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Abstract. A fully coupled zonal Reynolds-averaged Navier-Stokes
(RANS) – large-eddy simulation (LES) method and a hybrid Detached-
Eddy Simmulation (DES) method are presented and results for a sub-
sonic flow over the HGR-01 airfoil at high angle of attack are discussed
for both methods. Attached boundary layers are computed by RANS
and separated flow regions are determined by LES methods, resulting in
a higher accuracy solution with respect to pure RANS solutions, at a
lower cost than a pure LES computation.

1 Introduction

The numerical analysis of flow fields in industrial applications is nowadays mainly
based on solutions of the Reynolds-averaged Navier-Stokes equations (RANS).
When unsteady flow phenomena such as a local separation, are to be investigated
or a physical problem is dominated by vortical structures with time or length
scales but only in the range of the inertial subrange the approach based on stan-
dard Reynolds-averaged Navier-Stokes equations is often not the appropriate
choice to describe the flow field. This is, for instance, the case when the flow
over a flap-airfoil configuration is considered, as done by Zhang [17], or when a
separation region exists due to a transonic shock-boundary-layer interaction [11].
It is therefore desired to investigate more accurate RANS formulations or com-
bine LES and RANS simulation methods.

In the present paper, a Detached-Eddy Simulation (more specifically an AD-
DES model) and a fully coupled zonal RANS-LES method are applied to the
unsteady flow around the subsonic research profile HGR-01 which features a
mixed stall behaviour where a laminar separation bubble (LSB) and trailing
edge separation (TES) occur at high angles of attack.

The paper starts with a description of the applied numerical methods and
the computational set-up for the different computations. The results of the AD-
DES model and the zonal RANS-LES model are compared to a pure RANS
computation, with a Reynolds Stress Model (RSM) pure LES computation and
experimental data. The unsteady flow phenomena and the time-averaged air-
foil characteristics are discussed before concluding remarks of the findings are
given.
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2 Numerical Methods

2.1 Large-Eddy Simulation

A pure large-eddy simulation (LES) computation is performed as a validation
for the experimental data and as reference for the ADDES and the zonal RANS-
LES computation. The three-dimensional unsteady compressible Navier-Stokes
equations are solved based on a large-eddy simulation using the MILES (mono-
tone integrated LES) approach[1]. The vertex-centered finite-volume flow solver
is block-structured. A modified AUSM method is used for the Euler terms [6],
which are discretized to second-order accuracy by an upwind-biased approxima-
tion. For the non-Euler terms a centered approximation of second-order is used.
The temporal integration from time level n to n + 1 is done by a second-order
accurate explicit 5-stage Runge-Kutta method, the coefficients of which are op-
timized for maximum stability. For a detailed description of the flow solver the
reader is referred to Meinke et al. [7].

2.2 Detached-Eddy Simulation

The detached-eddy simulation (DES) [14] is a non-zonal hybrid RANS-LES
method, in which a conventional RANS turbulence model is enabled to act as a
subgrid-scale LES model in massively separated (i.e. detached) flow regions. In
original DES the switching between RANS and LES mode is based on a com-
parison of the RANS length scale lRANS and a calibrated LES scale lLES, which
depends on the local grid spacing ΔDES = max(Δx, Δy, Δz). Later extensions
were aimed to ”shield” attached boundary layers from premature switching to
LES mode (Delayed DES, DDES ) and to extend the method by wall-modelled
LES capabilities e.g. in reattached flows (Improved DDES, IDDES ). However,
according to earlier studies on the HGR-01 airfoil [16], these classic DES variants
may either strongly overestimate the trailing-edge separation due to modelled-
stress depletion, or retain the whole separation in RANS mode. In that case, no
improvement over the much cheaper RANS approach is obtained.

