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Design Margin of Allowable Compressive Stresses for
Knuckle Plate of Refrigerated Storage Tank
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Under conditions of internal pressurel circumferential compressive stresses are de-
veloped in the knuckle plate of refrigerated storage tankd In “Recommended Practice
for LNG Aboveground Storage” and “Recommended Practice for LNG Inground Stor-
age”[ the analogy between compressive stresses in knuckle plate and those in axially
loaded cylinders is employed and the allowable compressive stresses for knuckle plate
are given linking to the allowable tensile stresses In the ASME Boiler and Pressure
Vessel Code Sec] 0 Divid the factor of safety on tensile strength has been reduced
from OO0 to O in establishing the allowable tensile stressesCAccording to the reduc-
tion in the ASME Code0 the factor of safety in these Practices were reexamined In the
reexamination[d the design margin of the allowable compressive stresses for knuckle
plate was investigated

The knuckle plate is equivalent to the torus region of torispherical shell and the in-
vestigation of the design margin was performed using the failure pressure of the shell
The failure modes of the shell are buckling and plastic collapse and the design equa-
tions for these modes were used to calculate the pressure The materials of the shell
studied were ATTT1-O000O Ni steel and SUSTT] for which the allowable tensile
stresses have been increased because of the reduction in the factor of safety] The fail-
ure stress was calculated using the failure pressure and the design margin was defined
as the ratio of the failure stress to the allowable compressive stressd The tentative
lower limit for the design margin was set to be O and at least OO For ATIT1-0O
and OO Ni steeld the minimum design margins were above OICand the value for
SUSTT was OO0 This demonstrates the validity of the reduction in the factor of
safety in establishing the allowable tensile stressesO

Key Words : refrigerated storage tankd knuckle plate[] allowable compressive stress(]

factor of safety] design margin( buckling plastic collapsel torispheri-
cal shell
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FiglD  Analogy between knuckle plate and cylinder
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Table Materials for investigation

Young’ s Yield Allowable tensile
Material | modulus | stress stress (MPa)
(MPa) (MPa) FS:4 |FS:3.5
A5083-0 71000 120 69 78
9%Ni 191000 360 163. 4 186.7
SUS304 195000 205 129 136

FS @ Factor of safety

JHPI VolO[M Noll (ITT]

éDDD]DEID[DDDD[DDDD[DDDDD]D (16)

%mmmmm {17)

0000000000000 0 ROOOOO
RORs ROR’ (18)

gbobooooooboobobobooooon
O00oU0o0ooU0oO0oOdOdOrgOOOO K
O0mo0o R O0D0O00O000O0@DOO00O0
obob p0oobobobobbboooooon
gbobooooooboobobobooooon
goooboo

0 PR(1 E) .

gbobobooooboooboobooo

om ooood

(1) ATID-0
FiglOOORIDODMOOD D ODOmMO OO O

200
Rs/D=0.8 Failure stress

100

78

Circumferential stress (MPa)

50

28.4

0.00667 0.0175

0.00 0.01 0.02 0.03 0.04
t/r

FiglD Relation between failure stress and allowable
compressive stress[] ATTT1-0O0 FSE1MO

17



310

gbobooooooooogoooooooooooooogn

00000000 0OD0OO00OCO0OFgO0O0Rs
IDOOMOrIDOOMOOCODOOOOOOFigMT
0bo0b0oomoobiobo0 RIDOrID OODO
U it oboooooooboooboog
FiglOOOOOOOODODOOOODDOOOOoOo
gboboooooobobobobooooon
gpooo
FigloOoooOoOoOoooootiro0O0OO
gbobooooooboobobobooooon
goooobobotwroobobobboobobn
gbobobooooobooboboboooooo
Uotirddmmooooobooobog
gbobooooooboobobobooooon
gboboooomuobooboboboooon
FiglOOOODOOOFrgOOOOoOoOoOOCOD

10 T T T

Rs/D=0.8
gL r/D=0.10 FS=3.5 i
s e FS=4
o0
s °or 7
E D/t=2000 D/t=500
! :
S
a
2
0 . .
0.00 0.01 0.02 0.03 0.04
t/r
FiglD  Design margin ATTT1-O0
6 T
—— R/D=0.8
=
E‘) --------- R:/D=1.0
= R,/D=1.2
E 4} i
=
o0
?
£
=
g
g 2
E
=
0 L
0.05 0.10 0.15
r/D
FigltD  Minimum design margin
0 ATTT-00 FsOOmo
18

