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The effect of resolving inflow turbulence in detached eddy simulations of airfoil flows
is studied. Synthetic turbulence is used for inflow boundary condition. The generated
turbulence fields are shown to decay according to experimental data as they are convected
through the domain with the free stream velocity. The subsonic flow around a NACA 0015
airfoil is studied at Reynolds number 1.6 x 10° and at various angles of attack before and
after stall. Simulations with turbulent inflow are compared to experiments and to simula-
tions without turbulent inflow. The results show that the flow is sensitive to the intensity
of the resolved turbulence. Especially, when the flow is close to stall, separation can be
triggered if the turbulence is resolved. By resolving the inflow turbulence better agreement
with experimental data can be achieved.

I. Introduction

Wind turbines operate in the atmospheric boundary layer and are consequently subjected to the effects
of inflow turbulence. In this paper the effect of resolving the free stream turbulence in simulations on airfoils
is investigated. Only an airfoil section will be analyzed to keep the computational costs at realistic levels.

To resolve the upstream turbulence the simulation technique must be large-eddy simulation (LES) or
direct numerical simulation (DNS). LES is chosen to limit computational costs, as DNS is infeasible at large
Reynolds numbers. Resolving the largest eddies in the boundary layer at Reynolds numbers in the order
of millions is prohibitively computationally expensive. Consequently, a form of wall modeling is applied to
reduce the cost. A hybrid of LES and the Reynolds averaged Navier-Stokes (RANS) equations is chosen to
accurately predict the flow under massive separation.

Detached-eddy simulation (DES) is chosen, as it is an elegant form of hybrid LES/RANS. It was developed
for simulating flows around airplane wings.! Since then, the technique has successfully been applied to flows
around airfoil sections.?* DES has also been applied to an entire wind turbine blade.?

Neither of the above references attempt to resolve the inflow turbulence. This allows for a coarse grid
upstream of the airfoil, as the flow is laminar in this region. In contrast, the upstream turbulence is resolved
in this work, which leads to the need for a fine mesh upstream of the airfoil.

The effects of resolving the upstream turbulence on a NACA 0015 airfoil flow at Reynolds number 1.6 x 108
will be analyzed. Data from experiments conducted in the LM wind tunnel® is used for comparison. A brief
description of the experimental setup and the obtained data is given by Dgssing” and Bove.®

In this paper results from simulations will be validated against the experimental data. The lift, drag
and surface pressure coefficients are compared to experiments. Further, the simulation time required for
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flow development and averaging will be discussed. Finally, the resolved stresses and the eddy viscosity from
a simulation are shown. Prior to presenting the numerical setup and the results obtained, the numerical
methods are described and a discussion on the inflow boundary condition is given.

II. Numerical Methods

The in-house computational fluid dynamics code EllipSys3D? ! is used for the flow simulations. The
code is a multiblock finite volume discretization of the incompressible RANS equations in general curvilin-
ear coordinates for structured meshes. The code uses a collocated variable arrangement, and Rhie/Chow
interpolation is used to avoid odd/even pressure decoupling. The PISO algorithm is used to enforce pres-
sure/velocity coupling. Solution for momentum is obtained by the fourth order central difference scheme
and a second order accurate dual time stepping algorithm is used. The code is parallelized with MPI.

The present version of DES? uses the two-equation k& — w SST subgrid model.'? Application of DDES!?
is not required for the present Reynolds number and resolution of the boundary layer around the airfoil.

III. Generation of Synthetic Turbulent Inflow

The upstream boundary-layer at wind tunnel walls, screens, etc. will not be resolved to minimize com-
putational costs. This section describes the chosen method to generate the inflow turbulence synthetically.
The turbulence imposed on the inflow boundary condition should have the correct moments and spectra
and appropriate phase angle between modes. Since there are no walls upstream of the airfoil a wind field
with the correct moments and spectra can be generated synthetically from a theoretical spectrum. The ap-
plied method' only gives correct moments up to second order, and further, the phase information is chosen
randomly. Therefore, a precursor simulation is run to let the flow solver correct these deficiencies.

