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INFLUENCE OF HYDRODYNAMIC CHARACTERISTICS OF WATER PASSAGE ELEMENTS ON
ENERGY PARAMETERS OF PUMP-TURBINE

Ukraine has sufficient potential for the development of renewable energy sources. Renewable energy of our country is actively developing. The
demand for accumulating hydropower services will grow. This is due to the requirements of modern energy systems to align the schedule for operation
in peak load zones. The solution to the problem of creating highly efficient equipment for pumped storage power plants largely depends on the correct
selection of the geometry of the water passage elements of the reversible machine, which provide the required level of its energy parameters. The
paper deals with the issues of modeling the hydrodynamic characteristics of the blade systems of a reversible hydraulic machine. Changes in energy
parameters in the range of basic operating modes of the hill-chart are largely due to changes in the hydrodynamic characteristics of a reversible
hydraulic machine. The general approach to describing the hydrodynamic characteristics of blade systems is based on the use of dimensionless
parameters characterizing the flow in the characteristic section of the water passage. Expressions, which establish the relationship between the
hydrodynamic characteristics and dimensionless complexes and express the general laws of the interaction of the flow with the runner of a reversible
machine, are given. The influence of the hydrodynamic parameters of blade systems on the formation of the energy characteristics of a reversible
hydraulic machine is considered. Analysis of the hydrodynamic characteristics of individual elements of the water passage allows to analyze their
influence on the energy characteristics of a reversible hydraulic machine. The results of such an analysis are the basis for solving a wide range of
issues that arise when designing a reversible hydraulic machine. This paper presents the calculations of the energy characteristics for the water
passages of reversible hydraulic machines OR0200, ORO500. The calculated data indicate the decisive influence of the hydrodynamic parameters of
the spatial lattice on the parameters of the optimal regime.

Keywords: reversible hydraulic machine, energy parameters, kinematic characteristics, energy losses, mathematical model, mode parameters,
optimal mode.

