AEROHYDRODYNAMICS AND HEAT-MASS EXCHANGE

DOI: https://doi.org/10.15407/pmach2019.03.021

UDC 532.5.032:621.22:519.633 The role of hydraulic energy as a reliable source of renewable energy
to meet the ever-growing needs of society is highlighted. The uneven
TRANSLATIONAL WAVE nature of the energy supply during the day is analyzed. The role of

hydroelectric power plants (HPP) and pumped storage power plants

IMPACT ON THE OPERATION (PSPP) in regulating the above unevenness during the operation of
OF THE DNIESTER PUMPED the integrated power system is emphasized. It is shown that the
STORAGE POWER PLANT startup, operation, power control, and shutdown of PSPP units are

characterized by the occurrence of unsteady hydraulic modes of flow

UPPER RESERVOIR in the forebay, upper reservoir, and corresponding canal. These
modes are accompanied by the formation of translational waves,
Oleksandr A. Riabenko whose characteristics must be taken into account when designing and

operating plant facilities. The operation of the Dniester PSPP con-
firmed that translational waves are generated in the upper reservoir
of this plant during the operation of its units in pumping and turbine

o.a.riabenko @nuwm.edu.ua
ORCID: 0000-0002-1923-3061

Volodymyr S. Tymoshchuk modes. The presence of such waves significantly affects the position of
v.s.tymoshchuk @nuwm.edu.ua the marking of the crest of protective dykes and the stability of the
ORCID: 0000-0002-9545-1810 back slope protection of these dykes under the conditions of alternat-
ing wave loads. Results of field (experimental) and theoretical studies

Oksana O. Kliukha of the parameters of the translational waves in the upper reservoir of
0.0.kluha@nuwm.edu.ua the specified plant are given. These results were obtained for the first
ORCID: 0000-0002-4607-4465 stage of the Dniester PSPP construction, providing the upper reser-
voir had a temporary separating dyke located at Pkt 7+00. The field

Oksana O. Halych measurements were performed with a VEGAWELL 72 diaphragm
0.0.halych@nuwm.edu.ua pressure sensor located in the left riser of the forebay. It is shown that
ORCID: 0000-0002-8800-9792 the highest wave heights can be observed in pumping mode during
. unit shutdown. Theoretical calculations of the parameters of transla-

Dmytro M. Poplavskyi tional waves were performed on the basis of the Saint-Venan differen-
d.m.poplavskiy @nuwm.edu.ua tial equation, using the two-dimensional method. Wave height was
ORCID: 0000-0003-2756-3359 determined using the harmonic seiche equation for the progressive

. . . wave. It is shown that for the design case of the unit shutdown it is
National University of Water and that f & f ;

. . . necessary to take into account the presence of lateral water inflow to
Environmental Engmeenng’ . the main flow supplied by the unit. Comparison of theoretical and
11, Soborna Str., Rivne, 33028, Ukraine experimental results showed their satisfactory convergence.

Keywords: translational waves, pressure sensor, upper reservoir,
slope, PSPP.

Hydraulic energy is one of the main types of renewable energy that has to meet the ever-increasing
production and domestic needs of society. Currently, hydraulic energy alone provides up to 76% of the
world's total renewable energy.

The existing Dniester cascade consists of the Dniester Hydroelectric Power Plant (HPP)-1, the Dni-
ester Pumped Storage Power Plant (PSPP), the Dniester HPP-2 (Ukraine) and the Dubossar HPP (Moldova).
The Dniester PSPP is the most ambitious project in modern Ukraine. This plant is an integral part of the
Ukraine's energy strategy until 2030. According to the initial project, the Dniester PSPP should consist of
seven hydro units with a total capacity of 2,268 MW in turbine mode and 2,947 MW in pumping mode. With
these parameters it ranks sixth in the world in installed capacity.

At present, the PSPP is completely ready and operates in the composition of three hydroelectric units. In
turbine mode, it is capable of producing a total of 972 MW, which is almost equal to the capacity of one unit of a
nuclear power plant. It is planned that the hydroelectric unit # 4 of the plant will be put into operation in 2020 [1].

