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IMPROVEMENT OF THE WORKING PROCESS OF HYDROTURBINES AND ITS REGULATION
SYSTEMS

The paper provides the detail analysis of the causes of various types of the vortex motion of the turbulent flow in the inlet parts of the turbine and in
the inter-blade channels of the runner. The causes of the appearance of large-scale vortex structures in the meridional sections of the spiral case of
radial-axial hydraulic turbines with the heads of 400-500 m are shown. As a result of this phenomenon, in the section of the spiral case the flow is
directed in the region of the walls to the runner. In the central part it is directed from the runner, i. e. the spiral case executing its functions of supplying
the flow functions only with part of its section — the near-wall zone — where the vortex near-wall flow with increased velocity and energy losses enters
to the channels of the runner. These conclusions in the work are argued by extensive experimental data. Energy losses in the spiral case reaches 3-5 %
and a complex vortex structure, which enters to the runner, leads to a decrease of the energy characteristics. The flow inlet to the runner using nozzle
devices located on the ring in front of the runner is considered in the paper. These nozzle devices increase the velocity by five or more times and
provide low losses in the inlet (about 0,5 %) and almost uniform flow in front of the runner with a moment of quantity of motion, which provides an
optimal operation of the hydraulic turbine. The improvement of the working flow and control systems is presented in this paper using new design
solutions, for which more than ten patents of Ukraine for the invention were obtained. In particular, as a result of this study of the working processes of
Francis-Deriaz hydraulic turbines, which allowed the use of blade turbines for the heads of more than 400-500 m up to 800-1000 m with high energy
and cavitation characteristics with wide operating areas in terms of rates (powers) and heads, with an increase of 2—7 % average operating efficiency.
The working process of a new type of diagonal-axial hydraulic turbine with a very wide operation range in terms of flow and pressure with a
significantly increased average operating efficiency, increased operation reliability, which is illustrated by the predictive universal characteristic, is
also considered. This characteristic allows the use of rotary-blade hydraulic turbines for heads up to 230-250 m. Therefore, the carried out
improvement of the working process of hydraulic turbines and their control systems convincingly proves the advantage of the new scientific and
technical solutions in comparison with previously used ones.
Keywords: high-head Francis turbine, runners, turbine inlet, energy losses, Francis-Deriaz turbine, regulation system.

P. I1. MUT'YIIIEHKO, O. B. IOTETEHKO, O.1. I'ACIOK, €. C. KPYIIA
BJIOCKOHAJIEHHSI POBOYOI'O ITPOLIECY I'IJIPOTYPBIH TA CUCTEM IX PET'YJIIOBAHHSA

