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1.0 ACRONYMS {

The following acronyms are used in this report.

3-D ' Three-dimensional

ASME American Society of Mechanical Engineers
CUF ' Cumulative usage factor

DO . Dissolved oxygen

EAF Environmentally-assisted fatigue

FEA " Finite element analysis

FSRFE Fatigue strength reduction factor

ID ' Inside diameter .

KPS Kewaunee Power Station

MOP . Modified Operating Procedure

MRP Materials Reliability Program (EPRI)
NRC ' Nuclear Regulatory Commission !
NSSS Nuclear Steam Supply System

NUREG Nuclear Regulatory Commission Regulation
OBE Operating Basis Earthquake

OD . Outside diameter

PWR " Pressurized water reactor

PZR _ Pressurizer

RCL  Reactor coolant loop

RCS Reactor coolant system

RIS Regulatory Information Surhmary

RTSR Reload Transition Safety Report

SBF ~ Stress-based fatigue '

SCF Stress concentration factor

SI - Structural Integrity Associates, Inc.

SRSS Square root sum of the squares

USAS USA Standard

WOG Westinghouse Owners Group,

WSS Westinghouse Systems Standard
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2.0 BACKGROUND AND REPORT OBJECTIVE

KPS is currently submitting an application to the NRC in order to renew the license and extend
operation to a period of 60 years. Plants are required to manage the aging effects of systems,

structures and components in the scope of license renewal. Partl 54 to Title 10 of the US.Code
of Federal Regulat1ons (10CFR54) specifies the “Requlrements for Renewal of Operatmg w

Licenses for Nuclear Power Plants

NRC report NUREG-1801, the “Generic Aging Lessons Learned (GALL) Report” [4], identifies
acceptable aging management programs, including programs fof fatigue and cyclic operation.
Although the NRC concluded that the effect of a reactor water environment is not a safety issue,
the NRC does require of all license renewal applicantsto assess the fatigue effect from a reactor
~water environrnent for the entire 60 /year period of extended operation. High fatigue locations
studied in NRC report NUREG/CR-6260 [2]‘ are considered an abpropriate sample for

evaluation.
I

KPS demonstrated acceptable EAF for each NUREG/CR-6260 bsample location during the course
of initial license renewal activities Two of these locations, the charging nozzle and the RCS hot
leg surge nozzle rehed on EPRI’s FatiguePro software stress-based fatigue (SBF ) mon1tor1ng
results to demonstrate acceptab111ty FatlguePro SBF uses a s1mp11ﬁed single stress term
methodology Subsequent to these analyses the NRC staff expressed concern about the use of

simplified, smgle stress term methods of fat1gue analy51s of nuclear plant components in

Regulatory Issue Summary RIS-2008-30 [3].

This report summarizes work oerfonned that provides independent fatigue analyses of the
charging and RCS hot leg surge nozzles. This work used NRC approved methodology to address
all concerns expressed in RIS- 2008-30.

4

N
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3.0 ANALYSIS CRITERIA AND METHODOLOGY

Ky

3.1 ASME Code Fatigue Calculations

The KPS Class 1 piping, which includes the charging and hot leg surge branch nozzles7 were
v designed according to the requirements of USAS B31.1-1967, wﬁich réquires no explicit fatigue
analysis. Later, in response to NRC Bulletin 88-11, the pressurizer surge line (including the hot
leg surge nbzzle) was analyzed to the 1986 Edition of the ASME Boiler and Pressure Vessel
‘ Codév, Section III, Subarticle NB-3600 to address the effects of thermal stratification. For the
| purposes of license renewal the NRC does require that fatigue calculations of the NUREG/CR-
6260 [2] sample locations be performed in accordance with the requirements of the ASME Code
‘Section III, but also allows use of later Code Editions. Therefore, the 2001 Edition of the ASME
Code with Addenda through 2003 [1], approved by the NRC per 10CFR50.55a, was used for the
EAF analyses of the charging and hot leg surge nozzles. |

Detailed 3-D finite element models were developed using ANSY'S [8], which is NRC approved
software and also verified under SI’s nuclear QA brogram. ASME Code temperature-dependent
material properties for Class 1 components were used in the Finite Element Analysis (FEA).
Linear elastically computed stresses for the relevant design transients were computed. Thermal
transient stresses were added to static stresses due to pressure and piping loads, which were
scaled based on the magnitudes of the pressure and piping loads. Fatigue strength reduction
factors (FSRFs) or stress concentration factors (SCFs) were applied, as appropriate, to the,_
analysis séctions. All six, unique components of the stress tensor are used throughout the

calculations.

SI’s VESLFAT software [5], which is verified per SI’s nuclear QA program,.'vi'és used to
perform the fatigue usage calculations in accordance with the fatigue usage portion of Section III
of the ASME Code [1], Subarticle NB-3200 (Design by Ana\llysis). VESLFAT performs the
analysis required by NB-3222.4(e) for Service Levels A and B conditions defined by the user.
The program computes the stress intensity range based on the stress component ranges for all
event pairs [1, NB-3216.2] and evaluates the stress ranges for primary plus secondary and
primary plus secondary plus peak stress based upon the six unique co;nponents of the stress

" tensor (3 direct and 3 shear stresses), considering the possibility of varying principal stress
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directions. Primary plus secondary stress intensity range (S,) is calculated as [1, Figure NB-

3222-1]:
Sp=PL+ Py + P+ Q, where |

Pr = primary local membrane stress intensity range

Py, = primary bending stress intensity range '

P. = secondary expansion stress intensity range

Q = secondary membrane plus bending stress intensity range

The Code allowable stress intensity, Sy, was specified as a function of temperature for each
analysis section. The input maximum metal temperature for both states of a load set pair is used
to determine Sy, from the user-defined values. If S, is greater than 3S,,, then the total stress

range is increased by the strain concentration factor K., as described in NB-3228.5 [1].

When more than one load set is defined for either of the event pair loadings, the stress
differences are determined for all of the potential loadings, saving the maximum for the event
pair, based on the pair producing the largest alternating total stress intensity (Say), including the

effects of K. S, is calculated as:

Salt = (Ke Sp / 2) (Ecurve / Eanalysis): where

’ 4
K. = strain concentration factor

, Sp = primary plus secondary plus peak (total) stress intensity range
Eare = modulus of elasticity shown on app_licable fatigue curve
Eanalysis= - modulus of elasticity used in the analysis, conservatively taken as

E at the input maximum metal temperature of the load set pair (E
becomes lower with increasing temperature) '

The principal stresses for the stress ranges are determined by solving for the roots of the cubic

equation:

S* - (0x + Oy + 6,)S? + (Ox Oy + Gy G, + G, Oy - Ty - Tu” - 1.°)S

2 2 2y_
-(0x Oy 0, + 2 Tyy Txz Tyz - Oz Txy’ - Oy Txz - Ox Tyz ) =0

The stress intensities for the load set pairs are reordered in decreasing order of Sy, including a
correction for the ratio of modulus of elasticity (E) from the fatigue curve divided by E from the

analysis. This allows a fatigue table to be created to eliminate the number of cycles available for
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each of the events of an event pair, allowing determination of fatigue usage per NB-3222.4(e)
[1]. For each load set pair in the fatigue table, the allowable number of cycles is determined »

using logarithmic interpolation based on Sy, per ASME Code requirements.

Unless justified otherwise, transients that consist of multiple extreme stress conditions (local
maximum, or peak, and local minimum, or valley) were split so that each significant, extreme
condition is treated as a separate event. Intermediate peaks or valleys that produce obvious
alternating stress intensities below the fatigue curve endurance limit are negligible and may
therefore be filtered out (not split separately). If multiple peaks result from different principal
stresses peaking at slightly djfferent times due to the thermal response behavior of the location,
then the peaks were determined to be simultaneous and were therefore grouped into a siﬁgle
event. Peaks and valleys in pressure vessels and piping are typically associated with upward and

downward temperature or pressure ramps or abrupt changes in temperature slopes.

