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- ERRATA SHEET (Dec., 1978)

"Reactor Vessel Material Surveillance
Program for Indian Point Unit No. 2
Analysis of Capsule T" ‘(June 30, 1977)

(1) pg. 18, TABLE III: The Measured activities of Cu, Ni and Co given
in Column 3 are one Erder of magnitude too high (e.q., 5.28x102 for
Cu should be 5.28x10", etc.). : -

(2) pg. 30, TABLE IX: The Cy Upper Shelf Fnergy (ft-1b) for the
Correlation Monitor (4) should be: |

Unirradiated: 78

Irradiated: 68
E, ft~1bs: 10
E, 3% 13

(3) pg 42, péragraph(B):

105°F should be 110%
270°F should be 280°F
130°F should be 140°F
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ABSTRACT

The first vessel material surveillance capsule removed from the
Indian Point Unit No. 2 nuclear power plant has been tested, and the re-
sults have been evaluated. Heatup and cooldown limit curves for normal

operation have been developed for up to 5 effective full power years of

operation.
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I, SUMMARY OF RESULTS AND CONCLUSIONS

The analysis of the first material surveillaﬁce capsule removed
from the Indian Point Un1t .2 reactor pressure v.essel led to the following
conclusions:

(1) Based on a calculated nveutron spectrél distribution, .Cap-
sule T received a fast fluence of 2. 02 x 1018 neutrons/cm2 >1 MeV,

(2)  The surveillance specimens of the three core beltline plates
experienced shifts in transition temperature of 85°F to130°F as a result
of the aboveve‘xposure.

(3) Plafe B2002-3 exhibited the 1argést shift and will control v
the heatup and cooldown limitations.

(4) ' The estirnai;ed maximum neﬁtron fluence of 6.97 x 1017
neutrons/cm2 > 1 MeV received by the vessel wall accrued in 1. 42 full
power years. Therefore, the projected maximum neutron fluence after
32 effective full power yeé.rs (EFPY) is 1.57 x 1019 neutrons/cm2 > 1 MeV.
This estimafe is based on a lead factor of 2.9 between Capsule T and the
point of maximum pressure vessel flux.

(5) . Based on Regulatory Guide 1. 99 trend curves, the projéc;,ted
maximum shift in ductile-brittle transition temperature of the Indian Poinf
Unit 2 vessel core beltline plates at the 1/4T and 3/4T positions after 5
EFPY of operation are 110°Fvand 50°F, respectively. These values were
used as the bases for computing heatup apd cooldown limit curves for up to

5 EFPY of operation.



(65 The maximum éhifts in the‘trapsi‘tion temperatlire of. the
Indian Point Unit évvessel co;e beltline plates at the 1/4T and 3/4T
positions after 32 EFPY of Qperation are projected tovbe 280 °F and
140°F, respectively.. | |

(7) The Ind_ianv Point Unit 2 vessel plates located in the core
beltline region are projected to retain sufficient‘toughness at the 1/4T
and 3/4T positions to meet tﬁe current requirements of IJ0CFR50 Appen-

dix G throughout the design life of the unit.




II. BACKGROUND

The allowable loadings on nuclear pfessure vessels are determined
by applying the rules in Apﬁendix G, ”Ffacfure Toughness Requirements, "
of 10CFR50. (1)* 1 the case of pi‘essure-r_etaining components m?,de of
ferritic materials, thé _allo“'r”a.,:ble loadings depend‘on the reference stress
intensity factor (KIR) cufve i.vrlln.dexed to the reference nil_duéti‘lity tempera-
ture (RTNDT) presented in Appendix G, "Profection Against Non-ductile
Failure, ' of Section III of the ASME Code. (2) Further, the ﬁaterials‘ in
the beltline .re.gion of the reactor vessel must be monitored for radiation-

" induced ché.nges in RTypT Per tﬁe reciu_irements of Appendix H, "Reactor
Vessel Material Surveillance 'Prografﬁ Requirements, ' of IOCFRSO.

The RTypT is defineti':in'paragraph NB-2331 of Section III of the
ASME Code as the highest of the following temperatures:

(i) Drop-weight Nil Ductility Temperature (DW-NDT) ‘per

ASTM E208;(3)

(2) 60 deg F below the 50 ft-1b Charpy V—notch (Cy) temperature;

(3) 60 deg F below the 35 mil C,, temperature. |
Th>e RTNpT must be establishé_d for all materials, including weld metal and
heat affected zone (.HAZF) material as well as base plates and forgings, which
corhprise the reactor coolant pressure boundary.

It is well established that ferritic materials undergg‘) an increasev in

strength and hardness and a decrease in ductility and toughne ss when exposed

* Superscript numbers refer to references at the end of the text.
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to neutron fluences in excess of 1017 neutrons per cm2 (E > 1 MeV). (4)
Also, it has been established that tramp elements, 'particularly copper

and phosphorous, affect the rediation embrittlement response of ferritic
materials. (3-7) The relationship between increase in RTNpDT and copper
content is not defined completely. For example, Regulatory G‘uide 1.99,
originally issued in July 1975, and revised in April 1977(7), proposes an
adjustment to RTNpT proportional to the square root ‘of the neutron fluence.
Westinghouse Electric Corporation, in their comments on the 1975 iss_ue of
Regulatory Guide 1. 99(8), believed that the proposed relationship overesti-
metes ther shift at ﬂuences. gr'eater than 1.9 x 1019 and underestimates the

‘shift at fluences less than1.9 x 1019, On the other hand, Combustion Engi

neering, in theif comments on the 1975 issue of Regulatory Guide 1.99(9),
suggested that the proposed relationehip is overly conservative at fluences
below ‘1019 neutrons per cm?2 (E > 1 MeV). Thére is also disagreement con-
cerning the prediction of Cy upper svhelf responee to exposure to neutron ir-
radiation. (7-9)  After reviewing the comments. and eyaluating additional sur-
veillance program data, the NRC issued e. revision to Regulatory Guide 1. 99
which raised the ﬁpper limit of the transition temperature edjpstment curve.
In tl.ﬁs report, estimates of shifts in RTypT are based on Regulatory Guide
1.99, Revisi.on 1. (‘7) |

In general, the only ferritic pressure Boundary materials in a nuclear
plant whieh are expected to receive a fluence sufficient to affect RTNDT are

those materials which are located in the core beltline region of the reacto.f




pressure vessel. Therefore, material surveillance programs include spec-

imens machined from the plate or forging material and weldments which are

located 1n such a region of high neutron flux density. ASTM E 185(10) de;
scfibes the current rec‘ommendéd practice for monitoring and evaluating
the radiation-induced changes’”occurring in the mechanical properties of
pressure vessel beltline materials.

Westinghouse ﬁas provided such a surveillance program for the
Indian Point Unit No. 2 nuclear power plant. The encapsulated Cy speci-
mens are located oh the O.D. surface of the thermal shield where thé fast
neutron fiux density is about three times that at the adjacent vessel wall
surface. Therefore, the increases (shifts) in transition temperatures 6f the
materials in the. pressure vessel are generally less than the corresponding
shifts observed in the surveillance specimens. Hox.zvever, because of azi-
muthal variations in neutron flux deﬁsity, capsule fluencés may lead or lag
the maximum vessel fluence in a corresponding exposure period. Fo.l.' ex-
ample, Capsule T (removed during the 1976 refuelling outage) was exﬁosed
to a neutron fluence approximately three times that at the maximum exposure
point on the vessel I. D., while Capsule V (scheduled for removal at a later
date) is receiving a neutron flux about equal t.o that at the point of maximum
vessel expoéure. The capsules also contain several dbsimeter- materials for
.expérimentélly determining the average neutron flux. density at each capsule

location during the exposure period.



