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:power years of operation..’

. ABSTRACT .

. The second vessel material surveillance capsule removed from the -

Indian Point Unit'No{ 2‘nucléar»power plant has been tested, and the re-
- sults have been evaluated."Heatup.and cooldown limit curves-for normal

‘bperation have been developéd'for up.to 5. énd_from 5 to'7'effective'full
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 I. SUMMARY OF ’RESULT_S AND CONCLUSIONS

The analysls of the secoud uaterlal‘survelllance capsule reueved
from the Indlan P01nt Unrt 2 reactor uressure vessel led to.che follow—
v E _ - ing conclu51ons. | | | |

: (ll-' Based on a calculated neutrou spectral dlstrlbuclon, Capsule
'Y recelved an average fast fluence of 5 3 X 1018 cm™2 (E > 1 MeV) |
(2)“;,The surveillancesspecimens of the«three»core beltline mate-:
- rials experienced shifts.in transition teuperature~of.l70°F to 225°F as;
va.result of the service exuesure. |
(35} 'The'weld'metal eahibitedvthe‘largest-shift id RTNDT;‘but ché'
plate materlal w1ll control. the heatup and cooldown llmltatlons because
of its much hloher initial RTVDT . |
(4)  The estlmated max1mum neutron fluence'of 1. 5 X lOls cm'z
(E.>.l MeV).recelved bf:the vessel Wall accrued in 2 34 full power years.
‘iTherefore, the pro;ected maximum neutron fluence after 32 effectlve full.
- power years (EVPY) is 2 1x 1019 cm™2 (E > 1 MeV) : This estimate is based
| on an average: lead factor of 3. 5° (ratlo of average Capsule be spec1men
flux and the maxlmum pressure vessel flux, E > l 0 MeV).

(3) - .Based"on‘ Regulatory :Gulde 1.99 trend curves, .the projected
uaximum RTNﬁT fdr ;he Indian Poiut‘Unit 2 vesselccdre beltline materialsk
at the 1/4T and 5/4T‘positicns after SdEFPonf operation are 170°F and
115°F, respectively These values, which are cousistent with the results

from the analysis of Capsule T(1)*, yere.used as the bases for computing

heatup and cooldown limit curves for up to 5 EFPY of operation

* Superscript numbers rafer to references at the end of the text.




(6)" Based on Regulatory Guide. l 99 trend curves, the prOJected

maximum RTNDT for the Indlan Point Unit No. 2 vessel core beltline ma-
terials at the 1/4T and 3/4T positioms after 7 EFPY of operation are
190°F and lZSfF, respectively. These values were used as the béses
.ifor‘computing hea;up and’cooldowﬁ limit curves to be used from 5 to.
"~ 7 EFPY of operation. | | | |
(7 ".The maximum RTNbf for the Iﬁdian Point Unit 2 vessel core
ibeltllne materlals at the 1/4T and 3/4T positions after 32 EFPY of op-
eratlon are projected to be 340° F ‘and 200 F, respectlvely

(8) . The Indian Point Unit 2 vessel plates located in the core
beltline regi§n are‘prbje;téd to retain suffiéient-toughness at the
1/4T and 3/4T'positions to meet the current minimum C, shelf energy

requirements of 10CFRS0 Appendix G for at least 17 EFPY of operation.
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II.. BACKGROUND

The allowable loadlngs on nuclear pressure vessels are determlned,

"by applylng the rules in Appendlx G 'Fracture Toughness Requlrements,

. of lOCFRSO.(Z). In the case of- pressure—retalnlng components made of

ferritic materlals,'the allowable loadlngs depend on the reference

,stress 1nten51ty factor (KIR) curve 1ndexed to the reference nil duc-

,tlllty temperature (RTVDT) presented in Appendlx u, "Protectlon Against'’

Non—ductlle Fallure,' of Sectlon III of the ASME Code (3) Further, the

: materials in the beltllne reglon of the reactor vessel must be’monitored‘

for radlatlon—lnduced changes in RTNDT per the requlrements of Appendlx
"Reactor Vessel Haterlal Survelllance Program Requlrements,f of lOCFRSO

‘The RTNDT is- deflned in-paragraph NB-7331 of Sectlon III of" the
ASME Code as the h1°hest of the follow1ng temperatures

@) Drop-welght Nil Ductlllty Temperature (DW;NDT) per
ASTYM E 208; &)

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

(3) 60 deg F below the 35 mil C,, temperature

‘The RTypr must be established-for all materials,‘includlng weld metal and

heat affected’ zone (HAZ) materlal as well as base plates and forvlngs,
whlch comprlse the reactor coolant pressure boundary

It is well establlshed that ferrltlc materlals undergo an lncrease

'in'strength and hardness and a'decreaSe in ductility and toughness when

exposed to neutron fluences in excess_of.lOl7 neutrons per cm? (E > 1

Mev) . (5) Also, it has been established that tramp elements, particularly




- copper and phosphorous, effect the radiation embrlttlement _response of
’ferrltlc materlals (6-8) The relatlonshlp between increase in RTVDT and
_copper content is not defined completely. For example, Regulatory Guide
:l.99, originally’issued in July 1975, and revised in April l§77(8); pro-
poses an adjustment to RINDT proportlonal to the square root of the neu;:
‘tron fluence Westlnghouse Electric Corporarlou, 1n‘the;r comments_on ‘
Tthe 1975 issue of Regulatory‘Guide 1.99(9), helieved.that the proposed
reletionship overestimates the shift at fluences-greater than 1.9 x 1019
and underestimates the shift at fiuences lessvthan 1.9 x 1019, On the
. other haﬁd,»Combustion Engineering; in their comﬁentsvoh~the 1975 issue
of Regularory Guide 1.99(10); suggested that the proposed.reiationship
‘is overly conseruative at rluences beiow lOlg.neutrons per cm? (E > 1
MeV),u There is'elso_disagreement»conceruihg the prediction of C,, upper
shelf response ;o exposure to neutron_irrediation.(g'lo) Arter review=-
iug the commentsbaud eveiuating additonal surveillance program data, the
NRC. issued a revision'to Regulatory Guide 1.99 whioh‘raised.the.upperb
limit of the tramsition temperature adjustﬁent curve. In this report,
estimates of shifts'in'RTﬁDT are based on Regulatory Guide'l.§9, Re-
vision 1.(8) |

In general, rhe only ferriticvpressure boundary materials in a
nuclear piant which ere expected to receiveha fluence sufficient.to.af-‘
fect RTNbT ere those materials which are locered in the oore beltline re~-
gion of the reactor pressure vessel. Therefore, material surveillence
programs include spec1mens machi ned Erom the plate or rorglng materlal

and weldments which are located in such a region of high netron flux

s




. neutron flux den51ty is about three times ‘that at the adJacent vessel wall

- the materials in the pressure vessel are,oenerally less ‘than the corre—l

vdensity.:‘ASTM E'lSS(;l) describestthe-curreht recommended.practice’for

-monitoring and,evaluating‘the”radiation—induced_changes occurring in the.

mechanical properties- of pressure .vessel beltline materials.. .

“_WeStinghouse has_provided:such a-surveillancehprogram for.the'

Indian Point Unit No{'Z'nuclear power plant. The encapsulated Cv speci-'

' mens‘are locatedaonzthe“O.D surface of the thermal shield where the fast

1

surface. Therefore; the increases (shifts) in:transition»temperatures of

sponding shifts observed in the surveillance specimens._rHowever' because

'of azrmuthal variatlons in neutron flux dens1ty,’capsule fluences may lead

or lag the max1mum Vessel fluence in a corresponding exposure period Eor

example, Capsule Y (removed during the 1978 refuelling outage) was exposed

to a neutron fluence.between,three-and-four-times that at the'maximum'ex—

paosure pOlnt on the ‘vessel L. D., while Capsule V (scheduled tor removal

at a. later date) is receiv1ng a nuetron lux someWhat'less_than that” at
the'p01nt'of_max1mum vessel exposure. The capsules also contain several

'd051meter materials for experimentally determlning the average neutron flux

den51ty at each capsule location during the exposure period

The Indian'Point Unit No.'é material surveillance capsules also in;
cludeltensile specimens as'recommended by ASTM Efl85.'.At the present time,
irradiated.tensilelproperties'aregused‘only to indicatebthat the-materials
tested continue to meet'theareduirements.ofuthetappropriate material n

specification.b In addition, the material surveillance capsules contain

B wedge opening loading (WOL) fracture mechanics specimens. Current




technology limits the testing»of'these specimens at temperatures well below

the minimum service temperature to obtain Valld fracture mechanics data per e
ASTM E 399(12), ”Standard Method of Test for Plane;Stra1n>Fracture Toughness
of,MetalliC'Materials." However, recent work'reported‘by Mager and wite (13)
may lead to methods for evaluatlng hlch—toughness materials with small frac—
lture mechanlcs speclmens.‘ Currently, the NRC suggests storlng these speci-
mens until an acceptable testlng procedure has been’ deflned

| This report.describes the.results.obtained‘ﬁrom testing the contents
of Cepsule Y;"Tﬁese data are analyzed to estimate the:radiation—induced‘
changes in the mechanical’properties;of the’pressure.vessel at the time of
._the 1978 refuelllng outage as well as predicting the changes expected to oc-
cur at- selected times in the future operatlon of the Indlan Point Unit No., 2

power plant.

