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Assessment of Structural Integrity of High Pressure

Vaporizer in Fuel Gas Supply System for LNG Ship
Young Il Lee

Department of Mechanical Engineering, Graduate School,

Korea Maritime University

Abstract

The heavy fuel oil of ship has increasingly been replaced by LNG in
accordance with the eco-friendly trend at the world market in ship. Natural gas of
cryogenic liquid condition stored in fuel tank has to be evaporated in order to
supply natural gas to engine.

The high pressure vaporizer is an equipment to vaporize LNG. The inlet of HP
vaporizer is cryogenic and high pressure condition, the outlet is high temperature
and pressure condition. Assessment of structural integrity of HP vaporizer in these
conditions was performed due to evaluate structural damage.

In this study, we had performed structure analysis of vaporizer on high pressure
condition and we determined structural integrity after comparing analysis result
with allowable stress values on ASME code section VIII Division 2.

The HP wvaporizer consists of channel cover, tubesheet, shell near the supports,
the shell-nozzle intersection, rear cover and supports. Finite element analysis
models are constructed for each analysis. Three-dimensional isoparametric solid
elements are used.

Material properties with temperature are based on ASME Section II Part D.

This was done by two methods. The first is code calculation for pressure parts
by showing compliance with all of the applicable requirements of the ASME
Code Section VIII Div.l & 2. The HP vaporizer is designed to the requirements
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of the ASME Code Section VIII Division 1 for shell side and Division 2 for tube
side respectively.

The second is analysis, which is performed by calculating stress for the
discontinuity parts, stress concentrated area and structures due to the weight and
nozzle loads including pressure loads and then comparing these stress to the
allowable stress limits.

Finally, we confirmed that the calculated stress don't exceed allowable stress,

thus it is proved that structural integrity can be maintained.
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Nomenclature

E . ¥4 Al9=(Young's modulus, GPa)

k : @A =& (thermal conductivity, W/mK)

a : YA A S (nominal coefficient of thermal expansion, mm/mm/C)
ol : A W E(shearing strain)

€ 1 W E(tensile strain)

v : ¥o}<H](Poisson's ratio)

o 0174 & (tensile stress, MPa)

T : At = (shearing stress, MPa)

Collection @ kmou



Table

Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table

List of Tables

1 Examples of stress classification (ASME Sec.VIII Div.2 table
5.6)

Nozzle loads conditions

Normal operation conditions

Hydrostatic test condition

Design pressure and temperature

Equivalent density

Actual thickness of components strength

Strength and allowable stress

O© oo N O O s~ W N

Material properties
10 Summary of stress analysis at normal operation condition
11 Summary of stress analysis at hydrostatic test condition

12 Reaction force from ANSYS model (Unit : N)

Collection @ kmou



List of Figures

Fig. 1 Process flow diagram of LNG propulsion ship
Fig. 2 Stress categories and limits of equivalent stress
Fig. 3 Mechanical analysis process

Fig. 4 Maximum value of displacement according to the number of
elements

Fig. 5 Geometric model of HP vaporizer

Fig. 6 Finite element mesh of HP vaporizer

-

Fig. 7 Geometric model of channel and tubesheet

oo

Fig. 8 Finite element mesh of channel and tubesheet

Fig. 9 ANSYS element description used 3-D analysis of structural
element of SHELL 181 in ANSYS

Fig. 10 ANSYS element description used 3-D analysis of structural
element of SOLID 185 in ANSYS

Fig. 11 Boundary and pressure condition of HP vaporizer

Fig. 12 Sign convention

Fig. 13 Results of stress analysis (P + Ps)

Fig. 14 Results of stress analysis (P + Ps + D + N)

Fig. 15 Distribution of equivalent stress of channel cover

Fig. 16 Distribution equivalent stress of tubesheet

Fig. 17 Distribution of membrane equivalent stress of shell cover

Fig. 18 Distribution of membrane and bending equivalent stress of shell
cover

Collection @ kmou



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

19
20
21
22
23
24
25

26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

1st principal stress in shell cover near stiffeners
2nd principal stress in shell cover near stiffeners
3rd principal stress in shell cover near stiffeners
1st principal stress in shell stiffeners
2nd principal stress in shell stiffeners
3rd principal stress in shell stiffeners

Distribution of membrane equivalent stress of shell near
support

1st principal stress of shell near support

2nd principal stress of shell near support

3rd principal stress of shell near support

Distribution of membrane equivalent stress of shell near nozzle
1st principal stress of shell near nozzle

2nd principal stress of shell near nozzle

3rd principal stress of shell near nozzle

Distribution of membrane equivalent stress of shell near flange
1st principal stress of shell near flange

2nd principal stress of shell near flange

3rd principal stress of shell near flange

Distribution of membrane equivalent stress of nozzle
Distribution of membrane equivalent stress of support

Distribution of membrane and bending equivalent stress of
support

Distribution equivalent stress of channel cover

Collection @ kmou



Fig. 41 Distribution of membrane equivalent stress of shell
Fig. 42 Distribution of membrane and bending equivalent stress of shell

Fig. 43 Location of each setting bolt

vii

Collection @ kmou



AlAAE

11 97 WA

geke FoE AA e @4 Fuel dede 49

i
19
f

3
o

o
o
o
=i

i\

f(Heavy Fuel oil, HFO)&= A7 23S LR A] 7]
= U T sHE olE wiAEY] S8 W, 1as, Ags

Rhso] 7h7] ftel et A AE ThsAdel w2 tiAd B i Ah

=)

(NOx)& 80%, 3AH3E(SOx)S 90% ol ZAAaAZA 4 9o LNG 98

el tdh Aol sobxar ar seAdAtet s LNG d= F314

X

::J‘

#AE Vst EAH o= A ar Qv [2]
A A7) FF(International Maritime Organization, IMO):= A¥F v &7}~
o that jAZS F3tetar Qo Mule] o3 thr|ed WAES s =A%

