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In this paper, a methodology is presented for determining the optimal lamination of composite cylindrical structures subject to

hydrostatic pressure, The strength criterion in association with the process of optimal design is the buckling collapse of composite

cylinders under hydrostatic pressure loads, An empirical formula expressed in the form of the Merchant—Rankine equation is used to

calculate the ultimate strength of filament—-wound composite cylinders where genetic algorithm is applied for determining the

optimized stacking sequences, It is shown that the optimized lamination provides improved collapse pressure loads, It is concluded

that the developed method would be useful for the optimal lamination design of composite cylindrical structures,

Keywords : Composite cylindrical structure(S&XH &#S+Z), Ultimate pressure load(EE4261S), Empirical formula(ZglAl), Optimal

lamination design(Z|XZSA), Genetic algorithm(SXY12[5)
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Aol siLetHolM UFE TRlske sHURAM & Erate
&zt Zo|7F M B7 k= FMoll RUct 5 2R &5
= UM = (pressure hull structure)= &t Zlol7t o1&t
5 Al 22| 7Y 5= JUTE 5P| Il F=A X2t B
= 2 E7kk =lof MAEe| S30| MiekElct ol2{g ZHIE
2 siAsP| £l S8 E (composite materials) S 23 MA| +
ZNEZ 2P| et A7 A= Qo SEEE HIE
0| Ziot 2= AL = UHA ZMo| 310 FAlo| = Zst

HME 71| 7| uf2of AFeE 3 Bt S ikt RS0
thst Maaol MeAR7} 2= 1 QCt (Mouritz et. al., 2001;

Aguirre et. al., 2017).

3HotEl—/\p\-| 9l ZASto| ORMA| PES T2 9UE SEfo| T
ZEEM =2 2Yol| sl zk=z0| w5 SUshs A7t R
ooz ﬂ%g&ﬂ =Q3k MA |7<7+0I Elot e SEES
Ak QEMAeL 22 HE =0l HEsP| flol 2lfre
Hh= 20N E=ZUEE £ EP | 25t B2 A7t T ACt
(Perry et al., 1992; Messager ., 2002; Dey et. al., 2014).
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SEALE (Hur et. al., 2008; Moon et al., 2010), ZZfMHS s TEdsich MA|El= ERMEIZ QREAALS I\/Iessager(2001)
orAIE! Zmlo} )T BAIE 6477} ) (Cho et al, 2000 Kim  modelel 712 TIAISE Jlvto 2, Eleskn Jlsfa 2ol
et al., 2010). O[2{3 AT E2 HFE FeIAsIMS Sl S = 30l thall MEsict
SlEo| 2| ZZIEE =X Qo] ALEOR =2 MEo| 2T = 2IE oEHShel)2 Fig. 12+ Zo| Zo| 7, H vkd R, &7
0| 7H=st Hitol| 28| S1E M Ti&ol| T2 AlZkn} 20| hE 7HK0], ZES 2, y, 22 0lofl siEsts Zoldbet, d1F
Lol 20| gick TR Sy ASS WEARM MAst TR HELF U v, v, wE RECH, ASS WRUE 2RI
7| Sfsl ZIo| Z2AI2 M|oEAHLE (ASME, 2007), sHAK 7| = Sz MEE2Z, kW 52 Hud2t cross—plyZ 0[F0]
ol HMAI=lof It (Jones, 1999; NASA SP-8007, 1968). A1 ASFoll tish HS2 +6, 8 =Tk

Jung et al. (2012)2 ASME %! NASAQ| Xl=ZAl2 ALRSI0{ &}
SULE FYo1L, FRIohA] 2 FHAIE ZTlet d| WSt of
xBAIS0| 28 AT SIS Aol Blsf AEE 7|2 2 .
A2 20|12 2ol ARl =R S| Aol X g3t 4 gict 2R
a2t Sl HE MAE fi6iMe LTI =2HA 20[siA| z < h/2
HABUCE FHE £ e Yols MAIE TeAo| Jct

