CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA -

CTPOUTEABHAR MEXAHHKA
VHKEHEPHbX KOHCTPYKLUA

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2025. 21(6). 551-564

ISSN 1815-5235 (Print), 2587-8700 (Online)
HTTP:/JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

DOI: 10.22363/1815-5235-2025-21-6-551-564
EDN: FPZIWY
Research article / HayyHas cTatbs

Diagnostics of Structures under Vibration Loads and Elevated Temperatures

Samat N. Yakupov'"”, Rishat R. Giniyatullin!*, Nukh M. Yakupov'",
Vasil G. Nizameyev?"”, Marina I. Rynkovskaya®>

! Federal research center “Kazan Scientific Center of Russian Academy of Sciences,” Kazan, Russian Federation
2REMSTROYPROMPROEKT LLC, Kazan, Russian Federation
3RUDN University, Moscow, Russian Federation

P4 rynkovskaya-mi@rudn.ru

Received: September 11, 2025
Revised: November 22, 2025
Accepted: November 30, 2025

Abstract. Industrial building structures operate under severe conditions. An apt example of such structures are fan cooling towers,
which resist significant vibration loads caused by a running fan; at the same time, the internal surfaces of the structures are
exposed to relatively high temperatures from contact with cooled water, and the external surfaces are constantly exposed to the
environment. The well-known approach to structural diagnostics does not take into account changes in the integral mechanical
properties of thin-walled structural elements and the formation of local depressions and holes. Using the example of a large-sized
fan cooling tower, an approach to diagnostics of structures affected by vibration from a running fan and the temperature of the
cooled water, as well as the environment, is described. The effect of vibration and temperature on the process of corrosion wear of
thin-walled structural elements has been studied experimentally and theoretically. Based on a new version of the finite element
method developed for calculating structures in a cylindrical coordinate system, the initial and current state of the metal part of the
fan cooling tower is investigated, taking into account plastic deformations. When analyzing the current state, corrosion defects and
changes in the stiffness properties of thin-walled elements caused during operation as a result of the combined effects of vibration
and relatively high temperatures were taken into account. It has been established that the presence of vibration and elevated
ambient temperature contribute to accelerated corrosion; at the same time, the effect increases with increasing temperature and
time of exposure to vibration. Corrosion wear leads to a significant increase in stresses and the formation of plastic deformations,
which leads to a redistribution of stresses. It is noted that the discovered effects must be taken into account in the design and
service of metal structures that experience significant vibration loads and operate at high temperatures.

