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

UDC 621.224
K. A. MIRONOYV, YU. YU. OLEKSENKO, V. K. MIRONOV

STUDY OF THE SPATIAL FLOW IN THE FLOW PART OF THE HIGH-PRESSURE FRANCIS
TURBINE

The paper presents some results of a computational study of the spatial turbulent flow of a viscous fluid in the flow part of the high-pressure Francis
turbine Fr500, made using the CFX-TASCflow application program package. To improve the energy performance at the preliminary design stage of
the turbine, numerical flow simulations should be carried out. 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. As a result of the calculation, the distribution of speeds and
pressures in the various elements of the hydraulic turbine was determined at different openings of the guide vane. The analysis of energy losses in the
flow part of a Francis turbine: a spiral case, a stator with flat rings, a guide vane, a runner and a draft tube on the optimal operating mode of the
hydraulic turbine, as well as an analysis of the effect of opening the guide vane on changes in energy losses in various elements of the flow parts . 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. The issue of
increasing the energy performance of the flow parts of a high-pressure Francis turbine was also considered.
Keywords: runner, spiral case, guide vanes, draft tube, stator, CFD, energy losses.
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JTOCJIKEHHS ITIPOCTOPOBOI TEYIi B MPOTOYHIN YACTUHI BUCOKOHAIIIPHOI
PAJTIAJIBHO-OCBOBOI I'IJIPOTYPBIHU

B po6orti mpencrapieHi AesKi pe3ydbTaTH PO3PaXyHKOBOTO JOCIHIDKEHHS IIPOCTOPOBOI TypOyJeHTHOI Tedwii B'S3K0i piAMHM B NPOTOYHIH YacCTHHI
BHCOKOHAITIPHOI pajianbHO-0ch0BOI TigpoTypbinn POS500, BHKOHaHOrO 3a IomoMoror komiuiekcy mnpuknanuux nporpam CFX-TASCflow. s
TMOJIIIICHHS] €eHEPreTHYHMX MMOKA3HHUKIB Ha MOINEPEIHbOMY €Talll NMPOeKTYBaHHS IiIPOTYpOiHHM MIPOBOJUTHCS YUCEIbHE MOJICIIOBAHHS MOTOKY. JaHuid
nigxig CFD 3HIKye BUTpaTH i 4ac B MOPIBHSHHI 3 €KCIIEPUMEHTAIBHHMH IIJXOJOM i JIA€ MOMJIMBICTh yJOCKOHAJIMTH 1 aHaJi3yBaTH MOKa3HUKU
TypOiHH 1 ii KOHCTPYKIIIO 10 MOMEHTY BHI'OTOBJICHHS MOJENi. Po3paxyHKOBHI KOMILIEKC POrpaM HaJa€ MOXKJIMBICT MOOAYHTH KapTHHY PO3MOILTY
TUCKY, TI0JIE BEKTOPIB IIBHJKOCTI 1 PyXy YaCTHHOK PIIUHM Uil OOIPYHTYBAaHHsS Ta aHai3y pe3yibTariB. YMcenbHEe MOJEIIOBAHHS MPOCTOPOBOTO
IIOTOKY B NIPOTOYHIN YacTUHI rifpoTypOiHK OyIJIO IPOBEASHO Ul BU3HAUCHHS 3MiHH CHEPreTHYHUX XapaKTepHCTUK, ToMy Oyia oOpaHa k-¢ Mozmelb
TypOyJeHTHOCTI. B pe3ynbrari po3paxyHKy OyJid BU3HAYEHI PO3MOILT IIBUIKOCTEH i TUCKIB B Pi3HHUX eJIEeMEHTaX TifpaBiiuHOi TypOiHH, IPU Pi3HUX
BIZIKPUTTSX HAINPSMHOrO anapary. BHKOHaHO aHaii3 BTparT eHeprii B NMpPOTOYHINH YacTHHI palialbHO-OCHOBOI TifpOTYpOiHM: cHipaibHIN Kamepi,
CTaTopi 3 INIOCKUMH KUIBISIMH, HAaIIPSIMHOMY araparti, po6odoMy KoJieci i BIICMOKTYIOUiil TpyOi Ha ONTUMAJIBHOMY PEXHMI poOOTH TifnpoTypOiHH, a
TaKOXX aHali3 BIUIMBY BiKPUTTS HANMPSMHOIO amapaty Ha 3MIiHM BTpAT €Heprii B Pi3HHX eJIeMEHTaX NPOTO4YHOI yacTuHU. HaBenewi pesynpraTi
PO3PaxyHKOBOI'O JIOCIIDKEHHS MIATBEP/UKYIOTh, L0 TiIpaBIivHMi KoedillieHT KOpUCHOI Aii rifpaBiiyHOi TypOiHM B 3HAUHII Mipi 3aJIeKUTh Bijl BTpAT
B HaIpsIMHOMY amapati i pobodomy Koiieci i O3Hadae came LMM EJIEMEHTaM BapTO NPHIUIATH HaWOLIbINI yBary, X KOHCTPYKIUIi Ta y3TrOIKEHHIO
HOTOKY B HuX. Takox Oy/o pO3IJISHYTO HMHTaHHS IiJIBUILCHHS €HEPreTUYHHX MOKA3HHUKIB NMPOTOYHOI YaCTHHU BHCOKOHAIIPHOI pafiaabHO-0ChOBOL
rigpoTypOiHu.
KurouoBi ci10Ba: poboue koieco, criipajbHa KaMmepa, HapsIMHHMIT arapar, BiicMoKTyro4a tpy6a, crarop, CFD, eHepreTnuHi BTpaTH.