(@)Y
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III. ‘DESCRIP’_I’ION OF MATERIAL SURVEILLANCE 'PROGRAM -

' The Indian P01nt Unit No 2 material surveillance program is‘de— '
’scribed in detail in WCAP 7323(14) dated Way 1969 Eight-materials-
vsurveillance capsules (five Type I and three Type II). were placed 1n the
- reactor Vessel between the thermal shield and the vessel wall prior to h
.T'startup, see Figure l The-vertical center of each capsule is oppOSite

 the vertical center of the core’ The Capsule. Y lead factor varies from f'
3—90 at. the core—51de layer to-3. 14 at the vessel-s1de layer (average of
73.52).(15)~; The Type I capsules each~ contain Charpy V-notch, tenSile and
WOL spec1mens machined from the three SA533 Gr B plates located ‘at .the. ?
core beltline,plus Charpy V-notch-specimens machined from a reference'heat
”of steel utilized in a. number of Westinghouse surveillance programs The o
Type II.capsules include specimens macnined from weld metal and HAZ mate—bs
rial representative of those materials in the core beltline reOion of the

| vessel as well as baseAplate materialv. Capsule Y, one of the Type II cap-
.‘sules; was. removed during the l978 refuelling outage

The chemistries and heat treatments of'the»vessel'surveillance mate-_
rials contained in Capsule-Yfége summarized‘in Tableil. 'All test specimens
. were machined'from-each of the materials:at the quarter-thickness (1/4T)
location The base‘metal Cy spec1mens were oriented with their lono aXlS.
r'parallel to the primary rolling direction of the plate w1th the base of the
notch perpendicular to the-major plate’surfacGS‘ lenSile specimens were
Vmachined w1th the longitudinal axis parallel to the primary rolling direc-

tion of the olate . The WOL specimens were machinedtwith,the simulated

- .crack perpendicular to’ the primary rolling direction and the major surfaces




' FIGURE 1. ARRANGEMENT OF SURVEILLANCE CAPSULES IN THE PRESSURE VESSEL




TABLE I

'INDIAN: POINT .UNIT NO. 2 REACTOR VESSEL SURVEILLANCE MATERIALS(14)

A

Heat Treatment History

RRFC

: Shell Plate Materlal

1550°
1225°
1150°

1600°F, 4 hours, water quenched.
25°F, 4 hours, air cooled
25 F 40 hours, furnace cooled to: 600 F

H— I+

f Weldment
1150°

I+

25°F, 19.75 hours, furnace cooled to 600°F

Correlation. Wonltor

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

Chemical Composition (Percent)

Material cC - M P S Si . Ni Mo - Cu

: o Plate B2002-1-"0.20 ~ 1. 28 0.010 = 0.019° 0.25 -0.58- 0.46 - 0.25
“s. .. 'Plate B2002-2 " 0.22  1.30. 0.014 0.018 0.22 0.46 .- 0.50  0.14
B Plate B2002-3 - 0.22° -1.29 0.011 0.020 -0.25 0.57 0.46 . 0.14

Corr. Monmitor:. 0.24- 1.34 0:.011  0.023..: 0.23 (a) 0.5% (a)

Weld Metal -~ - (a)- - (a) (a) ~ (a)  (a) - (a) - (a) (a)

(a) Not reported




of ﬁhé plate. .Allfmecﬁanical‘test specimens, see Figure 2, were ﬁaken

at l;ast one,plate_thickness_from'thevquenched'e&ges of the plate

material. | | -
Caﬁsulelﬁ containedv32.Charpy.V-no:ch specimens (8 each from one

of ﬁhe three core‘béltling plates, 8 froﬁ‘tﬁe-weld mgtal,-8'frqm the HAZ

matefial; plus 8 from thé reference steel‘pl#te);:4 tensiie specimens:

(2 each pla;e and3wéld); and 4 WOL specimens (2 each plate and weld).

The_éﬁécimen numbering sysfem and locétion within CapSule f is shown in

Figure 3. |

Capsule Y also was reported to contain the following dosimeters

for determining the neutron flux density:

Target Element ' ~ Form Quantitz

Copper ‘ Bare wire
Nickel . . Bare wire
Cobalt (in aluminum) . . Bare wire
Cobalt (in aluminum) == .Cd shielded wire
Uranium~238 : - Cd shielded wire
Neptunium-237 ' Cd shielded wire

HiwWwk o

In additioﬁ, corners Qere cut from ten Gy speciméns to serve as irqﬁ
dosimeters.’

3Three'éﬁtectic alloy thermal menitors had been inserted in holes in.
the steel spécérs in Capsulé4Y.'bTwo (located top and bottom) were 2.5% Ag
and 97.5% Pb with a.meltiné point of 579°F.‘ The third (located at the cén—
ter of the capsule) was 1.75% Ag, 0.75% Sn,:and 97.5% PbAhaving a melting

point of 390°F. ‘ .

<e
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IV. TESTING OF SPECIMENS FROM CAPSULE Y

The“capsule shipment, capSule opening;vspecimen testing and report-
1ng of results were carrled out in- accordance with the follow1ng SwRI
Vuclear Pro;ect Operatlng Procedures

(1) TvXI—MS—l—O "Determlnation of Speclflc Act1v1ty of
Ch .iNeutron Radlatlon Detector Spec1men

S (2) ;'XI—MS-3fO,'"ConductlngiTenslon Tests on. Metallic
: Materials" S = : E : :

(3) XT*MS—&-O ”Charpy Impact Tests on %etalllc Materlals" .

%) XIII—MS~l—l’ "Openlng Radlatlon Survelllance Capsules
: ‘and Handllng and Storlng Spec1mens .

(5) - XI—WS—S 0, "Conductlno Wedge-Openlng—Loadlng Tests on".T
; Metallic Waterlals : ‘

(6)~"XI—%S-6 0' "Determination of Specific Act1v1ty of Veu-
S tron Radlatlon FlSSlon Monitor Detector Speclmens

A.V'T'Shipment, Openlng, and Inspectlon of Capsule .

‘Southwest-Reseafch Institute utilized a procedure which had been pre-

pared .for the'l976rrefnelling outage for the 1978 removal of»Capsnle:Y-frOm-

thé reactor vessel and the shipment of the capsule to_the»SwRI laboratories.

SwRI contracted with Todd Shipyards - Nuclear Division to supply appropri-
ate-Cutting tools and a licedsed shipping_cask; Todd personnel severed the
capsule from its extension tube, sectioned the-extension tube into three-

foot lengths, superv1sed the loadlng of the capsule and exten51on tube mate-

rials lnto the shlpplng cask, and transported the cask. to: San Antonio.

The capsule‘shell had beenwfabrlcated.by making two long seam welds
to'join*two half-shells together. The long seam welds were milled of

a Brldgeport vertlcal mllllng machlne set ‘up in one hot cell .Before.

13




milling off the long seam weld beads, transverse saw cuts were made to re- .

move tﬁe'CWo ;apsule ends. - Aféer the'long-seém welds had been milled away,
:ﬁheltopbhalf‘of the capéule,shell was ;emoved. The specimens and spacer
blocks &ere carefully removed and placed in an indexed receptacle so that
capsule location was ident;fi;ble. After'the disaséembly had been com-
pleted, thé specimens were carefully checkéd.for’identification and loca-
tion, as listed in WCAP 7323.(14) |

1 Each specimgn_was inspected.for identification number, which was
checked against .the master list in WCAP 7323.; Novdiscrepancies Qefé
-fpund. The thermal monitors and dosimeter wires were removed from the
holes in the spacers. The. thermal moﬁitors, contained in quartz viéls,
were examined and no evidence of melting was‘oBserved; thus indicating
that.che ﬁaximum temperature dufing exposure of Capsulé Y did not exceed
579°F.

B. "Neutron Dosimetry

The specific activitigs of ﬁherdosimeters wére.determined at SwRI
with an NDC 2200 nmultichannel analyzer and an NéI(Th) 3 x 3 scintillation
crystal. The calibration of the eqﬁipment.wés accomplishe& with appropri-

" ate standards and an interlabofatory cross cﬁeck with two independent count-
ing laboratories'oﬁ 60Co—; Shyn= aﬁd 58Co-conﬁaining dosimeter wires. All
activities were correctéd to the tiﬁe*oféreméval (TOR) at'reactor‘shutdown.
Infinitely dilute saturated.actifities_(ASAT) were calculated for'éach of
the dosimetefs because AgaT is directly related to the product éf the
energy~dependent microscopic activation Eross section and the neutron flux

density. The relationship between ATOR and AgaT is given by:

14




m=n ' .
~'Z..,(1'A>‘Tm)(e )
o=l T

o AToR _
. AgAT

where: - X .= decay constant for the actlvatlon product day*;;

A

»"Tm LT ",,equlvalent operatlng days at 2758 MwTh for op--”
: - reratlng perlod m, '

tp o = rdeeay'tlme~after operating period m, days.
* An alternate expression which gives equivalent results is: . R
m—n

A S L :
TOR = T P (l_ ATO)(e ktm) f. ‘ .o ) P
ASAI o=l P

where: Ty - = -~ operating days;

Pm' ‘ average fraction of full power durlng operatlng

s e S E . ’_ ) perlod IR o S :

The Iadian'Point'Unit ﬁo -2 operating history up to the 1978 refuelling: shut-
ldown, whlch was used -in. the calculation of ATOR, is presented in Table II

The primary result des1red'from the d051meter analy31s is the- total
fast neutron fluence (> 1 MeV) which the surveillance specimens received

The average flux density:at full power is given by

AgaT
VOG

.where:. ) = energy—dependent neutron flux den51ty,
n/cmé-sec;;

Agar = saturated act1v1ty, dps/mg target element

spectrumraveraged activation CIOSS sectlon,
cm?;.

Qi
1]

No = = number of target atoms per mg

15




'SUMMARY OF REACTOR OPERATIONS

TABLE . II

_INDIAN POINT UNIT NO. 2

Pertod - Dazes d
(=) jcare 3¢o00 Davs
L 98=15=73 08=14=73 -

08=15=73 18=25-71 1

2 08=26=73 ' 09=07-73 -
09=Q8=73 09=20=73 13

3 - 09=21-73.  09-28-73 -
09=29=73 = 09=30-73 o2

A 10=31~73 10=-12-73 -
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-The-total neutron fluence is then equal tOgthe product offthe average neu~
tron flux den51ty and the equivalent reactor operating time ‘at” full power.
In Capsule Y the weld metal and HAZ Charpy spec1mens were located

in. the spec1men layer nearest to the core and the’ vessel plate and corre—‘

lation monitor Charpy speCimens were located in the spec1men layer nearest‘.

