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1. Introduction

+ Design rules for pressure boundary components (pressure vessel, HXs etc.)
> Non-nuclear grade
= ASME Section VIl Div.1 (Design-By-Rule : DBR) & Div.3
= ASME Section VIl Div.2 (Design-By-Analysis : DBA, Part 5) = ‘ASME VIII(2)’
> Nuclear grade
= ASME Section lll Div.1 Subsection NB (-3200, sub-creep)
= ASME Section Ill Div.5 Subsection HB (‘ASME-HB’)

= RCC-MRx RB

+ Technical issues on '‘ASME VIII(2)' for long-term operation at high temperature

= No explicit consideration of creep (consider through max allowable stress)
= Design evaluation results do not change depending on operation time at high temperature
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2. ASME VIII(2) for high-temperature design of PV*

Figure 5.1
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High-Temperature Design Rules (nhuclear grade)

< ASME-HB*
Thermal Analyses

Type S damage

% RCC-MRXx
Loading Type
Type P damage : P
cyc"c Ioadmg - (cyclic loading)

| |

Metal Temperature
T > 427°C for 304SS, 316SS, Alloy 800
> 371°C for 2.25Cr-1Mo, 9Cr-1Mo-V

Yes creep negligible? creep negligible?
Yes No Yes No
Appendix HBB-T [ Negligible creep ] Eignificant creep }
it (Non-mandatory) [ Negligible creep ] [ Significant creep ]
Limits on Load- ‘ Limits on Deformation Controlled Quantities ‘ Strain limits
Controlled Stresses P, <138,
(Time Dependent / I Load-controlled | P,<
Independent) ‘ - - N stress limits 1.3x1.5S,,
] Inelastic Strain ‘ | Creep-Fatigue | ’ Buckling ‘ v ¢ )
T T Load-con:‘.rqlled Creep- & creep ' Ratcheting
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How creep is considered in ASME VIII(2)

++ Allowable stress (S) in creep range < Allowable stress (S) in non-creep range”

(1) 6.4y4. to produce a creep rate of 0.01%/1,000h (1)1/3 TS (o7¢)™

2)67% of to cause rupture at 100,000 h.
(2)67% of 0y, 2 (2)2/3 YS (oq)™"

(3) 80% of 6,,;,, to cause rupture at 100,000 h

—..——
——..—

> min. in the above = .S > min. in the above = §

**T <427°C : 304SS, 316SS, Alloy 800H (ASME-HB)
T<371°C : 9Cr-1Mo-V, 2.25Cr-1Mo

***min. TS @ RT or TS @ temperature.
*** min. YS @ RT or YS @ temperature

7~ Korea Atomic Energy
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Technical Issues on ASME VIII (2) in application on PVs

+ Creep-Fatigue Damage Evaluation in ASME-HB & RCC-MRXx

Fatigue damage Creep damage
fraction (Dy) fraction (D.)
g /\ g \
2 ®
\/ \/ time <:| ‘ \/ \/time time
4 @
fa)
y D
cycle (N) D¢ time
n, n,
szz:— D,+D,=D D =) —L
i N,‘ i Ni
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+ Consideration of creep in ASME VIl (2)
(1) o,y to produce a creep rate of 0.01%/1,000h
(2) 67%’ of o,,4. to cause rupture at 100,000 h.
(3) 80% of o, to cause rupture at 100,000 h

Hold (operation) time @ high temp. does
not affect design evaluation results

Explicit consideration of creep
=> ASME-HB or RCC-MRx RB-3200
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3. Quantification of conservatism in ASME VIII(2)

+ Operating conditions : long-term operation at high temperature in creep range

s Actual applications : IHX (heat exchanger, P91 steel), Reservoir (316L)

s Design rules (Influence of hold time)
= ASME VIII Div.2 (implicit consideration of creep)
= ASME-HB*
= RCC-MRx

— Code comparison (conservatism) :

ASME VIII(2), ASME-HB*, RCC-MRx

* : ASME-HB Div.5 : no material properties at high temp. for 316L SS
EPERC Contf., INAIL, Italy, 2 April, 2019
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Application —IHX (1/5)