A. The Mann Method

An entire family of methods originates from the paper by Shinozuka and Jan,'® including the method of
Mann'* which is used here. The method was designed for generating a turbulent wind field for engineering
load calculations. It is based on three-dimensional FFT of a set of wave number vectors determined to give
the correct covariance. This results in a divergence free velocity field with the correct spatial correlation.
The generated velocity field is three-dimensional in space, and it is converted to a time series of inflow
boundary conditions by application of Taylor’s hypothesis. All three components of the velocity vectors can
be generated. This is advantageous, compared to the option of only generating the streamwise components.
This will be shown in the following section.

B. Demand for Three-Dimensional Velocity Fields

The airfoil should experience homogenous, isotropic turbulence. Some techniques for generating turbulent
inflow only generate the streamwise velocity component and let the two remaining components be generated
by the flow solver. This approach requires a long upstream domain or a long precursor simulation to allow
the velocity field to become isotropic. If all three components are generated synthetically and imposed on
the inflow boundary the problem diminishes as shown below. In Figure 1 the isotropy of the velocity field is
compared for the two methods.

The results presented in Figure 1 are generated by two simulations with identical computational domains,
but different inflow conditions. The domain has 1024 x 32 x 32 cubic cells and periodic boundary conditions
in the transverse directions. The two sets of inflow conditions contain the same kinetic energy. One contains
three components with the energy evenly distributed, whereas the other contains all the energy in the
streamwise component.

As seen from the figure, when the inflow boundary condition only includes one component, the turbulence
does not become isotropic in this domain, even though it has a considerable extent in the streamwise
direction. In conclusion the inflow boundary condition should contain all three components of the turbulence
to minimize the required length of the precursor domain.
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Figure 1. Development of the ratio between the standard deviation of a transverse velocity component and the
streamwise velocity component. One simulation has all three velocity components in the inflow, whereas the
other only has the streamwise component. x is the streamwise coordinate measured from the inflow boundary,
and Ly, is the width and height of the domain.

C. Application: Spatially Decaying Homogenous Turbulence

Spatial decay of homogenous turbulence is studied to test the synthetic turbulence and the numerical method.
The computational domain is illustrated in Figure 2, where the first fifth in the streamwise direction is shown.
The domain consists of 1280 x 64 x 64 cubic cells. The mean velocity is constant and oriented along the
x1 axis. Synthetic turbulence is superimposed on to the constant mean velocity and set as inflow boundary
condition. Below the development of resolved turbulent kinetic energy and the energy spectrum is studied.

Outﬂob

Periodic

Figure 2. The first fifth of the precursor domain. The boundaries are colored by the streamwise velocity
component.

When the synthetic inflow boundary condition is imposed on a computational domain, the turbulence
does not decay physically in the first part of the domain. There are two reasons for this. One is that the
appropriate values of the subgrid model parameters (here k& and w) are not known, and therefore, uniform
constant values are imposed on the boundary. The other reason is that the synthetic turbulence does not
possess the correct phase information, as the phase angles are chosen randomly. During the precursor
simulation these flaws are corrected by the flow solver.'6

In Figure 3 the decay of resolved turbulent kinetic energy is shown and compared to the empirical

expression!”
1 1 2\ (Ut -
k() = U2 (= + =) (2% 3, 1
®) 2U0<21+20)(M 35) )

where Uy is a reference velocity and M is the mesh spacing in the grid used to generate the turbulence. The
numerical constants have been fitted to match the experimental data.

The decay is shown for three cases, (a), (b) and (¢). The inflow in case (a) is synthetic turbulence with the
same resolved kinetic energy and integral length scale as the experiment. At some x; station the velocities
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Figure 3. Decay of resolved turbulent kinetic energy.

and subgrid parameters are sampled in the x2-x3-plane and the time series of samples are stored to a file.
The values sampled from case (a) are used as time dependent inflow boundary condition for case (b). Again,
the flow is sampled at some x; and the samples from case (b) are used as inflow boundary condition for case
(c).

