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SYMMETRIC LOAD CORRECTION MATRICES FOR LARGE DEFORMATION/
BUCKLING ANALYSIS OF SHELL STRUCTURES SUBJECTED TO
DEFORMATION DEPENDENT LOADS

Koji IWATA!), Kazuyuki TSUKIMORI')
and Fumio KUBO?)

Abstract

Pressures which are always normal to the deforming
surface of the structures behave as deformation dependent
loads. 1In the large deformation and buckling analyses of
thin shell structures, the consideration of the effects of
the change of loading direction during their deformation is
sometimes required. A typical example is the buckling of a
thin elastic circular ring under external pressure, where
the buckling pressure could be overpredicted by approximately
30% without consideration of deformation dependent load
effects.

In the finite element analysis for this type of
problems, it is necessary to introduce load correction or
load stiffness matrices in addition to the conventional
linear and geometrically nonlinear (initial stress) stiffness
matrices. The load correction matrices are generally
nonsymmetric, which is a major disadvantage when implementing
them in the standard finite element ccmputer programs.

In this report, the authors present a simple procedure

for deriving effective symmetric load correction matrices
for the structures subjected to uniform pressure loads.
The general load correction matrices are derived and then
symmetrized by taking advantage of that they can be decom-
posed into symmetric part and skew symmetric part which in
many cases has insignificant effects.

The load correcticon matrices developed for the beam and
the shell elements of the general purpose nonlinear struc-
tural analysis program FINAS was demonstrated effective
through the numerical examples of linear buckling analyses
for a circular arch, a simply ends-supported long pipe and
bellows under uniform pressure load.

1) Struct. Engng. Sec., Oarai Engng. Cent., PNC

2) Century Research Center Corp.
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Fig.2.1-1 Incremental change of deformation-
dependent loads acting on small surface
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Fig.2.4-1 QFLA4S element and uniform
pressure loads
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Fig.2.5-1 NAXSHEL3 element and
uniform pressure loads
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[Be?'] =

cosi @

R+

o H,

sing

R

H,
R

“I}_{l—:; cosi @

9 Ha cosi 6
s

Sl"¢H4 cosi

~

=

isini &

o)

7 s cosi @

H; cosif

isini @

gL,
ds

cosi @

- —l%—’:cosiﬁ

Lg

R«

La

R

cos ¢

R

9L,
s

isini ¢

L, cosif

cosi @

cosi &

isini @

L cosié

© 8

0 0
gls“‘ sini @ 0
0 —g_ 3H2 cosi &
EPREESLI sini @ 0
% icosi® — %‘b % H: cosid
S ysinio 5 e isini
0 0
31;3 sini @ 0
0 - —g— ZI'SIS cosi f
~ 952, sinig 0
;3 icosi & - %ﬁ % Hs cosié
— S]Riﬁ Ls sinid % gs isini @

Hs
R

cosi @

dHs

in
R

¢

Hs
R

cosi &

Hs cosié

isini @

cos¢
R

——= conid 0
L2 sinio
cosi @ 0
isini 8 — (%b L. sini#
L2 cosid ;2 icosi 8
- %i‘bf,z sini 6

(2 —49)
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NAXSHEBER T [Dn ] =P Y v 7 RRRDLELIICU S,

0 0 1 0 0 0
[Dal=| 0 0 0 { 0 0 1 (2 —50)
-1 0 0 ‘0 -1 0

PLE® [(Bel, [N]., [Dal =bU w2 25RA0AElL0WERE~ Y
v ) RRRRTHETZERTE B,

‘ p I . VAT 1 BT TN
[KP ] sym, — T£1 LRE ([N] [Dn][Be]"‘[Be] [Dn] [N])dﬁdf

(2-5D
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3. MWK

AETW, OE7—F, ALV -REANSHEOEENEC >V CERERBOH
EHE~ Y » 7 24 ZET2BAE LAEVBAOLER, RFEREEFEELTHL,
BRCERERENEC L > CTEB4E LA RENUBEP L LT~ —XONERER
FETS. '

