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B mHactosmeM cOOpHHKE BHUMAHUIO YWTaTeled TPEACTABICHbl JOKIAIbl, OTpa’Karollue
pe3yNbTaThl HAYYHBIX W3BICKAHWM TI0 HAIMpPaBJICHHUSAM WHTEIUICKTYaJbHOTO aHalu3a JaHHBIX,
00pabOTKH TEKCTOB, H300paKEHUH M PEUYEBBIX CUTHAJIOB, MATUHHOTO OOYYCHHS U MPEACTABICHUS
3HAaHWUU, Pa3BUTUS MU(PPOBBIX TEXHOJIOTHH, MATEMATHYECKOTO MOJACIMPOBAHUS, alTOPUTMU3AIIHH,
YOpaBleHUS! U ONTHUMU3AINHN B TEXHUYECKUX, SKOHOMHUUECKHX U COIMAJIbHBIX CHCTEMax, a TaKxkKe
BOMPOCHI TENAaroruku M oOpa3oBaHUS B YCJIOBHAX LHU(POBOH TpaHchopmanuu. ABTOpaMu
JIOKJIaJIOB pacCMaTpUBAeTCs IIMPOKHM CHEKTp MpoOJeM pa3BUTHUS TEXHOJOTHUN HMCKYCCTBEHHOTO
uHTeImekTa. OCBEMaroTCs BOMPOCHI MPUMEHEHHs] IMUQPPOBBIX TEXHOJOTHH, aHalW3a NaHHBIX U
MalIMHHOTO 00YYEeHUS MPH PEIICHUH 3a/1a4 MOJIETUPOBAHUS U YIIPABICHUS O0BEKTaMH Pa3IMYHOM
OPUPOJBI. 3HAYUTEIIBHOE MECTO 3aHMMAIOT WCCIICIOBAHHS, CBS3aHHBIE C TEOPETHUECKUMHU H
MPUKJIAIHBIMA BOIIPOCAMHU Pa3pabOTKU MaTEeMaTUYECKUX MOJENIeH, BEIUNCIUTEIbHBIX alTOPUTMOB
U MporpaMMHOro obecrieueHus. [IpuBoasaTcs pe3ynbTaThl pa3paboTOK MoneNe M IMpOorpaMMHO-
TEXHUYECKUX CPEJCTB CUCTeM MH(GOPMAIMOHHON 0€30MacHOCTH, MPUKIATHBIX CHCTEM 00pabOTKH
uHbOpMallMK, TPUHATHS PEIICHUH U YIOpaBlIeHHS B HEPTEra3oBOM, MAIIMHOCTPOUTEIHHOM,
arpoNpPOMBIIIUICHHON, TEJICKOMMYHHKAIIMOHHOW, ()MHAHCOBO-DKOHOMHYECKON OTpacisXx Hu B
obpazoBanun. CopepxaHue COOpPHHKAa OPUEHTUPOBAHO HAa HAYYHBIX PAOOTHUKOB, JOKTOPAHTOB,
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Annotation. Currently, the study of turbulent flows formed around aerodynamic profiles is one of the most
important issues in the field of aircraft engineering and wind power. It is impossible or too expensive to study
these currents by experiment. Therefore, it is appropriate to model it using modern package programs. This
article presents a study of a turbulence model in subsonic flow around a BELL 540 airfoil with angles of attack
from 0 to 12 degrees. For the numerical implementation of the turbulence equations, the finite element method
was used, implemented using the software package Comsol Multiphysics. The k-e model was used to determine
the turbulence. The results obtained were compared with experimental data and showed good agreement between
them, which confirms the adequacy of the proposed turbulence model. The main aspects of the research
methodology are discussed, including modeling parameters and analysis of the data obtained. This study
contributes to the understanding of turbulent flow around airfoils and may be useful for developing more accurate
engineering models.

Keywords: Navier—Stokes equations, separated flow, model k& — &, Comsol Multiphysics, BELL 540 airfoil,
NACA, aerodynamic profiles.

