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Abstract

The minimum weight design for simply-supported isotropic or symmetrically laminated stif-
fened cylindrical shells subjected to various loads (axial compression or combined loads) is
studied by a nonlinear mathematical search algorithm. The minimum weight design is accom-
plished with the CONMIN optimizer by Vanderplaats. Several types of buckling modes with
maximum allowable stresses and strains are included as constraints in the minimum weight
design process, such as general buckling, panel buckling with either stringers or rings smeared
out, local skin buckling, local crippling of stiffener segments, and general, panel and local skin
buckling including stiffener rolling. The approach allows the consideration of various shapes of
stiffening members. Rectangular, I, or T type stringers and rectangular rings are used for
stiffened cylindrical shells. Several design examples are analyzed and compared with those in the
previous literatures. The unstiffened glass/epoxy, graphite/epoxy (T300/5208), and graphite/
epoxy aluminum honeycomb cylindrical shells and stiffened graphite/epoxy cylindrical shells
under axial compression are analyzed through the present approach.
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Fig. 1 Stiffened cylindrical shell with R, I or T type
stringer and R type ring

Detail A-A for composite laminate

composite laminate( t sty )

I
composite laminate (¢t |, 5, 1y )

Section B-B for honeycomb sandwich case

(b)

(a) Coordinates, in-plane loads
(b) Wall construction
Fig. 2 Coordinates, in-plane loads, and wall construc-
tion of stiffened laminated composite cylindri-
cal shell and laminated composite honeycomb
sandwich cylindrical shell
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Fig. 3 Coordinates and displacement components for
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Table 3 Integration limits(xmax, Vmax), in-plane loads (N, Ny Nay) and[ (as) sou, Nron)
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G(X)=1-%<0,  j=16 NIC 2
L 1
Do prebuckling and buckling analyses :‘q’ 7!2-01 7‘|7'}- i/l ]5\4_1:]'.
and calculate weight for the current design
| 33 HASUsMA T2y
oot s ling oo et B AAeA gy HaFusdA zzod
| e o e (OPTIS) ¢ 2 dwidst Eg4el # 42 wA
Deemne e i ' FF424714 e 45 CONMINe o3}l
by CONMIN using the input design
and the gradient information just obtained Z—]“éﬂ%‘_&u:‘, Flg 4—‘—: s R X‘ji‘”:g_%ia \/}‘E}-\*H_TL
and calculate weight for the slightly modified design
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o 4, d8e UehlE s)skekd AdzA0] 9o 5208), =8]x Graphite/epoxy aluminum honey-
D% %.H 4XHE_°] 73 ) 94_ ii};ﬂ%‘—‘{ 73_?__01] BH‘("S}»O# comb sandwich %%—@3’4‘ Graphite/epoxy 1701“0(-1
T4 5, FEAFTREY HLTHE HAALAE
6= j=13, NIC-1,2 433 HxFustel @ 4AUFES FUE
(3 ~EEEE
Gi(X) =1~ ff <0, j=14 NIC, 2 41 SUNNR=2 = RUYSM HLEYs
G (X)“ j= NIC-1,2 o
d X I=15, ’ (1) wF&9}=3}= (uniaxial compression) o] 2§
(24) = AL
Table 4 Comparison of the constraint values with Refs. (12), (20)
Constraints Ref.(12) Ref. (20) Present
General 0.000(18.9) —0.0134(18,10) { —0.0414(17,9)*
Skin local —0.0458 — —0.0440(310, 326)

Panel (smeared stringers)
Panel (smeared rings)

—0.0983(1, 36)

Stringer crippling —0.0708
Local rolling —
Ring rolling (smeared stringers) —
Stringer rolling (smeared rings) —
Skin yielding —0.5731
Stringer yielding —0.5814
Ring yielding —0.8854

—0.1141(31, 36)

—45.102 (2858, 326)

—0.5911(310)

—5.6137(248, 326)

—0.1234(31,36)

—44.,942(2288,326)
<—0.5

— n

—0.0265(1.36)

—0.0310

— n

*Numbers in parentheses are :
circumferential full wave number n),

(axial half wave number m,
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R=2.4257Tm L=7.3914m, N,=140.1KN/m,
E=72.39GPa, v=0.33, 7=27.4148KN/m?,
ovy=344.72MPa

