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ABSTRACT

The aim of the present study is to investigate the accuracy of two different dynamic stall approaches for wind-
turbine airfoils. The first approach is the semi-empirical Leishman-Beddoes model (L-B), and the second is the
computational fluid dynamic (CFD) results. National Renewable-Energy Laboratory (NREL) S series airfoils
are used, and the simulations are performed in Re=10°. For both approaches, acrodynamic coefficients are
represented and compared to experimental data. Validation data refer to Ohio State University (OSU)
experiments, which are for pitch oscillation. Results show that the accuracy of the L-B and CFD methods is
dependent on mean angle of attack, reduced frequency and the phase of motion. The semi-empirical model has
appropriate accuracy as well as low computational cost while the CFD unsteady simulation could be properly

used to predict the drag coefficient.
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1. INTRODUCTION

Dynamic stall has been shown to be an important
phenomenon in wind-turbine blades, which will cause
many destructive effects on the wind turbine
performance and structure (Butterfield 1988).
Presence of platform motions of offshore floating
wind turbines, variation of pitch angle due to pitch
control system and yaw/tilt misalignment are the most
common reasons of dynamic stall occurrence (Liu,
Yu et al. 2014). This phenomenon, dynamic stall,
initiates with the formation of a vortex at the Leading
Edge (LE) that sheds along the chord of the airfoil
from LE to Trailing Edge (TE) (Leishman and
Beddoes 1989). The vortex causes the maximum lift
coefficient increases at dynamic stall situation, which
is higher than the static case (Shipley, Miller et al.
1995). The increase of the maximum lift coefficient
is due to the delay of stall occurrence and also the
growth of circulation of the airfoil. As the vortex
moves toward the TE, the center of pressure as well
inclines to the TE. This movement will cause a nose-
down torque which has some harmful effects on the
wind turbine blades, because the distribution of this
torque along the span is not uniform. Another effect
of dynamic stall is the decrease of aerodynamic
damping that boosts the possibility of occurrence of
stall flutter (Gaertner and Lackner 2015).

The unsteady methods that can predict dynamic stall
effects consist of experimental, computational fluid

dynamics (CFD) and semi-empirical models. One of
the most useful experimental data is the Ohio State
University (OSU) experiment, which the effects of
dynamic stall was investigated for some wind-turbine
airfoils. Other experimental works that was carried
out for S809 airfoil can be seen in Sheng, Galbraith et
al. (2006) and Sheng, Galbraith et al. (2006). CFD
also can represent dynamic stall physics and the
consequences of this phenomenon on the
aerodynamic properties of airfoils. With the
improvement in numerical methods and turbulence
modeling, the use of CFD is becoming increasingly
possible. For instance, Gharali et al. (Gharali and
Johnson 2012) simulated the dynamic stall behavior
of S809 airfoil by a numerical method at erosion
condition and high reduced frequencies. They have
found that when the airfoil is at eroded condition, the
lift decreases and causing an intensive outcome on
wind turbine efficiency.

As mentioned before, another way to simulate the
dynamic stall, is using Semi-Empirical models. These
models can be applied in situations in which the CFD
tools are not feasible to use. For this purpose, there
are some common ways such as Leishman-Beddoes
(Leishman and Beddoes 1989), Snel (Snel 1997),
Gormont (Gormont 1973) and ONERA (Tran and
Petot 1980) methods to imitate the effects of dynamic
stall on aerodynamic force coefficients. L-B method
has been used by many references (Elgammi & Sant
2016a, Elgammi & Sant 2016b). Gupta and Leishman
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(Gupta & Leishman 2006) have proposed modified L-
B method to model the dynamic stall of the S809
airfoil that is used in many wind-turbines, and they
obtained good agreement between the predictions and
experimental data. It was also shown that the
hysteresis in the aerodynamic coefficients was
captured well. They showed that the mathematical
structure of the model is appropriate to be used for
wind turbine applications.

Pereira et al. (Pereira, Schepers et al. 2013) have
combined blade element theory with the L-B
method and they have gotten proper results. In
order to wvalidate this combination, the
experimental data of the MEXICO wind turbine
was used. Holierhoek et al. (Holierhoek, De Vaal
et al. 2013) have studied dynamic stall behavior of
S809 airfoil with Semi-Empirical models. It was
shown that there are still differences between
measurements and models, especially when the
airfoil experiences deep stall.

