WESTINGHOUSE CLASS 3

ACAP-10910
Rev. 1
CUSTOMER DESIGNATED DISTRIBUTION

HEATUP AND COOLDOWN LIMIT CURVES
FOR THE ALABAMA POWER COMPANY
JOSEPH M. FARLEY UNIT 2 REACTOR VESSEL

T. V. Congedo
S. E. Yanichko
T. R. Mager

February 1986

— o
Approved: - [ i ’

J. N. Chirigos, Hanaqo:.
Structural Materials Engineering

Prepared by Westinghouse for the Alabama Power Company

Work Performed Under Shop Order AIVJ-139

Although information contained in this report is nenproprietary,
no distribution shall be made outside Westinghouse or 1ts )icensees
without the customer's approval

Westinghouse Electric Corporation
Nuclear Energy Systems
P.0. Box 355
Pittsburgh, Pennsylvania 15230

1449E:10/022886




1. INTRODUCTION

Heatup and cooldown limit curves are calculated using the most limiting value
of .TUDY (reference nil-ductility temperature). The most limiting ltno'

of the material in the core region of the reactor vessel is determined by
using the preservice reactor vessel material properties and estimating the
radiation-induced “'Ynot' "uor is designated as the higher of either

the drop weight nil-ductility transition temperature (TNOt) or the
temperature at which the material exhibits at least S0 ft 1b of impact enerqgy

and 35-mil lateral expansion (normal to the major working direction) minus
60°F.

IT“m increases as the material is exposed to fast-neutron radiation. Thus,
to find the most limiting 'tnot at any time period in the reactor life,
‘.Tnot due to the radiation exposure associated with that time period must
be added to the original unirradiated "NDT’ The extent of the shift in
.TlOT is enhanced by certain chemica)l elements (such as copper, nickel and
phosphorus) present in reactor vessel steels. Westinghouse, other NSSS
vendors, the U.S. Nuclear Regulatory Commission and others have developed
trend curves for predicting adjustment of "not as a function fluence and
copper, nickel and/or phosphorus content. The Nuclear Regulatory Commission
(NRC) trend curve is published in Regulatory Guide 1.99 (Effects of Residua)
Elements on Predicting Radiation Damage to Reactor Vessel ﬂater‘als)(‘).

Regulatory Guide 1.99 was originally published in July 1975 with a Revision )
being issued in April 1977,

Given the copper and phosphorus contents of the most limiting material, the
radiation-induced "TNOI can be estimated from Figure 1. Fast-neutron

fluence (E > 1 MeV) at the inner surface, 1/47 (wal) thickness) and 3/47 (wa))
thickness) vessel locations are given as a function of full-power service in
Figure 2. The data for all other ferritic materials in the reactor coolant

pressure boundary are examined to ensure that no other component will be

Timiting with respect to II“DY.
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2. FRACTURE TOUGHNESS PROPERTIES

The preirradiation fracture-toughness properties of the Farley Unit 2 reactor
vessel materials are presented in Table 1. The fracture-toughness properties
of the ferritic material in the reactor coolant pressure boundary are
determined in accordance with the NRC Regulatory Standard Review Plan'’).

The postirradiation fracture-toughness properties of the reactor vessel
beltline material were obtained directly from the Farley Unit 2 Vesse)
Material Surveillance Program.

3. FLUENCE CALCULATIONS

For the purpose of revising heatup and cooldown curves for Farley Unit 2,
which has 1imiting embrittiement characteristics in the intermediate shell
course plate B7212-1, it is necessary to know vessel fast fluence (¢ (£ > )
MeV)) at the azimuthal peak location. This peak location is at 0° relative to
the core cardinal axes, and at this angle, fast fluences are required at
vessel inner radius, vessel 1/47, and vessel 3/4T. The calculations performed
for this purpose consist of adjoint analyses, relating the fast flux (¢ (E >

1 MeV)) at the vessel IR to the power distributions in the reactor core. The
adjoint (importance) functions used, when combined with cycle specific core

power distributions, yield the plant specific exposure data for each operating
fuel cycle.

