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Wo npoyec HaBOOHIOBAHHS NOBEPXHI IONAMKU MAE Micye 8 OYOb-aKOMY BUNAOKY I /sl eIeKMPULHO 3aPA0ACEHUX KpANnenb,
ons HetimpaneHux. OOHAK 6 pazi HeUmpanbHUX Kpaneib iHmeHcueHicms npoyecy nesnayua. Ilposedeno excnepumenmans-
He 00CTIOJNHCeHH S NOGePXHI POOOYOI IONAMKU 3 ePO3IIHUM HOWKOONCEHHAM 3 OCMAHHb020 cmyners mypoinu BK-50 JIM3,
sKa sionpayosana ceill pecypc. Busnaueno xinbkichuil emicm xpomy y @upi3aHomy 3 JIONAMKU 3pa3Ky cmagi. Buseneno
3MEHULEHHS! 6MICIY XPOMY 8 NOUWKOOICEHOMY epO3i€lo No8epxXHesoMY wapi ronamku. /s nepegipku 2inomesu npo cxo-
arcicms npoyecy aHoOH020 eneKMmpOmMpPAGieHHs 3 NPOYECOM PYUHYBAHHSA NOBEPXHI NIO OI€I0 He2AMUBHO 3aPAONCEHUX Kpa-
neib NPo8edeHO eleKMPOXIMIYHULL eKCNEPUMEHN Ha MOOeTbHOMY 3pasKy xpomosoi cmani 20X13. Toxkazarno, wo perveghu
NOUWKOOCEHUX OUSIHOK HA MOOETbHOMY 3PA3KY NICISL AHOOHO20 MPAGTIeHHs. I HA O0CHIONCYB8aHill jonamyi 6 30Hi il Heea-
MUBHO 3apPs0NHCeHUX Kpaneib nodioui. [Iposedeni excnepumenmanvhi 00CIIONCEHHS NIOMBEPOUNU HASIGHICHb KOMNIEKCHO-
20 MeXaHO-XiMIKO-eleKmpOoXIMIYHO20 npoyecy pylHyeanns nonamxu. Ha ocnosi ompumanux danux cgpopmynvosami pexo-
MEHOAYIl w000 NPOOOBHCEHHSL PeCypCy JONAMOK MypPOOMAUIUH.

Kntouoegi cnosa: enexmpusayis napu, HaB0OHeHHs, epo3isi IONAMOK.
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UDC 624.074.4:681.3 This paper discusses the application of the random search method for the opti-
mal design of single-layered reinforced cylindrical shells operating in a neutral
OPTIMAL DESIGN environment. When setting a mathematical programming problem, the minimum

shell weight is considered as an objective function. The critical stresses are de-
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paper is to study the weight efficiency of various types of shell reinforcements
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Introduction

The experience of research, design, and operation shows that thin-walled rib-reinforced shells are the
most rational ones in terms of weight. The load-bearing capacity of such shells is much higher than that of
smooth, non-reinforced shells with the same wall thickness. However, the calculation of rib-reinforced shells is
much more complicated. The critical stresses arising in optimal compressed reinforced cylindrical shells are a
function of not only sheathing and reinforcement parameters, but also the number of half-waves in the circum-
ferential and meridional directions that are formed in the case of buckling. In this work, the problem of optimal
design of a reinforced shell was solved using the approximate dependence of the critical stresses on sheathing
and reinforcement parameters. The region of application of the equations for the parameters of the critical
stresses was determined as a result of the comparative calculations that were carried out in [1]. In the dependence
noted, the parameters of wave formation were excluded through appropriate transformations and hypotheses.

Among modern methods for solving problems of optimal structural design, in addition to analytical
ones, there are numerous variational methods for seeking the extremum of a multivariable function, the decom-
position method, and genetic methods based on the simulation of the evolutionary process with a special em-
phasis on genetic mechanisms [2]. The solution obtained on their basis is suboptimal, but this does not prevent
them from being used to search for global extrema in the optimization of building structures. These methods are
based on the Monte Carlo method used to generate the initial population. With this method, which uses a uni-
form distribution of random numbers, one can determine the extremum of the objective function only by a
search through an infinite number of possible options, and one can only "reconnoiter” the region of feasible
parameters. But with this method, one cannot organize a targeted search. In this regard, for the optimal design
of structures, it is proposed to use random search algorithms [3] from the class of independent ones, for exam-
ple, the independent global search algorithm with adapted sample distribution or from the class of wandering
algorithms, such as, for example, the algorithm with a guiding sphere or with a guiding cone. In this paper, for
the optimal design of a stringer-reinforced shell, is proposed a stochastic algorithm for seeking the global ex-
tremum of a function with controllable boundaries of the interval of the parameters being optimized [4].

