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RESEARCH OF FLUID FLOW IN TWO-DIMENSIONAL AND THREE-DIMENSIONAL
FORMULATION IN THE FLOW PART OF A HIGH-PRESSURE FRANCIS TURBINE

The paper presents some results of a computational study of the spatial flow of a viscous fluid in a high-pressure Francis turbine Fr500 (in the optimal
mode). To improve the energy performance at the preliminary design stage of the turbine, numerical flow simulations should be carried out. The
difficulty of solving the problem posed is due both to the complex spatial geometry of the blade system of the runner and the varying degree of
influence of the working bodies on the formation of energy characteristics. This CFD approach reduces costs and time in comparison with the
experimental approach and makes it possible to improve and analyze turbine performance and its design before the model is manufactured. The
computational complex of programs provides an opportunity to see the picture of pressure distribution, the field of velocity vectors and the movement
of fluid particles for substantiation and analysis of results. Numerical modeling of the spatial flow in the flow part of the turbine was carried out to
determine changes in the energy characteristics, therefore, the k - € turbulence model was chosen, this model is the most successful model of first-level
turbulence of the circuit. The results of the computational study confirm that the hydraulic efficiency of a hydraulic turbine largely depends on the
losses in the guide vane and the runner, which means it is these elements that should be given the most attention, their design and coordination of the
flow in them. Analysis of the energy loss in the flow part of the Francis turbine was carried out using programs for calculating fluid flow in two-
dimensional and three-dimensional formulation. The obtained calculated data correspond to the previously known experimental recommendations for
high-pressure Francis turbine. The issues of increasing the energy performance of a projected high-pressure Francis turbine were considered.
Keywords: runner, spiral case, guide vanes, draft tube, stator, CFD, flow part, Francis turbine, energy losses.

K. A. MUPOHOB, 0. 0. OJIEKCEHKO

AOC/IZKEHHA IIOTOKY PIIWHU B I[BOB_I_/IMIPHIﬁ I TPI/IBI/IMIPI-IIﬁ IHOCTAHOBIII B
IMPOTOYHIN YACTHUHI BUCOKOHAIIIPHOI PAATAJIBHO-OCBOBOI I'I/TPOTYPBIHHU

