTu =~ highest initial fuel pellet energy, highest pin
internal pressure, and highest local power =~ occur at 41,000
Mwd/MTu.

For burnups below 20,000 Mwd/MTu, the initial fuel pellet energy
is higher than at 41,000 Mwd/MTu, but the pin pressure is
sufficiently low to preclude any possibility of a blowdown
rupture. This is illustrated by the base runs in this report,
which are evaluated at 0 Mwd/MTu. Fer these cases, at the
closest approcach to rupture during blowdown, the cladding
temperature is more than 300 F below that required to induce
rupture. At 10,000 Mwd/MTu, the initial pin pressure has
increased by less than 15 percent of the difference between the 0
Mwd/MTu conditions and the 41,000 Mwd/MTu conditions. The volume
average fuel temperature, on the other hand, has decreased by 50
percent of the difference in that parameter between the two
burnups. wWith the substantial margins to rupture of the 0
Mwd/MTu case, the 10,000 Mwd/MTu conditions are also bounded by
the conditions at 41,000 Mwd/MTu. Thus, demonstrating that the
fuel at 41,000 Mwd/MTu will not incur a blowdown rupture also
demonstrates that, when operated under the LOCA Limits, the Mark-
BW fuel will not rupture during blowdown for any burnup up to
60,000 Mwd/MTu.

To establish the results for the 41,000 Mwd/MTu burnup an
evaluation of the that case was run through the blowdown period.
The cladding temperature peaked under 1600 F and was 99 F below
the temperature required to rupture at the closest approach to
rupture. Therefore, there is no occurrence of blowdown rupture
for the Trojan plant when using the Mark-BW and the beginning of
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life conditions, as demonstrated in Appendix B of BAW-10168, are
the worst case for the LOCA evaluations. As a practical matter,
the time-in-life actually selected for the TACO3 inputs for this
report was 1 Mwd/MTu.

5.3 Break Location

The BWFC position on break location is developed in Appendix B of
the Evaluation Model Report, BAW=10168. Substantial numbers of
studies by BWFC and others have consistently shown that the
suction piping and hot leg breaks are less severe than LOCA
positioned in the pump discharge piping. This result |is
substantiated by geometric considerations associated with those
breaks which assure enhanced ECCS performance. Therefore, the
only accidents specifically evaluated for the Trojan plant are
located in the reactor coolant pump discharge piping.
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Although a considerable portion of the analysis inputs and
assumptions can be set by the evaluation model and its
sensitivity studies, some parameters are dependent on plant-
specific inputs and can only be estaklished by individual plant
studies. These studies and the spectrum analyses are performed
to identify a worst case break to use in calculating the LOCA
Limits. Figure 6-1 shows the order in which the plant-specific
sensitivity studies and the spectrum analysis cases were
performed. This chapter presents the results of the studies
leading to the final configuration used in the LOCA Limits cases.

.1 Base Case

The first step in performing a series of sensitivity studies is
to establish a base case. For the studies presented in this
chapter, the base case is a double-ended guillotine cold leg
break, with a discharge coefficient of 1.0, located between the
reactor coolant pump and the reactor vessel. Figures 6-2 through
6-14 present key parameters for this case. The results compare
well to those documented in revision 0 of the evaluation model
report, BAW-10168, which were for the same class of plant. The
cases in BAW-10168 were run with a total allowed peaking factor
of 2.32 while the cuvrrent results are for a total peaking of
2.50, The increase in thermal pressure, however, is compensated
for by the improvements in reflooding heat transfer made in
revision 1 of the Evaluation Model.

6.2 Minimum ECCS Analysis

Prior to the break type or spectrum studies, a study is conducted
to determine which condition for the ECCS is more severe, with or
without a single failure. Under a single failure assumpticn,
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only one train of pumped ECCS injection is available. With no
failure, two full trains are available. Because the sizing of
each individual train must be sufficient to mitigate an accident,
the second train is redundant relative to providing adequate
water for core coonling. In an analysis, nearly all the extra
injection capacity will epill from the primary coolant system to
the containment where it may interact with the atmosphere to
reduce the containment pressure. As the lowering of the
containment pressure causes a reduction in core reflooding rate,
the evaluation of a fully functional ECCS may actually show a
higher peak cladding temperature than would be predicted using
the single failure assumption.