!

to the pressure.vessel;wall Since there is a radial dependence of the(|
'fast neutron flux ln the vessel the neutron enposdre received by the weld"
metal and ‘HAZ Charpy specimens is expected to be higher than that received
by the vessel plate and correlation monitor Charpy specimens. The dos1metry
' program was capable of‘prov1ding fast neutron flux determinations for each
Charpy layer since the copper and nickel threshold detectors were located
on the radial centerline of the Charpy specimen‘layer nearest'the core,land
the iron. threshold detectors were obtained from each layer by cuttincr the
corners off of selected tested Charpy spec1mens;:>
Additional dosimetry-included the fission monitors located at theZ‘
' radial centerline of the_capsule.and'the'thermal neutron monitors . (bare’
and cadmiumrshielded cobalt)_lOCated at the radialvcenterline’of the
Charpy specimen layervnearest the pressure vessel vall;

. ,A discbrete 'ordinates, Sn transport analysis for' the: l'ndi'an Point Unit
No. 2 reactor vessel nas performed by Westinghodse(ls) to determine the
axial, radial;.and-azimuthal.dependencetof the fast;neutron'(Er>Al.O MeV)
»flur density and energy spectrun;within the.reactorhvessel andbsdrveillance
capsulest These results vere'used to'calculate the spectrun-averaged cross-—

sections for the threshold detectors and the lead factors for use in re-

lating neutron exposure of the pressure vessel to that of the surveillance

17




capsule. The pertinént factors obtained from this transport analysis are

summafized in Table III.
The Capsule Y dosimetry results are présented in Table IV. A sum~
mérj of the fast fluxes calculated for full—power operation follows.

. Fast Flux, Core-Side Charpy Layer. = The average value

of fast neutron (E > 1 MeV) flux density at the weld

“metal and HAZ Charpy specimen location.was 7.99 x 1010
.n/cmz-sec, based on the results from the iromn, copper,
and nickel dosimeters. A somewhat lower (7%) result-
(7.45 x 1010) would be obtained from the iron dosim-
eters alone. Using a calculated lead factor of 3.90

~ (see Table III), the maximum value of neutromn flux
incident on the pressure vessel wall is predicted to
have been 2.05 x 1010 n/cm2-seéc, E > 1 MeV.

o Fast Flux, Vessel-Side Charpy Layer. The average value
of fast neutron (E > 1 MeV) flux density at the vessel
plate and correlation monitor Charpy specimen location
was 6.40 x 1010 n/cmz-sec, based on the results of the
iron dosimetry. Using a calculated lead factor of
3.14 (see Table III), the maximum value of neutron .
flux incident on the pressure vessel wall is predicted
‘to have been 2.04 x 1010 n/cm2-sec, E > 1 MeV.

. Fast Flux Capsule Centerline.. The results obtained
from the fission monitors were completaly out of
line and it is. assumed that there was incomplete
recovery of the 137Cs during the chemical separation
process. ' .

Averaging the results obtained from the neutron dosimeters located in the
. two Charpy specimen layers, the peak fast neutron flux incident on the
pressure vessel up to the 1978 rafﬁeling outage is predicted to have been

2.05 x 1010 n/cmz—sec,-E > 1 MeV, which is 147 higher than the value cal-

culated by Westinghouse, see Table III. The major nom-neutronic factors

which might contribute to the discrepanéy between calculated and measured
neutron fluxes include the capsule position in the vessel, the dosimeter

positions within the capsule, and the core power distribution.

18
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’IJTABLE IIT

.[ RESULTS OF DISCRETE. ORDINATES Sn’ TRANSPORT | ANALYSIS(lS) :
| INDIAN POINT UNIT NO. 2 .
- CAPSULE Y

- Calculated Reactlon Cross-Sections - for AnaLy51s of Fast Veutron
Monitors (E > 1.0 MeV) - :

ReactlonvAr , "~ . g (barns)

S4Fe(n,p)Sn 067
- 38i(n, p)58Co S .0899 !
63Cu(n )60 000490 - o b

 Calculated Capsule Lead- Factors

P051tlon(a) o Location w1th1n Cépsule_ . Lead Factor(b);

_211.10 cm Center of core—31de Charpy layer - 3.90
211.33 cm Center of capsule : o S 3072
211.60 cm = Center of two specimen layers B 3,52
212.10cm Center of vessel-side Charpy layer - ‘3.14

(a) Distance from center of core

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

(b)

Calculated Maximum Fast Neutron Flux

Location . v Flux, n/cm4-sec, E > 1.0 MeV

Vessel I.D. Surface 1.7
Vessel Wall 1/4T - . 1.01 x 1010’
Vessel Wall 3/4T 2.0

Calculated Maximum Fast Neutron Fluence for 32 EFPY

Location - Fluence, n/c 2, E> 1.0 MeV

Vessel I.D. Surface 1.8
Vessel Wall 1/4T ' ' 1.0
Vessel Wall 3/4T 2.1

19
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TABLE IV .

SUMMARY OF NEUTRON DOSIMETRY RESULTS
INDIAN POINT UNIT NO. 2, CAPSULE Y

-

¢, E > 1.0 Mev(©)

¢; Thermal(c’d)

]

(a) Core-side Charpy layer, vessel-side Charpy 1ayer, or capsule centerline.

(b) For iron dosimeters, identification refers to Charpy specimens which were sampled.

(¢) Calculated flux values subject to a * 16.5% uncertainty.

(d) Calculated per ASTM Method E 262 using a 37.2 barn 2200 m/sec cross-section.

(e) Probable iucomplete recovery of dosimeter material.

Dosimeter Dosimeter . Activation Aor ' AgaT
Position(a) Ident.(b) Reaction ~ (dps/mg) (dps /mg) cm~2-sec—1 em~2-gec~1
Core-side H-24 (Top) - 54Fe(n,p)>%Mn 2.03 x 103 3.33 x 103 7.92 x 1010 -
=22 : - 2.02 x 103 3.31 x 103 7.88 x 1010 -
H-20 1.73 x 103 2.84 x 103 - 6.76 x 1010 -
H-19 1.92 x 103 3.14 x 103 7.48 x 1010 -
H-17 (BotLom) ' 1.84 x 103 3.02 x 103 7.19 x 1010 -
Cu (Top)- . 63Cu(n,a)6OCo 7.64 x 101 3.19 x 102 9.95 x 1010 -
Cu (Bottom) i 7.37 x 101 3.08 x 102 9.60 x 1010 -
! Ni (Middle) 58Ni (n,p)38co 3.91 x 104  4.48 x 104 7.16 x 1010 -
' - - Avg = 7.99 x 1010
Vessel-side R=64 (Top) 54Fe(n,p)Sz‘Mn 1.79 x 103 2.93 x 103 6.98 x 1010 -
o R-62 C ‘ 1.75 x 103 2.88 x 103 6.84 x 1010 -
R-60- 1.44 x 103 2.37 x 103 5.63 x 1010 -
R-59 1.76 x 103 2.88 x 103 6.85 x 1010 -
R-57 (Botcom) 1.47 x 103 2.40 x 103 5.72 x 1010 -
' = 6.40 x 1010
Vessel~-side  Co (Top) 59¢o(n, ) 00co 7.37 x 106 3.08 x 107} 3 84 1010
o ' CoCd (Top) 3.87 x 106 1.62 x 107 - T x
Co (Center) ~7.95 x 106 3.32 x 107} _ - 4.50 1010
CoCd. (Center 3.85 x'lOZ 1.61 x 10; : X N
- Co (Bottom) "7.29 x 10 3.05 x 10 . 10
CoCd (Bottom) . 3.60 x 105  1.50 x 107} - 4.08 x 10
Centerline  U-238 (Center)  238uym,£)137cs . 1.70 x 103  3.32 x 10% 3.9 x 1010(e) -
o © Np-237 (Center)  237Np(n,f)137cs  2.16 x 103 4.21 x 104 6.0 x 109(e) T -



&

Slnce Indlan P01nt Unlt No. 2 operated for 853 7 Effectlve Full

B Power Days up to the February 1978 refuelllng,:the calculated capsule

and vessel fluences to that tlme are as follows “~{ hlzr'b_{‘\' _1
";.d Weld Wetal and HAZ Charpy Spec1mens - 5.389 xflOls n/cm2_

AL Vessel Plate and Correlatlon Moni—
‘ 'f tor Charpy Speclmens :

4 72 x 1018 n/dn

';s o Tensile;andWWOL Specimens : - 5. 3 X lO18 n/cm g
. “‘PreSSure Vessel ID Surfacej 'e 1. 5 X 1018 n/cm ;
c. Mechanical'Property Tests

:”The irradiatedeharpy V—notch;specimens were'tested'on a‘SATEC»imiv'
pact machine. . The test temperatures were selected to develop the. ductlle—‘
brlttle‘tran51tlon and upper shelf .regioms. The unlrradlated Charpy V-|
notch lmpact data reported by Westlnghouse(l4) and the data obtalned by
SwRI on the speclmens contalned in Capsule Y are presented in Tables .V ;
through VIII. The Charpy V-notch' transition curves for the three platef
materials and the correlation monitor material are presented in Figures
4 through 7.  The radiation-induced shift in transition temperatures-for
the vessel plate and HAZ material are indicated at 77 ft-1b and. 54 mil
lateral expansion as well as at Code-specified levels because the speci-
mens are longitudinally oriented, and this is a method suggested for.
est1mat1ng~transverse properties (16) A summary of the shlfts in RTVDT
and C, upper snelf energles for. each materlal are presented in Taole IX.

Ten51le tests were carrled out 1n the SwRI not cells using a Dillon

10- 000-1b capaclty tester. equlpped w1th a strain gage extensometer, load

cell and autographlc recordlno equlpment Ten51le tests were run at room.




TABLE

v

CHARPY V-NOTCH IMPACT DATA

~ INDIAN POINT UNIT NO. 2 PRESSURE VESSEL SHELL PLATE B2002-3

Spec.

Condition No.

Baseline (a)

Capsule Y - 3=41
3-46
3-47
3-42
i . 3-48
‘ - 3=44
¢ 3-43

3=45

(a) Not reported.