1 Introduction

Turbulent flows are complex phenomena in the fields of aerodynamics and fluid dynamics that
result from nonlinear interactions between particles of a liquid or gas. These interactions produce
chaotic and unpredictable movements, making turbulence one of the most challenging objects to
study in flow physics. Understanding turbulent flows has important implications for various
engineering fields. In aerodynamics, for example, turbulence affects the aerodynamic characteristics
of airplanes and other aircraft, as well as the efficiency and safety of their flights. In hydrodynamics,
turbulent flows determine the behavior of water in rivers, oceans and pipelines, which is important
for the design of hydraulic structures and water supply systems. In addition, turbulence plays a key
role in the design and optimization of various mechanisms and machines such as turbomachines,
pumps and fans. The study of turbulent flows is a current research task, as it contributes to the
development of more accurate and efficient engineering models. However, despite significant
advances in this field, many aspects of turbulent flows remain poorly understood, which creates a
need for further research and development. Thus, understanding turbulent flows is of fundamental
importance for various engineering applications and is the subject of active research nowadays.

In this study, we focus on the numerical simulation of turbulent flow around the BELL 540 airfoil.
This airfoil is widely used in aerodynamic research due to its simplicity and good lift performance.
We will study the flow around the airfoil at various angles of attack, ranging from 0 to 20 degrees.
For numerical modeling we use the Comsol software package Multiphysics , which provides
extensive capabilities for solving a variety of problems in continuum mechanics, including modeling
turbulent flows.

Cexyusa 5. Mamemamuueckoe MoOenuposanue u 6bl4UCIUMENbHAS MAMEMAMUKA



130 Hamdamov M.M. et al.

Aerodynamics research is an important component of wind turbine design and optimization .
BELL 540 is one of the most common airfoils. Powerful techniques such as computational fluid
dynamics (CFD) can be used to study flow around an airfoil and determine its aerodynamic
characteristics.

CFD research allows you to conduct virtual experiments by simulating flow around an airfoil
under different conditions. To estimate aerodynamic parameters, various approaches are used, such
as models k—¢& and k — @, to solve the Navier-Stokes equations and turbulence equations.

The main goal of this study is to verify the adequacy of the proposed turbulence model by
comparing the obtained numerical data with the results of experimental measurements. Successful
comparison of these results will confirm the applicability of our model to real engineering problems
and increase the level of confidence in numerical methods in aerodynamics. Later in the article we
will describe in detail the research methodology, present the results obtained and discuss their
significance for practical applications.

2 Physical and mathematical formulation of the problem

The BELL 540 turbulent airfoil must be operated in virtually incompressible conditions. Reynolds
number per chord Re = 5 million. In Fig. 1 shows the computational mesh and boundary conditions
[13].
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2.1 Mathematical model

The BELL 540 airfoil, Reynolds -averaged Navier-Stokes (RANS) equations were used. These
equations underlie the mathematical description of the dynamics of an incompressible fluid and
represent a system of differential equations that model changes in speed and pressure in a liquid
medium in time and space.
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Navier-Stokes equations in averaged form take into account turbulent flows and represent the
following system of equations:

Mass conservation equation (continuity equation), which describes the law of conservation of mass
within the computational domain:

o, _
Ox,

1

0 (1)

The momentum conservation equation, which describes the change in fluid velocity under the
influence of external and internal forces:
— — 2
ou, _ou, 1d7p o’u, 01,

tu,—t=———"—+v——+ (2)
Ot dx;, pdx, Ox0x, O

Where
u, - components of the average velocity field, p - average pressure, v - kinematic viscosity, 7, -

components of the stress tensor, p - density.

Reynolds -averaged Navier-Stokes equations makes it possible to take into account turbulent
effects and their influence on the flow around the BELL 540 airfoil . These equations are solved by
numerical methods, such as finite element analysis, using specialized software packages such as
COMSOL Multiphysics. This approach provides detailed data on the flow characteristics and its
impact on the profile.

