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CALCULATION OF THE SPATIAL FLOW IN THE FRANCIS HIGH-HEAD TURBINE USING THE
CFD SOFTWARE PACKAGE

At present, the development of software packages for calculating computational fluid dynamics problems has reached a high level of efficiency,
accuracy and flexibility, with their help it is possible to solve the most diverse and complex problems. All modern software packages for
computational fluid dynamics solve the problems of continuum mechanics using models based on the Navier-Stokes equations. These models are
based on three conservation equations: conservation of mass, conservation of momentum and conservation of energy. A numerical simulation of the
spatial flow of a high-head radial-axial hydraulic turbine Fr 310 was carried out for two variants of the flow path — with an runner with 15 blades
(modification 1) and with 17 blades (modification 2), using the OpenFOAM software package. The OpenFOAM software package is one of the most
used products designed to solve fluid dynamics problems and is distributed under a free GPL license (General Purpose License). The process of
solving the set hydrodynamic problems using the CFD (Computational fluid dynamics) software package includes the following stages: creating a
three-dimensional model of the object under consideration using a computer-aided design system; construction of a computational grid with the
required parameters; selection of a mathematical model that most accurately describes the working process in the flow parts of hydraulic machines;
selection of a suitable turbulence model; setting boundary conditions. A visualization of the results of a numerical study of two modifications of the
Fr 310-V-100 hydraulic turbine is presented. A method for calculating hydraulic losses in the flow path of a hydraulic turbine is presented. The
analysis of the results of numerical simulation was performed. This analysis showed that the modification of a hydraulic turbine with a runner with 15
blades is better in terms of efficiency than the modification with 17 blades. Comparison of the two modifications was carried out exceptionally by the
values of the hydraulic efficiency of the hydraulic turbine.
Keywords: hydraulic machines, runner, flow path, efficiency, mathematical model, spatial flow.

€. C. KPYIIA

PO3PAXYHOK IMPOCTOPOBOI TEUIi Y BACOKOHAMIPHIN PAJIIAJIBHO-OChOBII
Ir'IAPOTYPBIHI 3 BUKOPUCTAHHSM ITPOI'PAMHOI'O TAKETY CFD

B nmaHmii yac pO3BHTOK MaKeTiB NPUKIAJAHUX ITIPOrpaM I PO3PAXyHKY 3ajady OOYMCIIOBAIBHOI TipoacpoJvHaMIKM HOCAT BHCOKOTO PiBHS
e(peKTUBHOCTI, TOYHOCTI 1 THYYKOCTI, 3 IX JOIOMOIOI0 MO)KHAa BHPILIyBaTH caMi pi3HOMAaHITHI Ta ckiaaHi 3amaui. Bei cydacHi maketu mporpam
OOYHCITIOBAIBHOI TiApOacpoIHHAMIKY BUPINIYIOTh 3aBIAaHHS MEXaHIKH CYIIIBHOTO CEpeOBHINA, BUKOPHCTOBYIOUM MOJENi, HOOyZOBaHI HA OCHOBI
piBusHb Has'e-Ctokca. B 0cHOBY X Mojeneil BXOISITh TpU PIBHSHHS 30epeKeHHS: 30epeKEHHS Mac, 30epeKeHHsI IMITYIIbCY 1 30epe)KEeHHs eHeprii.
byno mpoBefeHO 4MCeNbHE MOACIIOBAHHS NPOCTOPOBOrO MOTOKY BHCOKOHAMIpPHOI pajianbHO-0choBOI TipoTypOinm PO310 s aBox BapiaHTIB
IIPOTOYHOI YaCTUHU — ¢ pOoOOUHM KosecoM, mo Mae 15 momateit (Moxudikamis 1) ta 3 17 nomarsamu (Mopudikamis 2), 3 BUKOPHCTaHHSAM IaKeTa
npuknagaux nporpam OpenFOAM. Ilporpamuuit komrmuieke OpenFOAM € ogHuM 3 HAHOLIBII BUKOPHCTOBYBAaHUX MPOAYKTIB, MPU3HAYCHHUX VIS
BUpILICHHS 3aBAaHb TiIPOAMHAMIKH, L0 PO3MOBCIOKYIOThCs 3a BinbHOMo ineHsieto GPL (General Purpose License). Ilponec BupimeHHs
[OCTABJICHUX TiAPOAMHAMIYHMX 3a4ad 3a Jomomororo mporpamHoro xomiuiekcy CFD (Computational Fluid Dynamics) Bxiarodae B cebe HacTymHi
eTarny: CTBOPEHHs TPUBMMIPHOI MOJENI PO3IVIAHYTOrO 00'€KTa 3a JOMOMOTOI0 CHCTEMH aBTOMAaTHYHOTO NMPOCKTYBaHHS; MOOYJO0Ba PO3paxyHKOBOI
CITKHM 3 HEOOXIZHMMH TapaMeTpamy; BUOIp MaTeMaTHYHOI MOJIEIN, sIKa HalTOUHIIIE omucye poOOUYHil MPoLEC B MPOTOYHUX YACTHHAX TiJPOMAIINH;
BUOIp BIANOBIAHOI MoOAeNi TypOyJIEHTHOCTI; 3aBIaHHS TPaHUYHUX YMOB. [IpuMBeNeHO Bi3yallizallilo pe3ylbTATiB YHUCEIBHOTO IOCIIDKECHHS IBOX
Moaudikauiii rigpotyp6inu PO 310-B-100. [IpencrapieHo METOAUKY pO3paxyHKy TiIpaBlIiyHUX BTpAT B MPOTOYHII YacTHHI rigpoTypOinn. Bukonano
aHaNi3 pe3yNbTaTiB YMCEIBHOrO MoJemoBaHHs. [laHuil aHami3 mokas3as, Mo MoauGiKalis rigpoTypOiHM 3 poOOYHM KollecoM, 1o Mae 15 momareid
kpamia o 3HaueHHto KKJI, vixx mogudikarist 3 17 nonatamu. [TopiBHsSHHS 1BOX MoauiKalliif MPOBOANIOCS BUKIIOYHO 110 3HAYCHHSM T1APaBIIYHOTO
KK/ rizpotyp0OiHu.

