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Abstract: - The Aeolian liquid vibrations in conical reservoirs caused by low-velocity, steady winds have been
under consideration. Both amplitudes and dominant frequencies of wind loadings have been constantly
changed, so to adequately describe the vibration process, fuzzy logic methods have been applied. At the first
stage, the crisp initial value problem for conical shells with and without baftles has been considered. The liquid
inside the reservoirs has been supposed to be an incompressible and ideal one, and its flow induced by the
forced harmonic excitation, has been considered as potential. So, there exists a potential to satisfy the Laplace
equation. The impermeable condition has been used at wetted surface boundaries of the shell, whereas the
dynamic and kinematic boundary conditions have been set on the free liquid surface. A system of singular
integral equations has been obtained for values of the velocity potential and the function describing the free
surface rise. Its solution has been gained by boundary element methods. The crisp boundary value problem has
been reduced to the second-order system of differential equations. After receiving the crisp solution of this
system, the initial data have been fuzzified, involving triangular fuzzy numbers, and the fuzzy initial value
problem has been formulated. The numerical solution to this problem with uncertain intervals involved has
been obtained and analyzed.
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1 Introduction implementation 1is associated with significant
Many research schools for several decades have material difficulties and could lead to the spilling of
been focused on problems of fluid-structure hazardous contents, breakage of expensive samples,
interaction (FSI). Nowadays, this interest is growing and also cause hgrrn to personne.l. So, methods of
even more due to the rapid development of new computer modeling the dynamic processes are
industries, such as nuclear turbine construction [1], coming to the forefront. Among them, finite element
wind energy [2], aerospace [3] and petrochemicals. and finite volume methods, boundary .element
The creation of new industrial designs requires a methods (BEM), [4], [5], integral equation, and
thorough analysis of the strength and reliability of transformations approach, [6], should be mentioned.

equipment. Although only a full-scale experiment
could provide the most objective data, its
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2 Problem Formulation

The very important and interesting application of
FSI concerns with vibrations of fluid-filled
structures with the free liquid surfaces, [7]. A lot of
research has been devoted to analytical and
numerical solutions for sloshing in cylindrical
shells. The shells with porous baffles have been
considered in [8], [9], non-linearity and
compressibility effects have been estimated in [10],
and the parametric resonance has been studied in
[11]. For sloshing damping and improving the
reservoir quality, different devices have been used,
such as floating roofs, [12], vertical and horizontal
baffles, [13], as well as innovative materials [14],
[15], [16], [17]. Tank materials properties have been
treated also in [18], [19]. Different reservoir forms
have been considered in [20].

Much less attention has been paid to conical
shells in interaction with liquid in the scientific
literature, despite the wide use of thin-walled
conical shells in various fields of technology, [21].
In aerospace engineering, such shells have been
applied as fuel tanks in airplanes and satellites. It
has been known to use shells in submarines,
torpedoes, water-based ballistic missiles, and
offshore drilling rigs of the ocean engineering field.
As for civil engineering, the conical shells have
been applied in protective containers in elevated
water tanks.

It should be noted that elevated water tanks are
usually subject to variable wind load. Both
amplitudes and frequencies of this load are
uncertain parameters that usually are in a certain
interval. To adequately describe a process with such
parameters, the concepts of fuzzy logic have been
applied, [22].

The main objective of this paper has been to
develop new effective methods for the analysis of
fluid vibrations in conical shells with and without
baffles under aeolian loads with fuzzy parameters,
[23], [24]. The paper has been organized as follows.
At first, the liquid vibrations in conical shells have
been studied in crisp formulations. Then the loading
parameters have been fuzzified using triangular
fuzzy numbers.

A system of second-order ordinary differential
equations with fuzzy parameters and initial data has
been obtained.

3 Problem Solution

Crisp formulation

The V-shape conical shell with a horizontal circle
baffle, partially filled with a liquid has been
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considered. Figure 1. Let R; and R; be the upper and
lower radii of the shell, and H=H;+H> is the filling
level. It has been assumed the baffle is located at
height H;.