This investigation is formed to give an overview of
the accuracy of the numerical simulation method
using ANSYS Fluent 17 and a Semi-Empirical
method in terms of the experimental data. The
purpose is studying the effects of reduced frequency
and mean angle of attack variations on the accuracy
of dynamic stall models. The S825, S814 and S815
airfoils are used. Some properties of these airfoils are
shown in Tablel. The capabilities of these methods in
upstroke and down stroke phases are investigated and
compared to experimental data.

Table 1 Characteristics of studied airfoils
(steady and clean airfail)

Static
. Stall Max. lift
Thickness .
angle | coefficient
(deg)
S825 0.17C 11.2 1.43
S814 0.24C 11 1.32
S815 0.26C 10-12 1.27

2. COMPUTATIONAL METHOD

Two-dimensional incompressible Unsteady
Reynolds-Averaged  Navier-Stokes ~ (URANS)
equations are employed for fluid flow simulations
(Cai, Gu et al. 2016). All the simulations are
conducted by the Commercial CFD solver ANSYS
fluent 17. The equations of mass and momentum
conservation that governing the fluid flow are as
follows (Ebrahimi & Movahhedi 2017):

au;

—=0 1
ox; (M
ou; _ 0u; 10p 0%t; 00,0,

ot TWax, T Tpox  Voxox ox

In which ru] is the well-known Reynolds stress
tensor that should be calculated by turbulence
models. p, U,G and v are time-averaged static
pressure, time-averaged velocity, body forces and
kinematic viscosity, respectively.

2.1 Grid generation

As all the simulations are planar, the two-dimensional
C-type mesh is used. In order to verify the
independency of the numerical solution and results
from the computational grid, a study was conducted
using three computational grids with the different
number of cells at steady condition with angle of attack
of 3°. The results are shown in Table 2 for S825 airfoil.
The results of the study reveal that the total number of
85000 cells is suitable for all the simulations. The
structural mesh around airfoils was generated with 400
clements along the chord wise direction. The Full
computational domain and near airfoil meshes are
shown in Fig. 1. The effect of non-dimensional wall
distance y™ is also considered in a way that the first
node is in the viscous sub layer region. Therefore, the
parameter of y* on the airfoil surface is set to be less
than one (y*<1) to achieve acceptable results. Since the
airfoil is oscillating about % chord, the dynamic mesh
method is employed. The so-called user-defined
function (UDF) was also used to oscillate the airfoil
about % chord.

Table 2 Grid independency results

Parameters Number of Cells
80000 85000 90000
G 0.885 0.901 0.906
Cq 0.0179 | 0.01803 | 0.01809

2.2 Boundary Conditions

Pressure far-field boundary condition is applied to the
boundaries which are far enough from airfoil at about
distance of 20C that simulate the wind tunnel flow
conditions (C is the airfoil chord length). On the airfoil
surface, the no slip condition is defined. At the inlet
boundary, an axial flow is specified with a velocity and
pressure equal to atmospheric pressure.

2.3 Simulation Properties

As flow is fully turbulent, thus the shear-stress
transport (SST) k—o which is a combination of k-®
and k-e models is applied to the URANS model in
order to capture the turbulence flow effects (Menter
1994, Menter, Kuntz et al. 2003). The SST k—o
model is capable of capturing the flow structures of
dynamic airfoils associated with LEV formations for
a wide range of Reynolds numbers with an acceptable
accuracy (Rival, Hass et al. 2011). Pressure-based
solver has been employed to solve the equations of
mass and momentum. The pressure-velocity coupling
is set to PISO algorithm and second order upwind
scheme is chosen for spatial discretization.
Acceptable residual criterion in magnitude is in order

of 10°. Characteristic time for airfoil is t; = % and the

time step size is chosen in such a way that satisfies t¢
and even 107 times smaller the time step size is used.
Therefore, the average time step is equal to 10
second. The CPU cost for every cycle took about two
days using six CPUs parallel processing.

3. LEISHMAN-BEDDOESMETHOD

This method is performed by three stages. First, the
unsteady attached inviscid flow results are calculated
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then the effect of separation is added and finally the
effect of Leading Edge Vortex(LEV) will be
calculated in order to capture the dynamic stall
effects(Leishman and Beddoes 1989, Gupta and
Leishman 2006).