I I. THHBHOBA, K. C. PE3BA, B. E. JPAHKOBChKHH

BILJIMB I'JIPOIUMHAMIYHAX XAPAKTEPUCTHUK EJJEMEHTIB TIPOTOYHOI YACTUHU HA
EHEPI'ETHYHI IOKA3HUKHA OBOPOTHUX I'lIPOMAIINH

VkpaiHa Mae JOCTaTHIH MOTEHLian I PO3BHTKY BiAHOBIIOBAaHUX JUKepen eHeprii. BinHOBIIOBaHA cHepreTHKa aKTUBHO PO3BHUBAETHCS, ITOMMT Ha
TiAPOCHEPTETUKY, [0 aKyMYJIIOETECS Oyae 3pOCTaTH, e 00YMOBICHO BUMOTaMU CYYaCHHX CHEPrOCHCTEM [0 BHPIBHIOBaHH: rpadika s poOoTH B
MIKOBUX 30HAaX HABaHTAKCHHS. BUPpilleHHS 3aBJaHHS CTBOpPEHHS BHCOKoedekTHBHOro obmagHanus nus 'TAEC Garato B 4oMy 3aleXHTh Bif
MPaBUIIBHOIO BHOOpY TeoMeTpil eNeMEeHTIB HPOTOYHOI YACTHHH OOOPOTHOI MAaIIMHHM, sKi 3a0e3NedyloTh HEOOXiJHUH piBeHb ii eHepreTHYHUX
MOKa3HUKIB. B poOOTi po3rIsHYTI MHUTaHHSA MOJEIIOBAHHS TiAPOJMHAMIUYHUX XapaKTEPHCTHK JONATEeBHX CHCTEM OOOPOTHOI TiJpOMAaIINHU. 3MiHa
€HEPreTUYHUX I1apaMeTpiB y Jiana3oHi OCHOBHHX pPOOOYMX PEXHMIB YHIBEpCAlbHOI XapaKTEPUCTUKHM 3HAYHOK MipOI0 OOYMOBIIEHA 3MiHOO
TiIPOJMHAMIYHUX XapaKTEPUCTHK OOOPOTHOI TifpoMamuHK. 3araibHUN MiAXiA 10 OMKHCY TiAPOAMHAMIYHUX XapaKTEPUCTUK JIONATEBUX CHUCTEM
0a3yeTbCs Ha BHUKOPHCTAaHHI O€3pO3MIpHHX IMapaMeTpiB, IO XapaKTepU3YIOTh IMOTIK Yy XapaKTepHUX IEpeTHHAX MPOTOYHOI yacTuHH. HaBeneHo
BUPa3M, SKi BCTAHOBIIOIOTH 3B'A30K TiAPOJMHAMIYHMX XapaKTEPUCTHK 3 O€3pO3MIpHHMH KOMIUIEKCAMH, Ta BUPAaXarOTh 3arajibHi 3aKOHOMIPHOCTI
B3a€MOIIT MTOTOKY 3 poOOYNM KOJIECOM 00OPOTHOI MamMHMU. PO3riIsnaeThcs BIUIMB TiPOANHAMIYHHUX MTApaMETPIB JIONATEBUX CUCTEM Ha (POPMYBaHHS
E€HEPreTUYHHUX XapaKTEPUCTUK 000POTHOI TipOManIMHU. AHAII3 TiIPOANHAMIYHIX XapaKTEPUCTHK OKPEMHUX €JIEMEHTIB MPOTOYHOI YACTUHHU JI03BOJISIE
TpOaHaNi3yBaTH IXHiH BIUINB Ha €HEPreTHYHI XapaKTEPUCTHKH OOOPOTHOI rigpoMaimvHH. Pe3ynbTaTH Takoro aHali3y € OCHOBOKO I BHPIIICHHS
BEJIIMKOTO KOJIa MHTaHb, 10 BHHUKAIOTH IIiJ| Yac IPOEKTYBAaHHS OOOPOTHOI TifipoMammHHU. Y Iiii poOOTi HaBEACHO PO3PaXyHKH EHEPreTHYHHX
XapaKTEePUCTHK IS TMPOTOYHUX YacTHH 000poTHHX riapomammH OPO200, OPOS500. Po3paxyHkoBi JaHi cBig4aTh NP0 BU3HAYHUII BILUIMB
riApOMHAMIYHUX [TapaMETPIB IPOCTOPOBUX PELIITOK HAa [APAMETPU ONTHMAIBHOTO PEKHMY.

Koarodosi cioBa: 000opoTHa TipoMallNHA, €HEPreTUYHI XapaKTEPUCTHKH, KiHEMaTH4HI XapaKkTEePHCTHKH, BTpAaTH EHEprii, MaTeMaTH4Ha
MO/ICIb, PEXKUMHI TAPAMETPH, ONTHMAIBHUN PEIKUM.

H. H. TBIHBAHOBA, K. C. PE3BAA, B. 3. JPAHKOBCKHH

BJIMSTHUE TUJIPOJAHAMUYECKUX XAPAKTEPUCTHUK DJIEMEHTOB ITPOTOYHOMN YACTH
HA SHEPTETHYECKHE IIOKA3ATEJIM OBPATUMBIX THAPOMAILINH

