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ABSTRACT

The first vessel material surveillance capsule removed from the
Donald C. Cook Unit No. 2 nuclear power plant has been tested, and the
results have been evaluated. Heatup and cooldown limit curves fof nor-
mal operation have been developed for up to 12 and 32 effective full

power years of operation.
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I. SUMMARY OF RESULTS AND CONCLUSIONS

The analysis of the first ﬁaterial surveillance capsule removed from
The Donald C. Cook Unit No. 2 reactor pressure vessel led to the following
conclusions:

(1) Based on a calculated neutron spectral distributiom, Capsule .
T received a fast fluence of 2.2 x 1018 neutrons/cm? (E > 1 MeV).

(2) The surveillance specimens of the core beltline materials ex-
perienced shifts in transition temperature of 40“? to 80°F as a result of
the above exposure.

(3) The intermediate shell plate materials exhibited the iargest
shift in RIypr and will control the heatup and cooldown limitatioms
throughout the design lifetime of the pressure vessel.

(4) The estimated maximum neutron fluence of 6.7 x 1017 neutrons/
cm2 (E > 1 MeV) received by the vessel wall accrued in 1.08 effective full
power years (EFPY). Therefore, the projected maximum neutron fluence
after 32 EFPY is 2.0 x 1019 nggﬁgons/cmz (E > 1 MeV). This estimate is

based on a lead factor of ;.Zéxbetweenbche center of Capsule T and the

e Fean

point of maximum pressure vessél flux.

(5) Based on Regulatory Guide 1.99 trend cur?es, the projected
maximum shift in ductile-brittle transition temperature of the Donald C.
Cook Unit 2 vessel core beltline plates at the 1/4T and 3/4T positioms
after 12 EFPY of operation are 168°F and 113°F, respectively. These
values were used as the bases for computing heatup and cooldown limit

curves for up to 12 EFPY of operation.
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(6) The maximum shifts in the transition temperature of the
Donald C. Cook Unit 2 vessel core beltline plates at the 1/4T and 3/4T -
positions after 32 EFPY of operation are projected to be 240°F and
i49°F, respectively. These values were used as the bases for computing
heatup and cpoldown limit curves for up to 32 EFPY of operation.
7 The Donald C. Cook Unit No. 2'vessel plates, weld metal,
and HAZ material located in the core beltline region are projected to
retain sufficient toughness to meet the current requirements of 10CFRSO

Appendix G throughout the design life of the unit.



II. BACKGROUND

The allowable loadings on nuclear pressure vessels are determined
by applying the rules in Appendix G, '""Fracture Toughness Requirements,'
of 10CFR50 [1]. 1In the case of pressure-retaining components made of
ferritic materials, the allowable loadings depend on the reference
stress intensity factor (KIR) curve indexed to the referenﬁe nil duc-
tility temperature (RTNpT) presented in Appendix G, '"Protection Against
Non-ductile Failure," of Section III of the ASME Code {2]. Further, the
materials in the beltline region of the reactor vessel must be monitored
for radiation-induced changes in RTypr per the requirements of Appendix H,
"Reactor Vessel Material Surveillance Program Requirements,' of 10CFRSO.

The RTypr is defined in paragraph NB-2331 of Sectiom III of the
ASME Code as the highest of the following temper#tures:

(1) Drop-weight Nil Ductility Temperature (DW-NDT) per
ASTM E 208 [3];

60 deg T velow the 50 {t-1L Charpy V-notch {(Cy)
temperature;

N
[X%]
—

(3) 60 deg F below the 35 mil C, temperature.
The RINpT must be established for all méterials, including weld metal and
heat-affected zone (HAZ) material as well as base plates and forgings,
which comprise the reactor coolant pressure boundary.

It is well established that ferritic materials undergo an increase
in strength and hardness and a decrease in ductility and toughness when
exposed to neutron fluences in excess of 1017 neutroms per em? (E > 1

MeV) [4]. Also, it has been established that tramp elements, particularly

}



copper and phosphorus, affect the radiation embrittlement response of

ferritic materials [5-6]. The relationship between increase in RTypT and {
copper content is defined in Regulatory Guide 1.99. Although this docu-

ment is being revised by the NRC to reflect a more recent evaluation of

neutron embrittiement data by the Metal Properties Council (7], estimates

of shifts in RTypr in this report are based on the current Revision 1 of
Regulatory Guide 1.99 [8].

In general, the only ferritic pressure boundary materials in a
nuclear plant which are expected to receive a fluence sufficient to affect
RTypr are those materials which are located in the core beltline regiom
of the reactor pressure vessel. Therefore, material surveillance programs
include specimens machined from the plate or forging material and weldments
which are located in the core beltline region of high neutron flux density.

ASTM E 185 [9] describes the recommended practice for monitoring and

o,

evaluating the radiation-induced changes occurring in the mechanical
. properties of pressure vessel beltline materials.- |

Westinghouse has provided such a surveillance program for the
Dona;d C. Cock Unit No. 2 nuclear power plant. The encapsulated C
specimens are located on the 0.D. surface of the thermal shield where
the fast neutron flux density is about three times that at the adjacent
vessel wall surface. Therefore, the increases (shifts) in transition
.temperatures of the materials in the pressure vessel are generally less
than the corresponding shifts observed in the surveillance specimens.
However, because of azimuthal variations in neutron flux dénsity, cap=-
sule fluences may lead or lag the maximum vessel fluence in a correspond-

ing exposure period. The capsules also contain several dosimeter materials

£~



for experimentally determining the average neutron flux demsity at each
capsule location during the exposure period.

The Donald C. Cock Unit No. 2 material surveillance capsules also
include tensile specimens as recommended by ASTM E 185. At the present
time, irradiated tensile properties are used only to indicate that the
materials tested continue to meet the requirements of the appropria-e
material specification. In additiom, the material surveillance capsules
contain wedge opening loading (WOL) fracture mechanics specimens. Cur-
rent technology limits the testing of these specimens at temperatures well
below the minimum service temperature to obtain valid fracture mechanics
daté per ASTM E 399 [10], "Standard Method of Test for Plane-Strain
Fracture Toughness of Metallic Materials." However, recent work repofted
by Mager and Witt [1l] may lead to methods for evaluating high-toughness
materials with small fracture mechanics specimens. Currently, the NRC
suggests storing these specimens until an acceptable testing procedure
nas been defined.

This report describes the results obtained from testing the contents
of Capsule T. These data are analyzed to estimate the radiation-induced
changes in the mechanical properties of the pressure vessel at the time of
the refuelling outage as well as predicting the changes expected to occcur
at selected times in the future operatioﬁ of the Donald C. Cook Unit No. 2

power plant.






III. DESCRIPTION OF MATERIAL SURVEILLANCE PROGRAM

The Donald C. Cook Unit No. 2 material surveillance program is
described in detail in WCAP 8512 [12], dated November 1975. Eight mate-
rials surveillance capsules were placed in the reactor vessel between the
thermal shield and the vessel wall prior to startup, see Figure 1. The
vertical center of each capsule is opposite the vertical cenﬁer of the
core. The Capsule T neutron flux density was initially reported to lead
the maximum flux»density on the Qessel I.D. by a factor of 2.9 [12]. Hov-
ever, in a letter to the American Electric Power Service Corporation (131,
Westinghouse reported that the 40° capsule lead factor had been changed to
3.7 as a result of refined calculational metheds.