= =
oy SRz (fllament—wound

composite) & ME8HH|EZ *1& (unstiffened cylinder) +Z&=

o 2T Bolshi| FRE 4 U= Aewl
Alg JdIAI 2, ®Mokel HAAS ARSI 2He| HE dAIZ o|EA0l0| A25Hs YEQ(mol| ol 2, 4, -~ HHEtoR X2
£ &8 = Qe HHE MAIS Sh= Lj2dm) 92do| mWa X|ujurgAle Chem) zio)
0= 28 [+0/90]ny ZEIME ofole) =3 XE35l0{ X
nE PEDHO| s $RAIES Selo] e BRQR ZANE v 4
HE31T, 7|0l MAIE B2 LT AIS (ASVE, 2007 NASA  5p Ty 0
SP-8007)| £ ZmielT blm AZSICh 2xe] ME MAZT v
2 TE5 4 Qi WO F20| Ciket ZOIAM HEEH Y o T oy 0 @
o= o| ARREE FMUTE|E (genetic algorithm)S X3t o*M, 9°M,, 9’M, 1 2% ~ 8w
ol2 Sof MAIE Za u|Ez 2sol Cist 2Z2E AAAle) o Zawey g R N M0
MEMD), E|Mo| ME MAZD} Taukio| RBMS DAsI)
of7[M N, ZVyE olaatsto 2 AEsh= 22 (membrane
2. S 2lE AAA force) & 2]240t ol Tisl CIST} 2471, B|S FZe T2fs
x| gtemz Ml N = 0 ol

LEHE oold == M2HE v|22) §lSof chst S| =
ol sl Ad&{ol B (analytical method) 22 ERM

23} M Zuick2 T2{slo] 21|Qe TEks wH S MAISH N 2
S 27| mCH AS7M BDlE TRl 2njo , 255 N T PR
|

g+ U oA 2l& MAAZ ckgat 20| Merchant- ) . R \
74 o ==k<y S|IES olC C S
RanKiﬂe M %’EHE Egdg‘_l_l:l_ oﬁl—jlc—n_-{—EA-l —|=le |_‘lo|_ on_lho'”A-I |_|-T'__X|X|§ 7}]&°|’
0{, 0| FAH=AHE PIEsk= HaHo[AM 2| ¥Q|E chkgnt 20|
HMolsiC
P \2 P\ SEelit;
— +|—= (1)
Per Per
u =ulz,y) =a,cos(mz) cos(ny) m = %
o7|M p, = HE EXNEIE U, p= S M=ok ekzdo] v =v(z,y) =a,sin(mz) sin(ny) with . (4)
0, Ol YHS ZEolo] Sl Y& AHASE LIEKACE w (z,y) = a,sin(mz) cos(ny) n=7%
2.1 Ebdzlz Q= AL O7IM m B n 2 HBRES LERE Zolet X Fust
ydo| ghuby 40|11, o,2t a,, a,= 22z, y, 2 WEOIA
S8 elso| ErMEIZo| st sAIM ZH-2 ZUisE MEte Z|C H2(gt2 LiERACE
IHtransverse shear effect)S FAIH B ™ (Mean surface)ol| CH ¢ AlSS XHjEryAl (2)of CHelsto] MElstH Messager
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Table 1 Material properties of T700 composite

Properties Direction Values
. Fiber 121.00
Elastic modulus(GPa) ,
Matrix 8.60
In-plane 3.35
Shear modulus(GPa)
Transverse 2.68
) ) In—plane 0.253
Poisson's ratio
Transverse 0.421
, In-plane 2060
Tensile strength(MPa)
Transverse 32
In—plane 45
Shear strength(MPa)
Transverse 64

25 207Hel Sah UES Ml STRS SMI
of, else| YT Zol|, vy, HATH, HFuwe =i

Table 22} ZCHCho et. al., 2009).

Table 2 Dimensions of model for hydrostatic pressure tests

Radius ) Hoop
Model L(enr;r(;]]t)h inner Thl(?;(r:?ss Thickness
(mm) (mm)
FWT8 30/90-1 686 150 8.01 1.43
FWT8 30/90-2 | 687 150 8.00 1.36
FWT8 30/90-3 | 687 150 8.01 1.61
FWT8 30/90-4 | 687 150 8.01 1.52
FWT8 45/90-1 695 150 8.12 0.97
FWT8 45/90-2 | 695 150 8.13 1.04
FWT8 45/90-3 | 695 150 8.14 0.97
FWT8 45/90-4 | 695 150 8.25 0.99
FWT8 60/90-1 695 150 7.80 0.99
FWT8 60/90-2 | 695 150 7.83 0.95
FWT8 60/90-3 | 695 150 7.79 1.03
FWT8 60/90-4 | 695 150 7.98 1.05
FWT6 45/90-1 695 150 6.05 0.62
FWT6 45/90-2 | 694 150 6.18 0.70
FWT6 45/90-3 | 693 150 6.09 0.66
FWT10 45/90-1| 693 150 10.41 1.01
FWT10 45/90-2| 693 150 10.37 1.05
FWT10 45/90-3| 694 150 10.61 1.09
FWT8 60-1 686 150 8.24 0.0
FWT8 60-2 686 150 7.97 0.0
Fig. 2= A THE =2t =, MY Fo[siES LIE
Ui Fig. 32 %3.:.4 | A E S dESel MEkE 286 LHER
1 JACKHCho et. al., 2009). Fig. 4= SN & 2JEe| XME
HAE Ho|1 flck
Fig. 52t Fig. 62 212t =il 282 MEdel 81 2=8)
= =