The adjoint function was generated using the 00T discrete ordinates code‘a)
and the SAILOR cross-section librcry(‘). The SAILOR library is a 47 group,
ENDF-B/1V based data set produced specifically for 1ight water reactor
applications. [n generating the adjoint function, anisotropic scattering was
treated with a P3 expansion of the cross-sections. The adjoint source
location was chosen along the inner diameter of the pressure vessel. This
calculation was run in R, @ geometry to provide a power distribution
importance function for the exposure parameter of interest (& (E > 1 Mev)).
Having the adjoint importance function and appropriate core power
distributions, the response of interest s calculated as

Rao * Ip lg 1(R.8) F(R,8) R dR do
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where:

l' ® = Response of interest (¢ (E > 1.0 Mev), dPa, etc.) at radius
R and azimuthal angle @.

I(R,@) = Adjoint importance function at radius R and azimuthal angle
8.
F(R,8) = Full power fission density at radius R and azimuthal angle

It should be noted that as written in the above equation, the importance
function I(R,8) represents an integral over the fission distribution so that

the response of interest can be related directly to the spatia) distribution
of fission density within the reactor core.

Core power distributions for Farley Unit 2 were taken from the following
Westinghouse fue! cycle design reports for each operating cycle to date:

Fuel Cycle Report
| WCAP-9710
2 WCAP-10187
3 WCAP-10410
4 WCAP-10674

Of these, Cycles 1 through 2 utilized out-in fue)l loading patterns, and Cycles
J an. 4 implemented low leakage fuel loading patterns.

The power distributions employed represent cycle averaged relative assembly
powers. Therefore, the adjoint results are in terms of fuel cycle averaged
neutron flux, which when multiplied by the fuel cycle length yields the
incremental fast neutron fluence. Fast fluences at 1/4T and 3/47 are obtained
from those at vessel IR through fast flux ratios obtained from the DO!
transport analysis performed in support of WCAP-10425, "Analysis of Capsule U
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from the Alabama Power Company, Joseph M. Farley Unit 2 Reactor Vessel

Radiation Surveillance Program®. As a result, the following neutron fluences
for £ > 1.0 MeV were calculated:

Cumulative Fluence (E > ) Mev) at 0*
Lifetime (n/emd)

EFPY vessel IR vessel 1/41 Vessel 3/41
1.09 2.027 x 10'® 1.200 x 10'® 2.189 x 10"’
1.86 3.625 x 10'® 2.147 x 10'® 4.989 x 10"’
2.95 5.527 x 10'°® 3.213 x 10'® 7.606 x 10"’
3.20 5.898 x 10'® 3.492 x 10'® 8.116 x 10"’
32.0 4.999 x 10'° 2.960 x 10'? 6.878 x 10'8

4. CRITERIA FOR ALLOWABLE PRESSURE -TEMPERATURE RELATIONSHIPS

The ASME approach for calculating the allowable limit curves for various
heatup and cooldown rates specifies that the total stress intensity factor,
l‘. for the combined therma)l and pressure stresses at any time during heatup
and cooldown cannot be greater than the reference stress intensity factor,
Kll' for the metal temperature at that time. ‘ll is obtained from the
reference fracture toughness curve, defined in Appendix G to the ASME
Co‘c(s). The ‘ll curve is given by the equation:

I‘. = 26.78 + 1.223 exp (0.0145 (1-l7~01 + 160)) (1)

where K‘. is the reference stress intensity factor as a function of the
metal temperature T and the meta) reference nil-ductility temperature

l?not. Thus, the governing equation of the heatup cooldown analysis is
defined in Appendix G to the ASME Codo(s) as follows:

CXim * Kpp < Kpg (2)
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where:

‘II is the stress intensity factor caused by membrane (pressure) stress
‘lt is the stress intensity factor caused by the thermal gradients
l‘. is a function of temperature relative to the Rtno’ of the material

C = 2.0 for Level A and Level B service limits

C = 1.5 for hydrostatic and leak test conditions during which the reactor core
is not critical.

At any time during the heatup or cooldown transient, ‘la is determined by

the metal temperature at the tip of the postulated flaw, the appropriate value
of lt.ot. and the reference fracture toughness curve. The thermal stresses
resulting from temperature gradients through the vessel wall are calculated
and then the corresponding (thermal) stress intensity factors, ‘lt' for the
reference flaw are computed. From Equation (2), the pressure stress intensity
factors are obtained and, from these, the allowable pressures are calculated,

For the calculation of the allowable pressure-versus-coolant temperature
during cooldown, the Code reference flaw 15 assumed to exist at the inside of
the vessel wall. DOuring cooldown, the controlling location of the flaw is
always at the inside of the .al) because the therma! gradients produce tensile
stresses at the inside, which increase with increasing cooldown rates.
Allowable pressure-temperature relations are generated for both steady-state
and finite cooldown rate situations. From these relations, composite 1imit
curves are constructed for each cooldown rate of interest.