Keywords: thin-walled structures, fan cooling tower, corrosion wear, experimental and theoretical method, mechanical properties,
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plastic deformations
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AnHoTanus. [TpoMbIIITIeHHBIE CTPOUTENBHBIE KOHCTPYKINH Pa00OTAIOT B TSDKEIBIX SKCILTYaTAlIMOHHBIX YCIOBUAX. SIpKUM Impume-
POM TaKuX KOHCTPYKLUH SIBISIFOTCSI BEHTHJIATOPHBIE TPaJUpPHU, KOTOPbIE BOCIPUHUMAIOT CYIIECTBEHHBIE BUOPAIIHOHHBIE HAIPY3-
KM, BBI3BIBaeMbIe OT pabOTalONIero BEHTWISTOPA; [IPU 3TOM BHYTPEHHHE MOBEPXHOCTH KOHCTPYKIHUI HCIIBITHIBAIOT BO3AEHCTBUE
OTHOCHUTEJILHO BBICOKHX TEMIIEPATYp OT KOHTAKTa C OXJIAXKJAaeMOH BOJOM, a Hapy>KHbIE IIOBEPXHOCTH HAXOMATCS MOCTOSHHO I10JT
BO3Z[CI>’ICTBM6M Opr)KalOLLlCﬁ Cpeabl. W3BecTHBIN noaxoa AUAarHOCTUKH KOHCTPYKIUHU HE YUYWUTHIBACT U3MCHCHUC WHTEIPAJIBHBIX
MEXaHUYECKUX CBOMCTB TOHKOCTEHHBIX 3JIEMEHTOB KOHCTPYKLHH 1 00pa30BaHMe JIOKANbHBIX YITTyOJISHUH U CKBO3HBIX OTBEPCTHH.
Ha npumepe kpynHOrabapuTHOW BEHTHJISITOPHOW TPAJIMPHU OIMCAH MOIXO0/ JUATHOCTUKKA KOHCTPYKIHH, MOIBEPKECHHBIX BO3CH-
CTBHIO BHOpanuu oT paboTaromiero BEHTWISATOPA W TEMIIEPATYPhl OXJIaXIaeMOW BOJBI, a TAKXKe OKpYy’Karoleld cpelpl. DKCrepu-
MEHTaJIbHO-TEOPETHYECKUM METOJ0M HCCJIEe0OBAaHO BIIMSHME BHOpalM{ M TeMIIepaTypbl Ha IPOllecC KOPPO3SHOHHOI'O M3HOCA
TOHKOCTEHHBIX 3JE€MEHTOB KOHCTpyKUui. Ha 0aze HOBOro BapumaHTa MeTOJa KOHEYHBIX 3JIEMEHTOB, PA3BUTOTO JUIS pacyeTa
KOHCTPYKIMH B LMJIMHAPUYECKON CHCTEME KOOPAMHAT, UCCIIEIOBAHO UCXOJHOE M aKTYaJIbHOE COCTOSHHE METaLIMYECKOH 4acTu
BEHTWJIITOPHOI T'PaJUpHU C yYeTOM IUTaCTHYecKuX aedopmarmii. IIpu pacyere akTyaabHOTO COCTOSHHS OBUTH yUTEHBI KOPPO3U-
OHHbIE JIe(eKTHl U M3MEHEHUsI KECTKOCTHBIX CBOWCTB TOHKOCTEHHBIX JIEMEHTOB, BOHHUKIINX B IPOIecce SKCIUTyaTalluu B pe-
3yJIbTaTe KOMIUIEKCHOTO BO3JIEHCTBHSI BUOPAIIMU M OTHOCHTENIFHO BBICOKHMX TEMIIEpaTyp. Y CTAHOBIICHO, YTO HAIMYNE BUOpAlN U
MOBBIILICHHAs] TEMIIepaTypa cpelbl ClIOCOOCTBYIOT YCKOPEHHOW KOPPO3MH; IPH ATOM C YBEIHUYEHHEM TEMIIepaTyphl U BPEMEHH
Bo3zelcTBUA BUOparyu 3¢ ekt ycunupaetrcsa. Koppo3noHHBIH H3HOC NIPUBOIUT K CYIIECTBEHHOMY POCTY HalpsHKeHUH U 00pa3o-
BAaHHUIO TUIACTHYECKHUX JIedopMaiuii, 4To 00yCIOBIUBAET NEepepaclpe/esieHue HanpspkeHuil. OTMedeHo, 4To OOHapyKEeHHbIC
3¢ eKTs HeOOXOIUMO YUUTHIBATH NIPH MPOSKTHPOBAHUH M IKCILIyaTAllMU METAJUINYECKUX KOHCTPYKLHUH, HCIIBITHIBAIOIINX CYIIIe-
CTBEHHbIE BUOPAIIMOHHBIE HATPY3KH U Pa0OTAIOMNX NP BBICOKUX TEMIIepaTypax.

KirroueBble €JI0Ba: TOHKOCTCHHBIC KOHCTPYKIIMHM, BEHTWISITOPHASI TPAAMPHS, KOPPO3HOHHBINH M3HOC, SKCIEPHMCHTAIBHO-TCOPETH-
YECKHUiT METOJI, MCXaHUYECKHE CBONCTBA, TOHKOCTEHHBIC 3JIEMEHTBI, Ie(DEKThI, BBICOKAsI TEMIIEPATYPa, HHTCPIOISIIHOHHbIC CILIANHBL,
BapUaHT METOJIa KOHEUHBIX DJICMEHTOB, HAIPSLHKEHHO-1e(DOPMUPOBAHHOE COCTOSIHHE, YIIPYTHE U IUTACTUYECKHE TeopMaum

3asBiieHHe 0 KOH(JIUKTE HHTEPecOB. ABTOPHI 3asIBISAIOT 00 OTCYTCTBUM KOH(IIUKTA UHTEPECOB.
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1. Introduction

The structure of a fan cooling tower (Figure 1, a, b) is a complex spatially curved system of reinforced
concrete and steel elements. The inclined supports and cylindrical part of the cooling tower are made of
reinforced concrete [1]. The metal part consists of a reducer — a converging truncated conical shell,
a neck — fragments of toroidal and cylindrical shells, and a diffuser — a diverging truncated conical shell.
The 4 mm thick shells are reinforced on the outside with a longitudinal and transverse set of channels,
angles and plates. At the neck level and near the upper section of the diffuser, the structure is strengthened
with ribs that are fixed to the cooling tower body with bars. The cooling tower design includes
technological windows, as well as platforms and a stair system for maintenance.