The cumulative effect of load set pairs is calculated using a linear damage relationship (Miner’s A

Rule). That is:

) k
CUF ?Z%S 1.0

Ci=l1 i

where: k = number of stress levels in the loading spectrum (i.e., the
number of rows in the fatigue table)
n; = number of cycles at the i stress level, S
N; = fatigue life at Sy;
S. = amplitude of the alternating stress intensity
CUF = Cumulative usage factor

3.2 EAF Calculations -

EAF calculations \;vere performed for the reactor water environmental effects. The evaluation
uses the appropriate F, relationships from NUREG/CR-5704 [6] (for austenitic stainless steels),
which is the relevant material at the analyzed sections of the charging and hot leg surge branch
nozzles. MRP-47 Rev. 1 [7] was also used for guidance in the calculations. These expressibns

i

arc:

5
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F 0.935 — T*g*O*

For Types 304 and 316 Stainless Steel: n —€
where: Fen = fatigue life correction factor
T = service temperature of transient, °C
T* = 0 for T <200°C
= 1 for T >200°C
£* = 0 for strain rate, € > 0.4%/sec

= In(&/0.4) for 0.0004 < & < 0.4%/sec
= In(0.0004/0.4) for ¢ < 0.0004%/sec
o* = 0.260 for dissolved oxygen, DO < 0.05 parts per
million (ppm)

= 0.172 for DO > 0.05 ppm
Using the above equation, resulting F., values for several sets of parameters are shown below.

The bounding (maximum possible) F., value for stainless steel material is 15.35.

Fen = 2.55 (T < 200°C, any £, any DO)

Fen =2.55 (T 2 200°C, ¢ 2 0.4%/sec, any DO)

Fen =3.78 (T > 200°C, ¢ = 0.04%/sec, DO > 0.05 ppm)

Fen =4.64 (T = 200°C, ¢ =0.04%/sec, DO < 0.05 ppm)

Fen =5.62 (T >200°C, ¢ =0.004%/sec, DO = 0.05 ppm)

Fen = 8.43 (T = 200°C, & = 0.004%/sec, DO <. 0.05 ppm)

Fen =8.36 (T >200°C, ¢ <0.0004%/sec, DO > 0.05 ppm)

Fen=15.35(T >200°C, ¢ <0.0004%/sec, DO < 0.05 ppm)
The fatigue usage contribution for each row in the fatigue tables was multiplied by either an Fe,
value specific to the load pair or a bounding value to account for the reduction in life due to the
reactor water environment. In the Fen calculations for the two nozzles the DO content was
assumed to be less than 0.05 ppm, which is a conservative assumption when using the F.,
formulation above for stainless steel materials. Higher DO values at temperatures above 150°C
(302°F) are not reasonably expected in a PWR light water environment. Where detailed strain

rates were computed, the Integrated Strain Rate Iﬂethddology, as described in the MRP-47, Rev.

1 [7] guidance document, was utilized.
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4.0 CHARGING NOZZLE

A

4.1 Component Description and Finite Element Model

The austenitic stainless steel charging nozzle is a fitting welded to the Loop B RCS cold leg. A
thermal sleeve is attached to t_he nozzle, aﬁd the charging piping is slip fitted into the nozzle with
an OD socket weld. A 3-D finite element model was developed in the Reference 9 calculation
paékage using the ANSY'S software and is shown on Figure 4-1. As-modeled dimensions are

shown on Figure 4-2.

Material designations for the various components used in the model are shown on Table 4-1.

The water gap between the thermal sleeve and the nozzle and cold leg ﬁiping was modeled using
.an effective conductivity that accounts for free convection in an enclosed annulus. This effective
conductivity was used to compute accurate temperature distributions thrdughout the component

in the transient thermal analyses and was removed from the model during stress analyses.

Material properties are shown in Table 4-2, taken from the ASME Code, Section I Part D [1],
with the exception of the-water gap thermal properties, which were speciﬁed or calculated, as

- documented in Reference [9], and the density of the steel components, which was assumed to be

0.283 Ib/in’. |

Table 4-1. Charging Nozzle Material Designations

Component Material
Cold Leg Piping A351 GR CF8M
Charging Nozzle A182 F304
Charging Nozzle Piping  A376 TP304
Thermal Sleeve A312 TP316

Report No. 0900090.401.R0 4-1 g Structural Integrity Associates, Inc, Inc.



Thermal Sleeve Water Gap  Thermal Sleeve to |

Nozzle Weld
RCS Cold Leg Cold Leg to
Charging Piping to
Nozzle Weld
Nozz]e Weld
Nozzle : fast
Charging Piping

CHARGING NOZZLE FOR KEWAUNEE

Figure 4-1. Charging Nozzle Finite Element Model

Report No. 0900090.401.R0 42 ﬁ Structural Integrity Associates, Inc, Inc.



ANSYS 8.1A
PLOT NO.

0.344"
0.375"

0.172"

3.625" OD

1.687" ID

3.155" OD

CHARGING NOZZLE, FOR KEWAUNEE

1
1

Figure 4-2. Charging Nozzle Dimensions (as modeled)
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Table 4-2. Charging Nozzle Material Properties

R Young's Mean Coefficient of Conductivity, k A , 3
Material Description Temperature (°F) Modull;s, Thermal Expansion, a| (BTUthr-ft-°F) Specific Hea:, Cp |Density (Ib/it)
No. Ex 1'0 <10 (1°F) (See Note 1) (BITU/lbm- F) (See Note 2)
(psi)
70 28.3 8.5 8.6 0.116
100 28.1 8.6 8.7 0.117
150 27.9 8.8 9.0 0.120
200 27.6 8.9 93, 0.122
) 250 27.3 9.1 9.6 0.124
?178621};30?14 300 7 27.0 92 9.8 0.125
| (18Cr-8Ni) 350 26.8 93 10.1 0.127 489.024
Charging Piping 400 26.5 9.5 . 10.4 0.129
Charging Nozzle 450 26.2 9.6 10.6 0.130
500 25.8 9.7 10.9 0.131
550 25.6 9.8 111 0.132
600 25.3 9.8 11.3 0.133
650 25.1 9.9 11.6 0.134
700 24.8 10 11.8 0.135
70 28.3 8.5 8.2 0.121
100 28.1 8.6 3.3 0.121
150 27.9 8.8 8.6 0.124
( 200 27.6 8.9 8.8 0.124
- 250 27.3 9.1 9.1 - 0.127
Afj;g?gfg 300 27.0 92 9.3 0.127
2 | (6cr-12Ni2Mo) i; g ;2? ;g z; gzg 489.024 -
RCS Cold Leg : - : :
Thermal Sleeve 450 26.2 9.6 10 0.130
500 25.8 9.7 10.2 0.130
550 25.6 9.8 10.5 0.133
600 25.3 9.3 .10.7 0.133
650 25.1 9.9 10.9 0.133
700 24.8 10 11.2 0.135 .
70 0.999 62.25
100 0.999 62.1
150 1.0045 61.1
200 1.01 60.1
250 1.02 58.7
300 1.03 57.3
3 Water Gap zgg N/A 5 N/A 4.1 11(1)585 5553.465
450 1.135 513
500 1.19 49.0
550 1.35 45,7
. 600 1.51 424
650 1.51 024
700 1.51 424
Notes 1. Convert to BTU/sec-in-°F for input to ANSYS
2. Convert Ib/ft’ to Ib/in® for input to ANSYS
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SR / )
4.2 Loading Definitions and Loading Combinations

4.2.1 ( Sources of Information for Design Transients
4.2.1.1 Transient Definitions

The charging nozzle was designed to USAS B31.1 requirements, which require no explicit
fatigue analysis for the RCS and attached piping.- Guidance in developing conservative,
bounding transients was therefore taken from:tlie Westinghouse Systems Standard_(WS S). WSS
1.3.F [27] defines transients for the NSSS RCS and WSS 1.3.X [28] defines transients for the
NSSS auxiliary equipment. Transients specific to two-loop Westinghouse PWR’s, applicable to
KPS, are provided in vthe WSS.~. The WSS transients include‘temperature, pressure and ﬂoW rate

i

~ histories.

The approach taken here in selecting transients for the KPS eharging nozzle is reasonable and

; consrstent with that taken in NUREG/CR- 6260 for the “Older Vintage Westinghouse Plant”

charging nozzle. For example Section 5.5.4 is quoted in part, below:

“Since the piping was a’e;vigned to the rules of B31.1 piping code, no fazigue analyses had béen
conducted. Consequently, the INEL staff performed a fatigue analysis using representative
transients based on the charging nozzle analyses from the other PWR plants reviewed in this

study...”
4.2.1.2 Effects of Power Uprate

KPS has initiated a 7.4% power uprating program. It was concluded that “the effects on the class

1 Auxiliary Piping Systems that are attached to the RCL are insigniﬁcant due to the RTSR / 7.4%
. \power uprating program” [11, p. 5]. Additionally, the range of design cold leg t‘emperatures for
the power uprate at full- load conditlons is 521 9°F to 539. 2°F [12, p. 3-7], which is con51derably
lower than the 560°F operatmg temperature assumed in WSS 1.3.X. Fatigue usage at the
charging nozzle is driven mainly by the temperature differentlal induced by cold i injection of
flow through an initially hot charging nozzle (and returning to hot conditions). The actual
therrnal transients experienced by the charging nozzle would therefore be considerably less

severe than those assumed by the WSS, since the temperatures differences are less. Therefore,

{
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for the reasons stated above, the WSS transients were détermined to be sufficiently conservative

to account for both pre and post power uprate conditions.

