ISSN 2410-2547 5
Omip marepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2021. Ne 106

UDC 539.3

MODAL ANALYSIS OF A COMPLEX SHELL STRUCTURE
UNDER OPERATIONAL LOADS

V.A. Bazhenov,
Doctor of Technical Science

O.P. Krivenko,
Candidate of Science (Engineering)

A.A. Kozak,
Candidate of Science (Engineering)

Kyiv National University of Construction and Architecture
31, Povitroflotsky ave., Kyiv, Ukraine, 03037

DOI: 10.32347/2410-2547.2021.106.5-13

The results of calculation of a complex shell structure under the action of operational loads are
presented. A three-section cooling tower, called a three-petal cooling tower, is regarded as a
complex-shaped structure. Three variants of loads on the shell are considered: wind pressure,
heating and load combination. The design model of a shell of a complex shape is based on the
developed universal spatial finite element. The universal spatial finite element allows one to take
into account the geometric features of structural elements for a thin shell (constant or varying
thickness, knees, ribs, cover plates, holes, cavities, channels, inserts, facets) and multilayer
structure of the material. According to the method, thin and medium thickness shells of various
shapes and structures are considered. The shells are under the action of static mechanical and
temperature loads. The finite element method is based on the unified positions of the three-
dimensional geometrically nonlinear theory of thermoelasticity and the moment finite
element scheme. The method for determining the natural vibrations of thin-walled shell
structures is based on an integrated approach. Modal analysis is carried out taking into
account the prestressed and deformed states of the shell at each step of thermomechanical
loading. Thus, the problem of determining the natural frequencies and vibration modes of the
shell is solved by the step method in two stages.

Keywords: clastic shell, universal finite element, thermo-mechanical load, stress-strain state,
natural frequency, mode shapes.

Introduction

Shells, as flexible thin-walled elements of increased strength, are widely
used in engineering structures in many industries: from space to construction.
Thin-walled shell structures of special equipment can have an almost
inexhaustible variety of geometric shapes, based on their functional purpose.
They can combine various structural inhomogeneities, such as: ribs and cover
plates, reinforced and non-reinforced holes, cavities, channels, local
thickenings and thinning, knees of the midsurface and other features, as well as
have a complex shape. The behavior of such structures has not been studied
enough due to the complexity of taking into account all these factors when
constructing governing equations. Thin-walled shell structures can be in
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difficult operating conditions under the action of loads of various natures,
including mechanical and thermal ones.

Most of the methods for studying thin-walled structures are focused on a
relatively limited class of shells, predominantly of canonical form, and simple
loading processes, mainly mechanical. Therefore, methods of numerical
analysis, primarily the finite element method, are widely used to solve various
problems in the study of shell structures [1-6]. The complication of the
geometric shape, which actually occurs in every real shell structure, requires
the use of refined approaches from the standpoint of the three-dimensional
theory of thermoelasticity and the development of 3-d finite elements on this
basis. The use of a three-dimensional approach for the study of thin shells has
recently been considered in an increasing number of works [3, 4, 7-12] in
accordance with global trends in problem solving.

Based on modern approaches to solving this problem, the authors have been
carrying out theoretical and practical developments for many years in the
direction of creating methods for analyzing the reactions of thin-walled
structures to complex thermo-mechanical effects. A finite element method has
been developed for studying processes of geometrically nonlinear deformation,
buckling, post-buckling behavior, and vibrations of thin thermoelastic
inhomogeneous shells with complex-shaped midsurface, geometrical features
throughout the thickness under complex thermo-mechanical loading. A number
of tasks have been solved. The features of thermoelastic deformation, buckling,
post-buckling behavior, and vibrations of thin shells under the action of static
thermo-mechanical loads have been identified and analyzed [7-10, 13-16].

This paper is a continuation of previous studies and is aimed at modal
analysis of shell structures of complex shape under the action of operational
loads.

1. Problem statement

The technique for studying the behavior of thin-walled shell structures of a
complicated geometric shape is based on the use of the finite-element shell
model (FESM) of an inhomogeneous shell and is presented in articles [7-
10, 16]. The design model is based on the developed universal spatial finite
element. The geometric features of structural elements for a thin shell
(constant or varying thickness, knees, ribs, cover plates, holes, cavities,
channels, inserts, facets, etc.) and multilayer structure of its material are taken
into account. Thin and medium thickness shells of various shapes and
structures are considered under the static action of mechanical and temperature
loads. The method is created on the basis of the unified positions of the three-
dimensional geometrically nonlinear theory of thermoelasticity and the finite
elements moment scheme.

