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Imposing Resolved Turbulence by an Actuator in a
Detached Eddy Simulation of an Airfoil

Lasse Gilling?' Niels N. Sgrensen* and Pierre-Elouan Réthoré*

Abstract

A method is proposed to reduce the computational costs of resolving the incoming freestream
turbulence in a detached eddy simulation of an airfoil. The idea is to impose the turbulence directly
upstream of the airfoil by an actuator instead of prescribing a fluctuating velocity field at the inlet.
Thereby, the mesh upstream of the actuator does not have to resolve the turbulence, and the re-
quirement for mesh resolution is heavily reduced. The method is described and validated as it is
shown that the resolved part of the turbulence can be recreated by the actuator. The method is
applied to an airfoil flow and it is shown that the results are similar to the approach of imposing the
turbulence at the inlet. In the present case the application of the actuator makes it possible to reduce
the total number of cells by approximately 60% without coarsening the mesh close to the airfoil.
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1 Introduction

In previous work the effect of resolving the inflow turbulence in detached eddy simulations (DES) was
studied, c.f. Gilling et al. (2009). It was shown that for the analyzed NACA 0015 airfoil the agreement
with experimental results was improved when the inflow turbulence was resolved.

The inflow turbulence was imposed as a fluctuating velocity field on the inlet boundary as was
also done by Bechmann (2006). From there the turbulence was convected downstream with the mean
velocity. Some distance downstream of the inlet boundary the turbulence met the airfoil and interfered
with the boundary layer.

To resolve the turbulence as it was convected from the inlet to the airfoil, the domain upstream of
the airfoil was resolved by small cubic blocks. The fine resolution used in the entire domain caused
the number of cells to be high (approx. 21 million), and thereby caused a high computational cost of
the simulations.

Piomelli (2008) has an overview of different techniques of imposing turbulence on the computa-
tional domain in a large eddy simulation. Troldborg (2008) used an actuator to impose a turbulence
field upstream of wind turbines (also modeled as actuators). This approach was also used by Spille-
Kohof and Kaltenbach (2001) and tested by Keating et al. (2004) for imposing the turbulence in the
sheared boundary layer. Here, synthetic turbulence was imposed on the inlet boundary and then they
applied forces to amplify the wall normal fluctuations to match some target Reynolds shear-stress.

In this work the turbulence will be imposed directly upstream of the airfoil by using an actuator.
Forces are applied in a plane of cells as was done in the work of Troldborg (2008). The forces are
chosen to give a desired turbulence field some distance downstream of the actuator. By using this
method the domain upstream of the actuator can be resolved by a coarse grid as only the steady
mean flow has to be resolved here. This leads to a great saving in the required number of cells.

In this paper the method for generating the turbulence will be described along with the used nu-
merical methods. The methods are verified and calibrated before an example of an airfoil simulation
is shown. Finally, some concluding remarks are given.
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2 Method

An actuator is used to prescribe some given velocity change. In Figure 1 the pressure jump and the
velocity change at an actuator is shown. The fluid is accelerated from U, to U, + Au by the pressure
jump. The pressure required to accelerate the flow is, Hansen (2008)
1
8p =50 ((Us + B0 U2.) )
where p is the density of the fluid. The pressure is derived from steady one-dimensional momentum
theory using the Bernoulli equation.
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Figure 1: Pressure jump at the actuator and change of velocity at the actuator (dashed line).

The pressure jump corresponds to a force applied in each computational cell crossed by the actu-
ator. The magnitude of these forces is

1
Fo= 30Ac (uoo ; EAu> Au @

where A. is the area of the disc crossed by the cell. This can be generalized to include velocity
changes in three dimensions

1 1

where u and F are vectors containing the three components of velocity and force vectors, respectively.
The forces are imposed in the cells using the method described by Réthoré and Sarensen (2008).

The above derivation is based on a steady state consideration. When applying a fluctuating ve-
locity field this steady state consideration is not valid. However, the obtained velocity field is in good
agreement with the target velocity field, as will be shown in Section 4.

3 Numerical Methods

The incompressible Navier-Stokes equations are solved using EllipSys3D by Sgrensen (1995) and
Michelsen (1992, 1994). It is a structured, finite volume CFD-code developed at RIS and Technical
University of Denmark. The PISO-algorithm is used to enforce the pressure-velocity coupling. A
modified version (c.f. Réthoré and Sarensen (2008)) of the Rhie-Chow pressure correction algorithm
is used to avoid odd-even pressure decoupling and numerical wiggles at the actuator. The momentum
equations are solved with the 4th order central difference scheme and a 2nd order accurate time
stepping algorithm is used. The simulations are DES as proposed by Spalart et al. (1997), but also
the incoming freestream turbulence is resolved. The k — w SST subgrid model by Menter (1993) is
used.