B poboti mpexacTaBieHi AesKi pe3ylbTaTH PO3PAaXyHKOBOTO JOCHIIKEHHS IPOCTOPOBOI TypOyNeHTHOI Tedii B'S3Kkoi piAMHM B NPOTOYHIH YacTHHI
BHCOKOHAIIPHOI paiajbHO-0ChOBOI rifpoTypOinu POS500. J[yis MoOMiMIIeHHs €HepPreTHYHHMX IOKa3HWKIB Ha MOIEPEIHBOMY €Talli MPOCKTYBaHHS
riApOTypOIHN MPOBOAUTHCS YHCEIbHE MOJICIIOBAHHS MOTOKY. CKIIa[HICTh BUPIIICHHS IOCTABICHOIO 3aB/IaHHs 00YMOBIICHA SIK CKJIAHOI IIPOCTOPOBOT
TEOMETPIEI0 JIONATEeBOI CHCTEMH PoGOYOro Koeca, Tak i PisHUM CTYIICHEM BIUIMBY POOOYHMX OpraHiB Ha )OPMyBaHHS CHEPreTHYHHX XapaKTEPHCTHK.
Jannit minxin CFD 3HmKye BUTpaTH 1 4ac B NOPIBHAHHI 3 EKCIIEPHMEHTAJIBHUMH IIIAXOJOM 1 Ja€ MOXIIMBICT YJOCKOHAIMTH 1 aHai3yBaTH
MOKAa3HUKU TypOiHH 1 if KOHCTPYKIIO 1O MOMEHTY BUTOTOBJICHHS MOJIeNi. Po3paxyHKOBHI KOMIUIEKC IPOrpaM HaJae MOXKIHMBICTh MOOAYUTH KapTHHY
PO3IOJITY THCKY, IOJ€ BEKTOpiB IIBHAKOCTI 1 PyXy YacTHHOK PiMHH I OOIPYHTYBAaHHS Ta aHAli3y pe3ynbTaTiB. UmcelnbHe MOJETIOBAHHS
IIPOCTOPOBOTO MOTOKY B POTOYHIIl YacTHHI IiapoTypOiHu OyJI0 IPOBEASHO IS BU3HAYEHHS 3MiHU €HepreTHYHHX XapaKTepHCTUK, TOMy Oyia oOpaHa
K - & Mozenb TypOyJIEHTHOCTI, JaHa MOJENb € HAMOLIbLI BIAIOK MOJEIUI0 TypOYJIEHTHOCTI Meporo piBHs 3amukanHs. Hasexeni pesynbratu
PO3PaxyHKOBOTO JOCIIKEHHS MiATBEPKYIOTh, IO TiApaBIivyHUi KoedilieHT KOpUCcHOI Aii rigpaBniuHOI TypOiHH B 3HAUHIN Mipi 3aJIeXKUTh BijJ BTpaT
B HaIpsIMHOMY amapati i pobodomy KoJieci i O3HaYae came LMM EJISMEHTaM BapTO HPHIUIATH HaWOLIbII yBary, X KOHCTPYKILIi Ta y3TrOIKEHHIO
MOTOKY B HHX. AHaji3 BTparT eHepril B MPOTOYHIH YacTHHI PajiaibHO-OCHOBOI TiAPOTYpOiHH OyB NPOBEACHHIl 3 BHKOPUCTAHHSAM IMPOrpaM Ui
pO3paxyHKy Tedii piIMHE B J[BOBHMIpHil 1 TpUBHMIpHili mocraHoBIi. OTpHMaHi pO3paxyHKOBI JaHi BiJNOBiNAIOTH BIXOMHM paHimre
eKCIIEPUMEHTAJIFHIM PEKOMEH/AIIISIM 1T BUCOKOHAIIPHOT pa/iiallbHO-0ChOBOI TiApOTYpOiHH. Byiy po3rissHyTi MUTaHHS MiJBHIIEHHS €HEPreTHIHUX
MOKAa3HHUKIB CIPOEKTOBAHOI BUCOKOHAMIPHOI paliallbHO-0ChOBOI TiAPOTYPOiHH.

Kurouosi cioBa: poboue xoleco, cripanbHa KaMepa, HalIpSIMHUH amapar, BiIcMOKTyioda Tpy6a, cratop, CFD, npoTrouna gacTuHa, pagialbHO-
0ChOBa TiIPOTYypOiHa, EHEPreTUYHI BTPATH.

K. A. MUPOHOB, I0. I0. OJIEKCEHKO

NCCJIENJOBAHUE TEYEHUS KUIKOCTHU B JIBYMEPHOHU U TPEXl}"[EPHOI?i IHOCTAHOBKE B
MPOTOYHOUN YACTHU BBICOKOHAIIOPHOU PAJUAJIBHO-OCEBOU 'MIPOTYPBUHbI