3.1 Unsteady Attached Flow

Firstly, a model should be proposed that can predict
attached flow behavior of the airfoil. By using indicial
response method, this prediction will be done. In
indicial response method, the assumption is that the
flow is fully attached even at post stall condition. In
this method, the solution consists of two parts. The
first part is the circular part of loads, and the second
part is non-circular or added mass loading.

It should be noted that the following equations consist of
the circulatory part with superscript of (c), and the non-
circulatory part with superscript of (nc) and the pitching

(@)

Fig. 1. (a) Full computational domain.
(b) Details of mesh around S815 airfoil.
(c) Details of mesh around S825 airfail.

rate is defined as q = %C All the coefficients have

been used in the L-B method are given in table 3. The
total circular part of the normal force can be
expressed(Gupta and Leishman 2006) as:

Cs = Cnaae(sﬁ M) (2)

In Eq. (2) equivalent angle of attack a.(s, M) is
defined(Gupta and Leishman 2006) as:

ae(s,M) = a—X(s) = Y(s) (€

In Eq. (3) the X(s) and Y(s) can be expressed(Gupta
and Leishman 2006) as:

X(s) = X(s — As) exp(—b; p*As) 4)
+ A, Acexp <— blB;“)

Y(s) = Y(s — As) exp(—b,B*As) 6)
+A,Ac exp(— bZBZAS)

In the above equations, M is Mach number, S is non-
dimensional time and B =+v1—M? . In order to
calculate the non-circulatory (CL€) part of the normal
force, the reference (Hansen, Gaunaa et al. 2004) can
be used.

3.2 Unsteady Separated Flow

Secondly, the effect of separation from leading edge
should also be accounted. For this purpose, the
Kirchhoff(Thwaites and Street 1960) theory which
provide the relation between normal force coefficient
C,, and separation point f (where f'is the location of the
flow separation point non-dimensioned by the chord
length) can be expressed as:

2

Ch=Cy, (#f) sin(a — ag) (6)
Where a, is zero lift angle of attack. Equation (6) is
suitable for steady state condition. In order to use it at
unsteady conditions, the f should be modified by
adding leading edge pressure distribution and
unsteady boundary layer response effects(Leishman
and Beddoes 1989). Then, considering the leading
edge pressure distribution, the normal force lag
equation can be defined as:

- t
Cny = Chp = Dp, @)
Where D;,  can be written as:

As
Dy = Dp,_, €xp _T_p

pot pot As
+(Ch, —Ch_,) exp (— E) (8)

According to new normal force C;ln, modified angle
of attack will be expressed as:

Cny
o) = = +a ©)

By substituting Eq. (9) to (6), effective separation
point f will be calculated. The additional effect that
should be considered is the unsteady boundary layer
response, to considering it, f will be expressed as:

f=f-Dg (10)
Where:
Dy, =Dy, exp (— _Ar—j) + (fx — fk'_l) exp (— ZA—;) (11)

Then the normal force coefficient can be expressed
as:
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2
ch =Cy, (1+Tﬁ) sin(ote — o) (12)

The chord wise force coefficient also can be written
by using Kirchhoff theory (Leishman and Beddoes
1989) as:

Cy= Cna\/Tf (o —ap) sin(o — o) (13)
3.3 Vortex Lift Effects

To consider the effects of LEV formation, the normal
force due to the vortex shedding Cj, can be
calculated (Leishman and Beddoes 1989) by:

As

Y, =Cy_ exp (— :—j) + (Cy, — Gy, ) exp (— Z—TV) (14)

Where:
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Finally, by summing the results of Eqs. (12) and (14)
with non-circulatory part of the normal force (CJ°),
the total normal force coefficient under dynamic stall
can be expressed(Gupta and Leishman 2006) as Eq.

(16):
C, =Cy+cf +cpe (16)

Table 3 Coefficients and constants of L-B method
(Gupta and L eishman 2006)
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Fig. 2. Comparison between experimental data and L-B method at steady condition for a) S825 b) S815.
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3.4 L-B Results At Steady Condition

In this method, the static results should also be
represented, because the proper representation of the
static characteristics is very important for the success
of the L-B model. For this sake, the steady results of
the OSU experiment are being compared with the
results of L-B method at k~0. The results are shown
in Fig. 2. As it is clear, good agreement was obtained
with the experimental data.

