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Abstract The flow around a trailing edge is computed with a new hybrid method designed
to split the influences of the averaged and instantaneous velocity fields. The model is first
tested on channel flows at different Reynolds numbers and coarse meshes giving good predictions of mean velocities and stresses. On the trailing edge flow the predictions of the
hybrid model are compared with those using DES-SST on the same coarse mesh. The results of the hybrid model are close to the reference fine LES in terms of mean velocity and
turbulent content.
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1 Introduction
Large Eddy Simulation has been successfully applied to different kinds of flows, but its
use in industry has remained scarce mainly due to the large constraint present in the mesh
requirements of wall bounded flows, specially at high Reynolds numbers. For such flows, the
size of the energy containing structures scales with Reτ and hence the number of grid points
required to resolve accurately the near wall eddies scales approximately with Re1.76 [6]. To
circumvent this severe near wall requirement, LES can be restricted to the simulation of the
outer flow eddies whereas a RANS like eddy viscosity model is used to model the dynamics
of the near wall eddies.
In an attempt to ease the computational requirements in wall bounded flows, many approaches have been suggested. One method is to use so-called ”wall functions” to bridge
the viscous sublayer and provide a suitable boundary condition for the wall cells. This can
range from a log-law approximation [20] to a solution of a system of simplified equations in
the near wall region [4].
Another approach is the use of RANS equations near the wall to provide the outer layer
with correct information. The main problem of this type of approach is how to connect the
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averaged flow with the instantaneous field. A way to couple the two types of flows is the
Detached Eddy Simulation (DES) ([22]) in which the turbulent lengthscale in the RANS
equation is switched to a lengthscale based on the mesh filter width in order to reduce the
viscosity in the separated region. The main idea of the DES approach is to solve the attached
boundary layers with a RANS models and the separation region with a LES-like technique.
One of the main issues of the DES approach is the fact that in regions near the wall where
the grid is refined, the turbulent length scale dictated by the RANS model can become larger
than the grid length scale therefore making the model reduce the turbulent viscosity and
leading to a “grid induced separation” . A way to reduce the sensitivity to the grid induced
separation was formulated by Menter et al. [14] using the blending function of the SST
model to “shield” the boundary layer. As its name implies, DES should only be applied
for separated flows and when the resolution of near wall fluctuations is required, another
approach should be used.
Other approaches are ’zonal’, in which a part of the domain is set to be computed using
RANS equations and the rest is computed with LES (see for example [8],[26] or [18])
In the zonal approach, the treatment of the interface has always been of importance
for the success of the method since the RANS information does not provide correct turbulent fluctuations. Some ways to deal with this issue are the introduction of backscatter
[19], damping the modelled stresses [25], the addition of fluctuations at the LES side of the
interface [7] or the use numerical smoothing [28].

2 The hybrid approach
In many hybrid approaches the main problem is how to couple the two different velocity
fields in RANS (statistically averaged) and LES (filtered). This is often done by applying a
matching criteria, i.e. same turbulent viscosity at the interface, same kinetic energy or dissipation etc. This poses a problem since these values represent totally different properties of
different velocity fields. Instead of using one velocity field to couple RANS and LES, the
model presented here attempts to adjust the resolved velocity field with information taken
from the averaged velocity field. Many sub-grid models assume that the flow contains an
inertial subrange and hence the sub-grid motions can be assumed to be isotropic. This is
true only if the grid is small enough so that the anisotropy introduced by the mean shear
can be neglected. At high Reynolds numbers, the refinement of the grid becomes too costly,
therefore restricting the LES method to low Reynolds numbers flows. As the solid boundary is approached, the mean shear becomes high enough to introduce anisotropy across a
diminishing range of scales. It is then necessary for the model to represent at the same time
subgrid-scale contributions to the mean shear stress and isotropic dissipation effects.

