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MODERN SOFTWARE FOR THE NUMERICAL STUDY OF FLOW IN HYDRAULIC MACHINES

In the past few decades, the field of developing computer software systems has been actively developing, which in turn leads to competition in the
software market. Qualified engineers working in the hydroturbine industry must be able to use a computer not only at the user level, but also at the
programmer level in order to program modules for their own needs based on existing software systems. Recently, numerical simulation has become
applicable to an ever wider class of flows, replacing experimental research methods. Certain numerical models are characterized by different areas of
applicability and expenditures of computational resources. The paper provides an analytical review of modern CFD software systems. The advantages
and disadvantages of these programs are analyzed in terms of building a three-dimensional model of the object of study, creating a computational grid,
setting boundary conditions and visualizing the calculation results. The analysis and comparison of existing mathematical models that used to calculate
the spatial flow in the flow path of hydraulic machines has been carried out. There are many different programs for solving hydrodynamic problems,
some of the advanced commercial software systems are Ansys, SolidWorks Flow Simulation, Autodesk CFD. There are also open source software
products. These automatic design systems make it possible not only to perform high-quality modeling of systems of various physical nature, but also to
study the response of these systems to external influences in the form of distributions of pressures, temperatures, and velocities. The calculation
algorithms in the programs are similar; the distinctive features of the programs can be evaluated according to the following criteria: grid generation,
accuracy, reliability (convergence), calculation speed, model physics, system flexibility. The use of modern software packages for studying the
hydrodynamic characteristics of the flow in hydraulic machines significantly reduces the time and material resources in comparison with physical
modeling.
Keywords: hydraulic machines, numerical research, hydrodynamic calculation, mathematical model, spatial flow, CAD systems.

