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Abstract. The paper considers a variant of the problem of modeling the
flow around a developed wind turbine. Since the task is reduced to
modeling a flat task, the 2D design mode was chosen. The k — @ turbulent
model was used to model the vertical axis wind turbine. In the research
process, experimental methods for measuring wind speed and torque,
methods of mathematical modeling, and computational fluid dynamics
were used. The object of research is a wind turbine designed to generate
electricity from wind energy. The research aims to develop a wind turbine
with a vertical axis and radial frames, equipped with flat blades and
stoppers, operating at low wind speeds.

Research methods: in the research process, experimental methods for
measuring wind speed and torque, methods of mathematical modeling, and
computational hydrodynamics were used. A computational experiment
HTBO with four sections based on the ANSYS environment was carried
out. Scope of the results: the results will be used in designing and
manufacturing wind turbines operating at low wind speeds. Ultimately,
low-power wind turbines will be developed. Economic efficiency and
significance of the work: the wind turbine being developed is made with
available purchased materials and will have a short payback period. It is
used for domestic and other purposes where access to electricity is limited.

1 Introduction

Large-scale work is underway in the Republic of Uzbekistan to support energy
independence. Exploration work is being carried out to identify new fields, and measures
are being taken to increase the development of oil and gas fields. They started building a
nuclear power plant. The introduction of alternative renewable energy sources is gradually
developing. Construction of solar and wind power stations has begun [1,2].

According to the Decree of the President of the Republic of Uzbekistan, No. PP-57 “On
measures to accelerate the introduction of renewable energy sources and energy-saving
technologies in 2023”, dated February 16, 2023, pretty tax and technical preferences are
provided to individuals and legal entities that have installed renewable energy sources with
a total capacity of up to 100 kW [3,4]. In general, by 2030, the development of a total wind
power capacity of up to 5000 MW is predicted in Uzbekistan.
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In numerous works, including [5,6], wind turbine aerodynamics was calculated using
the ANSYS Fluent software package and other ready-made object-oriented packages. A
complete three-dimensional model of the motion of an incompressible fluid based on the
averaged Navier-Stokes equations according to Reynolds [7,8] and the finite volume
method are used. The equations can be represented in primitive variables, in the Gromek-
Lamb form [9, 10], and in other forms. At the same time, the weak point of these models is
the lack of an adequate turbulence model because the mathematical models of turbulence
tested on one or two tasks do not always give the correct result for other tasks, for example,
under conditions of a tangential discontinuity, which occurs when studying wind turbines,
and under conditions of anisotropic turbulence. Numerous results of theoretical testing of
wind turbines have been produced in the ANSYS Fluent software package [11].

1.1 Equations for a moving frame of reference

Consider a coordinate system that moves with linear velocity and rotates at an angular
speed relative to a stationary (inertial) frame of reference, as shown in Figure 1.

The main reason for using a moving frame is to present a non-stationary problem in a
stationary (inertial) frame that is stable relative to the moving frame. For a stationary,
moving frame of reference (for example, the rotation speed is constant), it is possible to
transform the equations of fluid motion to a moving frame of reference so that stationary
solutions are possible. It should also be noted that you can run a non-stationary simulation
in a moving reference frame with a constant rotation rate. This would be necessary if you
want to model, for example, the vortex shedding from a rotating fan blade. In this case, the
instability is due to the natural instability of the fluid (formation of vortices) and not due to
interaction with a stationary component. In ANSYS Fluent, moving a frame with non-
stationary translational and rotational velocity motions is also possible. Again, the
corresponding acceleration conditions are added to the equations of fluid motion. Such
problems are inherently non-stationary concerning the moving coordinate system due to the
non-stationary motion of the coordinate system.

The beginning of the moving system is determined by the position vector 7 . The axis

of rotation is determined by the unit direction vector @ such that @=wa. The
computational domain for the CFD problem is defined relative to the moving frame of
reference in such a way that an arbitrary point in the CFD domain is defined by the position
vector 7 from the start of the movement frame.
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Fig. 1. Stationary and moving frames of reference
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Fluid velocities can be converted from a fixed frame of reference to a moving frame using
the following relations [4, 5]:

<
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|

<y

Where

U =v, +oxr.

Iz

In the above equations j; is relative speed (speed as seen from a moving reference frame),
v is the absolute speed (the speed considered from a fixed frame of reference),  is the

speed of the moving frame of reference relative to the inertial frame of reference, v, is

frame forward speed, @ is angular velocity. It should be noted that both @ and ‘7[ can be

functions of time.