Fig. 1: Baffled conical shell and its draft

The liquid inside the shell has been supposed to
be an ideal and incompressible one, and the liquid
flow due shell vibrations is irrotational. In these
suppositions the velocity potential ¢ could be
introduced, so that V=gradep, and due to
incompressibility condition of continuum media

Vo e Oy BV -
divV = P 3y t5, = 0 the Laplace equation
for ¢ determining has been obtained as follows:

9 0% %0 _
Py 357 +52=0. (1)

Then a system of governing equations of elastic
shell motion with the liquid, in the operator form
has been gained in the form, [11].

LU+ MU =P, +Q, (2)
where L, M are elastic and mass forces
operators, U = (U1, Uy, U3) is the shell displacement
vector, Q(t) is the external surface load, P = (p —
po)n is the liquid pressure, and n is an external unit
normal to the surface. The pressure value, according
to the Bernoulli integral, could be represented as
follows:

29
p—po=—pi[S+ax(®x +a,(z+gz]. ()
Here p; is the fluid density, X and z are
horizontal and vertical coordinates of a point in the
liquid, g is  gravitational  acceleration,
a,(t), a,(t) are accelerations of the exciting force
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in horizontal and vertical directions, p, is the

atmospheric pressure. According to [13], the
following boundary value problem has been
formulated:
. 2 6_(p _ a_w _
LU+MU—PI+Q,V(p—O,an—at]Sl, =
J .
U, =8| p-pols, =0 @

to define unknown functions U, ¢, and (= {(x, y, t)
which describes a level and position of the liquid
free surface. Here S; is the wetted shell surface, and
So 1s the free liquid surface. Next, the unknown
functions £ and ® can be expressed in cylindrical
coordinates (7, 0, z) as follows:
§(r,6,t) = Xz Xjzo dij(D)cos(jO)G; (r),  (5)
(P(T, 8,2z, t) = Zlit.o=1 Z‘c])o=0 dk] (t)COS(je) (Pk] (7", Z)'
(6)

Here d;(t) are unknown time-dependent
coefficients for each wave number j, the basic
functions G ;(r) and @, i (r,z) are solutions of the

spectral linear boundary value problem, [12], [13].

9¢; 90k; a7
2 — _rjk - _kj = 2 =
v (pk] - 0, on 01517 an at SO’ (k](r)
Bq)k](r,z) _ Xij
3z - ?(ij(r: H)a (7)

where ;(,2(]. are fundamental sloshing frequencies. So,
for the function {(r, 6, t) one could obtain:
£(r,6,t) =

SR I c0s(0) 2, 0, (n H)di (0. ()

g

Using the integral representation, [21], for the
unknown potentials, the system of singular integral
equations has been obtained, for each basic function
(pkj(r, z) for the conical shell without baffles. If

baffles have been installed, then the multi-domain
boundary element method has been involved, as in
[12], [13]. After receiving the basic functions ;(r)
and @, ; (r,z) with corresponding fundamental
frequencies y2 i the next system of the ordinary
differential equations has been built:

dor ()25, (1 + a;(1)/9)do (8) = 0,

. z t
de(® +12, (1+22) dye(®) + ax (OF 1 = 0, 9)

where F, = (r, (plk)/((plk, (plk), k=1,M. The
initial data for simulating system (9) are following:
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dor(£) = 0,dox (£) = 0, dq (£) = 0,dy; (1) = q4
(10)

with nonzero initial velocities for some I. The
accelerations a, (t) and a,(t) have been presented
as follows a,(t) = agcos(fpt), a,(t) =
a;cos(fot). Here f, is an approximate wind loading
frequency. So, the crisp problem of determining the
free surface elevation has been reduced to system
(10) of differential equations with boundary
conditions (11) depending the parameters: fy, q1, g,
a;, a; = a,/g. However, the deterministic analysis
did not provide adequate information when studying
such uncertainties as the frequencies and amplitudes
of wind loads oscillations, and the possibility of
initial non-zero speed of the free surface.

Fuzzification of parameters
Crisp parameters f;,qq1,a9, a; have been fuzzified
as triangular fuzzy numbers B = (bq, by, b3 ) using
non-axisymmetric membership functions pg(X)
presented in Figure 2.