The relation between f and the angle of attack(deg) for
each airfoil is represented by a polynomial equation as:

(17)

The relation was gained by curve fitting of the
experimental data at steady condition. The value of
the Bo — B7 are shown in table 4.

f(a) = By + By + Bya? + -+ + By’

4. EXPERIMENTAL DATA

As mentioned before, the experimental data of
OSU measurement are used as the basis of
comparison of the models. In OSU measurements,
the unsteady pitching motion of some wind turbine
airfoils is being examined under range of reduced
frequencies, mean angles of attack and oscillating
amplitudes at Re>0.75x10%(Janiszewska, Ramsay
et al. 1996, Reuss Ramsay, Hoffman et al. 1996,
Ramsay 1998). Reynolds number, Re, is defined as

Uc . .
Re = pT’ in which U, c, p and p are free-stream

velocity, chord length, flow density and dynamic
viscosity, respectively. It should be mentioned that
the drag coefficient from the OSU data is based on
the wake drag coefficient and friction drag is not
considered.

5. COMPARISON TO UNSTEADY DATA

The first method of comparing the results is to plot
figures displaying both the measured and modelled
aerodynamic coefficients polar. To enable a
comparison between different models, the error
function can be used to give an explanation of the
difference between the measured and calculated
outcomes. This function can be represented as:

error = Cymodel — Clexp
or
(18)

error = Cd,model - Cd,exp

Table 4 Coefficients of Eq. (17) at Re=10°

S825 airfoil | S815 airfoil | S814 airfoil
By 1.006 0.9166 0.9511
B; | 0.000102 0.01615 0.00586
B, | 0.005037 0.0202 -0.0465
B3 -0.00158 -0.005336 0.01658
B, 0.0001 0.000433 -0.00257
Bs | -3.03x10¢ | -1.625x107 0.00018
Bg | 3.37x10%® 2.918%x107 |-5.155%10¢
B, | -8.52x10'" | -2.03x10° 7.11x10%®

The overall error Et is defined to help deciding which
method is more accurate than the other one at up stroke,
down stroke phases and also for a complete cycle as:

_ Z]lN(error)i2

Er .

(19)
In which N is the number of error vector components
that can be changed by increasing or decreasing the
time interval in the calculations.

In wind turbine applications, the maximum lift
coefficient is very important since if the lift force
exceeds a specific value, the structure will fail.
Therefore, it is important that the models predict the
maximum lift coefficient as accurate as possible. For
this purpose, the highest lift coefficient prediction of
both methods is being compared with measured data.

6. RESULTSAND DISCUSSION

In this section the results of unsteady pitching motion
of the mentioned airfoils are presented and the effects
of mean angle variation and reduced frequency
variation on the accuracy of all the methods are
investigated. The pitching motion of all the airfoils is
defined as the following equation:

a(t) = mean + AampSin(wt) (20)

Where w is the frequency of oscillation in (rad/s) and
can be expressed as:

kU
W= 21)
In which b and k are semi-chord length and reduced
frequency of oscillation respectively. It should be

noted that the lift coefficient is defined as C; = ﬁ

where L is lift force and drag coefficient is defined as

Cq where D is drag force.

_ D
~ 0.5pU2c
6.1 Effects of Reduced Frequency

The purpose of this section is to investigate the effects
of reduced frequency variations on the accuracy of
CFD and L-B methods. For this sake, the accuracy of
the dynamic stall models is investigated for S814
airfoil at mean angle of attack 8°, oscillating
amplitude of 10°, and the reduced frequencies of 0.03
and 0.089. Figure 3 shows the results of the
simulations at k=0.03 and k=0.089 for both methods.
Results of the Table 5 show that the accuracy of the
methods to predict the lift coefficient at upstroke
phase is better at higher reduced frequencies.
However, at down stroke phase the increase of
reduced frequency, decreases the accuracy of the
methods. The comparison of the results of L-B
method with CFD results indicates that the L-B
method is usually more accurate than the CFD results
at both phases. For instance, the total error of the L-B
method at upstroke phase is less than one percent, but
error at the same phase for CFD is about 3 percent.
The results of the drag coefficient show that the CFD
is more accurate than the L-B method. It can be seen
that increase of the reduced frequency decreases the
accuracy of both the methods.

