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Abstract: A significant increase of the energy generation techniques demands the application of computational resources to design
the mechanical components and aerodynamic profiles of vertical axis wind turbines (VAWT) to analyze and improve their energy
efficiency. For this reason, experimental studies have been conducted to analyze NACA 00-series with symmetric blades under low and
high Re conditions. In this research, the shape of the NACA 0012 airfoil is formed in a 2D computational domain to solve the Navier-
Stokes equations and analyze the behavior of the airflow around the surfaces of the airfoil with ANSYS Fluent solver. A mesh
independence study determined an optimal number of 12005 cells and 12250 nodes to conform the structured mesh. On the other hand,
the convergence criterion equal to 1,10° and the fast data processing of structured meshes defined a regular grid to visualize the
contours of the airflow velocity, the airflow pressure, and the turbulent kinetic energy for each angle of attack (AoA) of the airfoil. A
good agreement between the numerical model and the experimental data demonstrated an efficient application of the CFD methodology
to calculate the pressure coefficient, the drag coefficient, the lift coefficient, the pitching moment coefficient, and the CI/Cd ratio with a
high peak value close to AoA=10° for two Re equal to 17600 and 35200. A remarkable description of the flow wake generation was
reached by the SKW, BSLKW, GEKOKW, SKE, and RKE with a better visualization of the vortex shedding between 10° to 20° AoA in

the CFD model.

Keywords: VAWT, RANS model, CFD Analysis, NACA 0012.
1. Introduction

Renewable energy resources and CFD techniques enhance
the development of aerodynamic components with greater
energy efficiency and lower manufacturing costs [1]. A
considerable effort to understand and improve the
efficiency limitations of the VAWT design facilitates the
numerical analysis of the oscillation phenomenon produced
by the interaction between a free airflow and an airfoil
geometry [2].

The numerical analysis can satisfy the needs of the
electrical energy consumption due to the intense
industrialization. In this sense, the kinetic energy analysis of
air streams is needed to study the best VAWT configuration
and produce energy from renewable resources [3]. As seen
by Parakkal et al. [4], where the Joukowski airfoil was
investigated considering the cambered NACA 4312 and
symmetrical NACA 0012 with the CFD methodology and
the Panel method technique. The lift coefficient (CI)
validated the CFD method for an element size equal to
0.004 mm and 1.2 growth rate for an AoA range from -5° to
20°. The torque coefficient (Ct) and Tip Speed Ratio (TSR)
were plotted to visualize a dominant performance of the
Joukowski airfoil with Ct close to 0.75 for 10 TSR.

In view of the above, a greater effort to develop efficient
wind turbines under low Re conditions to match the low-
altitude wind speed is expressed through the CFD analysis
to calculate the aerodynamic coefficients of NACA airfoils
and generate a better insight of the performance of small-
scale turbines in complex zones of the computational
domain [5]. Yossri et al. [6] conducted a comprehensive
CFD study to explore the effect of the airfoil section and the
rotor diameter size on the power generation of a small-scale

HAWT using the VOF method. The NS equations defined
lift and drag forces for four airfoils: NACA 0012, NACA
4412, NACA 0015, and NACA 4415 and three rotor
diameter sizes of 500mm, 750mm, and 1000mm. This
numerical analysis showed the highest lift to drag ratio for
the NACA 4412 airfoil and the power density of 11.011
W/m2 for1000mm rotor diameter.

Kulshreshtha et al. [7] analyze the airflow around three
types of airfoils: NACA 2412, NACA 2414 and NACA
2415. The NS equations for steady state and the Standard k-
¢ model calculate the aerodynamic forces and the
performance coefficients associated to the airfoil. Monitors
of lift and drag coefficients verified the convergence
supported by a second order scheme and the method
pressure-velocity coupling [8]. The range(-5° to 20°)shown
the NACA 2412 airfoil like the best geometry with the
maximum lift/drag ratio equal to 27.9206 for 4° AO0A,
maximum Cd equal to 1.8 for 20° AoA and maximum ClI
equal to 6.0614 for 19° AoA.