The Indian Point Unit No. 2 material surveillance capsules also in-.
ciude tensile specimens as recommended by ASTM E 185. At the presénti
timé, ‘irradiated tensile properties are used only to indicate that the materials
tested continue to meet the requirements of the appropriate material
specification. In addition, some of the material surveillance capsules
contain wedge opening loading (WOL) fracture mechanics specimens.
Current technology limits the testing of these specimehs at teméeratures
w¢11 below the minimum service temperature to obtain valid fracture
mgchanics data per ASTM E 399(11), ”Standard Method of Test for “P‘lane-
Strain Fi'acture Toughness of Metailic Materials. " However, fécent -wbrk
reported by Mager andAWitt(lz) may lead to methods for evaluating high-
toughness materials with srﬁall fracture mechanics specimens. Currently,
‘the NRC suggests storing these specimens until an acceptable testing pro-v
cedure has been defined.

This report describes the results obtained from testing the contents
of Capsule T. These data are _analyzed to estimate the radiai':ion-_indubced
changes in the me‘chanical properties of the. pressure vessel at the time of
the 1976 refuelling oﬁtage és_ well as predicting the changes _éxpeéted f.o oc —
cur at selectAed.times in the future operation of the Indian Point Unit No. 2

power plant.




III. DESCRIPTION OF MATERIAL SURVEILLANCE PROGRAM

The Indian Point Unit No. 2 material surveillance program is de-
scribed in detail in WCAP 7323113), dated May 1969. Eight materials
surveillance capsules (five Type I and three Type II) were placed in the
reactor vessel between the thermal shield and‘the vessel Wall‘pri;)r to
startup, see Figure 1. The vertical center of each capsule is opposite
the verticlal center of the core. The neuf:ron flux density at the Capsule T
location leads the maximum flux density on the vessel I. D. by a factor of
2.9. (14) . The Type I capsules each contain Charpy V-notch, tensile and
WOL specimens machined from the three SA533 Gr B plates located at“jthe
core beltline plus Charpy V-notch specimens machined from a reference
heat of steel utilized in a number of Westinghouse surveillance programs.
The Type II capsules include specimens machined from weld metal and
HAZ material representative of those materials in the core be.ltlin_e region
of the vessel as well as base plate material. Capsule T, one of the Type I
capsules, was removed during the 1976 refuelling outage.

The chemistries and heat treatments of the vessel surveillance ma-
terials contained in Capsuie T are summarized in Table 1. All test speci-
mens were machined from each of the materials at the quarter-thickness -
(1/4T) location. The base metai Cv specimens were oriented with their
long axis parallel to the primary rolling direction; the Cy notches were

perpendicular to the major plate surfaces. Tensile specimens were



. Z (Type I)

v N
L7z
- T (Type I) React:S'oVessel '

X (Type I)

Y (Type II)

Thermal Shield

Core Barrel

FIGURE 1. ARRANGEMENT OF SURVEILLANCE CAPSULES
IN THE PRESSURE VESSEL
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TABLE I

Indian Point Unit No. 2 Reactor Vessel Surveillance Materials(13)

Heat Treatment Histdry

Shell Plate Material:

1550°-1600°F, 4 hours, water quenched
1225° + 25°F, 4 hours, air cooled
1150° + 25°F, 40 hours, furnace cooled to 600°F

Weldment:
1150° + 25°F, 19. 75 hours, furnace cooled to 600°F

Correlation Monitor:

1650°F, 4 hours, water quenched to 300°F
1200°F, 6 hours, air cooled

Chemical Composition (Percent)

Material C Mn P S Si Ni Mo

Plate B2002-1 0.20 1.28 0.010 0.019 0.25 0.58 0.46
Plate B2002-2 0.22 1.30\ 0.014 0.018 0.22 0.46 0.50
Plate B2002-3 0.22 1.29 0.011 0.020 0.25 0.57 0.46
Corr. Monitor 0.24 1.34 0.011 0.023 0.23 (2) 0.51
Weld Metal (a) (a) (a) (a) (a) (a) (a)

(a) Not reported.

Cu ('15) :

0.25

0.14

0.14
(a)
(a)
;



machined from the three vessel platés with the longitudinal axis parallel
to the plate rolling direction. The WOL specimens were machined with
the simulated crack perpendicular to the primary rolling directidn and
to the plate surfaces. All mechanical test specimens, see Figure 2,
were taken at .least one plate thickness from the quenched edges of the
plate material. |

Caésule T contained 32 Charpy V—notch. specimens (8 each from
the three vessel plate materials plus 8 from the r‘eference sfeel plafe);
3 tensile specimens (1 from each plate);. and 6 WOL.specime'ns (2 fror;l _
eaéh platé). The spécimen numbering system and location 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
Copper Bare wire | 2
Nickel Bare wire 1

" Cobalt (in aluminum) Bare wire 3
Cobalt (in aluminum) Cd shielded wire 3

In addition, slices were taken from five C, specimens to serve as iron
dosimeters.

Three eutectic alloy thermal monitors had.been inserted in holes in
the steel spacers in Capsule T. Two (locatedvtOp and bottom) were 2. 5% Ag
and 97.5% Pb With. a melting point of 579 °F. The third (loc:ﬁed at the center
of the capsule) was 1.75% Ag, 0.75% Sn and 97.5% Pb having a melting point
of 590 °F.

10
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(c) Wedge Opening Loading Specimen

FIGURE 2. VESSEL MATERIAL SURVEILLANCE SPECIMENS
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FIGURE 3. ARRANGEMENT OF SPECIMENS AND DOSIMETERS IN CAPSULE T




IV. TESTING OF SPECIMENS FROM CAPSULE T

The capsule shipment, capsule opening, speéimen testing and report-
ing of results were car'ri_ed out in accordance with the following SwRI Nuclear
Project Operatiné Procedures:

(1) XI-MS-1, Determination of Specific Activity of Neutrbn

Radiation Detector Specimen.

(2) XI-MS—3,, Conducting Tension Tests on Metallic Materials.

(3) | XI-MS-4, Charpy Impact Tests on Metallic Materials.

(4) vXI_II-MS—l, Opening Radiation Surveillance Capsules and

Handling and Storing Specimens.
(5) XI-MS-5, Conducting Wedge-Opening-ILoading Teé_ts on
Metallic Materials.
(6) XI-MS-6, Determination of Specific Activity of Neutron
Radiation Fission Monitor Detector Specimens. .
Copies of the above documents are on file at SwRI.

Séuthwest Research Institute utilized a procedure which had been pre-
pared for the 1976 refuelling outage for thé removal of Capsule T from the
reactor vessel ari_d the shipment of the capsule to the SwRI lab'oratories.
SwRI contracted with Todd Shipyards - Nucléar Division to supply appropri-
ate cutting tools and a lj_censed shipping cask. Todd personnel severed the
capsule from its exténsion tuBe, sectioned the extension tube into three-foot
lengths, supervised the loading of the capsule and extension tube materials

into the shipping cask, and transported the cask to San Antonio.

13



The capsule shell had been fabricated by making two long seam welds
to join two half-shells together. The lbng seam welds were milled off on a
Bridgeport vertical milling machine set up in one hot cell. Before millinl.g
off the long seam weld beads, transverse saw cuts were made to remove the
two capsule ends. After the long seam welds had been milled awa’y,‘ the top
half of the capsule shell was removed. The specimens and spacer blocks .
were carefully removed and placed in an indexed receptacle so that capsule
location was identifiable. After the disassembly had been completed, the
specimens were carefully checked for identification and location, as lhisted
in WCAP 7323.(13)

Each specimep was inspe.cted fér identificatibn number, which Was
checked against the master list in WCAP 7323. No discfepancies were
found. The thermél monitors and dosimeter wires were removed from the
holes ‘in the spacers. The thermal moﬁitors, contained in quartz vials,
were examined and no evidence of melting was observed, thus indicating
that the maxir;lum temperature during exposure of Capsule T did not ex- |
ceed 579 °F.

