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3. CRITERIA FOR ALLOWABLE PRESSURE-TEMPERATURE RELATIONSHIPS
The ASME approach for calculating the allowable 1imit curves for various heatup
and cooldown rates specifies that the total stress intensity factor, Ky, for
the combined thermal and pressure stresses at any time during heatup or
cooldown cannot be greater than the reference stress intensity factor, KiRs
for the metal temperature at that time. K;p is obtained from the reference

fracture toughness curve, defined in Appendix G to the ASME Codel3), The
Kip curve 15 given by the following equation:

KIR « 26.78 + 1.223 exp [0.0145 (T—RTNDT + 160)) (1)
where

Kigp = reference stress intensity factor as a function of the meta)
temperature 1 and the metal reference nil-ductility temperature

RNpT

Therefore, the governing equation for the heatup-cooldown analysis is defined
in Appendix G of the ASME Code(3) ac follows:

C Kiw + Kir < Kpg (2)
where

Kiq = stress intensity factor caused by membrane (pressure) stress

Kyt = stress intensity factor caused by the thermal gradients

“1p = function of temperature relative to the RTypr of the material

¢ = 2.0 for Level A and Level B service limits

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

L ]
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At any (ime during the heatup or cooldown transient, Kip 1s determined by the
meta) temperature at the tip of the postulated flaw, the approprizte value for
RTypT, and the reference fracture toughness curve. The thermal stresses
resulting from the temperature gradients through the vessel wall are calculated
and then the corresponding (thermal) stress intensity factors, K1, 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 reference flaw of Appendix G to the ASME Code is assumed to exist
at the inside of the vessel wall. During cooldown, the controlling location of
the flaw is always at the inside of the wall 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 is necessary because
control of the cooldown procedure is based on the measurement of reactor
coolant temperature, whereas the limiting pressure is actuaily dependent on the
material temperature at the tip of the assumed flaw.

During cooldown, the 1/4 T vescel location is at a higher temperature than the
fluid adjacent to the vessel ID. This condition, of course, is not true for
the steady-state situation. It follows that, at any given reactor coolant
temperature, the AT developed during cooldown results in a higher value of

Kig @t the 1/4 T location for finite cooldown rates than for steady-state
operation. Furthermore, if conditions exist so that the increase in ST
exceeds KIT' the calculated allowable pressure during cooldown will be

greater *than the steady-state value.

The above procedures are needed because there is no direct control on
temperature at the 1/4 T location and, therefore, allowable pressures may
unknowingly be viclated if the rate of cooling is decreased at various
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intervals along a cooldown ramp. The use of the composite curve eliminztes
this problem and ensures conservative operation of the system for the entire
cooldown period. -

Three separate calculations are required to determine the limit curves for
finite heatup rates. As is done in the cooldown analysis, allowable pressure-
temperature relationships are developed for steady-state conditions as well as
finite heatup rate conditions assuming the presence of a 1/4 T defect at the
inside of the wall that alleviate the tensile stresses produced by interna)
pressure. The metal temperature at the crack tip lags the coolant temperature;
therefore, the K;p for the 1/4 T crack during heatup is Tower than the Kyp

for the 1/4 T crack during steady-state conditions at the same coolant
temperature. During heatup, especially at the end of the transient, conditions
may exist so that the effects of compressive thermal stresses and lower Kip's
do not offset each other, and the pressure-temperature curve based on

steady-st ‘onditions no longer represents a lower bound of al)l similar
curves for finite heatup rates when the 1/4 T flaw is considered. Therefore,
both cases have to be analyzed in order to ensure that at any coolant
temperature the jower value of the allowable pressure calculated for
steady-state and finite heatup rates is obtained.

The second portion of the heatup analysis concerns the calculation of the
pressure-temperature limitations for the case in which a 1/4 T deep cutside
surface flaw is assumed. Unlike the situation at the vessel inside surface,
the tharmal gradients established at the outside surface during heatup produce
strasses which are tensile in nature and therefore tend to reinforce any
pressure stresses present. These thermal stresses are dependent on both the
rate of heatup and the time (or coolant temperature) along the 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 individual
basis.