Maia et al.[9] studied a preconditioning-based approach to
guarantee robustness and stability during the CFD solution
of low Mach number flows [10]. The finite volume method
(FVM) was applied to discretize the computational domain
and solve the NS equations coupled to the Fluent solver
[11], [12].As a result, the hexahedral mesh with 63180 cells
showed the velocity and pressure contours from 0.1 to 1.2
Mach number.

The turbulence models are strongly used in the analysis of
the turbulent kinetic energy (TKE) and dissipation rate to
describe the vortex detachment and the shear stresses
associated to the flow displacement around the airfoil[13],
[14]. Liu and Nishino[15] performed a three-dimensional
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simulation of the flow around the NACAO0012 airfoil
modifying the Re, AoA and the mesh resolution[16].
Results showed a relation between the oscillation of stall
cells and the lift fluctuation with a variable span—-wise mesh
resolution of 10%, 5%, and 2.5% of the chord length.

In this paper, a mesh independence study is carried out to
analyze the numerical results against the experimental study
developed by Sengupta et al. [17].Re values of 17600 and
35200 were simulated to visualize the interaction between
the flow velocity and the airfoil geometry with the aim to
study the appropriate turbulence models to solve the NS
equations and analyze the turbulence effects which may
influence the performance coefficients associated to the
airfoil geometry applied to VAWTSs into the virtual
environment.

2. Airfoil Geometry

A CAD tool modeled the NACA 0012 in form of the set of
coordinates in the x, y plane and the main dimensions of the
airfoil with the chord length (c) equal to 1 meter. The Eq. 1
defines the 0012 series which conform the airfoil [18].
1
Xy /2 X
Y = 5ty C [0.2969 (E) +(—0.1260) (E)

+(~0.3516) (g)2 +0.2843 (2)3 @)
X 4
+ (—0.1015(5) ]

where the first digit of the NACA 0012 determines the
maximum camber of the airfoil. The second number
determines the distance of the maximum camber from the
airfoil leading edge, third and fourth number represent the
maximum thickness of the airfoil. In this sense, NACA
0012 is a symmetrical airfoil with a maximum thickness of
12%.

The coordinates of the airfoil NACA 0012 were selected
due to the high application in the aerodynamic flow
simulation of VAWTSs, where a virtual environment shows
the physical properties of the airflow validating the
approximated solution of the partial differential equations
reached with CFD tools.

The computational domain contains a semi-circular region
with a diameter equal to 20c in the inlet and a rectangular
region of 40c after the airfoil section, where the interaction
between the airfoil and the airflow is discretized. This CFD
method is based on the numerical discretization proposed
by Brown et al.[14] where the structured mesh optimizes
the number of cells needed to reach an efficient
approximation in the solution of the NS equations. Fig. 1
shows the domain modeled with CAD tools, where an AcA
from 0° to 90° influences the flow near to the surfaces of the
NACA 0012 in each numerical simulation.

40c

A0A=30" S,

. .
N R
_ x

Figure 1: Computational domain of the CFD study.

3. Numerical model

The numerical analysis of the NS equations determines the
complex problem solving in science, engineering, and
technology for automotive, aeronautical, mechanical,
electronics, oil & gas, chemical, aerospace, civil,
environmental engineering, or bioengineering. ANSYS
software may be used to improve the properties of wing
sections for laminar or turbulent flows and describe the
vortex detachment near to the surfaces of the airfoil. As
presented by Bellakhal et al. [19] in the assessment of two
equations turbulence models, the finite volume method
(FVM) computes the NS equations for incompressible,
laminar, and two-dimensional flows to simulate the
streamlines around the airfoil and determine the
performance coefficients for each thermodynamic state.