The spécific activities of the dosimeters were determined at SwRI
with an NDC 2200 multichannel analyzer and an NaI(Th) 3 x 3 scintillation
crystal. | The ca.libra.tion of the equipmént was accomplished with appropri-
ate standards and an interlabora-tor.y cross check with two independen.t éount—
ing laboratories on 6000—, 5'/"1‘Mn-b and 58Co—c:onta:lning dosimeter wires. All

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

14 .




Infinitely dilute saturated activities (AsaT) were calculated for each of the
dosimeters because AgaT is directly related to the product of the energy-
'dependent microscopic activation cross section and the neutron flux density.

The relationship between A OR and Agar is given by:

m=n
A - ATy, -At
ZTOR _ ) (1-e Je ™
- .
AsaT o,
Where‘: A = decay constant for the activation product, day"l;
Ty = equivalent operating days at 2758 MwTh for op-

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

An alternate expression which gives equivalent results is:

1
=}

ATOR _

AT -
Py (l-e "0 'm,
ASAT |

where: Ty, = operating days;
Pm o= average fraction of full power during operating
‘ - period.

The India.n Point Unit No. 2 operating history up to the 1976 refuelling shut-
down is presented in Table II. The specific time of release and specific
saturated-activities for each dosimeter are presented in Table IIL

The p;ir:;:rlary result desired from the dosimeter analysis is the total

fast neutron fluénce (> 1 MeV) which the surveillance specimens received.

15



TABLE II

Summary of Reactor Operations
Indian Point Unit No. 2

91

Period Dates Shutdown Operating Decay Time - Fraction of Full
(m) Start "~ Stop Days Days, T,  After Period, t,, Power in Period, P,
1 08-15-73 08-24-73 - 10 949 0.4377
08-25-73 08-25-73 1 - ,
2 08-26-73 09-07-73 - 13 935 0.4532
09-08-73 . 09-20-73 13 - '
3 09-21-73 09-28-73 - 914 0.3161
09-29-73 09-30-73 2 - - '
4 10-01-73 10-12-73 - 12 900 0.3088
10-13-73 01-25-74 105 -
5 01-26-74 01-29-74 - 4 791 0.2412
01-30-74 03-21-74 51 -
6 03-22-74 04-18-74 - 28 712 0.5438
04-19-74 04-28-74 10 -
7 04-29-74 05-03-74 - 5 697 0. 4962
05-04-74 05-04-74 1 -
8 05-05-74 05-10-74 - ) 690 0.4743
05-11-74 05-12-74" 2 -
9 05-13-74 05-13-74 - 1 687 0.0730
05-14-74 05-20-74 7 -
10 05-21-74 06-14-74 - 25 655 0.6653
06-15-74 06-16-74 2 -
11 06-17-74 07-22-74 - 36 617 0.7691
07-23-74 07-23-74 1 -
12 07-24-74 07-26-74 - 613 0.7593
07-27-74 08-05-74 10 _ '
13 08-06-74 09-06-74 - 32 571 0.6653
09-07-74 09-09-74 -3 -

(Continued)




L1

TABLE II (Cont'd. )

Period Dates Shutdown Operating Decay Time Fraction of Full
{(m) Start Stop Days Days, Ty, After Period, t,, Power in Period, P
14 09-10-74 09-30-74 - 21 547 0. 7429
10-01-74 10-11-74 11 -

15 10-12-74 11-09-74 - 29 507 -0. 8657
11-10-74 11-10-74 1 -

16 11-11-74 12-06-74 - 26 480 0. 8306
12-07-74 12-07-74 1 -

17 12-08-74 01-01-75 - 25 454 0. 8495
01-02-75 01-04-75 3

18 01-05-75 01-05-75 - 450 0. 5450
01-06-75 01-06-75 1 -

19 01-07-75 01-31-75 - 25 424 0. 8810
02-01-75 . 02-02-75 2 - '

20 02-03-75 02-28-75 - 26 396 0.9408
03-01-75 04-03-75 34 -

21 04-04-75 05-02-75 29 333 0.7652
05-03-75 05-03-75 -

22 05-04-75 07-28-75 - 86 246 0.9114
07-29-75 08-10-75 13 -

23 08-11-75 09-12-75 33 200 0.7108
09-13-75 09-13-75 -

24 09-14-75 10-16-75 - 33 166 0.7962
10-17-75 10-29-75 13 -

25 10-30-75 11-14-75 - 16 137 0.7467
11-15-75 11-15-75 1 -

26 11-16-75 01-04-76 - 50 86 0. 8427
01-05-76 01-05-76 1 -

27 01-06-76 01-29-76 - 24 61 - 0.8703
01-30-76 02-04-76 6 -

28 02-05-76 03-30-76 ‘- 55 -0 0.9122

Total Power Generation = 517. 749 Effective Full Power Days
(includes 5.749 EFPD accumulated before 08-15-73)



TABLE III

Summary of Neutron Dosimetry Results

Capsule T
‘Monitor Activation’ Measured Activity Saturated Activity
Identification - Reaction (dps/mg) (dps/mg) '
r1(2) 54pe(n, p)°4Mn 1.57 x 107 2.72 % 103
r3(a) - ¥ 1.66 x 10> 2.88 x 103
R4(2) 3 1.59 x 103 2.77 x 103
Rre(2) " 1.59 x 103 2.77 x 103
rs(2) " 1.49 x 103 2.58 x 103
Avg. 1.58x 103 2.75 x 103
Cu (Top) 63cu(n,a)6%o0 5.28 x 102 3.25 x 103
Cu (Bottom) T 4.53 x 102 2.79 x 103
" Ni (Center) 5_8Ni(n, p)SBCO 3.69 x 103 4,68 x 105
Co (Top) 59Co(n, v)60Co 5.00 x 107 3.08 x 108
Co-Cd (Top) " 2.36 x 107 1.46 x 108
Co (Center) " 5.66 x 107 3.49 x 108
Co-Cd (Center) "o 2.24 x 107 1.38 x 108
Co (Bottom) | " 5.14 x 107 3.16 x 108
Co-Cd (Bottom) " 2.31x 107 1.42 x 108

(a) Charpy specimen from which sample was removed.
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The average flux density at full power is given by:

where:

_ AgaT
No&

P = energy-dependent neutron flux density,
n/cm?-sec;

AgaT = s.éturated activity, dps/mg target element;

o = spectrum-averaged activation cross section,
cm?; '

Np = ' 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 operé.’cing time at full pOWe.r.

The neutron flux de::nsity was calculated from the 54Fe(n, p)54Mn

reaction because it has a high' energy threshold and the energy response

is well known. The energy spectrum for Capsule T was calculated with

the DOT 3.5 two-dimensional discrete ordinates transport code with a 22

group neutron cross section library, a Pj expansion of the scattering ma-

trix and an Sg order of angular quadrature. The normalized spectrum for

Capsule T and the group-organized cross sections for the 54“Fe(n, p)54Mn

reaction derived from the ENDF/B-IV library(16) are given in Table IV.

The value of .&Fé is given by:

where:

10 MeV
L
[ opg (E)P(E)AE

1.10
o > 1 MeV) =
Fe ) 10 MeV

%

1.00

p(E)dE

g-F >1 MeV) = the calculated spectrum-averaged cross
section for flux > 1 MeV, cm? determined
v for the 54Fe(n, p)54Mn reaction.
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Energy Range

(MeV)
8.18 - 10.0
6.36 - 8.18
4.96 - 6.36
4.06 - 4.96
3.01 - 4.06
2.35 - 3.01
1.83 - 2.35
1.11 - 1.83

TABLE IV

Fast Neutron Spectrum and Iron Activation

Cross Sections for Capsule T

Normalized
Neutron Flux

a

0.0105
0.0284
~0.0535
0. 0535
Q.0925
0.1451.
0.1705

0. 4459

= 0.097 barns

Fe

20

54Fe(n, p)54Mn
Cross Section
(barns)

0.