K. A. MUPOHOB, 10. 0. OJIEKCEHKO, B K. MUPOHOB

UCCJIEJOBAHUE NPOCTPAHCTBEHHOI'O TEYEHMSI B TIPOTOYHOM YACTH
BBICOKOHAIIOPHOM PATUAJIBHO-OCEBOM I'MJIPOTYPBUHbBI

B paGoTe mpencraBieHBl HEKOTOPHIE Pe3yJIbTaThl PACUETHOTO HCCIELOBAHUS IIPOCTPAHCTBEHHOW TYpOYJIEHTHOTO TEYEHHsl BS3KOW JKUIKOCTH B
MIPOTOYHON YacTU BBICOKOHANOPHOW paanaibHO-0ceBOi ruapoTypOuHsl POS5S00, BBIIOIHEHHOTO € MOMOIIbIO KOMIUIEKCA MPUKIAJAHBIX MPOrpaMM
CFX-TASCflow. [lns ynyylleHHs SHEPreTHYECKMX MOKa3aTeledl Ha HpeiBapUTENIbHOM JTale HPOEKTHPOBAHUS THAPOTYPOMHBI NPOBOAUTHCS
YHCICHHOe MozenupoBaHus notoka. Jlanueiid moaxox CFD cHipkaer 3atpaThl U BpeMs B CPaBHEHHH C OKCIIEPHMEHTAIBHBIMH ITOJXOJOM U JaeT
BO3MOXKHOCTh YCOBEPIICHCTBOBAaTh M AHAJIM3MPOBATH IOKA3aTENM TypOMHBI M €€ KOHCTPYKIMIO IO MOMEHTa H3rOTOBICHMS MOjenH. PacueTHsrit
KOMIUIEKC HPOTPaMM MPEIOCTABIACT BO3SMOXKHOCTh YBHACTh KapTHHY PACIpENCNCHHs DABICHHUS, MOJIE BEKTOPOB CKOPOCTH M JBIKECHUS YacTHUIL
JKUJIKOCTH JUIsI 0OOCHOBAHMS U aHaIW3a Pe3ysbTaToB. UHCIEHHOE MOJSIHPOBAaHUE IPOCTPAHCTBEHHOIO MOTOKA B NIPOTOYHOM YacTH THAPOTYPOHHBI
OBLIIO MPOBEACHO JUIS ONPEJIeICHHs] H3MCHEHHS SHEPreTHYECKUX XapaKTEePHCTHK, HOTOMY Obliia BbIOpaHa k—& MoJenb TypOyeHTHOCTH. B pesynbrare
pacyera ObLIN ONPEEICHbI PACIIPEACICHHE CKOPOCTEH U JAaBICHUI B Pa3INYHBIX JIEMEHTAaX IUPABIMYCCKOIl TYPOUHEI, IPH PA3IMYHBIX OTKPHITUSIX
HaIPaBJIAIONIEro annapaTa. BEIIOIHEH aHaIu3 IOTeph YHEPTHH B IPOTOYHON YaCTU paauaibHO-0CEBOH THAPOTYPOHHBI: CIIUPANBHOM KaMepe, cTaTtope
C IUIOCKMMH KOJIbL[AMH, HAIIpaBJIsIoOIIeM anmapare, pabodeM Kojiece M OTcachlBarolieil Tpybe Ha ONTHMAIbHOM PeXHUME PabOThl THAPOTYPOHHEI, a
TaK)Ke aHalu3 BIMSHHUS OTKPBHITUS HANpABIIONICrO amapata Ha M3MEHEHHs I[OTepb SHEPIMH B PA3JIMYHBIX SJIEMEHTaX MPOTOYHOH YaCTH.
ITpuBeneHHbIE pe3yJIbTaThl PACYETHOTO HCCIIENOBAHUS MOATBEPXKIAIOT, YTO THAPABINYECKUH KOI()(OHUIHMEHT OJe3HOTro NEHCTBHS THAPAaBINIECKON
TYpOHMHBI B 3HAYUTEIBHON Mepe 3aBUCHUT OT NOTEPh B HAIIPABIIONIEM arapare ¥ pado4eM KoJiece M 3HAYUT MMEHHO 3THM 3JIEMEHTaM CTOMT yIEJsTh
HauOOJIbIINEe BHUMAHNE, NX KOHCTPYKIMH M COTJIAaCOBAHUIO IIOTOKA B HUX. Takke ObLT pacCCMOTPEH BOMPOC ITOBBILICHHS SHEPTeTHUCCKUX MOKa3aTeseit
IIPOTOYHON YaCTH BBICOKOHAIIOPHOMN PaJnaIbHO-0CEBON THAPOTYPOUHEL.