KurouoBi ciioBa: rigpaiivuHi MaminHU, pobove KOJIECO, MPOTOYHA YACTHHA, KOeDII[iEHT KOPHCHOI Ail, MaTeMaTH4Ha MOJENb, IPOCTOPOBA
Teis.

E.C. KPYIIA

PACYET ITPOCTPAHCTBEHHOT O TIOTOKA B BBICOKOHATIOPHOM PATUAJIBHO-OCEBOM
IT'nAPOTYPBHUHE C HCITIOJIb30BAHUEM ITPOT'PAMMHOI'O ITAKETA CFD

B Hacrosiiee Bpemsi pa3BUTHE MAKETOB MPOKIAAHBIX NMPOrpaMM IS pacyera 3ajad BBIYHUCIUTEIBHON T'HMAPOa’pPOJMHAMUKU JOCTUIIIO BBICOKOTO
ypOBHS 3(p(})EKTUBHOCTH, TOYHOCTH U THOKOCTH, C MX MOMOIIBIO MOJKHO PEIIaTh caMble Pa3HOOOpa3HbIC M CIIOXKHBIC 3anaud. Bce coBpeMeHHBbIC
MIAKeThI IPOTPAMM BBIUHMCIIUTEIBHON THAPOasPOIMHAMUKHI PELIAIOT 3314l MEXaHUKH CIUIOMIHON CPEIbl, HCIONb3Ys MOJICIH, IIOCTPOCHHBIC HA OCHOBE
ypasueruii HaBbe-Ctokca. B 0CHOBY 9THX MOzeneil BXOAAT TPH ypaBHCHHSI COXPAHCHHUS: COXPAHEHHUS MAcChl, COXPAHCHUsI UMITYJIbCa  COXPAHCHHS
SHEepruu. bpuIo NPOBENICHO YHUCICHHOE MOAECIMPOBAHHE IPOCTPAHCTBEHHOTO MOTOKA BHICOKOHATIOPHOI pananbHO-0ceBoi ruapotypouHsl PO 310 s
JIBYX BapHaHTOB MPOTOYHON YacCTH — € paboyuM KojecoM, uMmerommM 15 nomacreit (Momudwukamms 1) u ¢ 17 nomactamu (Mopudukanus 2), ¢
HCIOJIBb30BAHMEM ITaKeTa MpUKIaaHsix nporpamm OpenFOAM. TIporpammestii kommieke OpenFOAM sBIsieTcst OHHM U3 HanOOJIEe HCIOIb3YEeMBbIX
[IPOJLYKTOB, NPEAHAa3HAYCHHBIX [UIsl PELICHHs 3314 THAPOIMHAMKKH, M PacipocTpansercs o ceoboasoi jmuensun GPL (General Purpose License).
IIporecc pelieHHs NOCTABICHHBIX THAPOAMHAMUYECKHX 3afad ¢ momompio nporpammuoro kommiekca CFD (Computational fluid dynamics)
BKJIFOYaeT B ce0sl CICAYIOIINE ITAambl: CO3AaHHE TPEXMEPHOW MOJEIH PAacCMATPHUBAEMOr0 OOBEKTa C MOMOIIBI CHCTEMBI aBTOMATH3HPOBAHHOTO
HPOCKTUPOBAHUS; MOCTPOCHUE PACYETHON CETKM C HEOOXOJMMBIMU MapaMeTpaMu; BbIOOp MAaTEMAaTHUECKOW MOJENH, KOTOpas Hauboiee TOYHO
OMNMCHIBACT PabOYMii Mpolecc B MPOTOYHBIX YACTSAX THAPOMAILIMH; BBIOOP MOAXOAALICH MOAean TypOYJICHTHOCTH; 3aJaHHs I'PAaHUYHBIX YCIOBUH.
IIpuBeneHa Bu3yanu3anusi pe3yabTaTOB YHCICHHOIO MCCIENOBaHUS IBYX Moaupukanuii ruapotypounsl PO 310-B-100. IIpencraBiena Metoquka
pacueTa THAPABINYECKUX MOTEPh B MPOTOYHOH YaCTH I'MAPOTYPOUHBI. BHINOIHEH aHAIN3 Pe3y/IbTaTOB YHCICHHOTO MOJICIHPOBaHys. JlaHHbIH aHaIN3
MOKa3aj, 4YTo MOAM(HKALUSI THAPOTYPOUHBI ¢ paboduM KojiecoM, MMeromuM 15 nomacteit snyume mo 3nauenuro KIIJ[, yem momuduxamums ¢ 17
nonactsmu. CpaBHEHHE ABYX MOAN(UKALNI IPOBOJUIOCH HCKITIOUUTEIBHO MO 3HauYeHMsIM rupasiudeckoro KITJ1 ruaporypOuHbL.