0.

0.

581
577

491

.354
205
. 099
.023

.0014




The resulting value obtained for fast (> 1 MeV) .neutron flux density at the
Capsule T locatios was 4.51 x 1010 neutrons/cfnz—sec. Since Indian Point
Unit No. 2 operated for an equivalent of 518 full power days up to the 1976
refuelling outage, the total neutron fluence for Capsule T is equal to 2. 02 x
1018 neu.i:rons/c‘:m.2 (E> 1 MeV).

The irradiated Charpy V-notch specimsns were tested on a SA;I'EC
impact machine. The test temperatures were selected to develop the ductile-
brittle transition and upper shelf regions. The unirradiated Charpy V-notch
impact data reported by Westinghouse(13) and the data obtained by SwRI on
the specimens contained in Capsule‘ T are presented in Tables V through
VII. The Charpy V-nstch transition curves fc;r the three plate materials
and the correlation monitor material are p’reseﬁted in Figures 4 through 7.
The radiation-induced shift in transition temperatures for the vessel plates
are indicated at 77 ft-1b and 54 mil lateral expé;nsion because the specimens
are longitudinally oriented, A summary of the shifts in RTNDT and C,, up-
per shelf energies for each material are presented in Table IX.

Tensile tests were carried out in the SwRI hot cells using a Dillon
10, 000-1b capacity tester equipped with a strain gage extensometer, load
cell and autographlc} recordmighequlpment UA11 of the tensﬂe spec1r§f1ens -

C:s - i
I

were tested at 550° F The results, along w1th tens11e data reportedz by
ks U \ ” £ i)

Westmghouse on the} umrradlate/ﬂmaterlals((g?), are pi‘é%ented in Ta{ble X.
13y i A0

-
£-1 d

The load— strain records are 1nc1uded in Append1x A, L H
i GO Ll :
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TABLE V

Charpy V-Notch Impact Data
Indian Point Unit No. 2 Pressure Vessel Shell Plate B2002-1

Lateral

Spec. Temp. Energy Shear Expansion
Condition No. (°F) (ft-1bs) (%) (mils)
Baseline - (a) -40 10.0 10 8
40 9.0 10 6
-40 8.0 10 7
-20 19.0 - 15 . 15
-20. 14.5 15 16
20 8.5 15 8
0 21.5 25 18
0 33.5 25 28
0 34.0 ' 25 .29
10 40.5 30 32
10 36.0 25 28
10 35.5 25 27
60 68.5 45 54
60 62.0 45 - 49
60 50.5 40 40
110 - 88.0 65 70
110 69.5 60 56
110 7.0 60 6l
160 116.5 98 | 84
160 122.0 98 86
160 112.0 . 95 . 85
: 210 111.0 100 .-83
* ' 210 121.5 100 88
Y 210 119.0 100 83
Capsule T 1-6 40 27.0 5 23
1-1 8 38.5 10 33
1-5 120 53.5 15 44
1-7 140 52.0 20 47
1-3 160 69.0 60 56
1-8 180 69.5 60 .61
1-2 210 95.5 95 81
1-4 300 99.5 100 81

(a) Not reported.
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TABLE VI

Charpy V-Notch Impact Data
Indian Point Unit No. 2 Pressure Vessel Shell Plate B2002-2

Lateral
Spec. . Temp. Energy Shear Expansion

Condition No. (°F) (ft-1bs) (%) (mils)
Baseline (a) -40 6.5 10 4
-40 8.0 10 6
-40 ’ 7.5 10 6
-20 18.0 10 18
-20 9.0 10 7
-20 10.0 10 7
10 -20.0 25 19
10 42.5 30 34
10 14.0 25 14
30 37.5 30 32
30 41.0 35 35
30 . 49.5 30 41
60 73.5 40 58
60 49.0 40 39
60 59.5 40 50
110 80.5 65 60
110 - 76.0 60 60
110 1 91.0 65 70
160 108.0 85 84
160 120.5 95 85
160 118.0 95 84
210 112.0 100 80
210 - 120.5 100 83
| Y 210 115.0 100 82
Capsule T 2-1 78 10.0 5 9
2-6 100 43.0 10 44
2-5 120 - 22.5 5 18
2-7 140 63.0 35 49
2-3 160 65.0 70 57
2-8 180 97.5 80 53
+ 2-2 " 210 103.0 100 85
2-4 300 88.0 100 72

(a) Not reported.
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TABLE VI

Charpy V-Notch Impact Data
Indian Point Unit No. 2 Pressure Vessel Shell Plate B2002-3

Lateral
Spec. Temp. Energy Shear Expansion

Condition No. (°F) (ft-1bs) () (mils)
Baseline (a) -40 6.5 10 4
-40 8.0 10 5

-40 6.0 10 7

-20 25.5 20 20
-20 14.0 15 12

-20 11.0 15 7

10 41.5 25 33

10 17.0 25 . 14

10 37.5 25 29

30 34.0 35 30

30 45.5 35 36

30 42.5 35 36

60 54.5 40 45

60 51.5 40 39

60 41.0 40 33

110 71.0 60 60

110 79.5 70 62

110 83.5 70 62

160 116.5 99 83

160 110.0 95 80

160 95.5 90 76

210 109.0 90 80

210 113.5 100 78

v “ 210 113.0 100 82
Capsule T 3-1 78 20.0 5 16
' 3-3 160 34.5 20 28
3-8 180 40.5 10 30

3-2 210 53.0 35 46

3-7 260 88.0 100 76

3-4 300 88.0 100 72

' 3-5 350 92.5 100 80
Y 3-6 400 89.5 100 82

(a) Not reported.
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TABLE VIO

Charpy V-Notch Impact Data

Correlation Monitor Material (Supplied by U. S. Steel)

Lateral
Spec. - Temp. Energy Shear Expansion

Condition No. (°F) (ft-1bs) (%) (mils)
Baseline (a) -150 12.5 10 10
- -150 10.5 15 11
-100 35.0 25 29
-100 9.0 20 9
-100 - 18.0 30 19
-80 13.0 20 12
-80 32.5 20 27
-80 26.0 20 23
-40 34.0 30 30
-40 35.5 35 31
-40 48.0 35 40
10 78.5 60 64
10 74.0 60 60

10 81.0. 70 68 -
60 102.5 80 78
60 102. 0 85 82
60 100.0 85 80
110 112.5 99 88
110 108.5 90 87
110 108.5 98 88
160 115.5 100 90
160 113.0 100 92
160 - 120.0 100 93
210 - 121.0 100 92
* * 210 123.5. 100 91
210 117.5 100 ‘92
Capsule T R5 40 9.5 nil 9
: R1 78 20.5 5 18
R6 100 31.0 10 27
R4 120 35.5" 15 32
R7 140 79.5. 100 66
‘R3 160 49.0° 70 41
* R8 180 52.5 60 40
R2 210 68.0 100 60

(a) Not reported.
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TABLE IX

Notch Toughness Properties of Capsule T Sp_e>cimenbs.
' Indian Point Unit No. 2

Plate Plate Plate Correlation

82002-11) B2002-22) 82002-33)  Monitor
77 ft-1b C,, Temp. (deg F)
Irradiated 178 158 240 . 165
Unirradiated : 88 83 110 S
AT - 90 75 130 90
54 mil C,, Temp. (deg F)
Irradiated : 157 152 225 135
Unirradiated 77 67 95 . 55
AT 80 85 130 80
C,, Upper Shelf Energy (ft-1b)
Unirradiated 117 116 . 113 116
Irradiated , 99.5 103 88 68
AE, ft-1bs 17.5 13 25 48
AE, % 15 11 22 ' 41

(1) 0.16% Copper
(2) 0.17% Copper
(3) 0.25% Copper
(4) Energy transition at 50 ft-1b
Lateral expansion transition at 35 mil
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TABLE X