As an example of determining the modal characteristics of a shell structure
of a complex shape, a three-section cooling tower, called a "three-petal cooling
tower" [17, 18], is considered. The cooling tower is a three-dimensional
combined system consisting of a thin reinforced concrete three-section shell
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and an inclined colonnade. The
lower part of the colonnade is
rigidly clamped into the ring
foundation.

The three-section structure
consists of the shells of three
cooling towers and it belongs to
the unique structures in many
respects (Figure 1). Its dimensions:
height — 110 m, semi-axes of the
ellipse at the base of the petal —
70.77 m and 25.08 m, thickness at
the base — 0.7 m, thickness in the
narrow part — 0.2 m. Each cooling
tower petal is a complex shell. It is
an elliptical cone with a linear-variable thickness at heights from 10 to 100 m.
In the narrow part (between heights of 100 m and 110 m) it is an elliptical
cylinder of constant thickness 0.2 m. The observation deck with 1 m wide is
mounted above the narrow part of the cooling tower. This platform is modeled
as a rib in the finite element model of the shell. Internal cooling tower
diaphragms are considered to be quite rigid. They have not been considered as
elastic elements of the cooling tower and, for simplicity, have been taken into
account as rigid ties. The exhaust shell of the cooling tower is supported on an
inclined colonnade at a height of 10 m. The colonnade is fixed on a rigid base
plate. When forming the FESM, it has been assumed that the shell is rigidly
clamped at a height of 10 m (Figure 2). Therefore, support columns were not
included in the model.

Fig. 1. General view ofa ¢

(b)

Fig. 2. Design finite element model of a cooling tower:

(a) side view, (b) top view in the plane x2'x3'

During operation, the cooling tower is subjected to wind pressure and
temperature field. In the computation, these loads are taken as static.
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Temperature effects on the shell are caused by technological heating and
seasonal fluctuations in the outside air temperature. Three variants of the loads
acting on the shell have been accepted: (i) uniform heating of the shell by
30°C, (ii) wind pressure, and (iii) combination of both loads.

2. Results of modal analysis

The stages of the formation of the FESM of a three-petal cooling tower are
presented in detail in [86, * 100]. At the first stage of the computations, the
stress-strain state of the structure from the impact of the applied operational
loads has been analyzed. Based on the analysis of the observed results, the
following conclusions can be drawn.

Deformation analysis. The grid of the cooling tower deformed from the
action of loads and their top view are shown in Fig. 3. It can be seen that the
side walls of the cooling tower are bent inside the FESM due to the wind load
and the combination of loads. With uniform heating, the sidewalls of the
cooling tower bend outward.

Uniform heating Load combination

Fig. 3. Deformation shapes of the FESM under various thermo-mechanical loads

Stress analysis. The stress state of the cooling tower from the action of
operational loads can be estimated by the obtained moiré fringes of bending
and membrane stresses (Fig. 4). With uniform heating, the maximum bending
stresses occurs at the bottom on the sides of the conical part of the petal, the
minimum stresses are located at the bottom of the joint of the petals. The
maximum membrane stresses are on the sides of the petals at the bottom of the
structure, nearer to the joint. The wind load creates the maximum bending
stresses at the top of the conical part of the petal, the maximum membrane
stresses are at the bottom of the fracture of the petals. When there is a
combination of loads, the maximum bending and membrane stresses are
obtained in the support zone of the side parts of the petals. When there is a
combination of loads, maximum bending and membrane stresses have been
obtained in the petal support zone.

At the second stage of the research, a modal analysis of the structure has
been carried out. The effect of operation loads on natural frequencies and
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modes of vibration has been investigated. The comparison has been carried out
with the dynamic characteristics of the structure, which is in a load-free state.

Heating and the action of wind load had little effect on the change in
vibration frequencies relative to the unloaded state (less than 1%, Table 1).
The vibration modes accordingly also changed a little bit. The combination of
loads led to an increase in first four natural frequencies, respectively by 34.33,
28.65, 39.03, and 43.08%. The vibration modes are shown in Fig. 5. Here (a) is
the initial unstressed state of the cooling tower; (b) is the effect of a
combination of two loads.