KiroueBble ciioBa: pabouee KOJIeCo, CMpalibHas Kamepa, HalpaBiIsiolIMil anmapar, orcaceiBaromias tpyba, crarop, CFD, sHepreTuyeckue
HOTEpH.

Introduction. The process of developing new flow  stages, including:
parts of hydraulic turbines consists of several successive - selection of design parameters of hydro turbine for
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given conditions of HPP and design of elements of the
flow parts (as a rule, several options are considered,
differing by calculation methods, geometrical,
kinematic and other parameters);

- computational study of flow characteristics, force
and torque characteristics, energy losses in the elements
of the flow parts and the determination of the best
options for experimental studies;

- an experimental study of model blocks of the hydro
turbine at energy-cavitational stands, and the size of the
model, test conditions and parameters of the stands
must meet the requirements of the international
standard IEC.

Based on the results of experimental and
computational studies of the model, characteristics are
calculated and guarantees of full-scale hydro turbine
are issued.

Literature review. Improving the flow parts of
the hydro turbine is based on conducting extensive
numerical investigations, during which the search for
the most rational variants. The basis of this research is
the multivariate numerical analysis of the influence of
geometric and operating parameters on the energy
performance of the hydro turbine. To solve this
problem, both simplified flow models [1] and a more
complex kinematic flow description using quasi-three-
dimensional and three-dimensional fluid flow models
[2] are used. The use of quasi-three-dimensional and
three-dimensional methods allows, for given specific
conditions, to find the distribution of the parameters of
the spatial flow and more accurately find the energy
loss. In modern software products, mathematical
models of liquid and gas flows are used, in a three-
dimensional formulation, describing various models of
turbulence [3].

Currently, for modeling and calculating fluid
flows in hydraulic machines, modern commercial
software products are used: CFX-TASCflow, Fluent,
etc., which allow to adequately simulate complex
physical effects [3, 4].