Figure 1. Large-sized cooling tower:
a — general view; b — metal part

Source: compiled by N.M. Yakupov

In addition to wind, vacuum, and weight loads, the cooling tower structure is subjected to vibration
loads. Vacuum and vibration loads occur during the operational period when the fan is running. The internal
surfaces of the structures are exposed to relatively high temperatures from contact with cooled water (up to
60°C and above), while the external surfaces and part of the internal surface are constantly exposed to the
ambient temperature.

Severe service conditions contribute to intense corrosion wear. Field surveys of the condition of the
structural elements of a number of cooling towers have shown that reinforced concrete supports and part of
the metal shell are most susceptible to corrosion wear.

During more than 20 years of operation, the strength of concrete for some columns has significantly
decreased. Concrete loosens, micro and macro cracks develop, and corrosion spots appear in the reinforce-
ment. As a result, the strength properties of reinforced concrete structures are reduced. Figures 2 and 3 show
fragments of the most worn areas I, 2, and 3 (according to Figure 1) of the reinforced concrete structural
elements.

In the metal part of the cooling tower, the neck area is experiences maximum corrosion wear, where
the maximum air flow velocity, high vibration loads, and the greatest temperature impact take place. As a
result of intense corrosion, the thickness of the shell has decreased significantly, in particular, in the neck
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area; the thickness has decreased to 2 mm. There are a large number of holes and local depressions. A
number of shell panels have turned into a “sieve”. This pattern is observed in the neck area and in the lower
parts of the reducer and diffuser. Active corrosion wear occurs at the panel joints, in the narrow gaps
between the panel elements, and above the stiffening ribs. The supporting elements of the cooling tower,
due to their external location, show less wear. Figure 3 shows some fragments of the most worn structural
elements in the area where the reducer rests on the upper reinforced concrete ring (region 4 in Figure 1) and
in the neck area (region 5 in Figure 1).

a b c

Figure 2. Defects (according to Figure 1):
a — in the area of inclined supports; b — in the area of the base; ¢ — in the cylindrical part
Source: compiled by S.N. Yakupov.

Figure 3. Defects:
a — in the area of the upper reinforced concrete ring; b — in the reducer in the area
of the reinforced concrete ring; ¢ — in the area of the neck (inside view)

Source: compiled by S.N. Yakupov.

Metal corrosion is a physical and chemical interaction between metal and the environment — the
oxidation of metal with the formation of corrosion products (rust), resulting in the reduction of the
geometric parameters of structural elements. Upon that, the surface layers of structural elements are
loosened to a certain depth or to the entire depth for thin-walled elements, which changes the mechanical
properties of the element.

A thin protective passivating layer forms on the metal surface in water or other environments (Figure 4).
When this layer is destroyed, corrosion damage begins [2].

It is evident that various factors influence the destruction of the protective passivating layer: physical
and mechanical fields, environment and temperature, and others.
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The influence of stress state on the kinetics of corrosion processes has been previously considered by
the authors. Studies have shown that an increase in tensile stress contributes to the destruction of the pro-
tective layer and, thus, leads to accelerated corrosion wear. When analyzing the performance of structures,
especially thin-walled structures exposed to corrosion, in addition to changes in geometric parameters, it is
necessary to take into account changes in the reduced mechanical properties, as well as the level and nature
of mechanical loads.