31 FEoHhEEZRUIHBERMHNT —FOERE
1 MEOER
Fig. 3 1 ~ 1 KRTLHINEEA2d,, HMEEXER, AEL, WbOWHKEEN
W7 —FICHBEPLKANIERATEp MEAT S, COT—FHBBET IS0
HWEDPEZRDALADOHIDOHETHEZN, W2HrOHEALHLT, WEME~LLY
y P REEUESLEFIRNVESGOBAFTEEN LT, TOXELXE, BT 5,
OMBIOVTR, WEOEAFTHARNLLEVES, FRCERLTIBCEK
FECR2PBAOVWTNRNE DWW THEBRRALREET 3.0 HEOEHARALEMLLL
WIESOBEWESEX P £T 5 &,

(3.1-1)
o, EIlEETFYE, TREHE2RE—Z2 Y+ T3, B, BO2RKR00Thdh
DORELTHEISHE3{XETHy, FABoEBHe—FIZH LTI,

B®R
(B2 —1) ¢

( (B2 —1)(do +sin pocospo )} cos Ao
—2(Bsin B do cosdo —cosPB ¢, sing o) cosdol =0

(31~2a)
MXMOBEE - Pk LT,

(Bf_f)4(52—1M¢O—Mn¢oms¢n)ﬁnﬁ¢o

— 2(sin f oo cosdhy —fFcos B, sing o) sing o] =0
(3.1 —-201b)
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REHEFERCBERTLEEQ0ERTEEY D, 95 <&,

_ _ E I _
pr=(k?* —1) o (3.1-3)

kOfEIIERFR LB ek oTHESRS,
ktan ¢o cos ko, =10 (3.1-4)
S9FTHHRVYN, R (S 1—-1) WWEHE Iy 72%EZBLEVIESIC,

X (31-3) BEERHELY vy /7 RE2EETIHEIHEET 5,

@ #BHREFN
@ Mk, T
i % ¥ 5F R =100 mn
R t= 1 m
& b= 10 mm

FEBEE A $o =30°, 60°, 90° , 120° , 150° , 180" (364 —=R)
(BBEA S, KT 28, kOFEWETable 31 -1 OBOTH B, )

©® Y
A P RE E=2.0106x10* kg /mn?
© FEHESXR
JIRTER W EHBZESR “BEANR"
@ ExsHE

5 EwFTHESLE (Table 3.1 — 2 2R])
® HRARUHERUCHESRH
BRELY MEBTEL2BEEux =uy =uz =0x =0y =0, =
MEHPATEA (Z) OB %W Euz: =05 =0y =0
HEEH  HEPLER>D (AREER) $HGHE
WEPAERIEKELL, (HERME< M) vy 2 RE2&F0V) B4,
EREBRENE (FEWME~F) » 7 2%488) B
@ BERER
Table 8.1 -3 KEITRREERBLOLBERT, BL, BER, EIL/R°CHRL
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@

RETH2. HEMEZEZNVESOR 1 =— V2 ERBOENHOEQICHET
3, RENERKEELLVES, ERCERTZIEHS, 2hE8hEREBITRRERL
—H LT3,

Fig. . 1 —2KEERBIE Y vy 7 RE2ZELALBEGOEHEe - VFRERT., BE
E-FRO2PVTHHEME~ M) v 7 ROFEICLIZEZRAD L,

g, wEt

Fig. 3.3 — 3 RWHICHMESAS ., HEICHBRN (31 -1) RUBREEZR
(3.1 -3) THRUILAEZESTCHBLAERTHZ2, 27200HMBREENERICKE
LEVWEBGOBRREEXRDLLTED, EHENEHRFE-F, BELHAHRE-FORT
Hb, HEME< LY » 2 2%2&EF RV BEEOBNTEROR L, B2=-V&€h¥
1O, T, WHEME~ Vv 7 X2ELEHEEO0H], 22— FEEhE0hA, A
TFEy FLTOBHN, ChERTSERERITARE KT 5 2 bbb s,