Uniform heating
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Fig. 4. Visualization of stresses using moiré fringes
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Wy

(b)

Fig. 5. Vibration modes of the cooling tower: (a) initial state; (b) load combinations

Table 1

Load o) ®, 03 Wy

The initial state 1.3491 1.4515 1.4661 1.6334
Uniform heating | 1.3513 1.4689 1.4777 1.6420
0,16% 1,20% 0,79% 0,53%

Wind load 1.3489 1.4498 1.4660 1.6320
-0,01% -0,12% -0,007% -0,09%

Load combination | 1.8123 1.8673 2.0384 2.3370

34,33% 28,65% 39,03% 43,08%

Conclusions

Investigation of the stress-strain state and modal analysis of the shell
structure of complex shape and structure have been carried out. A three-
petalcooling tower is considered which is under the action of operational loads.
The effect of three types of load on the behavior of a cooling tower has been
investigated: heating, wind effect, and a combination of the indicated loads.
Investigations have shown the effectiveness of using the method for analyzing
shells of complex shapes and structures in real operating conditions.
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baocenos B.A., Kpusenro O.I1., Kozax A.A.
MOJAJBHUM AHAJII3 CKJIALHOI OBOJIOHKOBOI KOHCTPYKIIII, IO
3HAXOJUTHCS M AI€F0 EKCIITYATAIIMHUX HABAHTAKEHbD

HaBeneHo pe3ynbTaTH poO3paxyHKy Ae(hOpMyBaHHS 1 KONMBAaHb CKIAJHOI 0OOIOHKOBOI
KOHCTPYKLII Mix i€l eKcIuTyaTalifHMX HaBaHTaXKeHb. TpboXcekuiiiHa rpagupHs, 3BaHa
TPHUIICITIOCTKOBOK TPAJAUPHEI0, BiIHOCHTHCS [0 TOHKOCTIHHHUX KOHCTPYKIIH CKJIaaHOI (hOpMH.
Po3ryisiHyTO TpU BapiaHTH HaBaHTaKCHb Ha OOOJOHKY: BITPOBHH THCK, HarpiB i MO€JIHAHHS
HAaBaHTAXEHb. PO3paxyHKOBa MoJenb OOONOHKM CKIagHOI (opMu moOymoBaHa 3a JOMOMOIOIO
PO3pO0JICHOr0  YHIBEPCAJILHOTO  MMPOCTOPOBOrO  CKIHYCHHOro  ejeMeHTa. YHiBepcaJbHHUI
IPOCTOPOBHH  CKIHYCHHHI  €IEMEHT J03BOJISIE  BpAaxyBaTH TEOMETPUYHI  OCOOJIMBOCTI
KOHCTPYKTHBHHX €JIEMEHTIB TOHKOI 000JOHKHM (cTasa abo 3MiHHA TOBINMHA, 37aMu, pedpa,
HAKJIaJKH, OTBOPH, BHIMKH, KaHAJIH, BCTABKH, IPAaHOBAHICTh), a TAKOXK 0araTolapoBy CTPYKTYpY
MaTepiaiy. 3a METOAUKOIO PO3IIISAAIOTHCS TOHKI 1 cepefHi TOBIMHHM 000JIOHKU pi3HOi dopmu i
cTpykTypd. OOGOJIOHKH 3HAXOAATHCS IMMiJ JI€I0 CTATHYHMX CHJIOBHX 1 TeMIIepaTypHHX
HaBaHTaXeHb. CKIHYEHHOCIEMEHTHUII METO/l CTBOPEHO HA OCHOBI €JMHHX IMO3HLIH IPOCTOPOBOT
rEOMETPUYHO HENIHIHHOI Teopil TepMOINPYKHOCTI Ta MOMEHTHOI CXEMH CKIHUYCHHHX CJICMCHTIB.
MeToarka [OCHI/UKEHHS BJIACHHX KOJIMBAaHb TOHKOCTIHHMX OOOJIOHKOBHX KOHCTPYKLIil 3
ypaxyBaHHSM il CTATHYHOrO TEPMOCHJIOBOIO HABAHTa)XCHHS CIHPAEThCA HAa KOMIUICKCHHUM
miaxiaz. MopanbHUH aHami3 BHKOHYETHCS 3 YypaxyBaHHAM IIONEPEJHBO HAMPYKEHOro Ta
nehOpMOBaHOr0 CTaHIB ODOJIOHKH Ha KOXHOMY KpOLi Il TEpMOCHJIOBOrO HaBaHTaXeHHs. Takum
YUHOM 3ajada 3 BH3HAYCHHS BJIACHUX YacTOT i (OpM KOJMBaHb OOOJOHKH PO3B’SI3YETHCS
KPOKOBHM METOZIOM 3a J{Ba €TalHu.

