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Analysis of velocity and pressure vector distribution fields
in a three-dimensional plane around a wind power plant

To date, there has been an increase in demand for electric energy obtained from clean renewable energy
sources. One of them is wind power. Based on this, the development and research of new types of efficient
wind turbines that start working at low wind speeds is an urgent issue. Wind turbines operating based on the
Magnus effect have proven their effectiveness. However, the authors of this work, for the first time, to elimi-
nate the problem in the form of an electric drive for the promotion of cylindrical blades added a deflector el-
ement to the end of the cylinders. Before creating an experimental setup, it is necessary to numerically inves-
tigate the aerodynamics around the wind wheel. For this purpose, numerical simulation of wind wheel aero-
dynamics has been carried out using the highly efficient Ansys Fluent program. A three-dimensional geome-
try has been created in Design Modeler. A mathematical model grid with a grid number of 47329 consisting
of tetragonal cells is constructed. The Realizable k-¢ is chosen as the turbulence model. A thorough analysis
of the velocity vector distribution fields for flow and pressure velocities in the three-dimensional plane
around the wind wheel at air flow velocities of 5.10 and 15 m/s is carried out.

Keywords: wind power plant, Ansys Fluent, Magnus effect, deflector, mathematical model, numerical simula-
tion.

Introduction

Currently, many problems faced by engineers and researchers in the field of aerodynamics are not ame-
nable to experimental solutions or require huge material and human resources. An alternative solution in this
case is the use of numerical research based on computer programs.

Computational fluid dynamics (CFD) is a branch of science that solves the problem of modeling heat
and mass transfer in various technical and natural objects. The main task of CFD is the numerical solution to
the Navier Stokes equations describing fluid dynamics. These equations constitute a mathematical model of
heat and mass transfer [1, 2].

For aerodynamic practice, an important role is played by the data of air flow conditions of cylindrical
bodies of various configurations.

The number of papers devoted to CFD in the field of wind energy is growing every year. In [3], the au-
thors performed a high-resolution simulation of the flow around a wind power plant and its blades.

One of the representatives of wind turbines of installations showing their efficiency starting from 2-4
m/s is wind turbines operating based on the Magnus effect. Along with the obvious advantages over tradi-
tional blade wind turbines, to increase the performance indicators, it is necessary to improve the shape and
parameters of the working power elements - the blades of the installation. The authors of [4] conducted a 3D
numerical study of a Magnus-type wind turbine equipped with cylindrical blades with different aspect ratios.
The analysis of the influence of various shapes and lengths of blades on the performance of the Magnus wind
turbine is carried out.

However, existing wind turbines operating based on the Magnus effect have a disadvantage in the form
of an additional source of electric drive for the promotion of cylindrical blades [5]. Accrodingly, we add a
deflector to exclude the electric drive, as well as the disruption of the air flow from the ends of the cylinders.

The purpose of this work is to create a mathematical model of a wind turbine with two blades in the
form of rotating cylinders with a deflector.
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Mathematical model

The simulation was carried out using the Ansys Fluent software package. Structurally, the numerical
simulation is shown in Fig. 1.
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Figure 1. Structure of execution, numerical simulation

The first stage in the numerical simulation process of a wind power plant is the construction of the
geometry of a wind power plant using the COMPASS 3D program. A three-dimensional solid-state model of
a wind power plant with 2 blades in the form of rotating cylinders with a deflector created using the
COMPASS 3D program is shown in Figure 2.

In this case, we consider the flow of air around a wind wheel consisting of two blades in the form of a
rotating cylinder with a deflector located in the XY plane at an angle of 180 ° to each other relative to the z-
axis of rotation of the wind wheel (Figure 3). The axes of rotation of the cylinders are in the XY plane. The
axis of rotation of the wind wheel coincides with the Z axis.

The entire working area was divided into three types of nested subdomains (Fig. 3): subdomains of the
1st type (cylinders), built around the working blades of the wind wheel and rotating at the speed of the
working cylinders (1); subdomain of the 2nd type (sphere), built around the wind wheel minus cylindrical
subdomains 1-type (2); type 3 subdomain (cube) surrounding type 2 subdomain minus (3).