B po6orti npoBeneHo aeTaabHUi aHali3 MPUYHH BUHUKHEHHS PI3HUX BHIIB 3aBUXPEHOCTI TypOyJISHTHOrO MOTOKY B MiJiBIJHUX OpraHax riApoTypOiHH i
B MDKJIONIATEBUX KaHanax podoydoro koseca. [Toka3aHo NpHYNHY BUHUKHEHHS BEJIMKOMACIITAOHHX BUXPOBUX CTPYKTYpP B MEPHAIOHAIBHHX MEPETHHAX
CHIpaJIbHAX KaMmep paaiaibHO-OChOBUX TiApoTypOiH Ha Hamopu 400-500 M. Bracnmimok mporo sBuina B mepepisi chipalbHOI KaMepH IOTiK
CIpSIMOBAaHHH B 00JacTi CTIHOK IO po0OOYOro Kojeca, a B LIEHTPaJbHIH YacTHHI BiJ poOo4oro kosieca, TOOTO cripajibHa Kamepa BHKOHYIOUH CBOI
¢yHKUIT miBeACHHS MOTOKY (GYHKLIOHYE JIMILIE YACTHHOIO NEPETHHY — MPUCTIHOYHOI 30HH, B SIKiil 3aBUXPEHHUI MPHUCTIHKOBHII MOTIK 31 301IBIICHOI0
LIBUKICTIO 1 BTpaTaM¥ €Heprii HaJXOMUTh B KaHau poOodoro kojieca. Lli BUCHOBKH B poOOTI apryMEeHTOBaHI YHMCEIbHUMHU EKCIIEPUMEHTAIbHUMHU
JaHuMU. BTpaTi eHeprii B cmipaibHiii kamepi JocsraioTs 3-5 % i ckiajHa BUXpOBa CTPYKTYpa, IO HAJIXOIMUTh B poOodYe KOJECO MPHBOAUTH [0
3HIDKEHHS CHEePreTHYHUX ITOKa3HUKIB. B po0OTI po3risiaeThest MiABIA MOTOKY 10 pobOYOro KoJjieca 3a JOMOMOIOI0 PO3TAlIOBAaHHX MO KIIBLIO Iepes
poOOYMM KOJIECOM COIUIOBUX amapariB, 110 30i7bLIYIOTh HIBUAKICTH B N'ATh i Olnblne pasiB i 3a0e3medyloTh HU3bKI BTPATH B MiJBIJHUX OpraHax
(6mmzbko 0,5 %) TpakTHYHO PIBHOMIPHHMI TOTIK Iepel poOOYMM KOJNECOM 3 MOMEHTOM KiJIbKOCTI pyXy, mo 3abesnedye ONTUMAaibHY poboTy
rigporypGiHu. Y 10CKOHaNeHHsT poGOYOro MpoLecy i CHCTEM PeryJIOBaHHS MPEICTaBICHO B Liil poOOTI 3 BUKOPHCTAHHSAM HOBHX KOHCTPYKTHBHHX
pimneHs, Ha SKi OTPHMaHi OLTBII JecATH IATEHTiB YKpalHW HA BHHAXi[. Y TOMy YHCIi B pe3ylbTaTi JOCIDKEHHS poOOYHX IPOLECiB pajiialbHO-
JiaroHaNbHUX TiapOTYypOiH, IO JO3BONMIM 3aCTOCOBYBAaTH JiomaTeBi TypOinu Ha Hamopu moHax 400-500 M ax no 800-1000 M 3 BHCOKMMH
CHEProKaBiTAUIfHUMU TOKa3HMKAaMH 3 LIMPOKUMH 30HAMM CKCIUTyaTauii mo BUTpaTaM (MOTYXKHOCTSAM) 1 Hamopy, 3i 30utbmieHuM Ha 2—7 %
cepennboekciutyaTaniiiaum KK/ Po3risHyTo Takok poOoumii mpolec HOBOTO THILYy AiarOHAJIbHO-OCHOBOI TiAPOTYpOiHM 3 JOCHUTH LIMPOKUM
Jiara3oHOM eKCILUTyaTallii o BUTpaTaM Ta HAIopy 3 iCTOTHO IiIBUIIEHUM cepeanboekciutyaTaiianm KK/, miaBunieHoo HaJiiHICTIO eKcIuTyaTanil,
IO 1TIOCTPYETHCS MPOTHO3HOK YHIBEPCAIBHOK XapaKTEPUCTUKOO, IO J03BOJISIE 3aCTOCYBATH MOBOPOTHO-JIONATEBI TiPOTYPOIHM HA HANOpU 10
230-250 m. TakuM YHHOM, IPOBEAEHE BIOCKOHAIICHHS POOOYOro MpoLecy TiApoTypOiH i CUCTEM IX PEryNIIOBaHHS MEPEKOHIIMBO JOBOAUTH IepeBary
HOBHX HayKOBO-TEXHIYHHX PIllICHb B MOPIBHSHHI 3 PaHillle 3aCTOCOBYBaHUMHU.

KarouoBi cioBa: BHCOKOHANipHAa paaiajbHO-OChOBA TiIpOTypOiHa, poboue Koieco, MiABIA TiApOTYpOiHHM, BTpAaTH eHeprii, pamiaibHO-
JliaroHaJibHa TiIpOTypOiHa, CUCTEMA PEeTyIIOBaHHS.