KiroueBble ci10Ba: THIPaBIMYECKHE MAIIMHBI, pabodee KOJECO, NMPOTOYHAs 4acTh, KO3(M(HUIMEHT IOJE3HOro ACHCTBUS, MaTeMaTHYECKas
MO/ICIIb, TIPOCTPAHCTBEHHOE TCUCHHE.
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Introduction. With the development of methods of
mathematical modeling and the widespread introduction
into computer engineering practice, it became possible to
replace the physical experiment with a numerical one. The
use of numerical modeling greatly expands the
possibilities of analyzing the influence of geometric
parameters of the hydraulic machine on the kinematic and
energy characteristics. Numerical experiment allows to
estimate influence of separate geometrical parameters not
only on power characteristics of the hydro turbine as a
whole, but also on kinematic characteristics of its separate
elements, and also on categories of losses in these
elements. The latter allow us to identify ways to reduce
certain types of losses, which provides a basis for
improving the energy performance of the turbine as a
whole.

One of the advantages of numerical modeling is the
ability to study the properties of the object in a wide range
of variable parameters and with different combinations
[1-20].

Currently, the development of commercial packages
for computational hydro aerodynamics, such as ANSYS
CFX, ANSYS FLUENT, OpenFOAM, CD-adapco
STAR-CD and START-CCM + or FlowVision package,
has reached a high level of efficiency, accuracy and
flexibility; thus they can be used to solve a variety of
complex problems. Moreover, today it is difficult to
imagine the development of such industries as energy
engineering, automotive, aerospace or aerospace without
the use of these packages [1-20].

All modern CFD software packages solve problems
of continuous environment mechanics using models based
on Navier-Stokes equations. These models are based on
three conservation equations: mass conservation,
momentum conservation, and energy conservation.

The solution of the computational hydrodynamic
problem within the CFD package takes place in three
stages. At the first geometry is created, the computer grid
is constructed, boundary conditions (preprocessor) are set,
at the second stage the decision with the use of the solver
corresponding to a concrete solved problem, and, at last,
by means of special software tools - post-processors, the
obtained results are presented graphically and analyzed
[1-20].

In this work, the OpenFOAM software package was
used for numerical research of the flow in the flow path
(FP) of the Fr 310 turbine.

OpenFOAM software is currently widely used to
solve applied problems of fluid dynamics [10-13, 20].

Object of study. Terms of calculations. The flow
path of the hydro turbine Fr 310 (spiral casing, stay vanes,
guide vanes, runner, draft tube) was accepted as the object
of research.