Fig. 3.3 — 3556, HiCAhWMHASANKENES, WEHE~ MY » 7 R0FEIC
o TASHERPELABLENDD S, Ble~-FK20TRAEIBEEAL120° %
THRHHERE< NV v 7RE2EFHOHHPEETFERIPLPPHY, 1200 22X 5&
WMEORNMEBIFEL, HEHE< Y vy 2 22EE R0 BEGOEBHERTER
EZEUHERENTEELDILELLS,

FEBEXALNIL0 OBF4g, HEOCAEEEBMELINZHN, WEWHE~-FY vy 2R
FEFNR0E, BEEIIOEAFERE- VI vy 272280 RLDL3HROBENFF
ey, BERTIVHERNRDL, BF, LOLEHWEFE~ M) v 7 RA2&GUHEE0D
RIRERELB,
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X

R =100 mm
=1 mm
b=10 mm

Fig.3.1-1 Geometry of the Circular Fixed Arch

Table 3.1-1 k and g values
do 30° 60° =le 120° 150° 180°
k 8.621 4375 | 3.000 | 2364 | 2.066 | 2.000
asymmetric{ B8.650 | 4.426 | 3.000 | 2.152 1.408 | 0.837
B
symmetric | 11.044 | 5577 | 3.779 2.896 | 2370 | 2.000
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Table 3.1-2 Discretization of the Arch

Number of | Number of
Elements Nodes
N
30° 12 13
60° 24 25
20° 36 37
120° 48 49
150° 60 61
180° 72 73




Table 3.1-3 Comparison between Analytical Solutions and Numerical Results

Analytical

FEM Solution

Constant Force

Constant Force

Follower Force

b o Follower
Force
asymmetric | symmetric 1st. Mode 2nd. Mode 1st. Mode 2nd. Mode

. 7.3773 1.2111
30 74.823 121.870 73.322 75.415 122.538 %10 %102

. 1.8168 2.9754
60 19.5689 31.103 18.141 19.619 31.150 %10 %10
90° 9.000 14.281 8.000 9.013 14300 | sot1s | 2922
120° 4.631 8.387 4,588 4.638 8.397 4.5956 7.0622
150° 1.982 5.617 3.268 1.988 5.625 3.2750 4.3917
180° 0.701 4.000 3.000 0.702 4.006 3.0042 3.0045

691-88 0T76NL—ONd
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¢ o 1st Mode 2nd Mode

30°

60°

90’

Fig.3.1-2 (1) The Buckling Mode of the Circular Fixed Arches
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Po 1st Mode 2nd Mode

120°

150°

180°

Fig.3.1-2(2) The Buckling Mode of the Circular Fixed Arches
__31_



NS
o/ k"= 1)55s)
o
{
r

2.0r
.—-’--—-_— .‘-.‘
— T~
o - e,
——@— ~
4 A \\\
& \\
1.5 X \
symmetric N

A

4 ®

asymmetric

0.5

00 | ] 1 1 ] 1
30 60 Q0 120 150 180

(;6 0 (deg)

Numerical solution
O 1st Mode

} No L.oad Correction
¢ 2nd Mode

A 1st Mode

} l.oad Correction
A 2nd Mode

Analytical Solution

asymmetric | Configuration
r Independent

_______ load

symmetric |

Fig.3.1-3 Effect of Load Correction on the Buckling of the Arch
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3.2
(1

A/ANAEZRTSMGEEEXFHEAEOERE

B O®RH

Fig. 3.2~ 1IK/RTXH>UEETr, AF L, RELOFANMENEOMEICE S p
PMMERT 45, COMHBOmMKMOMERBAEICHES N, MIFETRHEBRBRERD,
T, MRRBAIMNELNAL, PATEYXHENTEYD, REeGE L THEXKRY
ERAUBAREBEE-TVE, COXIBRTOEHC L ZEEBHERITT 508,
COMBThHAN, BIOHERAR, REME~Y Iy 7 2280 HEL8FTRVES

 OEFEEBRETY, TOREEILE, BHT S,

COREIE2OV T, BEERARLATSERE - FEPLMNEDROOEBEE
—~FO2EENZILN D, BIBEE PO THAOHEMBEREENRE Y —F ORI
BallTRkdohsd, Hb, WEHEYF v Z7X&2&§FR0iEE,