P. I1. MUT'YIIIEHKO, O. B. IOTETEHKO, A. H. T'ACIOK, E. C. KPYIIA

COBEPIIEHCTBOBAHHUE PABOYEI'O IPOHECCA 'NIPOTYPBUH U CUCTEM HUX
PEI'YJIMPOBAHHUA

B pabote mpoBezeH NOAPOOHBII aHANTN3 IPHINH BOSHHKHOBEHHS PA3IMYHBIX BUIOB 3aBUXPEHHOCTH TypOYICHTHOIO MOTOKA B MOABO/IIINX OpraHax
TUAPOTYpPOUHBI U B MEKIIONMACTHBIX KaHalax padodero koseca. IToka3aHbl NPUYMHBI BOSHHMKHOBEHHs KPYITHOMACIITaOHBIX BHXPEBBIX CTPYKTYp B
MEPHIMOHANIBHBIX CCYEHUAX CITHPANbHBIX KaMep pajJHallbHO-OCEBBIX I'MAPOTYpOMH Ha Hamopsl 400-500 M. BeienctBue 3Toro siBjieHHs B CEUCHHH
CINUPABHOM KaMephl [IOTOK HAIPABIICH B 00JIACTH CTEHOK K pabo4eMy KoJecy, a B IIEHTPAIbHOI 4acTi OT pabodyero Koieca, T. €. CIUpabHas KaMepa,
BBITIOJIHAS CBOM (DYHKIIHH MO/BOJIA TIOTOKA, QYHKIMOHUPYET JIMIIb YaCThIO CEYEHUsI — IIPUCTEHOUYHO! 30HBI, B KOTOPOii 3aBUXPEHHBIN PHCTEHOYHBIH
HOTOK C YBEJIMYEHHOW CKOPOCTBIO M IIOTEPSMH SHEPIHM IOCTYNaeT B KaHaibl pabodyero koseca. OTH BBIBOJBI B paboTe apryMEHTHPOBAHBI
OOIIMPHBIMU JKCIICPHMEHTAIbHBIMU JaHHBIMH. [loTepu SHeprum B CIHPaNbHOM KaMepe, JOCTHTaiomue 3-5% U CIOXHAs BHXpeBas CIPYKTypa,
HOCTYyIaKomIas B pabodee KOJIECO, MPUBOAUT K CHIDKEHHIO SHEPreTHYECKHX Iokasatelneil. B pabore paccmarpuBaeTcst MOJBOJ MOTOKa K pabodeMy
KOJIECY C MOMOIIBIO PACIIOJIOKEHHBIX 10 KOJIbILy Nepesi padoviM KOJIECOM COIUIOBBIX allaparoB, YBEIMYHBAIOIIMX CKOPOCTh B ISATH M Ooliee pa3 u
00€eCIIeuNBAaIONINX HU3KHE IOTePU B IMOJBOASIINX OopraHax (mopsiaka 0,5 %) mpakTHIeCKH paBHOMEPHBIH IOTOK Mepes paboduM KOJIECOM ¢ MOMEHTOM
KOJIMYECTBA JBMDKCHHUs, OOCCIICUMBAIONINM ONTHMAJBHYI0 paboTy TruapoTypOuHbL. COBEpIICHCTBOBaHHME pabovero mporecca W CHCTEM
peryIupoBaHMs NPEACTABICHO B HACTOAIIEH paboTe ¢ HMCIOJIb30BaHUEM HOBBIX KOHCTPYKTHBHBIX PELICHHMIl, Ha KOTOpBIE MOTy4YeHbI Ooyiee DeCTH
[aTCHTOB YKpaWHbI Ha H300peTcHHE. B TOM umcie B pe3ymbrate HCCICIOBAaHMS PabOYMX IMPOIECCOB paJuaibHO-IHArOHAIBHBIX THAPOTYPOUH,
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MO3BOJNMBIIMX NPUMEHSATH JIONACTHbIE TypOMHBI Ha Hamopbl cBbimie 400-500 M BmioTe 10 800-1000 M ¢ BBICOKMMH 3IHEPrOKABHTALIMOHHBIMU
[IOKa3aTeSIMU C IIMPOKUMH 30HAMH IKCIUTyaTal[uy MO pacxofaM (MOIIHOCTSIM) M HAIlopaM, C YBEIWYCHHBIM Ha 2—7 % CPEIHEIKCILTYaTallHOHHBIM
KIIJ. PaccMotpeH Takxe pabo4mii mporecc HOBOTO THIIAa JUAroHaIbHO-OCEBOI THAPOTYPOMHBI C BEChMa IIMPOKMM JHANA30HOM 3KCILTYaTalUH 110
pacxojiaM U HallopaM C CyIIECTBEHHO ITOBELICHHBIM cpefHesKcIutyaTainorHbiM KIT/I, MOBBIICHHOH HAIEKHOCTBIO SKCILTYaTAIMH, HILTFOCTPHPYEMOit
MIPOTHO3HOH YHUBEPCATBHOW XapaKTEPUCTHKOM, MO3BOJSIONICH TPUMEHUTH IIOBOPOTHO-JIOMACTHBIE THAPOTYPOUHBI Ha Haropsl 10 230-250 M. Takum
00pa3oM, IIpOBEJECHHOE COBEPIICHCTBOBAHUE pabodyero mpouecca THAPOTYPOMH M CHCTEM MX pEryJIMpOBaHMS YOCAWTENbHO JOKa3bIBacT
HPEUMYIIECTBO HOBBIX HAyYHO-TEXHHYECKUX PELICHUH MO CPABHEHHIO C paHee IPUMEHAEMbIMU.

KuoueBble c¢JI0Ba: BBICOKOHANIOPHAs pPaJualbHO-OCEBas THUAPOTYpOMHA, padoyee KoJieco, IMOJBOZA THAPOTYPOWHBI, IOTEPU SHEPIHH,

paguabHO-AUaroHajibHas mnpm‘ypﬁvma, CUCTEMA PEryJIMpoOBaHus.

Introduction. One of the main indicators of the
country's industrial development level is the amount of
energy consumed per capita. These days, the main sources
of electricity generation are organic fuels (gas, oil, coal),
nuclear fuel and hydropower sources. At the same time,
the need of organic fuels for the automotive transport,
chemical and electrical industries is constantly increasing,
while easily available deposits are running out of reserves.

