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Abstract. In this work a formulation for a (-f DES model has been used in its DES and
URANS formulation to calculate the flow over an inclining plate in order to investigate
the potential of DES on moving structures. It is shown that although the model is in
LES mode, the fluctuations are not developed instantaneously. As a result, the turbulent
kinetic energy is underpredicted in the LES zone, compared to pure URANS. The formu-
lation for the (-f DES model has been validated for the flow over a streamwise periodic 2D
hill, whereat the results are in good agreement to the available benchmark data obtained
from LES.

1 INTRODUCTION

Although the computational power available has been rapidly increasing over the years,
it is still not feasible to run Direct Numerical Simulations (DNS) or Large-Eddy Simu-
lations (LES) for high Reynolds number problems at a reasonable computational cost.
Thus, RANS Models are still the preferred method in a broad range of applications for
practically relevant Reynolds numbers [12].

To overcome the lack of accuracy in pure RANS methods, several hybrid approaches, com-
bining LES and RANS methods, were developed within several research groups. One of
these hybrid techniques is the detached-eddy simulation (DES) first proposed by Spalart
[13]. Motivated by the fact that a Large-eddy simulation of complete configurations such
as an airplane or a wind-turbine is not feasible for the foreseeable future, the DES aims at
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combining the favorable aspects of LES and RANS techniques, namely the application of
RANS models for the calculation of attached boundary layers and the LES for resolving
spatio-temporal fluctuations of large eddies.

In applications of massively separated flows, the geometry-specific structures cannot be
well captured by the statistical models as those are calibrated for thin turbulent shear
flows containing relatively “standard” eddies [17]. Despite the broad range of RANS mod-
els available and their capabilities to predict boundary layers and their separation well,
those models fail at prediction of large separation regions behind a sphere, past a vehicle
or an airfoil in deep stall. In addition no unsteady information can be gained from a
RANS simulation leading to vibration or noise.

Contrary to the RANS approach, where turbulence is completely modeled, an LES would
resolve the fluctuations in space and time down to small scales and only the very small
scales are modeled by a subgrid-scale (SGS) model. Hence the demands on the grid spac-
ing and the time step are very restrictive.

Especially in the context of fluid-structure interaction problems (FSI), the information on
the vibration can be one major result of the whole calculation. Concerning the fact that
in addition to the fluid dynamics, also the equations of motion for the structural part
have to be solved per iteration, the problems become much more demanding in terms of
computational cost. Thus, the use of DES in the context of FSI seems to be promising to
account for the important unsteady information.

The potential of DES for turbulence modeling employed to FSI is mentioned in [17], while
some experiences are described in [3]. A coupling between DES flow simulation and FEM
data is reported in [8], where the fluid-structure interaction in the nozzle section of the
Ariane 5 under transonic wind tunnel conditions is investigated. Another work [4] using
DES for the FSI of a transonic rotor at near-stall conditions showed that with such a
computational setup, the basic dynamic aeroelastic characteristics have been captured
successfully.

It has been reported, that the influence of the underlying RANS model is minor on the
overall result in the LES region [15]. However for more complex flow situations arising
particularly from movable or deformable objects the impact of the model in the RANS
region is observable, particularly if separation occurs and thus justifying the use of a more
complex RANS.

Within this paper, a DES formulation for the (-f model by Hanjalic [6] is derived and
validated with benchmark data from the flow over a streamwise periodic 2D hill. This
formulation is then used to conduct a feasibility study for the use of DES in an FSI prob-
lem. A flat plate is inclined at a constant angular velocity of & = 107” rads™! from 0° to
45° at a Reynolds number of Re = 30000. The simulations are carried out using DES
[13] and DDES [16] on two different grids. We put focus on the dynamics with which
fluctuations are generated and compare the results to pure URANS.
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2 GOVERNING EQUATIONS

In the following an incompressible fluid with constant fluid properties is considered.
For an incompressible Newtonian fluid, the flow has to satisfy the continuity and Navier-
Stokes equations in the following form:
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where u; is the velocity vector, p is the static pressure and p is the dynamic viscosity.
Using the Reynolds decomposition,

u(x,t) = u(x) + u'(x,t) (3)

where @ is the mean motion and u' is the fluctuating component, the RANS equations
can be derived from equation (2):
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Thus, equation (5) is the ensemble average of equation (2), where an additional term
arises. This additional term describes the momentum transport due to turbulence motion
causing a closure problem. Therefore, RANS turbulence models are used to model this
new term. A detailed description of the RANS models used in this work can be found in
[5] and [6].