In this CFD simulation, the pressure-based algorithm
predicts the main dependent variables with the application
of the coupled scheme in second order. An iterative analysis
determines the flow field and the inertial forces of the
airflow through the solution of the conservation equations
of mass, momentum, and energy expressed by the Eq. 2,
Eg. 3, and Eq. 4 respectively [20].

aJ —

—+V-(pV) =0 @)
2 (V) + V- (VW + p) ~7-E = 0 3
] - _ -
a(pe)+v-(phv)—v-(f-v—a)=0 (4)

On the other hand, Eq. 5 relates the kinetic energy with the
pressure contours between the boundaries of the 2D
computational domain. For each turbulence model, the
convergence criterion equal to 1x10°reached a stable
solution and a good behavior of the residual values [21].

V2
p=p(Y-1) (e . 7) (5)

A set of computational treatments were necessary to reduce
the instabilities and enhance the CFD model to obtain an
appropriate numerical solution [22]. The mesh refinement
technique improved the robustness in the CFD model
enhancing the prediction of the complex turbulent flow
close to the airfoil surfaces considering an AoA range from
0° to 90° Seven turbulence models analyzed the flow
phenomena around the airfoil with the modeling of the
environmental VWAT conditions in Fluent solver: Standard
k- (SKE), RNG k-g¢ (RNGKE), Realizable k-¢ (RKE),
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Standard k-o (SKW), GEKO k-0 (GEKOKW), SST k-®
(SSTKW), and BSL k-0 (BSLKW).

3.1 Standard k-£ model

The physical effects of the turbulence phenomena are
strongly associated with the Re number modeled into the
computational domain. Therefore, a reliable CFD prediction
involves an adequate simulation of the turbulence from the
numerical model setup considering the temporal and spatial
scales with a cost-effective approach. In accordance with
the above, the standard k — € model calculates the Reynolds
stress terms for a wide range of industrial applications with
the low computational cost required to define the turbulent
kinetic energy and its dissipation rate (Eq. 6 and Eq. 7,

respectively) [23]
(k)+ (ku)—i<+—)a—k + Gy — pe (6)
P a P ox |\M o ax | TGP
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where, Gk determines the turbulence Kkinetic energy
production in form of the mean velocity gradients. C;, =
144 and C, = 1.92 are constant values of the model.
0,=1.0 and o, = 1.3 are the turbulent Prandtl numbers for k
and ¢ values which are used in a wide range of flow
transport processes and experimental studies [24].There is a
continuous interest in the enhancement of the turbulence
models and the computational cost reduction of two
equation models, where the turbulent shear stresses are
associated to the mean rate of strain, as shown in Eq. 8 [25].

c Jdu 8
puV—utaXj ®

One of the most important features of the standard k-¢
model is the assumption of the turbulent viscosity and the
thermal diffusivity presented in Eq. 9 and Eq. 10.

kZ

He = pcu? (9)
CpHe

k, =2 10

= (10)

3
Cp is equal to 0.09 and ¢ can be replaced bypkz/1

considering the effects of the molecular viscosity for high
Re numbers and the application of fine meshes near to the
wall of the computational domain to improve thesimulation
results.

3.2 RNG k-¢ model

According to Kolmogorov[26], the turbulence is constituted
by eddies with an amount of kinetic energy larger than the
viscous dissipation. The RNG model calculates p; with a
relatively low computational cost due to the application of
the Boussinesq approach and the renormalization method.
An additional term in Eq. 11 modifies the dissipation
equation as follows [27].

0
(ps) toc (psu)
= i C G
o (“* _+ Ll (1)
_ 8_2 C, + Hn3(1_n/n0)
P\ 2 1+ pnd
where: n = % Mo = 4.38, B = 0.012. RNGmodel considers

these constant values for C, =0.0845, C; =1.42,
andC,, = 1.68 to improve the accuracy of the flow
simulation.

3.3 Realizable k-£ model

This turbulence model predicts the behavior of the
interacting flow around the complex surfaces of the
computational domain in a control volume previously
defined with high efficiency. The equations of the
Realizable k-¢ model are pre-coded to calculate the
turbulence considering the energy needed to displace the
flow in a velocity range from 1 m/s to 5 m/s. The turbulent
kinetic energy (k) and the dissipation rate (¢) are variables
expressed byEq 12 anqu 13, respectively.