Tensile Properties of Surveillance Materials

Capsule T
Test 0.2% Yield Tensile Total Reduction

Specimen Temp. Strength Strength Elongation in Area
Condition Ident. (°F) (psi) (psi) (%) (%)
Baseline B2002-1 Room 68,500 89, 000 25.1 67.8
' Room 65, 850 87, 800 25.3 67.4
200 61,550 79, 900 24.1 . 68.6
200 67,950 89,400 23.8 67.6

400 57, 900 79,900 23.1 64.7 .
400 59, 800 82,200 22.2 67.8
¢ * 600 56, 750 80,550 21.9 64.3

. 600 57, 750 85,700 22.9 64.2
Capsule T 1-1 550 71,100 96,200 20.4 55.5
Baseline B2002-2 Room 62,350 83, 800 27.1 70.0
' ' Room 66, 750 90, 500 28.2 69.6
200 63,650 . 84,450 24.8 70.5
200 63,200 83, 800 25.5 67.3
400 53, 800 77,900 "23.1 68.5
400 52,650 73,150 22.4 67.6
600 53,500 78,800 22.7 64.4
Y Y 600 54,700 81,450 24.7 64.4
Capsule T 2-1 550 58,600 85,900 20.7 64.8
Baseline B2002-3 Room 65,650 87,300 27.6 67.3
Room 65, 000 87, 350 24.8 66.7
200 67,800 88,900 23.4 68.6
200 67,700 89,150 22.1 64.9
400 57,950 79,550 22.3 68.7
400 55,350 77, 100 23.2 64.9
600 57,750 83, 850 24.9 68.2
Y Y 600 58,350 86,500 24.9 64.7
Capsule T 3-1 550 63,100 89,400 20.2 63.1
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' Testiﬁg of the WOL specimens was deferred at the request of
Consolidated Edison Company. The specimens are in storage at the
SwRI radiation laboratory.

The Charpy V-notch results indicate that Plate B2002-3 is mére
sensitive to radiation embrittlement thaﬁ Plates B2002-1 and BZOOZ-Z,
in opposition to the expectation that Plate BZOOZ-I would be the most
sensitive because‘ it was reported to have the highest copper cont_enf. (15)
Check analyses for copper content were carried out on seven broken
Charpy V-notch specimens, using an X-ray fluorescence technique

meeting the requirements of ASTM E 322(17), with the following results:

Plate No. Specimen No. % Copper
B2002-1 1-2 0.17
B2002-1 1-3 0. 15
B2002-2" 2-2 0.18
B2002-2 2-3 0.17
B2002-3 3.2 0.27
B2002-3 3-3 0.23
Correlation Monitor R-2 0.25

These results correlate with the Charpy V-notch impact data.
The tensile properties of Plate B2002-1 appeared to be the most
affected by the radiation exposure in Capsule T. Check analyses for

éopper on three tested tensile specimens gave the following results:

Plate No. Specimen No. % Copper
B2002-1 1-1 0.21
B2002-2 2-1 0.13
B2002-3 3-1 0. 09
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These results correlate with the observed tensile test data. It is not
known why the copper content of the test specimens is different from

the reported copper content of the reactor vessel plates.
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V. ANALYSIS OF RESULTS

The analysis of data obtained from surveillé.nce program spbecimen's
has the following goals:

(1) Estimate the period of time over which the properties of the
vessel beltline materials will meet the fracture toughness requirements of
Appendix G of IOFCFRSO. This requires a projection of the measured reduc-
tion in C,, upper shelf energy to the vessel wall using knowledge of the energy
and spatial distribution of the neutron flux and the dependence of C,, upper
shelf energy on the neutron fluence.

(2) Develop heatup and cooldown curves to describe the Operaﬁonal
limitations for selected periods of time. This requires a projection of the
measured shift in RTNpT to the vessel Wé.ll using knowledge of the dependence
of the shift in RTNDT on the neutron fluence and the. energy and spatial disti‘i-'
bution of the neutron flux.

The energy and spatial distribution of the neutron flux for Indian
Point Unit No. 2 was calculated for Capsule T with the DOT 3.5 discrete
ordinates transport code. The lead factor for Capsule T reported by West-
~inghouse is 2.9 for the vessel 1. D. surface. This was supported by the SWRI
DOT 3.5 analysis. This analysis also predicted that the fast flux at the 1/4 T
and 3/4 T positions in the pressure vessel wall would be 50% and 8. 5%, re-
spectively, of that at the vessel I. D. These figures are in good agreement
with fluence attenuation detgrminations of 46% and 10% for an 8-in. steel

plate by the Naval Research Laboratory. (18) However, currently the NRC

34




prefers to use more conservative figures of 60% and 15%, respectively,
for the attenuation of fast neutron flux at the 1/4T and 3/4 T positions in
an 8-in. vessel wall. (19) This conservatism allows 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 reduction in Cy upper shelf energy as
a function of neutron fluence is given in Regulatory Guide 1.99, Revision 1. (7)
However, it has been suggested(g) that a square root of fluence dependence
fits existing data better. The results from Capsule T are compared to a
portion of Figure 2 of Regulatory Guide 1.99, Revision 1, in Figure 8,
The embrittlement response of Plate B2002-3, the most sensitive of the

~

three plates, is in good agreement with the prediction of Regulatory Guide
1.99, Revision 1.

The projection of the Cy, shelf energy of base Plate B2002-3 is c;)m—
plicated by the fact that the surveillance specimens are all oriented in the
"strong'' direction and the 50 ft-1b lower limit of 10CFR50 Appendix G ap-
plies to '""weak'' direction properties. In a method established by Westing-

house(zo)

» the estimated upper shelf energy in the ''weak' direction is taken
to be 65% of that in the ''strong' direction. Therefore, the unirradiated Cy
shelf energy of Plate B2002-3 is estimated to be 73.5 ft-1bs, and this mate-
rial could sustain a reduction in shelf energy of 32% before reaching 50 ft-1lbs.
Using the dashevd curve drawn through the data point for Plate B2002-3, it is

predicfed that the Cy shelf ehergy of Plate B2002-3 will reach 50 ft-1bs at a

fluence of about 9.5 x 1018 (E> 1 MeV). This corresponds to approximately
35
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19 effective full power years (EFPY) of operation at the vessel I.D. and
32 EFPY (design life) at the vessel 1/4 T position. This projection will
be refined as additional surveillance capsules are removed.

A similar approach can be taken to estimate the increase in RTNpT
as a function of reactor power generation. Again, a method for estimating
shifts in RTNpDT is given in Regulatory Guide 1.99, Revision 1. Figﬁre 9
compares the Indian Point Unit No. 2 surveillance data on the three plate
materials to selected portions of Figure 1 of Regulatory Guide 1.99, Re-
vision 1. The results indicate that the measured shifts in RTpT are
higher than predicted by Regulatory Guide 1.99, Revision 1.

The predicted shifts in RTNpT for the Indian Point Unit No. 2 ;eacé
tor pressure vessel obtained from Figure 9 are summarized in Table XI.
The values predicted at the 1/4T and 3/4 T after 5 EFPY are used to de-
velop heatup and cooldown limit curves to meet the requirements of Ap-
pendix G .to Section III of the ASME Code.

These projections for Cy shelf energy reductions and RTNpDT shifts
are based on one data point each for the three vessel plates but, more im-
portantly, no data on the weld metal. Even if it is assumed that the weld
metal is more sensitive than Plate B2002-3 to rédiation embrittlement, it
will require a number of years of operation for the weld metal to become
controlling because the initial RTyNpT of the weld metal is -80°p(13),

nearly 100°F below that of Plate B2002-3.
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TABLE XI

Projected Shifts in RTypT for Indian Point Unit No. 2

5 EFpPY(a) 32 EFPY

Location Fluence(b) ARTNDT C) Fluence ARTNDT
Pressure Vessel I.D. 2.5 x 1018  145°F 1.6 x 1019 310°F
Pressure Vessel 1/4T 1.5x 1018 110°F 9.6 x 1018 280°F
Pressure Vessel 3/4T 3.7 x 107 50 °F 2.4 x 1018 140°F

(a) 1 EFPY = 1,006, 700 MWD
(b) Neutrons/cm?2, E> 1 MeV
(c) ARTNDT is maximum for Plate B2002-3. Refer to Figure 9.