New deposits have to be developed in difficult-to-
reach regions of the globe (remote areas, ocean and
offshore shelves), which leads to an increase in the
expense and cost of one kilowatt-hour of generated
electricity [1].

In the near future wind and solar power cannot
completely replace traditional types of energy generation
because of the low density of energy flows, for example:

- wind power less than 100 kW/m?;

- solar power less than 0,1 kW/m?.

For example, the following data are:

- during burning coal in large power plants equal
500 kW/m?;

- during using nuclear fuel equal 650 kW/m?,

In addition, the energy generation from solar panels
and windmills depends on the weather conditions and
daily time.

Powerful wind turbines emit infrasound vibrations
during operation, so they must be located at a sufficient
distance from human settlements.

Due to the depletion of available fossil fuels and the
increasing demand for motor vehicles and chemicals, most
experts are inclined to believe that in the future nuclear
fuel will be the most promising to generate electricity
from power plants. However, nuclear power plants are not
desirable to be located in earthquake-prone areas.

It should be noted that the cost of one kilowatt-hour
of produced electricity at a nuclear power plant is 1,5-3
times, and at a large hydropower plant is much cheaper
than at a power plant using organic fuel.

The percentage of electricity generation at
hydroelectric power plants in developed countries is
15-40 % of total generation.

However, large power units, that are equipped with
steam turbines, thermal and nuclear power plants can’t be
operated in the mode of covering the so-called peak loads
of daily control.

In world practice, hydroelectric units, which are
equipped with hydraulic turbines and pump-turbines, are
used for this purpose (see Fig. 1).

Generally, the reserves of potential water energy
concentrated in front of the hydroelectric station dam can
be seen as a kind of hydraulic battery that can rapidly
convert through a hydraulic turbine, combined with an
electric generator, hydropower in electrical energy.
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Fig. 1. The graph of the integrated power system daily load of
the South Ukraine (data of the 1990)

It is known that the time to start or stop a hydraulic
turbine is calculated in minutes. The start from the
"synchronous compensator" mode to full power is
calculated in units of seconds [2].

The so-called "group regulation of hydraulic
turbines™ is applied in the process of optimal units’ control
in an integrated power system, when the next stop or start
of the hydroelectric unit operating units are transferred to
the operation in close-to-optimal mode, i.e. with high
efficiency. Sometimes this situation leads to cases when
during the day the hydroelectric unit stops and starts at
full capacity several times. Generally, hydroelectric units
are practically not operated on a constant mode. The start
and stop of hydraulic units, that are equipped with Francis
or propeller (hard-bladed axial) hydraulic turbines, are
associated with increased insecurity of flow on start-stop
modes, which leads to increased vibration of the
contracture, i.e. to reduce reliability and durability of
operation. Turning-bladed hydraulic turbines have a
significant advantage in this regard.

The features of the operation of the hydraulic turbine
are considered, perspective trends of improvement are
analyzed. They are oriented to increase the reliability and
durability of the operation of hydraulic turbine equipment;
improve energy-cavitation parameters of hydraulic
turbines by improving the working flow, developing new
design solutions, and improving the control system [1-3].

1. The features of a vortex turbulent flow in the
inlet units and in the inter-bladed channel of the
runner of high-head hydraulic turbine (RO 400, RO
500). The main roles of the inlet units of the hydraulic
turbine (spiral case, channels between the stator columns
and the wicket gate vanes) are:

1. To provide the uniform the flow inlet to the runner
on the cylindrical surface in front of the runner with
minimal energy losses.

2. To create a moment of quantity of the flow motion
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in front of the runner that ensures the optimal operation of
the hydraulic turbine [4].

From the law of conservation a moment of quantity
of the motion, the difference of the moments of quantity
of the fluid flow motion passing into a unit of time
through the sections in front and behind the runner, taking
into account the losses, is equal to the torque. This torque
is transferred the flow to the runner and through the
turbine shaft on the electric generator. Furthermore, the
power transmitted through the shaft on the generator is
equal to

N = Mtorque shaft @,
where Migrque shait — torque on the shaft of the hydraulic
unit;  — the frequency of rotation of the rotor.

As we know, from this law follows Euler equation
for a hydraulic turbine:

n,gH =(

" ro, ), —(rv,),.

It is known that (rv,), in the optimal mode of

operation of the hydraulic turbine, which defines the so-
called circulating energy losses, is close to zero. This
makes an possibility for every specific turbine in the

optimal operation mode to determine the value (rv,),,

that reduced to the unit mass flow of the moments of
quantity of the fluid flow motion in front of the runner,
which should be provided by the inlet units of the
hydraulic turbine [5-8].