He\ Ok
_(pk)+ (pku]) [(u+0—k)a—xj]+ Gy — pe  (12)

d d ] e\ O€ g2
&(P€)+a—xj(p€uj)— a—xl[(u 0_5)6 ]+C1£ka CocP 1o
(13)

where:

L. = max [0.43,#],71 =S58 = /25,5 Ce = 19.

This CFD methodology complements the experimental
analysis of the physical variables and describes the
turbulent kinetic energy transferred between the surfaces of
the airfoil. Realizable k-¢ model presents a different
formulation of the turbulent viscosity (p.) expressed in Eq.
14 as a variable with a significant influence over the
predictability of the viscous flows.

k2
Me = pCu— (14)
where C, determines the airflow into the control volume of
the CFD study. For the Realizable model application, Eq.
15 determines flow changes in function of the constant
values Ay, A, and the turbulent kinetic energy (k), as
follows:

1
C,=——= (15)
N
Ayis equal to 4.04 and A, is equal to V6 cos g. where:
1
g = §cos Vew (16)
Sij Sik S
jk Oki
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§—/ss g = L(%u, 0w 18
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On the other hand, Eq. 19 and Eq. 20 define the flow
velocity (V) as follows:

ﬁii = Q_l] - Ei]' k(.l)k (20)

The solution of the terms based on the Reynolds stress
tensor supports the CFD model analyzing the relation
between the pressure contours, the airflow velocity, and the
viscous dissipation rate. In this way, it is possible to apply 5
differential equations to develop a 2D flow analysis and
reduce the computational resources of the numerical
simulation under VAWT flow conditions used in the CFD
model.

3.4  Standard k- model

The mathematical modifications model the compressibility
effects and determines the Standard k-o equations to
calculate the main properties of turbulent flows. The
standard k-o is an empirical model based on the turbulent
kinetic energy (k) and the specific dissipation rate ()
demonstrated from the Wilcox k-o model. Eg. 21 and Eq.
22 are the partial differential equations computed to
calculate k and ® respectively:

0

O o)+ (oku) = | X+ 6 @
ot PR F g (k) = Mgy | ¥ G (D)

(p )+—(pwu)— x-[r‘”a ]+Gm (22)

where Gy represents theturbulent Kinetic energy generation
in function of the mean velocity gradients and G,
determines the generation of the specific dissipation rate. I'
defines the effective diffusivity of k and o by means of the
Eq. 23.

(23)

Ok,w

For the standard k- model, p, is equal to pk/m and G, is
given by the relation “)Gk/k.

3.5  Shear Stress Transport (SST k-®) model

The SST k- model improves the accuracy of the k-o
model in the near-wall region of the computational domain
by means of the application of the k-g model in the far field
zone. SST k-o differs to the standard k- model in the
application of the damped cross-diffusion term to calculate
. Eq 24 shows the difference with an additional term.

(pm)+—(pmu) 6‘[[‘ g ]+G + D, (24)

1 Jkiw
W0, 5 0%; 0X;

o =2(1=F)p (25)

The Eq. 26 and Eq. 27 determine the first blending function
F1 considering the physical values k, ®, and p. This
additional term proposes an improvement in the accuracy of
the SST k- for viscous and compressible flows as follows:

Fy
vk 500p 4pk
= tanh¥{ mi k k 26
an (mm [max(0.09my pyzoo) Gw.ZDfEYZD( )
D+ = ) 1 10kow 10-10 27
o = Max pcw,Zwaxjaxj' (27)

On the other hand, the turbulent viscosity p; is a dependent
value of k, ® and the blending function F, as shown in the
Eq 28.

a k

—_— 28
max(a; w, QF,) (28)

He =

Q is the absolute value of the vorticity and a; is equal to
0.3.Eqg. 29presents the blending function F,, as follows:

VK 400u
F, = tanh <max (20 09wy’ 2 u)) (29)

The SST k-0 model considers a set of constant values in
Fluent to compute the airflow and analyze its properties into
the computational domain: o, = 0.85, o, = 0.65, k=

0.41, B, = 0.0750, B = 0.09, and y = Bl/B — 6, k%/A/B.