=iz RES 200 Qloh AElE RS2 TVl F=2
S (31) 5 aiFwEoR 3 Wk 3l YojwEo |
REZ SHE AEGIH, 2THez MRV AT del2 aid
gk 32t 2 e 2EolME FEARl HEo| X

ol2{st = FXQl Bifl= X=o| 7|5kl Zo|dstez Jol=
Zez motElcMoon et al., 2010)

Flange
to chamber

Composite cylinder

(a) Composite cylinder

%;.._.. Adhesive
77,
=
= I
Left flange Composite Right flange

(b) Cylinder bound to the end flanges

Water

Composite
cylinder

Water injection tube

(c) Hydrostatic pressure chamber

(d) Experimental set-up
Fig. 2 Schematic figures for hydrostatic test
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Fig. 3 Composite cylinder specimens for the hydrostatic
pressure test

Hoop layers

Helical layers

Fig. 4 Stacking sequence of the composite shell @ [+ 6
/90]ew

x- %

Outer surface Outer surfdce

(a) FWT 45

(b) FWT 60
Fig. 5 Typical final failure modes of the composite shells
© [+£45/90]rw and [+60/90]rw

Local defiection

Local defiection

(a) FWT 30 (b) FWT 60
Fig. 6 Typical local buckling modes of the composite shells
© [+£30/90]rw and [+60/90]rw
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Table 3 Buckling pressures from ASME and NASA with
experiment results

ASME (2007) | NASA SP-8007 Experiment
Model Mpa | ETOr | oo | BT | peno(ypg)
factor factor

FWT8 30/90-1 2.68 | 1.61 | 3.41 | 1.26 4.30
FWT8 30/90-2 | 2.67 | 1.65 | 3.42 | 1.29 4.40
FWT8 30/90-3 | 2.67 | 1.43 | 3.34 | 1.14 3.80
FWT8 30/90-4 | 2.67 | 1.50 | 3.37 | 1.19 4.01
FWT8 45/90-1 2.56 | 2.27 | 457 | 1.27 5.80
FWT8 45/90-2 | 2.58 | 2.18 | 4.53 | 1.24 5.62
FWT8 45/90-3 | 2.57 | 2.13 | 459 | 1.19 5.47
FWT8 45/90-4 | 2.66 | 2.05 | 4.71 | 1.16 5.45
FWT8 60/90-1 2.77 | 259 | 490 | 1.46 7.18
FWT8 60/90-2 | 2.78 | 2.51 | 4.97 | 1.40 6.97
FWT8 60/90-3 | 2.78 | 2.64 | 4.87 | 1.5 7.33
FWT8 60/90-4 | 2.94 | 2.43 | 517 | 1.38 7.14
FWT6 45/90-1 1.22 | 254 | 247 | 1.25 3.09
FWT6 45/90-2 | 1.30 | 2.52 | 2.63 | 1.24 3.27
FWT6 45/90-3 | 1.25 | 2,59 | 2.52 | 1.28 3.23
FWT10 45/90-1 | 4.61 | 2.53 | 8.04 | 1.45 11.64
FWT10 45/90-2 | 4.59 | 2.57 | 7.92 | 1.49 11.80
FWT10 45/90-3 | 4.86 | 2.44 | 8.30 | 1.43 11.87

FWT8 60-1 2.28 | 353 | 6.26 | 1.28 8.04

FWT8 60-2 210 | 350 | 579 | 1.27 7.36

=XME| ZHS0| 1.14~1.499| LAA$E Ho|of = LIER-|T
QICh ASME (2007)2] Al2 S8 fSMZe ZME ¢8 20|
ISk ol 2iFalstol ZIMo 20t FZSITE AlS HAGIZZ 2
AL 3H eSSk o2 Hokz|od, NASA SP-8007 Ale =¢t
N §Se| EtMEZ0E 112522 x| WsH= Zdoz T

CHEICHCho et. al., 2019). NASA SP-80072| F&4/0| ASME
(2007)2] FGAlol tlol 22 2XAISE LIERfLL oLt AlF|

o
o 1|2t FHAloz Mgsh o= & Act

3.3 Mokel MAiAlol HIw

2 HoMe 2 =20llM MEA Hokel SERY 2SAAH A
08510 FY= SIS 3.182| Alsl ZujelH|wsln, =
MSC/NASTRANS 0835101 A &HEl FteasiA Zujel d|w
of MAlsh.

