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Degradation Phenomenon of Feedwater Heaters
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Aging Mechanism
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Code-Based Safety Assessment

Make Required Repair
according to ASME B & PV
Sec VIII, Division 1 UG-27&
Suggestions made by EPRI

FEER

Wi #74 FW-LP3A-L1

?ff gBA-515-70 FEAE ASME VI
v g =I'E<]) 250 psi
TEEE 0.542" %‘?HEL@ 405 °F
o BER 0.492”
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AR = (millyr)
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Wall-Thickness Required by ASME B & PV Sec VI
Division 1 UG-27

t

0.9PR =P (ps)

TSE-06P Gyt

HP1A/1B LP3A/3B LP4A/4AB LP5A/5B LP6A/6B
250 100 50 50
B R B (in) 62 . 63 64 68
17500 17500 17500 17500
1 1 1 1
$o ] T BER (i) 0.1625 0.0824 0.0876

0.4020

t,: min. wall thickness required (inch)

P: design pressure (psi)

R: inner radius (inch)

S: max: allowable stress (psi)
E: welding efficiency

HAwEE FREFRUE LAY EHHL &)

HP1A 0873 (L1, K7) 0.226
HFP1B DEE0( 1, L5) 0213
LP3A 0.496 (LA, 115) 0.094
LF3B 0957 (R1, D7) U155
LP4A 0.357 (R1,K12) 0.194
LP4B 0.414 (R1, KB) 0.252
LPSA 0378 (R1, HE) 0.296
LP5B 0.341 (R1, K13) 0.259
LPGA 0379(L1, C2 RZ) 0.292
LPGE 0343 (L1, MN2) 0.256




Present Research
To Replace the Deterministic Assessment by
Risk-Based Assessment

577 To Reduce the Maintenance Cost through
Risk-Based Management

» Safety Factor-Based Assessment<.

M) Reliability-Based Assessment



e Incorporating Aging Mechanism into QRA

Observed Probability (%)
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FAC Empirical Models

1. KWU/KR Model: Siemens Co. & WATHEC Software Package

2. ERPI-CH Model: EPRI & CHECWORKS Software Package
(not released to public)

3. BRT-Cicero Model: Electricite de France by Cicero Test Loop
(not released to public)



KWU Single-Phase FAC Empirical Model

Ad, =6.35k (B-e" [1-0.75-(pH — 7) |- 1.8-e 19 +1). f (1)

B =-10.5v/h —(9.375x10*T?)+0.79T —132.5
N =—-0.0875h — (1.275x10 °T?)+ (1.078 x107°T )-2.15

f(t)=0.9999934 —3.356901x10 "t —5.624812x10"'t* + 3.849972 x10*°t°

A¢y = FAC rate (.glcmzh) g = oxygen content (x g/kg)
kC = geometric factor (0.8 for “T” junction) h = Cr and Mo in steel ( 0% for SA515-70)
W = fluid velocity (m/s) T = temperature (K)
pH= pH value t = exposure time (1.5 yr=13140 hrs per EOC)



KWU Two-Phase FAC Empirical Model

Modified Flow Velocity:

m l-x,¢

W =
Pw l-«

m = mass flux(kg/m s)
Pw = density of compressed liquid (kg/m )
X¢ = Steam quality

a =woid fraction



Parameter Sensitivity Analysis
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Monte Carlo Simulation of FAC Rate

Parameter Symbol  Mean value 3;?/?:&:2 Distribution
Temperature ('F) T 405 40.5 Normal
Exposure time (hr) ( 13140 N/A Point estimate
Oxygen content (ppb) 9 30 3 Normal
Water chemistry (pH) pH 7 0.7 Normal
Steam quality Xyt 0.88 N/A Point estimate
Piping geometry K. 0.8 N/A Point estimate
Cr + Mo in % h 0 N/A Point estimate
Fluid velocity (ft/s) W 13.2 13.2 Normal




Distribution of Thinning Rate

Temperature Fluid Velocity g pH FAC Rate (mil/yr)
387 11.6321 31.9058 6.3728 6.0569
337 10.2929 28.1958 7.0946 9.2151
410 14.5020 31.6536 6.9027 6.3281
416 12.5154 26.7005 6.1856 8.2137
358 13.6321 30.2580 7.8286 7.4289
453 13.5090 23.98
453 13.2283 28.52 25-
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Goodness-of-Fit Test

11 . 2
Distribution Testvalue o = Z (Ei Oi) Goodr-m~—ss
i=1 E i e Normal
Normal 13.7310 Acce
Lognormal 6.4282 Acce| £ 7]
Weibull 16.8625 Not acq © =