The radius of the outer cubic subdomain (3) is assumed to be 0.2 m, spherical subdomain (2) has a
radius of 0.1 m, cylindrical subdomains (1) have a radius of 0.02 M.

The boundary conditions in the form of the incoming velocity of the incoming air flow are set on the
front wall, and the outlet pressure is set on the back wall of the cubic subdomain. The remaining walls are set
to the walls of symmetry (Figure 3).

The next step in the process of numerical modeling is to create a computational grid for this task in
Ansys Meshing with a minimum set of actions.
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Figure 3. Calculation area

A finite-volume grid constructed in subdomains of type 1, 2, 3 consists of tetragonal cells. Figure 4 rep-
resents the grid view in the z=0 plane. The grid is depicted in the XY plane, the cross section of the Z=0 area.

The total number of cells is 47329.

Figure 4. Finite-volume grid

The Realizable k- model was chosen as the turbulence model, which gives a general description of tur-
bulence using two transport equations. This model is a widely used model in the field of computational fluid
dynamics (CFD) and is used to model average flow characteristics for turbulent flow conditions.

Table 1 presents the boundary conditions specified in the numerical study.

Table 1

List of boundary conditions

Boundary conditions
At the entrance
1 2

View Speed at the entrance
Initial manometric pressure (Pa) 0
Air flow velocity, m/s 3,5,7,10,12,15
Turbulence intensity (%) 5
Coefficient of turbulent viscosity 10

At the exit
View | Outlet pressure
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1 2
Manometric pressure (Pa) 0
Return flow of turbulent intensity (%) 5
Return flow coefficient of turbulent intensity (%) 10
Blade surface
View Wall
Shift Condition No sliding

Results of mathematical modeling of a wind power plant with 2 blades

To calculate aerodynamic characteristics and mathematical modeling, a wind power plant with 2 blades
in the form of rotating cylinders with a deflector, created on the basis of the Magnus effect, is considered.

The COUPLED scheme was used to coordinate the pressure field and the velocity field. Time deriva-
tives were resolved with the second order of accuracy. Figure 5 presents the results obtained by numerical
investigation of the distribution field of the velocity vectors of the incoming air flow around the wind wheel
of a wind turbine with 2 blades at speeds of 5.10 and 15 m/s.

Figure 5. Velocity vector distribution fields in a three-dimensional plane around a wind wheel:
a)atv=5m/s; b) at v=10 m/s; ¢) at v= 15 m/s.
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As can be seen from Figure 5, there is a complex three-dimensional nature of the wind wheel flow. The
direction of rotation of the cylinder is set on the x-axis and the wind wheel on the z-axis.

The deformation of the velocity vector distribution field in the three-dimensional plane occurs because
of an increase in the air flow velocity on one side of the blade and a decrease in the flow velocity on the
other side caused by the rotation of cylinders with deflectors around their axes in the positive direction.

It can be seen that due to the unfavorable pressure gradient, the boundary layer around the surface of the
blades separates with an increase in the velocity of the incoming air flow.

It was also found that by adding a deflector to the end part of the cylinder, the aerodynamics around the
cylinder improved, the disruption of the airflow from the ends of the cylinders was eliminated.

Figure 6 illustrates the static pressure distributions (pct = p — ratm) in the vicinity of the wind wheel
(plane z= 0) obtained for different speeds of the incoming flow (wind).
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Figure 6. Pressure distribution fields in the three-dimensional plane around the wind wheel:
a) atv=5m/s; b) at v=10 m/s; c) at v= 15 m/s
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The rotation of the blades in the conditions of an incoming flow leads to the fact that on one side of the
cylinder with a deflector, the air velocity will be greater than on the other side. According to Bernoulli’s law,
in the area where the flow velocity is higher, the pressure becomes lower. Therefore, on one side of the blade
(in the figures shown left side), the pressure is lower than on the other, resulting in a force (lifting) acting on
each blade, which is directed perpendicular to the axis of the blade and the direction of the wind. Since all
cylinders rotate in the same direction (clockwise) relative to their own axes, the lifting forces will create a
moment of forces that causes the wind wheel to rotate clockwise relative to the z axis. The results obtained
do not contradict the results of the authors [6, 7].