Research methodology. The traditional practice
of predicting the effectiveness of the hydro turbine
relies either on a theoretical approach or on
experimental testing of a reduced model. The
theoretical approach allows us to determine the value of
efficiency, but it is difficult to determine the cause of
problems and disrepairs. Conversely, testing the model
is costly and time consuming.

So far, the theoretical analysis of the flow in the
individual the hydro turbine element is used to assess
the losses and flow studies. Modern CFD application
software packages are becoming a cost-effective tool
used to obtain detailed information about the properties
of a stream in the hydro turbine, taking into account the
interaction of its various elements. CFD is widely used
by designers and researchers to optimize the project, as
well as to predict the work of Francis turbine (Fr) as a
whole. Three-dimensional modeling of a viscous flow
makes it possible to determine the pressure and velocity
distribution in the flow parts of the hydro turbine.

CFD is a tool for the numerical solution of
complex incomplete differential equations, known as
the governing equations of fluid motion, used to
describe in detail the flow motion in a given flow field
[5, 6]. The physical laws governing fluid flow can be
described by means of an exact mathematical
description that forms the basis of any analysis. Known
numerical methods used for sampling in CFD are the
finite difference method (FDM), the finite volume
method (FVM), and the finite element method (FEM)
[7].

The most important reason for increasing the use
of CFD to solve most movement of liquid problems is
that this method is much cheaper than experimental
testing of the hydro turbine model. In short, CFD has
the following advantages:

1) Costs and time spent on the creation of the
project and its development is much less.

2) CFD allows you to simulate the conditions
movement of liquid, which are difficult to reproduce in
experimental testing of the model.

3) CFD allows you to get more detailed and
complete information about the flow.

4) Does not require scaling.

Results. This article presents the results of a
design study of fluid flow in the spiral case and in the
area of the stator and the guide vanes arrays of a high-
pressure Francis turbine (Fr) Fr500, performed using
the CFX-TASCflow program. The picture of the spatial
flow in characteristic sections of the flow part is
considered.

Numerical modeling of the spatial flow in the flow
parts of the hydro turbine was carried out to determine
the change in the energy characteristics; therefore the
k-¢ model of turbulence was chosen. This model was
developed in the 70s [8,9]. 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 turbulence energy k and dissipation rate ¢
[10, 11].

k is the kinetic energy of turbulence, defined as
the dispersion of velocity fluctuations; & is the
dissipation rate. We write two equations for k and &:

Oy

%+V(pUk):VKu+ﬁJVk}+EC—ps; (1)

ope n €
—+V(pUe)=V —+ Vg |[+—-C
o TV K“j +k(cs,P>k mr, @

&

kZ
where , :C“p?, Cp =0,09, ¢,=14, Cy, =192,
o, =10, o, =1,3, B, —takes into account the occurrence

of turbulence due to viscous friction forces and is
determined
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P, = p,VU(VU+VUT)—%VU(3u,VU+pk)+Pkb :

Calculations show that near the solid paries there is
a very sharp change in the parameters k and ¢. To
properly resolve these changes, we must use a very
dense computational grid. Instead, an approach is often
used in which a small area is allocated to the paries, in
which the numerical solution of equations (1) and (2) is
not performed, and instead, the desired parameters are
calculated using algebraic formulas describing typical
parietal layers.

When designing Francis turbine, before building a
geometric model, air defense, it is necessary to carry out
their coordination with each other [6, 9].

The assembly of the geometrical model obtained as
a result of the flow parts design of a high-pressure
Francis turbine is shown in Fig. 1.

Spiral case

Stator
Guide vanes

Runner Draft tube

Fig. 1. Assembling a geometric model 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 (7, =65 06/mun; Q) =154 n/c; a, =15"), 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 D;=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 spiral case has a complex
spatial character, the pressure change in the spiral case
and the stator is shown in Fig. 2.

Fig. 2. Pressure distribution in the spiral case

From Fig. 2 that the pressure is greater at the outer
paries of the spiral case and decreases towards the exit
from the spiral. An increase in pressure is also observed at
the end of the spiral.