©AWAPHMARPOL &M VI th7129 A 288 Rrkstel sl

=, AxAElE 52 AU BEEE Aol At oR 25T
w3 Eagodgs), )y 7hgH sfers ¥as mj=re] AdXF § Yo
20159 1€¥95¢ wi&7F~ A1 A 9 (Emission Control Area, ECA)S A A3}

of Auk FHuTh F FhFel A FHARE ALHES FAIS)

al
AMGed g 2 TVt T8 AT Ee e A= wEARAS A

X0,
o
i)

Collection @ kmou



o o]o], 2012

-
It

-
=

/&2 2009~2018

3|

et e 20009 °

i

-

u
O Z 7slslglon ANsdA st A}

Le

HH

e o T NG G B SR oK o T T M
N WO - B W T W5 % T % 5 o
Nook o2 o N In o = = T
) T T W I of oM T — =
oo oW R oW O R oM s M ﬂ%ﬂ H =
T oo < o ®OB T ox B T~ % F oo <
XL EERPONE I SE S
an AT = TN T 9 X . B R _
5 i T Mo o= Z =T = N 2 T
o~ N o O oR Ay 0 my N
)N ) T — ™ oH 2 -~ Bk
3 z.ﬁzr_wﬁo X b of iy W al
g P g o e MTE e e W DT
ﬁiﬂm_xﬁLﬁ%ﬂL@%l@ﬂayﬂ_d
e g B o= U] NOE oL SN do
o R E Lo tE e BEEBEENER S ¢
‘l;_A E7OJ|O —_ \N ﬂOO w0
—w i " Y mm TS B E W = & O
== ‘\%,I i s N
wzﬂw7w%ﬂﬂnmw.moﬂﬂw%zuw
—_— (@] —_— )
W~ i WL N S e = ﬂnu_m aQ, R ey KO M AN
Wﬂﬂﬂ%z%ﬂé7mgmuo%%.zTM
S N T = T Ty LIy ~
uxw#OPE%LL@E_Lﬂﬂw%mmw%mwﬂ%w7
ccoﬂﬁGﬂﬂ ﬂ%ﬂ%%L%#%ﬂ
e gz DMEE R YR o 7 e
N NL@ﬂﬁ.ﬂw]_/nZSMﬂ]_]_de]ﬁﬁ
5w oo B N 2
SRR R RS Lo BN RN
; ] B- 0% N Ay X R —_
mooom ox o b T x ﬂﬁ%ﬂﬂﬁoﬁ_
TR R o ¥R o4 X A 4wy
Jlmﬂﬂn_AlL]MMJlL}E T L N T o -
X < - ® ¥ N O = B ea_%.
T BT S RS R R
O T W= S i T S
S RO N L S ol P
< ~ RN ) = K W oR
= . W T H X T TOom T o o 9 )
o w M e HwWw B Tw N '

77
7]l

7122 Division 29

|

G

&

=
=]

1

o
H

1

s

T

9
paA

°f ¢

S|
ax

Section VIII Division 19
1

=
K

It} ASME Code

R8s

ASME (American Society of Mechanical Engineers) Code®l] %3
kel

o] -0} ] of

Collection @ kmou



A Ee1le] o] & o] gate] Tz A H I} o] Foj A of FTt.[6]

12 97 %

ING 98 FHxMol AS &3 1960dH ] AU EL 7 A4 E 9
A7F~E AAGHE WIAA AR F ArnZ AR o A AT
o] A4 7138 Ao 2 BOG(Boil Off Gas, =272)7F @Alste] BOGe

=
I

o

@ aadon 29 g Azl Ag P42 Adsgn. gA ey 9

=

°of FYHEE AE 100% ztdtsl= WA ~EHS FE77F oHY &
o dishdArtae wid HA FF o 0.15%7F AA 715k= vt

1=}
w
S8 BOGE IR FH SEF T o] A&How opd Eud

it

HEU = A% AT ARSE 28] AAEHE Ao v]goly HAH|E
sol7] 8] AFEEE dUyA HlEol f & ASoE HY HE b gl
t}. BOGE Hdee] &5 #o] @3 kel ~gow ~"HEWE 153
o]l sjlxgor ZgAE =

.{.4

AT, ~EENANS FAEE] 30% Yol HA ekl AR 1000] F
Arin sloE A4 mede FEo] 2ot olyAE 300 Baln A
Z3o] AuHow Aol o vel A WA Agdl e § <

%]—

olo wla] AR A FArel W A(MAN D&T)o] B3k ME-GI(Main

engine Electronic control Gas Injection) <13} w4k (Wartsila)

X-DF(eXtra long stroke Dual Fuel) ¢1Z1& 2384 A< o]F Agdzo

Collection @ kmou

9]
=



5

5
ol 7§el FH(tube)7} HAIE = AU7ISH] = Bl a2, b
ol A 71gteto e HAZtAs dxle= =2

oJAH @A LNG o= FHMA Aspddrtas dAvpaR Wgksto]

.........................................