- E Lt —
Pei= — oy gy (B (3.2~ 1)

MERMEYL) » 7 2 %EUEHE,

t?® . |
D= (IEN)- T (ME) (3.2-2)

CCT, Pei, PRAELL - THEAKHRICER T IRBEE—VFiCHIET 58
BETHD, €h€hn, WEBE IV v 7R22ZRLEVE, ZEETI350ETSH
5, ¥, ERMHMERE, vRETVY Y HTH S,

—%, ROOERE—FIZ20TH, BERNCBIRNELLI-TEBZELL &R
MENTE, 'O Fig. 3.2 —2ERTIICHBIEBLO I LN X TEREMLD b
FIERMOZEERLEL, HERKI->TEIS2IDARS LI ETHETENRE
ER-XS

21 2
f p (rsin ¢+R) dd -r -sin ¢ -de¢= 2L p.dx
v}
COWRELADATELTLAE, HoOEBHEERIT,

— 33,
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d* w Al d*w_ —
T +[£]dx2—0 (3.2—4)
o7,
q2 — . Fr*l’ _
E P (3.2—-5)

Th, WIRETREES, xBRFLIFEEBE, TIHE2KRE-—2 Y1 ThH5s.
R (32— 4) 2BLXOEARHOTEUB LI -TRBEEAMBONS,

_ n*zEI n=1: WKEMTH
pcr—rz—‘22 (3.2—-86)
n=2:WuEE
COMETR, MIRREMIBETHAL0DT,
—ps = EIt | (3.2-17)
B, I=xr?® t (3.2-28)
2 Bir=7nr
@ ®R, Tk
- k3 £ =2000m
%> 4 r= 10me
- HE t = (0. 3mm
® WkE

© ORBEER E=20x10* kg m?
B FFTVv Y v=0.10
© ERE%
. ABANDBER Y = v EH “OFLALS”
@ EHHE
ﬂﬁﬁm6,—%w,w0°ﬁ,?ibé%®¥%—%%?wmnﬂﬁﬁm5
8, EHM0HE (Fig. 3.2 — 388) .
© BREBRUWESE (Fig. 32— 43R)

c BASE 270X BHCEELRROBESH LB LLUNSEY, WBTR
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EYXBEAERT LD, WAHAEEMu, (AEHIy OMKEExZALT
RORBEFREEL 5.
U, ==X 0 v
WESE  —RAE
FERE< L) » 728 LBalaEAVEBAD s —RKDNT
EWT 5.
@ WIRR
Table 3.2 — 1 KBIFRBEEERBEOLBERT. WEBRIHKEE 5 3 BE<
—FEONTR, REREASEHNVER, 2UEALS, ThZNOTHAKED b
OUEREETHENEL KL T A, —F, Y (B) BOBET— FK2VT
HREREX&GCEE, BALTHNSNAAECIAEEMEL, BRELRS —X
waéoéc5ﬁ.ﬁ§ﬁm%%iﬂw%éﬁ.ﬁﬁﬁ@ﬁﬁﬁ@%Efﬁc%—
FOBEAE U BREN ko MUEARE S BERIT AT -Td, WEME~
Yy 7 ROEMICE »TF - WHHEARANE U2 ACERLEFREE ST,
Rig. 3.2 — 5K WEME< M) v 2 REZBLABEOBES — FEERT. 0
() BOBE=—Fd 6 BHOEEHE LTRONL, HIFELPOHESBAXT
DE—FRAT, BEBRSKEHEESIERE -V ToY0, EFFARRETSHO
BRI B, EEEEERAEELTY B,
@ M, ®E
MEOWERRAEME S5 BRCHTARERE L) v 7 ROFWOBLID
VT, £07-FOMED¢=180 ° OBEOHRKEFINZDT, TITRIAD
(B) BOBEICE->TERT 5,
3y (B) BOBERSVTH, WEME< L) » 7 R0EEKE -T2 Bokt
BWFERELBIEEATRLAEY, COBRRRKOBRKEREI NS, EHZERERE
OREELTRPLOES, HERNERE< ) » 7 REEFLEVES, ERBER
BOTOHEORAFNERED ST, 3, ZEEROELLEEESALY, DR
PEXROHELELHCENCEHT 52, Pig.3. 20 —6RTEIR, COENHE
RERB NG -T2, BATHOBUEHESANERLEGAADCBYER
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E?6a:®ﬁﬂmx?fébémﬁf—fyfm,ﬂE@%é.%é%%E?%ﬁ
RERT 3, MAEdxICELCLEIFE—7 v FdMit,