The capsules each contain Charpy V-notch, tensile, and WOL specimens
| machined from the SA533 Gr B, C1 1 plate, weld metal, and heat-affected
zone (HAZ) materials located at the core beltline. The chemistries and
hear rraatmenrg of the vessel surveillance matefials are summarized in
Table I. All test specimens were machined from the test materials at the
quarter-thicknéss (1/4 T) location after performing a simulated postweld
stress-relieving treatment. Weld and HAZ specimens were machined from a
stress-relieved weldment which joined sections of the intermediate and
lower shell plates. HAZ speciﬁens were obtained from the plate C5521-2
side of the weldment. The longitudinal base metal Cy specimens were ori-
ented with their long axis parallel to the primary rolling directiom and
with V-notches perpendicular to the major plate surfaces. The transverse
base metal C, specimens were oriented with their long axis perpendicular

to the primafy rolling direction and with V-notches perpendicular to the
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FIGURE 1. ARRANGEMENT OF SURVEILLANCE CAPSULES IN THE PRESSURE VESSEL



TABLE I

DONALD C. COOK UNIT NO. 2 REACTOR VESSEL SURVEILLANCE MATERIALS [14]

Hea: Treatment History

Shell Plate Material:

Heated to 1700 t 50°F for 4-1/2 hours, water quenched;

Heated to 1600 * 50°F for 5 houcs, water quenched;

Tempered at 1250 * 50°F for 4-1/2 hours, air cooled;

Stress relieved at 1150 t 25°F for Sl~1/2 hours, furnace cooled.

Weldment:

Stress relieved at 1140 * 25°F for 9 hours, furnace cooled.

Chemical Composition (Percent)

RN

Mater lal c Mo St .NL . _Mo  _Cu_ _Cr

Plate c5521-2 (@) 0.21  1.29
Plate ¢5521-2 (b) 0,220 1.280
Weld Metal €) 0.08 1.42
Weld Metal (b) 0.110 1.330

/ %
0.16 [0.58 | 0.50  0.14 -
| .

0.270 [0.580 0.550 0.110 0.072

0.36 0.96 -  0.05 0.07
0.440 10.970 / 0.540 0.055 ' 0.068

(a) Lukens Steel analysis
(b) Westinghouse analysis
(¢) Chicago Bridge amd Iron analysis



major plate surfaces. Tensile specimens were machined with the longitudi;
nal axis perpendicular to the plate primary rolling direction. The WOL
specimens were machined with the simulated crack parallel to the primary
rolling direction and perpendicular to the major plate surfaces. All
mechanical test specimens, see Figure 2, were taken at least one plate
thickness from the quenched edges of the plate material.

Capsule T contained 44 Charpy V-notch specimens (8 longiﬁudinal and
12 transverse from the plate material, plus 12 each from weld.metal and
HAZ material); 4 tensile specimens (2 plate and 2 weld metal); and 4 WOL
specimens (either plate or weld metal). The specimen numbering system
and logation within Capsule T is shown in Figure 3.

Capsule T also was reported to contain the following dosimeters for

determining the neutron flux density:

Target Element Form Quantity
Iron Bare wire 5
Copper . Bare wire 3.
Nickel Bare wire 3
Cobalt (in aluminum) Bare wire 2
Cobalt (in aluminum) Cd shielded wire 2
Uranium-238 Cd shielded oxide 1
Neptunium=-237 Cd shielded oxide 1

Two eutectic alloy thermal monitors had been inserted in holes in
the steel spacers in Capsule T. One (located at the bottom) was 2.57 Ag
and 97.57 Pb with a'melting point of 579°F. The other (located at the top
of thé capsule) was 1.75% Ag, 0.75% Sa, énd 97.5% Pb having a melting

point of 590°F.

10
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FIGURE 3. ARRANGEMENT OF SPECIMENS AND DOSTMETERS IN CAPSULE T



IV. TESTING OF SPECIMENS FROM CAPSULE T

The capsule shipment, capsule opening, specimen testing, and re-
porting of results were carried out in accordance with the Project Plan
for Donald C. Cook Unit No. 2 Reactor Vessel Irradiation Surveillance
Program. The SwRL Nﬁclear Projects Operating Procedures called out in
this plan include:

(1) XIII-MS-104-0, "Shipment of Westinghouse PWR Vessel
Material Surveillance Capsule Using SwRI Cask and
Equipment'

(2) XI-MS-101-0, "Determination of Specific Activity
and Analysis of Radiation Detector Specimens"

(3) XI-MS-103-0, "Conducting Tension Tests on Metallic
Specimens

(4) XI-MS-104-0, '"Charpy Impact Tests on Metallic
: Specimens"

(5) XIII-MS-103-0, "Opening Radiatiom Surveillance Cap-
sules and Handllng and Storing Specimens”

(6)  XI-MS-5-0, "Conducting Wedge-Openlng-Loadlng Tests

PO V PR R E DS \l.-.u.---t-‘la"
Wil LG e Qdndocde e L ad e o ke

Copies of the above documents are on file at SwRI.

A. Shipment, Opening, and Inspection of Capsule

Southwest Research Insﬁitute utilized Procedure XIII-MS-IOA?O for
.the shipment of Capsule T to the SwRI laboratories. SwRI personnel sev-
ered the capsule from its extension tube, sectioned the extension tube
into several lengths, supervised the loading of the capsule and extension
tube materials intec the shipping cask, and transported the cask to San

Antonio, Texas.



The capsule was opened and tﬁe contents identified and stored in
irdance with Procedure XIII-MS-103-0. The long seam welds were milled
in a:ﬁot cell using a Bridgeport vertical milling machine. Before
.ing the long seam weld beads, transverse saw cuts were made to remove
capsule ends. After the long seam welds had been milled off, the top
! of the capsule sheil was removed. The specimens and spacer blocks
 carefully removed and placeﬁ in indexed receptacles, identifying each
ule location. After the disassembly had been completed, each specimen
carefully checked to insure agreement with the identification and
.tion as listed in WCAP 8512 [12]. No discrepancies were found.

The thermal monitors and neutron dosimeter wires were removed from
holes in the spacers. The thermal monitors, contained in quartz
.5, were examined. No evidence of melting was observed, thus indicating
. the maximum temperature during exposure of Capsule T did not exceed
F. The top and bottom Cd-covered Co-Al ﬁEutron monitors were not in
capsule, but all other neutron dosimeters were ccrrectly accounted for.
lack of Cd-covéred Co=-Al dqsimegé;s h;d.ﬁo significant impact on the
reillance program because they were intended for the determination of
thermal neutron flux and thermal flux burnup corrections are not needed
'WR programs.

Neutron Dosimetry

The gamma activities of the dosimeters were determined in accordance.
1 Procedure XI-MS-101-0 using an IT-5400 multichannel analyzer and a
‘Li) coaxial detector system. The calibration of the equipment was
ymplished with 54Mn, 60Co, and 137¢s radiocactivity standards obtained
1 the U.S. Departhent of Commerce National Bureau of Standards. All

.vities were corrected to the time-of removal (TOR) at reactor shutdown.