The value (rv,) at the inlet of the runner for
insuring the optimal operation of the hydraulic turbine
(with (r'uu )2 =0) can be get for the turbine with the

diameter of the runner D; =1 m and the head H; =1 m,
taking into account the eccentricity of the inlet section of

the spiral case (the value (wu )Spir. at the inlet of the spiral

case), using the Euler equation for the hydraulic turbine
and universal characteristics. While the nomenclature of
large hydraulic turbines ("Hydraulic turbines for
hydropower plants" 1984 OST 108.023.15-82) and
analysis of the universal and "sizes" characteristics of the
water passage are taken account.

Calculations  show that  (rv,) . /(rv,), =115

(RO 45); 1,0 (RO 75); 0,59 (RO 230); 0,57 (RO 310);
0,55 (RO 400); 0,54 (RO 500).

The analysis showed that it is reasonable to design
spiral chambers by law v, r = const for hydraulic turbines

RO 45 and RO 75, while for hydraulic turbines with
higher head the application of this law leads to the
increase of energy losses in the inlet units of the hydraulic
turbines.

It is impossible to obtain (v,r) . /(rv,) =1 for

high-head hydraulic turbines, and especially for heads
over 400-500 m. Because reducing the area of the input
section of the spiral case almost in half or increasing the
eccentricity of its location leads to either significant losses
on friction in the spirals, or to significant increases in the

size of the hydroelectric unit in the plan. An attempt of
using the channels between the stator columns (increasing
their number) and the wicket gate inter-shoulder channels
does not ensure the efficiency of the process of increasing
a moment of quantity of the flow motion.

In addition, the higher the head of the hydraulic
turbine, the movement of the fluid occurs in all channels
including the spiral case and other flowing units with
significantly increased velocity and when turning the flow
with significantly increased centrifugal forces inertia. It is
similar to the movement of liquid in the zone of sharp turn
of the round pipeline in the form of a large-scale vortex
structure (the so-called "vortex pair").

Comprehensive experimental research, conducted at
the hydraulic turbine model stand of the Department of
Hydraulic Machines named after G. F. Proskura of NTU
"KhPI" (Fig. 2, 3), showed the existence of the "vortex
pair" in the meridional section of the spiral case of the
model hydraulic turbine RO 500-1-2b (Fig. 4) [9-11].

The structure of the flow in the meridional section of
the spiral case shows that the section seems to be
artificially broken into two zones: the near-wall zone in
which the flow moves to the runner, and the central
section zone in which the flow moves from the runner.

That is, a situation of reducing the section of the
spiral case artificially creates due to the reverse influence
of the runner, in which the flow leaves the blade system

with close to zero circulation (rv,), ~0 and centrifugal

forces of flow inertia in the spiral case. So the appearance
in the specific zone of the spiral case of the formation of
an increased value (v,r) of the flow moving to the
runner. At the same time, energy losses on friction are

significantly increased due to a significant increase in
velocities in the near-wall zone of the spiral case.

RN

Fig. 2. The installation scheme of probes in measured
sections of a model turbine

A fairly clear picture of the influence of small-scale
near-wall moving to the runner and large-scale (“vortex
pair'") vortex structures which moves to the input section
of the runner on the structure of the flow in front of the
runner is presented on Fig. 5.

Analysis of the nature of the incident flow shows
that even in optimal mode the blades profiles are flowed at
different angles of attack and at different velocities,
depending on their location in the height of the wicket
gate's vanes (Fig. 6).
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Fig. 3. The installation scheme of probes in measured sections of
a model turbine

This leads to the fact that the circulation of velocity
around the blade will also change accordingly, and from
the outlet edges will slop not only the vortexes of the type
"Carman's track" but also the inductive vortex formations
with the character of the spiral vortex flow, caused by the
change in circulation around the blades. Naturally, the
presence of a gradient vorticity of the flow in the inter-
blade channels of the runner, caused by a significant
change in velocity in the direction from the pressure side
to the side of discharge [10].

Due to the significantly higher values of absolute
velocities on the vacuum side (discharging side) of the
blade outside the border wall layer, compared to the
working side, the intensity of the vortexes on this side in
the near-wall zone exceeds intensity of vortexes on the
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The Mlow structisre in the spiral case of the model ROSNI-2b 1., = 400, 50, 0.08
M e, P88 (the head h = 10.2 m)
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Fig. 4. The flow structure in the spiral case

pressure side of the blade.

As a result, on almost all modes of operation of the
hydraulic turbine on the surface of the runner hub vortex
lines "sloping” (bending) will descend to the surface of the
cone fairing and further into the fluid flow, which goes
into the draft tube, forming screw-shaped vortex
(circulating) movement (Fig. 7).

If the circulation flows (vur)2 caused by the

moment of quantity of fluid movement in the runner
outlet, in the near-wall zone of the first cross section of
the blade (near the hub) on the hydroturbine operation
modes, which are different from the optimal, will be
congruent in the direction of the rotations with inductive
vortexes, which caused by the "slant" of vortex lines on
the hub surface.