LNG Bunkering Inlet § Tank Room

 LPSoluion vt Low Pressure

5 I s We——m g : 5-6barg  Gas Supply
. Rﬁl —— - (4Stroke Engine,
LP Vaporizer ; BASa
4] o f HP Solution
LNG Storage Tank
(Type Cor Type B) /'-"'\
e b z::o 300 berg High Pressure
—r =4 . ) T"'__—" Gas Supply
. \ ] (2Stroke Engine etc)
HP Pump N\ HP Vaporizer »#

Fig. 1 Process flow diagram of LNG propulsion ship

Collection @ kmou



13 97 W& % 53

e

= Aol AREE 1SSl REE 3 Aol =l Hx
H astrlstrlol agkrlsre dA-FREY dustriY g Folt
AZE FH(tube), FEA E(tubesheet), A€ (channel), @™ (shell
=Z(nozzle), E#MA(flange), A AF-(support) o= %ol 3

T ET 5O AAE FOAES P gE Ade] FAE 7

2 AA
Q/H 9o
cover),
. 573,

< 714

A skl A g A AAE ok sk At E )7L AEsths Bk =gt

gelo] JPe wol W] W] AFAoE $HPAE Fo T2

o oAnE olgstel /181 4 RE 8 oY #F el 4Ans

Hlul HESIO 2R AA AAFAAS EF36k3 . o= A3 ASME
VIII Division 1 & 29| o]|&4 u}4d& o]s s}

7] 8 08b)Ey] A7) ZRAEd &8st glo] of el BAolt

Collection @ kmou



A 2 47187 $EB7E T

2.1 @9%s 133 a8 FAALARY

Aol WA (sotropic)?]l AFER] Az thele] $HI HFE] A

F29 W H(Hook's law)el] 9Jte] vheat e 4& % & gk,

il

1
exzf[ax—y(ay—i—az)]-f—aAT
1
eyzf[ay—y(az+ax)]+aAT
= Llo,—vlo, + &) F QAT
.= Flo.~vlo, toy)lta
2(1+v
Yoy = (E )Txy (2.1)
~2(1+v)
’sz_ E Tyz
2(1+v)

9 AES AU o® ZdsH (2.2)27 Zo] AYT F glon, o

P49 e vhg (2.3)47 Pk,

Collection @ kmou



v 1 —v —v 0 0 0 v a/\
€y —v 1 —v 0 0 0 9y aAT]
El_ 1]l —v —v 1 0 0 0 g, aAT)
vl E| 0 0 0 21+1) 0 0 |]n,[T] 0 (2.2)
o 0 0 0 0 2(1+v) 0 T 0
" 0 0 0 0 0 2(1+v) . 0
[ 1—v v v ]
1—2v 1—2v 1—2v 000
v 1—v v
% =20 1-2v 1-2v 0 ¥ Of[a—aAT)
o, v v 1—v 00 0 ey—aAT
o._ E |1-2v 1-2v 1—2v e, —aAT
[ I 0 0 =00 Ty
Ty 2 X Yy
Tex 0 0 0 0—0 Vex
2
1
0 0 0 00 5|

o] AN E, v, ax BAASF(Young's modulus), Fo}3H]|(Poisson's
Ao HofA

ratio), AW 9*(mean linear expansion)® 7S Algrolm g
of MY ES Fold 1 HoAe SHE A U & T

2.2 F=o|&

ASME Section VIII Division 12 1%7]3}7] £& 4#HE7|E A g o
of FAFFAY AuiHos et AAS AYsta gtk whde] 1969d A
S 2709 ASME Section VIII Division 2+ Bt} 233 ArbHS 7438

L glew SHEAe o3 dA R de SHAY 55 dEst

Collection @ kmou



k. T3 ASME Section VIII Division 2+ 8719 AR8&2 o] uls)of
st} 71E2# o2 ASME Section VIII Division 2+ %2 AAYHEHS 383}
IRk ofye} thE FHol g uH e Zdestn Ho tfstal 44

g AlS rES etk 3l

X
olo
H

H
Az Beks WA= oduA =, Fox Ame]l Ml v | (distortion
energy)°l 712E Fi Atk 15 ¥ A5 &AW F] dojys F&EX
AL Aol wel 2 §Ho] FEHE et vl ASME Section VIII
Division 204 ZZo]&& Hdl W x| o]&(von Mises &&Hol&)=
Agatar vt oW oA E3FE Sl e FE HERE W oyXA
@ (strain energy density of distortion) gte] 1A H <] vH|EY W9 oy

AU o] Hole W Gl Al T= o] Zo|t.[8]

P

A W F3HL on 02 05 T P NEF MANIAE Tt 2ok

[(01—02)2—1-(02—03)2—1-(03—01)2] (2.4)

(2.5)

Collection @ kmou



(2.6)

[(01 — 02)2 + (02 — 03)2 + (03 — 01)2]

_ 1+~
6L

1+’)/ 2
3E v

EEEERE L IFPNER I

(2.7)

(2.8)

57Fs# (von Mises stress)o]al o] Ao] -weo] Zho] AAFA|

1
s

1714 o

9 oluAel Holgro]

g A=

)
E

3}

Ford

3
pul

A==

o
T

A Kt 2

=
1=

Collection @ kmou



2.3 3 &3t

D sk 32 oejekel AASE ()
2) MAR A ARG (Ps)

3) el BAE stge EFT 719k AErV], FEEe A (D)

& A718H71= P, Ps, D, NoJ slzo2 A8 A

10

Collection @ kmou



24 &9 WF

Eiak I

A=

3|

ASME Section VIII Division 2 Part 5& 7|7]°] 7}

=

Table 13 #o] YeERJATL

o=

=
T

TH

=
=]

KR
o

1<l

X

2.4.1 Y233 (Primary stress, Pm)

el

s@ oA A

1
s

i g

3|

7] )

A (self-limiting)o] $lov, £7]9] F7

AF

]

3}(strain—hardening) A o we} A4}, webA 2

oM Tz

1
T

(general)oltt =52 (locaDo] k= 1}

S|
&

A

,.EO

el

171 Wl 2

of A7t E7bss

=
=]

KR
o

o
-

(thermal stress)