4.2.2 Operating Parameters and System Transients Considered

[y

Kewaunee is a two loop plant. The following parameteis are specified in the WSS:

Normal charging flow (Qcng = 100%) = 55 gpm
Normal cold leg temperature Tqq = S60°F

., Normal charging temperature = 500°F
Normal RCS flow per loop = 94,500 gpm

Table 4-3 lists the transients evaluated for 60 years of opera;tion. Design Cycles were taken from
the WSS 1.3.F and WSS 1.3.X. The numbers of design cycles for the traﬁsients from the WSS
’are either bounding or equal to the numbers of cycles in the KPS USAR. The KPS Metal
Fatigue of the Reactor Coolant Pressure Boundary Aging Management Program [29] will ensure
that actual cycle c;)hnts remain within the assumed number of Design Cycles, or appropriate -

actions will be taken.
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Table 4-3. Charging Nozzle Transients

Design
Transient Cycles
Auxiliary Transients '
Charging and letdown flow shutoff and return to service : 60
Letdown flow shutoff with prompt return to service ‘ 200
Letdown flow shutoff with delayed return to service 20
Charging flow shutoff with prompt return to service 20
Charging flow shutoff with delayed return to service 20
Charging flow step decrease and return to normal 24,000
Charging flow step increase and return to normal 24,000
Letdown flow step decrease and return to normal - 2,000
Letdown flow step increase and return to normal ' 24,000
Normal Condition RCS Transients
RCP startup and shutdown ’ : *
Plant heatup and cooldown . 200
Unit loading and unloading between 0 and 15 percent of full power *
Unit loading and unloading at 5 percent of full power/minute
Reduced temperature return to power '
Step load increase and decrease of 10 percent of full power
Large step load decrease with steam dump ' 200
Steady state fluctuations . ’ _— * ¢
Boron concentration equalization : B
Feedwater cycling ' *
Refueling - 80
Turbine roll test ' . 20
Primary side leakage test 200
Secondary side leakage test . C*
Upset Condition RCS Transients
Loss of load ' - 80
Loss of power 40
Partial loss of flow 80
Reactor trip A - with no inadvertent cooldown - 230
Reactor trip B - with cooldown and no S.I. h 160
‘ Reactor trip C - with cooldown and S.I. - ' 10
Inadvertent RCS depressurization - Umbrella Case : 20
Inadvertent RCS depressurization - Inadvertent auxiliary spray 10
Control rod drop - ' *
Excessive feedwater flow , 30
OBE 1,000
Test Condition RCS Transients
Primary side hydrostatic test 10
Secondary side hydrostatic test B *
*

Tube leakage test L
Note: * This transient is judged to produce negligible fatigue usage at the
charging nozzle, based on small/slow changes in cold leg temperature.

)
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4.2.3 Transient Lumping

To simplify thermal analysis, bounding RCS.transients were chosen based on méximumvcold leg
temperature changes and ramp rates to “lump” transients fogethef into a single, conservative set.

The following transients were chosen.

¢ Plant heatup, plant cooldown, and inadvertent RCS depressurization were analyzed

separately due to their large temperature or pressure changes.

e Excessive feedwater flow was chosen as the bounding RCS downward transient. This

v was shown to bound the following transients:
o Large step load decréase with steam dump
o Turbiné roll test |
o Reactor trip A - with no inadvertent cooldown
o Reactor trip B - with cooldown and no .S.I.
o Reactor:trip C - with cooldown and S.I.
_® Loss of load was chosen as the bounding upward RCS transient. This bounds tl;e
following transients:
o Loss of power
¢ 'Partial loss of flow

o Reactor trip A - with no inadvertent cooldown (also a downward transient)

4.2.4 Heat Transfer Coefficients

)

Heat transfer coefficients were not provided in the WSS. Conservative values were calculated
by SI based on the temperatures and flow rate histories. For the cold leg and charging piping and -

nozzle, the following equation was used for turbulent flow in tubes.

Nu = 0.023 Re%® Pr0'4, where

Report No. 0900090.401.R0 | 4-8 g Structural Integrity Associates, Inc, Inc.



Nu = Nusselt number = hD/k

Re = Reynolds number = VD/v

Pr = Prandtl number, non-dimensional
h = heat transfer coefficient

D =inside diameter, feet

k = thermal conductivity

V = velocity, ft/sec = Q/(nD%/4)

Q = volumetric flow rate

v = kinematic viscosity

For conditions where there is no charging flow, there is swirl penetration from the RCS cold leg
such that forced convection equations are appropriate. Guidance was taken from the EPRI MRP

document MRP-132 [13] and MRP-146S [14]. The Reynolds number is calculated based on

swirl velocity, (x), which is given by:
Q(x) = QU/D)[QD/(2U)J/[1 + (x/D)/(Le/D)]?, where

Q.D/(2U) = 0.63(D/Dg)

Lo/D=32 '

B=14

U =RCS flow velocity

D = branch inside diameter

Dgr = RCS diameter

x = axial distance from the RCS inside surface

The equation simplifies to:
Q(x) = Qy/[1 + (x/D)/(3.2)]"*, where
Q, =1.26U/Dg

The formulae for Reynolds number based on the swirl flow and heat transfer coefficient are as

follows:

_10D?

Re =
2 v

h=0.023Re® Pr3 (kD)  (for Re > 10,000)
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Table 4-4 summarizes all heat transfer coefficients that will be applied for the thermal transient

analysis of the nozzle.
Table 4-4. Sumtﬁary of Charging Nozzle Heat Transfer Coefficients, Btu/hr-ft2-°F

Qchrg, % Pipé/nozzle Thermal sleeve  Cold leg

0% 359 517 7,054
50% 1,590 1,590 7,054
100% 2,769 2,769 7,054
150% 3,830 3,830 7,054

180% 4,432 4,432 7,054

4.2.5 Piping Interface ioads
4.2.5.1 Branch Piping -

Bounding charging nozzle / branch piping interface loads due to thermal expansion and
operating basis earthquake are shown in Table 4-5. The piping loads were transformed into
the ANSYS coordinate system by the analysts. OBE loads in two different orientations are
shown (X and Z). The OBE orientation that maximized the fatigue usage was determined by

! the fatigue analyst.

OBE was specified to have 20 occurrences with 50 cycles each, for a total of 1,000 cycles.
OBE was conservatively assumed to occur simultaneously with any transient, up to the total

number of OBE events.

Table 4-5. Charging Nozzle Branch Piping Interface Loads

- Forces (Ibf) Moments (ft-1bf)
Load Type Fx Fy Fz Mx My Mz
THERMAL EXPANSION 18 29 0 ' -5 28 176
OBE X QUAKE 10 24 8 36 18 58
OBE Z QUAKE - . 7 22 13 64 23 38

Piping interface loads from thermal expansion were scaled based on the following factor,

TracTOR-
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TFACTOR = (Tchrg — 70) / (500 - 70), where
Tenrg = charging nozzle local temperature during transient, °F
4.2.5.2 Run Piping

Conservative run piping interface loads for thermal expansion and OBE loading conditions were
developed [26]. These loads at the branch nozzle location were not specifically tabulated in the
available design input. However, interface loads were available at other sections of the same
runs of piping. Standard structural analysis methodologies were utilized to calcu]ate bounding
interface load values at the location of interest. SRSS values were computed and assumed to be
applied in the worst case orientation, as shown on Figure 4-3, to maximize the fatigue usage for

conservatism.