When solving the equations of motion in a moving reference frame, the fluid
acceleration is supplemented by additional terms that appear in the momentum equations
[12, 13]. Moreover, equations can be written in two ways:

Expression of momentum equations using relative velocities as dependent variables
(known as the relative velocity formulation).

Expression of momentum equations using absolute velocities as dependent momentum
variables equations (known as the absolute velocity formulation).

The basic equations for these two formulations will be presented below. It may be noted
here that pressure-based solvers in the ANSYS Fluent code used are allowed to use either
of these two formulations, while density-based solvers always use the absolute velocity
formulation [14, 15].

Relative Velocity Formulation. To formulate the relative velocity, the basic equations of
fluid flow in a moving frame of reference can be written as follows:

Mass Conservation:

a—’O+V,017,:0.

ot

Conservation of momentum:

8 . I . . . . . — . — = —
—(pvV,)+V(pV V) + p(20xV, + X OXF+aAXF+ad)=-Vp+VT, +F
_d

dt dt

Energy saving:

%(pEr)+V(p\7rHr)= V(kVT+75,)+S,.

The momentum equation contains four additional acceleration conditions. The first two
terms are Coriolis acceleration and centripetal acceleration respectively. These terms appear
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both for constantly moving frames of reference (that is, and are constant) and for
accelerating frames of reference (that is, and/or are functions of time). The third and fourth
terms are due to the non-stationary change in the rotation speed and linear speed,
respectively. These terms disappear for constant rates of travel and/or rotation. In addition,
viscous stress is an identical stress tensor (7,) given by someone

?:y|:(V17+V\7T)—§VW}

where 44 is molecular viscosity, / is unit tensor, and the second term on the right side

equals the volume dilation effect.

Except that relative velocity derivatives are used. The energy equation is written regarding
relative internal energy and relative total enthalpy, also known as rotalpia. These variables
are defined as:

E :h—£+l(vf—uf), H=E +2.
p 2 p

Formulation of absolute speed. To formulate the absolute velocity, the basic equations of
fluid flow for a constantly moving frame of reference can be written as follows [16, 17]:
Mass Conservation:

——+Vpv =0-
or PV,

Conservation of momentum:
g(pﬁr)+V(p17r17)+p(5)x(\7—\7t)):—Vp+V?+13';
Energy saving [18, 19]:

0 - - =_
8_('0E) +V(pv H + pii, )= V(kVT + rv) +S,.
t
In this formulation, the Coriolis acceleration and the centripetal acceleration are simplified

to one term(@x(g_;,[)). Note that the momentum equation for formulating absolute

velocity does not contain explicit terms, including & andd .
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Fig. 2. Positions of blades when device rotates around its axis

Let's discuss our object of study from the point of view of mathematical modeling of a
moving element.

The windward blades rest against the frame, and the leeward blades parallel the wind
speed vector. When viewed from above, the device rotates counterclockwise. Then, in
position (a), the OB blades are on the windward side and make up 90 degrees with the
wind, i.e., take full wind energy.

Disconnection of the AC from the direction of the wind occurs, as already noted,
counterclockwise. If the deflection angle is ¢, then the action of the wind to the blades of
the OA section issina, and the blade of the OB section —coscr. The first of these
quantities is increasing, and the second is decreasing. The blades of the OC and OD
sections, which move against the flow, take a neutral position under the influence of the
wind - they become parallel to the wind speed vector.

However, the effect of the wind on sections with neutral blades that are upwind will also
be noticeable. As noted in the part of the patent description, the difference in the moments
of the windward (working) and leeward (neutral) blades organizes the device's rotation
around its axis. It leads to the rotation of the axis of the electric generator.

Thus, when modeling an object, it is necessary to consider that the windward blades
resting on the frame make the same movement as the frame, which corresponds to the
formulation of the absolute speed. At the same time, the lee blades adjust to the direction of
the wind and form a variable angle relative to the section frame.

Based on these judgments, it is necessary to set the task on ANSYS Fluent for
conducting the calculation.

Relative reference frame motion specification [7]

ANSYS Fluent allows you to specify a motion reference frame relative to an already
moving (rotating and moving) frame of reference. In this case, the resulting velocity vector
is calculated as

V. =V—u,
where u, =u,, +u,, and @ =, + ®,.
The rotation vectors are added together as in the equation @ = 6_[)1 + @, , since the

motion of the frame of reference can be considered as a rotation of a rigid body, where the
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rotation speed is constant for every point of the body. In addition, this allows the rotation to
be formulated as an axial angular velocity vector (also known as pseudo), describing
infinitesimal instantaneous transformations. In this case, both rotation speeds obey the
commutative law. It should be noted that this approach is not sufficient when working with
finite rotations. In this case, it is necessary to formulate rotation matrices based on Euler
angles.