3 2,

HLZes AAAINE AAANL=A Zof ule}
%a].zl S /J\o ng g_ xé;_ﬂA zqué,zéo 7‘35’5}7]

3t AnEH (12, 20) o2 5H
tsx=0.56147mm,
=(),82854mm, =().57708mm,
ds=11.22934mm, d»=53.3400mm,

A A AT 637

1s=23.36419mm, I

7 7ol AARY = Ao o AFEYg nAg
(RS-RR) 7} Wi fel B4d 54 AHYARS:
HE Halzm old HF & AT AAAT=AY
o @3 AINA4E F2EAA2, 203 €as)
o] Table 40jj4] B oiZ3 i},

Table 4041 & 4 gUxo] Aeo|daF u7=g
FTHATAGEAY Y A} AEAS (mn) & A
et vy 2 dHsta Yok

BN FFAZTARRY 2ol & ATl 2
FAt 4549 Jeety AFzAE BFA)7)7)
Astel A(12) 9 Zo] Aoty A e Y54
skine} #ZsF45 25 /HE wEolh £
AAHAZREA A9 HF44(31, 36)0] & Ao
€ 2ole AL ¥ A7 HEAAG(m, n)e) &
A AA e g Fho]r] wifoln, o]F M7k

=238.43234mm

Tekle 5 Minimum weight design results of a stiffened cylindrical shell under uniaxial compression with
rectangular type stiffeners (RS-RR), (Design case )

Design variables (mm), Present Present Ref.(12) ¢
weight (N), and constraints (0.508< X,) (0.254< X) 0.508< X3)
Skin thickness, ¢, 0.5402 0.5253 0.56147
Stringer thickness, ¢, 0.6843 0.6670 0.82854
Stringer width, d; 11.290 11.050 11.2293
Stringer spacing, /; 22.130 21.350 23.3642
Ring thickness, ¢, 0.5080 0.2540 0.57708
Ring width, d, 58.150 70.490 53.3400
Ring spacing, /, 237.60 178.20 238.432
Weight, W 3128.4 2997.0 3358.24
General 0.0000(18,9) 0.0021(19,9) —0.0414(17,9)
Skin local —0.0040(342,344) —0.0016(331,356) —0.0440(310, 326)

Panel (smeared stringers)
Panel (smeared rings)
Stringer crippling

Local rolling

Ring rolling

(smeared stringers)
Stringer rolling
(smeared rings)

Skin yielding <—-0.5
Stringer yielding "
Ring yielding "

(

(
—0.0141(31, 36)
(
—0.0743(342)

—0.0234(31, 36)

—3.9752(3198,344)

—19.394(280,344)

—44.712(2879,344)

—0.6957 (41, 40)
—55.132(3549, 356)
0.0000(331)
—1.0x10"(414,713)
—0.7204 (41,36)

—46.102(2858,326)
~0.5911(310)
—5.6137(248,326)
~0.1234(31,36)

{

(
—0.1141(31,36)

(

(

—50.378(3195,356) —44.942(2288,326)

<-0.5 <-0.5
" n

" n

*The constraint values of Ref.(12) are predicted by present study
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Table 6 Minimum weight design results of a stiffened cylindrical shell under uniaxial compression with

1 type stringers and rectangular rings (IS-RR),

(Design case I), (0.254mm< X))

Design variables (mm), Present Ref. (20)*
weight (N), and constraints
Skin thickness, f. 0.4344 0.50317
Stringer thickness, 0.3026 0.38433
Stringer web width, ds 11.560 14.1266
Stringer flange width, d; 1.5080 3.88976
Stringer spacing, /s 16.470 23.6908
Ring thickness, ¢, 0.2540 0.83998
Ring width, 4, 86.430 52.3189
Ring spacing, /, 256.30 311.252
Weight, W 2603.0 3073.57
General 0.0002(17,8) -0.1866(14,9)
Skin local 0.0004(461,462) 0.2791(308,321) **
(

Panel (smeared stringers)

Panel (smeared rings)

Stringer lower flange crippling
Stringer web crippling
Stringer upper flange crippling
Local rolling

Ring rolling (smeared stringers)
Stringer rolling (smeared rings)
Skin yielding

Stringer yielding

Ring yielding

0.0007(28.36)
—83.131(5637,462)
—5.1212(461)
—0.0007 (634)
—5.2409(634)
—1.0x10"(461, 925)
—0.0154(28,32)
—101.30(2395,462)

<—=0.5
"

"

—0.1306(23,32)
—37.558(3078,321)
—5.1896(308)
—0.1978(522)
—5.3848(522)
—1.0883(142,321)
—1.1395(23,32)
—58,892(1307,321)
<=0.5

n

n

* The constraint values of Ref. (20) are predicted by present study.