The calculations for the base case assumed no failure of the ECCS
oy supporting s_stems. This is normally referred to as the
"maximum ECCS" case. To evaluate the assumption of a failure, a
calculation was made under the condition that one of the diesel
generators of the emergency power supply failed to operate,
resulting in a loss of electrical power to haltf of the pumped ECC
systems. This 1s generally referred to as a "minimum ECCS" case.
Figures 6-15 through 6-=25 present relevant parameters for the
minimum ECCS case. These should be compared to the base case,
Figures 6-2 through 6-14.

The extra ECC available in the maximum ECCS case has two effects
during retlood: First, the ECCS water that is injected into the
intact loops condenses more of the steam flowing through the
loops and lowers the RCS pressure. Second, the ECCS water that
is spilled into the containment mixes with the containment
atmosphere and reduces its pressure. The reduced containment
pressure 1in turn reduces the RCS pressure. The effect of
reducing the RCS pressure is to increase the specific volume of
the steam created during core reflooding. As a result, the steam
is more difficult to vent through the system, and the core
flooding rate decreases. A comparison of Figures 6-5 and 6=-20
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shows that the flooding rate for the Trojan plant is lower under
the maximum ECCS condition. As there are no blowdown cooling
benefits to compensate for the lower flooding rate, the cladding
temperature is higher by 77 F as shown in Figures 6-9 and 6-22.
The remainder of the evaluations will, therefore, proceed under
the assumption of no failure of the ECCS systems or the
supporting systens.

.3 Break Type

The break spectrum analysis is performed to determine the worst
case break size and the worst case break configuration. Chapter
5 of this report and Appendix B of the Evaluation Model Report,
BAW-10168, discuss time-in-life and break location studies and
show that the proper selection does not require a plant specific
study. The differences between the split and the guillotine
break and the range of break sizes cannot be generalized,
however, and those studies were run for the Trojan evaluation.
The break type study was performed first and followed Iy the
break size study.

The guillotine break 1is modeled as a complete severance of the
pipe, allowing separate discharges through the full area of the
cold leg piping from both the reactor vessel and pump sides of
the break location. No mixing of the flows from the two zides of
the break is allowed. The split break assumes aischarge from the
cold leg piping through an area twice the size of the cold leg
piping cross section. Although the flows from the two sides, RC
pump and reactor vessel, must still pass through limiting pipe
areas, they are allowed to mix at the break location, The
blowdown rates and system flow splits are somewhat different for
the two types of breaks, and that can lead to differences in
cooling response.
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Figures 6-26 through 6-33 present the results of the split type
break case, These should be compared to Figures €-2 through 6-14
which are for the reference guillotine case. Both are double-
area breaks with C, = 1.0 and located at the pump discharge. Key
data from the split case are included with the spectrum studies
in Table 6~1. As can be seen, the period of blowdown for the
split break is shorter by less than one second. The split break,
however, has a larger reverse flow through the core during
blowdown resulting in lower fuel temperatures at the end-of=-
blowdown. At the end of blowdown the centerline fuel temperature
at the location of peak power is 1347 F for the split break and
1508 F for the guillotine. With lower fuel temperatures at the
start of rerill and higher early flooding rates, rupture in thue
split case lags behind the guillotine. After rupture, but prior
to the occurrence of peak cladding temperature (70 to 220
seconds), the flooding rate for the split case drops slightly
below that for the guillotine. This results in less effective
reflood heat transfer for the split. The temperature difference
created during blowdown is thereby reduced somewhat, but the peak
in cladding teaperature remains lower for the split case by 41 F.