< IHX (P91 steel)

Secondary ), 320°C U Design Transients
inlet nozzle

Temp.
‘ﬂ ()
550°€C 150 hr

Second o

ctletnage P 550°C

100°C/hr, 100°C/hr
200°C
3.5 hr 3.5hr
time (hr)

Primary 0
Sodium Inlet
U 3D FE Model
‘ ‘ — Thermal / Stress element : Fluid (sodium) temperature (shell-side)
{ Solid70/Solid185
A B o — No. of nodes : 554,286 EA
rimary

Sodilin OUtiet — No. of elements : 682,745 EA
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Application —IHX (2/5)

1.38255
.254E+08
.509E+08
.763E+08
.102E+09
.127E+09
.153E+09
.178E+09

\
‘

.203E+09

.229E+09

EPERC Conf.

< Evaluation results as per ASME VIII(2)

Cases Criteria Maximum stre | Allowable stre
ss (MPa) ss (MPa)
Bs 9.3 115.0 0.081

Pllzllstic P, 93 172.5 0.054
CORap P.+P, 16.4 1725 0.095

Max stress range
o[ evaesrasiuen |
AS,,
(P,+P,+Q) Range 119.8 345.0 0.347

= No explicit consideration of creep in the above rules.
= once satisfied, ASME VIII(2) requirements always satisfied

regardless of operation time.
aly, 2 April, 2019 %. Research Instute
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Application — IHX (3/5)

< Evaluation results as per ASME-HB & RCC-MRx

I 1.0
1.38255 S ‘l
sl 08|14
RGN . - —— RCC-VRx limit
EOSERGE . osL L === ASME-NH limit
. g ' \ A |HX (ASME-HB)
.763E+08 g \ \ m [HX.(RCC-MRx)
.102E+09 %_ 04 F
8 :
.127E+09 S | A "- \\
.153E+09 02|-M l', \\
.178E+09 I l'.
00 e -
.203E+09 L L L
. . . 0.0 0.2 04 0.6 0.8 1.0
.229E+09 = Explicit consideration of creep Fatighe Deiiege 1)
— C-F damage satisfied for design lifetime. Creep-Fatigus Damage evaluation results
(Design lifetime : 20-Year (75,000h @550°))
EPERC C fi :E?z April. 2019 (F/f Korea Atomic Energy
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Application — IHX (4/5)

s Sensitivity analysis results on

operation time (RCC-MRXx)

20-Y 26.7-Y 33-Y 45.3-Y 53.3-Y 64-Y
Evaluation Items Limit value Calculated
Hold time, hr(day) 75,000 (3,125)| 100,000 (4,165) | 125,000 (5,200)' 170,000 (7,080) | 200,000 (8,330) [ 240,000 (10,000)
i Pm < Sm 126 9.9749 9.9749 9.9749 9.9749 9.9749 9.9749
Neg:;g;;le P, < 155, 189 99749 9.9749 9.9749 9.9749 9.9749 9.9749
P+ Py < 155, 189 12.905 12.905 12.905 12.905 12.905 12.905
Dpa;yapgee U(QP,,) 1 1.8266E-5 24355E-5 3.0443E-5 4.1403E-5 4.8710E-5 5.8452E-5
Significant U(P,+Py) 1 6.4619E-5 8.6159E-5 0.0001 0.0001 0.0001 0.0002
Creep W(1.35P,) 1 4.8528E-5 6.4704E-5 8.0830E-5 0.0001 0.0001 0.0001
W[1.35(P,+DPy)] 1 0.0001 0.0002 0.0002 0.0003 0.0004 0.0005
P; <138, 163.8 34.887 34.887 34.887 34.887 34.887 34.887
Negligible P; < 13%:1.5 Sy, 2457 39.682 39.682 39.682 39.682 39.682 39.682
Creep Max(Py, + Pp) + Max q(jj) < 3 Sp 378 134.92 134.92 134.92 134.92 13492 13492
S Type Fatigue Damage 1 Negligible Negligible Negligible Negligible Negligible 5.0105E-6
Damage Eplastic + Ecreep (1.25 P1) < 0.5 % 0.5 0.0166 0.0183 0.0198 0.022 0.0232 0.0247
Significant Eplastic + Ecresp (125 P3) < 1% 1 0.0256 0.0282 0.0304 0.0338 0.0358 0.0381
Creep Fatigue Damage Bilinear Envelop | Negligible Negligible Negligible Negligible Negligible 5.0105E-6
Creep Damage in Fig. 1 0.5443 0.6999 0.849 1.1047 12679 1478
Evaluation Results OK OK OK Fail Fail Fail
ERC Conf., INALL, Italy, 2 April, 2019 — St D