00000000 RIDODMOrIDOONO OO
00000000000000000000000
AD-0000000000000D00000
0000000000mMO0000000000
oooooo
(20 ODONiO
FiglDDORIDOODMODO O DOOmMO DO DO
0000000000000 00FigdDO0R
IDODmMOrIDO0MOO0O0O0DOD OO0 O FighDd
000000000000 RIDOrID OO0
0 D0tOOD0MD 00000000 000onono
FigdDOOOODOOODODOO0OO0O0O0O0OO

1000

Rs/D=0.8

750

500

Circumferential stress (MPa)

0.00667

0.00 0.01 0.02 0.03 0.04

FiglD Relation between failure stress and allowable

compressive stress(] 0 0 Nild FS=1[0

10

Rs/D=0.8
r/D=0.1

\ D/t=2000

Design margin

0.00 0.01 0.02 0.03 0.04
t/r

Figl™ Design margin O O NiOJ

oooo oOmoooo



6 T

R,/D=0.8
......... R,/D=1.0
=== RJ/D=1.2

AR

—n

Minimum design margin

0 L
0.05 0.10 0.15

r/D

Figl0 Minimum design margin
0 00 Ni Fs1mo

RAIDUOUMOrIDOOID D OODOODOOOODO
00000000 O0ommoDooooNioboogoo
godddddoooooooooooooboon
dloddoooooooooooooon
(3) susTto
Fg OORIDOOMODOODOmMO OO0
0000000000000 0dorigddOOR
IDOOMOrIDOOMODODODODOFigOM
J0ddddmooobibD RIDOrIDODODO
0Dt oooooooooooooo
FgdOOOODOOUOMOOODOROID OO
go0OrIDOOODOODODOODOOODOOOOO
goddddoooooooooooooboon
ogoad
RODUUOI rIDOOOND DOtOOO
O00o0odooomm
rIDO0OIO DOtOO
O00o0odooomm
O0000FgDOORIDOOINO rIDOOMO O
gdodddoooooooooooooooon
dojddoooooooboboooboooooo
0000000000000 00RIDOOMO r
(DO OODDDODODO0O00OUOODAPODO OO
0000000000 ASME Boiler & Pressure
Vessel Code 0000 D0OOD0O0ODOOOOOOOO
gdodddoooooooooooooooon
0000002000000000000000

R.0D OO

JHPI VolO[M Noll (ITT]

a 311

500

Rs/D=0.8

400F r/D=0.15

300

200

Circumferential stress (MPa)

0.00667

0.0175

0.00 0.01 0.02 0.03 0.04
t/r

Relation between failure stress and allowable
compressive stress[] SUSTHFSOOMMO

compressive stress (SUS304 , FS=3.5)

10 T T T
Rs/D=0.8

g | r/D=0.1 FS=3.5 i
£
1T - FS=4
S 6f i
£
S D/t=2000 D/t=500
I o4r N 1
a \/’\

2

0 L L

0.00 0.01 0.02 0.03 0.04

t/r

FiglI™] Design margind SUSTTIO

gbobooooooboobobobooooon
gboboooooobobomobooooon
gbobooooooboobobobooooon
gboboooooobobobobooooon
omoooboooboooobobbooooon
gbOoEeECcsObOOOOoOoODOoOoDOOOon
000000000000 O0O0O0¥ooooao
gboboooooobobobobooooon
gbobooooooboobobobooooon
0000000000000000®Ooo00ooo

19



312 gbobooooooooogoooooooooooooogn

6 T

— Ry/D=0.8
......... R,/D=1.0
Rs/D=1.2

Minimum design margin

0.05 0.10 0.15
r/D

Figl™™ Minimum design margirl SUSTHFSOOMNO

10 T
Rs/D=1.2

r/D=0.06

Buckling | Plastic collapse
-1

- \’”\.

Design margin

D/t=2000

0 N
0.00 0.01 0.02 0.03 0.04

D/t=500

t/r

Figl™ Design margind SUSTTIO

gdbooooooooombooooooon
ASME Boiler & Pressure Vessel Code Sec O
DiVII¥® O 00000000000 O0O0O00oo
O0O0DOOoOMillerDO0DODOOO0IO0OO
0000 ¥Ooooooooooooooooo
nodooobbooobbuoooogooo
doooooooooboeccsoonoonon
goddddoooooooooooooboon
gdodddoooooooooooooooon
000000000000 Y¥®Wooooooao
0000000000000 noOddoASME
Boiler & Pressure Vessel Code Secd 0 DiviI*®
gdodddoooooooooooooooon
goddddoooooomooooboon
"MoomoOooooooooooooooo
000000000000 oOO0O ®ooo