The membership functions ug(X) has been
defined as:

(x —by)/(b; — by), b1<x<b>
HB(X) = {(b3 —x)/(bs —b3), by<x<b3
k 0, x < by, X > bs

Crisp intervals By, defined by a-cut operation, [22],
have been obtained accordingly:

B, = [bia)' ba(’a)]a bia) = (b, — by)a + by,
b$® = (b, — b3)a + by (11)

palx) 4

0 b5 b h

N\

bh,

1 2 } X
Fig. 2: Membership function pg(X) and o-cut
intervals

Then all crisp parameters have been fuzzified

as: fo < Fo = (fou, foz, fo3)s
g1 < Q1 = (911,912, 413);

ay < Aoy = (ap1, a2, Ap3),

a & Ay = (aq1,a42,a43).

After fuzzification, the numerical solution of
system (9) has been gained using methods
elaborated in [23], [24]. The a-cuts intervals for the
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function ¢ have been obtained for different a. This
allows us to analyze the uncertainties introduced by
the wind load at estimating the level of free surface
elevation.

Numerical results and discussion

The crisp analysis has been carried out first. In
numerical simulation, the V — shape conical tank
has been considered to have Ry = 1.m, R, = 0.4m,
and 0=n/6. The corresponding value of H could be
easily found as H = (R, —R, )cot® . There have been

exposed numerical simulation outcomes for wave
numbers j =0, 1 and different baffle positions,
declared by the height H; in Table 1. Four
eigenvalues for each j have been involved. The
radius of the conical shell at the baffle position has
been designated as Ry, and the free surface radius as
Rint (Figure 1). First, the natural frequencies have
been obtained for the unbaffled conical tanks. It
corresponds to values H;= H, =0.5m, Rin/Rv=1. The
values of H; and H, have been chosen arbitrary, but
H;+H>=1.0m. Furthermore, the baffles have been
considered at different positions, namely H;=0.5m
and H;=0.8m assuming different baffles sizes,
Rin/Rv=0.5 and Ri/Ry=0.2. It would be noted also
that the first harmonic frequencies are lower than
axisymmetric ones for considered conical tanks.

Table 1. Natural frequencies of V— shape conical

tanks with baffles
n 1 | 2 T 3 1 4

Hi H> | Rin/Ro j=0

051 05 1 3.4665 6.6819 9.8451 12.998
05 1] 0.5 0.5 3.4088 6.6687 9.8433 12.998
05| 0.5 0.2 3.4053 6.6354 9.8432 12.998
08 | 0.2 0.5 2.5271 6.3874 9.7242 12.921
0.8 | 0.2 0.2 2.4433 6.0590 9.5651 12.884
H; H> | Rin/Ro j=1

05| 0.5 1 1.4164 4.9977 8.2065 11.377
05| 0.5 0.5 1.2284 4.9747 8.1974 11.376
05| 0.5 0.2 1.1722 4.9436 8.1963 11.376
0.8 | 0.2 0.5 0.8155 4.7425 8.0039 11.205
0.8 | 0.2 0.2 0.6306 4.1916 7.8497 11.203

According to [23], [24], the most characteristic
frequency of wind load is f;=0.07Hz, and its range
is f,€(0.025,2.5) Hz. So, the triangular fuzzy
number could be introduced as follows Fy =
(0.025,0.07,2.5). Note that the frequencies, given
in Table 1, are within the interval for f, at n=1,
j=0,1 and therefore system (9) will include
differential equations in which these frequencies
appear. The following presentations have been
implemented also for fuzzified parameters: A, =
(0.01, 0.1, 0.2), A; =(0.01, 0.05,0.2), Q; =(0.01,
0.05, 0.075).
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Below the a-cut intervals have been considered
for all fuzzified parameters, and the lower and upper
bounds of a—cuts for the free liquid surface
elevation have been estimated. Figures 3a)-3b)
demonstrate both crisp solutions, and lower and
upper o—cuts bounds for function { via time for
different a.

Ir\.d, "

b) a=0.75
Fig. 3: Lower and upper o—cuts bounds for function
€ via time

Number 2 in these figures corresponds to the
crisp solutions, by numbers 1 and 3 the lower and
upper bounds of a—cuts have been marked. From the
results obtained, it could be seen that with a
sufficiently large o, small oscillations of the free
surface occur: the largest amplitude reaches 0.3 m at
the upper bound of a— cuts at 0=0.25.