The influence of various physical fields on the state of the protective passivating layer has not been
sufficiently studied. The influence of an active magnetic field on the corrosion process has been noted in
[3-10].

lg ! ‘P Formation of a passivating layer DeStI?UCti_OH of the
passivating layer

Initial metal Pt )
= %
surface O - %Qo

b e

Sv

®p ©a Op

Figure 4. Relationship between the rate of anodic dissolution of metal 7 and the potential ¢
Source: compiled by N.M. Yakupov

In structural design, the amount of material wear per unit of time (e.g., 0.1 mm per year) is generally
specified. This approach does not take into account changes in the integral mechanical properties of thin-
walled structural elements, as well as the formation of local depressions and holes. The results of a study of
thin-walled beams with local defects are given in [13]. Some results of studying the influence of the
environment on the creep and long-term strength of metals are given in [14—16]. The influence of vibration
on the corrosion rate of protective anodes made of magnesium, aluminum, and zinc in fresh and sea water
of the Persian Gulf is noted in [17]. The results of a study of the influence of vibration excitation during
high-temperature processing on the mechanical properties and corrosion resistance of cast steel under stress
are presented in [18].

The aim of this work is to develop an approach for diagnostics of thin-walled structures exposed to
corrosion wear in the presence of vibration and elevated temperatures, using the example of a large-scale
fan cooling tower. Research objectives: investigation of the effect of vibration and temperature on the
corrosion wear process in thin-walled structural elements using a combined experimental and theoretical
method; stress analysis of the initial and current condition of the metal part of the fan cooling tower, taking
into account plastic deformations based on a version of the finite element method [11] developed for
calculating stress-strain state of structures in cylindrical coordinate system.

2. Method

To evaluate the degree of corrosion wear of samples
exposed to vibration and temperature field for a specific period 1 2a
of time in a given environment, a combined experimental-
theoretical method [12] is used, based on the synthesis of p I H
experimental data and theoretical relationships obtained from E

nonlinear shell theory. This approach is an effective method
for evaluating the integral stiffness properties of various thin-
walled elements of complex structures. A diagram of the setup Figure 5. Diagram of the experimental setup
for flat samples is shown in Figure 5. Source: compiled by N.M. Yakupov.
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Round samples, aged for a specific period of time in the test environment under vibration and
temperature exposure, are restrained along their contour and loaded with uniform pressure p . As pressure p

increases, the shape of the dome is monitored, in particular, rise H of the dome is measured, and a pressure
p — deflection H graph is constructed. At the theoretical stage, using the ratios obtained from nonlinear

shell theory for the case of moderate bending and the experimental pressure p — deflection H relationship

for metal samples, the reduced tangential stiffness for tension-compression B and the reduced bending
stiffness D are calculated [12]:

3 472

a a'h
B=0.3037 — 1|, D=0.0253p——, 1
pa(Hj P (1

and also the modulus of elasticity, according to formula:

0.303pa*(1-v?)

E 3
hH

; 2)

where 4 and a — the thickness and radius of the test part; V — the Poisson’s ratio.

3. Results

3.1. Influence of Vibration on Corrosion Wear

A study of the influence of vibration on the corrosion wear process of St3 steel samples with an initial
thickness 2 = 0.6 mm in an aqueous medium has been conducted.

Thin round samples are placed separately in containers with the medium. The containers are
placed on a vibrating platform. Specifically, on a platform attached to a compressor (rotation frequency
n =2800 rev / min).

Cases of horizontal and vertical sample placement are considered (Figure 6, a, b).

The samples were kept in the aqueous medium for a specified period of time. The control group of
containers was located in an area free from vibration. The degree of corrosion of the samples was evaluated
using a combined experimental-theoretical method [12].

Samples in a container with water

N |

Vibrating platform

Compressor

a b

Figure 6. Schemes for placing samples on a vibrating platform:
a — horizontal placement of samples; b — vertical placement of samples
S ource: compiled by N.M. Yakupov.

In the first series of tests, samples were placed horizontally on a special compressor platform
(Figure 6, a). The compressor turned on automatically for two months (except Sundays) from 9:00 a.m.
to 6:00 p.m.: during the day, the compressor periodically turned on (vibration — 20 seconds) and off (no
vibration — 3 minutes 40 seconds).
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In the second series of tests, samples were placed vertically on a special compressor platform
(Figure 6, b). The compressor operated for four months in automatic mode: it turned on (vibration) for
30 seconds and turned off (no vibration) for 6 minutes and 10 seconds. In each series of tests, the control
group of samples, that were not subjected to vibration, was examined.