- The KPS .replacerpe"nt steam-generator project contained the latest piping analysis of record for
the Reactor Coolant Loop (RCL). Piping interface loads for thermial expansion and seismic
loading conditions were contained in this report and were calculated based on a piping model of

the RCL. Seismic OBE values are one half the seismic SSE values. -

The thermal expansion values fof the cold leg were assumed to représent con(iitions going from a
stress-free temperature of 70°F to a design basis temperature of 543.6°F. The SRSS thermal

moment for the charging nozzle was calculated to be 2662.363 in-kip. Based on the temperature
of the cold leg, TCOLD, the thermal run piping moment at the charging nozzle Mchg thm may

be calculated as:
Mchg_thm = (TCOLD-70)/(543.6-70)-2662.363 in-kip

The OBE run pipihg moment at the charging nozzle was calculated to be 909.499 .in-kip'-, and can

. - . - /
reverse direction in equal magnitude.
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Nozzle

MSRSS ) MSRSS

- Figure.4-3. Assumed Worst Case Orientation for Bounding Run Piping Moments
4.3 Thermal and Mechanical Analyses

4.3.1 Methodology Overview

ANSYS [8] FEA was used to compute transient and static stresses [15] for input to the fatigue
calculations. In computing transient (time-dependent) stresses a thermal analysis was first
performed to compute temperature dis'tributioqs throughout the model over time. The
temperatures were then used to compute thermal stresses using standard, linear elastic FEA
methodology. The following is a summary of the overail process used to perform the thermal

and mechanical analyses.

o Apply bulk temperatures and heat transfer coefficients on defined convection surfaces to

compute temperature distributions over time for all thermal transients.

e Perform stress analyses using temperature distribution results with the thermal sleeve

(non-structural attachment) and water annulus (non-structural) removed.
i

e Perform stress analysis of unit internal pressure load case with thermal sleeve attachment

and water annulus removed.

e Perform stress analyses of piping interface loads with thermal sleeve attachment and

water annulus removed.
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e Review stress results and select analysis sections (“paths”) along discontinuities and with

high stress intensities.
e Extract linearized through-wall stresses at selected paths.
4.3.2 Boundary Conditions

4.3.2.1 Thermal Boundary Conditions

Due to symmetry, thermal transients were analyzéd using a quarter model, as shown on Figure
4-1. Convection surfaces were defined in the loads calculation package [10] for tl}e piping,
thermal sleeve and RCS header regions. 'ANSY'S macro files were created to apply temperature

and film coefficients to the various convections surfaces, which are shown on Figure 4-4.
4.3.2.2 Mechanical Boundary Conditions

Symmetry and displacement boundary conditions were applied to the cut surfaces of the quarter
model, as shown on Figure 4-5. | .
3 - '

The edges of the charging piping and the cold leg piping were coupled in the axial (longitudinal)
direction to prevent gross distortion of the cross sections and simulate the connected piping. The

coupled conditions are shown on Figure 4-6.
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ELFMFNTS ANSYS 8.1A1
MAT NUM PLOT NO. 1
CCNV-HCOE

.003285 .005
.004431
CHARGING NOZZLE FOR KEWAINEE

8 .01015 .01245
.009013 1304 .013596

Figure 4-4. Charging Nozzle Convection Surfaces
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ELFMENTS ANSYS 8.1A1 ANSYS 8.1A1
U PLOT NO. 1 1
ANSYS 8.1Al1 ANSYS 8.1Al
PLOT NO. 1 PLOT NO. 1

Figure 4-5. Charging Nozzle Mechanical Boundary Conditions
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ANSYS 8.1Al
PLOT NO. 1

ANSYS 8.1Al
1

ELEMENTS ANSYS 8.1Al

Figure 4-6. Charging Nozzle Coupled Boundary Conditions
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4.3.3 Internal Pressure Analysis

A unit (1 psig) internal pressure analysis was performed so that results could be scaled to any
internal pressure condition, based on linear elastic analysis. The pressure surfaces are shown in
Figure 4-7. Cap loads were applied on the charging piping and the cold leg piping, based on
multiplying the unit pressure by the ratio of the fluid cross sectional area to the metal cross

sectional area. Values are negative to simulate tensile stress.

PRES-NORM FLOT NO.

-2.273 -1.545 —-.818183

—-.09091 636363
-1.909 -1.182 —.454547 2727127 1
CHARGING NOZZLE: FCR KEWAUNEE

ELEMENTS ANSYS 8.1Al

1

Figure 4-7. Charging Nozzle Unit Internal Pressure Application
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4.3.4 Piping Interface Loading Analysis
4.3.4.1 Branch Piping

Table 4-5 lists branch piping interface loads for thermal and OBE conditions. For the stress

analysis the loads were transformed into a coordinate system consistent with that of the FEA.

In order to apply these asymmetric loads, a full model was created from the quarter model using
symmetry commands in ANSYS. The model is shown on Figure 4-8. A pilot node was created
at the neutral axis of the charging piping along with a defined contact surface to apply the loads

on the model.

ANSYS 8.1A1

MAT NUM PLOT NO. 1

CHARGING NOZZLE FOR KEWAUNEE

Figure 4-8. Charging Nozzle Full Finite Element Model
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The boundary conditions were similar to the quarter model, except that the edge of the charging
piping was not coupled in the circumferential direction in order to allow rotation of the pipe due
to bending. The cut surfaces of cold leg piping had symmetry boundary conditions applied, the
longitudinal direction of one edge of the cold leg piping had rollers applied, and the other side of
the cold leg piping was coupled in the llon’gitudinal direction to allow expansion but prevent

gross distortion of the cross section to simulate the connected piping.

A benchmark analysis to verify proper application of the pilot node methodology was also
conducted in [15] using a unit moment. The FEA computed axial stress was compared to that
computed usingl a standard structural mechanics equation. The ANSYS results matched the hand
calculation to within 3% and was considéred to be morﬁe_,accﬁrate, as it reﬂeéted the effects of

- gross structural discontinuities in the overall structure. Therefore the FEA methodology was

confirmed to be appropriately executed.
" 4.3.4.2 Run Piping

A full model to analyze the cold leg run piping loads was created from the quarter model using
symmetry commands in ANSYS. In addition, the cold leg piping portion of the model was
extended 360° to allow an asymmetric load about the run pipe. A pilot node was then created on
the neutral axis of the nozzle at the end of the cold leg piping along with a contact surface to
apply moments on the model in the orientation specified on Figure 4-3. For mechanical

boundary conditions, rollers were applied on one edge of the cold leg piping.

A unit moment was applied to the model. The unit moment may be scaled to any actual resultant

moment based on cold leg temperature.

A two-part benchmark analysis to verify proper application of the pilot node methodology was
also conducted in [15] using a unit moment. First, the FEA-computed axial stress was compared
to that computed using a standard structural mechanics equation. The ANSY'S result matched
the hand palculaﬁon to within 0.6% and was considered to be more accurate, as it reflected the
effects of gross structural discontinuities in the overall structure. Second, for the stress riser on
the nozzle corner, guidance was taken from an NB-3600 equation (NB-3683.1(d)) to perform a

benchmark of the computed stress. The maximum stress intensity computed by ANSYS was
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approximately 8% higher than that calculated using the NB-3600 formula. The FEA calculations
of the run pipe moment stresses therefore reasonably match the alternate benchmark calculations

’

and are considered to be applied correctly.
: )
4.3.5 Thermal Transients '

The thermal stress analyseé were performied by ANSYS using the temperature distributions

computed in the thermal analyses for various time steps of each defined transient.

4.3.6 Selection of Anab:sis Sections (Paths)

Four stress linearization paths were chosen for fafigue analysis. PATH]1 captures a high thermél “

stress intensity in the bore of the cold leg during Loss of Letdown transients. PATH2, PATH3,
and PATH4 capture high stresses around the nozzle-to-charging piping weld and where FSRFs

are required for the fatigue analysis due to the presenée of the socket weld.

The paths for stress extraction are shown on Figure 4-9 and Figure 4-10. Because a full model
was'used for the analysis due to piping interface loads, the quarter model used for transient and
Jpressure analysis will have different nodes. However, these represent the same physical location
due to symmetry of the quarter model and because the stress reéults were extracted in a
cylindrical coordinate system,; that is, in this coordinate system radial, hoop and axial have
consistent meanings around the cylinder circumference. The nodes for both the full an(i quarter

models are shown on the figures.
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ANSYS 8.1A1
PLOT NO. 1

ECHARGING NOZZLE FOR KEWAUNEE

Figure 4-9. Charging Nozzle Stress Linearization PATH1
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ELFMENTS ANSYS 8.1Al

PLOT NO.

Node 16105

77018, full model)
Node 16050

CHARGING NOZZLE FOR KEWAUNEE

1

Figure 4-10. Charging Nozzle Stress Linearization PATH2 through PATH4

Note: Actual nodes are rotated into the model to capture peak stresses.

4.3.7 Summary of FEA Analyses

Table 4-6 summarizes the various ANSYS thermal and mechanical analyses and post-processing

operations performed to support the fatigue evaluation of the KPS charging nozzle.

Report No. 0900090.401.R0 4-22 ﬁ Structural Integrity Associates, Inc, Inc.