3 MODELLING APPROACH

In the concept of detached-eddy simulations the computational domain is split into
two parts, a RANS region and an LES region. In both cases the RANS turbulence model
is either used as a normal turbulence model or used as a subgrid-scale (SGS) model for
the LES mode, depending on the grid, the flow configuration and the location within the
computational domain.

To modify a given RANS model to be used in DES, the dissipation term in the k-equation
is replaced by an expression involving the turbulent length scale defined to

liwry = min (lrans, Cpesl) (6)

where in the context of DES, A is specifically defined by A = max (A,, Ay, A,) Thus, the
length scale becomes the original RANS length scale (Irans < CprsA) or the length scale
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for the SGS model (Igrans > CppsA). For this method to be used together with low-Re
turbulence models, an additional modification is necessary to eliminate the influence of
the low-Re terms in the SGS mode. According to the concept introduced by Spalart [16],
the DES length scale becomes

lpes = CpesAyY (7)

where v is 1 for high-Re models and a function or a specific constant for low-Re models.
The general idea of this i-function is based on the assumption that at equilibrium be-
tween the production and dissipation the RANS model in SGS mode should reduce to a
Smagorinsky-like model, i.e. v; = (CA)2S, where C is a constant and S is the modulus of
the mean rate-of-strain tensor. For further information on the derivation of the ¢-function
see [16], [10]. The modified transport equation for the turbulent kinetic energy for the (-f
model reads as

Dk 0 e\ Ok k32
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The corresponding -function is derived as
Cgl > 3/2
= . 9
=g )

The ¢-f model used in this work is also used in a DES context in [1]. However, the -
functions derived are different but both plausible. The constant Cpgg is calibrated using
Decay of Isotropic Turbulence (DIT) to account for the different underlying turbulence
models but also for the numerical schemes that are used. For the calibration two different
grids, consisting of 32% and 643 grid points are used. The field is initialized with the data
from [22] and the results are also compared to the DNS data from Wray [22]. For detailed
description of the procedure, see [10]. For the 3D Fourier transform a tool written by St.
Petersburg Technical University (SPTU) is used. In this work Cpgg is calibrated to

Cprs =02 . (10)

Due to some drawbacks of the original DES formulation from equation (6) which we
will refer to as DES97 through out this paper, a modified version was suggested by Spalart
[16] named DDES. In order to preserve RANS mode in the boundary layer also on grids
where the wall parallel spacing is smaller than the turbulent length scale, causing a switch
to LES mode, a blending function is introduced. The blending function limits the LES
mode to regions outside the boundary layer. For the DDES, the formulation reads:

vy + v
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where 14 is the kinematic eddy viscosity, v is the molecular viscosity, U; ; are the velocity
gradients, x is the Karman constant and d is the wall distance. The quantity r,; is then
used in

fa=1— tanh ([8r4]%) (12)

in such a way that f; is one in the LES region and zero elsewhere. Therefore, the DES
length scale is re-defined as:

lppes = lrans — fa max(0,d — CprsA) . (13)

4 NUMERICAL CONDITIONS AND METHODS

In the present work a Detached-Eddy Simulation is performed for a flat plate changing
its angle of attack from 0°to 45°at a rotational speed of

. 107 rad
G=— —
3 S

To avoid discontinuities in the angular motion, the following expression is used to describe

the motion of the plate:
=5 (2T

where T" = 0.15 s is one period. Thus, for a motion from 0°to 45°, only 7'/2 is con-
sidered. The reduced pitching frequency for a non periodic motion is defined to Kpien, =
A ac/(UyAt) = 0.168, where U, = 3.75 m s~ is the bulk velocity at the inlet. The applied
boundary conditions and the computational domain are shown in figure 1, where x,y and
z correspond to the streamwise, spanwise and wall-normal direction respectively. At top
and bottom of the computational domain no-slip boundary conditions are applied as well
as on the plate, located in the center. In spanwise direction, periodic boundary conditions
are used. On the inlet plane, a profile of a fully developed turbulent channel flow without
any perturbations is applied while on the outlet plane a zero gradient boundary condition
is used. The size of the computational domain is chosen according to the future exper-
imental setup, where the measurements are taken in a square channel of a cross section
of 0.45 x 0.45 m? and a length of 2 m. The chord length is ¢ = 0.12 m? and the Aspect
Ratio is AR = 3.67. The thickness is 0.006 m?.