6.4 Break Spectrum Analysis

For the BWFC large break evaluation model, the break size study
is interchangeable with a discharge coefficient satudy since the
break flow is directly proportional to the product of the break
area and the discharge coefficient. For the Trojan model, the
discharge coefficient study was conducted for a guillotine break
of twice the area of the cold leg piping located at the pump
discharge with discharge coefficients of 1.0, 0.8, and 0.6. The
base case, Figures 6-2 through 6-14, serves as the C, of 1.0
case. Key parameters for the other two cases are shown grouped
by case in Figures 6-34 through 6=49. Table 6-1 presents a
comparison of the timing of events for the three cases.
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There are no major differences among the seguences of events for
the three cases that make up the discharge coefficient study: the
peak cladding temperatures differ by only 5 F. As expected,
blowdown is extended as the break flow is decreased., Core heat
removal during blowdown is essentially the same for the 1.0 and
0.8 discharge coefficients cases while the 0.6 cass cools
slightly better. This is evident from the centerline fuel
temperature at the location of peak power: 1508 F, 1516 F, and
1457 F for the ¢, = 1.0, 0.8, and 0.6 cases, respectively. All
three cases retain about 90 cubic feet of liquid in the reactor
vessel at the end of blowdown, making the adiabatic heatup
periods during lower head refilling nearly the same. The
reflooding transients are almost identical for the three cases,

The small difference in the peak cladding temperatures between
the ¢, = 1.0 and the C, = 0.8 cases is not surprising. Both
experience similar blowdown cooling, refill times, and reflooding
transients. Furthermore, the peak cladding temperature occurs in
Node 14, at the center of the grid span above the peak power
location, This elevation takes nearly 200 seconds during
reflooding to reach its peak in cladding temperature. Because
refloodin~ heat transfer changes slowly with time, the cladding
temperature is mnainly set by the need to remove the relatively
fixed power being generated at that location. ©Gecause the powers
are the same between the cases, the resultart peak cladding
temperatures are the same. The argument is also true for the C,
= 0.6 case, Although the C, = 0.6 case enters refill and
reflooding with cooler fuel and cladding temperatures (by about
50 F), the reflooding heat transfer between 200 and 300 seconds
is changing so slowly that the case continues to heat up until
the temperature differential is sufficient to remove the power.
With the power being nearly constant, this results in the C, =
0.6 peaking somewhat later than do the other cases but at
essentially the same temperature.

“ G5 =



The conclusion for the spectrum study is that there is little
difference among the results of the analyses and that a worst
case defined strictly by peak cladding temperature would be hard
to identify. The extra blowdown cooling for the C, = 0.6 case is
significant as it indicates that smaller discharge coefficients
in the spectrum can L expected to attain lower temperatures,
Between the C, = 1.0 and the C, = 0.8 cases there is no material
difference in result at the location of peak cladding temperature
(PCT for C, = 1.0 is only 3 F higher than for C, = 0.8).
However, the temnerature at locations removed from the location
of PCT (see Table 6-1) are consistently slightly higher for the
C, = 1.0 case. Therefore, the C, = 1.0 case was selected for the

d
LOCA limits calculations.
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TABLE 6~1 SPECTRUM AND BREAK TYPE COMPARISON

Guillotines Split
item or Parameter Co-=2 1.0 0.8 0.6 a0
End of Blowdown, s 37:7 18.9 2i.0 16.9
Liquid in Reactor Vessel

at EOB, ft} 90.5 98.1 83.3 74.7
Bottom~of~Core Recovery, s 29.4 30.4 32.6 28.6
Time of Rupture, & 45.0 46.7 54.0 50.8
Ruptured Node ' 11 11 11 11
PCT at Rupture Node, F 1738 1725 1665 1628
Node Adjacent to Rupture ' 12 12 12 12
PCT of Adjacent Node, F 1969 1958 1901 1863
PCT Node in Adjacent Grid Span ° 14 14 14 14
PCT of Adjacent Grid Span, F 2047 2044 2042 2006
Pin PCT Node ' 14 14 14 14
PCT of Pin PCT Node 2047 2044 2042 2006

o " Refer to Figure 4~4 for noding arrangement

&



FIGURE 6-1. PLANT SPECIFIC STUDIES ANALYSIS DIAGRAM.
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FIGURE 6-4. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
MAXIMUM ECC PUMPED INJECTION CONTAINMENT PRESSURE.

