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OF A WATER TOWER

ABSTRACT

Providing the population with high-quality water
is becoming an increasingly urgent task for Ukraine
at the present time. This is due to both the pollution
of existing water sources on the one hand and the
constant military threat on the other. Water towers
in such conditions perform functions related not
only to the transportation of drinking water, but
also to its temporary storage. Wind load is the main
type of load that determines the dynamic stability
of such high-rise structures. However, specialized
regulatory and professional literature contains rather
limited information on the dynamic behavior of
water towers. Therefore, their engineering design
does not take into account certain aspects of the
structure's operation.

The main purpose of the research is to analyze
the dynamic behavior of a water tower using the
example of a steel structure located in the city of
Mykolaiv. The object considered was an emergency
water supply water tower with a steel tank with a
diameter of 18 m and a total capacity of 620 m’.
The supporting part of the tower is a central shaft
supported by struts. The total height of the tower
is 48.7 m. During the research, two main design
options proposed by engineers were considered - a

variant with additional struts (the main variant) and
without additional struts.

The finite element method was used to conduct
the research based on the ANSYS 14.5 design and
computing complex for Windows with the ANSYS
CFD FLUENT additional module.

Analysis of the obtained computer simulation
results showed that the design option with the
arrangement of the struts is aerodynamically
unstable - the limiting frequency of Karman vortex
breakdown (0.648 Hz), even with the arrangement of
decorative aerodynamic elements, is lower than the
calculated one. Therefore, it is proposed to make the
tower shaft in the form of a hyperbolic paraboloid
of negative Gaussian curvature, which brings the
dynamic spectrum of the structure into a safe zone.
Such a design solution should be patented.
KEYWORDS: water tower, aerodynamic behavior,
vibration resonance, reservoir, shaft, hyperbolic shell

AOCAIAXKXEHHA JAHWHAMIYHHNX XAPAKTE-
PUCTHUK BOAOHAIIIPHOI BAIIITHU

AHOTAINIIA
3abe3meveHHsT HACEACHHS SKICHOIO BOJOIO CTaE
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Bce OIABII AKTYaAbHOIO 334a4e€l0 AASl YKpaiHu B
tenepimuiii wac. Ile mop’s3aHo sAK i3 3ab6pyaHeH-
HAM ICHYIOUHX JKE€pPEA BOAH 3 OAHIEI CTOPOHHU, Tak
1 3 OCTIIHOIO BIHICBKOBOIO 3arpo3010, 3 1HIIOI CTOPO-
HH. BogonanipHai 6amTH B TAKUX YMOBAaX BUKOHYIOTh
(yHKIII, TOB A3aHI HE TIABKH 13 TPaHCHOPTYBAHHAM
IIUTHOI BOAH, a i1 fi TuMuacosuM 36epiranuam. Birpose
HaBAHTAKEHHSI € OCHOBHUM BHU/JAOM HAaBAaHTAKEHb,
AKEe BU3HAYAE JAWHAMIYHY CTAaOIABHICTD MOAIGHHX
BHCOTHHMX crnopy4. Pasom 3 Tum cnenianizopana
HOpMaTHBHA Ta gaxoBa AlTepaTypa MICTHTb JOBOAI
obMmeskeHy iHpoOpMAIiI0 CTOCOBHO JAWHAMIYHOI
HoBeJiHKH BogoHamipHux 6amt. Tomy ix iHxKeHepHE
IIPOEKTYBAHHA HE BPAXOBYE IIEBHI aCIEKTH poboTH
KOHCTPYKIJIH.

OCHOBHOI0O METOIO IPOBEAEHHX JOCAIAKEHDb €
AHAAI3 AUHAMIYHOI NOBEAIHKH BOJOHaNipHOI GamTu
Ha TIPHKAAJl CTaA€BOI CIOPYAH, pO3TAlIOBAHOI B
MmicTi MuKoAaiB. B axocti o6’eékra posrAasigarach
BogoHamipHa Oamra aBapiiiHOro BOJOIIOCTAYaH-
Hf 13 CTaAe€BUM pesepsByapoM giameTpoM 18 M i
IIOBHOIO €MHICTIO 620 M. Onopna 4vactura Gamru
ABAsAE cODOI0 LIEHTPaAbHUN cTOBOYp, MigKpiNAeHM
nigkocamu. IToBHa BHUcoTa 6amTu CTaHOBUTD 48,7 M.
B X041 A0CAIAKEHD PO3TAAJAAUCH ABA OCHOBHUX KOH-
CTPYKTUBHHUX BapilaHTH, 3aIIpOIIOHOBAHI IHKeHepa-
MU — BaplaHT 3 JOZATKOBHUMH HiAKocaMu (OCHOBHHI
BapiaHT) Ta 6€3 Z04aTKOBHX IiAKOCIB.