dM=J‘M Pext T2 d x.cos2 ¢ ,siné d¢
0

=7 T? Pexr sinf dx (3.2-19)
ZIT, Pent BAE, 0RESATDHS,

WhEAEREST S &,

sin 0= 60— ¥ (3.2 —10)
X
R (32-0) &R (3.2-10) 25,
L —mr? po LY (8.2 —11)
%>T, BREBRM,
Tt Y (3.2 ~12)

COMAFRRL, EAOCEROEENFTHI I &ERIE, X (3.2 -4) &LH
 BTHB, A (3 2-12) eHEIANRARBFOT TR LICLD, BEBEHSFRD
bNd, MRHEMIROL &,

. rwEIl _ m*ETrt _
Per= —/7 53 = VK (AE) (3.2-13)

R (322-7) SHHERELON, FRRBEEE,

 EOMET - OREMETEEEREY ) v/ X EEELE NS, BENE
ZEAFETI2ERMS R, COHECES, FENKAKERATEANVED
D, BIDEBOBEESL MR N-T 5, ERONGHETIOX SR
EirXsBEEHNMEE M523, UUABKEE S NEhs LAKLS, RICH
Fu o XBETH, S04 TOBENRE LEET~E EEARARKE T3,



Table 3.2-1

Numerical Analysis Results

Loading Condition

Buckling Mode

Buckling Pressure (kg/mw)

Theory Numerical Analysis
. 2nd
Deformation Oval Type 0.180 (2nd)
Independent 0.18378
External Beam 0.148) (1st)
Pressure (Column)} Type ' 0.15136
. 1st
Deformation Oval Type 0.135 (1st)
0.13756
Dependent
External Beamn —0.148 (6th)
Pressure —-0.14702

(Column) Type

(Internal Pressure)

{Internal Pressure)

691-88 0TT6NL—INd



2 =2000 mm E=2.0X10 *kg/mm
r= 10 mm v=0.0 '
t = Q.S mm

Rigid Circular Plate P (pressure)

ERRRRNNE o orossure)

smy o LTI

Fig.3.2-1 Geometry of the Thin-walled Long Cylinder
Simply Supported at the Both Ends

691-88 OTV6NL—-ONd
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/ / Deformed Cylinder

dx+rdéd

p {(rsine +R)d girde

K Cross Section
r2 r p
dx

Fig.3.2-2 Lateral Distributed Force of Thin-Walled
Cylinder Subjected to Internal Pressure

— 39—
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Numbering Increment
of Nodes and Elements
« Axial Direction : 1
{ » Circumferencial Direction : 100

2
= =1000mm

2002¢"

2001 1

Fig.3.2-3 Discretization of the Cylinder

Relation between uz and gy at the End
uz=—x8dy (FASTENING)

Constant External Pressure
p=1.0 kg/ am

L. ' -

Conditions of Symmetry Conditions of Symmetry
uz=@gx=gy=0

Uy=f9x=5z=o

Fig. 3.2-4 Boundary Conditions

.;40_
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1st eigen value

ps ,=0.1376 kg/mv

Cross Section
Deformation

{Globa! Deformation)

2nd eigen value

ps ,=0.1378 ke /mm

3rd eigen value

ps ,=0.1388 kg/mn

Fig.3.2-5 (1) The Buckling Mode of the Long Cylinder
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4th eigen value

pf ,=0.1411 kg/mm

{ Cross Section }

(Global Deformation) Deformation

5th eigen value

ps ,=0.1458 kg/mw

Bth eigen value

ps ,=—0.1470 ke/mn

(internal pressure)

T

Fig.3.2-5 (2) The Buckling Mode of the Long Cylinder
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Pox * rdg » dx