39



It is anticipated tha;t the 1re1iabi1ity of the trend curves will be im-
proved as more surveillance data becomes available and a better under -
étanding of the factors affecting radiation embrittlement has been
achieved. As an example of the latter, Mr. E. C Biemiller of Combus-
tion Engineering, in a paper given at the AS'I‘M E 10 Symposium' on Effects
of Radiatioh on Structural Materials in St. Louis, May 4-6, 1976, in;iicated
that a parameter of (% Ni+ % .Si‘) (% Mo+ % Cr + % Mn).emay explain the |
variation in radiation érﬁbrittle?nent observed.in ferritic materials of nom-
inally the same copper content. Also, the Metal Properties Council is de-
veloéing new radiation damage curves that will be based on more data than
those currently in usé.

The Indian Point Unit No. 2 reactor vessel surveillance program
schedule proposed by Westinghouse(13) is summarized in Table XII. It
has been organized to satisfy Appendix H of 10CFR50 as closely as possible.
There are seven a.dditiénal capsules in the vessel, three of which contain
weld metal specimens. There is no reason to consider éhanging the basic
concept of the removal schedule until a capsule containing weld metal has
been removed and tested. I—Iov've'ver, consideration may be given to the
removal of Capsule Y instead of'Capsuie S at the time of the second region.
replacement because Capsule Y _c‘ontains Charpy V-notch specimens from

Plate B2002-3 and Capsule S does not.
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TABLE XII

Proposed Reactor Vessel Surveillance Capsule Schedule
Indian Point Unit No. 2

Capsule Capsule Material Exposure
Ident. Typeld) Content(b) Time
S T 1, W, H Sécond Region Replacement
T I 1, 2, 3 Removed 1976
U I 1, 2, 3 Spare
v II 2, W, H 10 Years
w I 1, 2, 3 Spare
X I 1, 2, 3 Spare
Y I ' 3, W, H ASpare
Z I 1, 2, 3 Fourth Region Replacement

(a) Type I contains all three vessel plates. Type II contains weld metal,
HAZ and one vessel plate.
(b) Material Code: o
1 - Plate B2002-1; 2 - Plate B2002-2; 3 - Plate B2002-3;
W - Weld Metal; H - HAZ
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VI. HEATUP AND COOLDOWN LIMIT CURVES FOR NORMAL
OPERATION OF INDIAN POINT UNIT NO. 2

Indian Point Unit No. 2 is a 2758 Mw¢ pressurized water reactvdr
operated by Consolidated Edison Company. The unit has been provided
with a reacfor vessel material surveillance program as required by
10CFR50, Appendix H.

The first surveillance capsule (Capsqle T) was removed during the
1976 refuelling outage. This capsule was tested by Southwest Research
Institute, the results being described in the earlier sections of this repbrt.
In summary, these results indicate that:A

(1) The RTNDT of the plate materials in Capsule T increased a
maximum of 140°F as a result of exposure to a peutron fluencé of 2.02 x
1@18 neutrons/cm? (E > 1 MeV).

(2) Based on a ratio of 2.9 between the fast neutron flux at the
Capsule T location and the maximum incident on the vessel wall, the ves-
sel wall flﬁence was 6.97 x 1017 neutrons/cm? (E> 1 MeV) at the time of
remo_va_l of Capsule T.

(3) The maximum shift in RTNDT ‘after 5 effective full power
.yéars (EFPY) of operation was predicted to be 105 °F at the 1/4 T and 50 °F
at the 3/4 T vessel wall locétiqns, as controlled by Plate B2002-3. After
32 EFPY, the corresponding values are predicted to be 270 °F and 130 °F,

respectively.
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The Unit No. 2 heatup and cooldown limit curves for 5 EFPY have
been computed on the basis of the RTNDT of Plate B2002-3 because it is
anticipated thaf thé RTNDT of reactor vessel beltline material will be
highest for Plate B2002-3 at least through that time period. The pro-
cedures employed by SwRI are described in Appendix B.

The values of RTypT for the beltline regions of Indian Point ﬁnit
No. 2 were derived from (1) the surveillance program test results, (2)
ratios of fast flux at the capsule location to the maximum fast flux at the
1/4T and 3/4T locations in the vessel wall, (3) Regulatory Guide 1.99,
Revision 1, trend curves of increase in RTNDT as a function of neutron
fluence (E > 1 MeV), and (4) the initial RTNpDT of the primary systemi
materials,

The initial value of RTpT for the Indian Point Unit No. 2 vesgel
was reported to be 60°F based on Plates B2002-1 and B2002-3. (21) As
Plate B2002-3 had the highest initial Charpy V-notch transition tempera-

(13)

ture and the greatest radiation-induced shift in transition temperature,
the unirradiated and irradiated data for that material were reduced‘ by 35%
and replottedv in Figure 10 to confirm the shift in RTNDT caused by the
Capsule T irradiation. The unirradiated RTNDT (defined as 60°F less
than the 50 ft-1b Charpy V-notch temperature) would then be 50°F., How-

ever, the 60°F figure given in the Indian Point Unit No. 2 Technical Speci-

fications was used as the initial RTyp7 in this analysis,
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The following pressure vessel constants were employed as input

data in this analysis:

Vessel Inner Radius, rj = 86.50 1n
Vessel Outer Radius, rg = 95.34 in.
 Operating Pressure, P, = 2235 psig
Initial Temperature, T, = 70°F
Final Temperature, Tg = 550 °F

.

Effective Coolant Flow Rate, Q 136.3 x 106 1b,,/hr

Effective Flow Area, A = 26.719 ft2

1

Effective Hydraulic Diameter, D 15. 051 in.

Heé.tup curves were computed for a heatup rate of 60°F/hr. Since
lower rates tend to raise the curve in the central reg101;1 (see Appendix B),
these curves apply to all heating rates up to 60°F/hr. Cooldown curves
were computed for cooldown rates of 0°F/hr (steady state), 20°F/hr, :
60°F/hr,v and 100°F/hr. The 20°F/hr curve would apply to cooldown
rates qu to 20°F/hr; the 60°F/hr curve would apply to rates from 20°F
to 60 °F/hr; the 100°F/hr curve would apply to rates from 60 °F/hr to

100°F/hr.

The Unit No. 2 heatup and cooldown curves for up to 5 EFPY are

given in Figures 11, 12 and 13.
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APPENDIX B

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




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

A. Introduction

The following is a descﬁription of the basis for the generat.ion of
Apr.essure—temperature 1limit curves fo.r inservice leak and hydrostafic
tests, heatup and céooldoWn’ operatidns, and core operation of reactor
pressure vessels. The 'safet'}'rvmargir.ls employed in these procedures
equal or exceed those recommended in the ASME Boiler and Pressure
Vessel Code, Section iII, Appéndix G, '"Protection Against Noﬁductile‘ :
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 éonfiguration. The Kj corresponding to membrane

tension is given by

Klrr; =M., " om - (1)
where Mm is the membrane stre ss'cbrrection factor for the postulated
flaw and ¢, the membrane‘str‘ess. Likewise, Kj corrAes.por;din'g to bend-
| ing is given by

Kpp = My, " op | | (2)
where My, is the bendipg stresé correction factor and (fb 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 cr/o-y, where o
is the material yield strength which is taken to be 50, 000 psi. The bending
correction factor is defined as.2/3 Mp, and is therefore determined from
Figure 1 as well. The basis for these curves is given in ASME Boiler. and
Pressure Vessel Code, Section XI, ""Rules for Inservice Inspection of Nu-
clear Power Plant Components, " Article A-3000.