/A TIpoBeA€HHA JOCAIAKEHb BHKOPHCTOBYBAaB-
cA METOJ CKIHYEHHX eAeMEHTIB Ha 6a3l IpPOeKTHO-
00YHCAIOBAABHOTO KoMIAekcy ANSYS 145 ana
Windows i3 aogarkosum Mmogyaem ANSYS CFD
FLUENT.

AHaAI3 OTPUMAaHHUX PE3YABTATIB KOMII IOTEPHOI
CUMYAALI ITOKa3aB, IO KOHCTPYKTHBHHU BaplaHT

i3~ po3TamyBaHHAM  IIAKOCIB  BHABAAETHCH
aepoAMHAMIYHO HECTIHKHM — TpaHHYHA YacTo-
Ta 3puBy Buxopis Kapmanma (0,648 I'm), HaBiTh
IIPH  BAAQIITYBAaHHI JA€KOPATHBHHUX

aepoJAMHAMIYHUX EAEMEHTIB, HHKYE
3a pospaxynkopy. Tomy 3anpono-
HOBAHO CcTOBOYp 6amITu BHKOHATH Y
BUTAAJAL TinepboAiaHOTO mapaboaoiga
BiZ’€MHOI raycoBoi KPHBH3HH, IO
BUBOAUTL JUHAMIYHHUI CHEKTP CIOpPY-
au B OesneuyHy 30Hy. Take KOHCTPYK-
TUBHE pilmeHH:A Mae OyTH 3amaTeHTo-

BaHO.
KAIOUOBI CAOBA: Bogonamipaa
6amra, aepoguHaMi4HAa IIOBEJIHKA,

BibpamiiiHuil pe3oHaHc, pe3epwyap,
cToBOyp, rinepboaiuaa 060 0HKA

s\:langancse compounds
up to 50 MPC

INTRODUCTION

One of the most important factors
ensuring the stability of cities in
modern conditions of warfare is the
creation of a guaranteed water supply
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system. To this end, it is necessary to organise
conditions for providing the population with high-
quality water in sufficient quantities for drinking and
domestic needs both in the territory of the settlement
and for production needs (mechanisation of lifting,
transportation and distribution of water, creation
and storage of firefighting reserves).

Water is one of the most important elements for
humans, and a shortage of it is associated with a
direct threat to life. At the same time, there is an
important environmental aspect related to the need
to provide the population with high-quality water
and the possibility of purifying it if necessary. Fifteen
years ago, this issue was not particularly acute, as
the natural water sources in Ukraine were relatively
clean. However, according to available open data
[1], the situation has deteriorated sharply over the
last decade (Fig. 1). The main role in this process is
played by industrial, energy and transport emissions,
which lead to the appearance of aggressive chemical,
biological and radioactive agents in water sources. All
this requires solving the problem of effective water
supply to the population, which is quite relevant in
today's realities.

To meet the above needs, water towers can be
used. A water tower is a structure that regulates all
operations of the water supply system, namely, it
controls the water supply, pressure and flow. The
water tower also creates a reserve of water resources
and regulates the operation of the pumping system.
Although many such structures have fallen into
disrepair [2], their use can be effectively restored.

The main type of load that largely determines the
stress-strain state and behaviour of water towers is
wind load. According to existing data [3-5], high-rise
structures of this type are generally quite sensitive
to various dynamic influences. At the same time, the
nature of these influences provides opportunities

Phenols
up to 16 MPC

Copper compounds
up to 11 MPC

Zinc compounds
up to 10 MPC

Figure 1 — Pollution of river waters in Ukraine




for optimising the structural form and reducing the
material intensity of the structure as a whole.

ANALYSIS OF RECENT STUDIES AND
PUBLICATIONS

At present, the issue of wind flow interaction with
tall building structures under various conditions is a
well-studied area, which is largely considered classic.
Among the most well-known works, it is worth noting
the works of domestic schools [6-11], as well as the
works of foreign specialists [12-14]. However, the
main focus is on power line structures. In addition,
aspects related to the optimisation of the geometric
shape of high-rise building structures are practically
not considered.

