
2023 IEEE 4th KhPI Week 
on Advanced Technology 

 (KhPI Week) 

CONFERENCE 
PROCEEDINGS 

October 02 - 06, 2023 

Kharkiv, Ukraine



2023 IEEE 4th KhPI Week 
on Advanced Technology 

(KhPI Week) 

Copyright © 2023 by the Institute of Electrical and Electronics Engineers, Inc.  
All rights reserved. 

Copyright and Reprint Permission  
Copyright and Reprint Permission: Abstracting is permitted with credit to the source. Libraries are permitted to 
photocopy beyond the limit of U.S. copyright law for private use of patrons those articles in this volume that carry a 
code at the bottom of the first page, provided the per-copy fee indicated in the code is paid through Copyright 
Clearance Center, 222 Rosewood Drive, Danvers, MA 01923. For reprint or republication permission, email to IEEE 
Copyrights Manager at pubs-permissions@ieee.org.  

All rights reserved. Copyright © 2023 by IEEE. 

IEEE Catalog Number: CFP23Z72-ART 
ISBN: 979-8-3503-9553-2 

Organizing Committee of 2023 IEEE KhPIWeek  
Work phone: +38 (057) 707-66-34 
E-mail: khpiweek@ieee.org.ua
National Technical University “Kharkiv Polytechnic Institute”
Kyrpychova Str. 2
61002, Kharkiv, Ukraine



Fluid-filled Shell Structures and Their Applications 
in Biomechanics

Neelam Choudhary
Bennett University

Greater Noida, 
Republic of India 

neelam.choudhary@bennett.edu.in 

Vasyl Gnitko
A. Pidhornyi Institute of Mechanical 

Engineering Problems NAS of Ukraine
Kharkiv, Ukraine

gnitkovi@gmail.com

Kyryl Degtyariov
A. Pidhornyi Institute of Mechanical 

Engineering Problems NAS of Ukraine
Kharkiv, Ukraine

kdegt89@gmail.com

Denys Kriutchenko 
A. Pidhornyi Institute of Mechanical 

Engineering Problems NAS of Ukraine
Kharkiv, Ukraine

wollydenys@gmail.com

Olena Sierikova 
National University of Civil Protection 

of Ukraine
Kharkiv, Ukraine

sierikova_olena@ukr.net

Elena Strelnikova
A. Pidhornyi Institute of Mechanical 

Engineering Problems NAS of Ukraine
Kharkiv, Ukraine

elena15@gmx.com

Abstract—Structures in the form of thin-walled shells 
containing liquid are extremely common in various areas of 
modern technology, as oil storage facilities, water towers, rocket 
launch tanks and manifolds for storing chemicals. Failure of 
such structures is fraught with a wide range of negative 
consequences. The problems of fluid-structure interaction of 
structural elements partially filled with liquids, are in the focus 
of many research since the 60s of last century. The growing 
interest in biological materials and medicine has also 
accentuated the importance of studying the dynamical behavior 
of shell-like structures with fluids. In this paper, effective 
numerical methods to estimate the frequencies and modes of 
elastic shell vibrations coupled with liquid sloshing are 
elaborated. The approach is relied on using the mode 
superposition method as well as boundary and finite element 
methods. The problem under consideration consists of three 
stages. At first, it is necessary to obtain the frequencies and 
modes of empty elastic shell, at second stage the sloshing modes 
and frequencies are received. At third stage and modes and 
frequencies of elastic shell vibrations coupled with liquid 
sloshing are obtained. Own modes and frequencies of spherical 
and conical steel shells are estimated, as well as modes and 
frequencies of eardrum interacting with liquids. The influence 
of impact loads on the tympanic membrane is analyzed.

Keywords—shell-like structures, eardrum vibrations, fluid-
structure interaction, finite and boundary element methods, 
fundamental frequencies. 

I. INTRODUCTION 

The problems of fluid-structure interaction (FSI) have 
been the focus of many research since the middle of the last 
century. This interest was caused by the failures of the first 
missions of launch vehicles to Jupiter, and with powerful 
earthquakes that caused destructions of tanks for storing 
water, flammable substances, and oil products. Intense 
sloshing of the liquid in the fuel tanks can lead to losing launch 
vehicles stability, departing the calculated trajectories and 
even to the complete destruction of structures.