14
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The dosimeter wires were weighed on a Mettler microbalance, and the
fission monitors were weighed on a Mettler digital balance after these
materials had been deencapsulated. Infinitely dilute saturated activ-
ities (AgaT) were calculated for each of the dosimeters because AgaT is
directly related to the product of the energy-dependent microscopic acti-
vation cross seétion and the neui ron flux density. The relationship be-

tween AToR and AgaT is given by:

A m=n - -
TOR = I (l -e le) (e Xtm)
m=1

ASAT
where: A = decay constant for the activation product, day‘l;
Ta = equivalent operating days at 3391 MwTh for op-

erating period m; and
tm = decay time after operating period m, days.

An alternate éxﬁression which gives equivalent results is:

m=n \

Arop e -xru) s e
— = m - e
AGAT m=1 \ \ }
where: To‘ = oberating days; and .
\.
Pn = average fraction of full power é;;;;§\3§3fag;ng
period. )

The Donald C. Cock Unit No. 2 operating history up to the 1979 refueling
shutdown, which was used in the calculation of ATpoRr, is presented in Table
IT.

The primary result Aesired from the dosimete: analysis is the total
fast neutron fluence (> 1 MeV) which the surveillance specimens received.

The average flux density at full power is given by:

'.-J
W

@
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TABLE IT

SUMMARY OF REACTOR OPERATIONS
DONALD C. COOK UNIT NO. 2

‘ Power Equivalent Decay Time .
Operating Dates Operating Shutdown Generation Operating Days After Period
Period Start Stop Days: Days (MWD¢) (Tm)(a) (tm)
1 03/22/78 04/19/78 33 ~ 23,969 7.07 549
04/20/78 05/02/78 - 14 - - -
2 05/03/78 05/19/78 173 - 27,264 8.04 518
05/20/78 05/31/78 - 12 - - -
3 06/01/78 06/03/78 3 - 5,510 1.62 503
06/04/78 06/04/78 - 1 - - Co-
4 06/05/78 07/21/18 47 . - 103,423 30.50 455
07/22/78 08/04/78 - 14 - - -
5 08/05/78 08/21/178 17 - 51,223 15.11 424
, 08/22/78 08/22/78 - 1 - - -
6 08/23/78 08/28/78 6 - 12,543 3.70 417
08/29/78 09/01/78 - 4 - - -.
7 09/02/78 11/09/78 69 - 206,496 60.90 344
11/10/78 11/23/78 - 14 - - -
8 11/24/78 04/07/79 135 - 423,785 124.97 195 .
04/08/79 04/08/79 - 1 - - -
9 04/09/79 05/19/79 41" - 132,362 39.03 153
05/20/79 07/02/79 - . 44 - - -
10 -~ 07/03/79 10/19/79 - 109 - 356,918 105.25 0
Total Cycle 1 - 1,343,493 396.19(b)

(a) One equivalent operating day = 3391 th

(b) Equals 1.08 EFPY



—

AgAT

o =
Noo
where: P = energy—~-dependent neutron flux density,
n/cml-sec;
AgaT = saturated activity, dps/mg target element;
g = spectrum—averaged activation cross section,
cm?; and
No = number of target atoms per mg.

The total neutron fluence is then equal to the product of the average neu-
tron flux density and the equivalent reactor operating time at full power.
In Capsule T, all 12 weld metal and all but two of the 12 HAZ Charpy
specimens were located in the specimen layer nearest to the vessel wall,
and the vessel plate (longitudinal and transverse) Charpy specimens-wefe
located in the specimen iayer nearest to éhe core. Since there is a radial
dependence of the fast neutron flux in the vessel, the neutron exposurs re-

ceived by the weld metal and HAZ Charpy specimens is expected to be lower

_than that received by the vessel nlate Charnv snecimens. The dosimetry

program was planﬁéd to provide information on the racdial dependence of

the fast flux since the copper and nickel threshold detectors were located
on the radial centerlines of the,Charpy specimen layvers nearest to and
farthest from the core, respectively, and the iron threshold detectors

were located at the radial position corresponding to the interface be-
tween the two Charpy specimen layers. Additional dosimetry included the
fission monitors located at the radial centerline of the capsule and the
bare cadium-shielded cobalt-aluminum monitors locate< at the radial center-

line of the Charpy specimen layer nearest the pressure vessel wall.

17



A discrete ordinates Sn transport analysis for the Donald C. Cook
Unit No. 2 reactor vessel was performed to determine the axial, radial,
and azimuthal dependence of the fast neutron (E > 1.0 MeV) flux density
and energy spectrum within the reactor vessel and surveillance capsules.
These results were used to calculate the spectrum—averaged cross-sections
for the threshold detectors and the lead factors for use in relating neu-
tron exposure of the pressure vessel to that of the surveillance capsule.
The pertinent factors obtained from this tramsport analysis are summarized
in Table III. The 3.24 center-of-capsule lead factor agrees well with the
revised 3.7 average lead factor regorted by Westinghouse [13].

The Capsule T dosimetry results are presented in Table IV. A sum-
mary of the capsule and vessel I.D. fluxes calculated for full-power op-

eration is as follows:

Dosimeter | Measured Capsule Flux Lead Peak Vessel Flux at I.D.
Type cm'z-sec'l, E > 1 MeV Factor cm‘z-sec‘l, E > 1 MeV
Copper 5.64 x 1010 | 3.38 1.67 x 1010
Iron 3.02 1.84 x 1010
Nickel 2.71 1.94 x 1010

* If a fission-spectrum energy distribution is assumed at the capsule
location, the cross-section for the 54Fe(n,p)5%Mn rezaction (E > 1.0
MeV) would be 98.26 mb [4], and the resulting wvalue for fast flux
at the capsule location would be 4.88 x 1010 cm~2-sec™l. This value
is reported for reference only and has not been used in the analysis
of results.

The discrepancies in the peak vessel flux values determined from the sev-

eral dosimeter materials are attributed primarily to the uncertainties in

fi@i



RESULTS OF DISCRETE ORDINATES Sn TRANSPORT ANALYSIS

TABLE III

DONALD C. COOK UNIT NO. 2

CAPSULE T
4, Calculated Reaction Cross—Sections for Analysis of Fast Neutron
Monitors (E > 1.0 MeV)
Reaction 3 (barnms)
54Fe(n,p)54Mn .0863
58N1i(n,p)38co .115
63cu(n,a)60co .00093
238y(n, £) ~.385
237Np (n, £) ' 2.46
B. Calculated Capsule Lead Factors
Position(a) Location within Capsule Lead Factor(b)
211.7 cm Center of core~side Charpy layer 3.38
211.9 cm Center of capsule 3.24
212.2 cm Center of two specimen layers 3.02
212.7 cm 2.71

Center of vessel-side Charpy layer

(a) -Distance from center of core

Capsule neutron flux density,

E > 1.0 MeV

(d)