PROBLEM STATEMENT

In view of the above, the main problem, which is
practically not reflected in scientific research, is the
analysis of the interaction of wind flow with high-rise
building structures such as water towers. This allows
not only to assess the technical condition of existing
structures, if necessary, but also to predict the
effective dynamic performance of the latest design
developments.

An important role in this is played by the study
of the spectrum of the dynamic characteristics of
water towers, which allows the principles of integral
dynamic diagnostics of structures to be implemented
[15-19].

The main purpose of the work is to conduct
numerical studies of the interaction of wind flow with
the structure of a water tower.

The object of the study was an emergency water
supply tower in the city of Mykolaiv. The tower
reservoir consists of an outer ring tank and an inner
tank divided into four sectors. For the outer tank: the
outer diameter is 18 m, the inner diameter is 9.7 m,
and the water column height is 2.3 m. For the inner
tank: the outer diameter is 9.7 m, the inner diameter
is 2.4 m. The height of the water column is 3.5 m.
The volume of water in the outer tank
is 410 m’, in the inner tank — 210 m?’.
The total volume of the tank is 620 m’.
The bottom of the tank consists of 10
mm thick sheets reinforced by a system
of radial (I-beam No. 40B2) and ring
beams (I-beam No. 25B2). The roof
is made of 10 mm thick sheets and
reinforcing radial beams (I-beam
No. 20Sh1).

The supporting part of the tower is
a central shaft in the form of a cylinder
with variable wall thickness ranging
from 12 mm to 20 mm, 4 inclined
lower struts (530x12 mm pipe) and 8
upper struts (325x10 pipe). The height
of the tower is 44 m. The total height
of the tower is 48.7 m. A general view

of the tower is shown in Fig. 2.

To check for vortex excitation, the maximum wind
speed was calculated, taking into account the data
from standard [20]:

V. =V C,=2776-2.1=58.30 m/s, (1)

max

where V), - the characteristic wind load expressed in
terms of velocity (m/s).

Since the frequency characteristics of the tower will
be investigated further, it is convenient to express the
maximum speed in terms of the maximum Karman
vortex shedding frequency:

iy | | -

LK I

Figure 2 — The water tower under investigation

e

Figure 3 — Calculation model of the tower with a cylindrical

shaft
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V 58.30
=—Sh=—-0.2=0.648 Hz
f;c,max d 18 ’ (2)

where

d — the largest diameter of the tank;

Sh — Strouhal number.

Thus, the frequency obtained is the limit
value at which Karman vortices can form in a
given wind area for a cylinder with a diameter
of 18 m.

The analysis of the water tower operation
was performed using the finite element
method, which is very common in modern
engineering practice [21, 22]. The ANSYS
14.5 design and calculation complex for
Windows was used to conduct numerical
studies [23].

MAIN MATERIAL AND RESULTS

During the research, two tower design
variants were considered:

Variant 1: a water tower with a shaft
structure in the form of a cylindrical
shell (Fig. 3);

Variant 2: a water tower with a shaft
structure in the form of a cylindrical
shell with struts according to the
design (Fig. 4).

The study took into account the mass
of water in the tank, which was modelled
using special Flue-type finite elements
(Fig. 5). As boundary conditions, rigid
fastening was specified at the level of
connection of the supporting structures
(shaft, struts) to the ground.

To analyse the effect of the static
component of wind on the natural
frequencies of the structure, turbulent
wind flow was modelled. For this purpose,
a space with air characteristics was created
around the tower (Fig. 5), divided into a
total of 1,000,521 finite elements. When
choosing a finite element mesh, the
author's findings presented in the works
[24, 25] were used.

The model was calculated in the ANSYS
CFD FLUENT module. The resulting
air flow lines are shown in Fig. 7. The
pressure on the tower surface is shown
in Fig. 8. The results obtained were
transferred to the modal analysis as a
statically applied load.

As a result of the calculation, the first
natural oscillations of the tower fell within
the range of up to 0.648 Hz. Therefore,
such a structure should be classified as
quasi-elastic.

The frequency and first natural

Figure 4 — Calculation model of the tower with a cylindrical
shaft and struts

Figure 5 — Finite element model of the mass of water in the
tank

Figure 7 — Current lines, general view
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oscillations of the tower with the first
variant shaft structure are shown
in Fig. 9. The dependence of the
oscillation frequency on the change
in the studied factors is shown in the
graph in Figure 11.

