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Synopsis

More than 50 years have passed since hydrocracking and hydro-desulfurization reactors in petroleum refining plant and
low density polyethylene (LDPE) manufacturing pressure vessels (autoclave-type reactor and separator) in petrochemical
plant began to be operated in the world. With aging of these pressure vessels, Fitness-For-Service (FFS) Codes, which
provide the shutdown inspection (SDI) procedures, the damage classes to be detected, the judgement criteria of whether
continuous operation is possible for the detected damages, and the remaining life assessment, is being promoted worldwide.
However, it is difficult to predict the progressive degradations and deteriorations after long-term service caused by
differences in the individual manufacturing conditions of pressure vessels since the recommended practice and data
provided in these FFS Codes alone cannot cope with them. Therefore, it is important to understand their technical grades
and quality levels at the time of manufacturing of them and evaluate their material properties that change depending on
their individual manufacturing conditions.

We have accumulated data on material manufacturing, structural design and fabrication related to our products, and by
evaluating changes due to long-term service based on these data, it is possible of aging and/or damaged pressure vessels
to be analyzed the minimum pressurized temperature (MPT) during startup and shutdown procedures and the remaining
life. In this report, the typical location and type of damages detected in SDI for hydrocracking and hydro-desulfurization
reactors and LDPE manufacturing pressure vessels (autoclave-type reactor and separator) and the case study of FFS
applied to them are introduced.
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i 4% 0p \ .
T \ | P
> “Op | _
— 0.5 - — LKA BIUES -
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5 03 34 0p quES
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= o (K; = 50.9MPay"m)
0.1 1 OP i RFa AR
0.0 f - BB E4AY (O
0.0 0.1 0.2 03 04 0506 0.7 0809 1.0 1.1 12
FIEL, LF = Ufef/"ys
16 5B O B R (FAD) 34l S oL
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RELERTE R TIE. NI E LTRELAZ 494
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¥y b RO KRFEMREANEREZRL TS, 7272
L. 5FHOEIRIIB W TIERRARB~NEBEE LT A7
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100 EREE L7z o Ty RUBED Y v v M ¥ Yol
KRFE R X OWERNS 3 5 & )1 O BIfRO#IEALIZ
X V) KEEHNEREZGIETE 22 ENELONE, &
v PREMARC X 2 Ko R & iR T hoE
A ﬂ‘%ﬁﬂ:ﬁﬁ’\@ﬂ_fﬁ RO T 4 — Ny 712X
B LIEMRIRSHIFFCE 5 2 L 2 HIKT %,

3. AMILETZ D LDPE RERAKBAD
REXEE FFS DBA

LA TIE, 1966 SEH 5 19 # [ 36 » Fr o Ak 7
7 v MZAF116 220 LDPE # A (F—~ 7 L —

TRBOS B & O #Ed) OM AR D 5 A5, 1960 ~
1970 SEACIZBUE S NG O BFLIZHE V. RIETIX

PRaemAs, mifseBIin T, Ga) S OMeTARo 5
NAHHE\IZH 5,

LDPE #EH 4 — b 7 L — 7RIS 813, F &k
OWNHERL DK 2 DIERESHPIES BRI NTED,
Z & HEE 713 150 ~ 280MPa. & #1349 300C .
A= Ty T Txy ¥y oI 30 FER O
fiz"C 2,000 ~ 3,000 [0l & W) AR R o TV S, 18 10

—— RERKE : 558 OEEF (SDR O RERADKRECKDIS TR RO ERIEHEE)
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a

=K} + ®K/F = 40.5MPay m
<Koy BREREEDIER(T
BN (FTEEME : E)
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0 Vs

11mm

K, = Kf + ®K;R=15.9MPay~ mz
<Ky : EEEERFOHACHERLL

/

K, = KP + ®KR= 8.08MPay m
<Ky EHERFOHACERLL

Main Weld Seam
(Circumferential)
WOL

d, =95.5
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< Ky EEIEERFFOHACERAL

2¢=152mm

K; = K + ®K{R = 50.9MPay m
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N

R
@
N
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3.2 LDPE #&H#az DM FE

LDPE #35HR I MBSO R 2w S hTw
% 72O, R E A AR R MR 0 BESRAE B ()
LIRS TEY, AEIRKICH T 5 FFSICH#H
B M RHREE 2SR R B 3 B o AR - TR L VISR
bo TD2, BHTIZ 1970 ERAT DR IZF— b 2
L — 7% LDPE I J& 23 18] 1) 4Ni-1%Cr-%2Mo-V i 35 & O
LDPE 43825101 Ni-YaMo-Y4Cr-V $i O kiR 7 — &
WM LT, EYREOIANE LR LB X O
B A HEE LTV b,