2.4.2 FxAx}ut-g-#H(Local primary membrane stress, Pl)

o ¢

=
K2

el

71 A1 A

=
—

o1} o}

bl

el

,.EO

A4y

11

Collection @ kmou



el

—_
110

iy

=g
TH

2.4.3 Y23 3-8 (Primary bending stress, Pb)

o EAOoRNE

il

™

gl

o}
=

o
=

TH

St ¢

skl oste] A H T
2.4.4 ©)x}-$-¥(Secondary stress, Q)

ol abgelolet FxB o A7) T

w1 =

g5k Al

o
T

o]

fred
>
N
TH
il

@t

1
s

=2 3 goz HAA| FxEY FHz7tA] AZdHHA
2.4.5 ¥ 3-8 (Peak stress, F)

=y

©
o

=i
=

o} 4w

ol
=

)

BEEE

12

Collection @ kmou



Table 1 Examples of stress classification(ASME Sec.VIII Div.2 table 5.6)

Vessel . Origin of Classi-
Component Location St%ess Type of Stress fication
Any shell Shell plate Internal General Pm
including remote from pressure membrane Q
cylinders, discontinuities Gradient through
cones, plate thickness
spheres Axial thermal Membrane Q
and gradient bending Q
formed Near nozzle or | Net—section Local membrane Pl
heads other opening force and/or Bending Q

bending Peak(fillet or F
moment corner)
applied to the
nozzle, and/or
internal
pressure
Any location Temperature Membrane Q
difference Bending Q
between shell
and head
Shell Internal Membrane Pm
distortions pressure Bending Q
such as
out—of-roundne
ss and dents
Cylindrical | Any section Net—section Membrane stress Pm
or conical | across entire axial force, averaged
shell vessel bending through the
moment thickness,
applied to the remote from
cylinder or discontinuities;
cone, and/or stress
internal component
pressure perprndicular to
cross section
Bending stress Pb
through the
thickness; stress
component
perpendicular to
cross section
Junction with Internal Membrane Pllnote(1)]
head of flange pressure Bending Q
13
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Vessel

Origin of

Classi-

given by ASME
Section VIII

torsional loads
including those

Component Location Stress Type of Stress fication
Dish head | Crown Internal Membrane Pm
or conical pressure Bending Pb
head Knuckle or Internal Membrane Pllnote(1)]
junction to pressure Bending Q
shell
Flat head Center region Internal Membrane Pm
pressure Bending Pb
Junction to Internal Membrane Pl
shell pressure Bending QInote(2)]
Perforated | Typical Pressure Membrane(avera | Pm
head or ligament in a ged through
shell uniform pattern cross section)
Bending(average | Pb
d through width
of ligament., but
gradient through
plate)
Peak F
Isolated or Pressure Membrane Q
atypical Bending F
ligament Peak F
Nozzle Within the Pressure and General Pm
limits of external loads | membrane
reinforcement and moments Bending(other Pm
given by ASME | including those | than gross
Section VIII attributable to structural
Division 2 restrained free | discontinuity
Part 4 end stress) averaged
Paragraph 4.5 displacements through nozzle
of attached thickness
piping
Outside the Pressure and General Pm
limits of external axial, | membrane
reinforcement shear and

Division 2 attributable to
Part 4 restrained free
Paragraph 4.5 end
displacements
of attached
piping
14

Collection @ kmou




Vessel . Origin of lassi—
Component Location St%ess Type of Stress f(i:cilstison
Nozzle Pressure and Membrane Pl

external loads | Bending Pb
and moments,
excluding
those
attributable to
restrained free
end
displacements
of attached
piping
Pressure and Membrane Pl
all external Bending Q
loads and Peak F
moments
Nozzle wall Gross Membrane Pl
structural Bending Q
discontinuities Peak F
Differential Membrane Q
expansion Bending Q
Peak F
Cladding Any Differential Membrane F
expansion Bending F
Any Any Radial Equivalent linear | Q
temperature stress(note(4)]
distribution
[note(3)]
Nonlinear F
portion of stress
distribution
Any Any Any Stress F
concentration(not
ch effect)
[note]
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2.5 S8}

Ao 3t H7LE d7] Y= 58-S (allowable stress)S WA kel
ok sl FesHL AQu, L%, HE FAd wet tgEA FolHrh 1)

S7I(FEHE7Del EAshE SHE TSk HA, TEFH SHe LAY

st s wel bE SE&AE AEstolof gk o]y E AES qf

11 9Jt}. Fig. 2% ASME Code Section VII Division 204 7438k
SHET} SHIAAE HolFal Fig. 28 ¢85t &8 7hsehA] Hrhgio
837t 7R stgol AAIRANA T Al 2ddA o wep 2

A A% Fig. 29 S at2 ASME Section II Part DA | E3st= A2 2

ASME Code°llX &85 v o] stH, o9 wet 58471 b2
A A gH

2.5.1 vt A =749 B}

(1) 99 A2

Pm = &S (2.9)
Pl = 1.55 (2.10)
Pl+Pb = 1.55 (2.1

(2) A g+ FY ] T8 F(PI+Pb)

(01+ 09+ 03)<4S (2.12)

16
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25.2 ¢ AY =9 $+¥HYI}

BE ogdoA] Pm < 0.95 Sy o], (2.13)
Pm+Pb < 143 Sy : Pm = 0.67 Sy (2.14)
Pm+Pb < 2.43 Sy -1.5 Pm : 0.67 Sy < Pm < 0.95 Sy o|t}.