The main geometric characteristics of the elements
of the flow path:

1) Spiral casing (SC) with round and elliptical
meridional sections; girth angle ¢ = 345°. The stay ring
consists of 19 stay vanes, including a spiral tooth.

2) The profile of the vane of the distributor is
symmetrical, height by = 0,12-D;, the diameter of the axis
of rotation of the vanes Dy = 1,2-D4, the number of vanes

Zp = 24.

3) The number of runner blades (RB) z;=15
(modification 1), z; = 17 (modification 2).

4) Parameters of the draft tube (DT):
h =3,95:D,, length L = 4D, bend type KU-3RO.

Creating a geometric model of the flow path of
the Fr 310. Calculation of water flow in the hydraulic unit
is a task of internal flow, so in OpenFOAM it is enough to
import the geometry of the FP. The internal volume of the
FP should be represented as a solid model (Fig. 1).

height

Fig. 1. Solid model of the flowing part of the hydro turbine
Fr 310-V-100

Mathematical model. One of the main stages of
solving the problem is the choice of calculation model.

At the first calculation stage, the medium is assumed
to be a single-phase uncompressed viscous, the flow is
turbulent. The simulated process is assumed to be
isothermal.

The criterion of turbulence is the Reynolds number.

A system of Reynolds-averaged continuity equations
(2) and Navier-Stokes (1) is used for mathematical
modeling of turbulent flow in the FP of the Fr 310 turbine.
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where i, j = 1-3 — summation of the same indices; Xy, Xy,
X3 — coordinate axes; uj, Up, Us — time-averaged values of
velocities; f; — expresses the action of mass forces. The
flow in rotating working elements is considered in the
relative coordinate system, and the term fi in the right part
of equation (1) expresses the action of centrifugal and

Coriolis forces: f, = —p(2&x i +®x(®xF)), where & —

angular speed of rotation; F — radius-vector (the modulus
of which is equal to the distance from a given point to the
axis of rotation).

To close the system of equations (1-2) in this work,
the k-¢ turbulence model was used.

The k-¢ model of turbulence, as well as its
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modifications, is widely used in modern software
products. When using this model, the system of equations
of fluid motion is supplemented by two differential
equations describing the transfer of the kinetic energy of
turbulence k and the dissipation rate ¢, respectively
[3,4,9].
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Tasks of boundary conditions. Numerical studies
were performed for the model with a diameter of runner
D;=1m at a head of H=1m for the optimal mode of
operation of the turbine (according to the universal
characteristic RO 310/1107-V-38.8). The opening of the
guide vanes for the optimal mode a,=51,55mm (for
D; =1 m). Rotate n; =63,5r/m.

The following parameters were set at the boundaries
of the calculation areas:

-at the entrance — mass regime consumption
Q, =400 I/s;

- on the wall — the condition of adhesion (speed is
Zero);

- at the outlet — static pressure P = 101325 Pa.

The task of the original calculation grid. One of
the most important stages in creating a calculation model
is to build a calculation grid. Construction of the
calculation grid is a process of dividing the calculation
area into many separate cells. Grid cells are polyhedral,
usually tetrahedral, hexahedrons, prisms or pyramids. The
edges of these cells form the lines of the calculation grid,
and the points located on the edges or in the center of the
cells — the nodes of the calculation grid. As a result of the
numerical solution of the equations of the mathematical
model, it is in the nodes of the computational grid that the
required flow parameters are determined [6-8, 11].

Sampling of the studied flow part was performed
using an unstructured grid with tetrahedral cells with local
thickening at the edges of the stay vanes, guide vanes, RB.

The total number of elements is 7,5 million: SC with
stay vanes — 3,1 million; one interscapular canal of the
guide vane — 500 thousand; one interscapular canal of the
runner — 2,7 million; DT — 1,2 million

For a qualitative description of the boundary layer,
prismatic cells were built on the walls of the regions
(Fig. 2).

Numerical research of the flow in the flow path of
the Fr 310 for two modifications of the runner.
According to the recommendations adopted in hydraulic

turbine construction, for heads above 300 m the number of
runner blades is taken as z = 13-19 [15].

Fig. 2. Calculated grid of the model

In this work, a numerical study of the spatial flow
was performed for two variants of the FP:

1) FP of the Fr 310 hydro turbine with runner with
15 blades (modification 1);

2) FP of the Fr 310 hydro turbine with runner with
17 blades (modification 2).