The flow of fluid in the area of the stator columns
shoulder guide vanes and runner is shown in Fig. 3, and
the distribution of total pressure is shown in Fig. 4.
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Fig. 3. The field of the vectors of the velocity of the spatial flow
of fluid in the region of the stator columns, the shoulder guide
vanes and runner in the optimal mode

The data obtained (see Fig.3) show that the
geometry of the blade system of the runner in the area of
the entrance edge is not consistent with the flow angle
behind guide vanes, which means the presence of impact
losses at the entrance edge of the runner, therefore further
work will address issues related to the modification of the
input element of the blade runner.
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Fig. 4. Isolines of total pressure in the middle part of blade
systems

The pressure continuously decreases along the
meridional direction from the entrance to the stator to the
exit from runner, as can be seen from Fig. 4. The pressure
becomes negative at the exit from the runner due to the
influence of the draft tube.

In Fig. 5 shows the trajectories of the movement of
fluid particles in the draft tube at the optimal mode based
on the calculation of the spatial flow.

|

Fig. 5. The trajectories of the movement of fluid particles in the
draft tube

The location of the current lines in the draft tube
Fig. 5 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.

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 [6, 13] 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 [13].

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.

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

Energy losses, %
Turbine ] 5
type Spiral Guide Draft
case + Runner
vanes tube
Stator
Fr500 0,77 2,5 1,66 0,2 5,13

As can be seen, from the results of the calculation
(see Table 1) of the energy characteristics, the greatest
energy losses in the high-pressure Francis turbine are
accounted for to a greater extent in the guide vanes and
the runner. It is of interest to consider in more detail the
question of the effect of the guide vanes (the shape of the
blade profile, the law of profile thickness variation, the
axis of rotation, etc.) on the formation of the energy
characteristics of the hydro turbine. To reduce losses in
the runner, it is necessary to carefully coordinate the flow
coming from the blades of the guide vanes with the
geometry of the input element of the runner.

Conclusion. 1. A pilot approach for evaluating the
performance of a hydro turbine is expensive and time
consuming. On the other hand, CFD approach is fast and
cost effective.

2. Losses in various elements of the flow parts
depend on the discovery of the guide vanes. The losses in
the spiral case and the stator decrease, while the losses in
the guide vanes and the draft tube increase with the
opening of the guide vanes. Losses in the runner are
minimal at optimum performance. Hydraulic efficiency of
a hydro turbine largely depends on the losses in the guide
vanes and the runner.

3. Analysis of losses in the supply shows that the
greatest energy losses occur in the guide vanes. Losses in
the spiral case and in the stator constitute no more than
one third of the losses of the guide vanes. The total losses
in the supply change smoothly with increasing flow and
have a minimum, in absolute values up to 65 % of all
hydraulic losses in the flow parts, which is a characteristic
feature of high-pressure Francis turbine.

References

1. Komnbrues B. A.  Kunemamuueckue Xxapakmepucmuku nomoxka 6
saonacmuwix euopomawunax. Knes: UCHUO, 1995. 272 c.

2. bapaut B. B. Cospemennsie cudpoounamuueckue memoost pacuema
aonacmuwlx  cucmem u CAIIP eudpomawun. Kue: YMK MO
VYkpaunsl, 1992. 180 c.

Bulletin of the National Technical University «KhPI».

28 Series: Hydraulic machines and hydraulic units, Ne 46 (1322) 2018



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

3. Wilcox David C. Turbulence Modeling for CFD. DCW Industries, 4. Chernyj S. G., ChirkovD. V., Lapin V.N. [etal.]. Chislennoe
Inc., 1993. 460 p. modelirovanie techenij v turbomashinah [Numerical simulation of

4. Yepnnii C.T., Yupkos [I. B., Jlanuu B .H. Yucnennoe currents in turbomachines]. Novosibirsk, Nauka Publ., 2006. 202 p.
Modenuposanue meuenuti 8 mypoomawunax. HoBocubupck: Hayka, 5. Chung T. J. Computational fluid dynamics. Cambridge university
2006. 202 c. press Publ., 2002. 1012 p.