B paGote mpencraBieHBl HEKOTOPHIE Pe3ybTAaThl PACUETHOTO HCCIELOBAHMS IPOCTPAHCTBEHHOW TYpOYJIEHTHOTO TEYEHHsl BS3KOW JKUIKOCTH B
MPOTOYHOU YacTH BHICOKOHAMOPHOH pajnanbHO-0ceBOi ruapoTypoussl POS500. [Iis yinyduieHus: SHEPreTHUeCcKuX mokasareseil Ha peJBapuTeIbHOM
JTale NPOSKTUPOBAHHS THAPOTYPOUHEI IPOBOAUTHCS YHCICHHOE MOAEIUPOBAHHS NOTOKA. TPyqHOCT peleHus NOCTaBICHHOH 3aJa4n 00yCIOBIeHa
KaK CIIO)KHOW HPOCTPAaHCTBEHHOH IeOMeTpHeil JIONAacTHOH CHCTEMBI pabodero Koieca, Tak M Pa3iInYHON CTEIEHBIO BIHMSHHS pabouynMxX OpraHoB Ha
(opMHpoBaHHe SHEpreTHuecKux xapakrepuctuk. Jlauuslii mogxon CFD cHmkaer 3aTpathbl U BpeMsi B CPABHEHUM C SKCIEPHUMEHTAIBHBIMH MOIX0I0M
U J]aeT BO3MOXKHOCTh YCOBEPIICHCTBOBATh ¥ aHAIM3UPOBAThH MOKA3aTeN! TYPOUHBI H €€ KOHCTPYKIHIO 10 MOMEHTA H3TOTOBIICHHS MOJeNU. PacueTHbIi
KOMIUIEKC NPOTPaMM IIPEIOCTABIISIET BO3MOXKHOCTh YBHIETH KapTUHY PAcIpeielIeHHs JaBICHHMs, I0JIe BEKTOPOB CKOPOCTH M IBIDKEHHS YaCTHI]
JKUJIKOCTH I 0OOCHOBAHHS M aHAIIM3a Pe3yJbTaTOB. UHCICHHOE MOJEIMPOBAHUE MPOCTPAHCTBEHHOTO IOTOKA B IPOTOYHOH YaCTH THAPOTYPOHHEI
OBLIO IPOBEICHO VIS OIPEACICHUS W3MECHEHMS SHEPreTHYECKUX XapaKTePUCTHK, HOITOMY Oblia BbIOpaHa K - € Mozesnb TypOyJIeHTHOCTH, JaHHAs
MOJIeNb SBIISIETCS Hanbolee yaaqHoil MOAEINbI0 TypOyJIEHTHOCTH IEPBOr0 YPOBHS 3aMbIKaHUs. [IpuBeIeHHBIE pe3y IbTaThl PaCUeTHOrO MCCIEeIOBAHUS
MOATBEPIKAAIOT, YTO THAPABINYCCKHN KOI(DGHUIMEHT MOJIE3HOro ACHCTBUS THAPABINYECKOIl TypOHMHBI B 3HAYMTEIHLHOW Mepe 3aBHCUT OT HOTEph B
HAIpaBJAIONIEM almapare H padodeM Kojlece M 3HAYHT MMEHHO JTUM DJIEMEHTaM CTOHUT YAENATh HAauOONbIINe BHUMAHUE, UX KOHCTPYKIUH U
COIVIACOBAaHHUIO NOTOKA B HHUX. AHAIN3 IIOTEPh YHEPTUM B IPOTOYHON YACTH paJHaIbHO-OCEBOI I'MAPOTYPOMHEI OBLI IPOBEJICH C HMCIIOIB30BAaHUEM
HPOrpaMM [l pacyeTa TeUCHHMs )KMAKOCTH B JBYMEPHOH M TPEXMEpHOH mocTaHoBKe. ITomydyeHHbIe pacueTHbIC JaHHBIE COOTBETCTBYIOT M3BECTHBIM
paHee SKCIIePHMEHTAIBHBIM PEKOMEHIAIUSAM JUIS BEICOKOHAIOPHON paJHalbHO-0CeBOH IHApoTypOUHEL Taxske ObLT pacCCMOTPEH BOIPOC MOBBIIICHHS
SHEPreTHYEeCKHUX M0Ka3aTeNlei IPOTOYHOH YacTH BEICOKOHAIIOPHOH paHallbHO-0CEBOH THIPOTYpOHHBL.

KuodeBble ciioBa: padouee Kojeco, CHpalbHas KaMepa, HanpaBIsAIOMil anmapaT, orcacsiBatomas tpyoa, cratop, CFD, nportounas wacts,
paauanbHO-0ceBasi THAPOTYPOUHA, SHEPTeTHIECKUE IIOTEPH.
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Introduction. The generally accepted approach to
improving the flow parts of hydro turbines is to form the
geometry of the hydro turbine by introducing changes in
the original version, obtained as a result of an approximate
solution of the inverse problem, or, in adopted as an
analogue. Comparison of design options is based on the
estimated assessment of their kinematic and energy
characteristics. Finding the best option makes it extremely
difficult to improve the flow path, since such an approach
requires going through a significant number of geometric
parameters and their combinations. The difficulty of
solving the problem posed is due both to the complex
spatial geometry of the runner blade system and the
varying degree of influence of the working bodies on the
formation of energy characteristics [1, 2].

The lack of methods for coordinating the elements of
the flow part in the process of its formation on the basis of
solving the direct problem greatly complicates the process
of improving the flow part and increases the amount of
research and design work.