VkpanHa 007a7aeT JOCTaTOYHBIM MOTEHIMAIOM [T Pa3BHTHS BO30OHOBISAEMBIX HCTOYHHKOB SHEpruu. Bo3oOHOBIAeMas >HepreTnka akTHBHO
Pa3BUBAETCS, CIPOC HA AKKyMYJIHPYIOLIUE YCIYTH MHIPOIHEPIeTHKH OyleT PacTH, 3T0 00yCIOBIEHO TPEOOBAaHUAMH COBPEMEHHBIX YHEPrOCUCTEM K
BBIPDAaBHMBAHHIO TpaduKa juis paboThl B NMKOBHIX 30HaX HArpysku. Permenne 3anaum cosnanus Beicokod(pdekruBHOro odopynosanus s FADC Bo
MHOTOM 3aBHCHT OT HMPaBHIIBHOTO BBIOOPA T€OMETPUH JIEMEHTOB IPOTOYHOI YacTH OOpaTHMON MAIIMHBI, KOTOPbIE 00ECIeYnBAOT HEOOXOAMMBIH
YPOBEHb €€ JHEPreTHYECKHX MoKasareneid. B paboTe paccMOTpeHBI BOMPOCHI MOJENMPOBAHHSA THAPOJMHAMHYECKHX XapaKTEPUCTUK JIOMACTHBIX
cucreM 00paTMMOM TruapoMaiiMHbl. M3MeHeHHe SHEPreTHMYeCKHMX IapaMeTpoB B JIMAla30HE OCHOBHBIX DPabOYMX PEXHMOB YHHBEPCAJILHON
XapaKTEPHCTHKU B 3HAUYUTEIBHOH Mepe 00yCIOBIEHBI N3MEHEHNEM I'HAPOANHAMHYECKIX XapaKTEPHCTHK 00paTuMoi ruapomammael. OOmuii moaxox
K ONHCAaHWIO THAPOJMHAMHYECKHX XapaKTEPUCTHK JIOMACTHBIX CHCTEM Oasmpyercs Ha HCIHOJb30BaHMM Oe3pa3MEpHBIX IapameTpos,
XapaKTepU3ylOIUX IOTOK B XapaKTEPHBIX CEUEHHMsAX MpoTouyHOoi uactH. [lpuBeseHBl BBIpaXKEHHUs, KOTOPHIE YCTaHABIMBAIOT  CBA3b
TUIPOJMHAMUYECKHMX XapaKTEPUCTUK ¢ Ge3pasMepHBIMH KOMIIIEKCAMHM, U BBIPAXKAIOT OOIIHE 3aKOHOMEPHOCTH B3aMMOJEHCTBHS MOTOKA C pabounm
KOJIECOM 00OpaTHUMOi MaluHEL. PaccMaTpuBaeTcs BIMSHUE THAPOANHAMUYECKHX TTapaMETPOB JIONACTHBIX CHCTEM Ha (JOPMHUPOBAHUE SHEPTETHIECKHX
XapaKTEPHCTHUK O00paTHMOW TI'MAPOMAIIMHBI. AHAIM3 THAPOAMHAMHYECKHX XapaKTEPUCTHK OTJENBHBIX 3JIEMEHTOB INPOTOYHOH YacTH ITO3BONSET
MPOAHANN3UPOBATh UX BIMSHUC HA PHEPTETHYECKHE XapaKTePHCTHKU 0OpaTHMOM THAPOMAIIMHEL Pe3ymbTaThl TAKOTO aHAIM3a ABJIAIOTCA OCHOBOH JUIs
peleHns GOIBIIOro Kpyra BOIPOCOB, KOTOPBIE BO3HUKAIOT IIPH MPOSKTUPOBAHNM 00paTHMON TMAPOMAIIHHEL. B 1aHHOI padoTe MpUBEICHBI pacueThl
SHEPreTUYECKUX XapAaKTEPHCTHK Ul MPOTOYHBIX YacTed obpatnMeix ruapoMammu OPO200, OPOS00. PacyerHble naHHBIE CBHICTENBCTBYIOT 00
ONpEENAIONIEM BINSHUA THAPOAMHAMHYIECKUX ITapaMETPOB NIPOCTPAHCTBEHHBIX PENIETOK Ha IMapaMeTPhl ONTUMATHEHOTO PEXKUMA.