At an incoming flow velocity of 5 m/s, the static pressure in the vicinity of the rotating wind wheel
varies from -59 Pa to 17 Pa. An increase in wind speed leads to an expansion of the range of pressure
changes. So for a wind speed of 10 m/s, this range is from — 231 Pa to 67 Pa, for 15 m/s — from -646 Pa to
146 Pa.

Conclusions

The authors found that by adding a deflector to the end zone of the cylinder, the aerodynamics around
the cylinder improved, the disruption of the air flow from the ends of the cylinders was eliminated.

In the course of performing a numerical study of aerodynamics around a rotating wind wheel of a wind
power plant with 2 blades in the form of rotating cylinders with a deflector:

—a three-dimensional geometry of a wind power plant with 2 blades created in the COMPASS 3D
program was created,

—a mathematical model grid with a grid number of 47329 consisting of tetragonal cells was
constructed:;

—selected as a Realizable k-¢ turbulence model, which improved characteristics compared to the
standard k-e model when applied to flows involving boundary layers with strong unfavorable pressure
gradients;

— velocity vector distribution fields were obtained for flow velocities of 5.10 and 15 m/s, during which
it was determined that due to an unfavorable pressure gradient, the boundary layer around the surface of the
blades separates with an increase in the velocity of the incoming air flow;

— pressure distribution fields were obtained in a three-dimensional plane around the wind wheel for
flow velocities of 5.10 and 15 m/s, at which it was determined that the rotation of the blades in the conditions
of an incoming flow leads to the fact that the air velocity on one side of the cylinder with a deflector will be
greater than on the other side.
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A.P. baxteioexoBa, H.K. Tanamesa, H.H. lllyrom6aega, JI.JI. MunskoB, H.K. bormaes

7Kes sHepreTuKaNbIK KOHAbIPFBICHIHBIH AMHAJACBIHAAFBI YII OJIIIeM/Ii
JKA3BIKTBIKTAFbI KbLIAAMABIK MeH KbICBIM BEKTOPJIAPBIHBIH Tapajy epicTepiHn Taaaay

Byrinri Tarma Taza jkaHAPTHUIATHIH SHEPTHUsl KO3EPIHCH ANBIHFAH 3JIEKTP YHEPTHSACHIHA CYPAHBICTBHIH OCYl
Oaiikamanpl. ComapaplH Oipi — Kenm dHepreTukachl. OcChIFaH Cy#HeHe OTBIPBIL, JKENAiH TOMEH
JKBUTIAMJIBIFBIMEH KYMBIC iCTEH OacTalThIH THIMAI e SHEPreTHKAIBIK KOHIBIPFBICHIHBIH (JKOK) sxaHa
TYpJIepiH 33ipjey *KoHe 3epTTey ©3eKTi macene Oonbin Tabbutaabl. Marnyc 3¢d¢exrici Herizinae »XyMbIC
icteditin JXKOK Ttuimai exeHin gonengeni, 6ipak Oyi1 >KYMBICTBIH aBTOPIAPHI SJIEKTP JKETeT1 TYPiHAE MICEJeH1
eIy YIIH anfaml peT IWIMHIP KalaKmalapblH alHaNAbIpy YIIH DHIHHAPICPIIH COHBIHA IediexTop
9JIEMEHTIH KOCTBL. DKCIEPHMEHTTIK KOHIBIPFBIHBI jkKacamac OYpBIH JKeJl JOHFaJaFbIHBIH aifHalachIHAAFEl
a’pOIMHAMUKAHBl CaHIBIK Typle 3eprrey Kaker. Ocbl Makcarra Ansys Fluent sxorapel TmiMmi
OarmapraMachlH  NaljanaHa OTBIPBIN, JKeJI JOHFAJAFBIHBIH adpOJUHAMUKACBIHA CAaHABIK MOJEIbICY
xyprizinai. Design Modeler-ne yur enmemai reomerpus skacaibl. TeTparoHalIbIbl YAIIBIKTAPIAH TYPATHIH
Top caHbl 47329 GonaTelH MaTeMAaTHKAJBIK MOJCNIBIIH TOPHI KYpacTHIpbUIABL TypOymeHTTimiK Mozmemni
peringe Realizable k-g tammanmel. Aya arbIHBIHBIH JKbUIIaMIBIFEL 5, 10 sxoHe 15 M/c GomaTeiH kel
JOHFAJIaFbIHBIH AfHaJIaChIHIAFbl YII OJIIIEMIl Ka3bIKTBIKTAFbl aFblH JKbULIAMBIFl MEH KBICHIMBI YIIiH
JKBUTIAMIBIK BEKTOPIAPBIHBIH Tapally opicTepiHe MYKHAT Tallay >Kypri3iiii.