Temp
°F)

=40
=40
=40
-20
=20
-20
10
10
10
30
30
30
60
60
60
110
110
110
160
160
160
210
210
210

74
160
210
235
260
300
350
400

Energy

(ft-1bs)

W W
ENNERRE SOV
oCUVOoOULOOWLOOW

wy e
£ N Wi
wvr e

51.5

71.0
79.5
83.5
116.5
110.0
95.5
109.0
113.5
113.0

11.0
28.5
43.0
52.0
58.0
82.0
76.5
83.0

Shear
(%)

10
10
10
20
15
15
25
25
25
35
35
35
40
40
40
60
70
70
99
95
90
90
.100
100

nil
10
20
40
- 50
100
100
100

Lateral
Expansion
(mils)

[{]

{




TABLE VI

T CHARPY V—VOTCH IMPACT DATA
e s P INDIAN POINT UNIT NO. 2 PRESSURE VESSEL HAZ MATERIAL

Lateral
Spec . Temp ' Energy - Shear . : Expansion
Condition ~ No (T . (ft=-1bs) _(Z) . © (mils)

R
R < B

Baseline o (a) - =190 & . 36 S : 15 : 29
; -190 ° 13.0. . 5 9

‘ -190 30,5 - 20 18
-140 17.0 .30 16
-140 26.0 .. 25 , 21
-140 35.5 30 23
-120 55.5 40 . . 46
i : © =120 30.0 - 30 - - . 25
-120 46.0 35 - .35
? -90 - 40.0. . .35 . 32

! =90 44,0 S35 33

-90 49.5 35 39

! =40 53.0 .50 44

. L . -40 . ©71.5 50 . 44
- i 1 =40 - S 79.0 . 60 - . . 6L
b 10 ©90.5 - g0 - 72
: | 10 80.0" : 75 67
S P T 10, -90.0 * - 75 : 63
' 60 - 103.0° . 100 - 83

) 60 89.0 . 95 . 66
| 60 87.5 100 . 78
| 160 - 112.5 © 1007 .80
I 160 90.0. - 100 75
Y Y 160 109.0 100 - 85

5 21
15 28
15 40
70 54
30 56

0o - 80
100 : 57
100 68

Capsule ¥ - BH=21 0
H~-17 - - 74
H=-20 90
BE-19 110
B-23 : 160
H-24 260
H-18 © 300
Y. B-22 350

.——l
[eolNe T i 0 \ W e NI RSN UV )
NO 0N PN
.

OO ULtk ow

(a) Not reported
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Condition No

Baseline (

!

H

{

f

Y S —

Capsule Y W=-17

|

!
l
{
i
|
i
]

Y

W-19
=20
W-21
W-23
W=24
N—l8(b)
W-22

(a)
(b) .

Not reported.

Temp
CE)

-150
-150
-100
-100
-100
-80
-80
-80
-40
=40
=40
10
10
10
60
60
60
110
110
110
160
160
160
210
210
210

74

110
160
190
210
260
300
350

TABLE VII

CHARPY V-VOTCH IMPACT DATA
INDIAN POINT UNIT NO. 2 PRESSURE VESSEL WELD METAL

Energy
(ft-1bs)

W

VPN WLOWOWWLO N

.

L OOULOODOOWLun

W W N W

Specimen aumber s;amped on ilmpact side

24

Shear

(%)

10
15
25
20
30
20
20
20
30
35
35
60
60
70
80
85
85
99
90
98
100
100
100
100
100
100

nil

25
50
60
100
100
100

Lateral
Expansion

(mils)

10
11
29

9
19
12
27
23
30
31
40
64
60
68
78
82
80
88
87
88
90
92
93
92
91
92

14
19
34
43
53
51
45
52




TABLE VIII

CHARPY V-VOTCH IMPACT DATA

CORRELATION WONITOR MATERIAL (SUPPLIED BY U S, STEEL)

Y

Spec

- Condition . No

‘1Basellne. - (a)

-
-
et e

Capsule Y R=60-

R-57
R-62
R-58
R-59
R-63
R-64
Y . R-61

Lateral
Temp. . . Energy = - . Shear. .Expansion.

(°F) (ft=-1bs) - - (%) . - _(mils)

-80
-80
-60
=60
=40 12 1
=40 ' 10

-40 6

-20 14 ’ 15 ' 14
-20 13 .15 - 14

o O &~ &

Urn O WP

20 ' 29 : 35 - 28
20 . 23 . 35 23
40 36 : 45 - 33
40 26 45 26
60 36 50 40
60 . 33 - . 45 . 35
80 67 - : 100 60
80 . 50 70 .. 48
100 - 68 98 e - 60
100 62 : 8. .. = 58
40 5 nil . 4
74 26
90 .. 30
110 - 28
135 36
160 51
210 - 60
260 68

10 - 26
15 : 26
20 32
40 - 43
90 - . 53
100 58

MOULOOWLOO

(a) Not reported
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TABLE IX

EFFECT OF IRRADIATION ON CAPSULE Y SURVEILLANCE MATERIALS

INDIAN UNIT POINT NO. 2

Corfelation

| | Weld HAZ  ° Plate
Criterion(1) _ Metal(2) Material(2) B2002-3(3) Monitor(3)
Transition Temperature Shifte N
@ 77 fe-1b : (4) - 190°F 170°F (4)
@ 50 fec-1b 225°F ' ] 175°F 170°F 95°F
@ 30 fr-1b 195°F ) 165°F 145°F 70°F
@ 54 mil (4) 165°F _ 170°F - (4)
@ 35 mil 200°F 165°F 160°F 75°F
artypr ) * 225°F 190°F , 170°F 95°F
C, Upper Shelf Drop 49.5 fr-1b 9 fe-1b ©32.5 fe-1b nil
' (427) (9%) (29%)
(1) Refer to Figures 4-7.
(2) Fluence = 5.89 x 1018 n/cm2, E > 1 Mev.
(3) - Fluence = 4.72 x 1018 n/cmz, E > 1 MeV.
(4) Not applicable.
(5) Maxinum transition temperature shift by the five criteria.



* temperature and 550°F. The results, along w1th tens1le data reported by ‘

Westlnghouse on’ the unlrradlated materlals(l4) , are presented in’ Table X.
The load—straln records are- 1ncluded in Appendlx A

» Testlng_of the‘WOL spec1mens was;deferred at. the request of Con-

T

‘solidated‘Edison'Company;_ Tneospecimens’areAinistoragewat;theFSwRI radl-
ation laboratory. | B | |

Check analyses for copper and phosphorous content were . carrled outA
on eight broken Charpy V—notch spec1mens, u51ng ASTW Methods E 322(17)

and E 350(18), respectlvely.- The'followlng results»were‘obtalned:

‘Material- = Specimen 7 S f
Identification - No. . % Copper - % Phosphorous
B2002-3 - .. .. 3-41. . 0.21  ° .014 |
- B2002-3 . : 3-45 0.22 =~ .012
HAZ Material : H-21 0.15 .014
- HAZ Material . - H-23 6.200 ,020 - ;
-Weld Metal - . - W=17 - 0.9 - 010 - . SRR
Weld Metal o W=19 0.22 . C.017. o
-Correlation Monitor R-60 0,17 .7 .00 -~ !
0.19 - .020. S

Correlation Monitor R-62
“The copper contents of the B2002-3 and correlation monitor ﬁaterials
are a little lower than the corresponding results obtalned on spec1mens from
Capsule T (l)
U51ngfthe same methods, check analyses for copper and phosphorous on

four tested tensile specimens gave the following results

Material . Specimen
Identification No. - % Copoer . % Phosphorous

B2002-3 - : 3-6 0.11 ~.013
B2002-3 3-7 0.10 . 012
Weld Metal W=5 - - 0.18 o 022
Weld Metal W-6 0.200 . . .025
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TENSILE PROPERTIES OF SURVEILLANCE MATERIALS

TABLE X

CAPSULE Y
Test 0.2% Yield Tensile - Total Reduction
- Specimen  Temp. Strength Strength -Elongation in Area.
Condition .  Ident. (°F) (psi) ~ (psi) (%) (%)
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 600 58,350 86,500 24.9 64.7

Capsule v(a) 3-7
' - 3=6

Baseline Weld

( Y

Capsule_Y(a) W-6
Y W=5

Room
550

Room

Room
200
200
400
400
600
600

Roonm
550

(a) Fluence = 5.3 x 1048, £ > 1.0 MeV, at radial centerline of test specimens.

76,360
66,600

64,500
65,000
63,450
61,050
57,550
58,300
56,650
56,650

88,910
74,330
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80,700
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The copper contents of the ten51le spec1mens 1dent1f1ed as belng

from plate BZOOZ 3 are ln good agreement w1th prev1ously reported results
from- Capsule T. (l) It is not known why these results are dlfferent from

those obtalned on the Charpy V-notch suec1mens
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v ANAL_YSIS OF RESULTS

The analy51s of data obtalned from survelllance program speclmens has
_ the follow1ng c’oals | | |
_(l)‘ Estlmate the perlod of time over whlch the propertles of the
- vessel beltllne materials w1ll meet: the fracture toughness requlrements of .
Appendlx G of lOCFRSO Thls requlres alprOJectlon of the measured reduc—
'tlon 1n C ‘upper shelf energy to the vessel wall u51ng knowledae of the P
energy and spatlal dlstrlbutlon of the neutron flux and the dependence of .
Cy upper shelf energy on the neutron fluence B ' .~ivn,fﬁrr7..j Vh @
(2)y Develop heatup and cooldown curves.to describe the operatlonal
limitations for selected periods of time. Thls reuqires a prOJectlon of ! the

measured shift in RTNDT to’ the vessel wall using knowledge of. the dependence

i

'jof the Shlft in RTVDT on the neutron fluence and the energy and spatlal dis-~
.. B x

1

‘trlbutlon of the neutron flux.
The eneroy and spatlal dlstrlbutlon of the neutron. flux for Indlan h,f

‘Point Unlt No. 2 was recently calculated for Capsule Y with-a. discrete

ordlnates transport code (15) This analysis predlcted that tne lead fac-

tor (ratio of‘fast flux at the capSule locatibn.to:the maxlmum pressure

-‘vessel flux) for Capsule Y was 3 77 at the capsule centerline, 3.90 for

the core-31de Charpy layer, and 3 14 for the vessel-51de Charpy layer

(see-Table'III). This analy31s also predlcted that the fast flux at the

:l/4T and 3/4T p081tlons in the 8 5- -in. pressure vessel wall nould be 37%

and lZ/,-respectlvely, of that at- the vessel I.D. 'However; in this report

the projection of Capsule Y results to the.pressure vessel wall utilizes

the more counservative attenuation figures of 60% and 15% for the 1/4T and
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.3/4T positions to allow for the increased fraction of.neutrons‘which mightv
accrue'in the 0.1 to 1.0 MeV range in‘deep.penétraﬁion situations;(lg) ' B
..A method for estimating the:iQCréase-in RTNDT as é function of neu-
tron fluencelaﬁd chemistrf is givgn in Regulaﬁory Guide 1.99, Revision 1.(8)
prever, the Guide also permits the extrapolaﬁion of credible surveillaﬁce
data by'constfucting fesponse cﬁrves through the data points and parallel

to the Guide trend curves, as shown in Figure 8. : This plot includes both

Capsule T and Capsule Y data.
The Indian Point Unit Nd. 2 weld metai is more semsitive than the
other core beltline materials to irradiation embrittlement. However,‘be-
cause the unirradiated values of RTypT for thejplate materials are much
highef-than those for the weld metal and HAZ materiais(Zl), the plate ma-
terial is projected to control thé adjusted value of RTypr through ﬁhe 32
EFPY design life of Indian Point Unit No. 2. A summary of the projectea ' T

values of RIypr for 5, 7, and 32 EFPY of operation is presented in Table XI.