3.6  Generalized (GEKO) k-® model

Generalized (GEKO) model is a two-equation model based
on the standard k-o model formulation and the possibility
to set the main parameters over a wide range of CFD
situations for wall bounded flows, free shear flows and
corner separation flows with a curvature correction term. A
started point for k and ® terms can be expressed by the Eq.
30 and Eqg. 31 respectively.

a(k)+a(k)—P C 1<+arak 30
ot PR F 5 (oky) = R~ Cupoke+ 5o D] BO)

(pw) + (pwu])

w

= Cu)lFlEPk - szsz(,l) + pF3CD
+ g [ o 31

0x; | © 0x; G
The free GEKO coefficients and the functions (Fy, Fy, F3)
were defined by the user to improve the accuracy during the
numerical simulation. Considering the above, Eq. 32 and
Eq. 33 determine the turbulent viscosity W, and P, term as
follows:

k
bh=p—F—5 (32)

where D, is based on the blend of the standard k-¢ and the max (‘*’y Creatine )

standard k- model. The Eq. 25 defines the cross-diffusion

value in function of k and ® terms as follows:
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o b (33)
) ox;

Finally, CD and S are the dependent values of the GEKO

model supported by the turbulent Kkinetic energy (K), the

specific dissipation rate (®) and the mean strain rate tensor,

respectively. These values are expressed in the Eq. 34 and

the Eqg. 35.

Pk=_

D - 2 10kdw 34
0, w dX; 0X; (B4

ou; dy )
+
X

S= [28;S;; Sy = <ax e (35)

3.7 Baseline k- model

The Baseline (BSL) k- model derives from the SST model
and the Jhonson-King (JK) formulation including the
effects of the adverse pressure gradient and the effect of the
inertia into a transport equation, this formulation presents
accurate results for a large variety of flow problems. The
principal shear-stress is proportional to the turbulent kinetic
energy to guarantee the agreement between the Eq. 36 and
Eq. 37.

%010 + o (play) = B = Bpook -+ | G-+ ) 3|

(36)
(p )+ (pu]w) VP, — VP2 +
2(1-F) utaka“)+a (n+ )ak 37
A e vl vl L v IS
where:
0y 6ui+6u]- 2 kS, du; 38
k=g \ox Tox ) 37 e GY
_ Oy 6u1+6u]- 2 s au; 39
© paxj 0x; 0 3 PO 0x; (39
The function F; is calculated from the Eq. 40, as follows:
F, = tanh(arg} (40)

, vk w\ 400v
arg; = max (mln (m, 0.45 E) ; m) (41)
where z is the distance to the next surface and the eddy
viscosity is computed by the solver as: v, = k/w.

4. Methodology

The complex behavior of the turbulent flow and the
influence of the airfoil geometry were analyzed to
determine the NACA 0012 performance with a CFD
approach. In this sense, the CFD methodology defined the
numerical data of the flow around the airfoil and the main
fluctuations presented by the pressure gradients of the
airflow [28].

4.1 Boundary conditions

The boundary conditions of the numerical model arethe

velocity inlet and the pressure output computed to calculate
the influence of the airfoil geometry witha range of angle of
attack from 0° to 90°. Then, the fluctuations of the turbulent
flow can be studied in function of the airflow features and
the turbulent Kinetic energy contours to analyze the
transferred energy around the surfaces of the NACA 0012
airfoil. An incompressible flow was modeled with the
computing of the Mach number equal to 0.6.

The constant value of the air density equal to 1.225
kg/m3close to the walls of the computational domain
defined the pressure-based solver to calculate the
incompressible flow during the processing of the discretized
equations. Then, the experimental data was compared with
the pressure coefficient of the NACA 0012 airfoil
considering the physical effects produced by the airfoil
interaction. Table 1 shows the features of the CFD model
developed with ANSYS to model the airflow around the
airfoil.