€. C. KPYIIA, €. O. JEMYYK

CYYACHE ITPOT'PAMHE 3ABE3NIEYEHHS JIUIAA YUCEJIBHOI'O JOCJIIIKEHHSA IIOTOKY B
I'TAPOMAIINHAX

B ocranHi KiJlIbKa AECATUIIITh AKTHBHO PO3BUBAETHCS Chepa po3poOKH 0OYHMCIIIOBAIBHUX MPOTPAMHUX KOMIUIEKCIB, 110 Y CBOIO YEPry HPH3BOAUTH JI0
KOHKYPEHLIl Ha PUHKY IporpamHoOro 3adesneueHHs. KpamidikoBaHi iHXeHepH, II0 HPALIOTh B raiy3i rigporyp0o0ynyBaHHs MMOBHHHI BOJIOIITH
KOMIT'IOTEpOM He JIMIIE Ha PiBHI KOPUCTYBaya, a i Ha piBHI IporpamMicra, o6 Ha 6a3i iCHyI0UMX POrPaMHUX KOMIUIEKCIB IPOrpaMyBaTH MOIYJI JUIs
BiIacHUX morped. OCTaHHIM 4YacoM 4YHCENIbHE MOJEIIOBAHHS CTa€ 3aCTOCOBHHM [0 JeAali MIMPIIOrO KJIacy Tedild, 3aMiHIoI4YH co00k0
€KCIIEPUMEHTAIbHI METOAM AOCTI/pKeHHS. T1 UM iHIII YHCeNbHI MOJENI XapaKTepH3YHOThCS PI3HUMH OOJIACTSMM 3aCTOCYBaHHS Ta BHUTpaTaMu
OOYHCIIIOBAIBHUX pecypciB. Y poOOTi IMPOBENEHO aHANTHYHMHA oI cydacHHX mporpamuux komiurekciB CEFD. IlpoanamizoBaHo mepeBars Ta
HEJIOJIKM JaHUX MPOrpaM y YacTHHI MOOYJOBU TPUBUMIPHOI MOAENi 00'€KTa JOCIHIKEHHS, CTBOPEHHS PO3PAaXyHKOBOI CITKH, 3aBJAHHS IPAHUYHUX
YMOB Ta Bi3yauizamii pe3yibTaTiB po3paxyHKy. [IpoBeseHO aHail3 Ta NMOPIBHSHHS ICHYIOYMX MAaTEMAaTHYHHX MOJIEICH, IO 3aCTOCOBYIOTBCS UL
PO3paxyHKy IPOCTOPOBOI Tedil y MPOTOYHMX YacTHHAX TigpoMamiyH. JIyist BUpINIeHHs IiqpoANHAMIYHHX 3a/ad iCHy€e 6araTo pi3HHX IPOTpaM, OJXHHMH
3 MEPEOBUX KOMEPLIMHUX NporpaMHuX KomIuiekciB € Ansys, SolidWorks Flow Simulation, Autodesk CFD. Tak camo iCHYIOTbh NpOrpamHi NPOIYKTH
3 BIIKPUTUM BHXiTHHM KOZOM. JlaHi CHCTEMH aBTOMAaTHYHOTO IIPOCKTYBAHHS J03BOJISIIOTH SIK BUKOHATH SIKICHE MOJCIIOBAHHS CHCTEM Di3HOI (i3mdHOT
IPHPOJY, TaK 1 JOCHIIKYBaTH BIATYK IMX CHCTEM Ha 30BHIIIHI BIUIMBH, TaKUX SIK: PO3MOJLT TUCKIB, TEMIEparyp, MIBHIAKOCTEH. ANTOPHTMU
MIPOBEACHHS PO3pPaxXyHKY Y IporpaMax CX0xi, BiJMiHHI PHCH MPOrpaM MO>KHA OLIHUTH 332 TAKUMH KPUTEPiSMU: I'eHepallisi CITKH, TOYHICTb, HaIHHICTh
(301XHICTB), WBHAKICT, OOYMCICHb, (i3MKa MOAENi, THYYKICTh CHCTEMH. BHKOpDHCTaHHS Cy4YacHHX NakKeTiB NporpaM Ui JOCIIDKEHHS
TiIPOAMHAMIYHUX XapaKTePHCTUK IIOTOKY B TiJPOMAIIMHAX 3HAYHO 3MEHIIYE BUTPATH 4acy Ta MaTepialbHHX pecypciB, HOPIBHIHO 3 (i3HIHHM
MO/ICITIOBAHHSIM.

Ki04oBi cjioBa: rifpaBiiyHi MallMHU, YHCENbHE TOCHIIKEHHS, TIAPOAWHAMIYHMN PO3PAaxyHOK, MareMaTH4YHA MOJEJb, IPOCTOPOBA Teuis,
CHCTEMHU aBTOMAaTHYHOTO IPOSKTYBaHHS.

Introduction. At the moment, software systems for
numerical calculations are rapidly improving in the world.
By optimizing the program code, the time spent on
computational processes is reduced. The use of improved
algorithms leads to the expansion of scalability, as well as
a reduction in the time of reading and writing files, and
improves convergence.

The application interface is constantly being
improved, which makes the work easier, faster and more
convenient. The main processes of algorithms for
calculating the hydrodynamic medium in all similar
software systems consist of the following items:

« creating the geometry of the object under study;

« setting a mathematical calculation model,

» creation of a computational grid;

« setting introductory boundary conditions;

« launching the created computational model with
the specified parameters in the solver;

« viewing calculation results

in graphical and

numerical form [1-11].

Overview of CAD programs for creating flow
geometry. The largest companies such as Autodesk,
Dassault Systemes, and others, along with programs for
calculating the flow, also create CAD programs in which
you can build the geometry of the object of study.

Consider some CAD products that can be used to
build 3D models.

The most popular and demanded programs on the
market at the moment are SolidWorks, Autodesk Inventor,
Kompas 3D, etc. [1-11].

In the SolidWorks 2022 program from Dassult
Systemes, it became possible to transfer sections not only
to cylindrical surfaces, but also to figures of varying
complexity. New features of Slicing have appeared, which
allows you to create 2D sections at the intersections of the
selected element and a set of planes, which in turn
facilitates work when joining complex parts [3, 12].