‘a

A method for estimating the reduétién in G uppgr‘shelf energy as a
function of neutron fluence is also given in Regulatory Guide 1.99, Revi-
- sion 16(8) The results from Capsule Y and Capsule T are compared td a por—
tion of Figure 2 of Regﬁlatory Guide 1.99, Revision 1, in Figure 9. The
embrittlement response of pfessura vessel surveillance‘materials is iﬁ
gobd agreement with the prediction of Regulatory Cuide 1.99,.Revisioﬁ 1,
except- for the low response of the HAZ material.‘ |

The ﬁrojection of the Cy shelf energy of basé plate B2002-3 is com~
plicatea by the factvthat the surveillance specimens are all oriented in
the "strong" direction and the 50 ft-1b lower limit of 10CFRSO Appendix G

applies to "weak' direction properties. In a method established by the
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TABLE XI.

 'ADJUSTED VALUES OF RTypy FOR INDIAN POINT UNIT NO. 2

= : Initial :
EFPY P.V. Material Llocation - RIypr Fluence(®)
5 - Plare 32002-3  L.D. 60°F 3.2 x 1018
©1/4T 60°F 1.9 .x 1018
3/4T 60°F 4.8 x L0%7
5 HAZ Material I.D. - -35°F 3.2 x 1oi8
1/4T ~55°F 1.9 x 1018
3/4T . =55°T 4.8 x 1047
5 Weld Metal I.D.  -45°F 3.2 x 1018
/4T =45°F 1.9 x 1018
36T -45°T . 4.8 x 10%7
7 Plate B2002-3 I.D. . . 60°F ~ 4.5 x 1048
‘1/4T . 60°F 2.7 x 1018
3/4T 60°F 6.8 x 107
7 HAZ Material . I1.D. . =55°F 4.5 x 1018
' /4T . -33°F 2.7 x 108
3/4T - =55°F 5.8 x 1017
7 Weld Mecal I.D. . -45°F 4.5 x 1018
1/4T -45°F 2.7 x 1048
3/47 -43°F 6.8 x 1017
32 Plate 82002-3 I.D. - 80°F 2.1 x 1019
' 1/4T 60°F 1.2 = 1019
3/4T 60°F 3.1 x 1018
32 EAZ Material = I.D. -55°F 2.1 ¢ 1049
/4T - =33°F 1.2 z 1019
3/4T ~55°F 3.1 ¢ 1018
} _ o 32 Weld Mecal I.D. . -45°F 2.1 x 1019
| S o o /T 45°F7 1.2 x 10d9
| S ' 3/6T . . =43°F x L0i8

w
A
Y

(a) L EFPY = 1,006,700 ¥WDe.
(5)  Meutroms/cml, I > L eV
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55
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110
53
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5
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113
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10
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NRC(ZO), the estimated upper shelf energy in the-”wéak” direction is

t;ken to be 65% of that in the "strong" directionm. Therefore, the unirra-
diafed Cy shelf.energy of plaﬁe B2002-3 is estiﬁated to be 73.5 ft-lbs, and
rthié materialvcould sustain a reduction in.shelf energy.of 32% before reach-
ing 50 ft-1lbs. Using the 0.25% Cu (base metal) Regulatory Guide 1.99.curve,
it.is,pfedicted that the Cy shelf energy of plate B2002-3 will reach 50 .
ft-1bs at a flﬁence of about 7.6 x 1018 (E > 1 MeV). This corresponds to
approximately 10 EFPY of operation ét the vessel I.D. and 17 EFPY at the
vessel 1/4Tqusitionf - |

In terﬁs‘of the normalized shelf energy résponse, the‘weld metal is
more sensiti&e than the platé material to irradiation embrittlement. How-
ever, thgvhigh:initial (unirradiated) shelf energy of 118 ft-1b pust be re-
duced by 57.5% toﬂreaéh SQ ft-1b. -Referring to Figure>9, the shelf energy
reéponse curve fof the weld metal projects that at thé vessel I.D., more
than 32 EFPY'of.operation would be required to reduce the shelf energy of
‘the wéla'meCal by this amount. Be;ause of the low sensitivity to radiation
<embrittl'ement of the HAZ métefial,' a s:i_milar‘ conclusion can be rezached con-
¢cerning its shelf toughness.

The revised Indian Point Unit No. 2 reactor vessel surveillance pro-
gram, as submitted to NRC<22), is summariéed in Table XIIf. It is consistenf
with the ASTM Nationmal Standard E 185—79-t§commeﬁdation on removal schedule
of éurveiliance capsules. fﬁere ére six éaditional capsules in the‘veésel,
two of'which.contain-weld metal specimens. Capsule Y was removed instead
of Capsule S, as originally schedule¢, beéause Capsule Y contained Charpy
V-notch specimens from plate B2002-3, the most radiation-sensitive plate

material.
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IABLE XII

PROPOSED RFACTOR VESSEL SURVEILLANCE CAPSULE SCHEDULE
"INDIAN POINT UNIT NO. 2

Capsule_"Capsule

No.

Capsule
Type(a)

Material
"Content (b)

Scheduled ‘Removal

1.

. Ident

T

I

II

II

II

(a)
(b)

1,2,3

3,w,H

1,W,H
1,2,3
2,W,H
1,2,3
1,2,3

1,2,3

End of Cycle 1 Operatlon
(Removed 1976)

End of Cycle 2 Operatlon
(Removed 1978)

End of Cycle 5 Operation
End of Cycle 8 Operation
End of Cycle 16 Operation"
Spare

Spare

Spare

Type I contains all three vessel plates. Type II contains weld
metal, HAZ, and one vessel plate:
1 - Plate B2002-1
3 - Plate B2002-3; W - Weld Metal; H - HAZ

Material Code:

41
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. HEATUP AND COOLDOWN LIMIT CURVES FOR NORMAL
' A OPERAT;ON;Q? INDlAN ?Ql§l1UNlT:NO. 2. '
vlndlan P01nt ﬁnlt Nov é ‘is: a 2758ant pressurlzed watervreactor op=
j:erated by Consolldated Edison Conpany The unit- has been prov1ded w1th a
reactor vessel materlal survelllance procram as requlred by: lOCFRSO Ap f
pendlx H. | A ;_ -
| . Thevsecond survelllance caosule (CapsuleVY) ‘was removed durlng the.,"
‘ _ »
- 1978 refuelllng outage Thls capsule was. tested by Southwest Research
_Instltute, the: results belng descrlbed 1n the earller sectlons of this E
report .‘In sunmary, these results correlate well with those obtalned é
'from the first: capSule (Capsule T) and 1nd1cate that plate BZOOZ 3 will :
‘control the value of RTVDT over the plant design llfetlme _ |
- The maximum RTNDT after 5 effective full power .years (Ef?Y)‘Of'opef-.
c'.atlonfwas predlctedvto helllqu;at.theal/éT and llS?F at”the”3/4l1VeSSeli
v'_wall'locations,:as.controlled:by:olate 32662—3 After 7 EFPY, the corre—

spondlng values are predlcted ‘to be 190°F and . 125°F, respectlvely The

- Unlt No 2 heatup and cooldown llmlt curves For 5 and 5 to 7 EFPY of opera-

S |

tion have‘been,computed on]the basis of the-above values of RTNDT using pro-

cedures described in Appendix B and the following pressure‘vessel'constants:

Vessel Inner Radius, ri = 86.50 in.
Vessel Outer Radius, ry = 95.28 1in.
Operating Pressure; P, = 2235 psig
- Initial Temperature, T, = "70°F
' Final Temperature, T¢ = - o= 550°F
Effective Coolant Flow Rate, Q ~ = 136.3 x 100 lbm/hr
Effective Flow Area, A ' o= 26.719 ft2. =
Effective Hydraullc Dlameter, D =, 15.051 inm.

,Heatup-curveSjwere computed.foriheatup‘rates of 60°F/hr and 100°F/hr.

Since lower rates tend to raise the;curve in the'central.region'(see'

‘ 43
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Aﬁpeﬁ@ix BS;'che 60°F/hr heatup curve applies to all heating rates up to
60°F/hr. The 100°F/hr heatup curve applies to heatup rates between
60°F/hr and 100°F/hr. Cooldownvcur§ésawere computed for cooidown rates
of 0°F/hr (steady state), 20°F/hr, 60°F/hr, and 100°F/hr. The 20°F/hr
curve would apply té céoldown rates. up tO'ZOfF/hr;'the 60°F/hr curve
would apbly to rates‘frdm‘20°F to 60°F/hr; the 100°F/hr éurve 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 10, 11, and'12; the heatup and cooldown curves for from 5 to 7

EFPY are given in Figures 13, 14, and 15.
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"APPENDIX A -

TENSILE TEST RECORDS
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{
Southwest Research Instituy
Departrnent of Materials Sciences

TENSILE TEST DATA SHEET

Test No. T- - / Est. U.T.S.