The spillage of hazardous aggregates from tanks and oil 
storage facilities leads to severe environmental consequences 
[1]. Earthquake hazard analysis has been carried out in [2],[3].

The phenomenon of sloshing and FSI are also important in 
the logistics industry, rocket science, food and chemical 
industries, works [4]-[8] are devoted to the study of this 
phenomenon.

One of the most important components of the phenomenon 
of liquid sloshing is its damping, the study of which is 
accomplished in works [9],[10], where floating covers, 
horizontal, vertical and conical partitions [11]-[13] are 
considered.

In [14],[15], the use of composite and nanocomposite 
materials was proposed, which help not only increase the 
strength of structures, but also change the frequencies of 
hydroelastic vibrations to avoid resonances.

One of the promising areas for studying shell structures 
during their interaction with liquid is biomechanics and 
medicine. The human body consists of many shell structures, 
as capillaries, blood vessels, internal organs. In [15],[16] 
vibrations of the eardrums, resulting from the impact of a 
sound impulse, are considered. It should be noted that in otitis, 
the tympanic membrane can be considered as a thin shell or 
membrane that interacts with fluid [17]. Otitis media with 
effusion is a common ear disease resulted from Eustachian 
tube dysfunction or inflammation of the middle ear caused by 
bacterial or viral infections [18]. Biomechanical methods 
relied on computer simulations become the basis for 
diagnosing and providing recommendations for the treatment 
of middle ear diseases [19]. In [20] the harmonic analysis was 
complited with frequencies from ultrasound to infrasound.
Sound transmission from outer to inner ear was considered in 
[21].

But there are still a number of questions that require 
elaboration of numerical methods. This paper is devoted to 
developing advanced numerical techniques based on coupled 
finite and boundary element methods for estimations free and 
forced vibrations of shell-like structures. It also contributes in 
studying the behaviour of eardrum by incoming pressure 
waves.

II. METHODOLOGY

A. Basic equations of continuous medium movement
To describe the movement of both elastic bodies and 

liquids, the classical continuous medium relations are used, 
namely, equation of motion in stresses 

σ, + ܺ = ρ డమ௨
డ௧మ

0; ݅, ݆ = 1,2,3, (1)

- Cauchy’s relations for small deformations
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A similar shock wave when exposed to a child causes much 
more severe consequences, since the child’s membrane is 
much more vulnerable to stress. Consequences may include 
bleeding, headache, contusion, spatial disorientation etc.
Since the parameters of the human eardrum have not been 
sufficiently studied and lie within wide limits, in the future it 
is proposed to use the concepts of fuzzy mathematics to 
homogenize data.

ACKNOWLEDGMENT

The authors gratefully acknowledge professors Alexander 
Cheng, Wessex Institute of Technology for his constant 
supporting of our research.

REFERENCES

[1] A. Godoy, R.C. Jaca, and M.P. Ameijeiras, “On buckling of oil storage 
tanks under nearby explosions and fire, in Fingas Storage Tank Spills” 
Preventative Design, Causes, Case Histories, Chapter 2.6, Elsevier, 
Oxford, UK. 2021.

[2] I. Sianko, Z.Kilinc, S. Khoshkholghi, “A practical probabilistic 
earthquake hazard analysis tool: case study Marmara region”. Bulletin 
of Earthquake Engineering, vol.18 (6). 2020, pp. 2523-2555. 
DOI:10.1007/s10518-020-00793-4

[3] V. Gnitko, U. Marchenko, V. Naumenko, E. Strelnikova, “Forced 
vibrations of tanks partially filled with the liquid under seismic load,” 
WIT Transaction on Modelling and Simulation, vol. 52, 2011, pp. 285-
296. DOI: 10.2495/BE110251.

[4] L. Kolodiazhna, Y.Bykov, “Aeroelastic Characteristics of Rotor Blades 
of Last Stage of a Powerful Steam Turbine.’ J. of Mech. Eng., 2023, 
vol. 26, no. 1, pp. 6-14 https://doi.org/10.15407/pmach2023.01.006

[5] P. Lampart, A. Gardzilewicz, A. Rusanov, S. Yershov, “The effect of 
stator blade compound lean and twist on flow characteristics of a 
turbine stage - numerical study based on 3D RANS simulations,” In: 
Proc. 2nd Symp. on Comp. Technologies for Fluid/Thermal/ Chemical 
Systems with Industrial Applications, ASME PVP Div. Conf., 1–5
Aug. 1999, vol. 397.2,1999, pp. 195–204.