Maximum neutron flux density at vessel I.D., E > 1.0 MeV



TABLE IV

SUMMARY OF NEUTRON DOSIMETRY RESULTS
DONALD C. COOK UNIT NO. 2, CAPSULE T

Capsule Flux,

0¢

Dosimeter Dosimeter Activation ATOR AgAT ¢, E > 1.0 Mev (b)
Position(a) Identification Reaction (dps/mg) (dps/mg) cm~2.sec~1
211.7 cm Cu (Top Middle) 63cu(n,a)60co 4.53 x 101 3.47 x 102 5.69 x 1010
Cu (Middle) ‘ 4.43 x 101 3.39 x 102 5.56 x 1010
Cu (Bottom Middle) 4.51 x 101 3.46 x 102 5.67 x 1010
‘ Average = 5.64 x 1010
211.9 cm U-238 (Middle) 238y (n,£)137¢cs  1.06 x 102  4.30 x 103 7.36 x 1010
Y Np-237 (Middle) 237Np(n, £)137cs  8.22 x 102 3.35 x 104 8.24 x 1010
Average = 17.80 x 1010
©212.2 cm Fe (Top) 54Fe (n,p)34Mn 1.59 x 103 2.97 x 103 5.50 x 1010
Fe (Top Middle) 1.62 x 103 3,03 x 103 5.61 x 1010
Fe (Middle) 1.57 x 103 2.94 x 103 5.45 x 1010
Fe (Bottom Middle) ~1.63 x 103 3.06 x 103 5.66 x 1010
Fe (Bottom) : 1.60 x 103 3.00 x 103 5.56 x 1010
Average = 5.56 x 1010
212.7 cm Ni (Top Middle) 58N1 (n,p)38cCo 3.59 x 104 4.27 x 10% 5.30 x 1010
Ni (Middle) ‘ 3.50 x 104 4.16 x 104 5.17 x 1010
Ni (Bottom Middle) 3.57 x 104 4.24 x 104 5.27 x 1010
Average = 5.25 x 1010

212.7 cm Co (Top) 59Co(n',y)6OCo 4.96 x 106 3.80 x 107 (c)
i Co (Bottom) ] 6.31 x 106 4.83 x 107 (c)

(;) Distance from center of core
(b) Calculated flux values subject to i 16.5% uncertainty (lo)
(c) Not applicable '



the calculatad spectra and in the reaction cross sections. Other neutronic
factors contributing to the estimated * 16.57 uncertainty (lc) in a calcu-
lated flux value are the determination of disintegration rates and the cal-
culation of reaction rates (AgaT/Ng)-.

Averaging the results obtained from all Capsule T neutron dosimeters,
the peak neutron flux incident of the I.D. surface of the pressure vessel
during fuel cycle 1 is ;alculated to be 1.96 x 1010 cm‘z'sec'l, E > 1 MeV.
The calculated full power neutron flux for the weld metal and HAZ Charpy

specimen layer is given by:
1.96 x 1010 x 2,71 = 5.3 x 1010

Similarly, the calculated full power neutron flux for the vessel plate
Charpy specimens, the tensile specimens, and the WOL specimens are given

by:

1.96 x 1010 x 3.38 = 6.6 x 1010 (Plate C, Specimens)
1.96 x 1010 x 3.02 = 5.9 x 1010 (Tensile Specimens)

1.96 x 1010 x 3.24 = 6.4 x 1010 (WOL Specimens)

Since Domald C. Cook Unit No. 2 operated for 396.19 effective full
power days up to the October 1979 refueling, the calculated capsule and

vessel fluences to that time are as follows:

. Weld Metal and HAZ Charpy Specimens - 1.8 x 1018 n/cm?
. Vessel Plate Charpy Specimens - 2.3 x 1018 n/cm?
. Tensile Specimens - 2.0 x 1018 n/cm?
. WOL Speéimens - 2.2 x 1018 n/cm?

. Pressure Vessel ID Surface - 6.7 x 1017 n/cm?



c. Mechanical Property Tests

The irradiated Charpy V-notcﬁ specimens were tested on a SATEC im-
pact machine in accordance with Procedure XI-MS-104-0. The test tempera-
tures were selected to develop the ductile-brittle transition and upper
shelf regions. The unirradiated Charpy V-notch impact data reported by
Westinghouse [12] and the data obtained by SwRI on the specimens contained
in Capsule T are presented in Tables V through VIII. The Charpy V-notch
transition curves for the two plate materials, the weld metal, and the
HAZ material are presented in Figures 4 through 7. fhe radi;tion-induced
shift in transition temperatures are indicated at the 50 ft-1b, 30 ft-1b,
and 35 mil lateral expansion levels. A summary of the shifts in RTyprp
and Cy, upper shelf energies for each material are presented in Table IX.

Tensile tests were carried out in4accordance with Procedure XI-MS-
103-0 using a 50-kip capacity tester equipped with a strain gage exten-
someter, load cell, and autographic recording equipment. Tensile tests
on the plate material were run at 250°F and 550°F; those on‘the weld metal
were run at 210°F and 550°F. The results, along with temsile data reported
by Westinghouse on the unirradiated materials [12], are presented in Table
X. The load-strain fecords are inéluded in Appéndix A.

Testing of the WOL specimens was deferred at the request of Indiana &
Michigan Electric Company. The specimens are in storage at the SwRI radi-

ation laboratory.
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TABLE V

CHARPY V-NOTCH IMPACT TEST RESULTS, D.C. COOK UNIT NO. 2
VESSEL INTERMEDIATE SHELL PLATE C5521-2, LONGITUDINAL ORIENTATION

Test Fracture Lateral Fracture

Specimen Temperature Energy Expansion  Appearance

Condition No. (deg F) (fe-1b) (mils) (% shear)
Capsule T ML-40 50 17 15 10
ML-33 75 25 24 10
ML-39 100 38.5 30 20
ML-35 120 72.5 58 25
ML-36 165 92 65 80
ML-34 210 110 85 100
ML-37 250 110 88 100
Y ML-38 . 300 112 89 100
(a) (b) 0 15 12 18
0 18 13 19
0 15 11 18
25 26 20 30
25 31 23 25
25 43 29 25
50 52 38 35
50 47 37 35
50 46 34 35
70 _ 653 47 » 42
70 65 49 42
70 76 54 55
100 91 66 65
100 98 76 70
100 90 67 62
125 126 78 85
125 114 79 77
125 103 70 75
210 122 83 100
1, " 210 132 86 100
210 128 84 100

(a) Unirradiated [12]
(b) ¥ot reported
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TABLE VI

CHARPY V-NOTCH IMPACT TEST RESULTS, D.C. COOK UNIT NO. 2
VESSEL INTERMEDIATE SHELL PLATE C5521-2, TRANSVERSE ORIENTATION

Test Fracture Lateral Fracture
Specimen Temperature Energy Expansion Appearance
Condition No. (deg F) (ft-1b) (mils) (% shear)
Capsule T MT-60 20 10 9 Nil
- MT-49 75 20.5 18 5
MT-56 75 17 18 10
MT=-57 100 38.5 35 10
MT-51 120 37 32 20
MT-58 120 32 31 20
MT-52 165 54 49 30
MT-59 165 47 46 30
MT-50 210 66.5 66 80
MT-53 250 76 71 100
\ MI-54 300 75.5 70 100
{ MT=-55 300 71 68 100
(a) ®) =50 5.5 -0 5
! -50 6 1 5
=50 6 0 5
10 39 27 29
10 29 17 -25
10 25 18 30
70 43 32 ' 40
70 42 33 43
70 39 28 ’ 43
| 100 66 47 60
i ' 100 71.5 53 63
100 68 49 65
120 67.5 56 58
120 76 60 65
120 ' 75 59 72
210 81 64 100
{ 210 88 63 100
( [ 210 90 66 100

(a) Unirradiated [12]
(b) Not reported
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TABLE VII