< P ex

Fig.3.2-6 Bending Moment genesated by Configuration
| ~ Independant External External Pressure
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3.3
n

@

AELCEBERO—ZADERE

RIEE DR %

Fig. .3~ 1 KRT LR ERA, AE L, WEH, ©v Fq, LN, HBES
EXf. CHBPEEISR TV I 0 —X0ERENp 52 XKD 3,

ﬁm®%ﬁmﬁéﬁbfﬁ=XAf,&nmxﬁﬁﬁmxjrnaAﬂomE.w
HbWwBa5 LRI T —L4 (column squirm) #HE LB, 23 AX 27 —a%2HULEE
HRIROBERTRDONh B,
27t

gN? (1+2H/d,;)

SCT, {13 —-X 1 WS OWFHITRESY, d, BE¥» FET,

dp =d+H | (3.3-2)
Biresn

@ ®BR, T

- —XAEE 4 =301 5m

- KW 1=} t =0, 46un

IR -1 H =18m

c By F q =16mm

- EREEES « =10m

SR TTR. N =7, 15 30 (34 —=x)
® pua

- B E =19900kg / nn

o i A | v =0.3
© HBE®

CAMEANMBREERE Y = hEE “OFLA4S”Y
W AM#S Y 2 A EAEEESR "NAXSHEL3Y (7ik, 30k )

— 44—
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@ ExHE

. QFLALS : WEHEAD, L EX, 180 ° 5, O¥VAEO —%— %5 wibe

1
2 i
ERSEIIFiE 33— 2RARTEIHORFFEREAEAC L LY, BHOE
FEHIZS5, BARKLZEH (15" By F) &L,
< NAXSHELY : ¥4 S HOERNBNFWLASEEA LT L i 30& L,
® BAZERUCHESRHE
< R A 0 QFLA4S ; 2?@%%@#:@@*&%%@%&% EZLLENGED,
W THELEE (Fig.33-228) .
NAXKSHEL : & (2 —36) b T, TWhoHEsEm=1, 2, 30
OBES, m=1, AHEECHEESE, WESHEH. ®
BELEE,
THEEE —HRRE
@ MR

Table 3.3 — 1 KEBFRERL®X (3.3 - 1) KI5 ERERERT, T~n-X
OBE, 356277 -LRI3BECEFHEICEDN, EEERERID 2HEEL,
Bilixe —XOBEE, 215377 —aXBYIKRbLN, EREREREIDOET
BONLBPRECA-TVS, 0LDEE, 2562277 -aRRPIICHEDbN, KD
A5 LRI T—LOBEROE—FAEDLNRE, EREREHID D | HBEH,
$, R(33-1) oF0 1 WKV OHMHIMERER {143, 0L~ w —XBITEF
WERLERDHOeF VARV THEEEMBIMOBRLEEZE - T 5,

Fig. 3.3 — 31k, v —XOUBLtEEEOMBRERLCV 2, EREREWNEE
EZELEFEMEN A SBONLIF LR 7Y - LOEARERINLEBHIR -
LTd, £, LERILEID SRR EL, HoEREE—-FRAERL T 3
AR B o |

Big. 3. § =4 ~=Fig 3.3w64i; 7T, 151y, LENREhDO e —XOBEE ~
FAERLTWS, 234~ FLUAOERE=-—FREROBEZLTHY, BET S
YEY a—va YRENR-TWAREISAAFMKI BB TIHICEEE
TWdENH287 -YE2IF LTS,
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Table 3.3 — 2 i, 30L=F AIZDWOTDUPLALS & NAXSHELID B ISR % I8 L T
WhH, 3EAY = WEFRAFLASICE N THEHE & = L EHNAXSHELIZF L 2 FH LR
HEDRRIRV, BEBFCO VTR, IEBREOZANHE I L¥bI 5,

4 HREOLLE (HEZ) 'V

Fig. 3 3 - TRICTIT-LBINLALEROR e — X L2 TiT- L ABRER%E
AT, EEOABUY R e —XORR, THRBLAHBELETRLE -TH0, 4. BE
HARERRTEETHLEIERENS, RRTEHEOALERERBIERES G —KL
W, LAMALEDRS, BEEE-FBREDVTR, 2 ~BLTVA2Z:2bM3,