Table 1: Parameters of the CFD study

Parameter Operational data
Velocity inlet 1 1m/s
Velocity inlet 2 5 m/s
Pressure outlet 760 mmHg

Angle attack 0° to 90°
Airflow density 1.225 kg/m®
Mach number 0.6

4.2 Mesh independence study

The mesh independence study defined the finite number of
cells to reach a good behavior of the residuals generated
during the solution of the differential equations system
using a second-order scheme with ANSYS software. The
numerical results were analyzed according to the mesh
dependence study developed byLe et al. [29], where the
numerical simulation defines the lift and drag coefficients
of the airfoil for an AoA equal to 0°. In the first step, the
standard k-g¢ turbulence model supports the numerical
model considering five different meshes to study the
influence of the cells in the numerical accuracy of the flow
simulated around the airfoil surfaces. Fig. 2 shows the mesh
applied to create a discrete decomposition of the geometry
to process the conservation equations and visualize the flow
[30].

Figure 2: Structured mesh of the computational domain

Hexahedral cells are widely used in CFD studies due to the
high accuracy needed to simulate the turbulent flow. This
approach generates a better flow simulation near to the
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complex surfaces of the airfoil. The mesh configuration is
based on the statistical parameters that determine the quality
of the pressure and velocity contours in the computational
domain: the skewness, orthogonal quality, and aspect ratio
presented in Table 2[29].

The convergence of the residual values during the
numerical simulation demonstrated an adequate application
of the second-order scheme to process the two equations
models and determine variables modeled in the virtual
environment. Fig. 4 shows the behavior of the residual
values with the application of the RANS model in the

Table 2: Mesh ¢

uality of Numerical model

computational algorithm processed with Fluent.

Variable Statistic value | Mesh criteria
Aspect ratio 2.461 Acceptable

Orthogonal quality 0.992 Convergence

Skewness 0.810 Convergence

0.8 o

0014

« » = x-velocity | gann
= = = gpsilon

++ + y-velocity
yovetoelty L g

Adaptive meshing techniques boosted the accuracy in the
numerical definition of the turbulent flow parameters with
the effect of the zero AoA with an airfoil thickness equal
t012% of the chord length. The quantity of computational
resources needed to solve the conservation equations in the
set of cells and points that conform the mesh and the
numerical errors generated by the quality of the discretized
computational domain were reduced. Fig. 3illustrates the
mesh independency study based on the numerical results to
select 12250 nodes in the model.
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Figure 3: Mesh independency study. AoA=0°; Re=17600.
5. Results

In this section of the CFD study, the comparison of the
turbulence models determined the accuracy in the solution
of the partial differential equations considering the
calculation of the lift component which determine the forces
associated to the motion of the airfoil maintaining a
perpendicular direction. On the other hand, the drag
component determines the kinetic energy losses and the
inertial forces directly opposed to the motion of the airfoil.
These aerodynamic forces tend to change with the variation
of the atmospheric conditions, including the wind velocity
and the air density. Then, the performance coefficients
versus the AoA are calculated with the CFD model.

5.1 Numerical model validation

The numerical solution of the conservation equations with
the CFD algorithm determined the turbulence effects
associate to the flow displaced around the surfaces of the
airfoil [31]. The improvement of these computational codes
depends on the application of the differential equations
computed to develop a practical solution of the engineering
problems for separated flows or flows with multiple length
scales.

« « = contimiity
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esidual
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o 10 20 30 an 50 80 70 20
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Figure 4: Convergence of the SKE turbulence model

The numerical model analyzed the lift, drag and pitching-
moment coefficients computing seven turbulence models
with a chord length equal to 1 meter for a Re equal to 17600
and 32600.Fig. 5 shows the convergence of the performance
coefficients after 50 iterations for AoA=0° to verify the lift-
to-drag ratio and determine the VWAT performance for an
A0A from 0° to 90°.
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Figure 5: Calculation of the performance coefficients

On the other hand, Fig. 6 shows the calculation of the
pressure coefficient and the good agreement between the
experimental data and the numerical results of the CFD
model. In this way it is possible to simulate the variability
of the environmental conditions and define different
aerodynamic profiles to analyze a set of wing sections and
guarantee an optimal calculation of the flow properties.
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5.2 Performance coefficients of the airfoil

The comparative study of the turbulence models defines the
lift, drag, and pitching-moment coefficients of the NACA
0012 considering the effects of the flow separation which
influence the lift to drag ratio and the VAWT performance.