As a result of the numerical experiment, the
following data were obtained and analyzed for two
modifications of the runner:

- visualization of the flow (velocity and pressure
fields) in the characteristic cross sections of FP of the
hydro turbine Fr 310;

- plots of speed and pressure distribution along the
front and rear surfaces of the runner blade;

- hydraulic torque on the shaft of the hydraulic unit;

- hydraulic efficiency of the hydro turbine.

Modification 1. Fig. 3 shows the geometry of the
model of the FP of the hydraulic turbine Fr 310-V-100
with the runner having 15 blades (modification 1).

Fig. 3. The geometry of the flow path with z; = 15
(modification 1)

Figures 4-7 show a visualization of part of the
results of the calculation of the spatial flow in the package
OpenFOAM for modification 1.

Modification 2. Fig. 9 shows the geometry of the
model of the FP of the hydraulic turbine Fr 310-V-100
with the runner having 17 blades (modification 2).
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Fig. 10. Distribution of total pressure in the middle section on
height of the guide vanes (modification 2)

Fig. 6. Absolute velocity field in the gratings of the guide vanes
and the runner (modification 1)
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Fig. 12. Distribution of total pressure along the rear surface of
the runner blade (modification 2)
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Fig. 13. Total pressure field in the gratings of the guide vanes
and the runner (modification 2)
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Fig. 14. Total pressure field in the draft tube of the hydro turbine
(modification 2)

Calculation of hydraulic losses in the elements of
the flow path. The total losses in the supply (spiral
casing, stay ring, distributor), draft tube were calculated as
the difference of total energy at the inlet and outlet,
divided by the specific gravity.

h= PI _Pout ) (5)
pg

Total losses in the runner were calculated by the
formula:

Nef Mo

h =1-n,=1- =1- .
' $ pgQ H, pOQH,

The hydraulic efficiency of the Fr 310 turbine was
determined by the formula:

(6)

_ Nef _ Mo
pgQH  pgQH

The value of torque M on the shaft of the hydraulic
unit was obtained as a result of a numerical experiment.

Table 1 shows the value of losses in the elements of
the flow path of the turbine Fr 310 for two modifications
of the runner.

Table 2 presents a comparison of the values of
hydraulic efficiency obtained by a numerical experiment
with the efficiency of the universal characteristic.

MNh )

Table 1 — Hydraulic losses in the flow path

Elements of the flow Modification 1 | Modifications 2
path (15 blades) (17 blades)
Supply (SC + stay
vanes + guide vanes), 2,0 2,1
%
Runner, % 3,8 4,0
Draft tube, % 2,1 2.3

Table 2 — Hydraulic efficiency of the hydro turbine Fr 310

Modification 2
(17 blades)

Modification 1
(15 blades)

Efficiency of the hydro
turbine (according to the
universal characteristic
Fr 310/1107-V-38,8), %
Efficiency of the hydro
turbine (according to the
results of a numerical
experiment), %

92,4

92 91,6

Analysis of the obtained results of numerical
modeling. Analyzing the results of numerical calculation
of the flow in the FP of the turbine Fr310 we can
highlight the following points:

- the nature of the flow in all elements of the flow
path is virtually the same for both modification 1 and
modification 2, only the numerical values of the quantities
differ;

- the flow in the spiral case is uniform (Fig. 4, 10);

- the flow around the stay vanes and the guide vanes
takes  place  without  significant  flow  gaps
(Fig. 4, 6, 10, 13);

- in the runner in the area of the inlet edge there is a
peak of speeds (Fig. 6, 13);

- the minimum values of pressure are observed on
the back side of the blade along the output edge
(Fig. 11, 12);

- fluid flow in DT is characterized by uneven
velocity values (Fig. 7). In the vertical diffuser behind the
fairing there is a vortex harness (Fig. 7). In the bend and
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in the output diffuser there are so-called stagnant zones,
where the flow rate is close to zero (Fig. 7).

If we compare the two modifications, we can
conclude that with the same mode, the same elements of
the flowing part, the modification with an runner having
15 blades is slightly better in terms of efficiency. For a
more accurate comparison, it is necessary to take into
account the issues of cavitation and strength, but in this
work there was no such task.

Therefore, based on the results of numerical study of
the flow in the flow path of the Fr 310 it was found that
with increasing number of blades, the hydraulic efficiency
of the turbine decreases.

Conclusions. A numerical experiment was
performed using the OpenFOAM software package for
two modifications of the hydro turbine Fr 310.

After calculating two modifications of the flow path,
it was concluded that the best option is modification 1
with the runner having 15 blades.