Application — IHX (5/5)

% Creep-Fatigue Damage (P91 steel)

2.0y T T T 20 T T T
ASME-HB RCC-MRXx

151 ——Bilinear Envelope i — 154 Bilinear Envelope i

; O 75K h(3,125D) S O 75K h (3,125D)
s % o 100K h (4,165D) g o 100K h (4,165D)
< 4 125K h (5,200D) = & 125K h (5,200D)
2 ipd v 170K h (7,080D) k19.4y] S 15l v 170K h (7,080D) |
= K 4 200K h (8,330D) a - 4 200K h (8,330D)
= % 240K h (10,000D)F27.4y g 3 240K h (10,000D)
[0}
(0]
S o5 - 0.5 -

(0.1,0.01) 93,031
0'O_I 1 T 1 n O'O_I T T T n
0.0 05 1.0 15 2.0 0.0 05 1.0 15 20
Fatigue damage (V) Fatigue damage (V)
% Conservatism : ASME VIII (2) > ASME-HB > RCC-MRx
EPERC Conf., INALL, Italy, 2 April, 2019 (’7(7:.# Research stitute
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Application — Reservoir (1/4)

+ Reservoir (304 SS)

4 3D FE Model

— Thermal / Stress element :
Solid70/Solid185

— No. of nodes : 43,706 EA
— No. of elements : 29,193 EA

EPERC Conf., INAIL, Italy, 2 April, 2019

Temp.
(T
$50°C
100°C/hr, 100°C/hr
200°C
3.5 hr 3.5 hr
time (hr)

Design Transients

7 <~ Korea Atomic Energy
« /KAERI Research Institute 14




Application — Reservoir (2/4)

15 T T T
Bilinear Envelope
O 5Kh (208 D)
_ o 10K h (416 D)
ANSYS Release 16.1 = A 20K h (833 D)
SODAL SOLUTION g 10 v 50Kh(2,083D) | ]
eriee i g 4 100K h (4,165 D)
. 3 3 200K h (8,330 D)
&
2
(%]
3503.05 05 4
= _219E+08 ; Section B
= .438E+08
= .657E+08
— .876E+08
= .110E+09
— .131E+09
S ook :
e 0.0 0.5 1.0 15
Fatigue damage (V)
Creep-Fatigue Damage evaluation results (304SS)
: 0 Korea Atomic Ener,
EPERC Conf., INAIL, Italy, 2 April, 2019 < [unesi Research insttute 15




Application — Reservoir (3/4)

++RCC-MRx analysis results

Creep damage (W)

°
&

00k

Bilinear Envelope]
5K h (208 D)
10K h (416 D)
20K h (833 D)
50K h (2,083 D)
& 100K h (4,165 D)
% 200K h (8,330 D)

o

A

00

05 10 15
Fatigue damage (V)