Algebraic Delayed Detached-Eddy Simulation. In order to broaden the
range of applicability of DES to incipient stall cases, the basic DDES was ex-
tended by algebraic relations for the so-called ”delay function”. It is designed to
reliably shield attached boundary layers from LES mode and to detect separation
onset for a proper placement of the RANS-LES interface. This Algebraic DDES
(ADDES) [10] was implemented in the DLR-TAU code and tested for the HGR-
01 flow in combination with the Spalart-Allmaras one-equation model and the
JHh-RSM. The SST-ADDES computations are performed with the finite-volume
code DLR-TAU [13], which solves the compressible flow equations on unstruc-
tured meshes. The spacial discretization for convection applies a second-order
central scheme in skew-symmetric form which is stabilized by matrix-weighted
artificial dissipation with low-Mach-number preconditioning. Time integration
is based on second-order dual-timestepping with an implicit LU-SGS scheme for
the inner pseudo timesteps.
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2.3 Zonal RANS-LES

The zonal RANS-LES computation uses separate and overlapping RANS and
LES domains. The LES domains are chosen to be as small as possible to reduce
the number of grid points required without decreasing the local accuracy. Due to
the small LES domains, the LES inflow boundaries are subject to large pressure
gradients. At the overlapping in- and outflow boundaries, a sponge/forcing layer
is applied to realise a smooth transition between RANS and LES and visa versa.
To also ensure a smooth transition from the three-dimensional unsteady LES
solution to the two-dimensional RANS solution, another sponge/forcing layer is
applied to damp high frequency pressure and velocity fluctuations at the over-
lapping region from the LES domain to the RANS domain. Further details of
such a sponge layer can be found in Zhang et al. [17] .

LES-to-RANS Boundary. When going from an LES to a RANS domain, a
relevant value for the eddy viscosity is required at the inflow boundary of the
RANS domain. This value is reconstructed at the inflow plane using the k − ω
turbulence model [5] . The quantity ω is computed from the normal components
of the Reynolds stress tensor using Bradshaw’s hypothesis. The turbulent kinetic
energy k is determined from the transport equation.

RANS-to-LES Boundary. At the inflow of the LES domains, the turbulent
boundary layer is reproduced using synthetic turbulence. The synthetic turbu-
lence generation method of Jarrin et al. [3] is based on a superposition of co-
herent structures. Applications of the synthetic-eddy method (SEM) often suffer
from a long transition length until a physically correct fully developed turbulent
boundary layer is obtained. Therefore, the idea of Keating [9] to apply con-
trolled forcing [15] to shorten this turbulence development region downstream
of the LES inflow boundary is applied. The local control planes of Spille and
Kaltenbach [15] introduce a volume forcing term to the Navier-Stokes equations
to control the turbulence production in the boundary layer and reduce the re-
quired overlapping length of the different computational domains. This zonal
RANS-LES method was successfully validated by Roidl et al. [12,11] .

Time Averaging. For a proper averaging of the large scale structures due to
the unsteady behavior of the TES, the zonal computation as well as the pure LES
computation require data samples of about 2 c/U∞ for the velocity profiles and
5 c/U∞ for smooth pressure and skin-friction distributions and velocity profiles.

3 Computational Set-Up

3.1 HGR-01 Airfoil

The near stall flow phenomena of the HGR-01 research airfoil were studied at
several angles of attack [16] . In this study, the configuration at an angle of
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attack of 12o with a laminar separation bubble and trailing-edge separation is
simulated at a Reynolds number of Rec = 0.65 ·106 based on the chord length c.
The high angle of attack flow over the HGR-01 profile is a demanding test case
for numerical simulations, since the flow field exhibits a small laminar separa-
tion bubble with laminar-to-turbulent transition at the leading edge, a critical
positive pressure gradient on the upper surface and a trailing-edge separation at
about 90% chord length.