Table 4= Mokl ZEFHAIS ALESI0] o E55H 22|24
Pt If REeAsiA 2D} e I MY 2 per s LIERD 9
Ct AEX|of Chsh ®HAo| o FX| 1| poxv/prrd 2M AP TE
0.95-1.262| &2lofl AT, H# 1.10, E=HAK= 0.00920|C},
HEHS(COV)= 0.83% =2 LIERAL QUCH HHHol| FEteas]A
o2 TEE SUUH plos QAP HeZM 0.89-1.21, F

o 1.04, FFEHAL 0.0078, HSAHT 0.75%S HERD ATt

Table 4 Buckling pressures from proposed method with
FEA results and experiments

Proposed method FEA Experiment
xperimen
(ppr?) (pler)
Model & v (pS)
MPa Error MPa Error (MPa)
factor factor
FWT8 30/90-1 | 3.826 12 | 4.351 0.99 4.30
FWT8 30/90-2 | 3.835 A5 | 4367 | 1.01 4.40

1

1

01 | 4.288 | 0.89 3.80
.06 | 4323 | 0.93 4.01
FWT8 45/90-1 | 5.601 04 | 5.498 | 1.05 5.80
FWT8 45/90-2 | 5.553 .01 | 5.636 | 1.00 5.62
FWT8 45/90-3 | 5.629 | 0.97 | 5.634 | 0.97 5.47
FWT8 45/90-4 | 5.767 | 0.95 | 5.863 | 0.93 5.45
FWT8 60/90-1 | 5.941 | 1.21 | 7.034 | 1.02 7.18
FWT8 60/90-2 | 6.023 16 ] 7.095 | 0.98 6.97

FWT8 30/90-3 | 3.771
FWT8 30/90-4 | 3.798

1

FWT8 60/90-3 | 5.896 | 1.24 | 7.034 | 1.04 7.33
FWT8 60/90-4 | 6.233 | 1.15 | 7.504 | 0.95 7.14
FWT6 45/90-1 | 3.087 | 1.00 | 2.617 | 1.18 3.09
FWT6 45/90-2 | 3.281 | 1.00 | 2.761 | 1.18 3.27
FWT6 45/90-3 | 3.145 | 1.03 | 2.663 | 1.21 3.23
FWT10 45/90-1| 9.511 | 1.22 | 10.634| 1.09 11.64
FWT10 45/90-2| 9.376 | 1.26 | 10.614 | 1.11 11.80
FWT10 45/90-3| 9.824 | 1.21 | 11.233| 1.06 11.87

FWT8 60-1 | 7.059 | 1.14 | 7.361 | 1.09 8.04

FWT8 60-2 | 6.879 | 1.07 | 6.729 | 1.09 7.36
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Fig. 7. Typical FE model of the composite cylinders

MSC/NASTRANO| A=, 4
Hsi0f MB3iict 2 US Tl KB Ji4E vl

>

~HF 2421 CQUAD4 24
ME
—o

£ My

Tt Mol 74|*M|7F— Hoksy| 2|5l 571 Eo2 2HE S|
qlon], BE ME g uesh Y ARt Aol 22 15t
0| EEERAKHur et. aI , 2008). Fig. 70llM Zolarek 2l 1=
gk @4 37| Y Jliee AEREES| S Y=HE & EE
T UALE MHSIFT, X7 T|otety dek2 D2{skA| ich
FeAGHAM2 NASTRANS| HIMEHEMG|AM(SOL 106)22 4=
a5l s1537| & siE3SE2 ool E2 sk MEsH| MY
=[Uct 2E &2 SUZEE Fig. 8olA 2ol= dHiet Zo|
(3,1) BEE LIERD Uon], FoteadiAel 31 A=
Table 42t Z0| AEx|et H|Wsl0] MEYs| & x|k dES

