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2.0 INITIAL REFERENCE TEMPERATURES

In order to perform a complete analysis of the vessel P-T requirements,
initial RTypr values are needed for all low alloy steel vessel components.
The requirements for establishing the vessel component toughness per the ASME
Code prior to 1972 are summarized as follows:

a. Test specimens shall be longitudinally oriented Charpy V-Notch

specimens.

b. At the qualification test temperature (specified in vessel purchase
specification), no impact test result shall be less than 25 ft-1b,
and the average of three test results shall be at least 30 ft-1b.

£, Pressure tests shall be conducted at a temperature at least 60°F
above the qualificaivion test temperatu‘e for the vessel materials.

The current vequirements establish a RTypr value, and are significantly
different For plants constructed to the ASME Code after Summer 1972 the

requirements are as follows:

a. Charpy V-Notch specimens shall be oriented normal to the rolling

direction (transverse).

b. RTypr is defined as the higher of the dropweight NDT or 60°F below
the temperature at which Charpy V-Notch 50 ft-1b energy and 35 mils

lateral expansion are met.

¢. Bolt-up in preparation for a pressure test or normal operation
shall be performed at or above the RTypr or lowest service

temperature (LST), whichever is greater.

10CFR’'0 Appendix G states that for vessels constructed to a version of
the ASME Code prior to the Summer 1972 Addendum, fracture toughness data and
data analyses must be supplemented in an approved manner. GE has developed
methods for analytically converting fracture toughness data for vessels
constructed before 1972 to comply with current requirements, GE developed
2-1









For bolting material, the current ASME Code requirements define the LST
a8 the tenperature at which transverse Charpy V-Noteh energy of 45 ft.lb and
25 mils lateral expansion (MLE) are achieved. If the required Charpy results
are not met, or are not reported, but the Charpy V-Noteh energy reported is
above 30 ft-1b, the requirements of the ASME Code at construction are applied,
namely that the 30 ft-1b test tempersture plus 60'F {s the LST for the bolting
materials. Charpy data for the studs did not meet the 45 ft-1b, 25 MLE
requirement, but 30 ft.1b energies were met at 10°F. Therefore, the bolting
material LST is 70'F.
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Table 2-1
INITIAL RTgpy VALUES OF BELTLINE AND OTHER SELECTED RPV MATERIALS

Heat

——ttation . Number. Nunbex

Reliline
Lower Shell Plates

lover Intermedliate
Shell Plates

Lower Long.
v lds

Lower-Int. Leong.
Welds

Lower to Lower-Int,

63071
G-308-1
G-307+%

T1937.2
T1937:1
P2076-2
P2161-1
P2136.2
P2150-1

B6OSLR
Lot GESF

86054
Lot 4D4F

1248
Lot 4M2F

pP2iie.2
X-43162
43162
P2074+1
A7153-2
BT-1676

Dh936.2

Girth Weld

Nen:Bedtline:

Upper $hell Plate G:307:R1
Vessel Flange G-306
Head Flange G305
Top Head Torus G-309-2
Sottom Head Torus  G-301+4
CRD Return Nozele G319
Recire Inlet Forg. G-312-1
(a) The values of ('rw,r

methods in Rev ?,

(b) The RTN

DT
201.

Test  Charpy
Temp. Energy
‘0:1 >

see App. A
see App. A
see App. A
see App. A
see App. A
see App. A

10 64,65,66

10 29,31.5,%2

10 53.5,57.6%

see App. A
10 92,143,153
10 212,261,26)
10 28.5,35.39.5
see App. A
40 25,34,38
10 28.5,30,5,31
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sor° 80 “

VO .\ IR 3. o
30 12.6
21 .2

3 13.9

17 10.7

" 12.8

3] 12.7
.50 0.0
.8 0.0
.50 0.0
25 5.4
.20 0.0
.20 0.0
23 0.0
ub 10,3
60 0.0
23 0.0

values for these non-beltline materials are the (’rso.r .