5. Chung T.J. Computational fluid dynamics. Cambridge university 6. BarlitV.V., MironovK. A., Vlasenko A.V., JakovlevaL.K.
press, 2002. 1012 p. Raschet i proektirovanie protochnoj chasti reaktivnyh gidroturbin

6. Bapmur B. B., Muponos K. A., Bnacenko A. B., fxosnesa JI. K. na osnove chislennogo modelirovanija rabochego processa
Pacuem u npoexmuposanue nPOMOYHOU UYACMU PEAKMUBHBIX [Calculation and design of the flow parts of jet turbines based on
2UOPOMYPOUH HA OCHOBE HUCIEHHO20 MOOeIUPOSaHUs paboue2o numerical simulation of the workflow]. Kharkov, NTU "HPI" Publ.,
npoyecca. Xapskos: HTY “XIIN”, 2008. 216 c. 2008. 216 p.

7. MuponoB K. A., Omnekcenko 0. 0. Bukopucranus CFD s 7. Myronov K. A., Oleksenko Yu. Yu. Vykorystannia CFD dlia
PO3paxyHKy cIipajibHOT KaMepH Ta KOJIOH CTaTOpa BUCOKOHAIIPHOT rozrakhunku spiralnoi kamery ta kolon statora vysokonapirnoi
pafianbHO-0ChOBOI TifpoTypOiHH. Becmnux Hay. mexn. yn-ma radialno-osovoi hidroturbiny [Using CFD to calculate the spiral case
"XITH": c6. nayu. mp. Cepis: [Tidpaeniuni mawunu ma and stator columns of the high-pressure Francis turbine]. Vestnik
eiopoaepecamu. Xapkie: HTY «XITH».2018. Ne 17(1293). C. 50-53. Nats. tekhn. un-ta "KhPI": sb.nauch. tr. Seriya: Gidravlichni

8. Launder B. E., Spalding D. B. The Numerical Computation of mashini ta gidroagregati [Bulletin of the National Technical
Turbulent Flows. Comp. Meth. Appl. Mech. Eng. 1974. Vol. 3. University "KhPI": a collection of scientific papers. Series:
C. 269-289. Hydraulic machines and hydraulic units] Kharkov, NTU"KhPI"

9. MuponoB K. A., Onmnexkcenko 0. }0. TIIpumenenne CFD mpu Publ., 2018, no. 17(1293), pp. 50-53.

NPOSKTUPOBAHUU JJIEMEHTOB IIPOTOYHOH YacTH THAPOTYPOUH. 8. Launder B. E., Spalding D. B. The Numerical Computation of
Becmnux  Hay. mexn. ynw-ma "XIH": c6. nayy. mp. Cepin: Turbulent Flows. Comp. Meth. Appl. Mech. Eng. 1974, vol. 3,
liopasniyni  mawunu  ma  2iopoacpecamu.  Xapxie: HTY pp. 269-289.

«XITH».2016. Ne 20(1192). C. 116-121. 9. Myronov K. A., Oleksenko Yu. Yu.  Primenenie = CFD  pri

10. Ansys 16.0 Release Documentation, Theory and Modelling Guide. proektirovanii jelementov protochnoj chasti gidroturbin [The use of
ANSYS Inc.: Canonsburg, PA, USA. 2015. CFD in the design of elements of the flow part of hydraulic

11. Versteeg H., Malalasekera W. An Introduction to Computational turbines]. Vestnik Nats. tekhn. un-ta "KhPI": sb.nauch. tr. Seriya:
Fluid Dynamics: The Finite Volume Method (2nd Edition). Pearson Gidravlichni mashini ta gidroagregati [Bulletin of the National
Education Limited, 1995. 257 p. Technical University "KhPI": a collection of scientific papers.

12. Kombrues B. A., Muponos K. A., TeiabsHoBa 1. . CornacoBanue Series: Hydraulic machines and hydraulic units] Kharkov,
3JIEMEHTOB NPOTOYHOW YaCTH MNpPU INPOEKTUPOBAHUU PAAMAIBHO- NTU"KhPI" Publ., 2016, no. 20(1192), pp. 116-121.