When designing the flow part of the turbine using
the calculated and experimental research methods.
Recently, in order to reduce the amount of physical
experiment, great attention has been given to a numerical
experiment. This allows you to reduce the time and cost of
design work, which leads to the comprehensive
introduction of automated hydro turbine design systems
into engineering practice.

Strengthening the role of the numerical experiment
became possible in connection with the development of
more advanced mathematical models of flow,
hydrodynamic methods for designing the flow part and
flow calculation, as well as numerical methods and
algorithms.

Literature review. In order to ensure high energy-
cavitational parameters of the flow part of the hydro
turbine, it is necessary to conduct a comprehensive
hydrodynamic analysis of the flow part using modern
CFD application software packages. These packages allow
us to calculate the viscous turbulent flow in the cavity of a
hydro turbine of any complexity [3-7].

Along with the development of workflow modeling
methods that use the results of solving a three-dimensional
viscous flow problem, methods for calculating energy
characteristics based on simplified flow models are widely
used.

The use of simplified models makes it possible at the
initial design stages (during the design of the flow part) to
calculate the parameters of the optimal mode, determine
the kinematic parameters of the flow at the inlet and outlet
of the runner and determine the value of the energy loss in
this mode [1, 8].

These workflow models are used in solving
problems of selection and optimization of the main
parameters of hydro turbine [1, 2].

They do not require flow calculations and therefore
can be used in the initial design stages in the absence of
complete information about the geometry of the blade
systems.

Research methodology. The flow simulation in the
hydraulic machine can be carried out in various

approximations. One of the most common and effective
approaches is the stationary cyclic statement, in which it is
assumed that the currents in all interscapular channel of
the guide vane and in the inter-blade channels of the
runner are the same [3]. In this case, the calculation is
carried out only in one of the channels of the guide vane
and the runner, and on the side borders of the channels the
conditions for the periodicity of the flow are set. To
transfer flow parameters from rotating segments to fixed
and vice versa, their values are averaged in the
circumferential direction. Such an approach significantly
saves computational resources, but it does not make it
possible to take into account the circular irregularity of the
flow and the non-stationary effects associated with it.

In each element of the flow part of the hydraulic
turbine in the flow is dominated by physical processes
characteristic of this element. Accordingly, it is necessary
to choose suitable models for describing the currents in
them. On the one hand, the model should display the main
features of the flow, and on the other — be economical.
Thus, the main role in the runner of the hydro turbine is
played by the process of transferring the torque to the
runner by the fluid [3]. This process is quite accurately
described by the stationary model of an inviscid fluid.

Viscous properties of the fluid have a significant
influence on the energy loss in the draft tube. The
dominant role is played by viscosity in the mechanism of
formation of the precessing vortex bundle for the runner,
which has a significant impact on the work of the entire
hydro turbine. For an adequate description of the flow in
the draft tube, an effective model of turbulence is required
[3,9].

Results. The article presents the results of a
computational study of fluid flow in a spiral case and in
the area of stator grids and guide vane of the high-pressure
Francis turbine Fr500, performed using the CFX-
TASCflow program [10-12] and the model developed at
the hydraulic machines department [13, 14].

Numerical modeling of the spatial flow in the flow
part of the hydro turbine was carried out to determine the
change in energy characteristics, therefore the k - € model
of turbulence was chosen, this model is the most
successful model of first-level turbulence of the circuit
[8-10]. To describe the turbulent quantities, it uses a
system of two nonlinear diffusion equations - for the mass
density of turbulent energy k and the dissipation rate of
turbulent energy «.

This model was developed in the 70s. There are also
modifications.

When using this model, the system of equations of
fluid motion is supplemented by two differential equations
describing the transfer, respectively, of the kinetic energy
of turbulence k and dissipation rate € [2, 15-17].

Calculations show that near the solid walls there is a
very sharp change in the parameters k and &. For the
proper resolution of these changes, it is necessary to use a
very dense computational grid. Instead, an approach is
often used in which a small area is allocated to the wall, in
which the numerical solution of equations is not
performed, but instead the desired parameters are
calculated using algebraic formulas describing typical wall
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layers.

When designing a Francis turbine, before building a
geometric model, in order to reduce the search for
possible options for the geometry of the flow part
elements, it is necessary to reconcile them with each other
[6, 14].

A schematic of the model of high-pressure Francis
turbine is shown in Fig. 1.