R yor

(a)
(&)
(a)
(&)
(a)
(o)

+50

«50

36.(b)

.20

.20
29
66(b)
60
23

+ 60) and 0, are used Iin Section 3 according to the

60) plus



3.0 ADJUSTED REFERENCE TEMPERATURES FOR BELTLINE

The adjusted reference temperature (ART) of the limiting beltline
material is used to correct the beltline P-T curves to account for irradiation
effects. Rev 2 provides the methods for determining the ART. These methods,
and the limiting material properties used, ure discussed in this section.

3.1 REV 2 METHODS

The value of ART is computed by adding the SHIFT term for a given value
of effective full power years (EFPY) to the initial RTypr. For Rev 2, the
SHIFT equation consists of two terms:

SHIFT = ARTypr + Margin

where ARTNDT - [CF]*{(O-ZG « 0,10 log )
Margin = 2(01? 4 aA?)o-s

f = fluence for the given EFPY / 1019

Chemistry factors (CF) are tabulated for welds and plates in lavies 1 and 2,
respectively, of Rev 2. The margin term ¢, has set values in Rev 2 of 17°F
for plate and 28°F for weld., However, oy need not be greater than 0.5*ARTypr.
Uncertainty on initial RTypr, o1, is discussed in Section 2.0,

3.2 LIMITING BELTLINE MATERIAL
An evaluation of all beltline plates and submerged arc welds was made,

and is summarized in Tables 3-1 and 3-2. The inputs used in determining the
limiting beltline material are discussed in the remainder of this section.
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Shell
Thickness =

PLATES:

Lower Shell
Lower Shell
Lower Shell
Low-Int Sheil
Low-Int Shell
Low-Int Shell

WELDS:

Lower Long.

Low-Int Long.

Lower to
Low-Int Girth

Table 2-1

BELTLINE EVALUATION FOR OYSTER CREEK
AT 32 EFPY OF OPERATION

7.125 inches Peak I.D. fluence = 3.74E+18
Peak 1/4 T fluence =2.36E+18

Initial 32 EFPY 32 EFPY 32 EFPY
I1.D. HEAT OR HEAT/LOT ®Cu  WNi CcF RTndt Sigma-I Delta RTndt Margin shife ART

G-307-1 T-1937-2 0.17 0.11 79.5 30 12.6 48.4 42.3 90.8 i20.8
G-308-1 T-1937-1 0.17 0.11 79.5 21 14.2 48.4 44.3 92.7 113.7
G~-307-% P-2976-2 0.27 9.53 173.9 3 13.9 106.0 43.9% 149.% 152.9
G-8-7 P-2161-1 0.21 0.48 139.4 17 10.7 24.9 0.2 125.1 142.1
G-8-8 P-2136-2 0.18 0.46 120.7 8 12.8 73.5 £2.6 116.1 124.1
G-8-6 P-2150-1 0.2 0.51 138.2 31 12.7 84.2 42.4 126.6 157.6
2-564 860548, ARCOS 0.35 0.2 168 -50 o 102.4 56.0 158.4 108.4¢
A,B,C FLUX LOT 4ESF
2-564 860548, ARCOS 0.35 0.2 168 -8 0 102.4 $6.0 158.4 150.4
D,E,F FLUX LOT 4D4F
3-564 1248, ARCOS 0.22 0.11 105.3 -58 o 64.2 56.0 120.2 70.2

FLUX LOT &4M2F
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Shell
Thickness =

Lower Shell
Lower Shell
Lower Shell
Low-Int Shell
Low-Int Shell
Low-Int Shell

WELDS:

Lower Long.

Low-Int Long.

Lower to
lLera—Int Girth

7.125

inches

1.D. HEAT OR REAT/LOT
G-307-1 T-1937-2
G-308-1 T-1937-1
G-307-5 P-2076-2

G-8-7 P-2161-1
c-8-8 P-2136-2
6-8-6 P-2150-1
2-564 8606548, ARCOS
A,8,C FLUX LOT &=5F
2-564 860548, ARCOS
D.E, ¥ FLUX LOT 4D3F
3-564 1248, ARCOS

FLUX LOT SM2F

e e .