[6] K.V. Avramov, E.A. Strel’nikova, & C. Pierre, “Resonant many-mode 
periodic and chaotic self-sustained aeroelastic vibrations of cantilever 
plates with geometrical non-linearities in incompressible flow.“ 
Nonlinear Dyn, vol. 70, pp. 1335–1354, 2012, 
https://doi.org/10.1007/s11071-012-0537-5.

[7] N.V. Smetankina, S.Yu. Sotrikhin, A. N Shupikov, “Theoretical and 
experimental investigation of vibration of multilayer plates under the 
action of impulse and impact loads.” International Journal of Solids and 
Structures, 1995, vol. 32(8-9), pp. 1247–1258. 
https://doi.org/10.1016/0020-7683(94)00132-G.

[8] R. Saghi, S. Hirdaris, & H.Saghi, “The influence of flexible fluid 
structure interactions on sway induced tank sloshing dynamics. 
”Engineering Analysis with Boundary Elements, vol. 131, pp. 206-217, 
2021. doi.org/10.1016/j.enganabound.2021.06.023

[9] T.Guner, O.S Bursi & M.Broccardo, “Seismic vibration mitigation of 
steel storage tanks by metafoundations endowed with linear and 
bistable columns”. Bull Earthquake Eng., 2023, 
https://doi.org/10.1007/s10518-023-01692-0

[10] N. Choudhary, N. Kumar, E. Strelnikova, V. Gnitko, D. Kriutchenko, 
K. Degtyariov, “Liquid vibrations in cylindrical tanks with flexible 
membranes.” Journal of King Saud University – Science, vol. 33, no. 
8, 2021, 101589, doi.org/10.1016/j.jksus.2021.101589

[11] Q. Zang, J. Liu, L. Lu, L. Gao, “Boundary element analysis of liquid 
sloshing characteristics in axisymmetric tanks with various porous 
baffles”, Applied Ocean Research, vol. 93, 2019, 101963, 
https://doi.org/10.1016/j.apor.2019.101963.

[12] E. Strelnikova, N. Choudhary, D. Kriutchenko, V. Gnitko, 
A.Tonkonozhenko, “Liquid vibrations in circular cylindrical tanks with 
and without baffles under horizontal and vertical excitations,” 
Engineering Analysis with Boundary Elements, vol. 120, 2020, pp. 13-
27. DOI: 10.1016/j.enganabound.2020.07.02m

[13] Q. Zang, J. Liu, L. Lu., L. Gao, “A NURBS-based isogeometric 
boundary element method for analysis of liquid sloshing in 

axisymmetric tanks with various porous baffles,” European Journal of 
Mechanics - B/Fluids, vol. 81, 2020, pp. 129-150, 
doi.org/10.1016/j.euromechflu.2020.01.010

[14] O. Sierikova, V. Koloskov, K. Degtyarev, O. Strelnikova, “The 
Deformable and Strength Characteristics of Nanocomposites 
Improving.” Materials Science Forum. Trans Tech Publications, Ltd, 
Switzerland, vol. 1038, pp. 144-153, 2021, 
doi.org/10.4028/www.scientific.net/MSF.1038.144

[15] Yu, C.; Tian, T.; Hui, C.; Huang, H.; Zhang, Y. “Study on Unblocking 
and Permeability Enhancement Technology with Rotary Water Jet for 
Low Recharge Efficiency Wells in Sandstone Geothermal Reservoirs”, 
Energies,  2022, vol, 24, 9407, https://doi.org/10.3390/en15249407.

[16] Y. Sun, D. Zhou and J. Wang, “An equivalent mechanical model for 
fluid sloshing in a rigid cylindrical tank equipped with a rigid annular 
baffle,” Applied Mathematical Modelling, vol. 72, pp. 569–587, 2019.