5( - -
|

|

FIGURE 6-5. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
REFLOODING RATE
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FIGURE 6-7. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
HEAT TRANSFER COEFFICIENT AT RUPTURE LOCATION.
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FIGURE 6-8. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
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FIGURE 6-9. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
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CLADDING TEMPERATURE AT RUPTURE LOCATION.
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FIGURE 6-11. BASE CASE . DECLB, Cd = 1.0, MAX ECCS
CLADDING TEMPERATURE ADJACENT TO RUPTURE LOCATION.,
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FIGURE 6-12a. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
FLUID TEMPERATURE AT PCT LOCATION.
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FIGURE 6-12b. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
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FIGURE 6-13a. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
FLUID TEMPERATURE AT RUPTURE LOCATION

FIGURE 6-13b. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
FLUID TEMPERATURE AT RUPTURE LOCATION
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FIGURE 6-14a. BASE CASE - DECLB, Cd = 1.0, MAX ECCS
FLUID TEMPERATURE ADJACENT TO RUPTURE LOCATION

FIGURE 6-14b. 'ASE CASE . DECLB, Cd = 1.0. MAX ECCS
FLUID TEMPERATURE ADJACENT TO RUPTURE LOCATION
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FIGURE 6-16. MINIMUM ECCS STUDY - DECLB, Cd = 1.0
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FIGURE 6-16. MINIMUM ECCS STUIDY . DECLB, Cd = 1.0
PUMPED ECC INJECTION FLOW RATE.
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FIGURE 6-17. MINIMUM ECCS STUDY - DECLB, Cd = 1.0
DOWNCOMER WATER LE\

FIGURE 618 MINIMUM ECCS STUDY . DECLB, Cd = 1.0
SYSTEM PRESSURE DURING BLOWDOWN
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FIGURE 6.19. MINIMUM ECCS STUDY - DECLB, Cd = 1.0
MASS FLUX DURING BLOWDOWN AT PEAK POWER LOCATION.
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FIGURE 6-20. MINIMUM ECCS STUDY - DECLSB, Cd = 1.0
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FIGURE 6-21. MINIMUM ECCS STUDY - DECLB, Cd = 1.0
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FIGURE 6-23. MINIMUM ECCS STUDY . DECLB, Cd = 1.0
CLADDING TEMPERATURE AT RUPTURE LOCATION.
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FIGURE 6-24. MINIMUM ECCS STUDY - DECLB, Cd = 1.0

CLADDING TEMPERATURE ADJACENT TO RUPTURE LOCATION.
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FIGURE 6-25a. MINIMUM ECCS STUDY - DECLB, Cd = 1.0
FLUID TEMPERATURE AT PCT LOCATION.
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FIGURE 6-25b. MINIMUM ECCS STUDY - DECLB, Cd = 1.0
FLUID TEMPERATURE AT PCT LOCATION.
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FIGURE 6-26. BREAK TYPE STUDY - SPLIT, Cd = 1.0
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FIGURE 6-27. BREAK TYPE STUDY . SPLIT, Cd = 1.0
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FIGURE 6-29. BREAK TYPE STUDY . SPLIT, Cd = 1.0
HEAT TRANSFER COEFFICIENT AT PEAK POWER LOCATION.
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FIGURE 6-30. BREAK TYPE STUDY - SPLIT, Cd = 1.0
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FIGURE 6-31. BREAK TYPE STUDY - SPLIT, Cd = 1.0
CLADDING TEMPERATURE AT RUPTURE LOCATION,
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FIGURE 6-33a. BREAK TYPE STUDY - SPLIT, Cd = 1.0
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FIGURE 6-33b. BREAK TYPE STUDY . SPLIT, Cd = 1.0
FLUID TEMPERATURE AT PCT LOCATION.
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FIGURE 6-34. DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.8
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FIGURE 6.35. DISCHARGE COEFFICIENT STUDY « DECLB, Cd = 0.8
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FIGURE 6-36. DISCHARGE CCEFFICIENT STUDY - DECLB, Cd = 0.8
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FIGURE 6-37. DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.8
HEAT TRANSFER COEFFICIENT AT PEAK POWER LOCATION,
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FIGURE 6-38, DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.8
PEAK CLADDING TEMPERATURE.
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FIGURE 6-39. DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.8
CLADDING TEMPERATURE AT RUPTURE LOCATION