Optimal Design of Elastic Axially-compressed Cylindrical Stringer Shells
Consider a circular cylindrical shell of radius R and length L, simply supported on the edges, reinforced
with longitudinal stiffeners (stringers), and compressed by a given axial load, which is carried out in the form

of compressive stresses uniformly distributed along the

shell edges (Fig. 1). Distance Ly is the distance from the . Stringer in the form
shell edges to the frames, at which the character of load- hy ofan angle profile
ing practically does not affect the shell edges. As noted fipat i g0 = P i
above, the critical stresses are determined according to By e

the linear theory in the elastic region of work of a mate- Sheathing

rial whose characteristics, the elastic modulus E, the pro- w1 hp s?;nrg;é;;lgt{lﬂeaiﬂﬂp
portionality limit c,;, and the Poisson ratio p, are known. L s )

The stringers are thin-walled open-profile rods (in the g 2 __’::r
form of a rectangular strip or an equal-leg angle profile) Sheathin-g
located centrally relative to the middle surface of the

shell. It is required to find such values of the thickness of N

sheathing A, the thickness of ribs 4, (the rib height H is a 2R

dependent value and is determined by the standard value

A=H /h, that ensures the local stability of stringers), as Fig. 1. Design diagram of a cylindrical shell,
well as the number of ribs k at which, at a given load, reinforced with longitudinal stiffeners

the shell has a minimum volume and its strength and sustainability conditions are simultaneously met.
Thus, we need to find the minimum of the function

V =Q2nRh+ Fk)L, (1)
where F is the rib cross-sectional area under the following conditions:
(2nRh+kF)o,, 2N , )
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F
2nENA| 1+ k =2N. 3
N ( 271:RhJ 4
Condition (2) is the strength condition, and condition (3) is the constraint on the critical load of
buckling. In [5], the existence of several forms of buckling for a compressed shell with a discrete arrange-
ment of edges is shown. Following work [1], we obtain expressions for the parameter 1 for such cases:
1) General case of buckling, when the stringers bend and twist
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where z = E ; J and J,,, are the moments of inertia of stringers for bending and twisting, respectively;

2) Stringers only bend
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where C =
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Using the notations: x, =h; x,=h,; x;=k; A =2TRL; A, =L(2A-1); A,=L\; B, = N
(&) (6 —
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6R(1+p) 8 R*(1+p) 6R
D120 —p2)
s :4; o = 3D, and substituting them into expressions (1)—(6),
6R(1+u) R(+p)’ \/_\llzh uw?)

we obtain two problems (respectively, for the reinforcement in the form of an angle profile and in the from
of a strip) of partially integer nonlinear programming (x; can only take integer values).

A. Stringers in the form of equal-leg angle profiles. It is required to find the non-negative values x;,
X, and x3, that minimize the function

V=Ax, + Axx (7
and satisfy the constraints
Bx, +Byx;x, >1, (8)
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2
nDle(H D, %J >1. 9)
1
The value 1 is the smallest of the following ones:
4
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where C = (pxm/x_1 .

B. Stringers in the form of a rectangular strip. Find the non-negative values x;, x, and x3, that mini-
mize the function

V = Ax, + Ax;x, (10
and satisfy the constraints
Bx, + Byxix; > 1, (11)
2
nDle[1+D3ﬂJ21, (12)
X

where 1 is also the smallest value of the following ones:

1 xX3x 1
S |
1+ D, 2X3 1 X

X
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4.3
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_ X
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Problem (7)—(12) was solved using the stochastic method for finding the global extremum for a
function with controlled boundaries of the interval of parameters being optimized [4].

For illustration, considered was the problem of finding the optimal parameters of a cylindrical
stringer shell with the following data: R=0.5 m; L=0.387 m; E=6.87-10* MPa; c,=148 MPa; N=264 kN;
A=16.4. The stringers were made: a) from an equal-leg angle profile, b) from a rectangular strip. The con-
straints on the variable parameters were chosen as follows: 0.0001 m</<0.001 m; 0.001 m</,<0.005 m,
4<k<50 pcs. The integer character of the variable k (the number of edges) was taken into account.
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The solution results are shown in table 1.

Table 1. Optimal design results for a stringer-reinforced shell

Method of solution Type of reinforcement She‘l/l \::?Illgme Optimal parameters Critical stress parameters

’ h, mm | h,, mm | k, pc. m M2 3
Random search Strip stringer 691.0 0.28 1.26 34 499 | 3.805 | 3.860
Random search Angle-profile stringer 917.0 0.35 1.24 26 2.35 | 2360 | 2.518
According to work [1] | Angle-profile stringer 1006.0 0.39 1.27 27 2.97 | 3.820 | 2.774

In table 1 are compared the results obtained in this paper with those from [1], where an equal leg angle
profile was used for reinforcement, and the greatest ratio N, /N was chosen as an optimality criterion, where

N,, N are the critical forces, respectively, for a ribbed shell and a smooth one of the same cross-sectional area.