The comparison was performed exclusively on the
efficiency of the turbine. Issues of cavitation and strength
were not considered in this work.

Thus, the OpenFOAM software can be used for
numerical simulation of the flow in the flow path of the
hydro turbine, further analysis of the results and
optimization of the elements of the flow path to improve
the energy performance of the hydro turbine.

References

1. Drankovskiy V. E., Rezvaya K. S., KrupaE. S. Calculating three-
dimensional fluid flow in the spiral casing of the reversible
hydraulic machine in turbine mode. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv: NTU "KhPI". 2016. No. 20 (1192).
P. 53-57.

2. KhareR., PrasadV., KumarS. CFD approach for flow
characteristics of hydraulic Francis turbine. International Journal of
Engineering  Science and Technology. 2010. Vol. 2 (8).
P. 3824-3831.

3. Brijkishore, Khare R., Prasad V. Performance Evaluation of Kaplan
Turbine with Different Runner Solidity Using CFD. Advances in
Intelligent Systems and Computing. Singapore: Springer, 2020.
P. 757-767. doi: 10.1007/978-981-13-8196-6_67

4. Wahidullah H. S., Prasad V. Design and permance analysis of
Francis turbine for hydro power station on Kunar river using CFD.
International Journal of Advanced Research. 2017. No.5 (5).
P. 1004-1012.

5. Pankaj G., Rajeshwer S. Numerical Study of Cavitation in Francis
Turbine of a Small Hydro Power Plant. Journal of Applied Fluid
Mechanics.  2016. No.9(1). P.357-365. doi: 10.18869/
acadpub.jafm.68.224.24080

6. Rezvaya K., Krupa E., Drankovskiy V., Potetenko O., Tynyanova .
The numerical reseach of the flow in the inlet of the high-head
hydraulic turbine. Bulletin of the National Technical University
"KhPI". Series: New solution in modern technologies. Kharkiv:
NTU "KhPI". 2017. No. 7 (1229). P. 97-102. doi: 10.20998/2413-
4295.2017.07.13

7. Dehkhargani A. S., Cervantes M. J., AidanpadJ. O. Numerical
analysis of fluid-added parameters for the torsional vibration of a
Kaplan turbine model runner. Advances in Mechanical Engineering.
2017. Vol. 9, issue 10. P. 1-10. doi: 10.1177/1687814017732893

8. Brekke H. Design, Performance and Maintenance of Francis
Turbines. Global Journal of Researches in Engineering Mechanical
and Mechanics Engineering. 2013. Vol. 13 (5). P. 28-40.

9. Rusanov A., Rusanov R., Lampart P., Designing and updating the
flow part of axial and radial-axial turbines through mathematical
modeling. Open Engineering. 2015. Vol. 5. P. 399-410.

10. OpenFOAM. The open source CFD toolbox.
http://www.openfoam.com (mara 3sepuensst: 04.03.2020).

URL:

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

Zhang H., Zhang L. Numerical simulation of cavitating turbulent
flow in a high head Francis turbine at part load operation with
OpenFOAM. Procedia Engineering. 2012. Vol. 31. P. 156-165.
doi: 10.1016/j.proeng.2012.01.1006

Kpyna €. C. UYucenbHe MOJEMIOBAHHSA IIPOCTOPOBOTO IIOTOKY B
i B0/ OCBOBOI IIOBOPOTHO-JIONATeBOI rigporypbinu. Bulletin of the
National Technical University "KhPI". Series: Hydraulic machines
and hydraulic units. Kharkiv: NTU "KhPI". 2017. No. 42 (1264).
p. 77-83.

Krasnopolsky B., Medvedev A. Acceleration of large scale
OpenFOAM simulations on distributed systems with multicore cpus
and gpus. Parallel Computing: On the Road to Exascale. Series:
Advances in Parallel Computing. Amsterdam: 10S Press. 2016.
Vol. 27. P. 93-102. doi: 10.3233/978-1-61499-621-7-93

Kouesckuii A. H.,, Hens B.I'.  CoBpemeHHbIi  moaxox K
MOJCIIMPOBAHUIO U PpacyETy TCUCHUU JKHUJKOCTH B JIOIMACTHBIX
ruapoMammHax. Bicuuk Cymcvkozo Oepoicagnozo yHigepcumenty:

Cep.: Texniuni Hayku. Cymm: CymJVY. 2003. Ne13(59).
C. 195-210.
MuponoB K. A., Omnekcenxo 0. }0. Ilpumenenne CFD npu

NPOCKTUPOBAHUHU SJIEMCHTOB HpOTO‘{HOﬁ qacTu FHI[pOTyp6HH.
Bulletin of the National Technical University "KhPI". Series:
Hydraulic machines and hydraulic units. Kharkiv: NTU "KhPI".
2016. No. 20 (1192). P. 116-121.