When the synthetic turbulence is used for the inflow boundary condition the decay is initially too slow,
which causes the curve for case (a) to lie above the line from the empirical expression. This is due to a too
low eddy viscosity on the inflow boundary. It is observed that the two last cases behave differently from the
first but similarly to each other. The curve for case (b) starts at the point on curve (a) from where its inflow
turbulence is sampled. From there it makes a kink before it starts to decay with the correct rate; the curve
is parallel to the empirical line. The curve for case (c) starts from a point on curve (b) and it also makes
the kink, before it starts to decay with the correct rate.

The velocities and subgrid parameters are set on the inflow boundary, so the only variable which is not
identical to the values in the precursor simulation is the pressure. The incorrect pressure may cause the kink
in the kinetic energy decay seen in the two last cases. Close to the outlet the outflow boundary condition
cause the decay to be incorrect and another kink can be seen on all curves.

The energy spectra from time series sampled at different locations in the three simulations are shown
in Figure 4. By Taylor’s hypothesis the sample positions are converted to instances as in Figure 3. Only a
short range of frequencies can be resolved due to the dimensions of the computational domain. The width
of the domain sets the lower limit and the size of the cells set the upper one. The domain consists of only 64
cells in the transverse directions, and as seen in the figure it can only resolve a decade of frequencies. It can
be seen that the largest eddies in the inertial subrange are resolved as the slopes of the spectra computed
from the simulations are —5/3 for high frequencies.

— — —Synthetic inflow
Sampled (a), t =1.1s
= = = Sampled (b), t=2.1s

Sampled (c), t =3.1s
—— —5/3 slope

f[Hz]

Figure 4. Energy spectra of turbulence sampled at three positions in the streamwise direction.

4 of 13

American Institute of Aeronautics and Astronautics



IV. Computational Setup

The mesh, boundary conditions and scaling of the inflow turbulence will be described below.

A. Computational Domain

The geometry of the domain has been made corresponding to the geometry of the wind tunnel where the
experiments are conducted. The mesh is shown in Figures 5 and 6. It is a two dimensional mesh which has
been extruded in the spanwise direction to make a three dimensional mesh. It consists of an O-mesh near
the airfoil and Cartesian blocks to fill the rest of the domain to match the geometry of the wind tunnel. The
Cartesian grid in large parts of the domain is favorable for the energy conservation. The O-mesh consists of
384 x 64 cells in the wall-parallel and wall-normal directions, respectively. The spanwise direction is resolved
by 128 cells of constant width. The mesh consists of a total of 21 million cells.
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Figure 5. Three-dimensional view of grid. Only every fourth mesh point is shown. The angle of attack in the
shown mesh is 15°.

Symmetry boundary conditions are used on the top and bottom of the domain to limit the flow without
having to resolve a wall boundary layer. For the same reason periodic boundary conditions are imposed on
the spanwise boundaries. Velocities, k and w taken from a precursor simulation are used as time dependant
inflow boundary condition. On the outflow boundary the gradient is assumed to be zero normal to the outlet,
except for pressure which uses a second order extrapolation normal to the boundary.

As in the experiment the spanwise extent of the domain is 1.5 chords and the height is 3 chords. The
inflow boundary is located 4 chords upstream and the outflow boundary is located approximately 25 chords
downstream of the airfoil. The last 64 cells in the streamwise direction are stretched to suppress resolved
turbulence prior to the outflow boundary. The stretching ratio is 5%.

The size of the cells in the Cartesian mesh (excluding the stretching region) is Azx Ayx Az ~ 1.4x1.6x1.2
when measured in percent of the chord. z, y and z denote the streamwise, vertical and spanwise directions,
respectively. In Figure 7 the size of the cells closest to the airfoil wall is shown. The mesh spacing has been
normalized to wall units for the 15° angle of attack (AOA) flow. An™ and As™ are mesh spacings in the
wall-normal and wall-parallel directions, respectively. Az is constant but AzT varies due to changes in the
friction velocity. The ratio of Ant and Azt is nearly constant, as An is nearly constant.

In Sgrensen'® the mesh dependance was investigated for a rotor simulation using the QUICK scheme in
the EllipSys3D code. Decent mesh independence was shown for a mesh of similar resolution in the n and s
directions and a much coarser resolution along the spanwise direction.
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Figure 6. Close-up of the two dimensional O-mesh and some neighboring Cartesian cells. The angle of attack
in the shown mesh is 15°.
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Figure 7. Left: Length, height and width the of first layer of cells measured in wall units. Right: Definition
of coordinates s and n.