Following the generation of pressure-temperature curves for both the steady
state and finite heatup rate situations, the final limit curves are produced by
construtting a composite curve 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
cyrves under consideration. The use of the composite curve 1§ necessary to set
conservative heatup limitations because it is possible for conditions to exist:
wherein, over the course of the heatup ramp, the controlling condition switches
from the insi ° to the outside, and the pressure limit must at all times be
based on analy s of the most critical criterion.

Finally, the 1383 Amendment to 10CFR50[4] has & rule which addresses the
metal temperature of the closure head flange and vessel flange regiors. This
rule states that the metal temperature of the closure flange regions muét
exceed the material RTynr by at least 120°F for normd) operation when the
pressure exceeds 20 percent of the preservice hydrostatic test pressure.

Table 1 indicates that the initial RTypr of =13°F occurs in the clasure
head flange of Sequoy Y Unit 2, so the minimum allovible temperature of this
region is 107°F. These limits are shown in Fiar 1 and 2 whenever
applicable.

4. HEATUP AND COOLDOWN LIMIT CURVES

Limit curves for normal heatup and cooldown of the primary reactor pressure
vessel have been calculated using the methods discussed in Section 3. Figures
1, 2 ad 3 contain the heatup curves for 20, 40 and 60°F/hr, respectively.
Figure 4 contains the cooldown curves up to 100°F/hr. Figures | through ¢

are applicable for the first 16 EFPY of operation. No,margins were included in
the development of heatup and cooldown curves to ailew for pessible
instrumentation errors,

Allowable combinations of temperature and pressure for specific temperature
change rates for heatup operation are below and to the right of the limit lines
shown in Figures | through 3. This is in addition to other criteria which must
be met before the reactor is made-critical.

The leak limi¥ curve showr in Figures 1, 2 and 3 represent minimum temperature
requirements at the leak test pressure specified by applicable codes[2'3].




The Teak test 1imit curve was determined by methocs of References 2 and 4.

The criticality 1imit curve shown in Figures 1, 2 and 3, specifies
pressure-temperature limits for core operation to provide additional margin
during actual power production as specified in Reference 4. The
pressure-temperature limits for core operation (except for low power physics
tests) are that the reactor vessel must be at a temperature equal to or higher
than the minimum temperature required for the inservice hydrostatic test, and
at least 40°F higher than the minimum pressure-temperature curve for heatup
and cooldown calculated as described in Section 2. The maximum temperature for
the inservice hydrostatic test for the Sequoyah Unit 2 reactor vessel is
274°F. A vertical line at 274°'F on the pressure-temperature curve,
intersecting a curve 40°F higher than the pressure-temperature limit curve,
constitutes the Timit for core operation for the reactor vessel.

Figures 1 *hrough 4 define limits for ensuring prevention of nonductile failure
for the Sequoyah Unit 2 reactor vessel.

§. ADJUSTED REFERENCE TEMPERATURE

From Regulatory Guide 1.99 Rev. 2 [1] the adjusted reference temperature (ART)
for each material in the beltline is given by the following expression:

ART = Initial RTNUT.* ARTNDT + Margin (3)

Initial RTNDT is the reference temperature for the unirradiated material as
defined in paragraph N2331 of Section II] of the ASME Boiler and Pressure
Vessel Code. If measured values of initial RTypr for the material in
question are not available, generic mean values for that class of material may
be used if there are sufficient test results to establish a mean and standard
deviation for the class.

ARTypt 15 the mean value of the adjustment in reference temperature
caused by irradiation and should be calculated as follows:

R D o T——
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ARTypr * [c”f(o.za-o.lo log f) (4)

To calculate ‘RTNDT at any depth (e.g., at 1/47 or 3/47), the Tollowing
formula must first be used to attenuate the fluence at the specific depth.

-, 24
fidepth X) * Fsurface(® i (§)

where x (in inches) is the depth into the vessel wall measured from the vessel
clad/base metal interface. The resultant fluence is then put into equation (4)
to calculate ARTypy at the specific depth. .