FIGURE 6-40. DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.8
CLADDING TEMPERATURE ADJACENT TO RUPTURE LOCATION.
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FIGURE 6-41a. DISCHARGE COEFFICIENT STUDY « DECLB, Cd = 0.8
FLUID TEMPERATURE AT PCT LOCATION.
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FIGURE 6-41b. DISCHARGE COEFFICIENT STURY - DECLE, Cd =08
FLUID TEMPERATURE AT PCT LOCATION.
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FIGURE 6-42. DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.6
SYSTEM PRESSURE DURING BLOWDOWN.
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FIGURE 6-43. DISCHARGE COEFFICIENT STUDY - DECLB, Cd =06
MASS FLUX DURING BLOWDOWN AT PEAK POWER LOCATION.
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FIGURE 6-44. DISCHARGE COEFFICIENT STUDY - DECLE, Cd = 0.6
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. FIGURE 6-45. DISCHARGE COEFFICIENT STUDY « DECLB, Cd = 0.6
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FIGURE 6-46. DISCHARGE COEFFICIENT STUDY - DECLB. Cd = 0.6
PEAK CLADDING TEMPERATURE '

‘IGURE 6-47, DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.6
CLADDING TEMPERATURE AT RUPTURE LOCATION
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FIGURE 6-48. DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.6
CLADDING TEMPERATURE ADJACENT TO RUPTURE LOCATION.
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FIGURE 6-49a. DISCHARGE COEFFICIENT STUDY - DECLB, Cd = 0.6
FLUID TEMPERATURE AT PCT LOCATION.
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FIGURE 6-49b. DISCHARGE COEFFICIENT STUDY . DECLB, Cd = 0.6
FLUID TEMPERATURE AT PCT LOCATION
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L. LOCA Limits

The LOCA evaluation is completed with a set of analyses done to
show compliance with 10 CFR 50.46 for the core power and peaking
that will be taken as the limiting LOCA conditions for core
operation, that is, the LOCA lirmits. The term limit is applied
because these cases are run at the limit of allowable local power
operation. Actually, these LOCA evaluations serve as the bases for
the allowable local power. As such, the LOCA limits calculations
comprise the cases that are used to demonstrate compliance of the
reload fuel cycles and peaking limits to the criteria of 10 CFR
50,46, Five runs are made at differing axial elevations such that
a curve of allowable peak linear heat rates as a function of
elevation in the core can be constructed or, in this case,
confirmed, This curve pecomes a part of the plant technical
specifications, and plant operation is controlled such that the
local peaking and power do not exceed the allowable values.

Lad 1oCh Linits Dependencies

The absolute LOCA limits to power and peaking for each elevation in
the core can e determined through repeated calculations at each
elevation, with successively higher local power levels, until the
analysis shows one or mere of the applicable acceptance criteria to
be exceeded. The highest linear heat rate for which the criteria
are not exceeded is the absolute LOCA limit for a particular
elevation., The mere practical approach, the one adoptaed for this
report, assumes a set of peaking limits at a given power level that
have been determined to be acceptable for fuel cycle design and
plant operations purposes. The LOCA limits analyses are then done
to confirm that the assumed limits will meet the applicable
criteria,

Figure 7-1 shows the axial power and peaking selected and confirmed
as applicable to the Trojan plant for operation with Mark-BW fuel.



With the axial power ar peakinyg dependency established, LOCA
calculations are performed with the core power level and total
peaking initialized at different positions on the curve teo
demonstrate *“at these peaking limitations assure compliance with
10 CFR 50.46. Should the results not comply, the allowed peaking
is reduced, and the analysis is repeated until acceptable results
can be obtained, Likewise, if the results show large margins of
compliance, the peaking may be increased to provide additional
operational flexibility. For these analyses, neither of these
steps was taken,

An additional condition assumed in these analyses is that the
allowable peaking will be dependent on fuel assembly burnup in
accordance with Figure 7.2, This limitation is made necessary
because, at burnups above 41,000 Mwd/MTu, the initial fuel enthalpy
and internal preesure can become a more severe combination than at
peginning-of«life. By assuring that the local heating rates will
be limited to those shown in Figure 7-2, the reduction in power .
compensates for the increases in fuel temperature and pin pressure
such that beginning-of-life conditions remain the most severe (This
is discussed in greater detail in Section 5.2.). Therefore, Figure
7-2 is a limit of operation for the Mark-BW fuel. The limit is
checked during the fuel cycle design process. However, at the high
burnup at which the limit is imposed there should be no
restrictions on core operation, because the highly depleted fuel is
unlikely to reach the limit within the operational envelopes of the
plant Technical Specifications.