4 Verification

In the present section the method’s ability to generate a chosen turbulence field is demonstrated. The
computational domain is shown in Figure 2. It consists of 192 x 192 x 128 cells in the x, y and z
directions, respectively. The physical dimensions are approximately 12L x 12L x 6L where L is the
integral length scale of the turbulence.
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Figure 2: The computational domain.

The imposed turbulence is generated by the method of Mann (1998), and has been run through
a precursor simulation. Thereby, the turbulence has adapted to the computational mesh and the
numerical method, and any flaws in the synthetic field has been corrected by the Navier-Stokes solver.
The average resolved kinetic energy is 10~3U2, giving a turbulence intensity of 2.6%. The CFL number
based on the mean velocity is 0.25.

The turbulence is sampled in a number of planes downstream of the actuator. The sampled time
series are compared to the time series from the precursor to show that the resolved turbulence can be
recreated by the actuator. In Figure 3 the ratios of standard deviations and the correlation coefficient
are shown.
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(a) Ratios of sampled to target standard deviation. (b) Average correlation coefficient between sampled
and target time series.

Figure 3: Comparison between sampled and target time series of turbulence as function of distance
from the actuator. The distance is measured in number of cells.

It is seen that the resolved turbulence sampled downstream of the actuator is very similar to the
target turbulence field from the precursor. The ratios of standard deviations are measures of the energy
content compared to the target turbulence. The energy in the transverse directions is generated almost
directly at the actuator. The energy on the streamwise component builds up slowly over the first 30 to
40 cells. The obtained ratios are 0.93, 1.00 and 0.98 for the u, v and w components, respectively.



The correlation coefficients in Figure 3(b) show that the generated turbulence is highly correlated
with the target turbulence field. The correlation peaks at 95 — 97% around 10 cells downstream of the
actuator.

In conclusion the generated field is very similar to the target turbulence field, but it contains about
7% too little energy on the streamwise component. This deficiency can be corrected by the introduction
of a vector of constants G in (3)

1 1
F.= EGpAC (Uoo + EAU) Au (4)

which should be evaluated component by component. G = [1.07, 1.00, 1.02] has been chosen to give
unitary ratios of the standard deviations. The result of this modification is shown in Figure 4.
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Figure 4: Comparison between sampled and target time series. The modified (4) is used.

The standard deviations of the sampled field are now within 1% of the standard deviations of the
target turbulence field. Through several simulations a value of G in the order of [1.1, 1.0, 1.0] has been
found be be appropriate. An investigation has shown the constant to be independent from the mesh
resolution, the turbulence intensity, the freestream velocity, the CFL number, the difference scheme,
the number of subiterations and the relaxation coefficients.

In Figure 5 the samples of time series of the v and v components are shown. The modified forces,
eq. (4), are used and the time series are sampled 10 cells downstream of the actuator.

The spatial decay of homogenous, isotropic turbulence has briefly been studied. Using the actuator
approach, the turbulence appears to decay too slow compared to an empirical expression. For the
present application it is considered to be of no importance; the decay is very low in any case on the
time scales comparable to a chord passage.

The turbulence imposed here has been sampled from a precursor simulation. Synthetic turbulence
from the method of Mann (1998) has also been imposed directly. In this case the turbulence generated
by the actuator corresponds to a low-pass filtered version of the synthetic turbulence. The filtering is
caused by the limited ability to resolve the smallest eddies in the simulations.
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Figure 5: Sampled and target time series.

5 Example: Airfoil in Turbulent Inflow

An actuator is used to impose the resolved turbulence upstream of an airfoil in a DES. The airfoil
is @ NACA 0015 profile and the Reynolds number is 1.6 million. The angle of attack is 16°. The
freestream turbulence intensity is 2% and the integral length scale is 0.25 chords, which have been
found to give good agreement with the experimental results of Bove (2008). The results are compared
to a simulation where the inflow turbulence is imposed as a fluctuating inflow boundary condition, c.f.
Gilling et al. (2009).