17
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Stress PrmEn secondary
Category General Local — Membrane Peak
membrane membrane g plus bending
Description | Average primary | Average stress Component of Self-equilibrating | 1 Increment
ze232) stress across across any solid primary stress stress necessary added to
salid section section proportional to to satisfy primary or
Excludes Considers distance from continuity of secondary stress
discontinuities discantinuities centroid of solid | structure. by a
and but not section. Oceurs at concentration
concentrations. concentrations. Excludes structural {notch).
Produced only by | Produced only by | discontinuities discontinuities 2 Certain
mechanical loads. | mechanical loads. | and Can becaused by | thermal stresses
concentrations. mechanical load which may cause
Produced only by | or by differential fatigue but not
mechanical loads. | thermal expansion. | distortion of
Excludes local vessel shape.
stress
concentratians.
Symbaol Pm il Pb Q F
i i ;
RS R T = 7, |
: o
Pm @ : .
Pl+Pb+Q \Sis) !
E?I 155 ! i
i
Use design loads
- v P
------------- Use operating loads \
155 Pl+Pb+0Q+F Sa j
_/

Fig. 2 Stress categories and limits of equivalent stress
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Fig. 3 Mechanical analysis process
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Fig. 4 Maximum value of displacement according to the number of

elements
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s AN
MAT NUM Shell
Outlet
Stiffeners
o Inlet
Shell cover
Channel
ALK
Support
Base plate
Fig. 5 Geometric model of HP wvaporizer
ELEMENTS AN
MAT NUM

Fig. 6 Finite element mesh of HP vaporizer
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AREAS

TYPE NUM

Channel

Tube sheet

Fig. 7 Geometric model of channel and tubesheet

AN

ELEMENTS

Fig. 8 Finite element mesh of channel and tubesheet
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KL

I J
Triangular Option
(not recommended)

Fig. 9 ANSYS element description used 3-D analysis of structural
element of SHELL 181 in ANSYS

] Qp
S
Q
i KL
J
Prisim Opfion
MHOP
B
KL
K

d
Tefrahedral Option -

E et recormmendead
¥ 4
X

Fig. 10 ANSYS element description used 3-D analysis of structural
element of SOLID 185 in ANSYS

Collection @ kmou ™



Ad718718 BA =24 R §F =24

17187 370 A A F-2o] Uik(base plate)ol] EES A Aste] AA 2] v}
S nggth o]E Ao R Wi EE AA Foo] 7 21s A&
AH I} et stge o w T}

Qato] Weke] W AAo FAWToR P& Fig. 112 147]3817]
A% 49 a5S UERd Bojt) Table 2% 7181719 97+ 2

P=420 Bar
P=10 Bar(shell side) (tube side)

I"-'::‘\:‘ '

A

'y
7]
|7:J
K
B
N

T L= e, L=
v e NN e O

X

B.C1 B.C2 B.C3
UX=0, UY=0 UX=0, UY=0, UZ=0 UX=0, UY=0

Fig. 11 Boundary and pressure condition of HP vaporizer

Table 2 Nozzle loads conditions

Fx [N] | Fy [N] | Fz [N] | Mx [Nm] | My [Nm] | Mz [Nm]
Inlet of 33 33 33 954 954 954
vaporizer
Outlet of |, 929 929 169 169 169
vaporizer
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33 844¥ 9 34

sk 718471 €]

QA (component)d &= 3A

Table 4¢] A& st}

= 2.540] webM Table 33

Table 3 Normal operation condition

Loading Stress | Method of
component . . o . Stress Limit .
Combination Classification Calculation
Shell
U-tube Code
Shell Flange P+ Ps - - Calculation
Nozzle neck By Rule
and Pad
Channel P+ P E S
annet cover K Pm+ Pb SpL=1.5S
Tubesheet P+ P y | >
Hheshee ° Pm+ Pb Spi=1.55
Pm S
Rear Cover P+Ps
Pm+ Pb SrL=1.5S
Rear Cover Stress
PL+Pb i
ne.ar P+ Ps 4S Analysis
Stiffener and (ol+ 02+ 03) by FEM
Stiffener
Shell near PL L5S
Support P+Ps+D+L PL+Pb 4'8
/Nozzle/Flange (o1+ 02+ 03)
Pm S
Support P+Ps+D+L
Pm+ Pb SpL=1.5S

[note]

P: Design Pressure, Ps: Static head, D: Dead weight, L: Nozzle load
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Table 4 Hydrostatic test condition

Loading Stress Allowable Method of
Component L. . .. .
Combination Classification Limit Calculation
Channel Pm
0.95 Sy Stress
Cover Test Pressure w/ | Pm+ Pb .
Static Head Pm Analysis
Shell 0.95 S
Pm+ Pb y by FEM

34 34 =4 R A4 AR

71 Fx A9 st RE AAlZRANA -165T, 100TCe %29} 420

bare] & o] etr|shz] o] AHE8HJa 4 AF 27 A= 546 bar

o] kol HEF AL} 4] "o Hg¥ w=9f U F7LS Table 59 U}

EF9 3L Table 63 7o) AFE¥H STS316L¢] Wik 7750ke/m° o] A

o} BEnol BAZ selsle] AARZ A9d o] ST 12300ke/m’
S

ESl
N
L
N
=2
>~
-
o
in
2
N,
o
>
n
—3
=
>
\)
>
(@}
w
—
(@)
.-
>
—
oo
\)
)
w
—
(@)
.-
i
\)
N
—_
)

of FAT%E F

9
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Table 5 Design pressure and temperature

Tube side Shell side Remark
Design Pressure, Barg 420 10
Design Temperature, C -165/100 100

Table 6 Equivalent density

Component Density  (kg/m®)
Support 7750
All component without support 12300

Collection @ kmou
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3.4.1 L&k A3 A FHHY AR

ASME Code Section VIII Division 13 2& o]&3slo] & Fo] Q75+
F71E Table 7% o] YRSt F-54fk(sign convention) Fig. 129}
ol el o 71719 7t FEEd gk 51853 32 ASME 3= w
2} Table 83 #o] Yet3l A& =A== Table 9% £t} [9]