CHARPY V-NOTCH IMPACT TEST RESULTS, D.C. COOK UNIT NO. 2
VESSEL CORE REGION WELD METAL

Test Fracture Lateral Fracture
Specimen  Temperature Energy Expansion Appearance
Condition No. (deg F) (£t-1b) (mils) (% shear)
Capsule T MW-59 =25 12 : 11 5
MW-58 20 21.5 20 15
MW-57 50 23 21 10
MW-60 60 35.5 32 30
MW-49 75 58.5 48 75
MW-56 . 75 46.5 44 95
MW-51 120 . 49 44 20
MW-52 165 77 -89 100
MW-30 210 75 75 100
MW-53 250 68 55 100
MW=-54 300 74 72 100
Y MW-55 300 75 63 100
(a) (b) =25 , 20 20 48
-2 22 17 30
=25 31.5 25 40
20 32 24 38
20 35 : 28 47
20 33 27 50
60 58 48 74
60 47 37 65
60 39 29 50
100 74 63 95
100 56 47 85
100 65 53 95
210 72 68 100
210 . 70 63 100
210 77 64 100
300 72 66 98
] 300 79 71 - 100
1 ! 300 81 0 100

(a) Unirradiated [12]
(b) VNot reported .
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TABLE VIII

CHARPY V-NOTCH IMPACT TEST RESULTS, D.C. COOK UNIT NO. 2
VESSEL CORE REGION WELD HEAT-AFFECTED ZONE MATERIAL

Test Fracture Lateral Fracture

Specimen Temperature Energy Expansion  Appearance
Condition No. (deg F) (ft-1b) (mils) (% shear)
Capsule T MH-59 =50 10 11 20

MH-58 -25 22 20 30

MH-60 0 38.5 32 50

MH-57 20 43 32 60

MH-56 50 97 68 90

MH-49 75 92.5 60 90

MH-51 120 125 80 . 95

MH-52 165 104 66 100

MH-50 210 62.5 56 100

MH-53 250 110.5 69 100

MH-54 300 112 72 100

Y MH-55 - 300 110.5 70 100
(a) (b) -100 21 12 . 30
-100 , 5 1 12
-100 14 8 29
-50 34 16 35
=50 23 21 . 27
~50 70.5 39 53
-25 39 .52 65
=25 70 43 60
=25 90 52 60 -
0 95 59 70
0 76 52 65
0 130 75 100
50 84 55 90
50 67 48 85
50 136 76 100
125 95 66 95
125 104 75 99
125 82 71 90
210 147 77 100
] 210 113 80 100
Y J 210 86 71 100

(a) Unirradiated [12]
(b) Not reported.
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TABLE IX

EFFECT OF IRRADIATION ON CAPSULE T SURVEILLANCE MATERIALS
DONALD C. COOK UNIT NO. 2

1€

\~ . V‘, T wd
Weld HAZ * Trans. Plate Long. Plate
criterion(1) Metalf2) Material(2) - ¢5521-2(3) €5521-2(3)
7
Transition Temperature Shift 'P-lq ‘ p.30 P.28 e
@ 50 ft-1b 30°7 50°F 90°F 55°F
@ 30 fe~-1b 40°F% 50°F : 80°F 55°F
@ 35 mil 25°F% 50°F 60°F 50°F
ARTypp(4) 40°F 50°F =¢¢ p 76 BO°F 55°F
Cy Upper Shelf Drop 2 fe-1ib 22 ft-1b f 12 fe-1b 16 ft-1b
(3%) (18z) <2tV (14%) (12%)
Clmre o O i¢ e (7 8y a
N IR VO & Y oy
It [ e
o 78

(1) Refer to Figures 4-7.

(2) Fluence = 1.8 x 1018 n/em?, E > 1 MeV
(3) Fluence = 2.3 x 1018 n/cm2, E > 1 Vev
(4) Maximum transition temperature shift at 30 ft-1b or 35 mil
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TABLE X

TENSILE PROPERTIES OF SURVEILLANCE MATERIALS
DONALD C. COOK UNIT NO. 2

Fracture Fracture Uniform Total

Test Spec. Temp. 0.27 YS UTS Load Stress Elongation Elongation R.A.

Condition Material No. (°F) (ksi) (ksi) (1b) (ksi) (%) - (%) (%)

Capsule T Plate €5521-2 MT-10 250 58.7 89.9 3100 139.6 9.8 19.1 54.4
(Transverse) ,

MT-9 550 66.5 88.3 3150 141.9 9.0 18.0 S54.4

Weld Metal MW-10 210 77.0 93.7 2900 173.6 9.0 21.4 66.0

1 | MW-9 550  67.7  90.5 3180 179.7 8.4 19.1 64.0

(a) Plate C5521-2 - Room 67.4 87.3 3200 161.2 13.4 23.4 59.6

(Transverse) - Room 65.4 85.9 2950 156.4 15.0 27.1 61.7

- 300 58.8 78.6 © 2650 146.1 13.0 22.6 63.1

- 300 60.5 79.5 2675 157.6 10.6 19.8 65.4

- 550 57.5 83.0 3225 142.1 11.5 19.0 53.8

- 550 58.9 83.1 3150 145.6 12.7 20.5 56.0

Weld Metal - Room 75.7 93.2 ., 2850 173.4 13.9 25.7 66.8

1 - Room . 76.9 - 91.3 - 2950 178.8 12.2 ¢ 22.6 - 66.6

- 300 - 70.7. 88.0 - 2900 171.0 10.7 - 20.7 - 66.0

- 300 - 71.0° 85.3° . 2875 179.0 10.3 - 21.2 - 67.5

- 550 70.0. 87.2 . 3160 157.2 10.1 19.2 . 59.6

- 550 - 68.2+ 87.8- 3050 166.0 9.3 20.2 - 62.8

(a) Unirradiated [12]
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V. ANALYSIS OF RESULTS

The analysis of data obtained from surveillance program specimens has
the following goalsf

@D E;timace the period of time over which the properties of the
vessel beltline materials will meet the fracture toughness requirements of
Appendix G of 10CFRS50. This requires a projection of the measured reduc-
tion'in Cy upper shelf energy to the vessel wall using knowledge of the
energy and spatial distribution of the neutron flux and the dependence of
Cy upper shelf energy on the neutron fluence.

(2) Develop heatup and cooldown curves td describe the operational
limitations for selected periods of time. This requires a projection of the
measurad shift in RTypr to the vessel wall using knowledge of the dependence
of the shift in RIypT on the neutron fluence and the energy andbspatial dis-
tribution of the neutron flux.

The energy and spatial distribution of the neutron flux for Donald C.
Cook Unit Nd. 2 was calculated for Capsule T with a discrete ordinates
transport code. This analysis predicted that the lead factor (ratio of
fast flux at the capsule location to the maximum pressure vessel flux) for
Capsule T was 3.24 at the capsule centerline, 3.38 for the core-side Charpy
layer, and 2.71 for the vessel-side Charpy layer (see Table III). This
#nalysis also predicted that the fast flux at tﬁe 1/4T and 3/4T positicns
in the 8.5-in. pressure vessel wall would be 547 and 10%, respectively,
of that at the vessel I.D. However, in this report the érojection of Cap=-
sule T results to the pressure vessel wall utilizes the more conservative

attenuation figures of 60% and 15% for the 1/4T and 3/4T positions to allow

33



for the increased fraction of neutrons which might accrue in the 0.1 to
1.0 MeV range in deep penetration situations.