The study of a turbulence model & —¢ for problems of turbulent flow in a flow around the BELL
540 airfoil is the purpose of this article. The obtained numerical data are compared with known
experimental data available on the NACA Turbulence website Modeling Resource (TMR) [12-15].

2.2. Turbulence models

When the chain of equations for correlations of turbulent quantities breaks down into equations
for first-order correlations, it is obvious that the turbulence model of the first level of closure &k — ¢ is
the most effective. The k-epsilon (k-¢) turbulence model is one of the most popular and widely used
in engineering calculations, especially for general turbulent flow modeling problems. It includes
equations for the turbulent kinetic energy (k) and the dissipation rate (g), which allows describing
turbulence on large scales.

The main advantages of the k-¢ model are:

Simplicity and reliability: The k-¢ model is easy to use and fairly stable, making it suitable for
most engineering applications.

Broad range of application: The model copes well with a variety of problems, from modeling
turbulent flows in pipes to more complex aerodynamic problems.

Low computational cost: Compared to more complex models such as SST, the k-g model requires
fewer computational resources.

This model is currently very popular and is included in many CFD packages[16-20].
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oT 1(op M, Op

Gy =—puu,—, §=[28,S,, G,=pe, L —, ay=1/Pr=klpc,, p=——|L|, G,=-g L,

k PU; J ,‘ i) b ﬂgz Pr,axi 0 :ucp /B p(@Tj b gl,DPI't axi
k
a=yRT, Pr,=1/a, M, = |—
° a

The empirical constants £ —¢ of the model take standard values: C,, =144 C,=19, o, =10,
o, =12,4,=404.

2.3 Solution method
For the standard turbulence model k —¢ standard COMSOL Multiphysics solvers were used.

3 Results and discussion

The change in pressure on the channel wall depending on the distance is called the distribution of
the surface pressure coefficient [20-24].

_P~Ps
7 0.50U,;
where p is the pressure at a point on the surface of the profile, P » is the pressure of the free flow, p is
the density of the free flow, U ois the speed of the free flow.

Comparisons of the obtained numerical results with known experimental data are shown below.
In Fig. 2 shows the pressure coefficients for various angles of attack of the profile surface.
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Figure 2. Pressure coefficient varying depending on the angle of attack of the profile surface

The effect of angles of attack on lift coefficients is shown in Fig. 3.
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Figure 3. The influence of angles of attack on lift coefficients.

The results of the experiment are similar to the results &£ —& models as shown in Figures 2-3. In
Fig. 4 shows isolines of the flow velocity at different angles of attack.

aphal2i=2 U aphatai=s Surface: Velocity magnitude (mis) Streamiine: Veloity feld
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Figure 4. Isolines of flow velocity at different angles of attack.

The turbulence model k — ¢ is considered to be the best semi-empirical model available today.
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Figure 5. Isolines of the pressure field at different angles of attack.
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Figure 6. Isolines of the turbulent kinetic energy field at different angles.
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Figure 7. Isolines of the turbulent dissipation field at different angles
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Studying the flow around the BELL 540 airfoil using CFD techniques provides useful data to
engineers and designers. The data can be used to improve aerodynamic efficiency, optimize airfoil

Cexyusa 5. Mamemamuueckoe MoOenuposanue u 6bl4UCIUMENbHAS MAMEMAMUKA



136 Hamdamov M.M. et al.

shapes and create more efficient wind turbines. Understanding the aerodynamic characteristics of an
airfoil at the level of numerical modeling helps in the development of innovative technologies aimed
at renewing industrial energy.

The article reviewed shows the results of a standard turbulence model k—¢& in the Comsol
software package Multiphysics , which uses the finite element method. To validate the model, k—¢
the problems of flow around the BELL 540 airfoil were considered. From the results obtained, it is
clear that k£ —& the model has high accuracy for this problem.
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