B. Scaling of the Inflow Boundary Condition

The intensity of the inflow turbulence is varied by scaling the velocities and subgrid scale model parameters,
which have been sampled from a precursor simulation. Let ug, v}, wy, k{, and w{ denote the values sampled
from a precursor simulation. The velocities are scaled by a common factor, a, to set a given intensity of the
resolved inflow turbulence. k) o (u})? is scaled by a? and wf o vk/L is scaled by a. Hence, the length
scale of both the resolved and subgrid turbulence is constant for all the applied inflow turbulence fields. The
resolved turbulence has an integral length scale of approximately 0.25 chords. The above relations for scaling
the subgrid parameters have been validated by studying the decay of the resolved turbulence and subgrid
parameters in a precursor simulation.

The imposed eddy viscosity scales linearly with the factor a. It ranges from about 0.7 v for a resolved
turbulence intensity (TI) of 0.1% to 14 v for 2.0% TI. v is the molecular viscosity. In the simulations without
resolved inflow turbulence constant values of k and w are set on the inflow boundary to give an eddy viscosity
of about 1073 v just upstream of the airfoil.

The length of the time series sampled from the precursor simulation corresponds to 9 chord passages. To
run simulations longer than this the same inflow field is simply imposed a number of times.
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V. Results and Discussion

In this section the simulations are compared to the experiment. Initially, the time averaged values of lift,
drag and surface pressure are presented. Then, some observations on the transient nature of the flows are
given. Finally, the details of resolved stresses and eddy viscosity are investigated in greater detail for the
flow at 12° AOA.

A. Time Averaged Lift, Drag and Pressure Distribution

In Figure 8 the computed lift and drag coefficients are compared to data from the experiment by LM Glas-
fiber.® The TI in the wind tunnel is in the order of 0.1% and in the experiment the flow stalls close to
152 AOA. During the experiment both positive and negative AOA were tested. As the airfoil is symmetric,
the data from negative AOA have been mirrored to positive AOA to give an impression of the accuracy of
the experimental data. A small lack of symmetry in the measurements can be seen from the differences in
lift coefficient measured at positive and negative AOA. The wind tunnel of LM Glasfiber has been optimized
for Reynolds numbers in the range 3—-6 million and in this range the results are symmetric.

1.5 ‘
— — —2D RANS
0.30f DES, T1 = 0.0% b
DES, TI = 0.1%
0.95L| —*—DES, TI = 0.5% ?
Loy DES, TI = 1.0%
0.20} —4—DES, TI = 2.0%
64 R A . Measurements
/e — — —2D RANS $) .
4 DES, TI = 0.0% 0.15r /Z
0.5} /f DES, T1 = 0.1% |4 y
/: —— DES, T1 = 0.5% 0.10 )
v 4 DES, TI = 1.0%
s —<4— DES, T1 =2.0% 0.05
2 . Measurements
0 : : : ) Orf'*.—oj_“' ) ! )
0 5 10 15 20 0 5 10 15 20
AOA AOA

Figure 8. Lift and drag coefficients from simulations and measurements.

In Figure 9 the computed surface pressure coefficient is compared to experiments. From the figures it can
be concluded that the flow is sensitive to the intensity of the resolved inflow turbulence. The effect is largest
close to stall, where a small increase in the intensity of the resolved turbulence can trigger separation.

The simulated surface pressure distribution agrees well with the experiments for angles of attack lower
than 18°. For 20° the agreement is poor, however. The turbulence intensity that gives best agreement with
measurements is not constant for all angles of attack. For AOA lower than stall the optimal agreement is
achieved with an intensity around 0.1 — 0.5%. For higher AOA the agreement is better with TI = 2%. For
AOA lower than 15° an increase in the intensity of the resolved inflow turbulence moves the separation point
upstream. For higher AOA the turbulence has the opposite effect.