A method for estimating the increase in RTypr as a function of neu-
tron fluence and chemistry is given in Regulatory Guide 1.99, Revision
1 [8]. However, the Guide also permits the exﬁrapolation of credible
surveillance data by constructing response curves through the data points
and parallel to the Guide trend curves; as shown in Figure 8.

The Donal& C. Cook Unit No. 2 intermediate shell surveillance plates
are projected to control the adjusted value of RINpDT thréugh the 32 EFPY
design life of the pressure vessel because (1) the unirradiated values of
RTypr for both intermediate shell plates are higher than those of all
other reactor vessel materials [14], and (2) the intermediate shell plates
are more sensitive than the other core beltline surveillance materials are

to irradiation embrittlement. Intermediate shell plates C5521-2 (RTypT =

38°F, Z P = 0.013, and % Cu = 0.14) and C5556-2 (RTypT = 58°F, Z P = 0.014,

ASTM E 185-73, Annex Al [9]. Westinghouse selected plate C5521-2 for the
surveillance program because it had the lower Charpy V-notch upper shelf

energy [l4] as directed by Figure Al of ASTM E1185-73. However, the ves;
sel RTypr Projections are based on an unirradiated RTypr of 58°F reported
for plate C5556~2 because it is more conservative to do so. A summary of
the projected values of RIyprT for 12 and 32 EFPY of operation of Donald C.

Cook Unit No. 2 is presented in Table VI.
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TABLE XI

PROJECTED VALUES OF RIypT FOR DONALD C. COOK UNIT NO. 2

Initial
EFPY P.V. Material Location RINDT(2) Fluence(P) ARTypT Adj. RTypT

12 Plate €5521-2  I.D. 58°F 7.4 x 1018 144 202
p-3¢ ; C5556-2 1/4T 58°F 4.4 x 1018 110 168
datd 5 sg°F 1.1 x 1018 55 113
12 HAZ Matergf” I.D. 20°F 7.4 x 1018 101 121
‘ 1/4T 20°F 4.4 x 1018 78 98
3/4T 20°F 1.1 x 1018 40 60
12  Weld Metal I.D. -35°F 7.4 x 1018 81 46
l 1/4T  -35°F 4.4 x 1018 63 28
3/4T -35°F 1.1 x 1018 31 -4
32 Plate C5521=2 I.D. 58°F 2.0 x 1019 235 293
p. 29 icfz’f’?“"g 1/4T 58°F 1.2 x 1019 182 240
Uoed — 3/4T 58°F 3.0 x 1018 91 149

P,TMDT S L
32 HAZ Material I.D. 20°F 2.0 x 1019 165 185
L 1/4T 20°F 1.2 x 1019 129 149
3/4T 20°F 3.0 x 1018 64 84
32  Weld Metal . I.D. -35°F 2.0 x 1019 133 98
l' 1/4T -35°F 1.2 x 1019 103 68
3/4T -35°F 3.0 x 1018 52 17

(a) Reference 14
(b) Neutroms/cm2, E > 1 MeV
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A method for estimating the reduction in Cy upper shelf energy as a
function of neutron fluence is also given in Regulatory Guide 1.99, Revi-
sion 1 [8]. The results from Capsule T are compared to a portion of Fig-
ure 2 of Regulatory Guide 1.99, Revision 1, in Figure 9. The embrittlement
responses of the pressure vessel plate and HAZ surveillance materials are
in good agreement with the prediction of Regulatory Guide 1.99, Revision 1,
for 0.15% Cu material. Omn the other hand, the shelf energy response of the
weld metal is well below the correspoﬁding design curve.

Referring to the conservative NRC design curves from Regulatory Guide
1.99 shown in Figure 9, the projected Cy shelf energies of the vessel mate-
rials are as follows:

) Plate C5521-2 (Unirradiated Cy Shelf = 86 ft-1b)

32 EFPY at I.D. - 62 ft-1b
32 EFPY at 1.4T -- 64 ft-lb
32 EFPY at 3/4T -- 70 ft-1b

® Plate C5556=2 (Unirradiated Cy Shelf = 90 ft-1b)

32 EFPY at I.D. == 65 ft-1b
32 EFPY at l/éT‘-— 67 ft-1b
© 32 EFPY at 3/4T -- 74 ft-1b

. Weld Metal {(Unirradiated Cy Shelf = 97 ft-1b)

32 EFPY at I.D. —— 75 £t-1b
" 32 EFPY at 1/4T -- 78 ft-1b
32 EFPY at 3/4T -- 83 ft-1b

o HAZ Material (Unirradiated Cy Shelf = 109 ft-1b)

32 EFPY at I.D. -- 78 ft-1b
32 EFPY at 1/4T - 82 ft-1b
32 EFPY at 3/4T -- 89 ft-1b
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Theée projections indicate that the core beltline materials in the Donald
C. Cook Unit No. 2 pressure vessel will retain adequate shelf toughness
throughout the 32 EFPY design lifetime.

The current Donald C. Cook Unit No. 2 reactor vessel surveillance
program removal schedule, revised to conform to ASTM E 185-99 [16], is
summarized in Table XII. There are seven capsules remaining in the ves-

sel, of which three are standbys.



TABLE XII

REACTOR VESSEL SURVEILLANCE CAPSULE REMOVAL SCHEDULE [14]
DONALD C. COOK UNIT NO. 2

Capsule

T

WOL Removal Equivalent Vessel
Material Time Fluence

Weld Metal (a) 4 EFPY at I.D.
Weld Metal 3 EFPY 11 EFPY at I.D.
Trans. Plate S EFPY E.O.L. at 1/4 T
Weld Metal 9 EFPY E.0.L. at I.D.
Trans. Plate 32 EFPY E.O.L. at I.D.
Trans. Plate Standby -
Trans. Plate Standby -
Weld Metal -

(a) Removed at 1.08 EFPY

Standby



VI. HEATUP AND COOLDOWN LIMIT CURVES FOR NORMAL
OPERATION OF DONALD C. COOK UNIT NO. 2

Donald C. Cook Unit No. 2 is a 3391 Mwy pressurized water reactor
operated by American Electric Power Service Corporation. The unit has
been provided with a reactor vessel material surveillance program as re-
quired by 10CFRS50, Appendix H.

Surveillance capsﬁle T was removed at the first refueling during
the 1979 outage. This capsule was tested as described in earlier sec-
tions of this repcrt. In summary, these test results indicate that:

(@D The RTypp of the surveillance materials in Capsule T in-
creased a makimum of 80°F as a result of exposure to a neutron fluence
of 2.2 x 1018 neutrons/cm? (E > ;;MEG).

2) Based on a ratio o§/3.24/$etween the fast neutron flux at
‘the radial center of Capsule T‘aﬁd/;he maximum incident on the vessel

( 111, the vessel wall fluence at the I.D. was 6.7 x 1017 neutrons/cm?
(E > 1 MeV) at the time of removal of Capsule T.

(3) The maximum shift in RTypr after 12 effective full power
years (EFPY) of operation was predicted to be 168°F at the 1/4T and
113°F at the 3/4T vessel wall locations, as controlled by the inter-

mediate shell plate material.

4) The maximum shift in RTypt after 32 EFPY of operation was
predicted to be 240°F at the 1/4T and 149°F at the 3/4T vessel wall lo-

cations, as controlled by the intermediate shell plate material.