Results of unsteady models show that as the reduced
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frequency increases, the maximum lift coefficient
also growths. The reason is that the angle of attack
where the stall happens also rises. For instance, at
k=0.03, the stall happens at angle of attack of 14°, but
at the higher reduced frequency the stall angle of
attack rises to 16.5°. These effects also are captured
well with both methods. The maximum lift
coefficient that each method predicts and the
percentage of relative error of each method respect to
experimental data are shown in Table 6. There is an
acceptable agreement between methods and
experimental data. At reduced frequency of 0.03 the
methods overestimate the maximum lift coefficient,
but at higher reduced frequency the methods
underestimate the maximum lift coefficient.

6.2 Effects of Mean Angle Of Attack

In this part, the effect of mean angle variation on the
accuracy of the methods is investigated. For this
purpose, the S825 and S815 airfoils are chosen. The
simulations for both the airfoils were performed at two
conditions. Firstly, the simulations are carried out at the
reduced frequency of 0.08, the amplitude angle of 10°
and mean angle of attack 8°. Then, the mean angle of
attack increases to 14°. In Figs. 4 and 5 the unsteady lift
drag coefficients of both the airfoils are represented at
the mean angle of 8° and 14°.The results show that in
all cases, when the airfoil experiences the upstroke
motion, the change of lift coefficient with angle of
attack is linear until the flow separated and stall
happened. The maximum lift coefficient also increases
due to the delay of stall occurrence. For instance, in
case of S825 airfoil, the maximum lift coefficient
increases from 1.43 at steady condition to 2. The
increase of maximum lift coefficient angle of attack
also can be seen from results of the models. Therefore,
both the methods can predict the unsteady effects of
dynamic stall. Table. 7 indicates that there is agreement
between experimental maximum lift coefficient and
the prediction of the methods, and the effect of mean
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—CFD
= = B-L method

-
o

lift coefficient (CI)

5 0 5 0 15 20
Angle of attack (de:
(a) g (deg)

@ Experiment
—CFD
| - - L-B method

lift coefficient (Cl)

5 0 5 10 15 20
(b) Angle of attack (deg)

angle growth on the accuracy of the methods is not
tangible. Experimentally, in case of ttpean = 8° the
maximum lift coefficient occurs at angle of attack of
16.1°. The L-B method predicts the angle of attack of
16.2°, and the CFD method predicts angle of attack of
17.09°. It can be concluded that L-B method is more
accurate than the CFD in case of forecasting the
maximum lift coefficient angle of attack.

It can be inferred from Tables 8 and 9, the increase of
mean angle of attack will usually increase the error of
the models for both airfoils. It can also be seen that
the accuracy of the L-B method is more than the CFD,
especially at up stroke stage.

It should be mentioned that at the up stroke phase, the
leading edge vortex (LEV) is dominant and should be
taken into consideration. However, at the down stroke
phase the trailing edge vortex (TEV) plays a
prominent role. So the interaction of this vortex with
LEV makes the flow complex (Gharali and Johnson
2012). Therefore, considering this interaction is very
difficult and the CFD method cannot capture this
interaction completely. These interactions can be seen
from Fig. 6, which the vorticity contours of the flow
around airfoil at mean angle of 14° is represented for
S815 airfoil. It is obvious that at down stroke stage,
the interaction of LEV and TEV plays a prominent
role. This interaction may be captured better if other
turbulence models like DNS and LES will be
implemented in simulations.

The low accuracy of L-B method at down stroke stage
also indicates that the method should be changed in a
way that the effect of these interactions adds to the
method. Moreover, improving the L-B method to
capture the dynamic stall influences at high angle of
attack will boost the accuracy of the L-B method. It
can be also inferred that the fluctuations of lift
coefficient that are shown in Fig. 5 is because of the
effect of eddies that is represented in down stroke
stage, especially when the flow is not fully reattached.
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Fig. 3. Comparison between the experimental data, CFD and L-B method for S814 a) k=0.03 and b) k=0.089.
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Table 5 Overall error of C; and C4 for s814 airfoil at different reduced frequencies

Lift coefficient Drag coefficient
Up Down Up Down Up Down Up Down
K stroke stroke stroke stroke stroke stroke stroke stroke
CFD CFD L-B L-B CFD CFD L-B L-B
0.03 0.0246 0.0209 0.0099 0.0027 0.00028 0.00005 0.0007 0.00014
0.089 0.0069 0.0424 0.0014 0.0458 0.0004 0.0002 0.0020 0.0012