Two constant flow regimes were selected to simulate the
flow around the surfaces of the airfoil: 17600 and 35200
associating the vortex generation close to the airfoil
surfaceto the variations of the pressure gradientsbetweenQ°
to 90° AoA. The Eqg. 42, Eq. 43, and Eq. 44 define the drag,
lift and pitching-moment coefficients of the airfoil,

respectively.

D =1/, pV2sC, (42)
L=1/,pV2sC, (43)
M=1/, pv2scy (44)

Fig. 7 shows the drag coefficient of the airfoil associated to
the Re=17600, where the turbulence models describe an
increase of the energy losses as the AoA of the airfoil
increases. Unlike the Fig. 8, where the lift coefficient
decreases from the AoA equal to 40° due to the reduction of
the pressure gradients between the high and low airfoil
surface which influence the flow wake generation along the
NACA 0012 airfoil.

0 10 20 30 40 50 60 70 B8O 90
Angle of attack

Figure 7: Drag coefficient. Re=17600.
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Figure 8: Lift coefficient. Re=17600.

On the other hand, Fig. 9 presents the calculation of the
pitching moment coefficient for each turbulence model. A
low variation of the Cm until 20° AoA is reached by the
turbulence models. However, the variation of the Cm for
greater A0A relates the calculation of the pressure gradients
with the definition of the angular moment generated by the
airfoil.
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Figure 9: Pitching-moment coefficient. Re=17600.

Fig. 10 shows the effects of the inertial forces associated to
the free airflow and their interaction with the inclined
airfoil. The aerodynamic efficiency depends on the relation
between the minimum drag coefficient and the maximum
lift coefficient produced by the pressure gradients and the
reaction of the down free airflow displaced under the airfoil
surface. Therefore, it can be seen the peak of the lift-to-drag
ratio equal to 16 for AoA values less than 20° and the
approximation of the GEKOKW and BSLKW models
associated to the detection of the lift forces in the airfoil
surface for a Re equal to 17600.
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Figure 10: Lift-to-dragratio.Re=17600.
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Fig. 11 and Fig. 12 shows the drag and lift coefficients of
the airfoil modeled with the Re equal to 35200,
respectively. The numerical results showed a low variability
of the drag coefficient until the AoA equal to 30° due to the
better flow prediction reached by the RANS k-¢ models for
a higher flow regime. In contrast to the k- models, where a
better numerical modelling of the flow displaced is reached
for low or high flow regimes.

36
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o SKE  + -+ + §ST
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Figure 11: Drag coefficient.Re=35200.

e—s—s RNG  +—2—o

oo o SKE ¢ o

o e REAL ¢ » «
* SKW

-10 0 10 20 30 40 50 60 70 80 90
Angle of attack

Figure 12: Lift coefficient. Re=35200.

The high variation of the lift coefficient may be associated
to the airflow fluctuations and the pressure gradient
associated to the vortex detachment phenomena. On the
other hand, the two equation models detected a similar
behavior of the pitching-moment coefficient for both flow
regimes. However, it is important to note the influence of
the turbulence effects near to the surfaces of the airfoil.
High pitching-moment values (Fig. 13) were associated to
the inclination of the airfoil and the inertial forces produced
by the interaction of the free streamlines modeled with
ANSYSS software.
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Figure 13: Pitching-moment coefficient. Re=35200.

Thek-o turbulence models developed a similar behavior in
the analysis of the performance coefficients modeled with
Re equal to 35200. Considering the above,SKW and
SSTKW models can improve the prediction of the lift-to-
drag ratio (Fig. 14) in the flow simulationwith a high Re
value.On the other hand, the turbulence models GEKO and
BSL detected a peak value associated to the AoA equal to
10°.
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Figure 14: Lift-to-drag coefficient.Re=35200.