Using the combined experimental-theoretical method mentioned above, the relationship between the
maximum deflection H and pressure p was determined for each sample. Pressure p — deflection H

curves were constructed based on the average values of the maximum deflections of the samples, which are
presented for the first series of tests in Figure 7, a, and for the second series — in Figure 7, b.

H, mm
H, mm
1.1 o e
| 1.4
1.0
1 [ ] 1.2
0.9 x
] 2 /'/. 0
1. E
0.71 A 1
- v
4 // 0.8
0.51 '.,./
] S 0.6
03] ° -
4 :ﬁ 0.4
) p, MPa 02 p, MPa
T T ! . L '0'140'16 D S N TN PN N NN, N ERN T S N S ) FRE O I |
0.02 0.06 0.10 ' 0 0.05 0.10 ).14 0.16 0.18
a b

Figure 7. p — H relationships when samples are placed:
a — horizontally, b — vertically; / — at rest; 2 — under vibration
S ource: compiled by N.M. Yakupov.

As can be seen, in both series of tests, samples from the group exposed to vibration (2) deflect more
than samples from the control group (1) at the same pressure, i.e., samples under vibration experience
greater corrosion wear than samples from the control group. This conclusion is consistent with the
measurements of the thickness of the samples after corrosion wear: the average thickness of the samples
exposed to vibration in the first series of tests was 0.588 mm, while the average thickness of the samples in
the control group was 0.593 mm. For the second series of tests, the corresponding values were 0.556 mm
and 0.569 mm.

This conclusion can be explained by the fact that vibration creates more favorable conditions for the
destruction of the passivating layer in the electrochemical corrosion process.

Thus, the influence of vibration on the process of corrosion wear of steel samples in an aqueous
medium has been established, with vibration contributing to faster destruction of the protective passivating
layer formed during corrosion, thereby promoting accelerated corrosion.

The discovered effect is of high theoretical significance to the study of corrosion as a complex
electrochemical process under the influence of vibration, and of practical significance as well. The effect
must be taken into account in the design and operation of metal structures that experience substantial
vibration loads, such as fan cooling towers, vehicles, pipelines, and others.

3.2. Influence of Temperature on Corrosion Wear

The effect of temperature on the corrosion process is of particular scientific interest, although studies
on this topic are rare. An increase in corrosion wear at 70°C was discovered at a coal-fired power plant
during a study of boiler walls, where viscous deposits were observed on the walls due to acid condensation
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[19]. An increase in susceptibility to stress corrosion cracking for some grades of stainless steel in KCI
solution under the influence of temperature was noted in [20].

An experimental study of the influence of water temperature on the corrosion wear of thin-walled St3
steel samples has been conducted.

Experimental procedure. A setup has been developed (Figure 8)
consisting of a cylindrical container (1) for filling with aggressive liquid.

A heating element (2) is located in the center of the container.
Sample holders (3) are installed around the perimeter of the container at
equal distances from the center. Temperature sensors are installed near
the samples to monitor the temperature of the medium.

In the experiment, three installations located next to each other were
used to implement three temperature modes. Samples fixed in a holder
are placed in appropriate containers with a particular medium and kept
there for a particular period of time. Before and after the experiment, the

Figure 8. Installation scheme: thickness of the samples under study is inspected and measured.
1 — cylindrical container; 2 — heating . . .
clement; 3 — sample holders . To evaluate Fhe influence of tejmperature on the corrosion of circular
Source: compiled by N.M. Yakupov. thin-walled specimens, the combined experimental-theoretical method

mentioned above is used.

St3 steel samples with a thickness of 0.6 mm were exposed to corrosion wear over 107 days in the
following temperature modes: 71 = 70°C, T2 = 40°C, T3 = 18°C. The thicknesses of the samples subjected
to corrosion under the influence of the temperature field were as follows: #1 = 0.528 mm, 7 = 0.576 mm,
t3=10.581 mm, respectively. The “pressure p — deflection H ” curves for the considered samples are

presented in Figure 9.

H, mm /
0.6 A ///
04 -

—=— 70°C
e 40°C
02 - I8°C i
| T
0.02 0.04 0.06 p, MPa

Figure 9. Pressure p — deflection H curves
S ource: compiled by R.R. Giniyatullin.