The use of the composite curve in the cooldown analysis s necessary because
control of the cooldown procedure s based on measurement of reactor coolant
temperature, whereas the limiting pressure is actually dependent on the
material temperature at the tip of the assumed flaw. During cooldown, the

1747 vesse) location is at a higher temperature than the fluid adjacent to the
vessel 10. This condition, of course, 15 not true for the steady state
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situation It follows that, at any given reactor coolant temperature. the

AT developed during cooldown results in a higher value of — .t

K
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surface flaw 1s assumed. Unlike the situation at the vesse)l inside surface,
the thermal gradients established at the outiide surface during heatup produce
stresses which are tensile in nature and thus terd to reinforce any pressure
stresses present. These thermal stresses are depencent on both the rate of
heatup and the2 time (or coolant temperature) along (he heatup ramp. Since the
thermal stresses at the outside are tensile and increase with increasing
heatup rates, each heatup rate must be analyzed on an individua) basis.

Following the generation of pressure-temperature curves for both the
steady-state and finite heatup rate situations, the fina! limit curves are
produced as follows: A composite curve s constructed based on a
point-by-point comparison of the steady-state and finite heatup rate data. At
any given temperature, the allowable pressure is taken to be the lesser of the
three values taken from the curves under consideration. The use of the
composite curve is necessary to set conservative heatup )imitations because it
s possible for conditions to exist wherein, over the course of the heatup
ramp, the controlling condition switches from the inside to the outside and
the pressure 1imit must at all times be based on analysis of the most critical
criterion. Then, composite curves for the heatup rate data and the cooldown
rate data are adjusted for possible errors in the pressure and temperature
sensing instruments by the values indicated on the respective curves in

Figures 3 and 4. In addition, heatup and cooldown curves without instrument
errors are presented in Figures 5 and 6.

Based on the Farley Unit 2 fracture analysis results from Reference 6, the
heatup curves in Figures 3 and 5 and the cooldowa curves in Figure & are
impacted by the new 10CFRSO rule. This rule states that the minimum metal
temperature of the closure flange regions should be at least 120°F higher than
the limiting 'Ynot for these regions when the pressure exceeds 20 percent of
the preservice hydrostatic test pressure (62) psig for Westinghouse plants).
However, the cooldown curve in Figure 4 s not impacted by the rule. Since
there are many conservatisms (safety factor of 2 on pressure, K 0 toughness
and 1/4T flaw) built into the ASME Appendix G analysis umm“’. Appendix G
does not require that instrument error margins be included in the analysis

Therefore, plant operation can be based on heatup and cooldown curves without
instrument errors.
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An evaluation has been performed to determine the acceptability of the
Overpressure Mitigatio System (OMS) presently in Farley Unit 2 (Technical
Specification 3/4.4.1,.3) with respect to the B EFPY Heatup and Coo)down
curves shown in Figures 5 and & respectively. For the purpose of the
evaluation it was assumed that the residual heat removal (RHR) relief valve
11fts at 495 psig which includes 10% accumulation. The HWeatup curve in Figure
5 does not fall below 495 psig at any temperature. A comparison to coo)down
curves in Figure 6 shows that in the low temperature range (<130°F) cooldown
rates of 20°F/Hr and lower fal) above 495 psig. Although the cooldown curves
for rates of 40°F/Wr and above do fa)i below 495 psig, it is not expected that
the Appendix G curves will be violated during an actuation of the OMS since
cooldown rates greater than of equal to 40°F/Wr are highly unlikely at low
temperature conditions. Therefore, the Appendix G curves as 11lustrated in
Figures 5 and 6 will not be violated as the result of an actuation of the OMS

5. HKEATUP AND COOLDOWN LIMIT CURVES

Limit curves for normal heatup and cooldown of the primary Reactor Coolent
System have been calculated using the methods discussed previously The

derivation of the limit curves is presented in the NRC Regulatory Standard
Review Plln(z).

Transition temperature shifts occurring in the pressure vessel materials due

to radiation exposure have been obtained directly from the reactor pressure
vessel surveillance program.

Allowable combinations of temperature and pressure for specific temperature
change rates are below and to the right of the limit 1ines shown on the heatup
and cooldown curves. The reactor must not be made critical unt))
pressure-temperature combinations are to the right of the criticality )imit
1ine, shown in Figures 3 and 5. This is in addition to other criteria which
must be met before the reactor s made critical.