Spec. No. j4- g

‘Temperature _J o °F  Initial Dia

Initdal G. L. ’ 4000-1'.11
L 4F in,  Date

psi . Project No. £2-5.2/2-c0/

Machine No

El/s/25

Strain: Rate

Initial Width

Initial Thickness : in

Initial Area O 0447

in

Top Temperature °F

Bottom Temperature °F

/209 in
0/\5.7 m

Final Gage Length

Final Diameter

0.0/9 % in

Final Area

4420 1p

0.2% Offset Load 23820 1b

Maximum. Load

0.02% COffset Load 1b

Upper Yield Point 1b

————

2

Maximam Load
Initial Area

U.T.S.

0.2% Offset Load
Initial Area

0.2% Y. S

0. 02% Offset Load
Initial Area

0.02% Y.S

Upper Yield Point
Initial Area

Upper Y. S.

Final L

Initial G. L,

74‘ §70 psi

psi

7% Elongation = Tnical G L.

Initial Area - Final Area

100 0.9 o

% R.A. = Initial Area

Signature:

~.
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100

w
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ax !

/_\ Southwest Reséarch Institul )
" Department of Materials Sciences

TENSILE TEST DATA SHEET

TestNo. T- <& Est. U.T.S. psi Project No. 02—{2/2"70(

Spec. No. ==&

-4 . .
Temperature $5& °F . Initial Dia. . 252 in. Date J~/S -7 2%

Initial G. L. __/, OO0 in.  Machine No. L/4/on

i

Strain Rate .o/ %3,/  Initial Thickness in. ' Initial Area 0.0 49/

Initial Width ___ in,

PRty

Top Temperatzire - __°F © Maximum Load 4440

Bottom Tempera‘tureA °F + 0.2% Offset Load 3270
' Final Gage Length __/, 2 /2 in. 0.02% Offset Load
Final Diameter » /6O in. .U'pper Yield Point

Final Area .0,020/ . in. 2 .

lb

b

15

~1b

- - Maximum Load _ .
U.T.S. = Tnitial Ares = io £40 psi

4 _ 0.2% Ofiset Load E L
a = = / .
0.2% Y.S. I TECR bl 0O psi

0.02% Offset Load - _

0.02% Y.S.

© 7 Initial Area ¥ e P8
To Elongati0§ = ‘Einal Glnr:uajl émz.al G- L'.' x IO‘O = ol/.ai %
% R. A, = lnitial gi:.;if:l Area . w0 s9/ -
,,
Signature:
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2

Test No. T- j
g-7
Temperature Z.{ °F

_Est. tI.T.S. psi

Initdal G L. 4,000 in.
. 25/

Spec. No.

outhwest Reséarch Institute
Department of Materials Sciences

TENSILE TEST DATA SHEET

M

Project No. & 2-52/2=0/

Machine No. Hzcon

Date F- 23-7F

Initial Dia. in.
Strain -‘Rate  , oy 2/)’ 2% - - Initial Thickness in. Initial Area 0 0455
| | ' Initial Width in. |

~Top Temperature °F Maximum Load __ 4£40 1Ib
Bottom Temperature _ oF 0.2% Offset Load 37f0 1b
Final Gage Length / 24/{% in. 0.02% Offset Load_ 1b
Final Diameter __, /&' & in. Upper Yield Point 1b

| Final Area 2.0:7%  in.2

- _Maximum Load -~ g _n
U.T.S. - Al aeen - ,Z, 7f0 psi
' . 0.2% Offset Load _ ., ., 7 .
0.2% Y.S. = Initial Area = 75-.340 psi
0. 02% Offset Load .
a =
0.02% Y.S. Initial Area pst
- _ Upper Yield Point .
\Upper.Y. S = Initial Area h psi
. » ’ v . /
. ' ., Final G. L. - Initial G. L. Lo '
a7, = . - (o av,
i3 ‘Elor;gatlén T x 100 2444 T
' Initial Area - Final Area AR U
a - b = { ' /
7 R. A Initial Area ® .1 o0 22:0 % .

\’ Signature; /p«//«/f%
. 4
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TestNo. T-__ZEd

Est. U.T.S.

Initial G. L. .20 in.

-

~.uthwest Reséarch Institute .- '
- Department of Materials Sciences ’

.- TENSILE TEST DATA SHEET .~

g

psi Project No. ©2:5 2/ 2-09

Spec. No. W & Machine No. 2 sro0.~
Temperature /S5 °F Initial Dia. 24P in, Date ¥ ~Z23- 7?,
Strain Rate . ¢/ /Z/;,‘,’!'/ * Initial Thickness in. Initial Area ©.04487
" Initial Width in:
Top Tempér.atulé : °F Maximum Load Sooo 1b
Bottom Temperature _ °F | .O,. 2% Offset Load 4330 1b
Final Gége Length /. 247 in. 0.02% Offset Load 1b
Final Diameter . /S0 in. Upper Yield Point b
' Final Area ©.0/77 in, 2
Maximam Load F o /
. - = C
U.T.S Initial Area —_—l 7/,700 psi
0. 29 Y si. _ 0.2% Offset Load _ ?5/?/0 -
cen T -- Initial Area - - psi
_ 0.02% Offset Load L
- 0. 02.% Y.S. = Tnitial Azoa psi
' . Uoper Yield Point _ .
- Upper ¥.S5. = Initial Area ) psi.
 Final G.L. - Initial G. L. -
. ina o dus = 13 « . . -,/ .
= i = P = PN .
7% Elongation il o L x 100 7 A
a - B
% R.A. = Initial Area - T'inal Area <100 = 437 7

Initial Area

4vSi._gnature: /Z/éjf;@ | | | B

/
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APPENDIX "B

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

A, .I‘;;ltroduction

' Th.e" fouowﬁg-is a deécrliption of the basis fo‘r the generation of
pressure -ltem'peraturé limit curves for ihservice leak and hyd:§s£atic='
~.vtes.1':s,. b.evatup é.nd co@ldowﬁ operations; and cére ope:atioh of 'réaétor -
pressure \'re.s'se:ls.. '-Thé safety r'na.;:gins empioyed in these pfocedures
él_qual orAv e%c_:eed th‘c;s‘e réco.mmende‘d in the ASME’B'oiler ﬁna Pressure
'I.Vessel Code, Sect'ion 111, Appendix G, ""Protection Against Nonductile

’

Failure. "

 B. | - Backg%quha
| The basic parameter used to deterfhine safe vessel operational’
rconditio_ns is the stress intensity factor, K1, \.wb.ich.is a function of the
. stress state 'anci flaw configuratiqn. Thé Ki corrésvpond'h;g to membfane
teﬁs ion is given By :
KIzn=\’Im’°'m.‘ ' : | (1)

where M_, 'is the membrane stress correction factor for the postulated
flaw and ¢, the membrane stress. Likewise, Kj corresponding to bend-
ing is given by

Kip = Mp " oy ()

where Myp is the bending stress correction factor and ob is the bending

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

postulatedsurfaceflaw, whlch 1sa,s Sumedtobe n‘.o‘rm‘a;:l: 't‘oj_‘th‘e dfrectfon -
o ofma.x1mum -stress; hasadepthofozs efzvtn'e_'_sectfjon‘tn;ieknes.s -ancl;,a
’ lengthofl50 times "t.ne‘f'_is"e_c'tion thlckness ‘. '_'.(::u:r'yes:“for Mm fwerslus: t:lhe .
o sq\_rare. r'o:ot of the -...vess’eiivyv'a'll-th-ickne'ss for the'pes'tuia..‘ted flew a'.‘re griven
m Figrtire'--l-*.as.ftak‘en‘-fron"r i:he.;:Preszslure .Vle'sse‘lfcede (ref Flcrure G 2114 1)

These curves are a fu.nctlon of the stress ratm oarameter o'/cry., Wbere crY

is the rnaterlal y1eld strencth Wh:.ch is taken to be - 50 OOO psi. The bendmg
correctlon factor is defmed as- 2/3 Mm a.nd is- therefore determmed from

Figure 1 as well. The basis'forvthese ‘curves is given in ASME ‘B‘oilfer'an”d |

Pressure Vessel Code, Section XI, "Rules for Inservice lnspecfion of Nu- |

- clear'Powe r~Plant':Componen'ts, "' Article A-3000.

'I.’he*-»Cod;e""specifies the mmnnum KI that can ce.use f-'ai‘lure,'a.s. a fdncé '

t1on of materlal temperature, T, and 1ts reference nJ.l ductillty temperature,

: RTND’I‘ Tl'us ‘minimum KI is defmed as the reference stress intersity fac-»

tor, KIR: and is. given by '
Km 26777+ 1223. exp [o 014493(1* RT\IDT-!- 160)] @)

where all 'temperatur‘es,ar‘e in degrees Fahre‘nheit; A plot of this expression-,

.. is g‘ive‘n'in;F"lgnref2-ta'ken‘from-.. the Code - (ref ~1gure G 2010 1)

- C Pressure-Temperature Relationships

1. -Inserviee- Leak and Hydrostatic Test -

| Durling. performance of. inservice leak a_nd fydrostatic tests,

- the reference stress intensity factor, ‘Kig, must always be greater than
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1. S.times- the KI’caus‘ed by pressure, thus

1.5 Kip <Kpp | (4)
or
1.5 My, o < Krg - ()

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

the stress distribution due to internal pressure is given by '

ri2 ro2 + r2 A
o(r) '( roz_riz>< ) ) (6)

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

at 51/4 =r;+ 1/4(rO ‘?i) and rg3/4 =Tt 3/4(1"0— ri), the maximum stress

will occur at the inner flaw location, thus

A

- p r;2 [r°2+'(1/4r0+3/4ri)2]
Tmax " o( ro2 - ril > (l/4ro+-v3/4ri)2

i

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

evaluating
Kig- = 1.5 My, 0oy . - (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

- R . KR - 26777.
T = RTypp(1/4T) - 160. +68.9988 In[SIRZEITL T (g
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. pressure.

" erence stress inténsity factor, KI_R,.'musfvalways be gréater than the sum

dients, thus. -

e ,‘..’

'The inservice curves are generated for an operating pres-

' surg range of . 96 P to 1.14 Po, where P, is the design,operatihg '

[N

2. . Heatup and Cooldown Operations . I o ?