3.2 Computational Meshes

Pure LES. The grid resolution for the pure LES computation is chosen accord-
ing to Zhang et al. [17]. The resolution of the pure LES grid in the streamwise,
wall normal, and spanwise direction of Δx+ ≈ 100, Δy+min ≈ 1 and Δz+ ≈ 20.
The grid is build up out of 32 structured blocks in a C-grid configuration around
the airfoil and can be seen in Fig. 1(a). The grid extends 4 chord lengths in
spanwise direction, using periodic boundary conditions at these boundaries. The
farfield boundaries are located further than 20 chord lengths from the HGR-01
profile to mimic free stream conditions. This results in a total number of grid
points of 51.4 million.

Detached-Eddy Simulation. In detached-eddy simulations, the grid resolu-
tion is mainly governed by the separated regions treated in LES mode, which
should be highly resolved by mostly isotropic cells. Thus, a hybrid C-type mesh
with 460 × 92 grid points on the airfoil is used, which is specifically refined in
the upper trailing-edge and wake region. The local streamwise grid spacing of
Δx/c ≈ 0.23% roughly corresponds to the spanwise spacing of Δz/c ≈ 0.234%,
which results from nz = 64 layers within the spanwise extent of Lz = 0.15c. As
the attached 2D-flow regions in RANS mode theoretically require no 3D resolu-
tion, an optional spanwise grid adapation confined to the trailing-edge region is
considered. Besides the fully 3D-resolved grid (”base grid”, 4.9 million points),
two adapted meshes with a transition at x/c ≈ 0.5 from 1 to 64 (”nz = 1 → 64”,
2.8 million points) and 2 to 128 (”nz = 2 → 128”, 5.5 million points) span-
wise layers, respectively, are generated for an assessment of grid sensitivities.
The temporal discretization is estimated from the requirement of a convective
CFL number well below 2/3 in the LES region. This yields a basic timestep of
Δt = 0.001c/U∞.

Zonal RANS-LES The grid resolution for the LES domain of the zonal RANS-
LES simulation is equal to the pure LES computation. The RANS domains use
a coarser grid in all directions, however, Δy+min ≈ 1 is still maintained at the
airfoil surface. This results in a total of 13.2 · 106 grid points divided over the
LES and RANS domains. This corresponds to a reduction of grid points by a
factor of four with respect to the pure LES computation.
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(a) LES grid (b) Zonal grid

Fig. 1. Computational grids (for the zonal grid: red/fine = LES, black/coarse = RANS)

4 Results

4.1 Zonal RANS-LES Results

Fig. 2 shows the averaged pressure coefficient cp of the different computations in
comparison to the experimental data. The grey shaded areas represent the em-
bedded LES domains around the leading and trailing edge for the zonal RANS-
LES computation.

The pure LES results agree well with the experimental data on the upper and
lower surface, validating the precision of the LES computation and confirming
the quality of the wind tunnel measurements. The LSB and the TES are repro-
duced, however the size of the LSB is underestimated slightly with respect to
the experimental data.

The zonal RANS-LES results show a smooth transition from the LES to the
RANS, and the RANS to the LES zone. The suction peak with the laminar
separation bubble evidenced by the experimental data is nicely reproduced by
the LES region.

When comparing the zonal RANS-LES results of the skin-friction coefficient
to the pure LES computation in Fig. 3, it can be seen again that the zonal
method accurately reproduces the leading edge flow with the LSB. The pure
RANS computation with the RSM model uses a fixed transition point and un-
derpredict the size of the LSB. Concerning the TES, the RANS and LES based
methods predict separation, however, both the zonal RANS-LES and pure RANS
computation result in a slightly smaller recirculation area.

A more detailed analysis of the boundary layer velocity profiles at the upper
surface of the airfoil in Fig. 4. These velocity profiles are located at several
streamwise positions on the upper surface of the HGR-01 airfoil in the embedded
LES domains. The profiles from left to right represent the LSB at 0.012 c, the
velocity profile just upstream of the RANS inflow boundary at 0.12 c, and three
profiles in the trailing edge LES region, i.e. at 0.68 c, 0.85 c, and 0.95 c.