3.21 EYAIIES

1970 SEARICAT D N7 BEABRIC B W T XM 22 2{TR
3~ Manson-Coffin Hl\Z & 54— + 7 L — 7% LDPE Kt
FRIAT 4Ni-1%Cr-YaMo-V Sl DA H 4 7 Vg5 7 — 4 2%
BRI N TWiz, ZOF—% &I IRIE & R Lo
BIARICZ B L, [ 2300 OZ5RF X 9 IS IC LR
20 ZHMT 5 £ 1000 25 3000 B4 27 )L DS HRIEAS
ASME BPVC Section VIII, Division 3 (Div.3 & fLik)

1.E+00 e s e e e 8 e e e
~ —Ast : Total Strain Range
N ——Agp : Plastic Strain Range
dr T 1 = Aee : Elastic Strain Range
AN
;“1 1L.E-01
@
S0
=
£
g — N
= N
& N I~
A LE-02
N
1.E-03
1.E+00 1.E+01 1.LE+02 1.LE+03 1.E+04 1.E+05

Number of cycle to failure , Nf

22 F—~2 L =77 LDPE &8} 4Ni-1%4Cr-YaMo-V #io
Manson-Coffin HIlZ & BAKHA1 7 V55 75— 5 12

LE+05 = 5
E —4Ni-1 1/2Cr-1/2Mo-V steel
— —4Ni-1 1/2Cr-1/2Mo-V steel (Extrapolated Data)
\\ -----Div.3 Design Fatigue Curve for UTS 860-1200MPa
——4Ni-1 1/2Cr-1/2Mo-V steel (margin of 2.0 for stress
1.LE+04 E N ' (marg| ; )
< E
[
=
i'.; LE+03 = LN
173 == T~
g ‘\;- ~~~~~ ==
<
> TIH R
LE+02 = =
1.E+01 L L it LA
1.E+00 1.E+02 1.E+04 1.E+06 1.LE+08

Number of Cycles , N
K23 4—bt27L—7% LDPE BUG &AL} 4Ni-1/2Cr-Y2Mo-V o

VST & R L IR & Div.3 a7k
(UTS 860-1200MPa) D" ™
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JEHA 7Yy 7 — EADEG R RITT B % FIE
LT&7,
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ZHWTEAEL 28 ELE MEONEL d/D; H301 &
0.2 D& OMMARZE Z=FUBEE A, KT v 7T B,
2T-CT BEXOIT-CT BB IZ X 0l L 729 o7 A
BHET— 5T, NS OREFTREMERMEE do/dN &
IS PRI AK D BIR2S3 (4) 12 & % Paris HIIZ X
STEHENLZEZRLT WD,

48 — 5x 10-11AK23
dN

(m/cycle, MPaym)  (4)

— s 24 OBEREWIL, Div3 THE SN TW 5[
K B Sy 2% 620MPa % # z2 % (Sy> 620MPa) & bt B 1%
GO TRRERBEL RS, TNLOOEDL
1960 ~ 1970 AR B #5 DR EMAIC B ‘/‘“C%’”«H(K
Fahsie il M araEmiic X (4) 2 @H L7235 A1
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1.0E-03 ¢
F —4Ni-1 1/2Cr-1/2Mo-V steel ~
’,
L ) 7
10E-04 b ~=Div.3(Sy>620MPa) I -
1.0E-05 Y

.
F '//
1.0E-06 E ?4

1.0E-07 & 75
1.0E-08 /' Cross Bore (d/Di=0.1),
E s
'I

da/dN , m/cycle

Frequency=0.2Hz
Cross Bore (d/Di=0.2),

1.0E-09 / = Frequency=0.2Hz
E 7 Surface Notch,
! Frequency=0.2Hz

1.0E-10 & /.
E /’ 2T-CT, Frequency=10Hz

IT-CT, Frequency=10Hz

1.0E-11 _—
1 10 100

AK , MPay m
M 24 —b7L—7% LDPE K& 8T 4Ni-1¥Cr-Y2Mo-V o
SR E 7 — 7 L Div.3 O e HE
(Sy > 620MPa) D1 12

3.2.3 BIRHMBEORR

B ZURK KA S % FFS O @121, ikl &
IBEDBIRAMLE L 7 %o LEMMOBIEMIEN K, 13,
R B8 EE oys & LM Charpy i SRR T 4 v ¥ — i
CVN ,, 2 il L T, & ® Rolfe-Novak-Barson 3 (5) I
foThEZHN%,