'

0" T0¥" 0600060 "ON Hoday

ey

Uy *au| ‘Sajeia0ssy Ayibajuy jeanjanas @

Charging Nozzle Transients - Symmetric Loadirmon Quarter Model -

ANSYS -
Input Files Output
# Label Description Thermal Stress Post i Notes
A Charging/Letdown Shutoff Transients, As Analyzed . -

1 TRAN1 Charging and letdown shutoff 1 TRAN1-T.INP  TRAN1-S.INP  LIN-STR-paths.INP TRAN1-S#.LIN"

2 TRAN2 Charging and letdown shutoff 2 TRANZ-T.INP  TRAN2-S.INP  LIN-STR-paths.INP TRAN2-S#.LIN -

3 TRAN3 Letdown shutoff, prompt retum TRANS-T.INP  TRAN3-S.INP  LIN-STR-paths.INP TRAN3-S#.LIN

4 TRAN4 Letdown shutoff, delayed return 1 TRAN4-T.INP  TRAN4-S.INP  LIN-STR-paths.INP TRAN4-S#.LIN

5 Letdown shutoff, delayed retum 2 - - - - TRANS is the same as TRAN2.

6 Ci off prompt retum TRANG-T.INP  TRANG-S.INP__ LIN-STR-paths.INP TRANG-S#.LIN
o E { = ChargmgILetdown Flow Change Transients, As Analyzed

7 TRAN7 Charging decrease and retum TRAN7-T.INP  TRAN7-S.INP  LIN-STR-paths.INP TRAN7-S#.LIN

8 TRANS Charging increase and retum TRANS-T.INP  TRAN8-S.INP  LIN-STR-paths.INP TRANS-S#.LIN B
9 TRANS9 Letdown decrease and retum 1 TRANG-T.INP  TRANG-S.INP  LIN-STR-paths.INP TRAN9-S#.LIN

10  TRAN10  Letdown decrease and return 2 TRAN10-T.INP TRAN10-S.INP  LIN-STR-paths.INP  TRAN10-S#.LIN

11 TRAN11 ~  Letdown increase and return 1 TRAN11-T.INP  TRAN11-S.INP  LIN-STR-paths.INP  TRAN11-S#.LIN

12 TRAN12 Letdown increase and retum 2- TRAN12 T.INP TRAN12-S.INP  LIN-STR-paths.INP  TRAN12-S#.LIN

L : i A ] 'RCS Transients, As Analyzed .

13 TRAN13 Plant heatup TRAN13-T.INP TRAN13-S.INP  LIN-STR-paths.INP  TRAN13-S#.LIN

14 TRAN14 Plant cooldown TRAN14-T.INP TRAN14-S.INP  LIN-STR-paths.INP  TRAN14-S#.LIN

16 . TRAN15 Refueling / zeroload - - - - - Zero stress state.

16~ TRAN16 . Primary leak test @ 2500 psia - - - . ) - Scale results based on unit pressure case.
17 _ TRAN17 Loss ofload . ~ TRAN17-T.INP  TRAN17-S.INP " LIN-STR-paths.INP  TRAN17-S#.LIN " Bounding transient for upward RCS transients
18 TRAN18 . Inadwertent RCS depress. / Inadvertent aux spray TRAN18-T.INP TRAN18-S.INP  LIN-STR-paths.INP TRAN18-S# LIN . .

19 TRAN19  Excessive feedwater flow (modified) TRANTO-TINP  TRAN1G-S.INP  LIN-STR-paths.INP  TRAN19-S#.LIN - f;::f;:tgs”ans'e’“ for downward RCS

20 TRAN20  Primary hydro test @ 3122 psia - — - — - Scale results based on unit pressure case:

P
Charging Nozzle Static Load Cases '

# - Label Description Stress ' Post Qutput Notes

1 Thermal Exp. Thermal Expansion Interface Loads - MOMENT.INP  LIN-STR-paths2.INP  MOMENT#.LIN

2 OBE X OBE X Interface Loads - MOMENT.INP  LIN-STR-paths2.INP ~ MOMENT#.LIN ‘

3 OBE Z OBE Z Interface Loads - MOMENT.INP  LIN-STR-paths2.INP  MOMENT#.LIN  Analyzed at stress free, uniform temperature of
4 BENCHMARK 10,000 in-Ibf X moment (benchmark)* - MOMENT.INP  LIN-STR-paths2.INP  MOMENT#.LIN

‘5 RCS-MOM “RCS Unit Moment for scaling

6 UNITPRESS 1 psig interal pressure

- RCS-MOM.INP.

LIN-STR-RCS.INP  RCS-MOM-P1.LIN
- UNITPRESS.INP__LIN-STR-paths.INP_ UNITPRESS#LIN

70°F on full FE model for all 4 load cases.

= Used only to benchmark model to hand calculation
# = PATH number from 1 through 4
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44 ASME Code Fatigue Calculations
4.4.1 Fatigue Calculations 3
4.4.1.1 Stress Calculations

Fatigue calculations were performed in the Reference [16] calculation package using the

methodology summarized in Section 3.1 of this report.

For PATH4, FSRFs were applied to the membrane plus bendi\ng (M+B) stress components.
These FSRFs were conservatively applied to all six components (three normal, three shear) of

the stress tensor. The following factors were chosen by taking guidance from the local stress .

indices (K indices) from NB-3600, as follows [1, Table NB-3681(a)-1]:

Pressure: 3.0
Moment: 2.0
- Thermal: 3.0

In addition, for PATH4, the peak thermal stress components (PEAK) were added back into the
total stress to capture the peak stress due to nonlinear radial temperature gradient, as required by
Table NB-3217-2 of the ASME Code [1], as follows: \

P+Q+F = (ANSYS M+B)FSRF + (ANSYS PEAK)

For the branch piping moments, the results were scaled based on temperature and applied in both
the positive and negative direction to determine which direction maximizes the stresses at the

location of interest.
4.4.1.2 Load Sets

- Transients that consist of both stress peaks and valleys are split so that each successive peak or
valley is treated as a separate load set. Table 4-7 shows the transients as input to VESLFAT.
Since the Transient 5 (Letdown Shutoff, Delayed Return 2) temperature and pressure profile is
identical to Transient 2 (Charging and Letdown Shutoff Return to Service 2), the 20 cycles from

Transient 5 were added to the 80 cycles of Transient 2.
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Table 4-7. Charging Nozzle Load Sets as Input to VESLFAT (PATH?2)

Load Set Transient Start Time (sec.)”  Cycles

1 1. Charging and Letdown Shutoff 1 0 80
2 2. Charging and Letdown Shutoff 2 0 100"
. 3 2. Charging and Letdown Shutoff 2 30 100™
4 3. Letdown Shutoff, Prompt Return 0 200
5 3. Letdown Shutoff, Prompt Return 600 200
6 4. Letdown Shutoff, Delayed Return 1 0 20
7 4. Letdown Shutoff, Delayed Return 1~ 600 20
8 6. Charging Shutoff, Prompt Return 0o 20
9 6. Charging Shutoff, Prompt Return 600 20
10 7. Charging Decrease and Return 0 24000
11 7. Charging Decrease and Return 1021 24000
12 8. Charging Increase and Return 0 24000
13 8. Charging Increase and Return 1022 24000
14 9. Letdown Decrease and Return 1 * 0 2000
15 9. Letdown Decrease and Return 1 600 2000
16 10. Letdown Decrease and Return 2 0 2000
17 . 11. Letdown Increase and Return 1 0 24000
18 11. Letdown Increase and Return 1 600 24000
19 12. Letdown Increase and Return 2 0 24000
20 12. Letdown Increase and Return2 600 : 24000
21 13. Plant Heatup ' 0 200
22 14. Plant Cooldown 0 200
23 15. Refueling/Zero Load 0 290
24 16. Primary Leak Test @ 2500 psia 0 200
25 17. Loss of Load 0 430
26 17. Loss of Load 55 430
27 18. Inadvertent RCS Depressurization 0 30
28 18. Inadvertent RCS Depressurization 100 30
29 19. Excessive Feedwater Flow 0 -~ 650
30 19. Excessive Feedwater Flow ‘ 96 650
31 19. Excessive Feedwater Flow 491 650
32 20. Primary Hydro Test @ 3122 psia 0 10
33 Self-Cycling OBE 0 950
34 Tran+ OBE™" ' 0 .50

*  Note that stress peaks may occur after the start of the subsequent ramp.

**  Note that 20 cycles of Letdown Shutoff, Delayed Return 2 are included.

*** Note that the numbers of cycles of the limiting transient are reduced by 50 cycles when OBE
is applied. If the limiting transient has less than 50 cycles, 50 cycles is conservatively used and
load set 34 is not necessary. '
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4.4.1.3 Material Properties

?

Table 4-8 lists the temperature-dependent material properties used in the analeis, and Table 4-9
lists the fatigue curve for stainless sfeei materials [1, Appendix I, Tables I-9.1 (Figure 1-9.2.1)
and I-9.2.2 (Curve C)]. At welds, the material that has lower S, values is used. VESLFAT
automatically scales the stresses by the ratio of E on the fatigue curve to E in the analysis, for

purposes of determining allowable numbers of cycles, as required by the ASME Code.