Table 7 Actual thickness of components strength

Location Actual thickness [mm]
Shell 7
Shell Flange 65
U-Tube 2.11
Channel Shell 100
Channel Cover 190

[note]

1. ASME Code Section VII Division 1 for shell side and Division 2 for Tube side are applied
respectively.

2. Stress analysis shall be done for the other parts in accordance with paragraph 4.1.5.1 of ASME
Code Section VIII Division 2, which are not calculated in accordance with code rule.
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+Fy
)

e

RIGHT HAND RULE

— +Fx

Table 8 Strength and allowable stress [9]

+Mx

+Mz

Sliding Support

Fixed Support

Fig. 12 Sign Convention

Stress Su Sy S
Material (Ultimate (Yield (Allowable
strength) strength) stress)
MPa MPa MPa
Shell A240-316L 485 145 115
Shell Cover A240-316L 485 145 115
Shell Flange A182-F316L 485 145 115
Tubesheet A182-F316L 485 145 115
Channel cover
) A182-F316L 485 145 115
with nozzle
Nozzle for
A182-F316L 485 145 115
Shell
Support A240-316L 485 145 115
) 30
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Table 9 Material properties

Young's

modulus [GPa] Possion’s ratio

Area Temperature

Shell side, support,

. @ 100TC 189 0.3
Tube side outlet part
Tube side inlet part @ -165T 206.7 0.3
e ol U@ wtv1Ele AAAL ¥ PEE Fig 137 23, o,

== ool w3k dAAHS) &3 EE% Fig. 149 2t} Fig. 13, 149

=

ObA e 2(2.9)~(2.12)9] =0& ©] 83 FHH /= Table 107 o]
YeERSITE 71719) 7 & RFo] oisk $2 BEE Fig. 15~399 Zth

Fig.15, 16> AE#n 9] 57582 EE Yed 3O =2 path 7]5& AHS
sto Ho-gH& Ar=sIGlt) Fig. 169 89 104 MPa, Fig. 169
8882 olule] HE e

Fig. 17, 182 dAAM 9 5
A o)t} Fig. 179 HggHe 274
vERow R 583 W oy

QJ
s
G’
—
0
1o
i
=
olo
_IXE
[‘ o
—
o
&)
=
U
[eb)
fr

MP
= Z1E A
=
T

b
3§ BIEPHPD) FRA ES AT 0 AHgHE 25

Ay BhE Fas.
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NODAL SOLUTION AN

STEP=1

sUB =1

TIME=1

SEQV (ave)

DMX =.001657 817.302

SMN =817.302

SMX =.204E+0%
.226E+08
L453E+08
.679E+08
.905E+08
L113E+09
.136E+09
.158E+09
.181E+09
.204E+09

;)\x

Fig. 13 Results of stress analysis (P + Ps)

NODAL SOLUTION AN

STEP=1

SUB =1

TIME=1

SEQV (AVG)

MIDDLE 2358

DMX =.001662

SMN =2358

SMX =.204E+0% .226E+08
.453E+08
.679E+08
.906E+08
.113E+09
.136E+09
.158E+09
.181E+09
.204E+09

Fig. 14 Results of stress analysis (P + Ps + D + N)
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Table 10 Summary of stress analysis at normal operation condition

Equivalent Stress (MPa)

Component Material Stress
P Classification Calculated AHO_WE}ble
Limit
Channel Cover |Al182- [Pm 47 S=115
(Path 1) F316L | Pm+Pb 104 1.55=172.5
Tubesheet Al182- Pm 50.8 S=115
(Path 2) F316L | Pm+Pb 75.6 1.55=172.5
A240- Pm 27.4 S=115
Shell Cover
316L Pm+ Pb 152 1.58=172.5
Shell Cover A240- PL+Pb 127+ 39.6+0.12
. 4S=460
near stiffener | 316L (o1+ 02+ 03) =167.12
) A240- PL+Pb 73.4+ 21.9+0.05
Shell Stiffener 4S=460
316L (0l1+ 02+ 03) =95.39
a9 PL 30.3 1.55=172.5
Shell near PL+Pb 35.1+ 29.5+ 0.04
Support 316L 4S5=460
(ol+ 02+ 03) =64.65
2IL, 38 1.55=172.5
Shell near A240-
PL+Pb 69.8+ 30.1+0.10
Nozzle 316L 4S=460
(0l+ 02+ 03) =100
PL 49.5 1.55=172.5
Shell near A240-
PL+Pb 63.0+ 39.2+0.06
Flange 316L 4S=460
(o1+ 02+ 03) =102.19
Nozzle N1/N2 | A182- Pm 37.3 S=115
(Path 3) F316L | Pm+Pb 56.6 1.55=172.5
S . A240- Pm 59.6 S=115
r
HPPo 316L | Pm+Pb 59.6 1.55=172.5
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NCDAL SOLUTION

STEP=1

SUB =1

TIME=1

SEQV (AVG)
DMX =.154E-03
SMN =790413
SMX =.287E+09

790413

.326E+08

.645E+08

.963E+08 [

.128E+09

.160E+09

.192E+09

.224E+09) |
.256E+09

.287E+09

\\‘?£

Fig. 15 Distribution of equivalent stress of channel cover

NODAL SOLUTION AN
STEP=1

SUB =1

TIME=1

SEQV (AvG)

DMX =.154E-03 790413

SMN =730413
SMX =.287E+09
.326E+08

.645E+08
.963E+08 |
.128E+09
.160E+09
.192E+09
.224E+09) |
.2552+09[

.287E+09

R

Fig. 16 Distribution equivalent stress of tubesheet
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NODAL SOLUTION