**Skin buckling occurrs.
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Table 7 Minimum weight design results of a stiffened cylindrical shell under uniaxial compression with

T type stringers and rectangular rings(TS-RR),

(Design case I), (0.254mm< X,)

Design variables(mm), Present Ref.(27)*
weight (N), and constraints

Skin thickness, fs, 0.4176 0.5823
Stringer thickness, s 0.3104 0.2569
Stringer web width, d 11.530 10.146
Stringer flange width, d 1.5820 10.145
Stringer spacing, /s 15.240 22.873
Ring thickness, #, 0.2540 0.3597
Ring width, o 86.280 50.799
Ring spacing, /, 261.40 241.30
Weight, W 2471.2 2728.0
General 0.0003(17, 8) 0.0048(16, 10)
Skin local 0.0019(480,499)

Panel (smeared stringers)
Panel (smeared rings)

Stringer web crippling
Stringer flange crippling

Local rolling

Ring rolling (smeared stringers)
Stringer rolling (smeared rings)
Skin yielding

Stringer yielding

Ring yielding "

0.0006 (28, 36)
—88.938(6230, 499)

0.0002 (621)
—4.6719(621)
—43.961 (169, 499)
—0.0150(28,32)
—108.91(2381,499)
—0.4445
—0.4400

(
0.0074 (336, 333)
—0.1203(30,36)
—29.295(2459,333)
—0.0229(704)
0.3151(704) **

—3.8095(91,333)
—0.1263(30,36)
—15.832(759,333)
<—0.5

n

I

“The constraint values of Ref.(27) are predicted by present study.

“*The stringer flange buckling occurrs.
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Table 8 Minimum weight design results of a stiffened cylindrical shell under uniaxial compression with
rectangular type stiffeners(RS-RR), (Design case [), (0.254mm< X))

Design variables (mm), Present Ref.(12)*
weight (N), and constraints

Skin thickness, f 0.2540 0.2800
Stringer thickness, #s 0.3059 0.3800
Stringer width, s 3.4168 2.500
Stringer spacing, /s 7.0190 7.400
Ring thickness, ¢, 0.2540 0.3800
Ring width, 4, 7.5106 8.3700
Ring spacing, I, 49.434 30.000
Weight, W 17.790 19.390
General 0.0013(10,7) -0.0129(17,7)
Skin local —0.0064(136,108) —0.1109(128,102)

Panel (smeared stringers)

Panel (smeared rings)

Stringer crippling

Local rolling

Ring rolling (smeared stringers)
Stringer rolling (smeared ring)
Stringer rolling (no skin buckling)

0.0029(19,20)
—10.637(635,108)

0.0023(136)
~0.1269

0.0022(19,20)
—9.4810(572,108)
—1.0405(169,0)

—0.4058(32,23)
—19.294(738,102)
—1.3841(128)
—2.2955(128,102)
—0.4352(32,23)
—19.300(738,102)

(
(
(
{117,108)
(
(
( —5.0363(226.0)

Skin yielding ~—0.0089 —0.039%
Stringer yielding —0.0029 -0.0273
Ring yielding <—0.5 <—0.5

*The constraint values of Ref. (12) are predicted by present study.
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Table © Minimum weight design results of a stiffened cylindrical shell under uniaxial compression with
I or T type stringers and rectangular rings (IS-RR or TS-RR), (Design case [ ), (0.254mm< X;)

Design variables (mm), Present Present
weight (N), and constraints (IS-RR) (TS-RR)
Skin thickness, s 0.2540 0.2540
Stringer thickness, # 0.2540 0.2540
Stringer web width, ds 2.7620 2.6724
Stringer flange width, d; 0.2540 0.7240
Stringer spacing, /s 6.6170 7.0393
Ring thickness, ¢, 0.2540 0.2540
Ring width, 4, 8.2573 7.5212
Ring spacing, /- 43.377 49.498
Weight, W 18.031 17.782
General 0.0032(13,7) 0.0050(10,7)
Skin local —0.1243(155,115) —0.0001(136,108)