,Table 4-8. Charging Nozzle Material Properties for Fatigue Analysis

Material T, °F E,ksi - S, ksi
. 70 28300 20.0
200 27600 20.0
300 27000 20.0
' - A351 Gr. CF8M 400 26500 19.2.
' (PATHI) 500 - 25800 . 17.9
600 25300 17.0
650 25050- 16.6
700 24800 16.3
70 28300 20.0
200 27600 20.0
300 27000 20.0
Al82 F%(}),‘; g;‘d A376 400 26500 18.6
500 25800 17.5
(PATH2, 3, & 4) 600 25300 16.6
' 650 25050 16.2
700 24800 15.8
Y
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Table 4-9. Charging Nozzle Stainless Steel Fatigue Curve for Fatigue Analysis

Number of Cycles S, ksi

10 708
‘ 20 512
50 345
100 261
200 201
500 148
1,000 119
2,000 97
5,000 76 ’

10,000 64
20,000 55.5
50,000 46.3
100,000 40.8
200,000 35.9
500,000 31
1,000,000 28.2
2,000,000 22.8

5,000,000 18.4 ‘
10,000,000 16.4
20,000,000 15.2
50,000,000 143
100,000,000 14.1

1,000,000,000 13.9 N
10,000,000,000 13.7.
100,000,000,000 13.6

4.4.1.4 Results

> N
~

Initial fatigue calculations were made for all four selected pathé, to determine the one with the
highest CUF. Table 4-10 summarizes the initial fatigue usage results at the inside surface for
PATHs 1 through 4.

Table 4-10. Charging Nozzle Fatigue Usage Results (no OBE)

Bounding Load Set Pair

Path Load A Load B Sy, psi K. Saes psi E::Z:
1 Inside 4. Trand 15. Tranl3 44,921 1.000 26,625 0.0002
2 Inside 2. Tran2 4. Trand 63,380 1.500 101,720 0.0300
3 Inside 2. Tran2 4. Tran4 26,017 1.000 77,914 0.0184
4 Inside 2. Tran2 4. Trand 63,900 1.652 89,080 0.0190 -
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PATH2 had the highest fatigue usage and was run with additional branch piping OBE loads. For
these runs, moment stresses due to OBE were added to one of the thermal load sets in the pair

with the highest alternating stress from the initial run. Table 4-11 shows the results.

Table 4-11. Charging Nozzle Detailed CUF Results for Bounding PATH2 (+OBE)

Load A Load B S, K. Salt N Naitow U
7. Trand 34. LS2+OBE 63447 1.504 101971 20 1688.25 0.0118
. Tran3 34. LS2+OBE. 58821 1.202 75812 30 5050.17 0.0059
. Tran2 5. Tran3 58752 1.198 75573 50 5115.06 0.0098
. Tran3 6. Tran4 43218 -1 39434 20 120259 0.0002
. Tran3 5. Tran3 43218 1 39434 100 120259 0.0008
. Tran3 20. Tranl2 29078 1 28808 100 855507 0.0001
. Tran6 20. Trani2 21677 1 17686 20 6345700 0.0000

1

1

. Tranl1 20. Tranl2 20522 15586 23880  1.59E+07 0.0015
15. Tran9 18. Tranil =~ 17942 13652 120 3.03E+10 0.0000
' Total Usage= 0.0302

O 0 AN [
_
RV N TR

4.4.2 EAF Calculations

The CUF for the KPS charging noézle, without environmental effects, as calculated in the fatigue
analysis is 0.0302. When multiplied by the maximum F., of 15.35, the resulting EAF is 0.4636,
which is below the allowable limit of 1.0. The KPS charging nozzle EAF is therefore acceptable
for the period of extended operation if plant cycle counts remain within the limits presented in

Table 4-3. -
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5.0 RCS HOT LEG SURGE NOZZLE
5.1 Component Description and Finite Element Model

The austenitic stainless steel RCS hot leg surge nozzle is a forging welded to the Loop B RCS
hot leg. A non-structural thermal sleeve is attached to the nozzle, which is connected to the 10”
schedule 140 surge line by a field b"utt‘weld. A 3-D finite element model was developed in the
Reference [17] calculation package using the ANSYS software and is shown on Figure 5-1. As-

modeled dimensions are shown on Figure 5-2.

.

Material designations for the various components used in the model are shown on Table 5-1.

The water gap between the thermal sleeve and the nozzle and hot leg piping was modeled using
an effective conductivity that accounts for free convection in an enclosed annulus. This effective
coriductivity was used to compute accurate temperature distributions throughout the component

in the transient thermal analyses and was removed from the model during stress analyses.

Material properties are shown on Table 5-2, taken from the ASME Code, Section II Part D [1],
with the exception of the water gap thermal properties, which were specified or calculated, as

documented in [17], and the density of the steel components, which was assumed to be 0.283

Ib/in®.
Table 5-1. RCS Hot Leg Surge Nozzle Material Designations

Component Material
Hot Leg A-351 CF8M
Surge Nozzle A-182 F316
Surge Piping A376 TP316
Thermal Sleeve  A240 TP304
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Surge Piping

Water Elements  Thermal Sleeve

Hot Leg Piping

HOT LEG SURGE NOZZLE FOR KEWAUNEE

HOT LEG SURGE NOZZLE FOR KEWAUNEE

Figure 5-1. RCS Hot Leg Surge Nozzle Finite Element Model
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10.75" OD

1.0" “:" 1/8" D 1/8"

HOT LEG SURGE NOZZLE FOR KEWAUNEE

Figure 5-2. RCS Hot Leg Surge Nozzle Dimensions (as modeled)
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Table 5-2. RCS Hot Leg Surge Nozzle Material Properties

/s

[

\

. Young's Coexe?n t of Conductivity, ‘ S : ific Heat 'Density
Serial Description Temperature | dul;usg,Ex Th:-ﬁ:lo k Diffusivity, ?ecl Clcp ea,{ b/t
No. g C°F) 10° (psi) Expansion, a . (BTU/hr-ft-°F) | d (ft*/hr) (BTU/bm*F) (See Note
x 10° (1/°F) (See Note 1) 2)
70 283 8.5 8.2 0139 | 0121
100 28.1 86 83 0.140 0.121
150 279 8.8 8.6 0.142 0.124
200 276 8.9 8.8 0.145 0.124
. 250 273 91 9.1 0.147 0.127
SA376 300 270 92 93 0.150 0.127
TP316
1 (16Cr- 350 . 268 9.3 9.5 0.152: 0.128 489.024
12Ni-2Mo) 400 265 9.5 98 0.155 - 0.129
(see note 3) 450 262 96 10 0.157 0.130
. 500 258 9.7 102 0.160 0.130
550 256 9.8 105 0.162 0.133
600 253 9.8 10.7 0.165 0.133 ©
650 25.1 9.9 10.9 0.167 0.133
700 248 10 112 0.170 0.135 .
70 0.999 62.25
100 0.999 62.1
150 1.0045 . 611
200 1.01 60.1
250 f 102 58.7
300 1.03 573
2 Water Gap 350 . - - 3.713 - 11.055 55.45
’ 3 400 : 1.08 536
450 1.135 513
500 1.9 49.0
550 135 457
600 1.51 424
650 151 424
700 151 424
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Table 5-2. RCS Hot Leg Surge Nozzle ‘Material Properties (continued)

Mean Conductivi
. " Young's | Coefficient of onductivity, oo ik Specific Heat, Density
Serial .y Temperature k Diffusivity,
No Description ©F) Modulus, E x Thermal (BTUMLr-ft<F) | d (fhr) Cp (Ib/ft) (See
: 10° (psi) Expansion, a x (See Note 1) (BTU/Nbm°F) Note 2)
108 (1/°F)

70 283 8.5 8.6 0.151 0.116

100 28.1 8.6 8.7 0.152 0.117

150 279 8.8 9 0.154 0.120

200 276 89 9.3 0.156 0.122

250 273 9.1 9.6 0.158 0.124

300 27.0 " 92 9.8 0.160 0.125

SA240

3 TP304 350 26.8 9.3 10.1 0.162 0.127 489.024

(18Cr-8Ni) 400 26.5 9.5 10.4 0.165 0.129

450 26.2 9.6 10.6 0.167 0.130

500 258 9.7 10.9 0.170 0.131

550 25.6 9.8 11.1 0.172 0.132

600 25.3 9.8 11.3 0.174 0.133

650 25.1 9.9 11.6 0.177 0.134

700 24.8 10 11.8 0.179 0.135

Notes 1. Convert to BTU/sec'in°F for input to ANSYS
2. Convert Ib/ft® to Ib/in® for input to ANSYS

3, Also includes the material properties of A-351 CF8M and A-182 F316
due to similar composition.