At the leading edge, the zonal computation accurately reproduces the pure
LES velocity profiles. The size of the LSB is slightly underpredicted by the zonal
method. Note that the velocity profile at 0.12 c is the profile that is transferred
to the RANS inlet boundary. It coincides with the pure LES velocity profile,
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Fig. 2. Pressure coefficient cp at the upper and lower surface of the HGR-01 airfoil
for the εh, the zonal RANS-LES, pure LES computations, and experiments [16]

Fig. 3. Skin-friction coefficient cf at the upper and lower surface of the HGR-01 airfoil
for the εh, the zonal RANS-LES, pure LES computations
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showing the accurate simulation of the leading edge flow, the LSB, and the
laminar-to-turbulent transition.

At the trailing-edge separation region, the results of the averaged zonal RANS-
LES and the pure LES are compared with particle-image velocimetry (PIV)
data [16] to validate the numerical results. The PIV results depend on the
spanwise position and show a small three-dimensional effect in the TES. The
maximum span s of the experimentally investigated airfoil is 3.25 s/c and the
visualized PIV results represent the velocity profiles at 1.6, 1.9, and 2.6 s/c,
respectively. The pure LES computation shows very good agreement with the
PIV measurements. Looking closely at the velocity profiles at the trailing edge,
it should be noted that the zonal velocity profiles deviate somewhat from the
reference LES computation. They are fuller near the surface and the boundary-
layer thickness is smaller. This difference, however, does not have a significant
influence on the pressure and friction coefficient. From the velocity profiles it
can be seen that the deviation already exists at 0.68 c.
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Fig. 4. Velocity profiles at the upper surface of the HGR-01 airfoil for the εh, the
zonal RANS-LES, pure LES computations, and experiments [16]

Looking more closely to the velocity profiles and Reynolds stress tensor profiles
somewhat downstream of the LSB at 0.045c in Fig. 5 and 0.12c in Fig. 6 it can be
seen how this bubble height influences the RMS values of the velocities. Their
profiles, which are scaled by the boundary layer thickness δ0, show a smaller
turbulence intensity than the pure LES. The difference in intensity for uRMS and
vRMS decreases further downstream. The time averaged velocity and Reynolds
shear stress < u′v′ > profiles are not influenced by the difference in height of
the LSB.
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Fig. 5. Velocity and Reynolds stress tensor component profiles at c/L = 0.045

Fig. 6. Velocity and Reynolds stress tensor component profiles at c/L = 0.12
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The velocity profiles and Reynolds shear stress in the RANS domain on the
upper surface are shown in Fig. 7. The results at a streamwise position of 0.30 c
show only a slight deviation from the pure LES data. The Reynolds shear stress
profile in the RANS domain of the zonal computation is reconstructed from
the turbulent viscosity. The RANS model simulates an equilibrium boundary
layer as opposed to the non-equilibrium state of the pure LES boundary layer.
The equilibrium state of the RANS introduces a higher turbulence intensity, in
contrast to the higher turbulence energy for the pure LES at 0.12 c. This results
in an increasing deviation between the pure LES and the zonal RANS results.
The velocity profile becomes fuller further downstream at 0.60 c, changing the
flow characteristics at the suction side of the HGR-01 profile. This is crucial for
the inflow boundary conditions of the trailing edge LES region. This effect on
the RANS velocity profile was already discussed by Celic and Hirschel [2] .

Fig. 7. Velocity and Reynolds shear stress profiles at c/L = 0.30 (left) and c/L = 0.60
(right)

Fig. 8 shows the influence of the deviating RANS velocity profile on the LES
results at the trailing edge. The pure LES velocity profile and the PIV data show
the separation onset at about 0.85 c. However, the zonal LES shows a positive
velocity gradient which decreases the tendancy of the flow to separate. This
results in a smaller separation region at the trailing edge for the zonal RANS-
LES computation. However, as shown before, this deviation has only a limited
effect on the pressure and friction coefficient distribution.