In the computational setup only two chord lengths in spanwise direction are resolved in
order to reduce the computational cost, which can be justified by the two-dimensional
character of the experimental setup. Due to the fact that the trailing edge of the plate
is moving towards the bottom wall, top and bottom walls are resolved in the simulation.
In this study two different grids were used to evaluate the influence of the grid on the
performance of the DES. A summary of the two grids is given in table 1. Both grids are
built following the guidelines given in [14]. To ensure the grid quality in the region around
the plate, where the vortex shedding and recirculation is expected, the O-Grid blocks are
rotated with the plate. Thus, no re-meshing or grid generation method is needed in the
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Figure 1: Sketch of computational domain

Table 1: General grid information for the simulations performed

Total No. CVs in CVs in spanwise direction Wall normal
of CVs circumferential per chord length grid spacing
direction of the plate
2.2 x 106 136 16 Yo < 1
2.6 x 10° 240 32 Y w <1

region of interest leading to a decrease in the computational cost.

We use the finite volume solver FASTEST [18] with block structured, boundary fitted
grids. The convective and diffusive fluxes are approximated with second-order central
difference schemes in the LES mode and with the GAMMA [7] scheme in RANS mode.
The blending between CDS and GAMMA is done by a blending function introduced in
[20]. For the time discretization, we use a backward differencing scheme with second
order accuracy and the coupling between pressure and velocity is done with the SIMPLE
algorithm. The parallelization in FASTEST is done via domain decomposition using MPI.

5 RESULTS AND DISCUSSION
5.1 Flow over streamwise periodic 2D hill

To validate the DES formulation for the (-f model [6], the flow over a streamwise
periodic 2D hill for a Reynolds number of Re, =~ 10600 is calculated and compared to
benchmark data. This benchmark scenario has already been investigated for DES in
several studies, for example [11] and [21]. The geometry here is the same as in [19] and
the results are compared to the benchmark LES from Temmerman and Leschziner [19],
serving as the standard reference data. All quantities are nondimensionalized by the hill



S. Tiirk, T. Reimann, D.C. Sternel and M. Schéfer

height h and the bulk velocity at the hill crest, U,. The results are averaged in time and
spanwise direction. The time step was chosen so that C'F'L,,,., = 1 to ensure the temporal
resolution, while the effect of higher C'F'L numbers is reported in [11]. The domain is
discretized by approximately 1.7 x 10 control volumes, while the wall distance of the first
grid point is about y* ~ 0.5.

The velocity profiles as well as the u/v” component of the Reynolds stress tensor, shown in
figure 2, are in good agreement with the benchmark LES. The separation point is located
at x/h = 0.14 while the flow reattaches at z/h = 4.6, whereas the reference points in
[19] are at /h = 0.22 and x/h = 4.72 respectively. Thus, both points are slightly shifted
towards the crest of the hill.

y/h

4 6
20 W' /U2 + a/h

Figure 2: Validation of U and u/v’ at reference locations, ~ O~ DES97, — LES from [19]

5.2 Flow over an inclining plate

The main objective of this work is the further investigation of DES methods in the
context of FSI focused on the generation of fluctuations for rapidly moving structures.
For the given inflow conditions, the flow field does not contain any fluctuations at the be-
ginning, but a vortex street behind the plate at zero angle of attack is developed resulting
in the formation of a small LES region, including fluctuations. For the DDES test cases,
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Table 2: Overview of the simulations performed