In Workbench 19.1 of the ANSYS software package,
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model geometry can be built in the SpaceClaim section,
Geometry, or the Design Modeler module. It should be
noted that the set of tools in these programs is much
smaller than those of the above, but they have all the most
basic functions for creating geometry, and these programs
also lack an interface in Russian [13-16].

ModuleWorkbench is an innovative project
management scheme, where it is possible to link different
stages of calculations with different blocks of studies; the
project is presented in the form of interconnected systems
in the form of block diagrams [13-16]. In Autodesk and
SolidWorks, the project is managed in the project tree
[12, 17, 18].

Autodesk this year updated the Inventor build to
version 2022. The new version, according to the
development team, is much more productive than previous
versions. The features of the new version will be
preserved if the product is used on the recommended
system requirements. It should also be noted that
AutoCAD 2022 was recently introduced — the most
powerful two- and three-dimensional CAD system, with
new additional features [17].

Examples of the interfaces of the programs described
above are shown in Fig. 1-3.

Creation of the computational grid. In SolidWorks
Flow Simulation and Autodesk CFD, the simulation grid
is built automatically and the grid editor is very simplified
compared to ANSY'S subroutines. Also in Autodesk CFD
there is no clear sequence for setting parameters, the grid
is generated when the solver is launched [15]. In
SolidWorks Flow Simulation, the grid is generated in the
project tree along with the entry points for boundary
conditions [1, 12].

The ICEM CFD subprogram is included in the
ANSYSS software package; this is an excellent solution for
creating complex computational grids specifically for
hydrodynamic calculations, where there are complex
curvilinear elements. ICEM CFD allows building
structured (hexagonal) and unstructured (tetra) grids
[13-16]. In the program, it is possible to cut flow paths
from the general geometry of the hydraulic unit, to thicken
the calculated cells, thereby creating a boundary layer.
The creation of a computational grid is a very important
stage for the calculation, since incorrect construction of
the grid will lead to damage to the calculation area
(Fig. 4).

Fig.5-7 show the results of the generated
computational grids in various software packages.
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Fig. 1. Solid model of the spiral case of the hydroturbine, made
in SolidWorks

Fig. 2. Solid model of the draft tube of the hydroturbine, made in
SpaceClaim

Fig. 3. Solid model of the inlet part of the hydroturbine, made in
Autodesk Inventor

Fig. 5. The computational built in ICEM CFD

Fig. 6. The computational grid built in Autodesk CFD
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Fig. 7. The computational grid built in SolidWorks

Mathematical models used to calculate the spatial
flow. The calculation of the flow of a liquid or gas in
modern software products is performed by numerically
solving a system of equations that describe the most
general case of the movement of a liquid medium. This is
the Navier-Stokes equation (1) and continuity (2):

o d
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Here, the abbreviated notation of equations i, j=1-3 is
used, summation over the same indices is assumed, X1, Xy,
X are coordinate axes, t is time. The term fi expresses the
action of body forces [8, 9].

In this system with four equations, the independent
required parameters are the three velocity components uj,
Uy, Uz and the pressure p. The density p of a liquid, as well
as a gas at speeds up to 0,3 Mach, is considered a constant
value.

The flows in the rotating working bodies of
hydraulic machines are considered in a relative reference
frame, while the fi term on the right side of the equations
expresses the action of centrifugal and Coriolis forces:

fi=—p(20xU+dx(dxT)), ®)
where o is the angular velocity of rotation, F is the radius
vector (the module of which is equal to the distance from
the given point to the axis of rotation).

Flows in hydraulic machines are usually turbulent.
Direct modeling of turbulent flows by numerically solving
the Navier-Stokes equations written for instantaneous
velocities is still extremely difficult, and in addition, as a
rule, not instantaneous, but time-averaged values of
velocities are of interest. Thus, to analyze turbulent flows,
instead of equations (1) and (2), the Reynolds equation (4)
is used:
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where u, , U, , U5 are the time-averaged velocities;

U, Uy, ug are the pulsation components of the

velocities.

Various turbulence models are used to close these
equations. In the computational study of hydraulic
machines, the following turbulence models have proven
themselves well: "k-¢", "k-@" and SST [1, 4].