Nilsson H., Cervantes M. Effect of inlet boundary conditions, on the
computed flow in the Turbine-99 draft tube, using OpenFOAM and
CFX. 26th IAHR Symposium on Hydraulic Machinery and Systems.
I0P Conference. Series: Earth and Environmental Science. Vol. 15.
Bristol: 0P, 2012. P. 1-9. doi: 10.1088/1755-1315/15/3/032002
Duan X. H., KongF.Y., LiuY.Y. ZhaoR.J., HuQ.L. The
numerical simulation based on CFD of hydraulic turbine pump. IOP
Conference Series: Materials Science and Engineering. Vol. 129.
2016.

Elin A., Lugova C., Kolesnik E. Testing of the CFX-5 package on
the examples of flow of liquid and gas in the running parts of
VNIIAEN specialization pumps: flow modeling in the flow part of
the intermediate stage of the multistage centrifugal pump. Scientific
and practical journal "Pumps and equipment”. 2007. Vol. 6 (47).
P. 42-46.

Starodubtsev Y. V., Gogolev I. G., Solodov V. G. Numerical 3D
model of viscous turbulent flow in one stage gas turbine and its
experimental validation. Journal of Thermal Science. 2005. Vol. 14.
P. 136-141.

Bychkov I. M. Verification of the OpenFOAM application package
on aerodynamic profile flow problems. XIX school-seminar
"Aerodynamics of Aircraft". 2008.

References (transliterated)

Drankovskiy V. E., Rezvaya K. S., KrupaE.S. Calculating three-
dimensional fluid flow in the spiral casing of the reversible
hydraulic machine in turbine mode. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv, NTU "KhPI" Publ., 2016, no. 20 (1192),
pp. 53-57.

Khare R., Prasad V., KumarS. CFD approach for flow
characteristics of hydraulic Francis turbine. International Journal of
Engineering Science and Technology. 2010, vol. 2 (8), pp. 3824—
3831.

Brijkishore, Khare R., Prasad V. Performance Evaluation of Kaplan
Turbine with Different Runner Solidity Using CFD. Advances in
Intelligent Systems and Computing. Singapore, Springer Publ., 2020,
pp. 757-767. doi: 10.1007/978-981-13-8196-6_67

Wahidullah H. S., Prasad V. Design and permance analysis of
Francis turbine for hydro power station on Kunar river using CFD.
International Journal of Advanced Research. 2017, No.5 (5),
pp. 1004-1012.

Pankaj G., Rajeshwer S. Numerical Study of Cavitation in Francis
Turbine of a Small Hydro Power Plant. Journal of Applied Fluid
Mechanics. 2016, no.9(1), pp.357-365. doi: 10.18869/
acadpub.jafm.68.224.24080

Rezvaya K., Krupa E., Drankovskiy V., Potetenko O., Tynyanova I.
The numerical research of the flow in the inlet of the high-head
hydraulic turbine. Bulletin of NTU "KhPI". Series: New solutions in
modern technologies. Kharkiv, NTU "KhPI" Publ.,, 2017,
no. 7 (1229), pp. 97-102. doi:10.20998/2413-4295.2017.07.13

92

Bulletin of the National Technical University "KhP1".

Series: Hydraulic machines and hydraulic units, no. 22021


https://doi.org/10.1016/j.proeng.2012.01.1006

ISSN 2411-3441 (print), ISSN 2523-4471 (online)

7.

10.

11

12.

13.

14.

MaluHnu

Dehkhargani A. S., Cervantes M. J., AidanpéddJ. O. Numerical
analysis of fluid-added parameters for the torsional vibration of a
Kaplan turbine model runner. Advances in Mechanical Engineering.
2017, vol. 9, issue 10, pp. 1-10. doi: 10.1177/1687814017732893
Brekke H. Design, Performance and Maintenance of Francis
Turbines. Global Journal of Researches in Engineering Mechanical
and Mechanics Engineering. 2013, vol. 13 (5), pp. 28-40.

Rusanov A., Rusanov R., Lampart P., Designing and updating the
flow part of axial and radial-axial turbines through mathematical
modeling. Open Engineering. 2015, vol. 5, pp. 399-410.
OpenFOAM. The open source CFD toolbox. Available at:
http://www.openfoam.com (accessed 04.03.2020).