- A.t all ﬁmes"dur‘;m‘g_he_a;tup a.nd-.“coéld'o_wnv opéra.t'ibns",f the ref-

of 2 tim‘es"'the. Kip caused by pressure and the KIt caused by thermal égra‘.—

i
'
|
i
|
|
t
[

2.0 Rpp + 1.0 Kpy < Ky

or -

2.0 M omax = Kip - Kpp -

where o, is "thé-‘ma;:imgm'-allowable stress due to internal pressure,

‘and:KI,; is Vthe’_requi_v'alent‘ linear stress intens ity"fva_ctor provduced‘v'b'y'the‘

thermal gradients. To obtain the equivalent linear stress intensity fac-

tor due to thermal gradients requires a detailed thermal stress'a_.nalys is.

The details of the required analysis are giveh in Section D.

- During heatup the rédia_.l stress ‘distrib‘uficns due to internal
pres su‘re'and- thermal gradiénfs-are’.-éhown séhe'~ma.tically' in Figure 3a. .
Assumiﬁg. a possible flaw at the 1/4T location, we see from Figure 3a

that the thermal stress tends to alleviate the pres sure stress at this

' poiﬁt in the vessel wall and, therefore, the s.tle‘ady state} pressure stress

' -would reéresent' the maximum stre'és_condition at the 1/4T location. At
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34T
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Figure 3. Heatup and Cooldown Stress Distribution
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the 3/4T fla.w lOcation; the p_rve.sls_tirev5';re‘Ss)_a;nd-therr:ri'a‘.ll.»s:t‘reiss.add a.:id,_
- the_z_'ef.e::e,_;the.Acembina'.t;oh”'for .a .g‘ive'n> P‘;e‘a.'tx%p4»r_‘a',te ,repre.se.n't_s the ma'.xli-v
‘mum s‘_.tr:e.s‘sv' at the 3/4T locatIOn Tl_ile fxei'a{ximdm'dverafii‘- stress t;etw.e;en_.
_ the 1}/‘4T':.an'c1. 3/4T _J.Aocati.on then ‘determ’ines’_.' th}e'm_aximenvi ail'ev}eble' reaef
| tor pressure at the'.‘gi\}jen ‘c.oelae.t.:ﬁem‘pex"avtu‘re.' ‘»‘. ,' - a :
- The: heatep,. pres.su_re~teer1perai_:u:1;<e cerves‘-avre: thus 'ge:_nerated_
by calcule.ting‘i the:.ma'.ximurn -s’cead;'} s.“ta'te éreseure baeevd oe a possible flaw -

at the 1/4T location from

- (1/4T) = o Br (12)
Coomaxt o rlz‘ \ 2+(l/4ro+'3/4ri)2 :
- S ZM :
o m - rIZ/ _ 1/4ro+3/4r1) -
; where 'M is determmed from the curves in Flgu*e 1 a.nd KI.R is- obtamed
from Equatlon (3) usmg the coolant temperature and R-T\IDT at the 1/4T
. llocatlon. Here'we ma.y note that Mm 'must be rxterated.for since it is a
function of the final stress ratiqi to yield strength (a-/o-'},);
) ,A"t _the '3_/4'1’ location, the max1rnum pressure is determined
from Equation-(l'l) as
: ) Kim - Kie | -
‘ - (3/4T) = - - (13)
,"Pma_x( / ) riz [r 2+(1/4-3: +3/4r,)
S PM{TT AT (Uare3/arg?

where Kip is obtained from quat’i'onv (2) u.sing' the material temperature
and RTNDT at the 3/4T "lbcati'o'n._ai;d Kyt is determined from the analysis

proce.dure outlinedxin Sec_tion‘D. Mmis determi;ied from Figure 1.

o



| iTlh.e. mmxmum of these - maximum allowabie‘ pressures at
the gifre;x ;:oolant,t_emperature déte‘rmines the ma.x‘imdm,operation
| prebssuré. | E.a.Ach‘ heatué ra."te; of interest must be analyzed on an individ-
wal basis.

The cooldown analysis proceeds in a similar fashion as that

L de_sc,ribed 'for}hea'.tﬁpwith the f@llowing exceptions: We note from ‘Figure‘: .
3b that during cooldown the 1./4T location always controis the maximum
stress si.ﬁce the thermal gradient produces tensile stresses at the 1/4T -
lotatién. T“hus th_.ev steady state pressure is thel same as that given in |
Eq:u.ation_(l'Z)’.A For each cooldown rate, the maximum press'ure is evalu-
| ~ated at the .1/»4T location from
Kir - Kpp.

ri \[ro? +(3/4r+1/41,)2
M r° - riZ} (3/4r;+1/4r )

P 1/4T) = (14) *°

ma.x(

where Kig is obtained f:-'om Equatiop (3) using‘the material temperature
and RTyp at éhe 1/47T l§cation. Kit is determined from the thermal
‘a.nal‘ysis »dés;:ribed in Section D. |

~Ii: is of interest to ﬁote that during cooldown the material
- temperature Wﬂl la;g the coolant tenipe i-ature v'and,' therefore, the stéady
state pres'sur‘e, which is evaluated at the éoolant temperature, will ini-
i:ially yield the lower maximum allowable f_:ressure. When the thermal
gradients increase, the stresses do likewise, and, finally, the transient

analysis governs the maximum allowable pressure. Hence a point-by-point



" comparison must be mé.d’_e,_betwéeii the_ maximum allowable ‘pressures pro-
" duced by steady 'state_a.nalyses'f and trans iént,' thermal analysis to deterfpine

the minimum of the maximum allowable pressures.

3 Core Ope‘rati’o‘n' - e "1 [ B
: Atall tirnes- fhat the’fréa'é'to-r_:cio}e i.sv c:?r';j_.ti‘cé.l,._ tb.e .t;’empéx;aturg

' ‘rnu.st- be:;highg r tha'.n‘- ﬁhat-..requii"fe‘d" 'f.ozl"izl'zsv‘e“rvic':.e:vﬁyd.i;‘io‘.sta'vt‘ic"te sting, and in

‘ .adciitiori, "thé. pi-és sﬁre-te;npé rature zl'vélat»ioz’zshi.p ,shé.ll pbi-ov‘idle.'at:vleast a
-~ 40-_°F' ma.rgin‘.. 'QVe}.‘_tha;i; requ:.red for he%fup\ anld.coc.»ldovAVVn 6p§ratipns .' | Thus
-k-the pr‘es.sure-t.e-n"ipé‘favtﬁre. h'vr‘ﬁi:vt;c»x‘lrv‘e‘s.; ‘f'bjrblcbre. o‘peravf:ion m‘a.:y".be constructed
' "directly,.from' the insverv,ice‘. leak.'agd,hydroétat§é' t'eétra.t.lid héatdﬁ a.na:.lysris' |
’:r‘esults.-" o |

Dl lThe:mal‘ Stress Analysis

' - The e§dival§zit 'lingaz;.st’réss‘ due‘ to;tée‘-l'mal. g.ra;dients .is'/ obtained |
Cfr o.m; a'v c.levtaf.i:le-d‘: t#érmal.' analjrsis, ofthe 'Ve'ssell.. l""f.be fempéré.ture ‘distribu-
ti}c;n in. the .vesjéel‘wall is -"g_ove;"‘n_e.:d by the péﬂz-’f:.ia'.l"diff‘erentia'.l’ équanxitioni-,
subje_ct_to‘-init»ia]_v.v con'&itic;n | -
. a.nd bp_uhdary‘ cvnqndition's' | -

RTrpo=b[Tew - T@e], 0 an

73



and

e

T.ro,0)=0 o (18)
where

Te=To+ Rt. | A ‘ | (19)
o is thé material_-density, c the L;na.tei'ial spe;:ific .heat, K tﬂe heat conduc-
' tivity Qf .thé rné.te rial, h the heat tra.nksfer coefficient between éhe water
' éoolant.and v'e.ssel rn-ateri'al,' R the heating rate, T, '1.:h.e initial co‘olaﬁt
te'mperéture, T(r,t) the femper_ature distribution in the vessel, r the
| spatié.l coordinate, and t th'e temporal coo:dina.té. '

o A finite difference solutibn'précedure is emplo&red to sol\;-e for the
radial temperature. distribution at various time steps alpng the heatup or
cooldown cycle.. The finite difference equations for N fé.dial points, at >
distancé Az\‘. é.part, é.crass #he vessevl are:

for 1 <n< N

AL R
pcA(ZJ.I'{)Z [”*i—;)r;f”ﬁr-‘l] . _ (29)'.
for n = 1
Ti.At [l pcA(zi ( +§—I)~ pcA(tAi) ] t .
+ ﬁ [(_1-4-?_—11') Tg +% Tf;] - - (21)



and '.fOri n’-.# N -

CUAtK L RAE L |

t+At . —_— Tt 2 ot s T o

TN : - [l-pC(Ar )ZJTN +pC(A1‘)2 TN‘.‘,]_ . cot (22,.). | o

For stability_ ln”t..:he»:fi'nite;differeuce 'cjperatiohj,.- ,,W?? must choose
. At for a.'."giveu Ar such that both -
Gerp BFT S ey

S =1+ < = | 4
R . pc{Ar) (lfrl)fpc(Ar)} =t o, B

are safisfied; These .c‘onditions assure.-us that heatAW.'_ill nof flow i.n.thge'
‘direction o.f‘ i:n’c'reasiug.temperature,‘ 'Whieh,:v }:f cour.'se, ‘v:vouldr‘v.iolate.é
the secend,_la\;v’_of' thernlodynainic's'. | | :
Since a la;ge 4'va.rdatieu in_*c:oolan_t tvzempe'ratur‘ve is :.c’o_ns idered, ;he
‘ depen‘dence of (K::/‘pc),_. l{,_and h on tempera'turelis mcludedm the analysis’

by treating these-as constants only during every 5°F increment in c‘oolbant

" temperature and then updatin'g thei-r values for the next 5 °F increment.

- The dependence of (K/pc) called the thermal dJ.ffus:.v1ty' a.nd K, the th.errnal

conduct1v1ty', can be determmed from the AS’\/IE Boﬂer and Pres sure. Ves-
sel Code, Sect10n 111, Appendlx I - Stress Tables A linear regression

: analysis of the tabular values resulted in the followmg expresslons

KIT) = 38.211 - 0.01673 % T (BTU/HR-FT-°F) sy

s




K(T) = (K/pc) = 0.6942 - O. 000432 * T (FT2/HR) (26)

- ‘%rhere I_"is in degrees Fahrenheit.