Table 6 Maximum lift coefficient and per centage of relative error for s814 airfail

Cl max Relative Error(%)

K L-B CFD Exp. L-B CFD

0.03 1.69 1.67 1.57 7.64 6.36

0.089 | 1.95 1.82 1.97 1.01 7.61
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Fig. 4. Comparison of experimental data with CFD and L-B methods at k=0.08, 0tamp=10°, tpmean=8°
for a) S825 b) S815 airfails.
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Table 7 Maximum lift coefficient and percentage of relative error for s825 and s815 airfoils at different
mean angles of attack

S825 airfoil S815 airfoil
Cl o Relative Cl Relative
’ Error(%) ’ Error(%)
Mean (deg.) L-B CFD | Exp. L-B CFD L-B CFD Exp. L-B CFD
8 1.94 1.97 | 1.92 1.04 2.6 1.83 1.72 1.83 0 6.01
14 1.98 2.12 | 2.08 4.8 1.92 1.85 1.87 2.01 7.96 6.96
Table8 Overall error of C; and C4 for s825 airfoil at different mean angles of attack
Lift coefficient Drag coefficient
Mean Up Down Up Down Up Down Up Down
(deg) stroke stroke stroke stroke stroke stroke stroke stroke
’ CFD CFD L-B L-B CFD CFD L-B L-B
8 0.0058 0.1186 0.0020 0.0557 0.0011 0.0015 0.0112 0.0194
14 0.0147 0.0543 0.0082 0.0278 0.0110 0.0078 0.0141 0.0043
Table9 Overall error of C; and Cq4 for s815 airfoil at different mean angles of attack
Lift coefficient Drag coefficient
Mean Up Down Up Down Up Down Up Down
(deg.) stroke stroke stroke stroke stroke stroke stroke stroke
) CFD CFD L-B L-B CFD CFD L-B L-B
8 0.0118 | 0.0229 0.0025 0.0219 | 0.00039 | 0.00004 | 0.0015 | 0.00068
14 0.0144 | 0.0327 0.0167 0.0245 0.0013 0.00087 | 0.0065 0.0157

a =8.36° upstroke a =23.63° down stroke

= =55

o =10.23° upstroke o =22.85° down stroke

o =21.04° upstroke o =13.19° down stroke

e

o =23.98° upstroke o =9.15° down stroke

-6.5

Tl
Fig. 6. Vorticity contours of S815 airfoil at k=0.08 and at;ean = 14°.
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7. CONCLUSION

In this research two different approaches for
prediction of dynamic stall in several thick airfoils
which are almost used in the wind turbine blades are
being examined based on the valid experimental
data. One may think of the level of accuracy for both
semi-empirical and CFD analysis methods and
knowing the suitable condition for each method to
be used. For the comparison, the force coefficients
of OSU experiment are used. The main findings of
the present study can be summarized as follows:

e The parametric study to investigate the effects of
the mean angle of attack variations leads us to
conclude that growth of mean angle of attack
will decrease the accuracy of the L-B and CFD
methods. Other important item to be pointed is
the better prediction of both methods in upstroke
while the lack of accuracy in down stroke is
being deduced.

The parametric study also indicates that the
accuracy of the methods is dependent on the
reduced frequency and the phase of the motion.
It can be seen that at upstroke phase, both
methods are more precise at high reduced
frequencies. However, at down stroke phase, the
methods are more precise at low reduced
frequencies.

The accuracy of the methods to predict the
maximum lift coefficient is independent of
reduced frequency and mean angle of attack.
Both methods have the ability to predict the
maximum lift coefficient precisely.

The CFD's ability to capture the unsteady
behavior of the dynamic stall phenomenon such
as fluctuations of the lift coefficient is better than
the L-B method especially at deep stall
condition. However, the effects of LEV and
TEV interaction that affects the accuracy of the
CFD method at down stroke phase cannot be
captured well. One good suggestion for
continuing this work is developing the existed
semi-empirical method to include such
interactions. Furthermore, the effect of other
turbulence models such as LES and DNS on the
accuracy of dynamic stall modeling should be
investigated in future. The CFD results can be
noticed where the high accuracy drag estimation
in transient manner is demanded.
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