The skin friction coefficient is shown for 14° and 20° AOA in Figure 10. The absolute value is plotted due
to the difficulty of defining the orientation of the flow on a two dimensional surface. The above mentioned
effect of the resolved inflow turbulence on the separation point is clearly seen from the figure. The stagnation
point is largely unaffected by the resolved turbulence.
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Figure 10. Skin friction coefficient.
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B. Flow Development and Time Averaging

The required time for flow development and averaging is very different for the simulations. In general,
the flow development time is largest for angles of attack close to stall and for low to moderate turbulence
intensities.

In Figure 11 the lift coefficient is plotted versus nondimensional time for the inflow turbulence intensities
0.1%, 0.5% and 2.0%. With the high TI the flow develops quickly and becomes a stationary stochastic
process; after about 10 time units the flow is stable with constant mean lift. The simulation of the high TI
flow is stopped after about 55 time units. The flow with 7T = 0.5% develops slowly and the mean does not
become stationary before 45 time units. Here a large separated region moves around on the airfoil, which
causes the lift coefficient to vary slowly and with large amplitude. A similar separated region can be seen in
the flow with TT = 0.1%.

1.6 TI=0.1%0
— TI=0.5%
1.4 M

— TI=2.0%

20 40 60 80 100 120 140 160 180 200 220
tU/c

Figure 11. Time series of lift coefficient for AOA = 16°. Dashed lines are averages after flow development
phase. In Figure 12 the flow with TI = 0.1% is visualized at the six instances marked by a—f and in Figure 13
the flow with 2.0% is visualized at the instances A—C.

In Figure 11 six instances are marked by a—f, and at these instances the flow is visualized in Figure 12.
Here the instantaneous isovorticity surfaces and surface limited streamlines show where the flow is attached
and where it is separated. It is seen that the flow is very unsteady and the variation in the spanwise direction
is large. The importance of modeling the full width of the wind tunnel is clearly illustrated.

Figure 12. Instantaneous surface limited streamlines and isovorticity colored by streamwise velocity. The lift
coefficient at the six instants (a)—(f) is marked on Figure 11. The AOA is 16° and the TI is 0.1%.

As expected it can be observed that the lift coefficient is high when the flow is attached over large parts
of the airfoil. At instant (a) there is a large tongue of attached flow which gives a high lift. At (b) the
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separation has moved forward and closed most of tongue causing a large drop in the lift. In the remaining
snapshots it can be seen how lift the fluctuates with the flow.

In Figure 13 the isovorticity and surface limited streamlines are shown at three instances for 2.0% TI.
The time separation between the instances is the same as in Figure 12. It is seen that the separation point
shows smaller variations in time and spanwise direction compared to the simulation with 0.1% TI. This is
the cause of the low variation in lift coefficient.

Figure 13. Instantaneous surface limited streamlines and isovorticity colored by streamwise velocity. The lift
coefficient at the three instants (A)—(C) is marked on Figure 11. The AOA is 16° and the TI is 2.0%.

C. Resolved Stresses and Eddy Viscosity

The resolved turbulence imposed on the inflow boundary decays slightly as it is convected from the inflow
boundary to the airfoil. The intensity of resolved turbulence is shown in Figure 14. It has been averaged in
time and over the free cross section area of the tunnel (i.e. the cross section area excluding the airfoil).

20

Figure 14. Average turbulence intensity for AOA = 12° and TI = 0.5% on the inflow boundary. The leading
edge of the airfoil is located at x/c = 0 and the cells are stretched for x/c > 6.

It is observed that the resolved TI is slightly lower than what is imposed on the inflow boundary. That is,
some resolved energy is lost in the very first part of the domain as was also shown in Figure 3. Turbulence is
generated in the separated region and in the wake of the airfoil. The intensity peaks around ¢/4 downstream
of the trailing edge. From there the turbulence decays exponentially, until the stretching of cells begins
around z/c = 6.

Figure 15 shows the average eddy viscosity close to the airfoil for the flow at 12° AOA and 0.5% turbulence
intensity. It has been averaged over time and the spanwise direction. Far from the airfoil the eddy viscosity
has a nearly constant value of 3.3 times the molecular viscosity. There is a region both along the pressure and
suction side where the turbulent viscosity is increased. This is expected and appears because the production
term is large here due to the large velocity gradient. In the blue zone reaching from the stagnation point
along the suction side of the airfoil the eddy viscosity is lower, which is due to a limit'? on the production
term in the k equation. The production is limited in a zone upstream of the leading edge and the low
viscosity is convected downstream. As expected, the eddy viscosity is high in the wake and in the separated
region.