20

00000000000000D00000000
000000000000000000000m
00000000000000D00000000
00QoWOO0DO0DDO0000000MmoMoo0
FigDDODO FigddOODDOOOODODODOODO
00000000000000000000mg
000000000D00000000000D00

gbomoobooooboobobobobooboooog

susToooooobobomoobobdb oo
gboboboo
gbooooobosusImoooooooog
gboboooooboobobobobooooon
goobooooooooboobobob

googond

OO0 LNGOOOODODOOOLNGDOODOO
gdodddoooooooooooooooon
goddddoooooooooooooboon
gdodddoooooooooooooooon
000000OASME Boiler & Pressure Vessel
CodeSecO0ODiVNODOOODOOODOOD
oo oomoooboon
gdodddoooooooooooooooon
goddddoooooooooooooboon
gdodddoooooooooooooooon
goddddoooooooooooooboon
goodooooooooo

oddooooooooooooobooboo
gdodddoooooooooooooooon
goddddoooooooooooooboon
gdodddoooooooooooooooon
goddddoooooooooooooboon
goodoooooooooooooboooooo
goog

ddddooooooooooooooboon
oo ooooooboon
O0D0DAIIO-O000ONID OO0 sustoadd
goddddoooooooooooooboon
OmoODoo0O0D0DOAIO-0000 OONIiODDOD

gbobobooooboobobobobooboooog

oooo oOmoooo



o 0o 0 0o 313

susTooobooooooooomogogo
gboboooooobobobobooooon
obobmooooobooboboboooon
gboboobomooboobobobooooon
gbobooooooboobobobooooon
gboboobomooboobobobooooon
gbobooooooboobobobooooon
ao

gboooooooobobobobooboono
gbobooobobooobomoooomoon
oboobobo

gooao

00O API Standard( “Recommended Rules for Design
and Construction of Larged Welded Low-Pressure
Storage Tanks” APl [TDOOTTIT]

00 DvorakJCand McGrathORDVI] “Biaxial Stress
Criteria for Large Low-Pressure Tanks”[] Welding
Research Council BulletinO No[IJO ppMOd]
oo

goopoooooooUooooooooUoooo* Do
gooooooooopopoooooooooooo
oddoooooooooooooooooooon
00000000 o0ooomoooodp pmio
O 0OOoo

Joooooooo“eNGDOOD0ODOD0ODODmMOIdm

Joo0o0o0ooo“eNGUOODODOO0JGAO -
ODomooror

joooooooOo“eNGUOOODODOO0JGAO -
Oomoormr

00 Millerd CDM “Buckling Criteria for Torispheri-
cal Heads under Internal Pressure”(] Welding Re-
search Council Bulletin(0 NoIl'J [T

00 Miller0CODOO “Buckling Criteria for Torispheri-
cal Heads under Internal Pressure”d JO Pressure

JHPI VolO[M Noll (ITT]

Vessel Technologyd Vol IO Nolld ppI O]
oo

00 Radhamohan( SCK[and Galletly(l] GCD([1] “Plastic
Collapse of Thin Internally Pressurized Torispheri-
cal Shells"0JPressure Vessel TechnologyOVol[(ITT1]
No[M ppd MO TOOMOTOM

Mooo00o0o0oo0ooo* 0D00ooooOooooo
00o0o0o0o0o0oOoooD"o0o0O0O0DoO by-
namics and Design Conference (ITT1 CD-Rom O O
000 Mmoo

IO European Convension for Constructional Steel-
work( “Buckling of Steel Shells : European Recom-
mendations Fourth Edition (1T

M0 GalletlyDGODOO “A Simple Design Equation for
Preventing Buckling in Fabricated Torispherical
Shells under Internal Pressure”] JO Pressure Ves-
sel Technology Vol IO NoO pp 0O T

MO ASME Boiler and Pressure Vessel Code Section
O Division OO “Rules for Construction of Pres-
sure Vessels : Alternative Rules”[TTTI[T]

IO MokhatarianO K[ Osaged DOALO Janelled 3O
L0 and Julianod T “Design of Torispherical and
Ellipsoidal Heads Subjected to Internal Pressure”l
Welding Research Council Bulletin( NoITI

oo

[0 Shieldd ROTCand  Drucker( DCCI “Design  of
Thin-Walled Torispherical and Toriconical Pres-
sure-Vessel Heads”( JO Applied MechanicsO VolO
(M0 NoO ppIOODIOMOTOMI

DO ASME Boiler and Pressure Vessel Code Section

O Division O'Rules for Construction of Nuclear
Facility Components”[JTTT[T]

M0 HechmerOJCand HollingerOGOLOO “Subsection
NB—Class 0 Components”[] Companion Guide to
the ASME Boiler & Pressure Vessel Codel Second
Edition[] Vol ASMEQD ppI OO0

ooooooo0ooUo0*0ooUooUOoDpooooo
0"00o0o0o0ooggppbimoOmm

21