= runner

Fig. 1. A schematic of the model of high-pressure Francis
turbine

As a result of the calculation, we determined the
distribution of velocities and pressures in various elements
of the hydro turbine, at various discoveries of guide vanes.
The figures show graphs for the optimal mode (mode with
maximum efficiency), which give an idea of the change in
pressures and velocities within the considered area of
flow.

Numerical simulation of the flow in the flow parts of
the hydro turbine Fr500 was carried out for the design
area, including the intervene channel formed by stator
columns, shoulder guide vanes, runner blades and draft
tube for a model with a diameter runner D1 = 500 mm.

The obtained results of the calculation of the spatial
flow are presented in the form of averaged values of the
total and static pressures of flow, averaged flow angles in
relative and absolute motion, and values of losses in
individual elements of the flow parts. For runner at a
mode point with minimal total losses close to optimal, a
static and total pressure field in the computational domain,
the distribution of the components of the meridional and
peripheral components of the full velocity before entering
and output the runner, as well as the trajectory of fluid
particles in draft tube.

The flow of fluid in the area of the stator columns,
blades of the guide vane and the runner is shown in Fig. 2,
and the distribution of total pressure is shown in Fig. 3.

The data obtained (see Fig.2) show that the
geometry of the runner blade system in the area of the
inlet edge is not consistent with the flow angle behind the
guide vane, which means the presence of impact losses at
the inlet edge of the runner, therefore in further work we
will consider issues related to the modification of the inlet
element of the runner blade.

The pressure continuously decreases along the
meridional direction from the entrance to the stator to the
outlet from the runner, as can be seen from Fig. 3. The

pressure becomes negative at the outlet from the runner
due to the influence of the draft tube.

In Fig. 4 shows the trajectories of the movement of
the fluid particles in the draft tube (when the fluid flow
from the runner falls out) at the optimum mode based on
the calculation of the spatial flow.
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Fig. 2. The field of the vectors of the velocity of the spatial flow
of fluid in the region of the stator columns, the blade guide vanes
and runner in the optimal mode
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Fig. 3. Isolines of total pressure in the blade systems

The location of the current lines in the draft tube
Fig. 4 shows that the speed decreases from the inlet to the
outlet of the draft tube, due to which the kinetic energy is
converted into pressure energy. There is a gradual drop in
pressure from inlet to outlet along the suction and pressure
side of the runner blades.

The pattern of fluid motion also shows the orderly
nature of the flow in the draft tube (secondary flows in the
draft tube are weak). This improves the recovery of static
pressure in the draft tube and does not lead to additional
losses. The reason for the favorable flow in the peripheral
region of the draft tube is a sufficient swirl of flow beyond
the runner.
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Fig. 4. The trajectories of the movement of fluid particles in the draft tube:
a —upper rim; b — middle; c — lower rim

The obtained calculated data correspond to the
previously known experimental recommendations on the
positive effect of a small swirl flow at the entrance to the
draft tube on the amount of losses in it [7, 18-20] and on
the optimal, from the point of view of minimizing
inductive losses, distribution pattern of the tangential
velocity component an increase in its values in the
peripheral region.

The results of the calculation of the energy loss (at
the optimal mode) in the flow parts of a high-pressure
Francis turbine Fr500 are shown in the table 1.

Conclusion. 1. To reduce the amount of physical
experiment, it is necessary to pay more attention to the

numerical experiment. This will reduce the time and cost
of design work.

2. Considered in detail the nature of the movement of
fluid in the flow part high-pressure hydro turbine.

3. The results of the calculation optimal mode of the
hydro turbine wusing two-dimensional and three-
dimensional flow models are given, the obtained data are
in good agreement with each other.

4.To improve the energy performance of high-
pressure Francis turbine, it is necessary to study in more
detail the effect of the geometry of the guide vane on the
formation of losses in the hydro turbine.

Table 1 — The results of the calculation of the energy loss in the flow parts of a high-pressure Francis turbine

) ) Energy losses, %
Turbine type Calculation program _ i >
Spiral case + Stator Guide vane Runner | Draft tube
Two-dimensional model 0,6 3,02 1,61 5,23
Fr500
3D model 0,77 2,5 1,66 ‘ 0,2 5,13
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