91 Hx}

£2 s dhe S &2 VISt 22 F= SUEEE
HEE oo MEMAE MAE ool Ut MAXNE o
o MEZlof chsl & Ao X otel MAAlS AlZSo] SERY
HES| FHZZE FHE 5= U ME JH5T HolX|H HEZt
o| =gyt 23| BUIGIER 2|H HEHAE &SP flst
F25¢l giHo| desict maid 2 FollMe= LeHE ool
S 2ls7xof thall Ao S2ZE p, & TESITE AT 2
(stacking angle) 2t & EXK(stacking sequence)E E&5k= %l
M3l 2 E HAlstela, fHYD2|E(genetic algorithm)S &
5t 2[H3 FXE FElslo] S 8 MAE fleh zxst
S M3t

4.1 =3t 22| FAlst

LEfHE ofold =8l &2 Fig. 13 Zo| Zo| £, ¥
R, 5 h E XL, Y& <E2 st FAHE 7K py= T4
= N IHel ME IFE Aot Z-24e| plys HEHE 2feld
HMEZt 9, 7IX|0, YE S0l CHall +9,2F —0, L& 22
ko] MFut BSsHl BEE0 U cross—plyE 7FYiCH

e dEel ME Hik= [0,/0,/-- 10,2 B8k, S
of ok MEE] AIRFSIC) MK MATIHoM E2lHE 2ield 2t
To =8 U= RN Ao, =1, M= oFdSt
0f MEASIES SiCt 2l 2| Z=LTE 2= SE 28
Txo| ot ME xM35 M= chaat 20| EHECt
Mazximize f(X) = Do (X) (11)

(X=0,, i=1---N)

Subject to : ply angle 6, € {6,,0,, - ,0,,}
To find best lamination [6,/6,/ -+ /6] orr

of7|M, f(X) D =T dsel s1YH p,, (X)

0, DM plye| ZEMHE ool X Z2t
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Input Data
« Material properties
» Geometries : L, R
» Number of plies

!

Optimization
+» Objective : maximum collapse pressure
« Constraints : feasibility of lamination parameters
« Design variables : ply angles

Analytical Formula F—' Genetic Algorithm |
Der [91/ 92/ e ]
| Best Lamination |
(6 &/ [ Ox]lorr

Fig. 9 Optimization design scheme for the composite
cylinder

o it RIERM S0l SAHZOl, YTt HS
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4.3 ™ 22|Z(Genetic Algorithm)
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b= =g=Xst 7(-olct.

M 202|E2 JHF (individual) E2| SA et 714
{ o] EPEP WISl Met=(fitness)E HII510{ &
i Chs MicHel 22 7Hx & Aol &o{st=
22 7Hi1 £2 MEH(selection), wHl(crossover) 2! &
OI(mutatlon) | 22 MBSOl HAKIE ARZSI0{ HO{X|H, Al
HE Hi=oln £BHoZ JIE Mekst 7HHE T&sP Ect.
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Table 5 Composite cylinders

&2 AT = 7Y L1250 TS HAAF] ALt AIZE
2 Z0|TE Hot=l olo|aE |ALDE|ZE(micro genetic
algorithm)& M-28H-HGoldoerg, 1989; Krishnakumar, 1989).

Cho & Paik(2017)2 QI{Atx] Aol Hg3lof olo|32 £
MYUTRIZS 0|88 PxBe| HAAH BBMS ABHT 71X
MHEMS ABS b} ok mRl 2 =2ojAs ojo|32 X
UmelEe =En S Ao B3] Mo MEMA|

(stacking sequence)E 2nX o=z MMFIEE st

5. SN HET=x =&} Znt
2 AFolM =|ME} iAoz MYE S AETEEM |
LIS ERE(R)2 150 mm, Z0|(L)= 695 mmO|Ll, AlSEl
A= T70022M MZ SAHX|= Table 12} 2t 52
1£2| 2t cross—ply FH= 0.615 mmzZ 7F43l1, Table 52
20| g7he] Setr HSoll thal £ &AA HnE nEkeict 5
S S| ply M= N2 12~26, |lE2| FH h= 7.38~15.99
Helofl 212, plye| MEZE 9= 6712 0,2 SHSIICE
9, € {15, 30, 45, 60, 75, 90} (degrees).
ol =i AS=ol Chall 2+ HollM mekEl S5 2§18 “ﬁl“

—— - =S =

(1) 2 (10)T}, Z|ZAA MAlS} ! M2 MR510{ £[Xo| MZZ

ﬂJ

oM 2 MEMAt o] o E0f SRA 0TS TE5I
C} Eshd|mE sl 2+ EE SIES rjatoZ lojo| &7 |AA

2ZA s o S IE A | 511 Z42fo| ME plyS MEZ}55°
% 90°e2 TAE |90, 3 2
20| thsto] 23 | p:”?" il

Table 62 2t =i S0l sl =&at x4 XEHA
| .