This will lead to the formation of powerful vortex
"harnesses"”, which have a screw shape and rotate with a
certain frequency around the axis rotation of the rotor of
the hydraulic unit, in the draft tube. This is the main cause
of low-frequency pressure pulsations of large amplitude,
leading to vibrations of the walls, which limit the flow,
and elements of the rotor of the hydraulic unit. All of this
ultimately reduces the reliability and durability of the
operation [12-14].
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The flow characteristic in front of the runner RO5001-2b
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Fig. 5. The flow characteristics in front of runner
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The universal characteristic of the turbine model with the runner RO5001-2b
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Fig. 6. The nature of the distribution of kinetic, potential and total energy in front of the runner as a percentage of the energy in the
input section of the spiral case

On modes, which are different from optimal, in
Francis hydraulic turbines by the law, which is close to the
square parabola, depending on the rate change compared
to optimal, increase circulating energy losses due to the
part of the moment of quantity of movement that was not
transferred to the runner. These losses in uncalculated
mode prevail over the other losses. In Kaplan hydraulic
turbines, circulation losses on uncalculated (non-optimal)
modes are significantly lower. This provides a wider range
of reliable operation of these hydraulic turbines at rates
(powver).

Vacuum side of the blade

Front of the blade

Fig. 7. Large-scale spiral-shaped vortex harnesses in a draft tube
of a hydraulic turbine, which running off from the fairing of the
runner

2. The main ways of improving the hydraulic
turbines operation and their control systems. The main
causes of large-scale vortex structures in the water
passages of Francis hydraulic turbines, causing additional
energy losses along with friction losses, volumetric and
mechanical losses and reducing energy cavitation
characteristics and characteristics of reliability, efficiency
and durability of operation of hydro turbine equipment,
were considered in the previous paragraph. This paragraph
devoted to the main ways for reducing the unsteady and

swirling of the flow in the inlet units of the hydraulic
turbine and in the inter-bladed channels of the runner to
reduce the circulation of energy losses. And not only an
improving of the water passage, but the issues of
improving hydraulic turbine control systems are being
considered in it.

(a) Distribution optimization of the maximum
thickness of the blade from the peripheral to the central
and hub profile.

To consider the description of the author's certificate
for the invention of SU No. 1188359 "The Francis
hydraulic turbine runner" received on July1, 1985.
Applicant: Production Association of Atomic Turbine
Engineering "Kharkov Turbine Plant" [15].

The following is proposed as a constructive solution.
The blades have the lowest maximum thickness of the
average section (Fig. 8), the highest at the rims and in the
current sections the thickness of h;, determined from the

equation:
h = hl{m(l—k)[LL;z—lj 1 ,

where h; — the highest maximum thickness of blades; k —
the coefficient, which is equal to 0,55-0,7; y; — the height
of the current section of blades; L — the height of the
blades in the maximum thickness zone.

Fig. 8. The runner blade of the Francis turbine
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There is a decrease in hydrodynamic losses and thus
an increase in the efficiency of the hydraulic turbine
during the operation of the runner of the Francis hydraulic
turbine by thinning the blades in their middle sections,
characterized by small bending moments. The thinning of
the blades in the middle sections leads to a decrease in the
metal-intensiveness of the runner. The greatest maximum
thickness of the blades at the upper and lower rims avoid
cracking in these areas, characterized by the greatest
bending moments.

All hydraulic turbines, which produced by Leningrad
Metal and Kharkiv turbine plants, are operated at
hydroelectric power plants in Russia, Ukraine, and other
countries. These hydrounits were manufactured in
accordance with the Industrial Standard, an item of large
hydraulic turbines with an invariable, constant maximum
thickness at the hub, in the central part and at the rim of
the runner of the radial-axis type.

Strength and cavitation limitations and restrictions
are an obstacle to the use of the nomenclature runner, for
example, RO 500/3508-V-80 No0.2269 HTP or
RO 500/3502-B-80 No. 2515 HTP at the head of 600 m.

Applying of the abovementioned investigation with
rational redistribution of maximum thickness (some
reduction of it in the central part and increase near the hub
and rim) can solve the problem of strength with using a
hydraulic turbine, which should be designed for 500 m
head, on the higher heads up to 600 m. Cavitation
problems are solved by additional depth of the
hydroelectric unit, i. e. increased support from the lower
beef. This situation in the case of derivative high-head
hydroelectric power plants with the underground type of
the building of the hydroelectric power plants, made in
rock excavation, practically does not significantly increase
the cost of construction work, due to the additional depth
of the hydroelectric unit [15].

Thus, to some extent, the problem to promote the
using of Francis hydraulic turbines to higher heads can be
solved.