Panel (smeared stringers)
Panel (smeared rings)

Stringer lower flange crippling
Stringer web crippling
Stringer upper flange crippling
Local rolling

Ring rolling (smeared stringers)
Stringer rolling (smeared rings)
Skin yielding

Stringer yielding

Ring yielding

0.0025(22,20)
—14.791(742,115)
—177.792(155)
—5.5064(333)
—79.905(333)
—0.0033(133,115)
—0.0051(22,20)
—9.1540(668,115)

—0.0036(19,20)
—10.580(633,108)

—6.0089(350)
—10.475(350)
—0.3362(77,108)
—0.0082(19,20)
—17.334(368,108)

—0.0018 —0.0079
0.0005 —0.0001
<-0.5 <-0.5
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Table 10 Minimum weight design results of a stiffened cylindrical shell under combined axial compres-
sion and torsion with rectangular stiffeners(RS-RR), (Design case 1), (1.27mm<X;)

Design variables (mm), Present Ref.(13)*
weight (N), and constraints

Skin thickness, fs 1.2700 1.2700
Stringer thickness, # 1.4097 2.5100
Stringer width, J; 17.874 12.700
Stringer spacing, /s 40.855 40.500
Ring thickness, ¢, 1.2700 1.3500
ring width, d, 73.204 38.900
Ring spacing, /, 289.78 362.09
Weight, W 2084 .2 2254 .4
General 0.0004(1.8) 0.1078(1,7)
Skin local —0.0003(61,166) —0.1036(62,167)

Panel (smeared stringers)
Panel (smeared rings)

0.0008(8,29)
—27.836(446,166)

0.5711(6,26)**
—38.217(498,167)

Stringer crippling —0.0005(61) —4.8333(62)
Local rolling —2.0966(52,166) —17.6348(41,167)
Ring rolling (smeared stringers) —0.0141(8,26) 0.5624(6,26) **
Stringer rolling (smeared rings) —26.971(446,166) —49.505(449,167)
Skin yielding —0.2337 —0.2857

Stringer yielding —0.2846 —0.3425

Ring yielding <—=0.5 <=-0.5

*The constraint values of Ref.(13) are predicted by present study.

**Panel buckling and ring rolling occur.

R=2.159m, L=2.54m,

N.=472.819KN/m, N.,=73.29KN/m,

E=72.39GPa, v=0.33,

y=27.4148KN/m?, oy=344.72MPa
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Table 11 Minimum weight design results of a stiffened cylindrical shell under combined axial compres-
sion and torsion with T type stringers and rectangular rings (TS-RR), (Design case M), (1.27

mm< X,)
Design variables (mm), Present Ref.(13)*
weight (N), and constraints
Skin thickness, #s 1.2700 1.2700
Stringer thickness, s 1.2700 1.2700
Stringer width, ds 17.276 16.700
Stringer flange width, d; 2.5914 2.5000
Stringer spacing, /s ' 41.621 40.860
Ring thickness, ¢, 1.2700 1.3100
Ring width, d, 62.000 60.000
Ring spacing, /r 347.23 230.90
Weight, W 2060.2 2157.2
General —0.0001(1,8) —0.0224(1,8)
Skin local 0.000(58,162) —0.0329(62,165)
Panel (smeared stringers) 0.0002(7,26) —~1.0802(10,29)
Panel (smeared rings) —19.713(373,162) ~—24.217(409,165)
Stringer web crippling —5.0384(146) —5.4551(142)
Stringer flange crippling —27.837(146) —29.945(142)
Local rolling —0.2047 (43,162) ~0.4860(43,165)
Ring rolling (smeared stringes) —0.0068(7,26) —1.1030(10,26)
Stringer rolling (smeared rings) —20.419(269,162) —24.501(296,165)
Skin yielding —0.2526 —0.2537
Stringer yielding —0.3060 —0.3051
Ring yielding <~-0.5 <—=0.5

*The constraint values of Ref. (13) are predicted by present study.