The significance of this test case is defined by the correct simulation of the
LSB together with the laminar-to-turbulent transition plus the trailing-edge sep-
aration, since these phenomena influence the flow field around the airfoil and
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Fig. 8. Velocity and Reynolds stress tensor component profiles c/L = 0.85

thus the airfoil characteristics such as the lift and drag coefficients. The smaller
trailing-edge separation increases the lift coefficient slightly with respect to the
pure LES reference computation as shown in Table 1.

Table 1. Lift and drag coefficients of the HGR-01 airfoil for the zonal RANS-LES,
pure LES computations, and experiments [16]

Experiments LES Zonal RANS-LES RANS [16]
Lift Cl 1.370 1.366 1.426 1.530

Drag Cd 0.032 0.0403 0.0414 0.028

The comparison of the characteristic values of the pure LES computation, the
experiments, and the RANS data [16] shows that the zonal RANS-LES method
delivers more accurate results than the RANS. The lower drag coefficient for the
RANS can be explained by the almost non-existing trailing-edge separation. The
RANS overestimates the lift and underestimates the drag due to the fact that
the RANS model predicts the turbulent separation point too close to the trailing
edge. The accuracy of the zonal computation compared to the LES reference data
is determined by the limitations of the RANS model at the suction side of the
profile.

4.2 ADDES Results at Increased AOA

From the SST-ADDES computation, it was observed, that the ability of the basic
RANS model to capture the boundary-layer development under adverse pressure
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Fig. 9. Left: Lift-over-α curves of the HGR-01 airfoil at Re = 0.65 · 106 from different
RANS models and experiments [16]. Right: Skin friction and shape factor computed
with k-ω SST (top) and resulting ADDES delay function (bottom) at the trailing edge
of the HGR-01 airfoil at α = 13◦, Re = 0.65 · 106.

gradients up to the separation point plays a significant role on the potentials of
ADDES for airfoil stall.

The present study uses a recent combination of ADDES with the Menter SST
two-equation model [8], which is considered a reasonable compromise between
accuracy in the maximum-lift regime, see Fig. 9(a), and industrial requirements.
The separation detector in ADDES, which is based on the shape factor H12,
is adjusted to the underlying RANS model and was found to match separation
onset with the SST model for H12,crit = 3.3. Figure 9(b) shows the resulting
RANS/LES regions around the trailing-edge based on ADDES for the HGR-01
flow at α = 13◦. Both the full height of the attached boundary layer and the
separation point at x/c ≈ 0.9 are well captured.

Optionally, the SST-ADDES is combined with stochastic forcing for the
subgrid-scale viscosity in the LES region, similar to the proposal of [4]. The
method is aimed to induce small velocity disturbances, which may be amplified
in the separated region and thus enhance transition from modelled to resolved
turbulence. Such approaches are much easier to implement than the synthetic
turbulence method used for zonal RANS/LES (see Chap. 2.3), but they only
produce uncorrelated small-scale fluctuations unlike real turbulence.

Since the underlying SST-RANS model only yields only minimal trailing-edge
separation at α = 12◦, the angle of attack is increased to α = 13◦ for a mean-
ingful study of SST-ADDES. Although no detailed PIV flowfield measurements
are available at this angle, the performance and the sensitivities of ADDES for
incipient airfoil stall can still be assessed.

Figure 10 shows the pressure and skin-friction distributions in the airfoil’s
rear from the different SST-ADDES computations. As reference, the SST-RANS
results and experiments (where available) are depicted. For all ADDES com-
putations, a significant increase of the pressure plateau compared to RANS is
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Fig. 10. Static pressure and skin-friction distributions on the HGR-01 airfoil computed
with ADDES at α = 13◦