5.2 Loading Definitions and Loading Combinations

5.2.1 Sources of Information for Design Transients

5.2.1.1 Transient Definitions

The RCS hot leg surge nozzle was designed to USAS B31.1 requirements, which require no

explicit fatigue analysis for the RCS and attached piping. Later, in response to NRC Bulletin 88-

11, the pressurizer surge line (including the hot leg surge nozzle) was analyzed to ASME Section

I11, Subarticle NB-3600 to address the effects of thermal stratification. Guidance in developing |

conservative, bounding transients was taken from a combination of the following sources.

/

Report No. 0900090.401.R0O

5-5

g Structural Integrity Associates, Inc, Inc.




e RCS design transients were taken from the WSS 1.3.F. Transients specific to twb-loop
Westinghouse PWR’s, applicable to KPS, are provided in the WSS. The WSS transients

include temperature, pressure and flow rate histories.

»

o Insurge/outsurge (I/O) and stratification transients were developed based on the
evaluation performed by Westinghouse [18] in response to NRC Bulletin 88-11 and an
evaluation performed by the WOG i in response to PZR 1nsurge/outsurge [19]. The former
‘evaluation collected thermocouple data specific to:KPS operation at the time and a
spectrum of I/O and stratification transients to bound plant operation, consisting of
transients at several AT thresholds. The latter-evaluated irlsurge/outsarge tor several
different modes of operation, including Water'solid, steam bubble, etc.

This analysis was conducted in two prrases. | In the first phase the “modified steam bubble”

rﬁethod of Heatup and Cooldown operation along with design numbers of cycles was 3

conservatively assumed for the life of the plant. The second phase refined the analysis to credit

the implementatiorl in March 2006 of a Modified Operating Procedure (MOP), .‘Which was the

' water solid” method of Heatup and Cooldown operation, along with cycles projected to 60

years based on rates of accumulatron of past events.

~

5.2.1 .2 Effects of Power Uprate

>

KPS has initiated a 7.4% power uprating program. It was concluded that “the effects on the RCL
Branch Nozzles are insignificant due to the RTSR / 7.4% power uprating program” [11, p. 5].

5.2.2 Operating Parameters and System Transients Considered

Kewaunee is a two-loop plant. The following parameters are specified in the WSS:

/

e Full power HL temperature (Ty) = 616.1°F
Zero load HL temperature (Tar) =557°F

¢ Normal RCS pressure (P) = 2332 psia (bounding value) (This includes the head at
the bottom of the RPV. It is conservative for the rest of the RCS)

Thermal Design Flow (Qrcs) = 94,500 gpm/loop
Pressurizer temperature (Tpzgr) = 653°F
o Pressurizer surge rate (Qsr) = 11,695 gpm
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The Qgrcs and Qg values shown above are nominal values used to scale the Qrcs and Qst

ratios in the transient tables. »
-

Table 5-3 lists the RCS transients evaluated. 60-year projected cycles are based on monitoring

results projected into the future, based on rates of accumulation of the past events. -
I/O/stratification transients were evaluated with a template, simplified as follows.

e Initially there is stratification equal to ATgya. :
e During insurge, the top temperature in the piping ramps down to Trcs, causing
~ stratification to ramp down to zero.

e . Once the insurge stops, stratification slowly reestablishes.

e After an indefinite period of time, outsurge occurs, such that the bottom temperature in
the piping ramps up to Tpzgr, causing stratification to ramp down to zero.

o Once the outsurge stops, stratification slowly reestablishes in the piping.

Figure 5-3 presents a typical PZR I/O transient. To simplify analysis, the above transient

description is split into insurge and outsurge.

Table 5-4 lists the I/O/stratification transients evaluafed for the pre-MOP period. Since the
numbers of pre-MOP /O transients are based on 58 Heatups and 58 Cooldowns, and there are
110 projected Heatups and Cooldowns for 60 years, the estimated number of post;MOP Heatups

and Cooldowns is:
110 — 58 = 52 Heatups and 52 Cooldowns

Using this information and the distribution of cycles for the water solid methods (19, Table 4-
13], the post-MOP PZR T/O transient spectrum is determined as shown in Table 5-5. Pressurizer
temperature (Tpzr) 1s 440°F for Heatup [19, Figure 2-5] and 451°F for Cooldown [19, Figure 2-
6], and RCS temperature Trcs was calculated as Tpzr — AT. To simplify the analysis, the surges

are grouped as shown in Table 5-6.

For transients that have experienced zero events to-date, at least one event is postulated for future
operation for conservatism. The KPS Metal Fatigue of the Reactor Coolant Pressure Boundary
Aging 'Managemenf Program [29] will ensure that actual cycle counts remain within the assumed

number of analyzed, or appropriate actions will be taken.
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Figure 5-3. Typical I/Of/stratification Transient
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Table 5-3. RCS Transients for Hot Leg Surge Nozzle

60-Year
‘ Projected
Condition Plant Event Cycles
Normal RCP startup and shutdown *
RCS Heatup 110
RCS Cooldown _ 108
Unit loading/unloading between 0 and 15% of full power *
Plant Loading at 5% Power/Minute 214
Plant Unloading at 5% Power/Minute . 150
Reduced temperature return to power ) *
Step Load Increase of 10% Power ' *
Step Load Decrease of 10% Power . *
Large Step Load Decrease (with steam dump) _ 14
- Steady state fluctuations *
Boron concent/ration equalization *
Feedwater cycling , *
Refueling ‘ ‘ K Ak
Upset Loss of Load 0
Loss of Power \ 4
Partial Loss of Flow S 0
. Reactor Trip at Power with No Cooldown (A) s 114
' Reactor Trip with Cooldown and No SI (B) Hokok
Reactor Trip with Cooldown and ST (C) rAokx
Inadvertent RCS Depressurization . OF**
Inadvertent Auxiliary Spray Actuation QF**
Control rod drop 80**
Excessive feedwater flow . ) 30**
Operating Basis Earthquake QF**
Test Turbine Roll Test ‘ 2
Primary Side Leak Test 48
Primary Side Hydrostatic Test ’ 2

* This transient is judged to be negligible.

** From the surge line stratification analysis [18].

*** From cycle projections performed by SI [20, Table 9].
**** Included with Reactor Trip A.
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Table:5-4. 1/Ostratification Cycles for Pre-MOP Period

. ' Cycles
~ < Label per 200 HC  per 538§ HC . AT,.., °F Tpzr, °F Tres, °F
Exceedance 2 0.6 : 334 455 140
Exceedance 2 0.6 . 331 455 140
Exceedance 4 1.2 321 455 140
HC1 T 60 . 17.4 304 455 140
HC2 105 30.5 285 455 140
HC3 108 313 275 455 140
HC4 27 7.8 - 250 455 140
HCS 225 . 65.3 200 455 140
HC6. 273 79.2 175 455 140
HC7 2202 638.6 150 455 140

HC9 1200 348.0 150 653 550 .

Table 5-5. /O/stratification Cycles for Post-MOP Period

N

. % of .
: Total Cycles AT, °F Tpzr, °F - Tges, °F
Heatup 21% 21.8 210 440 230
34% 354 197 440 243
36% 374 177 440 263 .
9% 9.4 164 440 276
Cooldown ,  14% 14.6 210 451 T 241
B 33% 343 197 451 254
» o 33% 343 . 177 451 274
‘ O 20% 20.8 164 , 451 287
Grouped 106.1 210 ' 451 241
, 101.9 177 451 274
-
\
{
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Table 5-6. Summary of Ail I/O/stratification Transients

Type Transient Cycles AT a0, °F Tpzr, °F Trcs, °F

Pre-MOP PIO334 | 1 334 455 140
: PIO331 1 331 455 140

P10321 2 321 455 140

PIO304 18 304 455 140

PIO285 31 285 455 140

PIO275 32 275 455 140

PIO250 8 250 455 140

PI0200 66 200 455 140

PIO175 80 175 455 140

PIOI150 639 - 150 455 140

PIO150H 348 150 653 550

Post-MOP PIO210 107 210 451 241
PIO177 102 177 . 451 274

5.2.3 Transient Lmhping

To simplify the fatigue usage analysis, selected RCS transients were grouped based on nozzle
temperature, temperature ramp rate, and pressure. The bounding transient has nozzle
temperature range, ramp rates, and pressure maximum and minimum values that bound all

transients in the group.