CF (*F) is the chemistry factor, obtained from Reference 1. In addtion,

the chemistry factor is also calculated using surveillance capsule data. A
sample of this calculation is shown in Table 2.

A1l materials in the beltline region of Sequoyah Unit 2 were considered for the
limiting material. RTypr at 1/47 and 3/47 are summarized in Table 3. From
Table 3, it can be seen that the limiting material is the weld for heatup and
cooldown curves applicable up to 16 EFPY. A sample calculation for the RTypry
for 16 EFPY is shown in Table 4.






TABLE 2
CALCULATION OF CHEMISTRY FACTOR BASED ON SURVEILLANCE CAPSULE DATA

Material Description  Capsule Fluence __FF _ DRINDT FF*DRINDT _(FF)?

Forging 05 (axial) T 0.220 0.582 25 14,811 0.35]
U 0.643 0.876 62 54.327 0.768

Forging 05 (tangential) T 0.220 0.582 60 35.546 0,351
v 0.643 0.876 93

B81.490 0.768
186.173 1.238

Chemistry Factor = 186.173 | 83.205

2.238
Weld Metal T 0.220 0.592 80 47.394 0.35]
v 0.642 0.876 130 113.911 _0.768
161.305 1.119

Chemistry Factor = lﬁHSllg « 144,182

TABLE 3
SUMMARY OF ADJUSTED REFERENCE TEMPERATURE (ART) AT 1/47 and 3/47 LOCATION

1% EFPY

RTNQT at
Lomponent LAT_(°F) 4T (°F)
Intermediate Shell Forging (95) (73)
Lower Shell Forging 97 70
Welds (142)" (104)"

RTNDT numbers within ( ) are based on the chemistry factor calculated
using capsule data.

* These RTypy numbers are used to generate heatup and cooldown curves
applicable up to 16 EFPY.



TABLE 4
CALCULATION OF ADJUSTED REFERENCE TEMPERATURES FOR LIMITING
SEQUOYAH UNIT 2 REACTCR VESSEL MATERIAL - WELD

—Regqulatory Guide 1.99 - Revision 2
, 16 EFPY
Parameter = ) S8 T
Chemistry Factor, CF (°F) 68 (144) 68 (144)
Fluence, f (1¢19 n/cm?) (@) 5206 .1889
Fluence Factor, ff .818 .556

R e P e S S 2R 2RIl

RTypr = CF x ff (*F) 56 (118) 38 (80)
Initial RTNDT’ I (*F) -4 -4
Margin, M (*F) (D) 56 (28) 56 (28)

R e e S L s SR SRR eI,

Revision 2 to Regulatory Guide 1.99

Adjusted Reference Temperature, 108 (142) 90 (104)
ART = Initial RTNDT + ARTNDT + Margin

R R R L R R L RS S22 aTS
(a) Fluence, f, is based upon f ¢ (10% n/cm?, E>1 Mev) = 0.8644 't 16
EFPY. The Sequoyah Unit 2 reactor vessel wall thickness is 8.6)8 inches
at the beltline region.

(b) Margin is calculated as, M = 2 | 012 + oAz]o'S. The standard caviation
for the initial RTypt margin term, 01, 1s assumed to pe 0'F since the
initial RTypy 15 @ measured value. The standard deviation for ARTypt term,
0y, is 28°F for the weld, except that o, need not exceed 0.5 times the
mean value of ARTNDT- 0y, 15 14°F for the weld (cut in half) when
surveillance data is used.

The numbers within ( ) are calculated using surveillance capsule data.