The model "k-&" uses two differential equations
(5-6) to close the system of equations of motion of the
Reynolds fluid, describing the transfer of the kinetic
energy of turbulence k and the dissipation rate €.

The disadvantages of the "k-¢" model are low
accuracy when modeling flows with separation from
smooth surfaces, as well as the need to use special
techniques when calculating the flow near the walls.
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The parameters € and p are defined as follows:
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Model k-¢ constants: C, =0,09;
Cn=192;06¢=1,0;0.=13[1,4].

There is also the "k-@" turbulence model developed
by Wilcox. In this model, the differential equation for the
dissipation rate ¢ is replaced by the differential equation
for the frequency of turbulent fluctuations @. This model
has shown itself well in calculations near the walls.

The disadvantage of the "k-o" model, in contrast to
the "k-¢" model, is the excessively strong dependence of
the calculation results on the specified values of ® in the
inlet section [4].

A hybrid variant between "k-¢" and "k-o" turbulence
models was proposed by Menter — SST (Shear Stress
Transport) model of shear stress transfer.

Through the use of a special switchable function, one
or another turbulence model is activated. Switching is
carried out depending on the distance of the mesh nodes
from the wall.

Thus, the SST model combines the stability and
accuracy of the standard "k-®" model in near-wall regions
and the "k-g" model at a distance from the walls [4].

Specifying introductory boundary conditions. In
the CFX-Pre (ANSYS) module, boundary conditions in
the program tree [14].

C. = 1,44,
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The following parameters are set on the boundaries
of the computational domains:

- at the inlet — mass flow rate;

- on the wall — no-slip condition (velocity is zero);

- at the outlet — static pressure.

Next, it is necessary to save the .def file, which
contains the calculation area with all the input parameters,
which can be changed if necessary.

We pass to the next stage, namely, to the numerical
calculation itself. If we created a project in Workbench,
then we need to go to the next Solution action in the list.
Subsequently, the CFX-Solver Manager module should
open with the file already selected for the calculation.
Here you can set the number of processor cores that will
be involved in the calculations.

At the start of the calculation, in the online mode,
you can see the construction of graphs and the passage of
iterations (Fig. 8).

After the end of the calculation, we get the .res file
with the results.

Fig. 8. Interface CFX Solver Manager

Boundary conditions are set similarly in Autodesk
CFD and SolidWorks Flow Simulation. However, in these
software systems, in contrast to ANSY'S, in which there is
a clear sequence of Geometry-Mesh-Setup-Solution-
Results, the computational grid is specified along with the
boundary conditions.

Results of a numerical study of the spatial flow in
the flow part of hydraulic machines. To view the results
of hydrodynamic calculation in the ANSYS software
package, you need to download the file with the results
[16, 19-20].

In the project tree, it is possible to set additional
planes that display the necessary parameters, such as
pressures, velocities, and temperatures. On the planes, the
distribution of the given values will be displayed in
accordance with the scale.

The type and division of the scale can be changed. It
is also possible to visualize flow lines with animation
function. All graphical results can be combined [20].

To obtain numerical data, it is recommended to use a
table in which you need to register functions.

All these functions are also possessed by SolidWorks
and Autodesk software packages. In addition, these
programs contain various report templates that can be
exported to Microsoft Word [15, 17].

Fig. 9-11 show examples of graphical visualization

of the results of numerical studies performed in various
CFD software packages.
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Fig. 10. Graphical representation of results in Autodesk CFD
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Fig. 11. Graphical representation of results in SolidWorks Flow
Simulation

Conclusions. The paper presents an analytical
review of the current state of software systems for the
numerical study of flow in solid parts of hydraulic
machines, such as SolidWorks, Autodesk CFD, Ansys.

The main functionality of CFD programs is
described in terms of constructing the geometry of the
object under study, creating a grid, subsequent calculation
and visualization of the study results.

The use of modern CFD programs to study the
hydrodynamic characteristics of the flow in hydraulic
machines significantly reduces the time and material
resources compared to physical simulation.
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