1.2 LOCA Limits Results

To validate Figure 7-1, five separate LOCA ¢ culations were
pr-formed. Power peaks were run centered at the middle of the
second through the sixth grid spans. Figure 7-3 shows the axial
power shapes evaluated, For all cases, the radial power peaking
was 1.67, The combination of the axial peaking of Figure 7-3 and a ’
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1.67 radial yields the total peaking at the correspcnding elevation
shown in Figqure 7-1.

The results of the calculations are tabulated in Table 7-1 and
ghown in Figures 7-4 through 7-23. The figures comprise five sets
with four figures in each set. The four figures of each set show
(1) the mass flux at the elevation of peak power, (2) the cladding
temperature for three different locations on the pin, (3) the heat
transfer coefficient at the location of highest cladding
temperature, and (4) the distribution of cladding oxidation along
the pin., Only one mass flux plot is provided for each case becai'se
the axial variations in mass flux are not strong.

To demonstrate the cladding temperature results, three curves are
presented for each case, Temperature histories are shown for the
rupture location, for the node adjacent to the rupture, and for the
high temperature node in an adjacent grid span. For power
distributions peaked tocward the middle of the core, the rupture
location is almost certain to correspond to the location of peak
power. Near the iiwe of rupture, the portion of the pin
immediately above the ru ~ure site will be ati nearly the same
temperature. Following - ve, the burst location cools quickly
as the cladding pulls awe: rom the fuel, and the area for heat
transfer is increased. Due to axial heat conduction in the
cladding and the effect of the rupture on flow conditions, the
cooling in the node 3just above the rupture is substantially
improved. This means that although one of the nodes in the
adjacent grid span is at a lower power, it can develop as the
location of the highest cladding temperature.

The heat transfer coefficient (HTC) is shown for the peak cladding
temperature location. HTC variations with elevation are as
expected (see Figures 6-6 through 6-8), such that the HTC from one
elevation reasonably characterizes the other elevations. The last
figure in esch set shows the local oxide thickness as a fun~tion of
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local oxidation, 4.8 percent, alsc occurs at the mid-core

elevation, The whole core oxidation during this LOCA is 0,63
percent,
6.3=-ft Peak Power Cage

This case is the same as the worst case evaluated in Chapter 6 and
is repeated here for completeness of this chapter. For a peak
power situated at the core midplane, the cladding temperature
response corresponds to that described in the previous paragraph.
The rupture is at the location of peak power. For this case, the
post-rupture coolinq above the rupture, although less effective
than in the 4.6-ft case, also cools the adjacent node sufficiently
such that the peak cladding temperature occurs in tre downstream
grid span (Node 14). As shown in Figure 7-9, the tamperature, 2047
F, is only slightly higher, by about 80 F, than in the node
adjacent to the rupture. The highest local oxidation in this case,
6.8 percent, occurs for the peak cladding temperature node. The
whole core oxidation is 0.79 percent,

8.0=ft Peak ower cCase

With the power peaked toward the outlet, the grid span that will
produce high c¢ladding temperatures lies below the location of peak
power. The rupture occurs at the location of peak power and the
peak cladding temperature, 1993 F, is predicted to occur in the
grid span below the peak power location. The power shape for this
case causes the node adjacent to the rupture location (Node 15) and
the node at which the peak cladding temperature occurs (Node 12) to
have about the same power. Rupture-induced cooling effec's do not
supbstantially imprcve the heat transfer in the node downstream of
the rupture. Thus, there is nearly the same reflood heat t: fer
at Nodes 15 and 12, and both locations achieve a peak temperature
of 1993 F. Node 12 is listed as the location of PCT because it is
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higher by a few tenths of a degree. ''he highest local oxidation is
5.3 percent, and the whole core oxidation is 0.74 percent.