(b) Using of nozzles as the supplying units that
create the necessary moment of quantity of the flow
motion in front of the runner with minimal energy loss.
They are located on the ring in front of the runner and
increase the velocity by five or more times.

Nozzle channels, which are evenly arranged in a
circle and leading the flow to the runner, are represented
in Fig. 9, 10, 11. The blades of the nozzle channels act as
stator columns with rotary outlet edges instead of the
wicket gate's vanes. At the same time, the spiral case is
produced with spacious cross-sections, the velocity in
which is reduced by 1,5-3 times. This provides a
reduction in energy losses of friction in the spiral case and
as a result the absence of the so-called "vortex pair".

An example of the using of nozzles with low energy
losses of the flow that flowing into them are the nozzles of
Pelton hydroturbines, nozzle blades units of steam and gas
turbines. The flow, generated by the nozzles, is equal-
velocity flow on the cylindrical surface in front of the
runner with little or no "step" unevenness in the circular
direction, with a high degree of accuracy. This creates
favorable conditions for formation of laminar border layer

not only on the walls of nozzles, but also on most of the
blades of the runner on the modes of operation close to
optimal and correspondingly significant reduction in
energy losses in the spiral inlet, and on the walls with
laminar border layer [16-20].

Fig. 9. The input units’ construction of the high-head hydraulic
turbine using nozzle devices

(c) The using of two-row (two-stage) and multi-row
blade systems that provide a smoother system for the
power (expense) regulation of a hydraulic turbine with a
significant reduction in losses and expansion of the zone
of efficient operation of hydraulic turbines [16].

The cross section of the high-head radial-diagonal
hydraulic turbine is on the Fig. 10.

The high-pressure hydro turbine includes: a spiral
case 1 with spacious meridional sections; nozzles with
rotary severance edges 2, which forming the required
moment of quantity of the flow motion in front of the
runner and regulating the rate through the turbine; ring
shutter 3, which also performs functions of an additional
regulatory unit; a runner consisting of a hub 4, lower rim
5; the rigidly fixed blades of the radial-axis type 6 and the
diagonal-type rotary blades between them; turn
mechanism 8 and the draft tube. An additional wicket gate
9 with nozzle channels between the blades, creating an
additional moment of quantity of the flow motion, which
allows the most efficient operation of the hydro turbine on
ultra-high 600-1000 m heads and most effectively use the
same design in pump-turbines for hydro-accumulating
power plants (HAPP) is in Fig. 11 [16].

Combinatorial dependence system, consisting of four
regulatory elements: rotating outlet nozzle edges; moving
upper surface of nozzles; rotary vanes of the intermediate
wicket gate and unwrapped in the process of regulating
the blades of a diagonal-type runner. A four-cell system of
combinatorial dependence (Fig. 11) or three-cell system
(Fig. 10) allows to expand the range of reliable operation
of a hydraulic turbine with high energy cavitation
indicators on consumption (capacity) and heads in 1,5-2
times. Moreover, it increases the unit capacity at the same
size of the working runner, as well as increase the average
operating efficiency by 2-5 %, more effectively use in
working at peak daily regulation.
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3 \ v
Fig. 10. The high-head radial-diagonal hydraulic turbine

Fig. 11. The high-head radial-diagonal hydraulic turbine

The above benefits are illustrated in Fig. 12-14.

In constructing the universal characteristics of
ROD 600 and ROD 700, the combinatorial dependence of
the hydraulic turbine control system is taken into account
in each mode of operation, providing the optimal ratio
between H®? and H® given that HR® + H®) = HRP) = 1 m
and the optimal value n/"°°
energy loss, defined as:

hROD) = ((ROD) LROD) = {(RO) 4 ) = ((RO) YRO) 4 ((O) 4(P) =

) providing a minimum of

=(1- Tlh(ROD)) HROD) — (1- Tlh(RO)) HRO +1 - Tlh(D)) H(D),

where h®P) hRO - hO _ the head losses in the
corresponding units of the water passage; (&P, (&9, (©®) —
the losses coefficients: {=h/H; n"°, &9, 1® _ the
efficiency coefficients.

The rate through the radial-diagonal

turbine:

hydraulic
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Fig. 12. The predictive universal characteristic of the hydraulic
turbine ROD 600; D, = 0,73 m
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Fig. 13. The predictive universal characteristic of the hydraulic
turbine ROD 700; D,® = 0,74 m

Hm

S50

450
Bl ~ 4 3. -
300 350 00 450 5o 550 o a0

Fig. 14. The operational characteristic of the radial-diagonal
hydraulic turbine ROD 600-V-450; N = 600 MW, n = 300 min,
D;=45m

The coefficient of the hydraulic losses in the radial-
diagonal hydraulic turbine is determined as [19]:

ooy _ ™ 1 (RO RO, +O)y®)
C5 = ey = ey (67 HO? +LOH® )=
_C(RO) H(RO) +§ H(D) _(1_ (RO)) H(RO) N
- H(ROD) H(ROD) - h H(ROD)

)
(1)

The hydraulic efficiency of the radial-diagonal
hydraulic turbine is, accordingly, equal to [11]:

1
nﬁROD) _ (1 _ C(ROD) ) _ o) (n(hRO) H®RO) | nﬁD’ H (D)) )
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On the basis of the above formulas, the predictive
universal characteristics of ROD 600 and ROD 700 for the
diameter of the runner of the ROD D;=1m (for
D; =1 m) and head of H®®® are built, i. e. in the system

nD, Q
—= and =
JH < D?