5.1 Numerical Setup

The mesh used in the simulation is shown in Figure 6. The geometry is chosen to match the geometry
of the LM wind tunnel like in Gilling et al. (2009). However, the number of cells is reduced from about
21 million to 6.8 million. The reduction is primarily obtained because the freestream turbulence is now
imposed directly upstream of the airfoil. Thereby the mesh upstream of the actuator can be much
coarser, as only the steady mean flow has to be resolved here. About 4.7 million cells have been
saved using a lower resolution in the downstream domain, but the remaining 9.4 million cells saved is
a direct consequence of imposing the turbulence by an actuator.

The inlet is located about four chords upstream of the airfoil and the outlet approximately 25 chords
downstream. The top and bottom boundary conditions are chosen to be symmetry to limit the flow
without having to resolve the boundary layer at a wall. For the same reason the periodicity is chosen
in the spanwise direction. The actuator is located 0.8 chords upstream of the leading edge of the
airfoil.

The O-mesh close to the airfoil is generated using the code described in Sgrensen (1998). The O-
mesh is identical to that of Gilling et al. (2009), and so is the mesh spacing directly up- and downstream
of it. Here the cells are close to cubic with a side length about 1.5% of the chord. As shown in
Figure 6 the cells up- and downstream of the cubic cells are stretched, with stretching ratios 5 and
10%, respectively. The cells above and below the O-mesh are also stretched slightly to reduce the
total number of cells. In summary, the mesh is fine close to the airfoil, where a fine resolution is



Inlet
¢

il
i
)

/ |
////
.

= - = S

h

I
)

Figure 6: The computational mesh. Every fourth cell is shown.

required to resolve the freestream turbulence and the wake, and everywhere else the resolution is
coarser.

5.2 Results and Discussion

In Figure 7 instantaneous contours of vorticity close to the airfoil are shown. The turbulence is seen
to enclose the airfoil and follow the induced velocity field. The turbulent structures are warped around
the leading edge of the airfoil. It can also be noted that the vorticity is smeared out when the cells are

stretched.

Actuator

Figure 7: Contours of vorticity close to the airfoil.

To obtain the correct behavior of the subgrid turbulence, care need to be taken when specifying
the inflow values of the subgrid turbulence model. From the precursor simulation the level of the eddy
viscosity is known. The level of eddy viscosity close to the airfoil is crucial for the prediction of surface
pressure. The values of k and w on the inlet boundary are chosen to give the correct eddy viscosity in

the freestream turbulence downstream of the actuator.



In Figure 8 the lift and drag coefficients are shown. The magenta dot shows the present simulation
with turbulence imposed by the actuator. It is seen that the flow is stalled at 16°. By comparing to
the simulation where the freestream turbulence was imposed as a fluctuating velocity on the inlet the
agreement is seen to be in the same order as the experimental scatter. From the other simulations
with different turbulence intensities the flow is seen to be very sensitive at this angle of attack.
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Figure 8: Polar of the NACA 0015 airfoil at a Reynolds number of 1.6 million. The experimental results
are from Bove (2008) and the simulated results are from Gilling et al. (2009). The green lines with dots
are standard DES without any resolved freestream turbulence. The scatter in the experimental results
is caused by the low Reynolds number, for which the measurement system in the wind tunnel is not
calibrated.

In Figure 9 the surface pressure and skin friction coefficients are plotted. The results are seen to
be very similar to the simulation with turbulence imposed at the inlet. The flow on the suction side is
seen to separate slightly less. Similar small differences can probably be observed in simulations with
different realizations of the freestream turbulence irrespective of whether it is imposed at the inlet or
by an actuator.

oy — i 0.04 ‘ ‘ ‘
Gilling et al. 2009 Gilling et al. 2009

al Present Present

al

2 L

1t

°l ——]
0 0.2 0.4 0.6 0.8 1

x/c

Figure 9: Surface pressure and skin friction coefficient.

6 Conclusions

The actuator is able to recreate the resolved part of the freestream turbulence with good accuracy. The
obtained correlation coefficients are about 0.95, and with the introduction of a constant, the energy
level of the turbulence is correct as well. The subgrid part of the turbulence is only established slowly.



For the present application it is proposed to choose inflow values of k and w of the subgrid model to
give the correct eddy viscosity in the freestream turbulence downstream of the actuator.

Good results are obtained for the airfoil flow. The results from the turbulence imposed by an
actuator are very similar to the results of the simulation with turbulence imposed at the inlet. The
applied method shows a large potential as the computational costs can be heavily reduced. Comparing
to the previous approach the number of cells is reduced by 60% without coarsening the mesh close to
the airfoil. The computational cost using the actuator method is similar to the cost of a standard DES
without resolved inflow turbulence.
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