[17] N. Syazwani, M. Salehuddin, M.Khair, Md. Daud, N. Adilah, N.
Othman, and N. A. Rahman, ͆Extended high frequency hearing loss 
in tinnitus̺ positive chronic suppurative otitis media patient,͇
Laryngoscope Investig Otolaryngol.; vol. 6, no. 5, pp. 1137–1141, 
2021 doi: 10.1002/lio2.651.

[18] S. Anand, S. Danti, L. Moroni, C. Mota, “Regenerative therapies for 
tympanic membrane”, Progress in Materials Science, vol. 127, 2022, 
100942, doi.org/10.1016/j.pmatsci.2022.100942.

[19] L Wang, J. Wang, L. Zhang, X. Li, “Vibration of Tympanic Membrane 
Influenced by Middle Ear Fluid”. Ear, Nose & Throat Journal. 2022,
35363096, doi:10.1177/01455613221086023

[20] B. Areias, MP. Parente, C. Santos, F. Gentil, R.M. Natal Jorge, “The 
human otitis media with effusion: a numerical-based study”, Comput. 
Methods Biomech Biomed Engin. 2017, vol. 20(9), 28460599, pp.958-
966. doi: 10.1080/10255842.2017.1316382. 

[21] B. Areias, C. Santos, RM. Natal Jorge, F. Gentil, MP. Parente, “Finite 
element modelling of sound transmission from outer to inner ear”, Proc 
Inst Mech Eng H. 2016, vol. 230(11), pp. 999-1007, 27591576 doi: 
10.1177/0954411916666109. 

[22] V.Gnitko, K. Degtyariov, A. Karaiev, & E. Strelnikova, “Singular 
boundary method in a free vibration analysis of compound liquid-filled 
shells”, WIT Transactions on Engineering Sciences, vol. 126, pp. 189–
200, 2019, WIT Press: Southampton and Boston, DOI: 
10.2495/BE420171.

[23] V. Gnitko, K. Degtyarev, V. Naumenko & E. Strelnikova. “Coupled 
BEM and FEM Analysis of fluid-structure interaction in dual 
compartment tanks,” International Journal of Computational Methods 
and Experimental Measurements,” vol. 6(6), pp. 976–988, 2018, DOI: 
10.2495/CMEM-V6-N6-976-988.

[24] . A. Karaiev, E. Strelnikova, “Singular integrals in axisymmetric 
problems of elastostatics”, International Journal of Modeling, 
Simulation, and Scientific Computing, vol. 11, № 1, 2020, 200003, 
DOI: 10.1142/S1793962320500038. 

[25] A. Karaiev, E. Strelnikva, “Axisymmetric polyharmonic spline 
approximation in the dual reciprocity method.” ZAMM‐Journal of 
Applied Mathematics and Mechanics/Zeitschrift für Angewandte 
Mathematik und Mechanik, vol. 101, №  1, e201800339, 
DOI:10.1002/zamm.201800339

[26] C. Shu, 1996 “An efficient approach for free vibration analysis of 
conical shells”, Int. J. Mech. Sci.,vol. 38 (8-9), pp. 935-949, 1996.

[27] O.M., Faltinsen A.N Timokha. “Analytically approximate natural 
sloshing modes for a spherical tank shape”. J. Fluid Mech., vol. 703, 
pp. 391-401, 2012.

[28] T.Kulczycki, M.Kwaśnicki, B. Siudeja, “The shape of the fundamental 
sloshing mode in axisymmetric containers”, Journal of Engineering 
Mathematics, vol. 99(1), pp. 157-193, 2016.

[29] S. M. Hesabgar, H. Marshall, S. K. Agrawal, A. Samani and H. M. 
Ladak, “Measuring the quasi-static Young’s modulus of the eardrum 
using an indentation technique,” Hearing Research, vol. 263, pp. 168–
176, 2010.

[30] N. S. M. Salehuddin, M. K. Md Daud, N. Adilah, N. Othman, and N.
Abd Rahman, ͆Extended high frequency hearing loss in tinnitus̺
positive chronic suppurative otitis media patient,͇ Laryngoscope 
Investig Otolaryngol.; vol. 6, no. 5, pp. 1137–1141, 2021

2023 IEEE 4th KhPI Week on Advanced Technology (KhPIWeek)

758