Critical value ;¢ 15.5
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PDF of wall-thickness corrosion
< A E FREBRO)E L5 THHLE(
E HF 1A 0873 (L1, K7 0.226
;; HF1B Qaaifl1, Lo) 0213
S Allowed wall-thickness corrosion LP3A 0496 (L, I19) 0_09-5_1 ) |
% LF3EB 0557 (K1, D7) Ugs
g LF4A 0357 (R1,K12) 0.194
§ LF4EB 0414 (R1, KE) 0.252
e} LFSA 0378 (K1, H8) 0.296
LF5EB 0341 (B1, K13) 0.25%9
_ — Ao LFGA 0379(L1, T2 R2) 0292
Wall-Thickness Corrosion (inch) LPBE 0,343 (L1, NZ] 0756

Random-Fixed Reliability Model

HP1A/1B LP3A/3B LP4A/4B LP5A/5B LPG6A/6B

?f?.f’ﬁﬂ J(psi) 400 250 100 50 50
(A fﬁﬁ%’ RELW) 62 62 63 64 68
BANRFET(pS) 17500 17500 17500 17500 17500
}2\'}% \T}: 1 a. 1 1 1

/PRI EER(n)

0.6466 0.4020 0.1625 0.0824 0.0876




Reliability-Based Aging Assessment
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Risk Metric & Importance Measures

Risk Metric: A Function of Frequencies of Initiating Events &
Conditional Probabilities of Failure Modes of SSCs

R:h(fIEi’qj)

(1) FV IM: Focus on Weight of Failure of Cutsets containing BE;

Probability of union of

3 all min cutsets (MCS)
i D(U MCS{) / containing BE;

R, —R;
FV(q,) = OR' or FV(q,)=

k=1 j ¥~__ Nominal risk (probability
of all MCSs)



(i) RAW IM: Focus on Weight (Increase) of Risk owing to BE]

RT
Raw(g,)- 2

(iii) Differential IM (DIM): Focus on Risk Change due to Variation of BEj
(Borgonovo & Apostolakis, 2001)

R 4 oR
dR oq., J oq
DIM(g;)=— 5Rd R m=a  HI
0R dg; Ry
q, q, oq;
or  DIM(@)=—"7rag R Lo H2
NS ) 0 ’



Case Study: PRA of a BWR Feedwater System
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Fault Tree Analysis

Break down of
feedwater system
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Operational Conditions (by assumption):

Dezign Deszign Fluid Oxygen Water Steam Wrall thickness

FWWH | pressure |temperature | welocity Content | chemistny | quality | To0n) | detected at

(psil (F) (fti] (ppb) (pH) (%) EQCAY (in)
HF 1A 400 475 245 25 E a4 0.6465 0.=r3
HF1B a0 475 245 25 7 a4 0.645 0250
LPZ2A, 250 g05 122 20 7 28 0.4902 0.4985
LFZB 250 405 132 20 E 22 0.4902 05857
LP3A 100 250 142 25 E 9949 0162 0.257
LFZHE 100 250 142 25 7 Q949 0152 0.4
LP<a a0 200 15 22 E a2 0.2z 0.zra
LF4dB a0 200 15 22 E oz 0.2z 0.2
LPSs a0 =00 128 22 7 855 0..=7 0.z
LFPSE &0 200 128 22 7 2545 0.027 0.243
LPE& a0 220 12 20 E o 0.ca0 0.2284
LFEB 0 280 12 20 E o 0.c20 0.5




Numerical Analysis

Componend (n'i‘;:tf':ﬂ EQcdg | EOC19 | EOCZO | EQOCZY | EOC2Z | EOCZ3 | EOC24 | EQC2s | EQczs | EOCET |EOCE2E
FF FP{11 | 00164 | 0.00329 | 000483 | 0.0065F | 000821 | 0.00935 | 001148 | 004311 | 0.01473 | 00163 [0.01758
Lh Chzy | 000284 | 000568 | 000851 | 001433 | 0049 | 001695 | 001975 | oozesd | ooessz | oozeoo [0.0%08s
HF 1A 14031 | 000000 | 000000 | 0.00000 | 000000 | 0.00000 [ 000000 [ 000000 [ 000000 [ 000000 [ 000000 [0.00003
HF 1B 1B ¢4 | owooom | 000000 | 000000 | o.oo000 | 0.00000 | o.oo000 | ouwooooo | o.ooooo | o.oooo0 | ouoooo0 fo.oooor
LFZA ZAE) | 0000 | 0.00000 | 000001 | 00008 | ooddss | ooz | 006964 | oi8ss | 022302 | 040625 |0.5575G
LFzE 2BE) | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 000000 | 000047 | 00042 | oooee | oooeso | ooers0 [o.oe3z7
= IAF) | 000000 | 0.00000 | 000003 | 000004 | 000053 | 000643 | 0.01443 | 0.02834 | 0.12420 | 02050 [0.a4em
LF=6 3B(E) | 000000 | 0.00000 | 0.00000 | 0.00000 | 000001 | 00003 | 000085 | oo04es | ooeeTs | 008644 [0.1z087
LFa 44001 | 000000 | 0.00000 | 000001 | 0.0000% | 000023 | 000374 | 0.01595 | 003am0 | o117z | 0.z=2576 [0.36217
LPae | <4810y | 000000 | 000000 | 000006 | 000013 | 000143 | 001387 | 0.04312 | 0.104<H | 0.23916 | 0.39379 |0.55400
LFSA [SAa¢t) | 000000 | ©.00000 | 000001 | 000051 | 000406 | 0.01360 | 0.02402 | 0.09770 | 0.21715 [ 0.39870 [D.64254
LFSE | SB¢12) | 000000 | 000000 | 000005 | 000235 | 004404 | 004104 | 0.06792 | 0.20500 | 0.39911 | 0.512641 079722
LPEa [ Ga(i3) | 000000 | 000000 [ 000007 [ 000335 | 000957 | 002527 [ 005323 [ 015336 [ 0295 | 0311 081711
LPEE | GB (14 | 0.00000 | 0.00000 | 0.00000 | 000165 | 000506 | 0.01444 | 0.03019 | 010435 | 0.30057 | 0.51230 |[0.74784
CC CCis | 000434 | omeas | 00129 | 001724 | ooz1s1 | ooes7s | 0.0zooe | o.oeden | 0.ogsso | 004256 |0.0deT2
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Failure Probability of Series Systems:

|:series :1_(1_ ql)(l_ qZ)(l_ qn)

Failure Probability of Parallel Systems:
|:parallel s q1q2"'qn

Feedwater Pumps

Fee =0

Condenser & De-Mining Units

Feo =0
High-Pressure FW Heaters
Fre =030,
Low-Pressure FW Heaters
Flp = [1-(1- 02— 0 N2 0 N1y N1 )| 1 (1~ N1 N o N1~ 4 N1~ )]
Hot Well & Pump of Main Condensers

Fcc = Oss



Risk Metric of Feedwater System

R(qj ):1_(1_ FFP )(1_ FCD )(1_ FLP )(1_ FHP )(1_ Fcc)
= FLP + FHP - FLP FHP + FFP - FFP FLP - FFP FHP + FFP FLP FHP
+ FCD o FCD FLP - FCD FHP + FCD FLP FHP o FFP FCD + FFP FCD FLP
+ FFP FCD FHP - FFP FCD FLP FHP + Fcc - FLP Fcc - FHP Fcc
+FpFipFoc = FepFec + FepFioFee + FepFrpFoe — Fre Fip Frp Fec
—FepFee + FepFie Fee + FepFrp Fee = Fep Fie Frp Fee + Fep Fep Fee
- FFP FCD FLP Fcc - FFP FCD FHP Fcc + FFP FCD FLP FHP Fcc

Example: LP2A at EOC 26 (assumingno repair)

oR(q;)

9(3s)
=, 0R(q;)

2.

k00,

oR(q;) q
a(q5 ’

kl aqk o

H1: DIM(q,) = = 5.64E — 02




+

=1.3548

RAW(g,) = —&

In R(q;), delete all terms not related to g5 to obtain MCS containing BE;

R(qj ): 1- (1_ Fep )(1_ Feo )(1_ Fo )(1_ Frp )(1_ Fec )
= FLP +F P FLP FHP ‘y’_/FP - FFP FLP _%%P + FFP FLP FHP
"‘/Fc/ —FeoFip %%P +Fep Fip Fip //{ +FeeFp Fip
"‘f//% Fep Foo Fie Frp ‘y’_{:c Fip %,%
+FpFrp Fec );//E/ +FepFpFee + /D /_ Fer Fio Frp Fec

%%C + I:CD LP CC Cﬁ/ CD LP I:HP I:CC +//}FCC

I:FP I:CD I:LP I:CC FP C}/}/ I:FP I:CD I:LP I:HP FCC

FLP = (qs —0:0y — q5q11 5 qsqgom n q5q7 + c|5Q7qg + q5q7q11 - q5q7q90u1 - q5q13 + Q5q9q13
* 0501163 — 05090h103 + 0507 0hs — G500z — 0597 Gh1Ghis + q5Q7q9q11q13) [1_ (1_ O )(1_ qg)
(1_ Cﬁo)(l_ q12)(1_ Q14)]

15
D(U MCSi(q5)
i=1

FV(Qs) = —— RG j = 9.84E - 02
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Concluding Remarks
« KWU model predicts FAC of FWH well
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* In studied case, FWHs at high-pressure section have
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e Those deserve more intensive examinations are
LP6B ~ LPGA ~ LP5A ~ LP5B -~ LP4B
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=

W 'r|— LrzE
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« As compared to RAW IM, FV IM & DIM are more
effective to distinguish risk differences among
components



e Although LP2A & LP3A locate close to high-pressure
section, their risks are moderately high (owing to smaller
allowable thicknesses) and need to be paid attention to

 The case study indicates a risk-based inspection plain or
risk-based management program can be employed to
replace the current code-based inspection program

Thank you for your attention.

The above viewpoints do not necessarily reflect those of AEC and NSC of Taiwan.