Thus, for the available initial data from [25] and
the results of this research, the following conclusion
could be made. The process of the fuel tank filling
under wind load is stable for o— cuts 0.75 and
higher. But with a probability close to 0.25, beating
modes are possible, Figure 3a). This could happen at
the extreme values of fuzzy variables. So, during the
fuel tank filling, constant monitoring of the wind
load is required, with a temporary stop of filling
when the wind load acceleration increases.
Protective coatings and other dampers also need to
be used.

4 Conclusion
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Wind load action and resulting Aeolian fluid
vibrations in fuel tanks is a process with many
uncertainties. For mathematical modeling such
phenomena, fuzzy logic concepts with fuzzy
differential equations implementation are necessary.
In this research, the effective numerical method has
been proposed to describe the disturbance of the
liquid-free surface in the container under wind loads
with the usage of fuzzy logic concepts. Numerical
simulation of o— cuts for the free surface elevation
has been carried out. The intervals of dangerous
frequencies and the wind load accelerations have
been defined. This makes it possible to provide
practical recommendations on the process of fuel
tank filling. In the future, it is planned to study the
influence of baffles and floating covers, and other
damping devices on the level of elevation of the free
surface under the action of wind load, using
concepts of fuzzy logic, and nonlinear formulations.

Future research will be concerned with different
reservoir forms and horizontal and vertical partition
considerations. In addition, the optimal forms and
places of baffle installation will be considered using
advanced methods of non-linear programming, [26].

References:

[1] Rusanov A., Chugay M., Rusanov R., 2023.
Advanced Computer Technologies in the New
Flow Part Development for Reactive Type
HPC Steam Turbine of T-100 Series. In:
Altenbach H., Cheng A. H.-D. , Gao X.-W,,
Kostikov A., Kryllowicz W., Lampart P.,
Popov V., Rusanov A., Syngellakis S.
Advances in  Mechanical and Power
Engineering . CAMPE 2021. Lecture Notes in
Mechanical Engineering.
https://doi.org/10.1007/978-3-031-18487-1 6.
Sierikova O., Strelnikova E., Degtyariov K.,
2023. Numerical Simulation of Strength and
Aerodynamic Characteristics of Small Wind
Turbine Blades. In: Nechyporuk, M.,
Pavlikov, V., Kritskiy, D. (eds) Integrated
Computer Technologies in Mechanical
Engineering - 2022. ICTM 2022. Lecture
Notes in Networks and Systems, 657, 2023,
Springer, Cham. https://doi.org/10.1007/978-
3-031-36201-9 31.

Gontarovskyi P., Smetankina N., Garmash N.,
Melezhyk I., 2020. Numerical Analysis of
Stress-Strain State of Fuel Tanks of Launch
Vehicles in 3D Formulation. In: Nechyporuk,
M., Pavlikov, V., Kritskiy, D. (eds) Integrated
Computer Technologies in Mechanical
Engineering - 2020. ICTM 2020. Lecture

(2]

(3]

E-ISSN: 2224-347X

299

[4]

[5]

[6]

[7]

[9]

[10]

Olena Sierikova, Elena Strelnikova,
Denys Kriutchenko, Kyryl Degtyarev,
Vasyl Gnitko, Volodymyr Doroshenko

Notes in Networks and Systems, 188.
Springer, Cham. https://doi.org/10.1007/978-
3-030-66717-7_52.

Jing H., Chen H., Yang J., Li P., 2022.
Shaking table tests on a small-scale steel
cylindrical silo model in different filling
conditions. Structures, 37: 698—708.

Mansour S., Pieraccini L., Palermo M., Foti
D., Gasparini G., Trombetti T., Silvestri S.,
2022. Comprehensive Review on the
Dynamic and Seismic Behavior of Flat-
Bottom Cylindrical Silos Filled with Granular
Material. Front. Built Environ. 7: 805014.
Zheng Jh., Xue MA., Dou P., He Yu., 2021. A
review on liquid sloshing hydrodynamics. J
Hydrodyn 33: 1089-1104.
https://doi.org/10.1007/s42241-022-0111-7.
Degtyariov K., Gnitko V., Kononenko Y.,
Kriutchenko D., Sierikova O., Strelnikova E.,
2022. Fuzzy Methods for modeling
Earthquake Induced Sloshing in Rigid
Reservoirs. 2022 IEEE 3rd KhPI Week on
Advanced Technology (KhPIWeek): P. 297-
302. https://doi.org/10.1109/KhPIWeek57572.
2022.9916466.