Kinm ce30ep: >xen SHEpreTUKANBIK KOHABIPFBI, Ansys Fluent, Marnyc addekrici, nediuekTop,
MaTeMaTHKAJIBIK MOJIENb, CAH/IBIK MOJIEIIBICY.

A.P. baxteioekoBa, H.K. Tanamesa, H.H. lllyrom6aesa, JI.JI. MunskoB, H.K. bormaes

AHaJu3 moJieil pacnpeaejieHus BEKTOPOB CKOPOCTEil U JaBJIeHUsI
B TPeXMEPHO¥ MJI0CKOCTH BOKPYT BETPOIHEPreTHYECKOil YCTAHOBKH

K ceropnsmaeMy BpeMeHH HAONIOJAaeTCsl POCT CIPOCA B DIEKTPUUSCKOW DHEPIUH, MOMYISHHON M3 YHCTHIX
BO300HOBIISIEMBIX MCTOYHHKOB Hepruu. OHUM W3 HUX SIBISETCS BeTpodHepreTka. Vicxoas u3 storo, pas-
paboTKa M HCCICIOBaHUSI HOBBIX BHIOB 3()(EKTHBHBIX BETPOIHEPreTHUCCKHX ycTaHOBOK (BDY), koTopsie
HAa4YMHAIOT PabOTaTh NP MaJbIX CKOPOCTAX BETpa, SBJIAETCSA aKTyallbHBIM BolpocoM. BDY, paboraromye Ha
ocHoBe 3 dexra Marnyca, goka3aiu cBor 3()(HEeKTHBHOCTB, OJHAKO aBTOPAMH JTAHHOW PaOOTHI BIEPBHIC IS
yCTpaHeHHs IPOOJIeMBI B BHAE AJIEKTPHYECKOT0 MPHUBOAA JUIS PACKPYTKH LHIMHIPUYECKUX JIONACTEH Ha KO-
Hell JIMHPOB J100aBieH aneMeHT — neduiektop. Ilepen co3naHueM SKCIEPUMEHTAIBHONW YCTaHOBKH HE00-
XOMMO YHCIICHHBIM ITyTE€M HCCIIEI0BaTh a’dpOJMHAMHUKY BOKPYT BeTpokojeca. C 3TOil Ielblo MpoBeIeHO
YHCIICHHOE MOJICJIMPOBAHNE adPOJUHAMUKH BETPOKOJIECA, HCIOJB3Ys BBICOKOA(D(DEKTHBHYIO IporpaMmy
Ansys Fluent. Coznana TpexmepHas reomerpus B Design Modeler. IToctpoena cetka MaTeMaTH4ecKoi Mojie-
71 ¢ yncioM ceTku 47329, cocrosiieit U3 TeTparoHalbHbIX siueeK. B kauecTBe Mojienu TypOyJIeHTHOCTH BbI-
Opana Realizable k-¢. [IpoBeneH TmiatenpHBII aHANMHM3 MOJIEH pacTpeeNieHns] BEKTOPOB CKOPOCTEH IS CKO-
pocTeii OTOKa M JAaBICHHS B TPEXMEPHOH IJIOCKOCTH BOKPYT BETPOKOJIECA MPH CKOPOCTSX BO3IYIIHOTO Ha-
Oeraromiero moroka 5, 10 u 15 m/c.

Kniouesvie crosa: Berposneprerudeckas ycraHoBka, Ansys Fluent, agdexr Maruyca, neduexrop, mMarema-
THYECKasi MOJIelIb, YUCICHHOE MOJIETMPOBAHHUE.
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