As seen in Figure 9, as the temperature of the medium increases, the deflection of the samples
increases, i.e., corrosion wear increases. The resulting elasticity moduli of the corroded samples, calculated
according to (2) at p =0.02 MPa, were: E, = 1.778x10°MPa, E, = 1.946x10°MPa, E; =2.051x10°MPa,
respectively.

Figure 10 shows images of the surface of corroded samples at 4x, 10x, and 400x magnification.

As can be seen, corrosion causes the surface of the samples to loosen to a certain depth, and as the
temperature rises, cavities form, which merge into large regions at 70°C.
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Thus, it has been established that the temperature of the environment significantly affects the corrosion
wear of thin-walled steel samples. An increase in the temperature of the environment contributes to a more
rapid destruction of the protective passivating layer formed during the corrosion process, thereby leading to
an increase in the degree of corrosion wear.

4x
magnification

10 x
magnification

400 x
magnification

T,=18°C T,=40°C

Figure 10. Images of the surface of corroded samples
S ource: compiled by R.R. Giniyatullin.

The established effect is of high theoretical significance in studying the complex electrochemical
process of corrosion, taking into account the temperature of the environment. The effect is also of high
practical significance, especially for thin-walled structural elements, and must be taken into account in the
design and operation of metal structures that interact with high-temperature environments during service,
such as fan cooling towers, pipelines, and others.

3.3. Structural Condition of Cooling Tower with Corrosion Defects

As noted above, cooling tower structures operate in severe conditions. Wind, vacuum, and weight
loads, as well as vibration from operating fans, high temperatures of the cooled medium, and solar radiation
contribute to significant corrosion wear of the structural elements. This results in the formation of various
local depressions and holes, and changes in the stiffness properties of the thin-walled elements. All this
contributes to an increase in internal stress, appearance of additional stress concentrators, and a reduction in
the load-bearing capacity of the entire structure.

In the region of the corrosion defect, the structure of the surface layer material changes. This fact is
practically ignored, although it can be critical for thin-walled structural elements. Changes in the structure
of the surface layer can lead to significant changes in the integral mechanical properties of thin-walled
structural elements. In this regard, to perform the stress analysis of the metal part of the cooling tower
structure (Figure 1), the current integral stiffness characteristics of thin-walled elements cut out from the
structures during repair were preliminarily determined using the combined experimental-theoretical
method. That is, the calculations took into account the actual stiffness properties of the structural elements,
which were subjected, in particular, to the influence of vibration and temperature loads during the
operational period.

To perform the stress analysis of the metal part of the fan cooling tower, a spline version of the finite
element method (SV FEM-2) [11] was used, developed for the case of plastic deformation. The method was

PACYET V1 MPOEKTUPOBAHVIE CTPOUTENbHBIX KOHCTPYKLI 559



Yakupov S.N. et al. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(6):551-564

developed by the authors. The method is based on a synthesis of the idea of preliminary parameterization of
the mid-surface of the shell in a cylindrical coordinate system and the finite element method. The method
allows one to determine the stress-strain state of thin-walled structures under static loads. The effects of
vibration and temperature are taken into account by specifying relevant integral stiffness characteristics for
structural elements. The key points of the spline version of the finite element method (SV FEM-2) are
presented below.

Parameterization of the middle surface of the cooling tower shell. The parametric equation in the
cylindrical coordinate system used in the cooling tower analysis is as follows:

r(t, ) =x(",)i+p(t,H)e(t' ,tH)e(t',t*) =siny(¢',¢*) j+cosy(t', )k, (3)

where x(tl,tz) — the linear coordinates; \V(tl,tz) — the angular coordinates; p(tl,tz) — the shortest

distance from axis OX to the middle surface of the shell; ', # — the parameters of the unit square; i, j, k —
the unit vectors of orthogonal axes OX, OY, OZ.

By differentiating position vector 7, coordinate vectors 7; and 7, , the components of the first &

and second b,, metric tensors and Christoffel symbols 1’ }k are determined.

Geometrical and physical relationships. The case of moderate bending of a thin shell is considered.
In this case, the tangential and bending strains of the mid-surface according to the Kirchhoff — Love model
are determined by the formulas [20]

2ey =¢; te; to, K =—Vo —be_ (4)

where i, k, s = 1,2; €, are the covariant components of the tangential strain tensor; K., are the covariant

components of the bending and torsional strains; ®, =V ,w + bl-ku  are the components of the normal line
rotation vector M ; e, =Vu, —b,w are the components of the rotation tensor; V. is the symbol of covariant
differentiation with respect to @, ; U,, W are the covariant components of the displacement vector
(u, =u,u, =v), b’ are the mixed components of the second metric tensor.