The he‘at transfer coefficient is calé:ulated based on forced con-
, vectién under turbulent fléw condi.tions.'l The vaiiable.s involved az;e the
mean Qelqcity of the fluid .coqlant, the équivalent (hydraulic) diamgter of
the cool%.‘nt channel, and the density, h‘e.a't cé.pacity, viscosity, and thermal
condﬁcti;rity of the cﬁolaxﬁt. For Qater coolant, allqwance'fbr the variations

in physicai properties with temperature may be made by writing*
B(T) = 170 (1+1072 T - 10-5#712) «0-8/p0-2 (27)

where v .is inA ft/sec, D in..-inches, the ‘_'tevmperatur"e is in °F, and h is in
Bfu/hr-ftz-°F. The-yalues for the heat-transfer coefficient given by this
| relations hip %.re in good ;greemeﬁt witﬁ thos? obtained from the Dittus-
Béelterr equation for temperatures up to $00°F. The n;lea.n velocity of the
_coolant, v, is generall.y given in terms of the effective coolant flow rate Q

' (_me/hr) and effective flow area A (ftz). Given the relationship . -
o(T) =62.93 - 0.48 x 10"2 # T - 0,46 x 10-4 = T2 (28)

for the density of water as a function of temperature, the mean velocity of

the coolant is obtained from
C)

v =Q/(3600 % 5(T) *A) . | (29) .

~da

* Glasstone, S., Principles of Nuclear Reactor Engineering, D. Van
Nostrand Co., Inc., New Jersey, pp. 667-668, 1960.
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- The _the rjma.l‘vstr_,ess_d;is:tribution_"is, oalcula.ted,'f_rorn. S

_a-Tv(r,_,t -—1 [ zf (r t)rdr T(r t)+ z (——'2 —3)] Tintrdr ] (30)
o i L o "ty .
- where a 1s the coefflc.tent of thermal expansxon (m/ui °F), E is Young s

modulus, and A is P01sson S rat:.o Thls express -ion can be obtained from

, ‘Theory of Elast1c1ty by Tlmoshenko and Goodler, pp 408 409, when im- " ‘

posmg a zero radial stress’ c‘ond_:.tlon at the cyl‘mder; inner and outer ra.dlus.
‘Poisson's ratio is taken td.beconstan_t at a value of 0.3 while 'd‘.A,and"Ev’a.re_

- evaluated a‘s a function of the vaverage‘-vtemperature across th'e.ve'éé'ol. : '
'Ta'vc = (TT—Z—)J . T(r)'rur » ' ©(31)
- The fdep'éndenc,o’ of the coeffic ient of thetrmal expahs,iou ‘On"_tem_.p‘er atuz;e;'is
taken to be
T a(T)=5.76x 1070 +4.4x10°9%T . ., (32)

and :t:hg dependence of Young's modulus on temperature is tlavke_vn.to be

E(T)=27.9142 + 2.5782 x 10~4 =T - 6.5723 x-lo-é TS  (33)
as. obtamed from re gressmn a.nalysm of tabular values given in Section III,
“ Append:x Iof the ASM... Boﬂer and Pressure Vessel Code
‘The resulting stress dlStI‘lbutlon— given by Equation (30) is not |

linear; however, 'an equivalent linear stress distribution is determined

from the resulting moment. - The moment produced by the nonlinear




' stress distribution is given by

Mt)=b] ep(rrdr (34)
) Ty 4

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. Fora lin-

ear stress distribution we have that

Mc
Tmax = T (35)
'Whére Tmax is the maximu.m oﬁter.fiber stress, ¢ the distance from the
neutral axis, taken to be (rg-rj)/2, and I the section area moment of
inertia which is given by :
1= bh3 - b(rg-ri)3 » =
12 12 " , ' (36) "
Combi;iing these expressions results in the equivalent linear stress due
‘to thermal gradients
6 Fo | S
Tmax = Thbt = mi c-T(r,t)rdr (37)
T ‘ _
The thermal stress intensity factor K+ is then defined as

where M} is determined from the curves given in Figure | 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
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produce cb'orr'i,p,r-essivie" stresses at fhe,.vless'él 6l‘1te.r,j'rlédi}isi.y This sign o
change must then be i'efle.ctedin“the"‘KIf calculation for the .cooldown =

; aﬁ;lys is;.:, -

Normalized temperétur‘éfand 'th»’e‘rmé.'l‘ stress distributions during

" a typical reactor heatup-are given in Flgure4 T.hg.-fra.dia_.'l temperature

‘is shown normalized with respect to the average temperature, Tag,g, by

T = avg- ) S (39)
' (T - Tavg)_ma.x ) - : o -

‘ Thg thermal sfie ss -and. e’quivals-:n't linea.z.'i‘er’d's‘i‘:re‘ss., : a.:sv_b g;alcn‘J..late‘d ”by
.eq’latibns.‘v(.%O). and (3.7), aA.réA zizo'rma'.‘liz'ecﬁl. Qith fesvpéﬁt tfoj the ma.xlmum
" therm;.l.i"s:tz‘-’e‘s-s . H.‘eré.}w_e' ’note"iha‘t the actual the rmal éfréss' a_f‘the 3/4T
' v‘lo‘c'ation‘ is- 'cozis'id.erabl‘y"- lés;‘ t.i.i’a.ﬁ:“the' rn;#;imuﬁimequivz;.ie;'lt. iiéze_ar .sfress

~which yields additional safety margins during the heatup cycle.. Similar

tempefétui'e and thermal stress distributions are developed during ccol-

 down. The trends are nearly identical as those shown-in Figure 4 when

the inner and ogt'e_z; vessel lo_c‘ation's a’re_.z"evers"ed_with the? 1/4T location

' becoming' the critical point.

E. ' Example Calculations ©

The':fdilovs-r'ing 'exa.mplé is ‘bas.ed.On._a reactor vessel with the follow-

ing characteristics: -

Inner Radius - : e B ,‘82'.: 00 in. (ri)l
- Outer Radius - .= 90.00in. ' (r)

Opératiﬁg Pré_sSure I : 2250 psi'g",". (Po)

s




OUTER WALL
- : 1.0

- 0.8
- 0.6

0.4

-1.0 0 1.0 -1.0 0 - 1.0
INNER WALL

Normalized temperature Normalized stress

distribution ( AT/ATpay ) - distribution (a/g__. )

ax

Figure 4. Typical Normahzed Temperature and Stress
Dlstrzbutlon During Heatup
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I_.nit-ial.T'emperature'._' - | o = "_‘,70°F o : - (To) . '

Final Temperatare = .550°F __‘} (T

| Effective Coolant Flow Rate 'v.'1oo x 106 me/hr L@

E.ifectzve Flow Area = " 2-0’. QO ftz - o (A)
Eifectlve Hydraullc Dlameter = 1000111 | ,'(‘D)
" RTynpT (1/4T) | - 200°F .

RTNDT s/4m) e 14.0'°F‘-

In the thermal stress analy51s 21 rad1al pomts were used in the

: fm:.te dlfference scheme Gomc frorn 70°F to the fmal temperature of

, " 550°F. approxlmately 12, 000 tlrne (temperature via- T To + Rt) steps

were requ1red.m the thermal analysis _fo.r the lQOfF/hr heatup rate.. The
reeults of Zthe--c’omputa‘tion are shown m f‘iguree 52 throutgh‘?. |
.Flgure 5 elves. the.rererence -stress mtenszty fac.tor,. KI.R' as a
'fuuctlon of ternperature mdexed to RT\IDT (1/4T) For' the steady state.
.a.naly~s1s,l KLR"I.S couverted dzreetly-’to- allowabrle pre.s sure rria "Equation 12.
| YI.During the heatup and clo~01‘dow1‘1 tb;ermal analyvees"tlre"material tem-
perature at t.tLe 1/4TA and _3/'4'1' and thermavlr stress 'i.ntens‘i.t.y_ factors Klt are
: req:ui:'ed-tb compute allo_'*.wable;presrsure vra Equa.t‘i'ousr (13)‘and (1_4-). The
»mat_erial temper:at.ures'g ‘rersus' :ceolant temperature durmg the 100 °F/hr »
heatup arzd' ceoidown.analrr.ses are given in Figure 6. - These te'mperature's
| allow .computatmn or the correspondmg reference stress mten:nty factors,
KIR (3/4T) and KLR (l/-’LT) Fiaure‘ 7,gires' the _corre's.ponding‘ thermal
stress Lntensn:y Factor at the 3/4T and 1/4T locatlons as a functmn of

coolant tempe *a*ure
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Figure 5. Reference Stress IntenSity Factor as a Function of Temperature Indexed to RTNDT( 1/47)
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Figute -7 Thermal Stress Intensity Féctdr.\fat 34T ard 1/4T Locations as a Function of Ceolant.Temperature



Figures 8 and 9 demonstrate the construction of the allowable com-

posite pressure and t_empe'fature curves for the 100°F/hr heatup and cool-

'~ down rates. The compdsite curves represexﬁ- the-lbwér bound of the thermal
- and steady state curves w1th the add:.tzon of ma.rgms of 4-10"}? ‘and -60 ps1g

» for poss:.ble mstrumentatmn error.’ Flgure 8 also shows t:h.e lea.k test hmlt

corrected for instrument error, as obtained from Equatlon (9) The l}rnlt‘
points are at the operatihg préssureZVZSO psig a.nd'at 2475_p§ ig whith-fco%- '
respoﬁds to 1.1 times_'_tk‘J.e op.er:a'tin.g'pre'ssure. The criti_calit‘y limit is g.lso
shown in Figgrev 8 and is cdﬁstructé.d b}_"pro'v'iding‘ .foi—.-é. 40°F ‘margin‘ over
thaf required for heatup and‘ cooldown anci by, z;.eqiuiring‘that the mmlmum

temperature be greater than that required by the leak test limit.
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Figure 8. Pressure - Temperature Curves for 100 °F /Hr Heatup _
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~ Figure 9. Pressu‘re _-Tve'm_'peraturé CUryes for 100°F /Hr Cc';o'ldown' .