OCEBBIX THUAPOTYPOUH. [Ipobnemer mawunocmpoenus. 2009. T. 12, 10. Ansys 16.0 Release Documentation, Theory and Modelling Guide.
Ne5.C. 3-8. ANSYS Inc.: Canonsburg, PA, USA, 2015.

13. Orunbepr U. 3., Payxmau b. C. [uopoounamuxa eudpaenuueckux 11. Versteeg H., Malalasekera W. An Introduction to Computational

myp6un. Jlerunrpan: Mamunoctpoenue, 1978. 280 c. Fluid Dynamics: The Finite Volume Method (2nd Edition). Pearson
Education Limited Publ., 1995. 257 p.

References (transliterated) 12. Kolychev V. A., Mironov K. A., Tyn'janoval.I. Soglasovanie

. . . o jelementov protochnoj chasti pri proektirovanii radial'no-osevyh

1. KOIyCheV V A. K,memm.whe‘gkle ha,m{‘ter istiki p ?mka v lop astny h gidroturbin [Coordination of elements of the flow part in the design
gzdromashmqh [Kinematic characteristics of flow in blade hydraulic of Francis turbines]. Problem mashinostroenija. 2009, vol. 12, no. 5.
machines]. Kiev, ISIO Publ., 1995. 272 p. pp. 3-8.

2. BarlitV. V. Sovremennye gidrodinamicheskie metody rascheta |3 Jetinberg I. Je., Rauhman B.S. Gidrodinamika  gidravlicheskih
lopastnyh-_sistem i SAP R gidromashin [Modern hydrodynam{c turbin  [Hydrodynamics of hydraulic turbines]. Lenyngrad:
methgds for_ calculating blade _systems and CAD of hydraulic Mashinostroenie Publ., 1978. 280 p
machines]. Kiev, UMK MO Ukrainy Publ., 1992. 180 p.

3. Wilcox David C. Turbulence Modeling for CFD. DCW Industries, Received 09.11.2018
Inc. Publ., 1993. 460 p.

Bioomocmi npo aemopis / Ceedenus 06 asmopax / About the Authors
Muponoe Kocmanmun Aunamoniniosuuy (Muponoe Koncmanumun Anamonveeuu, Mironov Konstantin
Anatolievich) — xaHauaaT TEXHIYHMX HayK, JAoueHT, HanioHanpHMH TeXHIYHMH yHiBepcuTeT «XapKiBChKUI

MOJITEXHIYHUH 1HCTUTYT», HoneHT Kadenpu «I impasmigni mammaud iM. I'. @. [Ipockypn»; M. Xapki, Ykpaina; ORCID:

https://orcid.org/0000-0002-6034-410X; e-mail: cosmir@ji.ua

TEXHIYHMH yHIBepCUTET «XapKIBChbKUH MMOJITEXHIYHUN I1HCTUTYT»,

Onexcenko IOnin HOpiiesna (Onexcenxo HOnua Hpvesna, Oleksenko Yuliia Yuriivna) — HanioHanbHUi

acmipadt kadenpu «[igpaBiaiduHi MAaIIHHA

im. I.@. TIpockypu»; M. Xapkis, Ykpaina,; ORCID: https://orcid.org/0000-0003-4467-7833; e-mail: yuliayo@ukr.net
Muponoe Baoum Kocmanmunosuu (Muponoe Baoum Konucmanmunoeuu, Mironov Vadim Konstantinovich)-
HauioHanbHuii TeXHIYHMH YHIBepCUTET «XapKiBCbKUIl ITOJIITEXHIYHUH IHCTUTYT», CTYIEeHT Kadenpu «TexHomoris
KHPIB 1 TPOAYKTIB OpoIiHHs»; M. XapkKiB, YkpaiHa; e-mail: vadikil200@gmail.com.

Bulletin of the National Technical University «KhPI».

Series: Hydraulic machines and hydraulic units, Ne 46 (1322) 2018

29