In Figure 16 the subgrid kinetic energy from the £ —w SST model is shown in the domain close to the
airfoil. The five lines marked on the figure correspond to the ones in Figure 15. Along line 1 kgqs is low
close to the wall. Here the flow is separated and in the separation bubble the velocity gradient is low and
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Figure 15. Averaged eddy viscosity v4 normalized by the molecular viscosity v. The AOA is 12° and TI is
0.5%.

consequently the production term in the k£ equation is low. Close to the leading edge on the suction side
(line 2) the velocity gradient is high and as expected the subgrid kinetic energy is high as well. At position
3 there is a local minimum at n* ~ 30. This is caused by convection of low ksgs from the stagnation point.
Far from the wall k45 /UZ is approximately 107°.
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(a) ksgs in the domain close to the airfoil. In the white area ksgs is  (b) ksgs along the five lines indicated to the left.
higher than 1072U2,. Solid black lines show the blocks of the grid. Along line 2 ksgs peaks at nt =~ 125 with a value
Dashed lines show the five positions used in the figure to the right. of 14UZ..

Figure 16. Averaged subgrid kinetic energy, ksgs. The AOA is 12° and TI is 0.5%.

In Figure 17 the resolved kinetic energy is shown close to the airfoil. At line 1 the resolved kinetic energy
is high, as the line intersects the separation bubble. Far from the airfoil the resolved kinetic energy has a
constant value of 2.5 x 107 U2 corresponding to a resolved turbulence intensity of 0.41%.

By comparing Figures 16 and 17 it can be observed that the subgrid kinetic energy is high close to
the wall and in the beginning of the wake. The resolved kinetic energy is high in the wake (peak value of
2.2 x 1072U2,) but also far from the airfoil, where the subgrid kinetic energy is low.
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Figure 17. Averaged resolved kinetic energy, kyes. The AOA is 12° and TI is 0.5%.

VI. Conclusions

A technique for generating synthetic turbulence is presented. The generated field must contain all three
components of the velocities to minimize the need for a long precursor simulation. It is, however, suggested
to run a shorter precursor simulation with the generated turbulence to allow the incorrect phase information
to be corrected. Further, the subgrid parameters will then adjust to the velocity field and the computational
setup. After the precursor simulation the turbulence can be imposed on the inflow boundary condition and
will then decay according to empirical data.

From the study of the airfoil flow it is concluded that the flow is sensitive to the intensity of the resolved
inflow turbulence. The comparison of simulations with and without inflow turbulence to experimental results
shows that the simulations with inflow turbulence agree better with the experiment. Without turbulence
the flow is predicted to stall at too high angle of attack.

The simulated and measured pressure distributions show good agreement for resolved turbulence intensi-
ties close to the intensities measured in the wind tunnel. The turbulence intensity that gives best agreement
with measurements is not constant for all angles of attack. At high angles of attack the agreement is better
for higher turbulence intensities.

The effect of the resolved turbulence on the separation point depends on the angle of attack. For angles of
attack lower than stall the separation point moves upstream when the turbulence intensity is increased. For
angles of attack higher than stall the effect is the opposite. At 16° angle of attack the flow is very sensitive
to the resolved turbulence. The lift coefficient is predicted to be approximately 30% lower for TT = 2.0%
compared to a simulation without resolved inflow turbulence.

The simulations of this paper are all performed assuming fully turbulent conditions without a model for
laminar/turbulent transition. For the NACA 0015 airfoil the influence from laminar/turbulent transition
is low. For this reason, the agreement of simulations with measurements is good. For airfoils with higher
sensitivity to transition the simulations without a transition model would produce results in poor agreement
with measurements. The inclusion of the laminar/turbulent transition mechanism, especially in connection
with by-pass transition, as for the present cases with high free stream turbulence, is not straightforward and
will be the subject for further studies.
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