observed, which is due to an upstream shift of separation onset by almost 20 %
of chord. Although the experiment features a considerable pressure plateau as
well, the ADDES underestimate the upstream pressure level on the upper sur-
face. This indicates a too large impact of the trailing-edge separation on the
global airfoil circulation. Surprisingly, only the ADDES with spanwise grid re-
finement (”nz = 2 → 128”) deviates visibly from the other simulations and yields
a slightly later separation onset and reduced pressure plateau closer to measure-
ments. For a better understanding of the flow physics, consider the visualizations
of instantaneous vortical structures (Q-criterion) as well as the sum of modelled
and resolved turbulent shear stress in the symmetry plane in Fig. 11. Starting
with the solution of the fully-3D mesh and standard numerical settings (”ba-
sic parameters”, i.e. no forcing, dissipation coefficient k(4) = 1/128), significant
turbulent content is only observed in the wake, whereas large parts of the sep-
arated region on the airfoil are free from vortical structures. Accordingly, the
switch from RANS to LES mode near the separation line is clearly visible in the
Reynolds stresses, as the reduction of modelled stresses to their subgrid level is
not compensated by corresponding resolved stresses. Instead, a large gap with
reduced total stress (”gray area”) emerges, which increases the separation re-
gion beyond its physical size. A parameter variation with respect to the physical
modelling (”SGS forcing”) and the numerical discretization (”nz = 2 → 128”)
has only little effect on this behaviour. While the lowered artificial dissipation
in the central scheme, k(4) = 1/160, slightly reduces the size of the ”gray area”,
the spanwise grid refinement appears to further delay the onset of resolved tur-
bulence. However, this is accompanied by a somewhat delayed separation, thus
indicating a stronger stabilizing effect of the resolved turbulence on the global
flow.
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(a) Base grid, basic parameters. (b) Base grid, SGS forcing.

(c) Grid ”nz = 1 → 64”, k(4) = 1/160 (d) Grid ”nz = 2 → 128”.

Fig. 11. Instantaneous Q-criterion (Q ·c2/U2
∞ = 2) and 2D streamlines as well as total

Reynolds shear stress from different SST-ADDES computations of the HGR-01 airfoil
at α = 13◦

The stochastic forcing of the subgrid viscosity in the LES region only slowly
enhances the development of vortical structures. For such a shallow separation,
the destabilizing effect of SGS forcing is considered much too low to significantly
reduce the gap of total shear stress.

Other simulation parameters, such as the physical timestep, were varied as
well, but neither showed a considerable impact on the observed behaviour.

5 Conclusions

The zonal RANS-LES method is presented and applied to simulate the flow
around an HGR-01 airfoil at high angle of attack. The results are compared
with experimental data and pure LES solutions. Averaged pressure and skin-
friction coefficients as well as the lift coefficient show good agreement with the
LES results. Lift and drag coefficients correspond well with the reference LES
computation. The experiments result in the same lift coefficient, but show a
slightly smaller trailing-edge separation, and therefore a lower drag coefficient.

The algebraic delayed DES (ADDES) is a non-zonal hybrid method which au-
tomatically places the RANS-LES interface near the separation point. While this
reduces setup time and computational effort compared to the zonal approach,
the underlying SST-RANS model has a stronger impact on the global results:
to obtain a significant trailing-edge separation, the angle of attack has to be
increased which prevents exact comparison with the zonal method.
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Although the ADDES sensors are shown to function properly for the HGR-01
airfoil, the results show a large area of reduced total Reynolds stresses (“gray
area”) when switching from RANS to LES. This increases the separated region
and yields errors in the pressure and skin-friction distributions. Neither varia-
tions in the numerical setup, nor a stochastic forcing of the subgrid turbulence
have a considerable impact on this behaviour. It is concluded, that more power-
ful forcing methods, such as the synthetic-turbulence approach used in the zonal
RANS-LES method, are required.

This test case is especially challenging for turbulence modeling due to the
existence of a laminar separation bubble and a separated flow region at the
trailing edge. These unsteady flow phenomena observed in the experiments and
the LES simulation are correctly reproduced by the zonal RANS-LES method.
The zonal RANS-LES method reduces the computational cost by a factor 4,
while approximately maintaining the high accuracy of the pure LES. The RANS
limitations for the turbulent boundary layer at the suction side cause the slight
deviation of the zonal RANS-LES compared to the pure LES solutions.
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