As is known, the schedule of electricity consumption during the day is characterized by a large irregu-
larity. Quite often this irregularity is managed with the help of basic units of 200-300 MW thermal power
plants (TPP). In Ukraine, the number of such startups-shudowns reaches up to 3,000 per year. In addition, to
overcome night time valleys in the daily schedule of loads, it is necessary to remove from operation up to ten or
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more TPP units per day. Such management is quite expensive and leads to significant breakdowns and failures
of the TPP equipment. For nuclear power plants (NPP), this method of management is undesirable [2].

With these circumstances taken into account, power system management is usually exercised with
the help of HPPs and PSPPs, which are characterized by high maneuverability. Significantly, the time neces-
sary for the units of these plants to gain their full capacity after shutdows is 1-2 minutes, and for those run-
ning idle this time is only 15-30 s. For comparison, it is to be noted that the specified time for TPP units (af-
ter their shutdown is 90—180 minutes, for NPPs, 390—-600 minutes. For the hot state, this period of time for
HPPs is 20—50 minutes, and for NPPs it is 60 minutes [3].

A typical example of a significant expansion of PSPP's functions is the mode of operation of the
Zagorsk PSPP. The number of start-ups of the turbine units of this plant reaches 440 per month and in separate
periods, about 30 per day without taking into account the startups of the units in the synchronous compensator
mode [12]. The number of changes in the operating modes of a PSPP reaches up to 4,000-8,000 per year. For
example, this number is 8,000 for the Drakensberg PSPP (South Africa); 6,000 for the Gilboa PSPP (USA);
and 5,000 for the Dinorvig PSPP (England) [4].

The startup, operation, power management and shutdown of PSPP units are characterized by the oc-
currence of unsteady hydraulic flow modes in the forebay, upper reservoir, and branch duct. These modes are
accompanied by the occurrence of translational waves, whose characteristics must be taken into account
when designing and operating plant facilities. Ensuring the reliable operation of Ukraine's power operation is
achieved by the high reliability of stations.

A specific feature of the operation of the upper reservoirs of PSPPs, compared to the reservoirs of
HPPs, is a more intensive mode of their use due to regular periodic changes of the main hydrophysical fields
(level of free surface, pressure distribution, flow rate, etc.), providing the operating modes change. Because
of this, it is very important to take into account the dynamics of the processes occurring in the reservoir both
at the stage of designing the installation and stages of its construction and operation [2—4].

In the conditions of intensive construction and operation of PSPPs in the world, and in Ukraine in
particular, the problem of calculating the characteristics of translational waves in the upper reservoirs during
the operation of these plants is quite urgent. It is these characteristics that determine the marking of the crest
of protective dykes, taking into account the height of swash of translational and wind waves on the slope to
ensure the proper reliability of the installation. The use of mathematical models allows determining the pa-
rameters of generation of translational waves under different hydraulic modes of PSPP operation. Field stud-
ies of the parameters of such waves are particularly important because they are the main reference point for
confirming the correctness of existing mathematical models and their improvement [3].

There are several methods for numerically calculating the heights of translational waves at the stages
of their occurrence and propagation in PSPP reservoirs. The basis of the most general mathematical model is
the Navier-Stokes equation system, but its use is complicated: it requires a lot of raw data, which are explic-
itly difficult to describe, especially the boundary conditions, and take into account all the interacting forces;
and it is difficult to perform calculations because other mathematical models with the same order of accuracy
can be solved with less time and effort [4].

When studying the processes of fluid flow in open reservoirs, mathematical models of shallow-water
theory are commonly used. In addition, the condition that the depth of the reservoir was small compared to
the parameter of the length of the area under study and the width of the canal should be fulfilled. The models
mentioned are based on the flow continuity equation, the corresponding fluid flow equation, and the law of
mass conservation. The corresponding system of differential two-dimensional Saint-Venan equations, with
the non-horizontality of the bottom and bottom friction taken into account, has the form
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where ¢ is the time, s; x and y are spatial coordinates; % is the water depth, m; Q,, 0, are the specific costs

along the x and y axes, m?/s; Z is the bottom mark, m; g is the acceleration of free fall; Ty, T, is the bottom
friction along the x and y axes.

The results of field studies obtained by numerical and hydraulic modeling are of particular value be-
cause they automatically take into account the whole set of operating factors: the fluid flow laws described
by differential equations in partial derivatives, especially the operation of PSPP units in turbine and pumping
modes, dimensions and configuration of the upper reservoir, the effects of wind waves, etc. For example, at
the Zhidowo PSPP (Poland) the translational waves during the startup of the second unit turned out to be lar-
ger than it was expected during the operation of the three units. At the same time, due to wave processes, the
protective layer of the dam reinforcement was partially washed out [3]. To reduce the heights of the transla-
tional waves being generated, restrictions were imposed during the startups and shutdowns of units, taking
into account the direct and inverse waves.