KaroueBnle cioBa: oOpaTuMas TMIPOMAIINHA, SHEPreTHYECKHE XapaKTEPHCTHKH, KHHEMATHYECKHME XapaKTEPUCTUKH, ITOTEPH SHEPTHH,
MaTeMaTH4ecKas MOJEIb, PEKMMHBIE IAPAMETPhI, ONITUMAJIBHBIA PEXKUM.
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Introduction. The countries of the European Union
continue to increase the capacity of alternative energy.
According to the conservative scenario, despite the need
to overcome the consequences of the economic crisis
caused by the SARS-CoV-2 coronavirus, the renewable
energy sources (RES) sector will continue to develop. It is
indicative that the only source of energy, which during
guarantine measures showed an increase in vacation by
2 %, was renewable energy [1].

Ukraine has sufficient potential for the development
of renewable energy sources and the replacement of
traditional fuel and energy resources in the annual section
of 68 million tons, which corresponds to 73 billion cubic
meters of natural gas. Consequently, our country has set
clear goals for the development of the renewable energy
sector [2, 3].

Hydropower is an energy industry that can collect
excess energy and store it until the grid is in short supply.
In addition, hydroelectric power plants, unlike solar and
wind ones, are independent of weather conditions and can
generate electricity at any time. It is expected that the
demand for storage and balancing services of hydropower
will only grow, as renewable energy is actively
developing.

From the analysis of the works on the study of the
working process of reversible hydraulic machines, it
follows that at present the issue of creating the water
passages of reversible hydraulic machines is quite
relevant [4-7]. For a pumped storage power plant, the
decisive factor in the selection of parameters is the
pumping mode, since the reversible hydraulic machine
must provide the necessary head and the necessary
characteristics of cavitation in the pumping mode of
operation when the required power with the maximum
efficiency is reached in the turbine mode at the calculated
head. The difference between the optimal mode and the
calculated one requires a thorough study of the water
passage of the reversible hydraulic machine in turbine
operation mode in order to reasonably determination of
the design power, reserves for increasing the hydraulic
efficiency and reducing the intensity of hydrodynamic
unsteadiness [8-12].

The modern approach to the development of the
water passage implies a large number of studies aimed at
identifying the influence of geometric and operating
parameters on energy parameters. Mathematical models of
the working process are the basis for such a numerical
analysis. Along with the development of methods for
modeling the working process, using the results of solving
the problem of three-dimensional viscous flow [13-18],
methods for calculating energy characteristics based on
simplified flow models are widely used.

One of the mathematical models used at the initial
stages is a model based on dimensionless averaged
parameters (the macro level) [19-22]. In this paper, a
method based on the use of dimensionless averaged
parameters for a calculated study of the characteristics of a
reversible hydraulic machine at a head of 200 m and
500 m with obtaining the parameters of the spatial flow in
the water passage is considered (the micro level).

Main part. Changes in energy parameters

(efficiency, power) in the range of basic operating modes
of the hill-chart are largely due to changes in the
hydrodynamic characteristics of a reversible hydraulic
machine.

The general approach to describing the
hydrodynamic characteristics of blade systems is based on
the use of dimensionless parameters characterizing the
flow in the characteristic section of the water
passage [19].

The kinematic characteristic of the three-dimensional
lattice of the runner establishes the connection between

I,D .
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dimensionless complexes réD and
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The kinematic characteristic can be written [19-23]:
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motion are connected by the relation
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In more detail, the meaning of the above
designations concerning the kinematic description of the
flow in the water passage is given in [19].

Depending on the kinematic complexes that
characterize the flow in the characteristic sections of the
water passage, the hydrodynamic characteristics of the
blade systems are expressed.

The hydrodynamic characteristics of the wicket gate
(WG) are the dependences of the loss coefficient on the
dimensionless complex, which determines the direction of

the flow behind the WG: Ky i = f[%} is loss

characteristic in the WG; expression F(SD = f(ao) is

kinematic characteristic of WG (calibration of WG).
The hydrodynamic characteristics of the three-
dimensional lattice of the runner include kinematic,
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theoretical characteristics (characteristics of the force
interaction of the flow with the runner), characteristics of
losses, presented in dimensionless form.