("L)z = 0.64 (% - 0.01) (MPaym, MPa,])  (5)

Tys Vs

RAY —A—THEOBHILY, o LI omE
BYVEAE K, & Charpy 585U 5153 5 1 2 il i &8
M FATT 70 S WY OREBB IR Z P4 5 2
LR TE B, 25 W L [X 26 ik, RogF)l) 4Ni-
1%Cr-Y2Mo-V $ & 75 B &+ 101 1T %4Ni-YaMo-Y4Cr-V §il O il
B~ Ay = — T2 ZNZFIURL TS, INHOD
X ALY = —TTld. MR OMIEN T — 5 25,
WO WEME & LM OO K, /K,
B XU Excess i GRERILE -FATT) OBIRIC L Y T3¢
BB XN 22 RLTWAWY, fito T, 1966 48
A5 1970 ENRHO BB X U5 BEg~ FFS 2@ ©
T 5O OWBEWHEOREERIHRIE. Chbn< A
T =N —=TEMET— 7 X=24b L, ERRIEREOHE
ARBREREZ A L CREREINT I LT & 500,

1
4Ni-1 1/2Cr-1/2Mo-V steel
0.9 1
0.8
0.7 A
. 06 ] 50%
Q Confidence
05| Limit
" \ NS YS (MPa)
: 99% 774 735
03 872 1006
1058 1013
02 | 922 652
624 1198
0.1 1 827 1264
715
0

-200 -150 -100 -50 0 50 100 150 200 250 300 350 400
T-FATT ,°C

25 F—br27L—7% LDPE )t gam) 4Ni-1v2Cr-Y2Mo-V i d
W< 25— A —7 D

1
3/4Ni-1/2Mo-1/3Cr-V steel

0.9
0.8
0.7
50%
0.6 | Confidence

Limit

KIC/KIC-MS

0.5 95% YS (MPa)
348

0.4 1 443
463

] %

0.3 9% 448

0.2 441

’ 495

0.1 1 460
555

0 _—
2200 -150 =100 =50 0 50 100 150 200 250 300 350 400
T-FATT ,°C

26 LDPE B2} %4Ni-VeMo-Y4Cr-V Sl ORI T
Ay —H—7 W

3.3 LDPE &R0 FFS @ RES5

WIZ, 4Ni-1%Cr-YaMo-V dij#¢ 4 — b 7 L — 7% LDPE
Bt % B8 & OF %Ni-YaMo-%4Cr-V 4 # LDPE 45 B 23 @
FFS ~O# HHEBNZ D W THRMNT b

3.3.1 4Ni-1%Cr-%:Mo-V $H8+ -~ L — 7 LDPE
RIC#& D& FH ATl

RO 3.1 I B 2 KA GE % i 2 72 R ARSI
X 0. 1977 4R BOE S O IR ZE 22 LN 2 — F — &S
1.0mm ¥ 2 OBEVIRKFGZ Bl U, R4 aratifi© % @i
L7z 25WDRIEMME~ A Y —h — T HwT, #
VERE DO FL R EAS 2 © BRI O iR B % X 2700
DEITHEE LT T2 K24 OFERDIT X BIEG
SR T — % % X 280 DS AR ICEE LTSS
N7z B % X 20092775, 25 DFFH %)
BRI (FAD) @127 1 v b L 228k (FAD -4 2)
%2 30 102 RF

20000, AR S 1.0mm 20 5 X 30 19 0
HEEF AR (FAC) ICET 5 F COEGRRAARRE S
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214mm \ZF 20K LSl ) BshER /R LTED,
COMERICES S 11,700 ¥4 2 )V OfkE L s (B -
DFEFE)NTIE, BEERESEL Tuiv, 72720,
R B AR OMES W X )RR S 1E 61mm.
HHFFEIE 5230 A 2V EFREFRHES NS, fEo T
PSS A F7 & i U CHEFFS BT 5 7201213, %4
EBICR L TR S8 6.0mm UL T O BE %= i 2 7o 5
BaETLI LRG0 5h,

200
180 ] —
g T T
160 / A T r— —
140 - /
g 120
-
§ 100
3 80
<
60 Y ——Heat No. xI (TOP)
40 - )y — —Heat No. x1 (BOTTOM)
“,/' - --Heat No. x2 (Top)
20 e Heat No. x2 (BOTTOM)
0