The translational waves formed in the upper reservoirs of PSPPs during unit shutdown in pumping
mode show quite clearly their presence by the destruction of the protective layer of dam reinforcement from
the sand-gravel mixture at the marks of the normal banked-up water level (BWL) (Fig. 1).

Fig. 1. Destruction of the protective layer of sand-gravel mixture reinforcement

The heights of translational waves were calculated for the first stage of the Dniester PSPP with an in-
termediate dam on the Pkt 7+00 picketage of the upper reservoir. The measurements were made by a
WEGAWELL 72 membrane pressure sensor located in the left riser of the intake camera.

The calculations and field studies performed show that translational waves are generated in the res-
ervoir during the startup, operation and shutdown of the unit in pumping mode. Their greatest heights can be
observed during the shutdown of the unit. The mathematical model describes the formation and propagation
of waves by wave phases rather qualitatively, but there are large differences in altitude in the case of unit
shutdown. The unit shuts down when the flow is perturbed, which picks up the lateral inflow of water, and
partially deflects to the left riser of the forebay.

According to the results of field studies, the lateral water inflow to the main stream is harmonious in
nature, the period of which can be determined from the results of measurements. The translational wave crest
height, after the unit shuts down, which was calculated by the two-dimensional method based on the Saint-
Venan equation, can be described by the harmonic seiche equation for the progressive wave, and a correction
factor was introduced to take into account the lateral water inflow to the main stream. Then the harmonic

seiche equation will take the form
2 2
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where H is the wave height, T is the wave period, d is the depth of the reservoir at a certain point with a cer-

tain mark of the water level.

The factor e’ takes into account the increase in the height of translational waves, caused by the lat-
eral water inflow to the main stream. The determined coefficient of the lateral water inflow in the upper res-
ervoir of the Dniester PSPP during the operation of one unit in pumping mode is in the range of 1.79—-1.87 at
water levels close to the BWL=222,500 m. Taking this value into account in the boundary conditions of the
left boundary of the mathematical model for calculating the heights of translational waves in the basis of the
two-dimensional differential Saint-Wenan equation, we obtain the following graph (Fig. 2).

After considering the lateral
water inflow to the main stream, the
height value for the first translational
wave coincides in phase and height.
For further calculation, it is necessary
to take into account the change of the
period of waves and their attenuation
in time with the help of the coeffi-
cient k.

After further investigations of
the parameters of the translational
waves in the upper reservoir of the
Dniester PSPP for the full volume,
their parameters have not significantly
decreased. Fig. 3 shows the results of
field measurements with 4 sensors.

Conclusions

1. In the conditions of inten-
sive construction of PSPPs, the prob-
lem of calculating the translational
waves in the upper reservoir during the
operation of these plants in pumping
mode is relevant, as they are a bench-
mark for checking the accepted mark-
ings of the crest of protective dykes.

2. The use of state-of-the-art
measuring and control equipment al-
lows us to accurately measure the
necessary parameters of translational
waves and predict their influence on
hydraulic structures.

3. The obtained values of
wave heights during the operation of
one unit do not pose a particular
threat to protective dykes, but to some
extent destroy the reinforcement of
slopes.
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Fig. 2. Graph of comparison of the results of mathematical calculation
and field studies at the shutdown stage
of the Dniester PSPP unit in pumping mode:

1 — mathematical modeling using the two-dimensional Saint-Venan method,
2 — field studies, 3 — calculation with taking into account the lateral water
inflow correction, 4 — calculation with taking into account the lateral water
inflow correction in the mathematical model
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Fig. 3. Graph of measurements of the parameters
of translational waves by sensors:
1 —in the forebay of the water intake, 2 — at Pkt 63+63;
3 — at Pkt 52401; 4 — at Pkt 38+01
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BnumB XBuJib nepeMilieHHsI HA pO0OTY BepXHbOi BoAoiiMu JJHiCTPOBCHKOI riIpoaKkyMy II0I040i
eJIEKTPOCTAHUII