The Code specifies the minimum K1 that can cause failure as a func-
tion of material temperatui‘e, T, and its reference nil ductility temperature,
RTnpp. This minimum Kj is defined as the reference stress intensity fac-

tor, KJRr, and is given by
KIg = 26777. + 1223. exp [o. 014493(T - RTppp + 160)] (3)

where all temperatures are in degrees Fahrenheit. A plot of this expression
is given in Figure 2 taken from the Code (ref. Figui‘e 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, KiRr, must always be greater than
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1.5 times the Kj caused by pressure, thus
1.5 Kpp < Kig | (4)
or
1.5 Mm'¢m<KIR. o (5)

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

the stress distribution due to internal pressure is given by

. riz' : rol + rl :
a(r)=(r02_r?)< — ) | (6

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

atry g =Ty +1/4(rg-rj) and T3/4 = rif 3/4(rq - i'i), the maximum stress

will occur at the inner flaw location, thus

;.12 )fr02+(1/4r0+3/4ri)2] )

Tmax Po(roz-i‘iz (1/4r,+ 3/4r;)2.

With the operation pressure known, i.e., P,, we deter-
mine the minimum coolant temperature that will satisfy Equation (4) by

evaiuating
Kig = 1.5 My, omax - (8)

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

Equation (3) takes the form

R -26771. ]

o | ‘.
T = RTypp(1/4T) - 160. +68.9988 In[ ZIR-Z2
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The inservice curves are generated for an operating pres-
sure range of .96 P, to 1.14 PO, 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, Kig,» must always be greater than the sum
of 2 times the Kip caused by pressure and the Kyt caused by thermal gra-

dients, thus

2.0 Kyp + 1.0 Kpg < Kyg (10)
or

2.0 Mm omax = KR - Kt (11)

where o, is the maximum allowable stress due to internal pressure,
and Kjt 1s the equivalent linear stress intensity factor produced by the
thermal gfadients. »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.

Duriné ‘heatup the radial stress distributions due to internal
- pressure and thermal gradients are shown schematically in Figure 3a.
Assuming é possible flaw at the 1/4T location, we see fr;)m Figure 3a
that the thermal stress tends to alleviate vthe pressure strgss at this
point in the vesse.l wall and, therefore, the steady state pressure stress

would represent the maximum stress condition at the 1/4T 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 stress 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 given coplant temperature.

The heatup pressure-temperature curves are thus generated
by calculating the maximum steady state pressure based on a possible flaw

at the 1/4T location from

P (1/4T) = SR (12)
max > M riz \ r02+(1/4r0+3/4ri)2
m rOZ—riZ} (1/4ry+3/4r;)2
where M, is determined from the curves in Figure 1 and KR is obtained
from Equation (3) using the coolant temperature and RTNpT at the 1/4T
location. Here we may note that M,, must be iterated for since it is a
function of the final stress ratio to yield strength (o‘/o'y).
At the 3/4T location, the maximum pressure is determined
from Equation (11) as
Kir - K
P__ (3/4T) = oot ' (13)
max r; rol+(1/4ri+3/4r)

1

ZM'._'n(I.OZ _r:2 (l/4ri+3/41‘0)2

i
where Kip is obtained from Equation (2) using the material temperature
and RTnpT 2t the 3/4T location and Kyt is determined from the analysis

procedure outlined in Section D. M, is determined from Figure 1.



The minimum of these maximum allowable f:)ressures at
the given coolant tempefature determines the maximum operation
pressure. Eac-h héatup rate of interest must be analyzed on an individ-
ual basis. |

The cooldown analysis proceeds in a similaf fashion as that
described for heatup with the following exceptions: We note from Figure
 3b that during cooldc;wn'the 1/4T location always controls the mé.ximum
stress since the thermal gradient produces tensile stress.es.atj: the 1/4T
location. Thus the steady sté.te pressuré is the same as t;hat given in
Equation (12). For each cobldown rate, the maximum pressure is éyalh-

ated at the 1/4T location from

b (1/4T) - Kir - Kg¢ | |
max T ri? \[ro? +(3/4ri+1/4r,)?

1
2Mpm rOZ - riZ/ (3/4r;+1/4r)

(14)

where Kip is obtained from Equation (3) using the material temperature
and RTNpT at the 1/4T locatit.)n.‘ KIt is defermined from':‘_the thermal
analysis described ‘in _Secti‘on D. |

It is of intgre st to note thé.t during> cooldown ‘the mate.rial
temperature will lag the coolant tempe.rat-u.r'e_ and, therefore, 1.:he éteady
state pressdre, which is e.valuated at the coolant temperat‘:ure; will ini-
tialiy yield the lower maximum a110§vab1e pressure. When the thermal
'gradienfs incr,ease', the st;esse's do likewise, and, finally‘», the; tfansient

analysis governs th‘evmaximum allowable pressure. Hence a point-by-point




comparison must be made between the maximum allowable pressures pro-
duced by steady state analyses and transient thermal analysis to determine
the minimum of the maximum allowable pressures.

3. Core Operation

At all times that the reactor core is critical, the temperature
must be higher than that required for inservice hydrostatic testing, and in
addition, the pressure-temperature relationship shall provide at least a
40 °F margin over that required for heatup and cooldown operations. Thus
the pressure-temperature limit curves for core operation may be conétructed
directly from the inservice leak and hydrostatic test and heatup analysis
results. |

D. Thermal Stress Analysis

The equivalent linear stress due to thermal gradients is obtained
from a detailed thermal analysis of the vessel. The temperature distribu-

tion in the vessel wall is governed by the partial differential equation
pcT, - K[(l/r)Tr+Trr:]=0 (15)
subject to initial condition
T(r,0) = Ty , (16)
and boundary conditions

-KTx(ript) = h[ Te(t) - T(rit) | (17)
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and

.Tr(ro,t) =0 | (18)
where

;’i‘c=To+Rt. | - (19)

p is the material density, c the material specific heat, K the heat conduc-
tivity of the material, h the heét transfer coefficient between the water
coolant and vessel material, :R the" heating rate, T, the initial coolant
temperature, T(r,t) the terﬁperature distribution in the vessel, r the
spatial coordinate, and t the fe'rnporal coordi.nate.

A finite differ'ence solui:ion procedure is employed to solve for the
radial temperature distribution at various time steps along the heatup or
cooldown cycle. The finite difference equations for N radial points, at
distance Ar apart, across the vessel are:

for 1<n<N

T;M,t': [1 pcA(Zi{)Z (2+— )] T,
pc€2f)21[(1+ )Tn+1+Tn 1] | _ _(2.0)'
‘.forn: 1
T§+At [A—ﬁ%{)—g’(l;é—:-)_p_f{&% t
+E'c'A<tA_Ir<)7[“+%’T5+AéhT2] , ey
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and forn = N

AtK KAt '
t+At T el t
Ty = [1- ocar)? 4 TN T ez TN-1 (22)
For stability in the finite diffe rénce operation, we must choose
At for a given Ar such that both
AtK Ar
pC(Ar)Z (2+r1)_ » (23)
and
AtK At |
> (1+25) ¢ 2L < _ (249

pc(ar)® V) T pelar)

are satisfied. 'Th_ese conditions assure.' us that he.at will not flow in the
direction ofbincreasing temperature, Which, of course, would violate
the second law of thermodynarhics.