5 A

[0,] 2 I STIA 77, 27|18 fise| SR p) e
LIEf D lond, sk ChkSTh Zo] Mol=l 81| 2ol At ol
A7|(gain factor, n)& Hlmet A= LERNT ok
OPT 55
Pe TP,
=7 "7 %100 (12)
o

Cylinder No. 1 2 3 4 5 6 7 8
Number of plies V 12 14 16 18 20 22 24 26
Shell thickness h (mm) 7.38 8.61 9.84 11.07 12.3 13.53 14.76 15.99
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Table 6 Stacking sequences, critical pressures and gain factors

Cylinder No. Optimal lamination [6;] .. 2" (MPa) »” (MPa) Gain factor 7 (%)
1 [90,/75/45/30/15,/30/60/90,] 11.304 7.483 51.1
2 (90, /75/45/30/15,/30,/90,] 15.292 10.377 47 .4
3 (90, /75/60/30, /15, /30/75/90,] 19.483 13.882 40.3
4 [90,/75/60/45/30,/154/30,/75/90,] 24.237 18.047 34.3
5 [90, /75, /60/ 30, /15, / 30, / 90,] 30.060 22.921 31.1
6 [90,/75,/60/305/15,/30,/75/90,] 35.949 28.545 25.9
7 [90,/75/60/45/30,/15,/30,/75/90,] 41.895 34.961 19.8
8 [90, /75, /45 /30, / 15, /30, / 75/ 90, ] 49.170 42.207 16.5

Table 7 Optimal laminations, critical pressures and error factors

Cylinder No. Optimal lamination [6;] .. 2T (MPa) P (MPa) Error factor
1 [90,/75/45/30/15,/30/60/90,] 11.304 8.889 0.79
2 (90, /75/45/30/15,/30,/90,] 15.292 12.286 0.80
3 (90, /75/60/30, /15, /30/75/90,] 19.483 17.716 0.91
4 [90,/75/60/45/30,/15,/30,/75/90,] 24.237 23.270 0.96
5 [90, /75, /60/ 30, /15, / 30, / 90,] 30.060 30.450 1.01
6 [90, /75, /60 /30, /15, /30, /90,] 35.949 37.350 1.04
7 [90,/75/60/45/30,/15,/30,/75/90,] 41.895 44.336 1.06
8 [90, /75, /45 /30, / 155 /30, / 75/ 90, ] 49.170 52.920 1.08
7t S flsel 2 MEHAj| sshe 2 UL 27 60 ——Pcr OPT
2 2l esel a0l vl 16% ooz 1 L5 per3s -
LIEl  led, FArE Sote=s O AtHAel F7(gain E 40 - "
factor) ne HLstke FME Hol1l ot o
Table 72 feteasiMoz TEsh 1A ploaf 2 A7 7 *°
oM HAlSHE Wlom =53 A SueR 07 37| B2
= u|mst T[], REIRAHALS 3 4xolMel 2ol EU3 R 210
slot RS M85k MSC/NASTRANE AlBslo] sligis O R S
HMallMe LElsict SEleAsiAdel 21|22 Table 60f|A] 7 8 9 10 11 13 14 15 16
TEE N MEHURE MG 52N sl st Euleis Shell thickness, 4 (mm)
Tk Hojo|ni, 2N|sAS BF Fig. 87} 2+ BEE LIERYQICH Fig. 10 Critical pressures vs. shell thickness
FeteasiMel SufR plool| thst ZMAH S 27
B, = QAPHA{eror factor)S 0.79~1.08 B9|2 LRI Y1 %0 1 —n=12
=3I 25 o S BFESE Soleif 1.0 Ol4CR LIEF - so nc e
Lt Qe = s —
40 - =T

Fig. 102 S8l 2 ABE0 Chet STiokeie] WElS &
0151 glonl, US ABSNI} A4S &
RICk HRA BT 07T £ US| BT P
2ok A L AT, 2T AL Ok S Relests 1)
o= plrol 2 £55D %22 2oiFD Uck

Fig. 115 3/jat MA2R0IN REYTEISS] 24 Mo} 2
Biod 2|0 STQUS THSHE HYS BOIFD AUck T}
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Fig. 11 Convergence of critical pressures
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