The leak test 1imit curve shown in Figures 3 and 5 represent minimum

temperature requirements at the leak test pressure specified by applicable
codes'?+3)
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6. AVAILABLE SURVEILLANCE CAPSULE DATA

Charpy test specimens from Capsule U irradiated to 5.61 x 10" n/cn2
indicate that the representative core region 1eld metal and limiting core
region shell plate 87212-1 exhibited maximum shifts in lt~°T of 10°F and
133°F, rtsooctivtly(7,. The shell plate shift of 133°F 15 less than the

157°F shift which is predicted by Regulatory Guide 1.99 Revision 1.

The AIT.OT'S used to compute the heatup and cooldown curves were obtained
from the radiation damage curve associated with the surveillance shell plate
shift of 133°F at 5.61 x 10'° n/em® shown in Figure 1.

7. SURVEILLANCE CAPSULE REMOVAL SCHEDULE

The surveillance capsule withdrawal schedule for Unit 2 (Table il) should
remain the same as identified in the Technical Specifications and
ﬂtl'-lﬂ‘:S"’. The dosimetry analysis of the second capsule to be removed

after 4 EFPY should be used to re-evaluate the withdrawa! schedule for the
remaining capsules.
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TABLE I

FARLEY UNIT 2 REACTOR VESSEL TOUGHNESS DATA

Average Upper
—Shelf Energy
Normal to
Principal Principal
wWorking wWorking

Cu P Ni !.' lt.' Direction Direction
Component Code No. 6rade (%) (%) (%) (°F) (°F) Aft-1b)  _(ft-1b)
CL. WD. Dome 872151 AS33.8.CL.0 0.17 0.010 0.49 -30 16(a) gala) u?
CL. HD. Flange  B87207-) AS08,CL.2 0.14 o.on 0.65 s0(2) s0(a) >spla) >86(c)
VES. Flange 87206-1 AS08,.CL.2 0.10 0.012 0.67 s0(a) s0(a) >7i(a) >109
Inlet Noz. 81218 2 AS08,CL.2 - 0.010 0.68 sola) sola) 103(2) 158
Inlet Noz. 812181 AS08,CL.2 - 0.010 o.M 32(a) 32(a) 1n2(a) 172
Inlet Noz. 87218-3 AS08,CL.2 - 0.010 0.12 sofa) s0(a) a) 150
Outiet Noz. 87217} ASO8,CL.2 - 0.010 0.73 s0la) s0(a) 100(3) 154
Outlet Noz. B1211-2 AS08,CL.2 - 0.010 0.712 sla) 6la) 108(2) 167
Out let Noz. 81217-3 ASO8,CL.2 - 0.010 0.72 qsla) ss(a) 103(2) 158
Upper Shell 87216-) AS08,CL.2 - 0.010 0.73 30 jola) 91la) 149
inter Shell 87203-1 AS33,8.CL.) 0.14 0.010 0.60 -40 15 99 - 140
Inter Shell 872121 A533,8.CL.0 0.20 0.018 0.60 -30 -10 99 134
Lower Shell 872101 AS33,8,CL.0 0.13 0.010 0.56 -40 18 103 128
Lower Shell 87210-2 A533,8.CL.0 0.14 0.015 0.57 -30 0 99 145
Trans. Ring 812081 AS08,CL.2 - 0.010 0.73 40 s0(a) gela) 137
Bot. WO. Dome 872141 AS33.8.CL.0 o.n 0.007 0.48 -30 -z2(a) gr1(a) 134
Inter. Shell Al 46 SMAW 0.02 0.009 0.96 o(a) ola) >13 -
Long Seams Al.40 SMAW 0.02 ¢.000 0.93 -0 -60 >106 -
Inter Shell
to Lower Shell  &1.50 SAW 0.13 0.016 <.20(0) 40 -40 >102 -
Lower Shell
Long Seams €1.39 SAW 0.05 0.006 <.20(0) -0 -10 >126 -

(a) Estimate per NUREG 0800 "USNRC Standard Review Plan® Branch Technical Position MTES S5-2.

(b) Estimated. p
(c) Upper shelf not available, value represents minimum energy at the highest test temperaturs.



TABLE 11

SURVEILLANCE CAPSULE REMOVAL SCHEDULE

The following removal schedule is recommended for

removed from the Farley Unit 2 reactor vesse)

Lead

Capsule Factor

Effective ful)l power years
Approximates vessel end

Approximates vessel end of
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