The relationship between stress intensity o, and strain intensity €, is taken in the form

o, = g(g)g;. (5

Here g(,) 1s a positive function, characteristic for the considered material.
Resolving equations. To derive the resolving equations, Lagrange variational equation is used [11]

3W —-384=0, (6)

where 6 — the variation of the strain potential energy of the shell, 64 — the work of the external forces
applied to the shell.
In each rectangle €3, of the unit square area the solution is expressed in the form of interpolational

Hermite cubic spline of two variables
u=0(s)Ep(s"), v=0(s)F0(s), w= (s ) F,0(s"), (7)

where @(s'), @(s*) — the vectors of coordinate functions; F,

u?’

F, F,, — the matrices of nodal values of

the displacement components, the first and the second mixed derivatives.
The use of preliminary parameterization and the representation of the solution in each rectangle Q,j in

the form of a cubic spline ensure geometric continuity, as well as the continuity of the displacement function
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and its first derivatives throughout the entire considered domain €2, which is an important condition for
convergence to the exact solution as the size of rectangles ) decreases. Thus, it is possible to obtain

consistent elements based on the Kirchhoff — Love hypothesis for shells of complex geometry.

By substituting variations of displacements and strains into the Lagrange variational equations and
taking into account the independence of nodal displacements and their derivatives, after a series of
transformations, a system of algebraic equations is obtained

[A){U} ={R}, +{),. ®)

Here [A] is the symmetric stiffness matrix of the system of band structure, {U } is the vector of unknowns,
{R}p is the load vector, {R}n is the vector of nonlinear components. The solution to the resulting system of

nonlinear algebraic equations is determined using the general iteration method.

The algorithm of the above-mentioned spline version of the finite element method for calculating the
stress-strain state of shell structures of complex geometry in a cylindrical coordinate system is implemented
by the SV FEM-2 software package.

Stress analysis of the metal part of a fan cooling tower, taking into account physical nonlinearity.
Based on the spline version of the finite element method (SV FEM-2) [11], developed to calculate the
stresses and strains of shell structures with complex geometry in a cylindrical coordinate system, taking into
account physical nonlinearity, the stress analysis of the metal part of a fan cooling tower is performed
(Figure 11).

Information about the ribs is specified at each calculation
point in the following format: area, static moment, and moment
of inertia of the rib section. Due to the presence of a plane of
symmetry, half of the structure is considered, which is divided
into 10 elements along the circumferential coordinate (angle 6°)
and 23 — along the generatrix. The horizontal sections
(Figure 11) are numbered from bottom to top. The zero angle
corresponds to the wind direction plane. The distribution of
pressure from wind load, both along the height and the circum-
ferential coordinate, is taken in accordance with the building
code in force in the Russian Federation, SP 20.13330.2016". 1

The current mechanical characteristics of the thin-walled
structural elements were determined using the combined
experimental-theoretical method described above. Samples
were cut from a cooling tower structure that had been shut Figure 11. Design diagram of a fan cooling tower
down for major repairs. Changes in shell thickness ¢ along the Source: compiled by N.M. Yakupov.
generatrix and the degree of wear of horizontal ribs W for the
current version (for some of the most worn sections according
to Figure 11) are shown in the Table.

Change in shell thickness and degree of wear of horizontal ribs

Section 1-1 2-2 3-3 4-4 88 9-9 10-10 11-11 12-12 13-13 14-14
t, mm 0,35 0,30 0,10 0,00 0,05 0,30 0,35 0,30 0,10 0,05 0,10
W, % 40 30 10 0 5 30 40 30 10 5 10

S ource: compiled by N.M. Yakupov.