'Since.a large variatidn in coélant te mperature is considered, the
dependénce of (K/p c), K, and h on temperature is included in the analysis
by tre-ati.ng these as constants only during every 5°F ‘increment in coolant
temperature and then updating their Va1£1es for the next 5°F increment.
The dependence of (K/pc) called the thermal diffusivity and K, the thermal
conductivity, can be determined from the ASME Boiler and Pressure Ves-
sel Code, Section III, Appendix I - Stress Tables. A linear regression

ahalysis of the tabular values resulted in the following expressions:

K(T) = 38.211 - 0.01673 * T (BTU/HR-FT-°F) (25)
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and

K(T) = (K/pc) = 0.6942 - 0.000432 * T (FT2/HR) (26)
where T is in degrees Fahrenheit.

The heat transfer coefficient is calculated based on forced con-
vection under turbulent flow conditions. The variables involved are the
méan velocity of the fluid coolant, the equivalent (‘hydraulic ) diameter of
the coolant channel, and the dénsity, heat capacity, viscosity,‘ and thermal
conductivity of the coolant. For water coolant, allowance for the variations
in physical properties with terﬁperatqre may be made by writing*

h(T) = 170 (1 + 1072 *T - 10-5 % T2) v0- 8/p0-2 2N
where v is in ft/sec, D in inches, the temperature is in °F, and h is in
Btu/hr-£ft%-°F. The values for the heat-transfer coefficient given by this
relationship are in good agreement with those obtained from the Dittus-

Boelter equation for temperatures up to 600°F. The mean velocity of the

coolant, v, is generally given interms of the effective coolant flow rate Q

(Lbm/hr) and effeétive ﬂow éréa A .(ftz). Given the relationship

o(T) = 62.93 - 0.48x 102 % T - 0,46 x 104 * T2 (28)
~ for the density of water as a fqﬁction of temperature, the mean velocity of
the coolant is obtained from

v = Q/(3600 * o(T) * A) . ' (29)

% Glasstone, S., Principles of Nuclear Reactor Engineering, D. Van
Nostrand Co., Inc., New Jersey, pp- 667-668, 1960.
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The thermal stress distribution is calculated from

r 2 .2 r
o E 1 1 re4+r Sl o}
oplr,t) = #E [—rz f T(r,t)rdr - U, 0+ 37 (G757 rliZ )Jf T(r, t) rdr:l (30)
: ri Tj ;

where a is the coefficient of thermal expansion (in/in °F), E is Young's

modulus, and v is Poisson's ratio. This expression can be obtained from

Theory of Elasticity by Timoshenko and Goodier, pp. 408—409, when im-
posing a zero radial stress condition at the. cylinder inner and outer radiué.
Poiéson's ratio is taken to be constant at a value of 0.3 while o and E are
evaluated as a function of the avérage température across the vessel

o .
Ty

.2 o
Tavg = WJ T(r)rdr . (31)

The dependence of the coefficient of thermal expansion on temperature is

taken to be
a(T)=5.76x10-6+4.4x10f9*T (32)
and the dependence of Young's modulus on temperature is faken to be
E(T) = 27.§142 +2.5782 x 104 % T - 6.5723 x 10-6 % T2 (33)

as obtained from regression analyvsis‘ of tabular values'given in Section III,
 Appendix I of the ASME Boiler and Pressure Vessel Code.

The resulting stress distribution given by Equation (30) is not
linear; however,k an equ_ivalen_t linear stress distribution is dgterminéd

from the resulting moment. The moment produced by the nonlinear
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stress distribution is given by

1'0 : .
M(t)=b[ oq(r,t)rdr (34)
ry :

where b is a unit depth of the vessel. Here we note that the moment is a
function of time, i.e., coolant temperature via T, = To + Rt. For a lin-

ear stress distribution we have that

max - I (35)
whei‘e Tmax 1S the maximum outer fiber stress, c the distance from the
neutral axis, taken to be (rg - ri)/2, and I the section area moment of
inertia which is given by

= bh3  b(rg-ri)3 -

12 12 ) (36)
Combining these expressions results in the equivalent linear stress due
to thermal gradients

6. - prTo :
 Tmax = bt mgl oq (1, t) rdr (37
i
The thermal stress intensity factor Ky; is then defined as
Kig = My oy | (38)

where M'b is determined from the curves given in Figure 1 wherein
My = 2/3 M,,. Itis of interest to note that a sign change occurs in the

‘stress calculations during a cooldown analysis since the thermal gradients




produce compressive stresses at the vessel outer radius. This sign
change must then be reflected in the K¢ calculation for the cooldown
analysis.

Normalized temperature and therm‘al stress distributions during
a typical reactor heatup are given in Figure 4. The radial temperature

is shown normalized with respect to the average temperature, Tavg’ by

T-Tavg
(T-T

T =
vavg)max

The therma.l stress and equivalent linéérized stress, és calculated by
Equations .(30) and (37), are normalized with respect to the maximum
thermal stress. Here we note that the Aactual thermal stress at the 3/4T
location is considerably less than the maximum equiv;alent linear stress
which yields additional safety margins during the heatup cycle. Similar
temperature and thermal stress distributions are developed during cool-
down. The trends are nearly identical as those shown in Figure 4 when
the inner and outer vessel locations are reversed with the 1/4T location
becoming the critical point.

E. Example Calc ulations

The following exémple is based on a reactor vessel with the follow-

ing characteristics:

Inner Radius 82.00 in. (r;)

90.00 in. (r ) |

QOuter Radius

Operating Pressure 2250 psig (Po)
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~ OUTER WALL

1.0
0.8
0.6
0.4
0.2
L \ 0 )
-1.0 0 1.0 -1.0 0 1.0
- INNER WALL - |
Normalized temperature Normalized stress
distribution ( AT/ ATax ) distribution ( /0., )

Figure 4. Typical Normalized Temperature and Stress
Distribution During Heatup
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Initial Temperature = 70°F (To)

Final Temperatﬁre = 550 °F (T¢)
Effective Coolant Flow Rate = 100 x 10® Lbm/hr (Q)
Effective Flow Area = 20.00 ft? (A)
Effective Hydraulic Diameter = 10. 00 in. (D)
RTND'I_‘ (1/4T) = 200°F
RTNpr (3/4T) = 140°F

In the thermal stress analysis 21 radial points were used in the
finite difference scheme. Going from 70°F to the final temperature of'
550°F, approximately 12, 000 time (temperai:ure via T = To + Rt) steps
were required in the thermal analysis for the 100°F/hr heatup rate. The
results of the computation are shown in Figures 5 through 9. |

Figure 5 gives the reference stress intensity factor, Kjr, as a
function of temperature indexed to RTNDT (1/4T). For the steady state
analysis, KjR is converted directly to allowable pressure via Equation 12.

During thé heatup and cooldown thermal analyses the material tem-
 perature at the 1/4T and 3/4T and thermal stress intensity factors K¢ are
required to compute allowable pressure via Equations (13) and (14). The
_ material tempe rafures versus coolant témperature during the 100 ;’F/hr
heatup and coioldown analyses are given 1n Figure 6. These temperatures
allow computation.of.the corresponding reference stress intensity factors,
KiR (3/4T) and Kjp (1/4T). Figure 7 gives the corrgs'ponding thermal
stress intensity factor at thg 3/4T and l/4’i‘ locations as a function of

coolant temperature.
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Figure 5. Reference Stress Intensity Factor as a Function of Temperature Indexed to RTNDT( 1/47)
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Figures 8 and 9 demonstrate the construction of the allowable com-
posite preésure and temperature curves for the 100°F/hr heatup and cool-
down rates. The’ composite curves represent the lower bound of the thermal
and steady state curves with the addition of margins of +10°F and -60 psig
for poSsible instrumentation error. Figure 8 also shows the leak test limit,
correc'ted for instrument error, as obtained from Equation (9). The limit
points are at the operating pressure 2250 psig and at 2475 psig which cor-
responds to 1.1 times the operating pressure. The criticality limit is also
shgwn in Figu.re 8 and is constructed by providing for a 40 °F margin o;rer
that required for heatup and cooldown and by requiring that the minimum

temperature be greater than that required by the leak test limit.
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