Table 3.3-1 Buckling Pressure of Bellows
(unit : ke/cw)
Theory * FEM Analysis with Load Correction
(column sqirm) 1st 2nd 3rd
= convolutions 88.06 QFLA4S/NAXSHEL3 |QFLA4S/NAXSHEL3 QF:?:!}“;X;::B
' 46,73 / 41.16 63.96 / 56.91 : X
(column squirm)
QFLA4S QFLA4S QFLA4S
15 convolutions 19.18 20.04 33.79 4222
(column squirm)
QFLA4S/NAXSHEL3 QFLA4S QFLA4S
30 convolutions 4,79 532/5.12 20.32

(column squij rm)

(column squirm)

30.59

% fiu=122.26 kg/mm(in eg.(3.3-1) : obtained from Axial Loading FEM Analysis with the 30 convolutions model.

691-88 0T¥6NL-ONd



Table 3.3-2 Comparison of Computing Time

Element Computing Time (CPU sec)
QFLA 4S8 2002.41
NAXSHEL3 200.54

Computer : IBM3084Q
Bellows mode! : 30 convolutions

691-88 0T¥6NL-ONd
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d=301.5mm
LSS

ke | t=0.46mm

H=18mm
g=16mm
[t=10mm
N=7,15, 30

+H 1+  E=19900kg/mr
v=0.3

cL.

Fig. 3-1 Geometry of Bellows



z

QXY

= s = =
e ———-"-""'—_' ‘—H-r:._____'_‘_ —
B e S s Ty e
-—_-:‘_,‘:_",.':-"—_‘-P——-——‘""‘—_"___ =
—"“——'_:ﬂ—._: -;F__._,_—;:.E_:-_'."—"—‘Fr = ,: — \“‘\_\_\ 0
I — — |
3.5/7.5/15
. xl convolutions
{ Ux =uy =u=0 30/convolution
fx vy =§z = ) |
J, B (straight end)
—_
(— =
u=0k=§= 0

12 (15 deg. increment)

Fig. 3.3-2 Finite Element Mesh and Boundary Conditions
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100

T

— Theory (columm squirm)

@ FEM (columm squirm)

(QFLA4S)
A (columm squirm, 2nd)

oA (other buckling modes)

N

=

(&7

S

oh

=

—

o

» 50f
| 58

-

)

17s]

O]

[

(AN

b

L

X

Q

3J

11] N

0 | 1 I

10 20 30

Number of Convolutions N

Fig.3.3-3 Relation between Buckling Pressure

and Number of Convolutions



st p=46.729 kg/mw

(QFLA4S)

Fig.3.3-4(1) Buckling Mode of 7 convolutions Bellows
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T s e e e BTy
——e

z

L

2nd P=63.955 kg/cm

(QFLA4S)

Fig.3.3-4(2) Buckling Mode of 7 convolutions Bellows
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et = =
______ e = o iy — = — ———
S s e e e e e e
= e e = z s =
o T ===k e e
e e e e e e T e =
R = —

3rd P=66.522 kg/aw
(QFLA4S)

Fig.3.3-4(3) Buckling Mode of 7 convolutions Bellows
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Fig.3.3-5(1) Buckling Mode of 15 convolutions Bellows
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Fig.3.3-5(2) Buckling Mode of 15 convolutions Bellows
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Fig.3.3-5(3) Buckling Mode of 15 convolutions Bellows
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1st p=5.323ke/cir

(QFL.A4S)

Fig.3.3-6(1) Buckling Mode of 30 convolutions Bellows
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2nd  p=20.32kg/ar

(QFLA4S) - .

Fig.3.3-6(2) Buckling Mode of 30 convolutions Bellows
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Fig.3.3-6(3) Buckling Mode of 30 convolutions Bellows
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(a) 7 convolutions (per=8.8kg/cm)

(b) 15 convolutions (per=7.1kg/cr) (c) 30 convolutions (pcr=3.0ke/cr)

Fig.3.3-7 Buckling Modes of Actual Bellows
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