The Unit No. 2 heatup and cooldown limit curves for 12 EFPY and 32
EFPY have been computed on the bases of (3) and (4) above. The procedures
employed by SwRI are described in Appendix B.

The following pressure vessel constants were employed as input data

in this analysis:

Vessel Inner Radius, ry 86.50 in., including cladding

Vessel Outer Radius, rj = 95.2 in.
Operating Pressure, P, = 2235 psig
- Initial Temperature, T, ‘ = 70°F
Final Temperature, Tg = 550°F

Effective Coolant Flow Rate, Q 134.6 x 109 1bp/hr

Effective Flow Area, A = 26.72 ft?

Effective Hydraulic Diameter, D = 15.05 in.

Heatup curves were computed for a heatup rate of 100°F/hr. Since lower
rates tend to raise the curve in the cgntral region (see Appendix B), these
curves apply to all heating rates up to 60°F/h;; Cooldown curves were com-
puted for cooldown ratés of 0°?/hr (steady étate), 20°F/hr, 40°F/hr, 6Q°F/hr,
and 100°F/hr. The 20°F/hr curve would apply to cooldown rates up to 20°F/hr;
the 40°F/hr curve would apply to rates up to 40°F/hr; the 60°F/hr curve would
apply to rates up to 60°F/hr; the 100°F/hr curve would apply to rates up to
100°F/hr.

The Unit No. 2 heatup and cooldown curves for up to 12 EFPY are given

in Figures 10 and 11l; those for up to 32 EFPY are given in Figures 12 and 13.
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) ( Southwest Reséarch Inst:‘.tv.{.
Department of Materials Sciences

TENSILE TEST DATA SHEET

.

Test No. T- / Est. U.T.S. psi Project No. 69‘5423{ 2%y

Spec. No. 27 &/=-/2 Initial G. L. / Z in. Machine No. _§ 2@ &L

Temperature ~2 /2 °F Initial Dia. 2_5.0 in. Date S— 2- 52

Strain Rate Initial Thickness in. Initial Area . ©%°% ¢
{7/
Initial Width in. ({'7/
e
Top Temperature °F Maximum Load QO ~1b
Bottom Temperature °F 0.2% Offset Load 5 7 £ < /b
Final Gage Length / 2/4  in. 0.02% Offset Load 1b
Final Diameter /4 b in. Upper Yield Point 1b
Final Area _. O/& 7 31/  in.2 |
_ Maximuam Load _ ﬁ &£sT
U-T-S. = T 5al Area 23 e/ o=t
) 7,80
0 '207 v.s 0.2% Offset Load _ 1% //(-.{:
Teve Eese Initial Area - :
' 0. 02% Offset Load .
0.02% Y.S. Tmitial Acea psi
_ Upper Yield Point _ . . -
Upper Y.5. = Initial Area - —P% /
. _ Final G.L. - Initial G. L. _ _ )
% Elongation = . Thital G, L. x100= 2/ %5/%
: _ Initial Area - Final Area _
% R.A. = oitial Aves x 100 = éé‘:g %

Signature:

z
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Department of Materials Sciences

TENSILE TEST DATA SHEET

st No. T- Est. U.T.S. ___Dpsi Project No. ©2-5527-00/

ec. No. 2] (-9 Initial G. L. _/ & in.  Machine No. _ 99 K

o
mperature# S5 9 °F  Initial Dia. __ 2 S < in. Date _$- R/ - FO

'‘ain Rate Initial Thickness in. Initial Area . OH#44l “‘z

Initial Width ' in. ‘ @j/

/

Top Temperature _5 S & °F . Maximum Load 4445 4 1b
’ . /r’ a
¢
Bottom Temperature 5& / °F 0.2% Offset Load S'/ 1b
Final Gage Length /4 / 9/ - in. 0.02% Offset Load (; 1b
Final Diameter _, / 50 ' in. Upper Yield Point 1b
/
Final Area , 0111 ol in. 2
{.u/"’
( _ Maximuam Load _ { : .
U-T.S. = Tital Area qo(,.,f,’; ped Ks,
' U.2% Offset Load VI

0.2% Y.S. el Aren éﬂﬂ@ psi Ks

_ 0.02% Offset lLoad ' .
0.02% Y.S.} = Taitial Area = psi

_ Upper Yield Point
Upper Y.S. = Tnitial Area psi

. Final Go LQ - Initial Go Lo /f\ :
= = { ol

% Elongation Ttal G L. x 100 G | L“Z/ 7,

Initial Area

| . . $0
% R.A. = Initial Area - Final Area % 100 = %ZQQ %
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' ( 4 Southwest Research Institv .
Department of Materials Sciences

TENSILE TEST DATA SHEET

Test No. T- Z_ Est. U.T.S. psi Project No. 89_-57 2700/
Spec. No. A#7 7 < |0 Initial G. L. /4 < in. Machine No. & @ /<

Temperature A~ X2 5@°F Initial Dia. _ 2 {; in. Date 5-— 2 - PO

Strain Rate Initial Thickness in. Initial Area . O ¥FZ..
' /
Initial Width in. &
Top Temperature | °F Maximum Load &3 ?Q)/w
- b
Bottom Temperature °F 0.2% Offset Load 2 7 & 1b
Final Gage Length |,19Q| in. 0.02% Offset Load 1b
Final Diameter _ .1 6Q@ __in. Upper Yield Point _1b
Final Area L OR 2%§ in. 2 (
_ Maximum Load _ g  £s
U-T-S- = Tial Area ‘fﬁ /,,:/7 ped
| “ /s
0.2% Offset Load 7
7 =
0.2% ¥.S. Initial Area 4 7 PsT
-
0. 02% Offset Load _ .
O- 0270 Yo S- Initia.l A.J.'ea - pSl
_ Upper Yield Point .
Upper Y.S. = Initial Area psi
. - Fina.l Gt L- - Iniﬁal Go Lo - /
% Elongation = Tmital G L. xl1l00= /Z /;9'7 %

/

% R.A. = Initial Area - Final Area < 100 = é/é/,% 7,

Initial Area %
Signature: Z/-(//Z\//J@_
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. Department of Materials Sciences

TENSILE TEST DATA SHEET

T-. Est. U.T.S. psi Project No. ©2-559 P-00/
Y‘. T-9 Initial G. L. in.  Machine No. _S 9 /A

ure Zﬁ'gé °F Initial Dia. 2449  in. Date _ 5 - 29 - 79 //

te” Initial Thickness in. Initial Area __. O40 N 1~

Initial Width in. g/

y
~
)p Temperature 55 / °F Maximum Load 4300 £, 1b
&
ttom Temperature S 4/47 °F 0.2% Offset Load 3240 A1b
nal Gage Length /. / 7o in. 0.02% Offset Load 1b
nal Diameter 784 in. Upper Yield Point 1b
1al Area , 02 Z'Y/f in.2
v % //
i,, _ Maximum Load _
o /
. _ G.2% Offset Load _ . .
% ¥.S. = Initial Area - éé‘ .S "’7?9* Ks,
0. 02% Offset Load _ .