L J L J & & L J -
Table 3-2
BELTLINE EVALUATION FOR OYSTER CREEK
AT 17 EFPY OF OPERATION
Peak I.D. flumence = 1_99E+18
Peak 1/8 T fivence =1_25E+]18
Initial 17 EFPY 17 EFPY 17 EFFY
SCu ENi cF ETndt Sigma-T Delta RTndt Margin Shift aRT
0.17 0.11 73.5 3c 12.6 36.8 82.3 9.2 199.2
9.17 0.11 79.5 21 14.2 36.8 44.3 81.1 192.1
0.27 0.53 173.%9 3 i3.9 B80.6 43.9 124.5 127.%
0.21 0.48 135.4 1?7 10.7 68 .6 80.2 10e.8 i21.8
0.18 0.46 120.7 R 12.8 55.%9 &2.%5 98.5 106.5
9.2 9.5 138.2 31 12.7 4.0 e2.¢ 106.% 137.%
0.35 0.2 168 -50 0 77.8 SE.C 133.8 /3.8
0.35 0.2 168 -8 o 7.8 56.9 133.8 125.8
8.22 0.1 105.3 -5SC L 8.8 42 .8 278 e4T.5
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4.0 PRESSURE TEMPERATURE CURVES
4.1 BACKGROUND

Operating limits for pressure and temperature are required for three
categories of operation: (a) hydrostatic pressure tests and leak tests,
referred to as Curve A; (b) non-nuclear heatup/cooldown and low-level physics
tests, referred to as Curve B; and (¢) core critical operation, referred to
as Curve C. There are three vessel regions that affect the operating limits:
the closure flange region, the core beltline region, and the remsinder of the
vessel, or non-beltline regions. The closure flange region limits are
controiling at lower pressures primarily because of 10CFR50 Appendix C (1)
requirements. The non-beltline and beltline reglon operating limits are
evaluated according to procedures in 10CFR50 Appendix G, Appendix G of the
ASME Code [7) and Welding Research Council (WRC) Bulletin 175 [8], with the
beltline region minfmum temperature limits adjusted to account for vessel
irradiation,

Figure 4-1 has curves applicable, per Rev 2, for 17 EFFPY of operation.
Figure 4-2 has curves applicable for 32 EFPY. The requirements for each
vessel region influencing the P.T curves are discussed belov.
Tables 4-1 and 4-2 have tabulations of the P-T values for Figures 4-1 and 4.2,
respectively.

4.2 NON-BELTLINE REGIONS

Non-beltlire regions are those locations that receive too little fluence
to cause any RTNDT increase. Non-beltline components include the nozzles, the

closure flanges, some shell plates, top and bottom head plates and the control
rod drive (CRD) penetrations. Detailed stress analyses, specifically for the
purpose of fracture toughness analysie, of the non-beltline components were
performed for the BWR/6. The analyses tock into account all mechanical
loadings and thermal transients anticipated. Transients considered included
100*F/hr startup and shutdown, SCRAM, loss of feedwater heaters or flow, loss

of recirculation pump flow, and all transients invelving emergency core

4-1



cooling injections. Primary mesbrane and bending stresses and secondary
membrane and bending stresses due to the most severe of these transients were
used according to [7) to develop plots of allowable pressure (F) versus
temperature relative to the reference tempersture (T - RTypy). Plots were
developed for the two most limiting BWR/6 regions; the feedwater nozzle and
the CRD penetration regions. All other non-beltline regions are categorized
under one of these two regions.

The BWR/6 results have been applied to earlier BWR non-beltline vessel
components, based on the facts that earlier vessel component geometries are
not significantly different from BWR/6 configuratisons and mechanical and
thermal loadings are comparable.

The BWR/6 non-beltline region results vere applied to Oyster Creek by
adding the highest Oyster Creek RTypr values for the non-beltline
discontinuities to the appropriate P versus (T « RTypy) curves for the BWR/6
CRD penetration or feedwater nozzle. Table 2-1 shows the most limiting
non-beltline RTypr velues for the non-beltline components. The CRD return
nozzle RTypr of 60°F is used with the BWR/6 feedwater nozzle curve. The
bottom head RTypy of 66'F is used with the CRD penetration curve,

There are two nozzles in the Oyster Creek vessel which are not found in
later BWR vessels. These are the recirculation inlet nozzle and the isolation
condenser nozzle. These nozzles were reviewed to assure that the limits
developed for BWR/6 would apply.