Table 12 Material properties of glass/epoxy, graphite/epoxy and aluminum honeycomb (N,=50KN/m,

R=1.5m, L=4.5m)
Material E, E, G Viz 7 Eim E2m Y12m
(GPa) (GPa) (GPa) (KN/m?®)

Glass/ 51.7 15.4 6.06 0.224 21.4 0.012 0.0075 0.015
€pOXy

Graphite/ 181.8 10.35 7.17 0.28 15.69 0.00829 0.00388 0.00948
€poxy

Aluminum 6.9 6.9 6.9 0.1 0.471 0.00829 0.00388 0.00948

honeycomb*

*Units for Ei, E; G of aluminum honeycomb are KPa.
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Table 13 Minimum weight design results of unstiffened laminated composite cylindrical shells under
axial compression (Design case IV), (0.01X;< X;)

Design variables, Glass/epoxy Graphite/epoxy Graphite/epoxy
weight (N), and constraints (T300/5208) Al honeycomb
Lamina thickness, #(mm) 0.292 0.203 0.026
Fiber angle, 6 (deg) 37.45 53.69 59.79

Al honeycomb _ _ 6.360
thickness, £, (mm)

Weight, W 1059.6 540.9 52.58
General 0.000(2,10) 0.000(1,24) 0.000(20,3)
Skin yielding <—-0.5 <—0.5 <—0.5

Table 14 Minimum weight design results of unstiffened laminated composite cylindrical shells under
axial compression(Design case V), (0.01X:< X))

Design variables (mm), Present Present
weight (N), and constraints (RS-RR) (TS-RR)
Skin lamina thickness, # 0.030 0.020

Fiber angle, 4 50.50 56.40
Stringer thickness, #s 0.437 0.174
Stringer web width, d; 4.033 4.516
Stringer flange width, d, — 0.540
Stringer spacing, /, 11.43 7.342

Ring thickness, ¢, 0.037 0.028

Ring width, 4, 36.13 78.41

Ring spacing, /, '29.14 132.7
Weight, W 146.22 104.5
General —0.0005(23,8) —0.0005(21,7)
Skin local 0.0510(308,412) —0.0001(474,641)
Panel (smeared stringers) —15.310(154,84) —0.0010(33,32)
Panel (smeared rings) —13.355(4449,412) —24.926(9378,641)
Stringer web crippling —0.0008(308) —0.0007(779)
Stringer upper flange crippling — —2.4593(779)
Local rolling —1.0%10"(1134,778) —1.0%x10"(474,1282)
Ring rolling (smeared stringers) —15.814(154,50) —0.0154(33,32)
Stringer rolling (smeared rings) —129.43(4005,412) —181.65(4636,641)
Skin yielding <-0.5 <-0.5

Stringer yielding " "

Ring yielding " "
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Tedle 15 Minimum weight design results of stiffened laminated composite cylindrical shells under axial
compression with R or T type stringers and rectangular rings (RS-RR or TS-RR), (Design case

V), (0.01X:= X))

Design variables (mm), Present Present
weight (N), and constraints (RS-RR) (TS-RR)
Skin lamina thickness, ¢ 0.011 0.012
Fiber angle, 4 55.88 57.17
Stringer thickness, 0.183 0.082
Stringer web width, s 1.072 1.510
Stringer flange width, d; - 0.417
Stringer spacing, /s 2.885 2.913
Ring thickness, ¢, 0.033 0.044
Ring width, d 8.318 6.834
Ring spacing, /r 14.54 34.50
Weight, W 5.746 5.568
General —0.0080(13,56) —0.0056(8,62)
Skin local 0.0420(123,1632) —0.0041(130,1617)

Panel (smeared stringers)

Panel (smeared rings)

Stringer web crippling
Stringer upper flange crippling
Local rolling

Ring rolling (smeared stringers)
Stringer rolling (smeared rings)
Skin yielding

Stringer yielding

Ring yielding

—0.8995(30,249)
—82.457(1476,1632)
—0.0459(123)
—1.0%10'(309, 3265)
—0.9316(30,226)
—79.505(1182,1632)
<—0.5

I

n

~0.0415(13,155)
—47.87(1071,1617)
—0.0310(221)
~0.0323(221)
~0.0300(13,1617)
—0.0439(13,153)
~59.765(367,1617)
<—0.5

"

n

>3]
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