10
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rates up to 60°F/hr) Applicable for the First 16 EFPY (Without
Margins for Instrumentation Errors)
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ATTACHMENT )
DATA POINTS FOR HEATUP AND COOLDOWN CURVES
(Without Margins for Instrumentation Errors)
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140 OO0 Sty g
118 000 S22 .42
120 D00 534 s1
195 000 547 as
130 000 S6Y 50

6 000 EFP YEamSs

"
2
13
14
s

s

"

1

IMDICATED IMDICATED
TEMPEQM TURE  PRESTHIRE
(DEG ¥} (®s1)
135 000 576 &7
120 O0C 592 9
t4S 000 &40 a9
150 000 629 aas
19% 000 649 Ta
»80 000 67t T4
165 000 695 29
170 000 720 81
178 oon 748 132

{30 DEG-F / 1R CoODLROWS

'
INDICATED INCICATED
TEMPERATURE  PRE SSURE
{0EG 7)) iPsSTi
80 000 17T &8
185 000 809 37
90 . 000 842 &2
198 000 asc s
300 . 000 819 17
205 . 00G 962 28
210 000 1007 98
295 000 1057 14
220 000 1309 92
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SEQUOYAH NUCLEAR PLANT UNITS 1 AND 2 -~ PRESSURIZED THERMAL SHOCK
SCREENING CRITERIA

The purpose of this calculation is to verify that Sequoyah
Nuclear Plant Units 1 and 2 reactor pressure vessels meet the
pressurized thermal shock (PTS) screening criteria of 10 CFR
50.61 dated May 15, 1991,

INTRODUCTION

Pressurized thermal shock events are system transients in a
pressurized water reactor (PWR) that can cause severe overcooling
followed by immediate repressurization. Internal stresses caused
by rapid coeling of the reactor vessel inside rurface combined
with the pressure stresses increase the potential for fracture if
an initiating flaw is present in low toughness material. This
material may exist in the reactor vessel beltline, adjacent to
the core, where neutron racdiation gradually embrittles the
material during operation of the plant., The degree of
embrittlement depends upon the chemical composition of the steel,
especially the copper ard nickel contents. The pressurized
thermal shock rule (PTS rule) establishes a screening criterion
which limits the amsunt of embrittlement 2f a reactor beltline
beyond which the plant cannot operate without justification based
on a plant specific analysis.

The toughness of reactor vessel materials is characterized by a
referencs temperature for nil ductility transition (RTypp), which
is determined hy destructive tests of material specimens. RTypp
is designated as the higner of either the drop weight nil~
ductility transition temperature (NDTT) or the temperature at
which the material exhibits at least 50 ft-1lb of impact energy
and 35-mil lateral expansion (normal to the major working
direction, minus 60°F,

The pressurized thermal shock rule, 10 CFR 50.61, adopted May
15, 1991, changes the procedure for establishing the limiting
level of embrittlement, This screening criterion is given in
terms of RTypyp, but called RTppg to distinguish it from other
procedurss ?or calculating RTypy-

REFERENCE TEMPERATURE FOR PRESSURIZED THERMAL SHOCK

The pressurized thermal shock (PTS) screening criterion is 270°F
for plates, forgings, and axial weld materials, or 300°F for
circumferential weld materials,



SECUOYAH NUCLEAR PLANT UNITS 1 AND 2 = PRESSURIZED THERMAL SHOCK
SCREENING CRITERIA

From 10 CFR 50,61 dated May 15, 1991, RT is determined for
each mater ial in the reactor vessel boltrTRo from:

RTppg = 1 + M & ARTpyg (Egn. 1)

where 1 = the initial reference temperature (RTyprp) of the
unirradiated material as defined in pagxqrnph N2331
ggdsoction 111 of the ASME Boiler and Pressure Vessel
@,

M = the margin to be added to covered uncertainties in
the values of initial RTyne, copper and nickel
contents, fluence, and c!?@ulat onal fsoouduroo. In
equation 1, M is 66%F for welds and 48°F for base
metals if qonorig values of 1 are used, and M is 56°F
for welds and 34"F for base metal if measured values
of 1 are used.