Comparison of the results obtained by the random search method and the results given in [1] makes
it possible to conclude that the random search method allows one to more efficiently design reinforced cylin-
drical shells, with material savings reaching 10%. It is of interest to compare the parameters of critical
stresses obtained in [1] and those obtained by the random search method. According to [1], the most danger-
ous is the special case of buckling, when the stringers are only twisted. The random search method gives a
somewhat different picture, where the most dangerous is the general case of buckling. In this case, the criti-
cal stress parameters for all three cases of buckling, obtained by the random search method, have the lowest
values in comparison with the lowest parameter value n in [1]. The latter circumstance is quite significant
from the point of view of a more complete use of the material in a reinforced shell.

Of particular interest is the comparison of the effectiveness of the optimal reinforcement in the form of an
angle profile and of a strip. For the reinforcement in the form of a strip, special cases of buckling are decisive. In
this case, the shell wall thickness decreases, and the number of stringers increases in comparison with the cases of
reinforcements in the form of an angle profile. The weight of a shell with the reinforcement in the form of an an-
gle-profile is significantly higher than that of the shell reinforced with longitudinal ribs in the form of a strip.

In this regard, studies were carried out on the behavior of shell parameters with a change in the value
of the axial compressive force N. So, taking the value N=264 kN for Ny=1, we will load the shell succes-
sively by forces having a dimensionless value Ny=0.5...4.0, for the two cases of reinforcement: a) in the
form of an angle profile and b) in the form of a strip.

Tables 2 and 3 show values of optimal shell parameters, volumes, critical stress parameters, critical
and normal stress values obtained for the above compressive force values.

Table 2. Optimization results for the parameters of a shell with the reinforcement in the form of an angle-profile
for different compressive force values

Ny V, cm’ h, mm h,, mm k, pcs. m M 3 o, MPa | oy, MPa
0.5 674.7 0.160 1.00 39 4.203 3.496 13.40 76.7 73.0
0.6 698.3 0.180 1.00 39 3.640 3.620 10.80 90.5 87.5
0.8 793.7 0.196 1.06 40 3.870 3.970 12.71 102.3 98.0
1.0 917.6 0.351 1.24 26 2.350 2.360 2.51 120.6 123.0
1.2 969.0 0.297 1.24 32 3.130 3.270 5.65 124.0 127.0
1.4 1043.0 0.312 1.30 32 3.700 3.640 8.27 157.0 137.0
2.0 1380.0 0411 1.55 34 5.130 4.000 13.83 170.0 145.0
3.0 2071.0 0.401 2.22 26 8.330 3.140 15.48 173.0 147.0
4.0 2758.0 0.482 2.83 22 11.470 2.720 17.29 180.0 148.0
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Table 3. Optimization results for the parameters of a shell with the reinforcement in the form of a strip
Sor different compressive force values

Ny V,cm’ h, mm h,, mm k, pcs. m up) 3 6., MPa | oy, MPa
0.5 479.0 0.171 1.00 43 5.970 4.550 7.740 107.0 107.0
0.6 502.0 0.174 1.00 46 5.870 5.152 9.038 123.0 122.0
0.8 573.0 0.226 1.07 41 4.761 4.613 5.264 143.0 143.0
1.0 691.0 0.286 1.26 34 4.990 3.805 3.860 147.0 147.5
1.2 830.0 0.325 1.24 45 4.390 6.388 5.303 196.0 147.5
1.4 966.0 0.198 1.63 43 17.440 5.807 38.570 158.0 148.0
2.0 1382.0 0.509 2.46 20 10.930 2.456 3.550 172.0 147.5
3.0 2068.0 0.359 3.28 24 39.310 3.354 33.200 165.0 148.0
4.0 2763.0 0.416 4.34 19 60.810 2.594 37.320 143.0 148.0
Fig. 2, a shows g.raphs of shell volume V107 () hy (i

dependence on the magnitude of the compres- T S

sive load for the reinforcement in the form of /

an angle-profile and in the form of a strip. It is 2300 4 /

clearly seen that under a low load, the shell, 2000 L Smip /

reinforced with stringers in the form of a strip, 1500 _ﬁrﬁ%ee - B — ,/

is lighter than the one reinforced with stringers i — /1 2 /‘_ o

in the form of an angle-profile. Further, with :3»{ =tiip j.--*"’: Angle profile

increasing load, this difference in weight dis- 50 , : W,

appears. . . 0 1 2 3 4 1] 1 2 34

Fig. 2, b shows graphs of changes in

the thickness of stringers in the form of a strip a b

and in the form of an angle profile, depending | Fig. 2. Graphs of shell volume dependence on the magnitude of the

on the load Nj. compressive force (a) graphs of changes in the thickness of stringers

in the form of a strip and in the form of an angle profile (b)

Conclusions

1. Application of the random search method to the optimal design of a ribbed shell made it possible
to reduce its mass by 10%.