STEP=1

SUB =1

TIME=1

SEQV (2VG)
MIDDLE

DMX =.001662
SMN =.716E+07
SMYX =.274E+08

.T16E+07
.941E+07
.117E+08
.139E+08 |
.162E+08

.184E+08

.207E+08|
.229E+08
.252E+08

.274E+08

Fig. 17 Distribution of membrane equivalent stress of shell cover

NODAL SOLUTION AN

STEP=1

SUB =1

TIME=1

SEQV (AVG)

DMX =.001662 .411E+07

SMN =.411E+07

SMX =.152E+09
.205E+08
.370E+08
.534E+08
.699E+08
.863E+08
.103E+09
.119E+09
.136E+09
.152E+09

A

Fig. 18 Distribution of membrane and bending equivalent stress of

shell cover
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NODAL SOLUTION AN

STEP=1

SUB =1

TIME=1

s1 (BVG)

DMX =.001235 _40526

SMN =-40526

SMX =.127E+09
.141E+08
.283E+08
.424E+08
.566E+08
. 708E+08
.849E+08
.991E+08
.113E+09
.127E+09

A

Fig. 19 1st principal stress in shell cover near stiffeners

NODAL SOLUTION AN
STEP=1
sUB =1
TIME=1
s2 (aVE)
DMX =.001235 —-.373E+08
SMN =-.373E+08
SMX =.3%96E+08
—.287E+08
—-.202E+08
—-.117E+08
—.312E+07
.542E+07
. 140E+08
. 225E+08
. 310E+08
. 396E+08
A

Fig. 20 2nd principal stress in shell cover near stiffeners
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NODAL SOLUTION

STEP=1

sUB =1

TIME=1

s3 (avG)
DMX =.001235
SMN =-.111E+09

SMX =120364

. 137E+08

.614E+08

.491E+08

.368E+08

.245E+08

.122E+08

L.111E+09

.984E+08

.860E+08

120364

Fig. 21 3rd principal stress in shell cover near stiffeners

NODAL SOLUTION

STEP=1

SUB =1

TIME=1

s1 (mVE)
DMX =.554E-03
SMN =-5328
SMX =.734E+08

AN

-5328
.816E+07
163E+08
.245E+08
.326E+08
.408E+08
.490E+08

.571E+08

.653E+08

.734E+DBI

Fig. 22 1st principal stress in shell stiffeners
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' NODAL SOLUTTON AN
STEP=1
SUB =1
TIME=1
52 (BVG)
DMX =.554E-03 —.318E+08
SMN =-.318E+08
SMX =.219E+08
-.258E+08
-.198E+08
-.139E+08
—.790E+07
-.193E+07
.404E+07
.100E+08
.160E+08
.219E+08
ﬂ\x

Fig. 23 2nd principal stress in shell stiffeners

 NODAL SOLUTION AN
STEP=1
sUB =1
TIME=1
s3 (2VG)
DMX =.554E-03 -.733E+08
SMN =-.733E+08
sMx =4830
-.651E+08
-.570E+08
-.489E+08
-.407E+08
—.326E+08
-.244E+08
—.163E+08
-.814E+07
4830
;/kx

Fig. 24 3rd principal stress in shell stiffeners
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NODAT SOLUTION
STEP=1

SEQV (2VG)
- TT4E+07

DMX =.132E-03 |
SMN =.774E+07
=.303E+08

-102E+08
.128E+08
.153E+08

.178E+08

- 203E+08 |

.228E+08

.253E+08|
.278E+08

-303E+08

A

Fig. 25 Distribution of membrane equivalent stress of shell near

support
E NODAT, SOLUTION AN
STEP=1
SUB =1
TIME=1
=1 (ave)
DMX =.132E-03

-126E+07
SMN =.126E+07 i
SMX =.351E+08
-503E+07

.879E+07 |
L125E+08
.163E+08
.201E+08
.238E+08|
.276E+08) |
.314E+DB‘

-351E+08

Fig. 26 1st principal stress of shell near support
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NODAL SOLUTION AN

STEP=1

SUB =1

TIME=1

82 (AVE)

DMX =.132E-03 1082

SMN =1082

SM¥ =.2855E+08
.328E+07
. 655E+07
. 983E+07
.131E+08
.164E+08
.197E+08
.229E+08
. 262E+08
.295E+08

;;4~\x

Fig. 27 2nd principal stress of shell near support

NODAL SOLUTION AN

STEP=1

suB =1

TIME=1

s3 (AVE)

DMX =.132E-03 -.109E+08

SMN =-.109E+08

SMX =37299
-.971E+07
-.849E+07
-.727E+07
—.605E+07
-.484E+07
—.362E+07
—.240E+07
-.118E+07

37289
;AX

Fig. 28 3rd principal stress of shell near support
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NODAL SOLUTION I\'N

STEP=1
SUB =1
TIME=1
SEQV (BVG)

MIDDLE .398E+07
DMZ =.117E-03

SMN =.398E+07
SMX =.380E+08

. TT6E+07
.115E+08
.153E+08
.191E+08
.228%E+08

.267E+08

.304E+08

.342E+08

.380E+08

Fig. 29 Distribution of membrane equivalent stress of shell near

nozzle

NODAL SOLUTION AN

STEP=1

SUB =1

TIME=1

81 (AVG)

DMX =.117E-03 _25548

SMN =-25548

SMX =.69B8E+408
LTT4E4+07
.155E+08
.233E+08
.310E+08
.38BE+08
.466E+08
.543E+08
.621E+08
.69B8E+08

ALK

Fig. 30 1st principal stress of shell near nozzle

42

Collection @ kmou



NODATL SOLUTION

STEP=1

SUB =1

TIME=1

52 (AVG)