Evaluation ltems Limit value Calculated
Hoid e, brtdas 5,000 10,000 20,000 50,000 100,000 200,000
(208D) (416 D) (833D)  (2,083D)  (4,165D)  (8,330D)
N P < Sm 77.16 16.593 16.593 16.593 16.593 16.593 16.593
Necgr!i'sle PL< 1.55m 115.74 16.593 16.593 16.593 16.593 16.593 16.593
P+ Py < 1.55,, 115.74 16.749 16.749 16.749 16.749 16.749 16.749
DPaE’:ge U(QPm) 1 6.0379E-7 1.2075E-6 | 2.4151E-6 6.0379E-6 1.2075E-5  2.4151E-5
Significant U(PrtPs) 1 5.9884E-7 1.1976E-6 | 2.3953E-6 5.9884E-6 1.1976E-5  2.3953E-5
Creep W(1.35P,) il 2.6186E-7 5237367 | 1.0474E-6 2.6186E-6 5.2373E-6  1.0474E-5
W[1.35(Pm+®Py)] 1 2.5968E-7 5.1937E-7 | 1.03876-6 2.5968E-6 5.1937E-6  1.0387E-5
P1< 1.3 Sm 100.3 54.702 54.702 54.702 54.702 54.702 54.702
Negligible P2<13x1.55m 150.46 54.959 54.959 54.959 54.959 54.959 54.959
Creep Max(Pm + Pp) + Max q(j,i') < 3 Sm 231.48 197.08 197.08 197.08 197.08 197.08 197.08
S Type Fatigue Damage 1 0.7318 0.7332 0.7354 0.7394 0.7431 0.7466
Damage Eptastic + Ecreep (1.25 P1) < 0.5 % 0.5 0.0786 0.1138 0.1376 0.149 0.159 0.1766
Significant || Epjastic ™ Eamen 11:25 Ps)i< 1% 1 0.0784 0.1135 0.1373 0.1488 0.1587 0.1763
Creep Fatigue Damage Bilinear Envelop ~ 0.7318 0.7332 0.7354 0.7394 0.7431 0.7466
Creep Damage in Fig. 2 0.0427 0.0792 0.1386 0.2559 0.3641 0.4736
Evaluation Results OK OK Fail Fail Fail Fail
= < e 16
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Application — Reservoir (4/4)

% Creep-Fatigue Damage

RCC-MRx
15 T T
Bilinear Envelope
X O 5Kh (208 D)
o 10K h (416 D)
Sl A 20K h (833 D) i
= v 50K h (2,083 D)
Q 4 100K h (4,165 D)
g 3 200K h (8,330 D)
S s
Q.
g 0.5 1 E
o
7
\
004 . :
0.0 0.5 1.0

Fatigue damage (V)

1.5

(w)

Creep damage

1.5

1.0

0.5

0.0

ASME-HB

XKéed p>oO

—Bilinear Envelope

5K h (208 D)
10K h (416 D)
20K h (833 D)
50K h (2,083 D)
100K h (4,165 D)

200K h (8,330 D)

0.0

0.5

T
1.0

Fatigue damage (V)

% Conservatism : ASME VIIlI (2) > RCC-MRx > ASME-HB
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4. Securing integrity in ASME VIII(2) design (for long-term creep condition)

* If pressure vessels to be designed for long-term service as per ASME VIIi(2)

= Creep effects should be quantified based on nuclear codes (ASME-HB or RCC-MRXx)
= |f creep effects are not negligible, design should be checked as per ASME-HB or RCC-MRXx.
= |[f creep effects are negligible, design evaluation just as per ASME VIII(2) would be OK.

s If PVs designed as per ASME VIII(2) already under operation in long-term service
= Creep effects need to be quantified based on the nuclear codes
= |f creep effects are not negligible from the evaluations,
» Prior actions against creep rupture need to be taken

» Reinforced NDE required associated with creep damage.
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5. Concluding remarks

+ Technical issues on pressure vessel design as per ASME VIII(2) subjected
to long-term creep conditions
= Creep (Hold Time) : implicitly considered

= ASME VIII(2) once satisfied, design is satisfied regardless of HT

s Comparison of conservatism under long-term operation in creep range (IHX)
= ASME VIII(2) : design satisfied regardless of hold time
= ASME-HB : design limit exceeded over HT > 125K h (creep-Fatigue Failure)
= RCC-MRXx : design limit exceeded over HT > 170K h (creep-Fatigue Failure)

% ASME VIII(2) might be non-conservative for long-term creep conditions

—
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