KurouoBi ciioBa: mpyxHa 00OJNOHKA, YHIBEpCAJIbHHH CKIHYCHHHH €IEMEHT, TePMOCHJIOBE
HABaHTAXKCHHsI, HAIIPY)KCHO-1e)OPMOBAHHH CTaH, BIACHA YAaCTOTA, POpMa KOJIHBAHb.

baocenos B.A., Kpusenro O.I1., Kozax A.A.
MOJAJIBHBIN AHAJIU3 CJI0KHOM OBOJIOYEYHOM KOHCTPYKIIHH,
HAXOJISENCS MOJ JEACTBUEM KCILTY ATALIMOHHBIX HATPY30K
IpuBeneHs! pe3yinbTaThl pacdera AedOpMHpOBaHUS M KoaeOaHMIl CIOKHOW 000104YedHON
KOHCTPYKLIMU T10J JEHCTBUEM OKCIUIyaTallMOHHBIX HAarpy3ok. TpeXCeKLMOHHas TIpajupHs,
Ha3bIBaeMasi TPEXJIEINECTKOBON I'paJUPHEH, OTHOCUTCS K TOHKOCTEHHBIM KOHCTPYKLHUSAM CIIOXHOM
¢dopmbl. PaccMOTpeHB! TpH BapuHaHTa Harpy3oKk Ha OOOJOUYKY: BETPOBOE [aBJICHHE, HAIPEB U
0o0beIMHEHHE HArpy30K. PacueTHast Mojeb 00OJIOUYKH CIOXHON (OPMBI MOCTPOEHA Ha OCHOBE
pa3pabOTaHHOTO YHHBEPCAIBHOIO MPOCTPAHCTBEHHOTO KOHEYHOrO 3JIEMEHTa. YHHBepCasbHBIH
IPOCTPAHCTBEHHBII KOHEYHBIH OJIEMEHT II03BOJSIET YYeCThb TI'COMETPUYECKHE OCOOCHHOCTH
KOHCTPYKTHBHBIX 3JICMEHTOB TOHKOﬁ 060.]'[0‘-1](1/1 (l'lOCTOﬂHHaﬂ WJIA TICPEMEHHAA TOJIIIWHA, U3JIOMBI,
pebpa, HaKIIaaKU, OTBEPCTHS, BBIEMKH, KaHAJIbI, BCTABKH, [PAHEHHOCTD), & TAK)KE MHOTOCIONHYIO
CTPYKTYpy MaTepuana. MeToauka MO3BOJISET pPAacCMaTpUBaTh TOHKHE M CPEAHHE TOJLIMHEI
000JI0UKH pa3IMYHON (HOPMBI M CTPYKTYPbL. OGOIOYKH HAXOASTCS MOJ JCHCTBHEM CTATHYECKHX
CWJIOBBIX W TEMIICPATYPHBIX Harpy3ok. KOHC“IHOSJ’ICMCHTHHﬁ METOJI OCHOBAaH HaA C€JAHHBIX
HO3ULHUAX TPEXMEPHOW TI'EOMETPUYECKH HEJIMHEHHOH TEOpUH TEPMOYNPYrOCTH M MOMEHTHOM
CXEMbl KOHEUHOX 3JIEMEHTOB. MeTo/inKa onpeesieHusi COOCTBEHHbBIX KOJIeOaHUH TOHKOCTEHHBIX
000JI04EYHBIX KOHCTPYKLHMI OCHOBaHa Ha KOMILJICKCHOM IT0AXOjae. MOJallbHbIA aHauu3
IPOBOJHUTCS C YYETOM MPEIHANPSHKCHHOTO M Ie()OPMHPOBAHHOIO COCTOSHUI 00OTOYKHM Ha
KOKIOM LIare ee TEePMOMEXaHHYECKOro HarpyxeHus. Takum oOpa3oM, 3amada ONpeesICHUs
COOCTBEHHBIX YaCTOT U (OpM KoJieOaHNI 000IOUKH PEIIASTCsl IArOBbIM METOAOM B J[Ba dTaIa.
KaroueBble cjioBa: yrnpyrasi 000J109Ka, YHUBEPCAIbHBIA KOHEUHBIH 3JIEMEHT, TePMOCHIIOBAs
Harpyska, HalpsDkeHHO-1e() OPMUPOBAHHOE COCTOSIHUE, COOCTBEHHAs 4acToTa, popma KoIeOaHHi.
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Effect of operating loads on the stress-strain state and vibrations of a three-petal cooling
tower is investigated.
Tabl. 1. Fig. 5. Ref. 18.
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