2.7-ft Peak Power Case

In accordance with the axial dependency of power peaking shown in
Figure 7-1, this case is run at a slightly lower total peaking than
the other four cases. The location of peak power is in Node 17,
which is also the rupture location. With the reduction in peaking
and the severe outlet shape, the power in Node 15 is only slightly
less than that in Node 17. Node 15 is at the end of a grid span
and experiences little, if any, grid effects. Hence, the peak
cladding temperature of 2119 F occurs at this location. Because
the power drops off sharply above Node 17, and rupture effects
provide some cooling, the temperature in Node 18 peaks at 1960 F
about 60 F below the PCT. The peak local cxidation is 7.4 percent
and the whole core oxidation is 0.84 percent.

2.3 compliance to 10 CFR 50,46

The LOCA limits calculations directly demonstrate compliance to two
of the criteria of 1C CFR 50.46 and serve as the basis for
demonstrating compliance with two others. As shown in the figures
and in Table 7-1, the highest peak cladding temperature, 2119 F,
and the highest local oxidation, 7.4 percent, are below the 2200 F
and 17 percent criteria. Chapter 8 documents compliance with the
whole core oxidation limit based on the local oxidations calculated
for these evaluations, and Chapter 9 documents that the core
geometry ~~mains amenable to cooling based on the deformations
predicte r the LOCA limits studies.
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FIGURE 7.1, AXIAL DEPENDENCE OF ALLOWED TOTAL PEAKING FACTOR
LARGE BREAK LOCA MARK-BW,
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Table 7-1

item or Parameter
End-of~Blowdown, 8

Ligquid in Reactor Vessel
at EOB, ft?
bBottom-of-Core Recovery,
Time of Rupture, s
Ruptured Node '
PCT at Rupture Node, F
Oxide at Rupture Node, %

Node Adjacent to
Rupture '

PCT of Adjacent Node, F

Oxide at Adjacent Node,

Node in Adjacent
Grid span '

PCT of Adjacent Grid
Span, F

Oxide at Adjacent
Grid Span, %

Pin PCT Node '

PCT,; F

Peak Local Oxidation, %

Whole-Core Oxidation, %

LOCA Limite Results

Elevation of Peak Power, Feet

e 4.6 6.3 8.0 9,7
1747 oy b S a P 1747
91.6 90.5 90.5 94.5 93.7
29.4 29.4 29.4 29.3 29.3
817 44.0 45.0 43,2 48.9
8 8 11 14 17
1632 1644 1738 1854 1837
1.9 1.6 4.6 5.3 6.8
9 9 12 15 18
764 183¢ 1969 1993 1960
B 1.9 4.4 5.3 5.5
11 11 14 12 15
1894 2028 2047 1983 2119
3.4 4.8 6.8 37 7.4
11 11 14 12 18
1894 2028 2047 1993 2119
3.4 4.8 6.8 5.3 7.4
0.43 0.63 0.79 0.74 0.84

' Refer to Figure 4-4 for noding arrangement
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FIGURE 7-1. AXIAL DEPENDENCE OF ALLOWED TOTAL PEAKING FACTOR
LARGE BREAK LOCA MARK-.BW,
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FIGURE 7-3. LOCA LIMIT STUDY - AXIAL POWER SHAPES.
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FIGURE 7-5. LOCA LIMITS STUDY - 2.9 FOOT CASE
CLADDING TEMPERATURES.
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FIGURE 7-9. LOCA LIMITS STUDY - 4.6 FOOT CASE
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FIGURE 7-10, LOCA LIMITS STUDY - 4.6 FOOT CASE ‘
HEAT TRANSFER COEFFICIENT AT PCT LOCATION,

2A/G AT PD WITh Cd = 1.0

¥FRICIENT

HEAT TRANSFER




LOCAL OXIDATION, %

MASS FLUX, LBWSFT?

10

120

40

40 -

.120 -

160

FIGURE 7-11. LOCA LIMITS STUDY - 4.6 FOOT CASE
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