Abbreviation DES mode SGS/RANS model grid
ddes—f DDES ¢-f fine
des97-f DES97 k-C-f fine
ddes-c DDES ¢-f coarse

rans-f RANS (-f fine

the major part of the computational domain is treated in RANS mode. For the DES97,
almost in the entire region in front and around the plate, the RANS model is operating
as an SGS model but not creating any fluctuations.
Consequently the turbulent viscosity, turbulent kinetic energy and the dissipation is re-
duced in the DES97 case. However, the velocity profile does not alter significantly down-
stream up to the plate, which might be attributed to the chosen boundary conditions at
in and outlet. The log-layer mismatch observed in periodic channel flows is not found
here.
In the upstroke phase (0 < a < 45°), all configurations in table 2 predict a similar shape
for the lift coefficient, C,, and the drag coefficient, Cp, as shown in figure 3. No significant
difference between RANS and DES can be detected but the grid refinement shows some
influence on the results. For all cases no outstanding fluctuations are generated and the
flow has a strongly two-dimensional character. This two dimensional behavior in the up-
stroke phase is also observed by Martinat et al. [9], where the flow past a pitching airfoil
is investigated. For the downstroke phase on the other hand, they reported a reinforced
adverse pressure gradient leading to a highly three dimensional flow. In the present work,
this downstroke phase is excluded and thus not reinforcing three dimensional patterns.
The LES zone is initialized at the lee side and consequently resulting in a reduced modeled
turbulent kinetic energy, turbulent viscosity and dissipation, compared to URANS.
Once the plate remains at a constant angle of attack of a = 45°, fluctuations start to
generate and become more dominant over time but not as much as expected. A devia-
tion in Cp, and Cp starts evolve for 2t/T > 1.5. Comparing the velocity field and the
corresponding streamlines at 2¢/7 = 1.8 in figure 4, the vortex at the trailing edge is still
pinned to the plate for the ddes-f and ddes-c case, whereas the vortex is already shed in
the other two configurations. For the coarser grid, only one big and flat vortex at the
leading edge is resolved compared to the fine grid. For the DDES cases the LES zones
is growing in time but the resolved fluctuations are not developed in a large number.
However, for a pure URANS simulation resolving the spanwise direction the flow field
presented in figure 5 shows the most turbulent fluctuations of all cases considered and
does not converge to a steady state. Comparing the modeled turbulent kinetic energy,
shown in figure 6, it becomes clear that the modeled contribution is reduced in the LES
region while at the same time, fluctuations have not been developed yet as illustrated in
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Figure 3: Lift Coefficient over T/2. © des97-f, Xddes-f, Orans-f, Oddes-c

figure 5, leading to an underprediction of the total turbulent kinetic energy as opposed to
URANS. Against expectation the DES97 case does not develop an LES Zone comparable
to the DDES cases and thus treating almost the entire lee side in RANS mode, which
explains the good agreement between des97-f and rans-f in terms of C'p and Cp.
Simulating further in time, the problem then results in the case of a flat plate at high
incidence which has been investigated by Breuer et al. [2], who showed the capability of
DES in that specific flow situation, but is out of focus in this work. The fluctuations are
then clearly detectable also in our case.
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Figure 4: Contour of streamwise velocity component, averaged in spanwise direction including streamlines
at 2¢/T = 1.8. a) des97-f, b) ddes-f, c¢) rans-f, d) ddes-c
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Figure 5: Isosurfaces of vorticity magnitude, colored by streamwise velocity at 2t/T = 1.8. a) rans-f, b)
ddes-f

TKE
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Figure 6: Contour plot of modeled turbulent kinetic energy at 2¢/7 = 1.8. a) rans-f, b) ddes-f

6 CONCLUSIONS

We derived a DES formulation for the ¢-f model by Hanjalic [6] and validated the
expressions with the benchmark data from [19] for a streamwise periodic 2D hill. The
results are in good agreement with the LES data. Furthermore it is shown that the
use of DES97 and DDES is not advantageous over URANS for a ramping plate without
separation at the beginning. Future work will be dealing with the investigation of IDDES
for the rapidly inclining plate, which is promising in terms of missing fluctuations, as the
region upstream of the plate should already contain those fluctuations, arsing from the
WMLES branch of IDDES. Additionally the results will be compared to experiments to
perform a quantitative analysis. The simulations will also be repeated for the oscillatory
motion.
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