0. A. Pabenko, B. C. Tumomyk, O. O. Kawxa, O. O. I'aauy, 1. M. lHoniaBcbkuii

HationanbHuil yHiBEpCHUTET BOIHOTO TOCIIOAPCTBA Ta PHUPOAOKOPUCTYBAHH,
33028, Ykpaina, m. Piene, Byn. CobopHa, 11

Bucsimnioembcs ponv ciopaeniunoi enepeii sk HadiliHO20 Odicepena 8IOHOBIIOBAHOL eHepail Olsl 3abe3neueH s Noc-
MIHO 3pOCMAaIouUx nompe6 cycniibemea. AnanizyemovCs HEPIBHOMIPHICIb XapaKmepy eHepeonoCMAadanHs NPOMs2oM 000U,
Hioxkpecnoemocs pone T'EC ma F'AEC y peeynioganHi 3a3HaueHoi HepisHoMipHOCmI nid uac pobomu 00'€eOHanol enepeocic-
memu. ITloxasano, wo nyck, poboma, pezymosanns nomyscnocmi ma 3ynunxa azpeeamie I AEC xapaxmepuszylomocs 6UHUK-
HEeHHAM 8 ABAHKAMEDI, BePXHill 6000UMI Ma 8iONOBIOHOMY KAHAN HEYCMANEHUX 2I0PaGIiuHUX pedcumie nomoky. Li pesxcumu
CYNPOBOONCYIOMBCA YMBOPEHHAM X8UTb NEPeMIlyeHHs, XapaKmepucmuky AKUx nompioHo epaxosysamu nio 4ac npoexkmy-
6anHsi ma excnayamayii cnopyo cmanyii. Excnayamayis /[nicmposcokoi TAEC niomeepouna, wo y 6epxuiii 6000uMi yiei
cmanyii nio yac pobomu it agpe2amie y HACOCHOMY i MYPOIHHOMY pPeArcumMax ymeopioromscsa Xeui nepemiwenns. Hasenicmo
TAKUX X6UTb ICIOMHO GNIUBAE HA NOJONCEHHSL GIOMIMKU SPEOEHST 020POOIHCYBANHUX 0aMO Ma CMIUKICIb KPINJeHHs. 86epX0-
6020 YKOCY Yux 0amb 6 yMo8ax Oii 3HAKOIMIHHUX XBUTbOBUX Hasanmadicenv. Hasoosmucs pesynomamu HamypHux (excnepu-
MEHMAILHUX) MA MEOPEeMUUHUX OOCTIONCEHb NAPAMEMPIE X6Ulb NePeMIUjeHHsl Y 6ePXHIl 8000UMI 3a3HaveHol cmanyii. L]i
pe3yrbmamu Ompumani st nepuioeo emany 6yoisHuymea /Jnicmposcokoi I'AEC 3a HaseHocmi y 6epXHiti 6000UMI mumya-
€080i po30inbHoi dambu, posmawosanoi na I1K 7+00. HamypHi sumipiosarts Oyau 30ilCHeH] 0amuuKOM MUcKy MemMOpaHHo-
20 muny VEGAWELL 72, sixuii po3mautosaruil y a1ieomy cmosky asankamepu. [lokazano, wjo Haudinbuti 6ucomu Xeunb cno-
CMepicaiombCsl Yy HACOCHOMY pedicuMi niod yac 3ynunku azpezamy. TeopemuuHi po3paxyHku napamempis Xeuib nepemiujeHHs
BUKOHYBANUCA HA OCHOBI Oupepenyianvrozo pisuanua Cen-Benana 3a 0808UMipHOI0 MemoouKor. Bucomy xeunb eusHauau
30 0ONOMO2010 2APMOHIIHO20 PIBHAHHA celiuli O1A npozpecuHoi xeuni. Ilokazano, wo 051 pO3paxyHKo8020 8UNAOKY 3VAUHKU
azpezamy HeobXIOHO 8pAX08Y8AMYU HAABHICMb OOKOB020 NPUMOKY 800U 00 OCHOBHO20 NOMOKY, W0 NOOAEMbCI AZPe2amo.
TlopisHsaniss meopemuuHux i eKCnepUMeHmMAIbHUX Pe3yabmamis NoKa3ao ix 3a008iibHy 30iXHCHICND.

Knrouosi crosa: xeuni nepemiwennst, 0amuux mucky, 6epxus eooovma, ykic, 'AEC.
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