The recirculation inlet nozzle is a 1.41 inch thick ring forging welded
to the outside of the vessel at the inlet penetration. Since the forging is
less than 2.5 inches thick, it is exempt from fracture toughness analysis per
ASME Appendix G, paragraph G-2223(c), as long as the RTypr is at least 60°F
below the lowest service temperature. Table 2-1 shows the RTypr for the
forging, 23°F. This is more than 60°F below the lowest service temperature
for this nozzle, based on & boltup temperature of 85°F, so adequate fracture

toughness is assured.
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feedwater nozzles, or temperature measurements of wvater in the recirculation
loops provide good estimstes of the beltline temperature during pressure
testing. GPUN may need to confirm this before {mplementing separate
wonitoring of the bottom head or top head. First, however, it should be
determined whether there are significant temperature differences between the
beltline region and the bottom head or top head regions,

4.3 CORE BELTLINE REGION

The pressure-temperature (P-T) limits for the beltline reglon are
determined according to the methods in ASME Code Appendix G [7]). As the
beltline fluence increases during operation, these curves shift by an amount
discussed in Section 3. Typically, the beltline curves shift to become more
limiting than the non-beltline curves st some point during operating life.
For the Oyster Creek vessel, the non-beltline curves were limiting through
about 7 EFPY, at which point the beltline curves became more limiting at
typical operating pressures.

The stiess intensity factors (Kj), caleculated for the beltline region
according to ASME Appendix G procedures, were based on a combination of
pressure and thermal stresses for a 174 T flav in a flat plate. The pressure
stressee were calculated using thin-walled cylinder equations. Thermal
stresses were calculated assuming the through-wall temperature distribution of
a flat plate subjected to a 100°F/hr thermal gradient. The ART values shown
on Figure 3:1 were used to adjust the (T - RTypr) values from Figure 6-2210-1
of (7). More details on the methods used in computing beltline curves are
contained in Appendix B.

The beltline P-T curves are calculated assuming an instantaneous
heatup/cooldown rate of 100°F/hr. It is permitted to exceed this rate in the
Technical Specification, as long as a 100°F change in any one hour period is
not exceeded (also note that exceeding the 100°F/hr rate should not be normal
practice). The impact on the P-T curves of heatup/cooldown rates in excess of
100°F/hr is discussed in Appendix C









Table &«
P~T CURVE VALUES FOR 17 EFFY

Limiting Non-Beltline
Curve Curve
Pressure Temperature (°F) Temp. (°F)
(psig)
A b ¢ A
0 8.0 85.0 96.0 8.0
10 85.0 85.0 96.0 85.0
20 85.0 8.0 96.0 85.0
30 85.0 85.0 96,0 85.0
«0 85.0 85.0 100.0 85.0
50 85.0 5.0 113.0 85.0
60 85.0 85.0 12,0 85.0
70 5.0 93.% 1335 £5.0
B0 85.0 101.7 V1.7 85.0
7 V8.7 85.0



Teble 4-)
P=T CURVE VALUES FOR 17 EFFY

Limiting Non=Beltline
Curve Curve
Pressure Temperature (°F) Temp, (°F)

(psig)
[ ] 4

’
490 126.0 204.5 244.5 126.0
$00 126.0 205.7 245.7 126.0
520 126.0 207.9 247.9 126.0

530 126.0 209.0 24%.0 126.0
$40 126.0 210.0 250.0 126.0
$50 126.0 2V1.0 251.0 126.0
560 126,0 212.0 252.0 126.0
5§70 126.0 212.9 2%52.9 126.0
590 130, 2%.7  2%54.7 1309
600 132.! ;as.s 255.% \sz.g
610 . 1343 16.3 256.3 134,