The given kinematic description is a basis of the
functional model of the working process, which
establishes the relationship between the energy and

operating  parameters  with  the  hydrodynamic
characteristics of the water passage:
Kyt (le F(OgD, L j 3)
Ny = Q%
g
o- | —— = '
KHT(kQ. oD L‘j+kh(kol LoD Lj (4)
Q Q
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From (3) and (4) follows the efficiency expression:
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where ki, :m is the coefficient of hydraulic
Qi
losses.

In the functional model of the working process

presented by (3)—(6): KHT(kQ, % L‘J is theoretical

- ,D . .
pressure characteristic, kh(ko, OTLJ is water

passage loss characteristic.
The theoretical characteristic establishes the
dependence of the theoretical coefficient Kyr on the

T.D

generalized  kinematic and

parameters Ky,

geometric parameters of the runner — L. The

characteristic of losses k;, reflects the relationship of the

coefficient of the lost head with the parameters K, TD

and geometry of the runner — L .

The structure of the dependence of the theoretical
pressure coefficient on the hydrodynamic parameters is
established in [20] for different types of the runner:
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where kyr — hydraulic power coefficient.

The structure of dependence (7) is in good agreement
with the experimental data for various types of hydraulic
turbines [2]. The task of the structure of the dependence of
the loss coefficient of the water passage has not been
sufficiently studied. The solution to this task is one of the
main in the theory of the working process.

The data of experimental studies of elements show
the minima in the characteristics of losses in the wicket

rscD FoD

gate khwng[—Q 0

k, = f(l:l\N_D fZ_Dj [7, 8].
Q Q

The complexes included in these dependencies

J and in the runner

. I'..D
characterize; —=£

— direction of flow generated by

spiral casing and stator, (%]:[%ﬁl} and
1

(%):(Ctgij — respectively, the direction of the
2

relative flow in front of the runner and the direction of the
absolute flow behind the runner (B1 —averaged flow
angle in relative motion in front of the runner, a, —

averaged angle of absolute flow behind the runner).

The presence of a minimum in the characteristics of
losses makes it possible to represent their structural
dependences in the following form:

— - 2
ng =ng m +a[FS(SD— %j ,

— 2 — 2
Ty D r,D
kr=krm+b( 18 - “mj H{ZTJ ,

where Kygm, Krm — minimum loss, due to frictional losses in
the wicket gate and the runner, respectively;

_ ctgby,

m
1

— the direction of the relative flow, at which
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there are no losses due to separation of the flow when
flowing around the leading edge of the blade; a and b —
parameters determined by the geometry of the inlet
elements, respectively, WG and runner; ¢ — parameter
determined by the geometry of the output elements of the
runner blade.

Taking into account the kinematic dependences, the
characteristic of hydraulic losses of the entire water
passage can be represented as:

Kn :ksc+kst+kwg min + K¢ min + Kt min +
2

— — 2 —
FSCD FoD T 2 roD
+a| == - 2| +b| =Kiko —pp———o | +
{ Q Q 2 r1KQ =Hm Q )

2
T, 2
+c| =A%kn — ,
(2 Q“]

where kg, k¢ — the minimum value of the loss coefficient
due to friction losses in the section of the fwater passage,
including the spiral casing and the stator.

Parameters a, b and c in (9) do not depend on the
operating mode and are determined using experimental
data. In accordance with [20], it can be approximately
assumed:

_ kWQ - h= kl C = kz
2n°K g 2n°K 2 2n°K},
1 (g ) ’
_ 4| Awg . _ 1 P
where Ky, = QI[RWQJ dQ; K, , _aj‘(?J dQ.