ArTppg = the mean value of the adjustment in reference
tango::turo caused by irradiation and is calculated
os follows:

ARTppg = (CF)£(0.28 = 0.10 log f) (Eqn. 2)

where CF(°F) = the chomiltry factor, a function of
cogfor and nickel content, given in
tables 1 and 2 of 10 CFR 50,61,

f = the best ostimt§¢ of goutron fluence,
in unites of 10 n/cm én greater
then 1 MeV), at the clad-base-metal
interface at the location where the
material in question receives the
highest fluence for the period of
service in question,

ff = fluence factor = ¢(0.28 =~ 0.10 log f)

3. FRACTURE TOUGHNESS PROPERTIES

The fracture-toughness properties of the beltline materials were
devermined !n accordance with the NRC Hogulatory Standard Reviaw
Plan (Ref. 2). The pre-irradiation fracture-toughness properties
of Sequoyah Units 1 and 2 are given in Tables ) and 4. These
data are the same as presented in references 3 and 4 on heatup
and cooldown limit curves.

R PTTRESSNSRSSSNNN.
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SCQUOYAH NUCLEAR PLANT UNITS 1 AND 2 « PRESSURIZED THERMAL SHOCK

SCREENING CRITERIA

4. CALOULATYONS

TADLE 19
Segueyah Unit 1
Screening
Material a An'r(P'rsid Initial Criterion
Cfb' ACExLL) Rlprs Margin Blprg
Forging 05 116 157 40 34 231 270
Forging 04 95 128 73 34 2315 27¢
(100) 133 73 (17) 223 270
Welds 158 213 -40 56 229 100
(173) 230 40 [28) 218 300

a.

All units in °F.

b. Chemistry Factor obtaired from tables 1 and 2 of 10 CFR 50.61

@, Values in 8 i were determined from credible surveillance data
as reporte n heatup and cooldown limit calculations (Ref,
3, page 9).

d. Unit 1 fluence at 32 EFPY 1, taken_as 2 times the 16 EFpy
gurface fluence. feur¢ (10'? n/em?, E>1 MeV) = 1,94 at 16
EFPY (Ref., 3, page 18). ff(32 EFPY) = 1.15.

TABLE 29
Sequoyah Unit 2
Screening

Material i e ART(PTS)d Initial Criterion

Regcription CF™ LCEXL0)Y  Rippg  Margin Rlpgg

Forging 05 25 108 10 34 152 270

(83) 9% 10 (17) 122 270

Forging 04 104 119 -22 34 131 270

Welds 68 76 -4 56 128 300

| [144) 164 -4 [28) 188 100
J

a. All units in °p,

b, Chemistry Factor obtained from tables 1 and 2 of 10 CFR 50.61

¢. Values in é l were determined from credible surveillance data
as reporte n heatup and cooldown limit calculations (Ref.
4, page 9).

d.

Unit 2 fluence at 32 EFPY 1! taken _as 2 times the 16 EFpPY
surface fluence. fg .¢ (10°% n/om?, E>1 Mev) = 0,8644 at 16
EFPY (Ref. 4, page 1B). (f(32 EFPY) = 1.14.

e e e
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SEQUOYAH NUCLEAR PLANT UNITS 1 AND 2 « PRESSURIZED THERMAL SHOCK
SCREENING CRITERIA

5.

CONCLUSBIONS

For each of the materiais in the vessel beltline regions of both
SOquolah Units 1| and 2, the calculated value of the RT ie less
than the screening criteria limits., No further ac\ioini
required,
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r ’ SCREENING CRITERIA

TABLE 3
SEQUOYAH UNIT 1 REACTOR VESSEL TOUGHNESS TABLE (Unirradiated)

cu NI Initial RT (a) i
Material Description (V) (1) (bp) NOT |
Internediate Shell 0.15 0.86 +40 |

(Forging 0%)

F
Lower Shell 0.13 0.76 473 T
(Forging 04) F

Welds 0.33 0.17 ~40

- - -

a. The initial RTy,p values for the forgings are measured !
values.

TABLE 4
SEQUOYAH UNIT 2 REACTOR VESSEL TOUGHNESS TABLE (Unirradiatec)

Cu Nl Initial RT (a) p
Material Description (%) (%) (LF) "os ;
Iintermediate Shell 0.13 0.74 +10
(Forging 0%)
Lower Shell 0.14 0.76 22
(Forging 04)
Welds 0:13 0,11 -4

T e -

a. The initial RTy,p values for the forgings are measured
values.