620 136.3 217,10 257.9 126.3
630 . 1383 17,8 2578 138.3
640 140,2 219.0 259.0 140.2
650 1%2.0 220.3 260.3 142.0
660 15,8 221.5 2615 143.8
670 145.6 222.86 262.8 145.6
680 . 1473 22,0 264.0 147.3
690 149.0 225.2 26%.2 149.0
710 152.2 27.6 67.6 152.2
720 154.3 28.7 268.7 153.7
730 156.7 229.8 269.8 155.2
740 15¢.1  230.9 270.9 156.7
750 161.4 232.0 272.0 158.2
760 163.6 233.1\ amN 159.6
770 165.8 234.2 2%.2 161.0
780 167.9 235.2 275, 162.3
790 169.9 236.2 2 163.7
800 17,9 2372 | 165.0

2%

rid4
810 173.8  238.2 27B.2 166.3
820 175.6 239.2 279
830 177.4 240.2 280.2 168.8
840 179.2  24V,\ 2B
850 180.9 242.1 e82. 171.2
860 182.6 243.0 283.0 172.4
870 184,2 243.9 283.9 173.%
880 e * 44,8 284.8 1%.7

900 60,9 266.6 286.6 176.9
§10 190.4 247.5 287.5 178.0
920 191.9 248.3 2883 179.0
930 193,83 49,2 2892 1801
§u0 194.7 250.0 290.0 181.1
950 196.1  250.8 290.8
060 197.8 251, 2916 183.2
$70 196.8 252.5 .
980 200,1 253.3 293.3 185.1
990 201,64  254.0 294.0 186.1




WL

- "y -3
SRS A

e o i

» O

G B OO

S O o v P T

S e




-a

OO < > -
e N e . »~ Fw -
> o9 ~a & ¥

r
f
¢
\
»
.
’
t

CRwBLVLDsweS

o O

- PP B O Tr

C S
R
- -

> D a0 OO R
- > " ‘7w - ”

wda > o »

- - - - - s D P “ ie e




(peig)

Ta'.ie 4~2
F=T CURVE VALVES FOR 32 EFPY

Limiting

Temperature (°F)

Non=Beltline
Curve
Temp., (°F)

’
126.0
126.0
126.0
126.0
126.0
126.0
126.0
126.0
126.0
127.9
130.3
1}6.8
1391
3.2
w70
150.6
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URE LIMIT IN REACTOR VESSEL TOP HEAD (psig)

1600 T T ‘ ; T \ =
| | \
| | l : 1 i |
! !
'| A i |
L o B C |
1400 “T™ T 'r ! |
! ‘
DISCONTINUITY LIMITS, !10 { J [ J
| Ringt = B6°F, h’ t T
BWR/6 CRD CURVE « ! ! }
1200 =T IR %
/] i
_{;. J.. } 1
o{ | |
‘|
B |
1000 .v | S '
! 3 |
L B/ NN |
of %\____';;
! 1 CORE BELTLINE LIMITS
800 R § + WITH ART OF 138%
| FOR LOWER SHELL
J , PLATE G=8~6
/ A = SYSTEM WYDROTESY LIMIT
600 s WITH FUEL IN VESSEL
B ~ NON=NUCLEAR MEATUR/
COOLDOWN LIMiT
¢ - NI m AR (CORE CRITICAL)
oy . LiMIT
400 t
37": PS|G l _I \ ch»e\\, T"JU‘TY L‘Mlys
J _ Ringt = 80°F,
o - o BWR/6 FW CURVE
| || CURVES ABC ARE VALD
200 1 P FOR 17 EFPY OF OPERATION
Bopu" i ‘ | | {
sl : | 1 J/ MINIMUM CRITICALITY
4/%/“/. ( TEMPERATURE = 8&°F
0 f r J S ' r
0 100 200 300 400 $00 €600
MINAUM REACTOR VESSEL METAL TEMPERATURE (°F)
FJ re 4'— ’).)tl C"E‘-Ey =T C.'»f v ig tp Er‘-



CURVES ABC ARE VALK
FOR 32 EFPY OF OPERATION
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Pressure test Kig is the caleulated value Ky multiplied by a safety
factor of 1.5, per (7). The relationship between Kip and temperature relative
to reference temperature (T - RTypr) is shown in Figure G-2210-1 of [7],
represented by the relationship

Kip - 26.78 = 1,233 ¢ | 0.0145 (T - RTnpy + 160 )] (B-1)

This relationship is derived in [8) as the lower bound of all dynamic fracture
toughness and crack arrest toughness data, This relationship provides values

of pressure (from Kig) versus T (from (T-RTypr)).
B.2  HEATUP/COOLDOWN

The beltline curves for heatup/cooldown conditions are influenced by

pressure stresses and thermal stresses, according to the relationship in (7]
KIR = 2.0 Kip + K1¢, (B-2)

where Kim 18 primary membrane K due to pressure and
Ki¢ is radial thermal gradient K due to

heatup/cooldown,

The pressure stress intensity factor Kiy is calculated by the method described
in section B.1l, the only difference being the larger safety factor applied.