Zang Q., Liu J.,, Lu L., Lin G., 2020. 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: 129-150.
https://doi.org/10.1016/j.euromechflu.2020.01
.010.

Sun Y., Zhou D., Wang J., Han H., 2020.
Liquid sloshing in a cylindrical tank with
multiple baffles under horizontal and pitching
motions. Int. J. Appl. Mech. 12, 2050080.
https://doi.org/10.1142/S1758825120500805.
Li DX., Xiao H., Jin Y-C., 2023. Design
optimization of sloshing tank using weakly
compressible mesh free model. Ocean
Engineering. Vol. 284: 115218.
https://doi.org/10.1016/j.oceaneng.2023.1152
18.

Tursunkululy T., Zhangabay N., Avramov, K.,
Chernobryvko M., Suleimenov U,
Utelbayeva A., Duissenbekov B. Aikozov Y.,
Dauitbek B., Abdimanat Z., 2022. Strength
analysis of prestressed vertical cylindrical
steel oil tanks under operational and dynamic
loads. East.-Eur. J. Enterp. Technol. 2: 14-21.
Kolaei A., Rakheja S., 2019. Free vibration
analysis of coupled sloshing-flexible
membrane system in a liquid container. J. Vib.
Control. 25 (1): 84-97. DOL:

Volume 18, 2023


https://doi.org/10.1007/978-3-031-18487-1_6
https://doi.org/10.1007/978-3-031-36201-9_31
https://doi.org/10.1007/978-3-031-36201-9_31
https://doi.org/10.1007/978-3-030-66717-7_52
https://doi.org/10.1007/978-3-030-66717-7_52
https://link.springer.com/article/10.1007/s42241-022-0111-7#auth-Yu_meng-He-Aff1-Aff2
https://doi.org/10.1007/s42241-022-0111-7
https://doi.org/10.1109/KhPIWeek57572.2022.9916466
https://doi.org/10.1109/KhPIWeek57572.2022.9916466
https://doi.org/10.1016/j.euromechflu.2020.01.010
https://doi.org/10.1016/j.euromechflu.2020.01.010
https://doi.org/10.1142/S1758825120500805
https://doi.org/10.1016/j.oceaneng.2023.115218
https://doi.org/10.1016/j.oceaneng.2023.115218

[14]

[15]

[17]

[18]

[19]

[20]

[21]

[22]

WSEAS TRANSACTIONS on FLUID MECHANICS
DOI: 10.37394/232013.2023.18.28

10.1177/1077546318771221journals.sagepub.
com/home/jvc.

Choudhary N., Bora S.N., 2017. Linear
sloshing frequencies in the annular region of a
circular cylindrical container in presence of a
rigid baffle. Sadhana-Acad. Proc. Eng. Sci. 42
(5): 805-815.

Zhang J. J., Rai C. S., Sondergeld C. H.. 2000.
Mechanical Strength of Reservoir Materials:
Key Information for Sand Prediction. SPE Res
Eval & Eng. 3: 127-131.
https://doi.org/10.2118/62499-PA.

Flores V.C., Sanchez H. A., Pérez M. .,
Cortés C. S., 2009. Mechanical behavior of
the storage tanks. 7th EUROMECH Solid
Mechanics Conference. J. Ambrosio et.al.
(eds.) (Lisbon, Portugal, September 7-11): 1-
19.

Barker G., 2018. Storage tanks. In The
Engineer’s Guide to Plant Layout and Piping
Design for the Oil and Gas Industries; Barker,
G., Ed.; Gulf Professional Publishing:
Houston, TX, USA, Chapter 15: 361-380.

Yu L., Xue M. A, Zheng J., 2019.
Experimental study of verticalslat screens
effects on reducing shallow water sloshing ina
tank under horizontal excitation with a wide
frequencyrange. J. Ocean Engineering, 173:
131-141.