'SP 20.13330.2016. Set of rules “Loads and actions”. JSC “Reseach center “Construction” — V.A. Kucherenko Central
Scientific Research Institute for Building Structures, 2017.
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The displacement and stress distributions for the initial and current cooling tower designs were
analyzed. Significant stress concentrations were identified in defective areas of the structures, formed as a
result of corrosion wear under the influence of vibration from operating fans, high temperatures from the
cooled medium, solar radiation, as well as wind, vacuum, and weight loads. The maximum values of stress

intensity ©; along circumferential coordinate 6° at maximum load in a linear setting for the first two
horizontal calculated sections (according to Figure 11) are shown in Figure 12 (section 1-1) and Figure 13
(section 2-2).

As seen in Figure 12, stress concentrations in the first section (the area where the reducer is supported
by the reinforced concrete part of the cooling tower) are observed in the region of 0 = 36° and 0 = 160°.
In the second section (Figure 13), a stress peak is observed in the zone of 6 = 63°. For the current version,
the linear stress exceeds the yield strength for this material (o,, =200 MPa).

Gi,MPa Gi,MPa
200 7 1 v Sy
240 1

4 v vV—v
160 e ] / \ 2

i 2 v/ v v
120 /v / e w01 \(
80 1 ¢ \ / :r/ 1 V~—v—y—v—V

/V 1 80

40 7 v / 7 _/ =

‘/-/I\._-_,- —g—a——n T——-- = T r—a—p—p—g—n—n

0 40° 80° 120° 160° ©° 0 40° 80° 120° 160° ©°

Figure 12. 6i—0° relationship for section 1-1:
1 — initial; 2 — actual
Source: compiled by N.M. Yakupov.

Figure 13. 6i—0° relationship for section 2—-2:
1 — initial; 2 — actual
Source: compiled by N.M. Yakupov.

Figure 14 shows the changes in stress intensity depending on the load value for points D and C located
in section 1-1; point D is at some distance from point C, where maximum stresses occur.

Line F corresponds to ¢, =200 MPa. As seen from Figure 14 at 82% of the maximum load at point

C, the stress reaches G,, and effectively does not increase further.

At point D, starting at 82% load, as expected, a more intense increase in stress is observed. That is,

load redistribution occurs.

o, MPa

120 1

200 i7o—o”——z%g—o
—a—D
T A/A
a—
A—A—
—
40 % , Pmax
70 80 90 100

Figure 14.

Dependence 6i—P for points D and C located in section 1-1

Source: compiled by N.M. Yakupov.
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Thus, a spline version of the finite element method in a cylindrical coordinate system has been
developed, taking into account plastic deformations. Stress analysis for the initial and current condition of
the metal part of the fan cooling tower has been performed. The current mechanical properties of thin-walled
structural elements were determined using a combined experimental-theoretical method. In particular, it was
established that corrosion wear leads to a significant increase in stress, which may exceed the yield strength
of the material. At the same time, the resulting plastic deformations lead to a redistribution of stresses.

4. Conclusion

According to the results of the conducted research, the following should be noted:

1. An approach for diagnostics of metal structures is described using the example of a large-scale fan
cooling tower, which is exposed to the combined effects of vibration and elevated temperatures.

2. The corrosion wear of thin-walled steel structural elements exposed to vibration and temperature
was investigated using a combined experimental-theoretical method.

3. It has been established that vibration and elevated ambient temperatures contribute to the
accelerated destruction of the protective passivating layer of the thin-walled steel elements and thus
contribute to accelerated corrosion. At the same time, the effect intensifies with increasing temperature and
duration of exposure to vibration.

4. A spline version of the finite element method was developed in a cylindrical coordinate system, and
stress analysis was performed for the metal part of the fan cooling tower, taking into account plastic
deformations for the initial and current condition of the metal part. When analyzing the current condition,
corrosion defects and changes in the stiffness properties of the thin-walled elements caused during operation
as a result of the combined effects of vibration and high temperatures were taken into account.

5. It has been established that corrosion wear leads to a significant stress increase in the structural
elements, which may exceed the yield strength of the material, while the resulting plastic deformations lead
to stress redistribution.

The obtained results are of high theoretical and practical importance and need to be taken into account
in the design and operation of metal structures that are exposed to significant vibration loads and operate at
high temperatures and under the influence of various types of radiation.

To address the issue of safe operation of thin-walled structures exposed to corrosion wear, when
diagnosing their condition, in addition to considering changes in the geometric parameters, it is necessary to
consider changes in the mechanical characteristics due to the influence of external factors, in particular
vibration, ambient temperature, and physical fields.
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