2% ¥.8. Initial Area - ps3

_ Upper Yield Point _ .
er Y.5. = TU o iHal Area psi
- > — Final G- Lc - Initia.l Gc Lo - / .
tlongation = Tmitial G. L. x 100 = /8.0& 0%

_ Initial Area - Final Area _ —

LA = Initial Area x 100 = S“#Eg To

,w/@/‘ @7 %4/%/ d// e i



: M \@\'l’d )
/o X o L
. , A
. . | ;
_ b ’
1 i .
Vo . . ;
0 ' " [ ] . _ .~
. . - ! ! w .- ~
b ' . b . .
| 1 R N
: . [ ' !
i : ” i , i i \ _
! I _ — ' , “ _ I . ,
. ; ! ,
| SRR I B o S _
[ ' . i .— H i ' _ ; !
] ) f i , \ _
| i I | L
; P! _ | ! : i D _ \_A !
P ‘ . . ' L vy ' ]
1 i . ' _ | R g _
y 3 ;! < ‘ ! ! v\. @ .
: i H .
C IR i m,
o _ ' bt | ‘ A !
BT BRI BT | L
[ LI N N f - " ! Lo \ .
— m ’ : 1 ' k
aM'eBho( AﬁQ."...u B . i ” . * .
. S ~ Con . : A
'SY S QQ N o 2€ it | . e " ! " 1 o -
. ' o b ' ' ' ' [ A '
N . g . i . i m )
...:‘Q?N.\ . r.LQ v o Co ! q .
va‘m‘.am«& S 1A : .. o ! .

fr%«-wal. (3]

& 100 -9342-20
7 s035¢ 4930
W

<.d\‘.m\ﬁc9_

oy ‘a2 hoy
oede:

bW -4 =

"IOh2% T A.?\vf«..wa.m?wv. KM...”Q - : | :
rtrarsfy O s \Az q.@v £

it

.,a._: Q& A

/ PETRYIS ow
) € IND " .r "
1/ .
w2 AR ’
fil e T
|

[ e o)




&

zw.: 2080 ‘

' \
.
H
1
‘_a.
o
4.
.
, 1
vl
v
[
o
' i
’
v
.
'

e (27

st h

. ' ’ .
;| .
| | ’ ]
P

R
St

Gl §
- rﬁf‘.‘g
« - ‘o:.m 1@

T R

———

(T
: 3
t
.
A v
—._ .—
\ .
Al
’.. R
\
!
v
‘.
i

-






P

APPENDIX B

PROCEDURE FOR THE GENERATION OF ALLOWABLE
PRESSURE-TEMPERATURE LIMIT CURVES FOR
NUCLEAR POWER PLANT REACTOR VESSELS

63



PROCEDURE FOR THE GENERATION OF ALLOWABLE
PRESSURE-TEMPERATURE LIMIT CURVES FOR
NUCLEAR POWER PLANT REACTOR VESSELS

A. Introduction

The following is a description of the basis for the generation of
pressure-tgmperature limit curves for inservice leak and hydrostatic
tests, heatup and cooldown operations, and core operation of reactor
pressure vessels. The safety xha.rgins employed in these procedures
equal or exceed those recommended in the ASME Boiler and Pressure
Vessel Code, Section III, Appendix G, ''Protection Against Nonductile
Failure."

B. Background

The basic parameter used to determine safe vessel operational
conditions is the stress intensity factor, Kj, which is a function of the

stress state and flaw configuration. The Kj corres'ponding to membrane

tension is given by
where M_, is the membrane stress correction factor for the postulated -

flaw and o, the membrane stress. Likewise, Kj corresponding to bend-

ing is given by
Kip = Mp " o (2)

where My is the bending stress correction factor and ¢y is the bending

stress. For vessel section thickness of 4 to 12 inches, the maximum



postulated surface flaw, which is assumed to be normal to the direction
of maximum stress, has a depth of 0.25 of the section thickness and a
length of 1.50 times the section thickness. Curves for Mm versus the
square root of the vessel wall thickness for the postulated flaw are given
in Figure 1 as taken from the Pressure Vessel Code (ref. Figure G-2114.1).
These curves are a function of the stress ratio parameter o-/cry, where Ty
is the material yield strength which is taken to be 50,000 psi. The bending
correction factor is defined as 2/3 Mm and is therefore determined from
Figure 1 as well. The basis for these curves is given in ASME Boiler a.nd
Pressure Vessel Code, Section XI, ''Rules for Inservice Inspection of Nu-
clear Power Plaht Components, " Article A-3000.

The Code specifies the minimum Kj that can cause failure as a func-
tion of material temperature, T, and its reference nil ductility temperature;
RTypp- This minimum Ky is defined aa the raference stress intensity fac-

tor, KiR, and is given by
Kip = 26777. + 1223. exp }'0. 014493(T ’RTNDT + 160)] - {3)

where all temperatures are in degrees Fahrenheit. A plot of this expression
is given in Figure 2 taken from the Code (ref. Figure G-2010.1).

C. Pressure-Temperature Relationships

1. Inservice Leak and Hydrostatic Test

During performance of inservice leak and hydrostatic tests,

the reference stress intensity factor, Kir, must always be greater than
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1.5 times the Kj caused by pressure, thus
1.5 Kyp < Kig @
or |
1.5 Mm"'m<KIPs" - (5)

For a cylinder with inner radius rj and outer radius r,

the stress distribution due to internal pressure is given by

_ ri2 - ol + r2
wt -(roz-riz)( r2 ) ' (©)

With 1/4T flaws possible at both inner and outer radial locations, i.e.,

atry 4 =T F 1/4(rg-ti) and r3/4 = 1; + 3/4(ry - rj), the maximum stress

will occur at the inner flaw location, thus

\ 2+(1/4r,.+3/4r1>2]

Tmax = Po ( 2-ri2 ) (1/4r,+ 3/4r)2 (7)
With the operation pressure known, i.e., Py, we deter-
mine the minimum coolant temperature that will satisfy Equation (4) by
evaluating |
Ki = 1.5 M opax 8)

and determine the corresponding coolant temperature, T, from Equa-
tion (3) for the given RTNDT. at the 1/4T location. For this calculation,

Equation (3) takes the form

} Kig -26777.
T = RTypr(1/4T)- 160. +68.9988 In[ SIR-22 1T T (9)



The inservice curves are generated for an operating pres-

,

are range of .96 ‘Po to 1.14 P,, where P, is the design operating
pressure.

2. Heatup and Cooldown Operations

At all times during heatup and cooldown operations, the ref-
erence stress intensity factor, Kip, must always be greater than the sum
of 2 times the KIp caused by pressure and the Ky, caused by thermal gra-

dients, thus

2.0Kpp + 1.0Kpp < Kpg (10)
or

2.0 Mm omax = Kir - Kp (11)

- where ¢, i3 the maximum allowable stress due to internal pressure,

and Kj; is the equivalent linear stress intensity factor produced by the
thermal gradients. To obtain the equivalent linear stress intensity fac-
tor due to thermal gradients requires.a detailed thermal stress analysis.
The details of the required analysis are given in Section D.

During heatup the radial stress distributions due to internal
pressure and thermal gradients are shown schematicaily in Figure 3a.
Assuming a'possible flaw at the 1/4T location, we see from Figure 3a
that the thermal stress tends to alleviate the pressure stress at this
point in the vessel wall and, therefore, the steady state pressure gtress

would represent the maximum stress condition at the 1/47T location. At

[

{
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the 3/4T flaw location, the pressure stress and thermal stress add and,
therefore, the combination for a given heatup rate represents the maxi-
mum sfress at the 3/4T location. The maximum overall stress between
the 1/4T and 3/4T location then determines the maximum allowable reac-
tor pressure at the giv<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>