2. It was found that the critical stress parameters for all three cases of buckling, which were obtained by
the random search method, have lower values in comparison with the smallest values of the parameter 1 in [1].

3. Comparison of the effectiveness of the optimal reinforcement in the form of an angle profile and in
the form of a strip allows us to conclude that the reinforcement in the form of an angle profile is less effective
than the reinforcement in the form of a strip, the weight of the shell with the reinforcement in the form of an
angle profile is much higher than the weight of the shell reinforced with longitudinal ribs in the form of a strip.

4. Studies of the influence of the axial compressive force on the behavior of shell parameters makes
it possible to conclude that with an increase in compressive force: the wall thickness of the optimal shell
grows, the thickness of stringers increases with a slight decrease in their number, the shell volume grows, but
with a small load (Ny=0.5...0.8) the volume of a shell reinforced by stringers in the form of an angle profile
is greater than the volume obtained under the same load for a shell reinforced by stringers in the form of a
strip. With increasing load, the volumes of shells for both cases of reinforcement become equal. It should be
noted that the general case of buckling and the first partial case of buckling turned out to be decisive in
choosing the optimal parameters of shells.
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OnTuManbHe NPOEKTYBAaHHA OTHOIIAPOBUX OpPeOpeHnX HHJIIHIPHUIHUX 000JJ0HOK
I'. B. ®inaros

JIBH3 Yxpaincekuii nep>kaBHHIN XiMiKO-TEXHOJOTIYHUN YHIBEPCHUTET,
49005, Yxpaina, M. JIainpo, np. ['arapina, 8

Y cmammi pozensoaemucs 3acmocysanns memody sunaok08020 NOULYKY 05l ONMUMATLHOZ0 NPOEKMYBAHHSL 00-
HOWAPOBUX NIOKPINIEHUX YUTTHOPUUHUX OOOJIOHOK, WO Npayloions 8 HeumpaibHomy cepedosuwi. I1i0 yac nocmanoexu
3a0a4i MAMeMamuiHoO20 NPOSPAMYBAHHI K YiNb08a DYHKYIA pO32Ia0AEMbC MIHIMATbHA 6a2a 0000HKU. Kpumuuni na-
NPYJICEHHS GUSHAUAIOMbCA 34 JIHIUHON0 MeopIEio y NPYXCHIN 30Hi pobomu mamepiany. Ak 0bmedcenHs, Wo HAKIA0armscs
HA 30HYy OONYCMUMUX PO38 SI3Ki6, NPUILMAIOMbCS. OOMENCEHHS: 3 MIYHOCI, 3a2aabHOL | OKpeMol empamu cmitikocmi 00o-
Jaouxu. Memoro yiei pooomu € 00cniodxicents 8a2080i epeKmueHOCmi pizHux munie nioKpinieHHs 000J0HKU I iXHb020 GNu-
8y Ha napamempu CIMUCHYMOI 8 0CbOBOMY HANPAMKY ONMUMANbHOL Y 8a2080My 8iOHOWIeHH] 000n0HKU. [IposedeHo uuco-
8ull excnepumenm. JJoCHioNCY8ANUCS 3ANeHCHOCMI 8azu 000JIOHKU, MOSWUHY 1T CINIHKU, NApamempie niOKpinieHHs 6i0
BEUYUHU CINUCKAIOYO020 HABAHMANCEHHS 011 0O0NOHKU 3 PI3HUMU MUunamu niokpinienHs. Buacniook nposedenozo uucno-
6020 eKCHepUMEHINY 8CMAHOBIEHO, WO 3i 30LIbUEHHAM GeTUYUHU CIMUCKAIOY020 HABAHMANCEHHS HAMIYAEMbCA MeHOeHYisn
00 30inbUeHH MOBWUHU CIIHKU ONMUMATILHOI 0DOJIOHKU, 3pOCMAE MOBWUHA NO300BXHCHIX pebep HcopcmKocmi (CmpuH-
2epis), Kinbkicmo pedep He3HauHo 3meHuwyemucs. Kpim moeo, cuio sasnasumu, wo USHaA4aibHumuy nio yac eubopy onmu-
MATbHUX NAPAMEmMPi6 000NOHKYU GUABUIUCS 3A2AbHUL GUNAOOK GMPAMU CIMIUKOCHI | Nepuiutl OKpemuil.

Knrouosi cnoea: niokpinnena yuniHopuuHa 00010HKA, ONMUMATbHE NPOEKIMY8AHHS, GUNAOKOGULL NOUWYK.
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