Substitution of the obtained expressions for K, (7)

and k;, (9) allows you to replace functional descriptions of
the workflow (3)—(4) with detailed equations of its
mathematical model. For cascade of small pitch-chord
ratio of the runner (Francis turbine), the transparency
coefficient of the lattice k is small; therefore, in formulas
(7,8)k=0.

Due to the cumbersomeness of the expressions
obtained, they are not presented. Integral hydrodynamic
parameters of the runner included in the obtained
expressions: A, p, un and Ky can be found both by
calculation and experimentally [20].

To determine the hydrodynamic parameters of the
three-dimensional lattice, the problem of parametric
identification was solved. The parameters of model (9),
the structure of which was defined above, were found
from the data of energy experiments. When solving the
problem, the least squares method was used and such
values of the parameter-coefficients were determined in
order for the model (9) provides the best approximation to
the given experimental points.

Tablel shows the wvalues of hydrodynamic
parameters for reversible hydraulic machines ORO200,
ORO500.

Hydrodynamic parameters of the three-dimensional
lattice of the runner K;; and py, are integral characteristics
of the inlet blade geometry. In this case K, is determined
mainly by the location of the entrance edge in the
meridional projection of the runner, and the parameter p,,

is a generalized (integral) characteristic of the shockless

flow angle.

Table 1 — Hydrodynamic parameters of the three-dimensional
lattice of the runner

Water ORO200 ORO500 ORO500
passage type 1st variant 2nd variant
n 91,8 79 78
Q 0,313 0,151 0,150
n 94,1 88,3 90,3
u 0,53 0,46 0,45
A 10,79 15,6 15,6
L 33 39 4,6

Ki 1 1 1

Hydrodynamic parameters p, A characterize the
geometry of the exit edge of the blade. The parameter p is
the integral characteristic of the distribution of the outlet
geometric angles along the exit edge, and the parameter A
is determined by the location of the exit edge in the
meridional projection of the runner.

The given mathematical description of the working
process can be used both to assess the influence of the
elements as a whole, and individual elements of the water
passage on the formation of the energy characteristics of a
reversible hydraulic machine.

For a more detailed analysis of the character of the
flow and determination of the necessary characteristics of
the elements of the water passage of a reversible hydraulic
machine, CFD software packages are used. The results of
such numerical studies are presented in the form of
distributions of velocities and pressures in the required
sections of the water passage of the pump-turbine.

In this paper, the inlets of the water passages of
ORO0200 and ORO500 (two variants) were investigated.
Fig. 1 shows the velocity distributions in the form of
streamlines.

The analysis of these results made it possible to
determine the measure of the uniform distribution of the
flow in the elements of the inlet of hydraulic machines.

One of the necessary stages in the design of
reversible hydraulic machines is the analysis of the blade
system (Fig. 2).

It is also important to understand the character of the
fluid flow in the outlet of a reversible hydraulic machine
in order to prevent the formation of a secondary flow
behind the blade system and the occurrence of so-called
bundles. Visualization of the flow in the draft tube is
shown in Fig. 3.

Conclusions. 1. The given mathematical description
of the working process can be used both to assess the
influence of the elements as a whole, and individual
elements of the water passage on the formation of the
energy characteristics of a reversible hydraulic machine.

2. Calculations can be refined using programs for the
numerical study of the spatial flow. The use of software
packages makes it possible to more effectively analyze the
character of the flow in the elements of the water passage
of a reversible hydraulic machine, thereby ensuring
correct research results.

3. The choice of a more efficient method depends on
the design stage of the water passage and on the set task.
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Fig. 1. Velocity distributions in the inlets:
a— OR0200; b — ORO500 (1 variant); c — ORO500 (2 variant)
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Fig. 2. Velocity distributions in the blade system:
a— OR0200; b — ORO500 (1 variant)
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Fig. 3. Velocity distributions in the draft tube:
a— OR0200; b — ORO500 (1 variant)
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