-200 -150 -100 -50 0 50 100 150 200 250 300
Temperature , °C

27 1977 4E8F — b 7 L—7 LDPE U 28y
4Ni-1%4Cr-YaMo-V ORI o i 1 7B i 1

Flat Plate

Flat Plate:'Surface
Crack Model
Rx. Body Wall

Assumed
Semicircular Crack

Dent on Inside Surface of
Cross-Bore
(Damaged Area detected by VT)

Rx. Body Walli

28 F+—1t7L—7 8 LDPE Rt OIARZE LN 2 — - —
FROIRME IR (5 #RIKIA & 2R K IE) DI fhr
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30

25

Crack depth , a, mm

0 L L 1 L 1
0 2000 4000 6000 8000 10000 12000

Number of repetitions of operating cycle , N, cycles

29 F—12 L —7H LDPE i & DAL 2 —F—
I BT B ISR o> 2L 2

—Non-material-specific FAD

> Locus of FAD assessment points by in-service crack propagation analysis
(Pressure + Thermal loadings)

1.1

3 Unacceptable Region
g
X T
~ ]
e 0.9
“
M gg AN
S Acceptable Region .
+ 07 Theoretical
A, Remaining \
Ef, 0.6 I Life \
Il 0.5
] |
% 0.4 =
2
s 03
12}
s 02
=
%0 0.1
= 0

0 01 02 03 04 05 06 07 08 09 1 1.1
Load ratio, LY = af,¢/0ys
30 A= L—7%! LDPE Kt # QWA FLNTE 2 —F—

TROEZLRR B3 2 B EFRR X (FAD)
FAM OB X 2 IR 2 X s 1Y

3.3.2 ¥Ni-aMo-¥Cr-V $0&! LDPE B2z D& FHanaTl

WEHNTONIMA SO UT A &L Y. 1977 4554553
WOV Xy NFORTFT 4 =LK b ANy FORERT
HRAV R 0 2F4% - BT EC 6.0mm % & DRZLIRKK %
ML, RFGTFMOZ2EH Lz, 72720, BT
145721, Bl S R B & BRIREEL E LTl 72,
BERF O RS R 5. X126 WOREtt~ 2 & —
B —T7 % THEMEOREERZ LK 31 WD X 51
WE Lo T720 W32 Vs adihbEsh-ai
T IR 2 X 33 WOTIRT . S D Ok T & B AR A R
(FAD)®IZ 71 v b L7-#Lik (FAD FFfffis) % X 34 (10
WRT .
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300

—Heat No.xx1
——Heat No.xx2

250

Ko, MPaYm

-100 -50 0 50 100 150 200 250 300

Temperature , °C

31 1977 48 LDPE 738311 F %4Ni-YoMo-Y4Cr-V #o>
WL IR E B R AR O

96€° TLC= XS

€75 761

Circumferential weld seam

TLL'THT- |

£T00° 16—

Assumed annular (ring) crack in
circumferential weld seam

€0€2 " 6€—

Bottom Forge
N

8075 2T

6TIE %9
91T

\

Jacket

Screw Plate

s

i End Plate .7

32 LDPE 73 #ifx DML (V% 7 v FFORF 7 —&
Kb LAy FOBEERTFRI LA OBIRA L) oI ffpr 0

33 00 0F, M AZLEE X 6.0mm A 5 X 34 10 DR
BESEA M R (FAC) ICET 52 E TOHBRARMAREEX
67.6mm 1278 % #uk LSzl k) s 2R L TB Y.,
C DRI 4,330 B A 7 VDR L (Bl Lo 48
W EELTWA, 272, HBORERKOHES 2
X0 ARSI ST 214mm. RFMIZ 216594 7 L
EENZENHESND, Eo T, ZORFEGUIMNTIX
SE I 70 PR AMAS C O R% Y K B O ke B & i Sk &
LT, Yx 7y FORULL E BT KIRkRZE, B
#WiBHE L O PWHT & Vo 2Mis2liL T 52 &% dHE
FHEFHARETH %o

between Body and Bottom Forge

between Body and Bottom Forge

100

90

80

Crack depth, @, mm

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Number of repetitions of operating cycle , N, cycles
33 LDPE 57#E#RDT X7 v FFORTA—ERFANY FD
VAR TRV R OO BEIR . 24 0D F 2 J s

—Non-material-specific FAD

o Locus of FAD assessment points by in-service crack propagation analysis (Pressure +
Thermal loadings + Weld Residual Stress)

o Ll

S Unacceptable Region
gE 1 ! et

= 09 g \

% c0 i i

N 0.8 S : :

S § / Acceptable Region

+ 07 ——

& P

o 06 =~ Theoretical

T 05 Remaining Life

04 /

£ 03

s

2 02

L

£ o1

o !