Technology and methodology of CFD: Computational Fluid Dynamics or CFD (from
the English Computational Fluid Dynamics) includes the analysis of fluid flow, heat
transfer, and related systems using computer simulations. It has a wide range of industrial
and non-industrial applications and is a reliable product manufacturing tool. It is widely
used in the automotive industry to predict a vehicle's drag and lift forces. Computational
fluid dynamics requires significant knowledge of fluid dynamics, mathematics, and
programming. It involves accepting a wide range of variables to create models that can
reflect the necessary needs of a real system.

Computational fluid dynamics is used to study aircraft and vehicles. This is useful when
analyzing the lift and drag of a vehicle. Using this method, one can easily investigate the
hydrodynamics of ships. Using this technique, one can easily study combustion processes
in internal combustion engines and gas turbines of industrial power plants, flows in rotating
channels, and diffusers of turbomachines. In biomedical engineering, it is used to analyze
blood flow through veins and arteries. It is also used for weather forecasting in
meteorology. Modern ecologists also use this method to determine the distribution of
wastewater and pollutants.

Industrial companies are very happy with computational fluid dynamics because it
offers unique advantages over experiment-based methods for designing fluid or flow
systems. It allows for unlimited levels of detail in results and helps improve fluid systems.
This significantly reduces lead times and costs for new system designs. CFD facilitates
system analysis where it is difficult to work with managed systems. It also can examine
systems under emergency conditions at their normal operating level and beyond. In
experimental studies, the costs of hiring staff and other aspects vary; therefore, industries
increasingly ignore experiments. On the other hand, computational fluid dynamics gives a
huge amount of results at no additional cost and is very cheap to implement.

Fluid flow problems can be solved using CFD codes (software packages). These codes
are based on numerical algorithms and provide easy access to complex fluid flow problems.
CFD codes consist of a preprocessor, a solver, and a postprocessor.

To date, a large number of commercial and non-commercial CFD packages have been
implemented [7]:

* Altair Hyperworks

e ANSYS (Fluent and CFX)

* Autodesk CFD

+ CFL3D

*  COMSOL Multiphysics;
« FLOW-3D

* FlowVision

* FUN3D

* NUMECA OMNIS

*  OpenFOAM

*  PHOENICS

¢ Siemens STAR-CCM+

¢ SimScale

¢« SOLIDWORKS Flow Simulation
« SU2
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Entering a fluid problem into a CFD program to convert it to a simple part enters the
preprocessing context. This includes defining the geometry of a particular area, i.e., the
computing area. In addition, it is divided into several smaller, non-overlapping subregions
in a grid or cell grid pattern. It helps in defining and modeling fluid properties. The solution
for variables such as temperature, pressure, etc., is determined at the nodes of each grid.
The accuracy of any CFD solution is determined by the number of cells in the grid since the
greater the number of cells or grids, the higher the accuracy of the solution. The mesh size
depends on the system's high cost and the solution's accuracy.

The finite difference method, finite element method, and spectral method are the three main
numerical solution methods, of which the finite volume method is mainly used. The
numerical algorithm includes the integration of the basic equations of fluid flow over all
finite volumes of the domain. The resulting integral equations are then transformed into a
system of algebraic equations. Then the algebraic equations are solved by the iterative
method. The main difference between the finite volume method and other CFD methods is
integrating the control volume into the finite volume method. The resulting equations have
the same properties for each cell of finite size. This simple concept makes it easier for
engineers to understand fluid flow than other methods. Conservation of various flow
variables, such as enthalpy and the velocity within the final control volume, is expressed to
evaluate whether it is increasing or decreasing. CFD codes consist of discretization methods
that are useful for convection, diffusion, and other key transport phenomena.

The ever-increasing popularity of CFD software has expanded processing capabilities. This
facilitated greater graphical possibilities along with domain geometry and grid display. The
CFD software package now includes vector plots, line and hatched contour plots, contour
postscript output, and particle tracking. These features are complemented by the animated
and dynamic display of results. This made it possible to transfer ideas to people who did not
have an engineering background.