The frequency and first tone of
the tower natural oscillations with
the second variant shaft are shown in
Fig. 10. The dependence of the :
oscillation frequency on the change in g
the studied factors is shown in Fig. 12. i

0 20.000 2000 @) I__i,x

INTERPRETATION OF RESULTS oo oo
AND THEIR APPROBATION
As can be seen from the results Figure 8 — Wind pressure on the tower

obtained, variant No. 2, with a low
tank fill level, falls into the dangerous
range of Karman vortex shedding,
i.e. wind resonance may occur. At the
same time, the presence of decorative
elements has almost no effect on the
change in natural frequencies. This
can be explained by their low mass,
which does not significantly affect
the frequency characteristics of the
structure (FCS). The statically applied

pressure of the simulated wind flow ,;I
also does not affect the FCS. It is .,.. . > :

known that a significant effect on e

natural frequencies can be exerted by

a pre-applied load on thin objects with Figure 9 — First form of tower oscillations (variant No. 1)

Table 1- Results of calculations of the frequency spectrum of a water tower

Variant Mass, cubic metres
al\?i)an Influencing factors 620 | 450 300 | 620 | 0
] Frequency, Hz

With decorative 0214 | 0241 | 0.281 | 0354 | 0.542
elements

1 Without decorative 0217 | 0246 | 0287 | 0.369 | 0.612
elements
Static wind load 0.217 0.249 0.288 0.375 0.612
With decorative 0.377 | 0425 | 0495 | 0.566 | 0.764
elements

9 Without decorative 0.375 | 0425 | 0.503 | 0.617 | 0.813
elements
Static wind load 0.376 0.427 0.503 0.621 0.814
With decorative 0683 | 0.751 | 0.855 | 1.038 | 1.475
elements

3 Without decorative 0.685 | 0.754 | 0.869 | 1.081 | 1.513
elements
Static wind load 0.685 | 0.756 | 0.871 | 1.083 | 1.517
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Figure 10 — First form of tower oscillations (variant No. 2)
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Variant 1 (cylindrical shell)

K [
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‘With decorative elements - -
‘Wind impact - Limit frequency of vortex shedding

Figure 11 — Frequency dependence graph (variant No. 1)
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With decorative elements -

Variant 2 (cylindrical shell with struts)
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Figure 12 — Frequency dependence graph (variant No. 2)

Figure 13 — Calculation model of the tower with a shell-shaped

)

shaft of negative Gaussian curvature (variant No. 3)
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very small linear dimensions in one
or more directions (e.g., power lines).
In our case, the load is applied over a
large area across the entire surface of
the structure and has relatively small
values.

To improve the situation, the
possibility of changing the geometry of
the water tower shaft to a hyperboloid
of negative Gaussian curvature was
analysed (Fig. 13). As it turned out,
this design (variant No. 3) showed
significantly better results than the
previous two variants (Fig. 14). A
summary table of the calculation results
is presented in Table 1. Thus, the
water tower under consideration was
removed from the dangerous range of
vortex shedding.

CONCLUSIONS AND PROSPECTS
FOR FURTHER DEVELOPMENTS

Based on the research conducted,
the following conclusions can be drawn:

1. The current method of
designing water towers does
not pay sufficient attention to
possible aerodynamic effects.
Therefore, the task of analysing
aerodynamic stability is quite
relevant.

2. Based on computer modelling,
the dynamic characteristics
for a 50 m high water tower
were determined and it
was established that the
existing structure is not fully
aerodynamically stable.

3. The design approach to
changing the shape of the tower
shaft proposed in the work
made it possible to significantly
improve the aerodynamic
qualities of the object under
consideration, including at
different levels of water filling
of the structure.

4. Thisdesignsolutionisplannedto
be patented, and the approach
developed in the work will
be taken into account in the
methodology for designing
water towers.

A patent application is being filed
tor the developed design solution.
The formula of the invention: the
supporting part of the water tower is
a shaft, which has the form of a closed
shell and is distinguished by the fact




Dependence of natural oscillation frequency on shaft shape

Tank capacity, kL

N w Py w a ~
(=] [=] [=] [=] [=] [=}
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15}
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o

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2
Frequency, Hz

Variant 1 - Variant 1 -

1,3 1,4

- Limit frequency of vortex shedding

Figure 14 — Comparison of design variants

that in order to increase the frequency of the natural
oscillations of the structure, the shaft is made in the
form of a solid hyperboloid of negative Gaussian
curvature.

The approach developed in the course of the
presented research can be taken into account in the
methodology for designing water towers. Separate
provisions should be included in the current
standards for designing high-rise building structures.
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