The following transients were analyzed separately due to large temperature or pressuré changes,

!

or rapid temperature change:

- Plant Heatup
Plant Cooldown
Inadvertent RCS depressurization/inadvertent auxiliary spray
Primary leak test .
Primary hydro test
Refueling

The following transients, although not severe, are analyzed separately due to the large numbers

of cycles:

e Plant loading 5%/minute
e Plant unloading 5%/minute
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The following transients all begin with-a sharp temperature rise, followed by a moderate to rapid

cooldown, accompanied in most cases by a significant pressure drop.

Large step load decrease
Loss of load
Loss of power
Partial loss of flow
Reactor trip A

- Reactor trip B
Reactor trip C .
Control rod drop
Excessive feedwater flow
Turbine roll test '

A boundihg transient was constructed by combining loss of load, excessive feedwatgr flow, and

turbine roll test.

- A'summary of all transients that were analyzed after lumping and adjusting numbers of cycles

for conservatism is shown on Table 5L7.
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Table 5-7. Summary of All RCS Hot Leg Surge Nozzle Transients to be Analjzed

Event Cycles

RCS Heatup 110**
RCS Cooldown : 110**
Plant Loading at 5% Power/Minute 214
Plant Unloading at 5% Power/Minute 150
RCS Group © 244
Inadvertent RCS Depress./Aux Spray [*Axx
Refueling g7***
Primary Side Leak Test . 48
Primary Side Hydrostatic Test 2
Operating Basis Earthquake [ HrxE
PIO334 1
PIO331 : ' 1
PI0321 2
P10304 18
P10285 31
P10275 32
P10250 8
P10200 : 66
PIO175 80
PIO150 ' 639 .
PIO150H 348
PIO210 - 107 ,
PIO177 102 '

** Bounding value used for heatup and cooldown.

*** This number is increased to include the zero
pressure time points of leak test and hydrotest events.
**** Increased from 0 to 1 cycle to bound possible
future cycles.

' |
5.2.4 Heat Transfer Coefficients

Heat transfer coefficients were not prévided in the sources of information that were used to
derive transient definitions. Conservative values were calculated by SI based on the

- temperatures and flow rate histories. For the hot leg and charging piping and nozzle, the .
following equation was used for turbulent flow in tubes, which is also bounding for stratification

conditions.

~ Nu=0.023 R¢"8 Pr0'4, where
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Nu = Nusselt number = hD/k
Re = Reynolds number = VD/v
Pr = Prandtl number, non-dimensional
h = heat transfer coefficient
D = inside diameter
k = thermal conductivity
V = velocity, ft/sec = Q/(nD%/4)
Q = volumetric flow rate
v = kinematic viscosity

For conditions where there is little to no surge line flow, there is swirl penetration from the RCS
hot leg such that forced convection equations are appropriate. Guidance was taken from the

EPRI MRP document MRP-132 [13] and MRP-146S [14]. The Reynolds number is calculated

Jbased on swirl velocity, Q(x), which is given by:
Q(x) = 2QU/D)[Q,D/U)J/[1 + (X/D)/(LQ/D)]B, where

Q,D/(2U) = 0.63(D/DgR)

Lo/D=32

B=14

U = RCS flow velocity -

D = branch inside diameter

Dr = RCS diameter

x = axial distance from the RCS inside surface

The equation simplifies to:
Q(x) = Qu/[1 + (x/D)/(3.2)]*, where
Q, = 1.26U/Dg

The formulae for Reynolds number based on the swirl flow and heat transfer coefficient are as

follows:

_1qp’

Re
N 2 v

h=0.023Re”* Pr? (kD)  (for Re > 10,000)

~
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Table 5-8 summarizes all heat transfer coefficients that will be applied for the thermal transient

analysis of the nozzle.

Table 5-8. Summary of RCS Hot Leg Surge Nozzle Heat Transfer'Cdefﬁcients, Btu/hr-ft2-°F

. Transients Surge Thermal _ Hot leg
Inadvertent RCS depress./RCS group 15,169 16,864 . 6,411
All others 1,447 1,962 6,411

5.2.5 Piping Iﬁterface Loads
5.2.5.1 Branch Piping .

Stratification and thermal expansion moments were taken from the NSP/WPS surge stratification
fatigue analysis [21, p. 14 of 26]. The moments reflect the surge line bottoming out at whip
restraints, which were subsequently repositioned. Using these past values for the life of the plant

is conservative and bounding.

OBE moments are taken from the same analysis [21, p. 7 of 26]. The values listed for OBE
are conservative for all points in the surge line. Table 5-9 lists the piping interface loads

described above.

Table 5-9. RCS Hot Leg Surge Nozzle Piping Interface Loads, in-kips

Loading _ | Mx My Mz
0°F stratification -78. -389 9
36°F stratification =37 -1447 90
203°F stratification 884 -1033 -186
320°F stratification 1673 . -618 -529
Surge pipe at 653°F -95 -1625 1
OBE 600 200 200

OBE was specified to have 1 occurrence (60 year projected) with 50 cycles each. OBE was
conservatively assumed to occur simultaneously with any transient, up to the total number of

OBE evénts.

L
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5.2.5.2 Run Piping

Conservative run piping interface loads for thermal expansion and OBE loading conditions were
developed [26]. These loads at the branch nozzle location were not speciﬁcally tabulated in the
available design input. However, interface loads were available at other sections of the same
runs of piping. Standard structural analysis methodologies were utilized to calculate bounding
interface load values at the location of interest. SRSS Yalues‘were computed and assumevd to be
applied in the worst case orientation, as shown on Figure 4-3, to maximize the fatigue usage for

conservatism.

The KPS replacement steam generator project contained the latest piping analysis of record for
the RCL. Piping interface loads for thermal expansion and seismie loading conditions were
contained in this report and were calculated based on a piping model of the RCL. Seismic OBE

values are one half the seismic SSE values.

The thermal expansion values for the hot leg were assumed to represent conditions going from a
stress-free temperature of 70°F to a design basis temperature of 606.8°F. The SRSS thermal
moment for the RCS hot leg surge nozzle was calculated to be 2320.456 in-kip. Based on the
.temperature of the hot leg, THOT, the thermal run piping moment at the hot leg surge nozzle,
Mhlsrg thm, inay be calculated as: | |

Mhlsrg_thm = (THOT-70)/(606.8-70)-2320.456 in-kip

The OBE run piping moment at the hot leg surge nozzle was calculated to be 522.390 in-kip, and

can reverse direction in equal magnitude.

1

5.3 Thermal and Mechanical Analyses
5.3.1 Methodology Overview

ANSYS [8] FEA was used to compute transient and staticvstresses for input to the fatigue
calculations [25]. In computing transient (time- dependent) stresses a thermal analysis was ﬁrst :
performed to compute temperature distributions throughout the model over time. The

temperatures were then used to compute thermal stresses using standard, linear elastic FEA
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methodology. The following is a summary of the overall process used to perform the thermal

and mechanical analyses.

5.3.2

Apply bulk temperatures and heat transfer coefficients on defined convection surfaces to

compute temperature distributions over time for all thermal transients.

Perform stress analyses using temperature distribution results with the thermal sleeve

(non-structural attachment) and water annulus (non-structural) removed.

Perform stress analysis of unit internal pressure load case with thermal sleeve attachment

and water annulus removed.

Perform stress analyses of piping interface loads with thermal sleeve attachment and

water annulus removed.

Review stress results and select analysis sections (“paths”) along discontinuities and with

high stress intensities.
Extract linearized stresses at selected paths.

Boundary Conditions

5.3.2.1 Thermal Boundary Conditions

Due to symmetry, thermal transients were analyzed using a quarter model, as shown on Figure

5-1. Convection surfaces were defined in the loads calculation package [22] for the piping,

thermal sleeve and RCS header regions. ANSYS macro files were created to apply temperature

and film coefficients to the various convections surfaces, which are shown on Figure 5-4.

5.3.2.2 Mechanical Boundary Conditions

Symmetry and displacement boundary conditions were applied to the cut surfaces of the quarter

model, as shown on Figure 5-5.
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The edges of the surge piping and the hot leg piping were coupled in the axial (longitudinal)

direction to prevent gross distortion of the cross sections and simulate the connected piping. The

coupled conditions are shown on Figure 5-5.

MAT NUM
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Figure 5-4. RCS Hot Leg Surge Nozzle Convection Surfaces
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Figure 5-5. RCS Hot Leg Surge Nozzle Mechanical Boundary Conditions
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5.3.3 Internal Pressure Analysis

A unit (1 psig) internal pressure analysis was performed so that results could be scaled to any
internal pressure condition, based on linear elastic analysis. The pressure surfaces are shown on
Figure 5-6. Cap loads were applied on the surge piping and the hot leg piping, based on
multiplying the unit pressure by the ratio of the fluid cross secti