Kovalov A., Otrosh Y., Rybka E., Kovalevska
T., Togobytska V., Rolin I., 2020. Treatment
of Determination Method for Strength
Characteristics of Reinforcing Steel by Using
Thread Cutting Method after Temperature
Influence. In Materials Science Forum. Trans
Tech Publications Ltd. Vol. 1006: 179-184.
Surianinov M., Andronov V., Otrosh Y.,
Makovkina T., Vasiukov S., 2020. Concrete
and fiber concrete impact strength. Materials
Science Forum. 1006 MSF: 101-106.

Dai Z., Qiao H., Hao X., Wang Y., Lei H.,
Cui Z., 2023. Influence of Heterogeneous
Foundation on the Safety of Inverted Cone
Bottom Oil Storage Tanks under Earthquakes.
Buildings. 13: 1720.
https://doi.org/10.3390/buildings13071720.
Vescovini R., Fantuzzi N., 2023. Free
vibrations of conical shells via Ritz method.
International Journal of Mechanical Sciences.
Vol. 241:107925.
https://doi.org/10.1016/].ijmecsci.2022.10792
5.

Zemlianskiy O., Maladyka 1., Miroshnik O.,
Shkarabura 1., Kaplenko G. Forecasting the
emergency explosive environment with the

E-ISSN: 2224-347X

300

[23]

[25]

Contribution of

Olena Sierikova, Elena Strelnikova,
Denys Kriutchenko, Kyryl Degtyarev,
Vasyl Gnitko, Volodymyr Doroshenko

use of fuzzy data. Eastern-European Journal
of Enterprise Technologies. 2017. Vol. 6, No.
4-90: 19-27.

Mohammad Yaghoub Abdollahzadeh
Jamalabadi, 2019. Analytical Solution of
Sloshing in a Cylindrical Tank with an Elastic
Cover.  Mathematics. 7(11): 1070
https://doi.org/10.3390/math7111070.
Behshad A., Shekari M., 2018. A boundary
element study for evaluation of the effects of
the rigid baffles on liquid sloshing in rigid
containers. International Journal of Maritime
Technology  Ne 10  45-54.  DOL
10.29252/ijmt.10.45.

Fu L.T., Fan Q., Huang Z. L., 2019. Wind
speed acceleration around a single low solid
roughness in atmospheric boundary layer. Sci
Rep 9, 12002. DOIL: 10.1038/s41598-019-
48574-7

Misura S., Smetankina N., Misiura 1., 2021.
Optimal Design of the Cyclically Symmetrical
Structure Under Static Load. In: Nechyporuk,
M., Pavlikov, V., Kritskiy, D. (eds) Integrated
Computer  Technologies in  Mechanical
Engineering. Lecture Notes in Networks and
Systems, vol 188. Springer, Cham. pp. 256—
266 DOI :10.1007/978-3-030-66717-7_21

Individual Authors to the

Creation of a Scientific Article (Ghostwriting

Policy)

- Olena Sierikova: conceptualisation, data curation.

- Elena Strelnikova carried out the simulation and
the optimization.

- Denys Kriutchenko: visualization, data curation.

- Kyryl Degtyarev: carried out the simulation and
the optimization.

- Vasyl Gnitko: methodology

- Volodymyr Doroshenko: formal analysis.

Sources of Funding for Research Presented in a
Scientific Article or Scientific Article Itself
No funding was received for conducting this study.

Conflict of Interest
The authors have no conflicts of interest to declare.

Creative Commons Attribution License 4.0
(Attribution 4.0 International, CC BY 4.0)

This article is published under the terms of the
Creative Commons Attribution License 4.0
https://creativecommons.org/licenses/by/4.0/deed.en

“US

Volume 18, 2023


https://doi.org/10.2118/62499-PA
https://doi.org/10.3390/buildings13071720
https://doi.org/10.1016/j.ijmecsci.2022.107925
https://doi.org/10.1016/j.ijmecsci.2022.107925
https://doi.org/10.3390/math7111070
https://deref-gmx.com/mail/client/zTUj5arm_J0/dereferrer/?redirectUrl=https%3A%2F%2Fnure.ua%2Fen%2Fstaff%2Fvolodymyr-doroshenko
https://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/deed.en_US