DM =.117E-03 -.205E+08
SMN =-.205E+08

SMX =.301E+08
-.149E+08

—.924E+07

-.363E+07

.199E+07

.T60E+07

.132E+08

.18BE+08

. 244E+08

.301E+08

Fig. 31 2nd principal stress of shell near nozzle

NODAL SOLUTION

STEP=1

SUB =1

TIME=1

53 (AVG)

DMX =.117E-03 -.272E+08

SMN =-.272E+08

SMX =96694
-.242E+08
-.211E+08
-.181E+08
-.151E+08
-.120E+08
-.900E+07
-.597E+07
-.294E+07

96694
T/kx

Fig. 32 3rd principal stress of shell near nozzle
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NODAL SOLUTION

STEP=1
SUB =1
TIME=1
SEQV (AVG)
MIDDLE
DMX =.176E-03
SMN =.977E+07
SMX =.495E+08

977E+07

142E+08

0 .186E+08 |
.230E+08|
.274E+08
.318E+08|
.363E+08

.407E+08
.451E+08
.495E+08|
PR

Fig. 33 Distribution of membrane equivalent stress of shell near

flange

NODATL SCLUTION AN

STEP=1

SUB =1

TIME=1

s1 (RVG)

DMX =.176E-03 67534

SMN =67534

SM¥X =.6235E+08
. 705E+07
.140E+08
.210E+08
.280E+08
.350E+08
.420E+08
.490E+08
.560E+08
.629E+08

;AX

Fig. 34 1st principal stress of shell near flange

44

Collection @ kmou



NODAL SOLUTION AN

STEP=1

SUB =1

TIME=1

s2 (RVE)

DMX =.176E-03 -3902

SMN =-3802

SMX =.392E+08
-435E+07
.870E+07
.131E+08
.174E+08
.218E+08
.261E+08
.305E+08

B
. 34BE+08
.392E+08l
A

Fig. 35 2nd principal stress of shell near flange

AN

NODAL SOLUTION

STEP=1

SUB =1

TIME=1

s3 (AVG)
DMX =.176E-03
SMN =-.435E+08
SMX =61274

-.435E+08
-.387E+08

-.33BE+08

-.2%0E+08
-.242E+08
-.193E+08

—.145E+08

-.963E+07

-.478E+07
61274.
‘ykx

Fig. 36 3rd principal stress of shell near flange
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NODAL SOLUTION

STEP=1

SUB =1

TIME=1

SEQV (AVG)

MIDDLE .135E+07
DMX =.161E-03

SMN =.135E+07

SMX =.S588E+08 - 774E+07

.141E+08
.205E+08

.269E+08

.333E+08
.396E+08

.460E+08
Path 3

.524E+08

.588E+08

Fig. 37 Distribution of membrane equivalent stress of nozzle

NODAL SOLUTION AN

STEP=1

sUB =1

TIME=1

SEQV (AVG)

MIDDLE 1960

DMX =.142E-03

SMN =1960

SMX =.596E+08 . 662E+07
.132E+08
.199E+08
. 265E+08
. 331E+08
. 397E+08
.463E+08
.530E+08
.596E+08

A

Fig. 38 Distribution of membrane equivalent stress of support
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NODAL SOLUTION

STEP=1

SUB =1

TIME=1

SEQV (BVG)

DMX =.142E-03 4918
SMN =4918

SMX =.5S6E+08
.663E+07

-133E+08

-199E+08

.265E+08

-331E+08

- 398E+08

-464E+08

-530E+08

-596E+08

Fig. 39 Distribution of membrane and bending equivalent stress of

support
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NODAL SOLUTION

STEP=1

SUB =1

TIME=1

SEQV (AVG)

DMX =.200E-03 .103E+07
SMN =.103E+07 |

SMX =.374E+09
.424E+08 |

.838E+08
.125E+09
.167E+09
.208E+09
.249E+09
.291E+09|
.332E+09

.374E+09|

VX

Fig. 40 Distribution equivalent stress of channel cover

AN

g NODAL SOLUTION

STEP=1
SUB =1
TIME=1
SEQV (AVE)
MIDDLE
DMX =.218E-03
SMN =.493E+07
SMX =.641E+08

.493E+07
.115E+08
.1B1E+08)|
.247E+08
.312E+08
.378E+08
.444E+08
.510E+08|

-573E+08]

.641E+08

Fig. 41 Distribution of membrane equivalent stress of shell
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' NODAL SOLUTION AN
STEP=1
SUB =1
TIME=1
SEQV (ave)
DMX =.21BE-03 .281E+07
SMN =.281E+07
SMX =.808E+08
.115E+08
.201E+08
.288E+08
.375E+08
.461E+08
.548E+08
.634E+08
.721E+08
.808E+08
g.)\x

Fig. 42 Distribution of membrane and bending equivalent stress of
shell
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Table 12 Reaction force from ANSYS model(Unit : N)

Static Load Reaction Force

Bolt ID | Rx Ry Rz

1 113.6 9259

2 113.6 9259

3 32.4 5037 0.587
4 32.5 5037 0.587
5 238.8 15209

6 238.8 15209

Piping Load Reaction Force

Bolt ID Rx Ry Rz

1 143.7 67.5

2 145.2 67.5

3 215.9 344.9 118.1
4 212.8 344.9 24.9
5 278.9 483.8

6 295.8 483.8

Total Reaction Force

Bolt ID Rx Ry Rz

1 257.3 9326.5

2 258.8 9326.5

3 248.3 5381.9 118.6
4 245.3 5381.9 25.5
5 517.7 15692.8

6 534.6 15692.8

[note]

1. Static load means dead load.
2. Ry means compressive loads in Setting bolt.

3. This loads may be used to select the size of setting bolt for reference.
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