5.3 Visualization of the NACA 0012-airflow

interaction

In this section, the CFD model visualize the contours of the
pressure, velocity, and the turbulent kinetic energy of the
airflow from 0° to 90° AoA after to solve the NS equations
with the segregated solver. These numerical results show
the effects of the pressure gradients on the vortex
detachment phenomena and the flow wake generation near
to the surfaces of the airfoil.

The contours of the turbulent kinetic energy for an
A0A=20° present the flow instabilities influenced by the
pressure gradients of the streamlines. The turbulence
models SKW, GEKOKW, BSLKW, and SKE developed a
good vortex visualization with a flow regime equal to
17600, as shown in the Fig. 15.

However, the CFD results improved in the flow simulation
with a Re equal to 35200. In this sense, SKW, BSLKW,
GEKOKW, SKE, and RKE presented a remarkable
difference in the visualization of the boundary layer
detachment, as shown in the Fig. 16.
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Figure 15: Turbulent kinetic energy with AoA=20°,
Re=17600.

Figure 16: Turbulent kinetic energy with AoA=20°,
Re=32500.

The main instabilities of the flow were associated to the
pressure gradients near to the surface of the airfoil. Fig. 17
presents the pressure contours of the airflow considering a
Re equal to 17600. The SKW turbulence model detected the
vortex detachment phenomenon with a modeling of the Re
number equal to 17600. SKW demonstrated the numerical
prediction of the viscous effects and its strong relation with
the pressure gradients which influence the vortex generation
on the airfoil.
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.....

EN B
|
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|
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4
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Figure 17: Airflow pressure with AoA=20°, Re=17600.

The CFD results in the Fig 18 showed the influence of the

AoA on the flow wake generation near to the surfaces of the
airfoil and the formation of the boundary layer which cover
the presented void. Similar simulation results of the
streamline patterns and the separation of the vortex is
presented by Almutairi et al. [31] where the vortex
generation and the flow wake production are observed in a
transient state simulation for an AoA equal to 9° and Re
equal to 13000.
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Figure 18: Lift-to-drag coefficient. Re=17600.

6. Conclusions

In this study, RANS k-¢ and RANSK-o models were
configured by using 12250 nodes to conform the control
volume. This numerical approach defined a hexahedral grid
structure into the virtual space. The mesh refinement
technique improved the visualization of the turbulent flow
close to the NACA 0012 surfaces, as presented in the
similar study developed by Mansour et al. [32]where the
impact of the hexahedral mesh application and the shortest
convergence reached during the partial differential
equations processing is demonstrated.

The analysis of the airfoil coefficients used to study the
airflow interaction and the airfoil geometry in a virtual
environment enables the application of complex algorithms
and CFD tools capable of visualize the turbulence produced
by the turbulent kinetic energy in space and time. A peak of
lift-to-drag ratio was observed for an AoA equal to 10°.
However, it is possible to develop CFD studies focused in
the environmental conditions and the cambered form of the
airfoil used to predict the effects of the flow displaced
around the complex geometry of the airfoil determining the
aerodynamic efficiency of VAWT in a range of 0° to 90°
A0A.

A computational mesh conformation supported the
processing of the Navier — Stokes equations computing a
finite set of numerical iterations considering an application
of the second scheme into the segregated solver to boost the
convergence criteria. The maximal skewness value equal to
0.81 computed a suitable mesh generation to reduce
divergence errors during the model solution. A stable
convergence criterion was reached from 50 iterations of the
numerical model.

and turbulent kinetic energy

The velocity, pressure,
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contours were analyzed and compared with the performance
coefficients of the airfoil. The numerical definition of the
performance coefficients established the lift-to-drag ratio
for the better working condition of the NACA 0012 into the
2D domain, with a better predictability reached by SKW,
BSLKW, GEKOKW and SKE turbulence models.
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