Zhang H., Zhang L. Numerical simulation of cavitating turbulent
flow in a high head Francis turbine at part load operation with
OpenFOAM. Procedia Engineering. 2012, vol. 31, pp. 156-165.
doi: 10.1016/j.proeng.2012.01.1006.

Krupa Ye. S. Chysel'ne modelyuvannya prostorovoho potoku v
pidvodi os'ovoyi povorotno-lopatevoyi hidroturbiny [Numerical
simulation of the spatial flow in the approach of the Kaplan turbine].
Bulletin of the National Technical University "KhPI". Series:
Hydraulic machines and hydraulic units. Kharkiv, NTU "KhPI"
Publ., 2017, no. 42 (1264), pp. 77-83.

Krasnopolsky B., Medvedev A. Acceleration of large scale
OpenFOAM simulations on distributed systems with multicore cpus
and gpus. Parallel Computing: On the Road to Exascale. Series:
Advances in Parallel Computing. Amsterdam, 10S Press Publ.,
20186, vol. 27, pp. 93-102. doi: 10.3233/978-1-61499-621-7-93
Kochevskiy A.N.,  NenyaV.G. Sovremenny podkhod k
modelirovaniyu i raschetu techenij zhidkosti v lopastnykh
gidromashinakh [Modern approach to modeling and calculating fluid
flow in blade hydraulic machines]. Visnyk Sums'koho derzhavnoho
universytetu. Seriya: Tekhnichni nauky [Sumy State University
Bulletin: Technical Sciences Series]. Sumy, SumDU Publ., 2003,

15.

16.

17.

18.

19.

20.

no. 13 (59), pp. 195-210.

Mironov K. A.,  Oleksenko Yu. Yu.  Primenenie CFD  pri
proektirovanii elementov protochnoy chasti gidroturbin [Application
of CFD in the design of elements of the flow path of hydraulic
turbines]. Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units. Kharkiv, NTU
"KhPI" Publ., 2016, no. 20 (1192), pp. 116-121.

Nilsson H., Cervantes M. Effect of inlet boundary conditions, on the
computed flow in the Turbine-99 draft tube, using OpenFOAM and
CFX. 26th IAHR Symposium on Hydraulic Machinery and Systems.
I0P Conference. Series: Earth and Environmental Science. Vol. 15.
Bristol, 0P Publ., 2012, pp.1-9. doi: 10.1088/1755-1315/15/
3/032002

Duan X. H., KongF.Y., LiuY.Y., ZhaoR.J, HuQ.L. The
numerical simulation based on CFD of hydraulic turbine pump. IOP
Conference Series: Materials Science and Engineering. Vol. 129.
2016.

Elin A., Lugova C., Kolesnik E. Testing of the CFX-5 package on
the examples of flow of liquid and gas in the running parts of
VNIIAEN specialization pumps: flow modeling in the flow part of
the intermediate stage of the multistage centrifugal pump. Scientific
and practical journal "Pumps and equipment”. 2007, vol. 6 (47),
pp. 42-46.

Starodubtsev Y. V., Gogolev I. G., Solodov V. G. Numerical 3D
model of viscous turbulent flow in one stage gas turbine and its
experimental validation. Journal of Thermal Science. 2005, vol. 14,
pp. 136-141.

Bychkov I. M. Verification of the OpenFOAM application package
on aerodynamic profile flow problems. XIX school-seminar
"Aerodynamics of Aircraft". 2008.

Received 16.10.2021

Bioomocmi npo asmopis | Ceedenus 06 asmopax / About the Authors

Kpyna €ezenin Cepziiiosuu (Kpyna Eezenuii Cepzeesuu, Krupa Yevhenii) — kanauaat TeXHiYHMX HayK, JOLEHT,
HamioHanmeHUH TeXHIYHUE YHIBepCHUTET «XapKiBCBKHH TOJITEXHIYHUH 1HCTHUTYT», AOUEHT kadenpu «[iapaBiidHi

im. I'. ®. TIpockypn», M. XapkiB,

e-mail: zhekr@ukr.net

Vkpaina;

ORCID: https://orcid.org/0000-0003-3997-3590;

Bulletin of the National Technical University "KhP1".

Series: Hydraulic machines and hydraulic units, no. 22021

93


https://doi.org/10.1016/j.proeng.2012.01.1006

	Y. KRUPA
	Е. C. КРУПА