2 0 | }

&= 0 01 02 03 04 05 06 07 08 09 1 1.1

Load ratio, LY = Ufgf/ Oys

34 LDPE 5 #E# O x 7 v FFOERT S —L K M Ay KO
AT R OBIRRZIIT 55
BRI (FAD) RN OIS X 2
B 283 S sz i

i

4. &

2.25Cr-1Mo $ B4 il RS B4 K SR80 3 - I SO
B i 512, 1960 fEACAR RS % v 72 R OK K BRBE &
TRBLL 72 bRk & 2L G REm 2 0w R EEA RIS D
THW L7,

LDPE #43% F #%2% (4Ni-1%Cr-YsMo-V $i# 4 — b 7 L —
7RG 885 & OF %Ni-vaMo-Y4Cr-V Sl 8455 2%) 2 %F 4
(2 1970 EARISAT b L 72 A RHRBR I 3D < MERHERIE &
FEBEAD FFS @O W THIR L7z,

AT LT L TE AL TICRTHMIZOWT
it L7z
(1) BEA7 FFS Code ~® 2.25Cr-1Mo $ o> 7K i 1k & st

I DEA
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(2) 1964 455 1972 412 BAE S 7z 2.25Cr-1Mo i 7
S SR SR 5% - R SOSSE B3 2 BEIR LI
(L& K EWa D E BN R 35 4355ty 54l & T vl
B2 5720 DI EF P )7
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HMEFFEPL]", pp.195-232 (1997)
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Vessel Steels Using Large Thickness Specimen”,
Proceeding ICPVT-10, July 7-10, 2003, Viennna,
Austria (2003), pp.543-552

(3) “Materials and Fabrication Requirements for 2v4Cr-1Mo
& 3Cr-1Mo Steel Heavy Wall Pressure Vessels for High
Temperature, High Pressure Hydrogen Service API,
Recommended Practice 934 First Edition December
2000", American Petroleum Institute (2000)

(4) YWada : “Hydrogen Embrittlement of Low Alloy
Steel for Pressure Vessels Based on a Large Size
Specimen”, Dept. of Nanomechanics, Graduate School
of Engineering, TOHOKU UNIV, Doctor Thesis (2007)

(5) “API579-1/ASME FFS-1, June, 2016", The American
Society of Mechanical Engineers / American Petroleum
Institute (2016)

(92)

(6) “HPIS Z 101-2:2011 J+ 73 8% %7 & 2LIR K B 5F-Ailfi )5
-5 2 BERS R, ALREE AN H AR ST D HA &
(2011), pp.146-156

(7) A.J.Bagdasarian, E.L.Bereczy, T.Ishiguro,
K Kimura, and TTahara : “Material Degradation and
Hydrogen Assisted Crack Growth of Old Generation
Hydrocracking Reactor Vessel Made of 2 1/4Cr-1Mo
Steel”, Corrosion93, NACE, Houston, TX (1993),
Paper No.629

(8 RWJ]. Koers : “Hydrogen Assisted Crack Growth in
the Wall of Pressure Vessels Made of Conventional
and V-Modified Steels”, 2nd Creusot-Ioire Industrie
Workshop in Burgundy, France, 22 October (1998)

(9) AYasutomi : “Serviceability Assessment for Safe
Operation of Hydroprocessing Reactors by FFS (Level
3 Assessment of Crack-Like Flaws)”, PVP 2017,
Hawaii, USA (2017), PVP2017-65346

(10) AYasutomi : “Serviceability Assessment for Safe
Operation of LDPE Pressure Vessels’, PVP 2020,
Minnesota, USA (2020), PVP2020-21401

(11) “ASME BPVC Section VIII, Division 3, 2019 Edition”,
The American Society of Mechanical Engineers (2019)

(12) K.Chiba, T.Iwadate, ]J.Watanabe, and H.Takeda :
“A Safe Analysis of High Pressure Reactors For
Polyethylene Production”, Presented at the Fourth
International Conference on Pressure Vessel
Technology, London (1980), pp.1-6

(13) TIwadate, Y.Tanaka, and HTakemata : “Prediction
of Fracture Toughness KIC Transition Curves
of Pressure Vessel Steels from Charpy V-notch
Impact Test Results”, PVP-Vol. 239/MPC Vol. 33,
Serviceability of Petroleum, Process, and Power
Equipment ASME 1992 (1992), pp.95-101

HASERT IR No.72 (2021.11)