The thermal gradient stress intensity factor calculation is described below.

The thermal stresses in the vessel wall are caused by a radial thermal
gradient which is created by change:z in the adjacent reactor coolant
temperature in heatup or cooldown conditions. The stress intensity factor is
computed by multiplying the coefficient My from Figure C-2214-2 of [7] by the
through-wall temperature gradient AT, given that the ¢t rature gradient has

a through-wall shape similar to that shown in Figure G-2.14-3 of [7].

B-2



f ‘
o . 1 &t ah 1 ' AN ¢ )
The relationship used to compute through-wall &1y 18
{ 4 a1 n P | { » ) o) oy { 1 ¢ A 1 ¢ 1 &
one-dimensional heat conduction through an insulated flat piate
o 4 . » y
64T(x,t fx? = 1/8 (6T(¥ ) /62 where k
(X, 1 18 temperature of the nlate at depth X and time t
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The stress generated by the thermal gradient is a bending stress that
changes sign from one side of the plate to the other. In combining pressure
and thermal stresses, it is usually necessary to evaluate stresses at the 1/4
T location (inside surface flaw) and the 3/4 T location (outside surface
flaw). This is because the thermal gradient tensile stress of interest is in
the inner wall during cooldown and is in the outer wall during heatup.
However, as a conservative simplification, the thermal gradient stress at the
1/4 T is assumed to be tensile for both heatup and cooldown. This results in
the conservative approach of applying the maximum tensile stress at the 1/4 T
location. This approach is conservative because irradiation effects cause the
allowable toughness, Kip, at 1/4 T to be less than that at 3/4 T for a given
metal temperature. This conservatism of the approach causes no operation
difficulties, since the BWR is at steam saturation conditions during normu.l

heatup or cooldown, well above the heatu, /cooldown curve limits.
B.3 EXAMPLE CALCULATION - 17 EFPY PRESSURE TEST AT 1000 PSIC

The following inputs were used in the beltline limit calculation:

[ o P S I B e 138°F
VORReL MBAENE i ih v ynanois 4 dhina 766 inch
Bottom of Active Fuel Height ... 209.3 inch
Veasel Radius ... iiivaininrines 106.7 inch
Vassol ThIckness o ion i vies s vs 7.125 inch
Beltline Material Sy ......... 62.7 ksi

Pressure was calculated to include hydrostatic pressure for a full vessel:
P = 1000 psi + (766-209.3)inch * 0.0361 psi/inch = 1020.]1 psig

Pressure stress:

o = PR/t = 1020.1 psig * 106.7 inch / 7.125 inch = 15276 psi
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Equation B4 can be solved for the through-wall temperature (x~0),
resulting in the absolute value of AT for heatup cr cooldown of

AT = GC?/28
For the values above, AT = 52 . 8°'F.

The analyzed case for thermal stress is & 1/4 T flaw depth with 1all
thickness of 7.34 f.ches. From ASME Appendix G Figure G-2214-2, the
corresponding value of My is

My = Q.32
Thus the thermal stress intensity factor, Ky, = My * AT, is calculated to be
Kie = 26.9 kel/in

The pressure and thermal stress terms are substituted into Equation B-1 to
solve for (T - RTypr):

(T - RTNpT) = In[((2.0%39.2 + 16.9) « 26,78)/1.233)/0.0145 - 160
(T - RTypr) = ALK

Adding the adjusted RTypy for 17 EFPY of 138°F:

T = 255°F












CURVES ABC ARE VALID

FOR 17 EFPY OF OPERATION
(CURVES B AND C INCLUDE
200 F/HR +EATUP/COOLDOWN