A
D,FP =D,V =1m, HFP =1 m).

The constructive performance of a high-head
diagonal-axis rotary-bladed hydraulic turbine at heads of
100-250 m and the predictive universal characteristic of
this turbine at the head of 230 m are presented on the
Fig. 15, 16 (PLDO 230) [19].

As known, axial rotary-bladed hydraulic turbines are
used on hydropower plants at heads up to 80-100 m. They
have a number of significant advantages compared to
propeller (hard-bladed) and radial-axial hydraulic turbines
applying to heads up to 80-100 m [16].

At the heads over 80-100 m axial-type Kaplan
hydraulic turbines are not used, because at the head of
80 m Kaplan hydraulic turbine has the size of a hub,
which places the rotary mechanism of eight blades is
Ohp = 0,64D; (64 % of the diameter of the runner).
Transition to higher heads will cause of increase in the
hub ratio. For the heads over 170 m can be used Kaplan
hydraulic turbines of diagonal type, which as a
disadvantage a much greater negative value of Hy — the
depth of the unit in relation to the water level in the lower
beef. For riverbed dam hydropower plants, this is a
significant drawback leading to an increase in the volume
of construction work.

Francis and especially propeller hydraulic turbines in
comparison with Kaplan have a narrower range of power
regulation (rate changes) from the conditions of efficiency
and reliability of operation.

It should be noted that hydroelectric units most
reliably and efficiently (with high energy cavitation
characteristics) protect the electricity system from the so-
called "frequency collapse™” working mainly on peak loads

of coordinates and n| = (at

AN A

of daily regulation including the so-called "group
regulation” system, which sometimes requires multiple
launches and stops of the hydroelectric unit during the
day.

At start of the hydraulic unit and at its emergence
stop, which is connected with a disconnection from the
electrical network, and for avoiding the acceleration of the
non-rotation of the non-rotor unit, there are situations
when the inlet edges of Francis and especially propeller
hydraulic turbines flowing with large attack angles of up
to 90 degrees with a wide detachable zone on the vacuum
side of blade. This situation leads to undesirable large
pressure pulsations and vibration of the walls and rotor of
the hydraulic unit. In addition, Kaplan hydraulic turbines
have undeniable advantages, such as minimizing
circulating energy losses on operating modes different
from optimal, allowing for a significant expansion of the
unit operation zone by rate (power) and head with high
energy and cavitation characteristics.

The diagonal-axis-type rotary-bladed hydraulic
turbine, which presented in the Fig. 16 with the universal
characteristic, is virtually devoid of the aforementioned
flaws of hard-bladed hydraulic turbines and can be applied
to pressures up to 230-250m. The same positive
properties have previously considered hydraulic turbines
of radial-diagonal type with the possibility of their use at
heads from 100 m to 800-1000 m with high operational
(energy-cavitation and reliability) characteristics.

Conclusions: 1. Comprehensive study of the vortex
structure of the turbulent flow of viscous fluid in the inlet
units of high-head Francis hydraulic turbines RO 400 and
RO 500 and in the inter-bladed channels of runner. The
analysis of the causes of increased hydraulic energy losses
has allowed to solve the problem of improving the
working flow, improving operational energy cavitation
characteristics, expanding the zone of high-efficiency and
reliable work on rate (power) and heads, significantly
improve the average efficiency, reliability and durability
of the hydroelectric unit.

1

Fig. 15. The high-head Kaplan turbine
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Fig. 16. The universal characteristic of a rotary-blade diagonal-

axial hydraulic turbine PLDO 230

2. Scientific  and  technological —developments,

including new design solutions, improved working flow
and regulatory (management) systems have made it
possible to scientifically substantiate and propose for the
first time in world practice high-performance hydraulic
turbines on ultra-high heads up to 800-1000 m of radial-
diagonal type and on increased heads of diagonal-axis

type.

3. The using of radial-diagonal and diagonal-axis

type of two- to four-element system of combinatorial
dependence in the regulatory system for multi-stage
blades of hydraulic turbines can improve reliability and
efficiency of operation of the hydraulic turbines and
pump-turbines (for GAPP) in a wide range of heads and
powers.
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