Fluid flow problems are built on complex sets of physical, chemical, and mathematical
concepts, and experienced specialists are required to master them. The user must have
considerable knowledge of various subjects before modeling CFD tasks. The user must be
able to identify and formulate the chemical and physical aspects of a flow problem. The key
decisions made in fluid flow simulations are the effect of ambient temperature, air density
changes, turbulent flow, air bubbles, etc. When modeling equations, it is necessary to make
the right decisions to maintain the fluid problem's desired characteristics. Accuracy when
simplifying the equation improves the quality of the CFD. A detailed description of the
domain geometry and mesh design is critical at an early stage to obtain successful
simulation results. Successful modeling can be obtained through convergence and mesh
dependence. A convergent solution can be achieved by choosing different acceleration
devices and relaxation factors.

2 Methods

The paper considers a variant of the problem of modeling the flow around a developed
wind turbine.

Building a CAD model Fig. 3. was carried out in the SolidWorks environment, where
the main geometric dimensions were specified. Since the task is reduced to modeling a flat
task, the 2D design mode was chosen.
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Fig. 3. 2D wind turbine geometry (top view)

In the process of solving the problem, one turbulence model can be used to describe
turbulence.

Model k — @ this model is historically the very first high-Reynolds model with two
differential equations [7, 20-23]:

0 0 0 ok .
= (k) +——(pku,) = —{rk g} +G,~pf [ ko+ 5,

ox; Ox, ;
0 0 0 ow )
—(pw)+—(pou,)=—|T — [+G - o +S .
o P0)* g () axj{ w@x}} o~ PPI@ S,

Does not contain terms reflecting the effect of molecular viscosity on turbulence. Now

- pk
rarely used. Turbulent eddy viscosity is calculated by the formula: 1, = '0—, model

)

constants ~are defined as a  function T, =u+ A, I o=u+ He
O-k O-(o

- —— Ou, . Ou,
o —a | otRe/R, Ret:/’_k, G, = —pu/,—L ., y-=l Ou; _ou; |

“| 1+Re,/R, HO Oox; 2{ox;, ox
G, =a2G, g =Ze| G tREIR, 4, = Ok 0o
¢ k a | 1+Re,/R, o Ox; Ox,

B =p[1+¢F(M,)]
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Cosure constants for kK — @ model:
o =P R, =6, 5,=0072, &’ =a =1, R,=295 a=a,=1
3

4
. .| 4/15+(Re,/ R _ _ *
B =P ( ﬁ) , ¢ =L5 R,=8, f,=0.09,

© 7 14(Re/Ry)

. 2k
_ |25, =5, 1_&§*F(Mt) . M} —

« v
(,Bwa)) B, a
., f5.=0.09, B, =0.072, R, =8,
2

Xo , M, =0.25,

a=\yRT. a, =1, a,=0.52, q, =

O | —

R,=6,R =295 ¢ =15 M,=02505,=20,0,=2.0.

3 Results and Discussion

Calculation grid. Next, the CAD model was exported to Cadence Pointwise to create a
hybrid finite volume mesh. An O-grid topology type was chosen to define the CFD flow
domain. The input velocity boundary condition was specified in the I first quarter of the
circular domain and in the remaining parts of the atmospheric pressure output condition.
Also, cell layers were allowed directly at the blade walls to accurately model the turbulent
viscous layer, where Y+ < 4.

Type - unsteady incompressible flow in the 2D formulation. The mass of the installation
is 72 kg, and the moment of inertia along the Z axis is 90 kg'm?.

The results of calculating the drag coefficient from the angular position of the first blade

when using & — @ turbulence models are compared with experimental data (Figure 4).

1.8

L T~

1.5

1.4

1.3

AV

1.1

Dreg Coeeficient (Cd)

o] 15 30 45 60 75 90 105 120
Angular Positions (Degree)

Fig. 4. Dependence of drag coefficient from angular position of first blade
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The results of modeling the rotation of the wind turbine blades showed a speed of 25-30
rpm with a wind speed of 8 m/s (see Figure 4).

Fig. 5. Speed Loop V=8 m/s. k — ® model

Fig. 6. Contour of rotation speed V=5 m/s. kK — @ model

4 Conclusions

Numerous results on the aerodynamics of the HTBO have been obtained, which should be
further processed by statistical methods and analyzed.

Theoretical calculations in the ANSYS environment have established that when calculating
the aerodynamics of the proposed HTTO, one can use turbulence models k£ — @ , which

10
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more adequately describe the flow process around a rotating device.

Primary experimental results have been obtained, showing that at wind speeds above 5 m/s,
the developed device can provide 0.7 kW of energy.

The results on the aerodynamics of the HTBO, which are not included in this report, must
be further processed by statistical methods and analyzed.
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