2.1 Modelling
The instantaneous velocity can be decomposed as U = hU i + u′ , where hU i is the averaged
velocity and u′ is the fluctuating one.
Schumann [20] proposed to split the residual stress tensor into two, one ”locally isotropic”
part and one ”inhomogeneous” part. The isotropic part is proportional to the fluctuating
strain and does not affect the mean flow equations but determines the rate of energy dissipation. The inhomogeneous part is proportional to the mean strain and controls the shear stress

3

and mean velocity profile:
r
τij
−

2
τ δ = − 2νr (S ij − hS ij i) −
3 kk ij
{z
}
|
locally isotropic

2νa hS ij i
| {z }

(1)

inhomogeneous

where h.i denotes ensemble averaging of the filtered equations. The viscosities νr and νa are
based on fluctuating and mean strains. The isotropic part of the residual stress tensor has a
zero time mean value. By refining the grid the residual stresses must tend to zero, therefore
the inhomogeneous part must have a grid dependence parameter in the turbulent viscosity
νa . Schumann [20] used a mixing length model for νa with the length scale computed as
L = min(κy, C10 ∆), where C10 is a constant that is difficult to prescribe for all types of
flows. Schumann [20] and Grotzbach and Schumann [10] tried to derive a theoretical value
for the constant but they were forced to introduced corrective constants to agree with a
range of experiments. Moin and Kim [16] used the same principle of splitting the residual
stress but in the mixing length model, they use the spanwise size of the cell as the length
scale. They argue that for the near wall region in a channel flow, the important structures
are streaks that are finely spaced on the spanwise direction. Therefore a coarse resolution in
the spanwise direction would lead to larger eddies and a thicker viscous sublayer. Sullivan
et al. [24] developed a similar approach for planetary boundary layer flows but chose νa
to match the Monin-Obukhov similarity theory [5]. Baggett [3] used a similar approach to
compare two hybrid models, one ”Schumann-like” and one ”DES-like” but found excessive
streamwise fluctuations leading to streaks that were much too large.
In the context of hybrid LES-RANS, a blending function, fb , can be used to introduce a
smooth transition between the resolved and the ensemble averaged turbulence parts. In the
present study the total residual stress is written as:
r
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which is just the RANS stress and the total shear stress would be 2(1 − fb )νa hS ij i + ˙u′ v ′ ¸.
It is therefore necessary that the blending function fb tends to one in the region where u′ v ′
is resolved correctly and to zero in the region near the wall where the shear stress is under
resolved due to the coarse grid. The total rate of ˙transfer of ¸energy˙from the¸ filtered motions
to the residual scales is given by (assuming that νr S ij S ij ≈ νr S ij S ij [17])
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which shows how the RANS viscosity contributes to dissipation in association with the mean
velocity only, i.e. the resolved turbulent stresses are free to develop independently from the
RANS viscosity.
For the isotropic viscosity νr , Schumann [20] used a model based on the sub-grid energy.
Moin and Kim [16] used the standard Smagorinsky [21] model based on the fluctuating
strain. Here the later approach is used:
νr = (Cs ∆)2

q

2s′ij s′ij
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with s′ij = S ij − hS ij i
In the frame of unstructured codes, the filter width is taken as twice the cell volume
(∆ = 2V ol).
In this study the elliptic relaxation model ϕ−f of Laurence et al. [12] is used to calculate
the RANS viscosity. This model solves for the ratio ϕ = v 2 /k to compute the turbulent
viscosity as:
νa = Cµ ϕkT
(7)
“

p ”

where T = max kε , CT νε . Although for the channel flow calculations presented here,
there is not much difference in the choice of the RANS models, the aim is to have a formulation that can be used in complex 3D flows, therefore the elliptic relaxation method seems
a suitable choice to account for the wall effects.
The blending function has been parameterised by the ratio of the turbulent length scale
to the filter width:
«
„
fb = tanh Cl
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∆

n

(8)

Here Cl = 1 and n = 1.5 are empirical constants. These values were chosen to match the
shear stress profile based on channel flow results at Reτ = 395 with DNS data. When using
the ϕ − f model (equation 7), the wall distance is not a desirable parameter and the blending
function can be formulated using Lt = ϕk3/2 /ε. The blending function has been devised to
connect the two length scales smoothly so its value is close to zero near the wall and one far
from it. Similar functions have been used in other hybrid approaches (See [1], [11] or [23]).
Although the function in equation 8 is totally empirical, it has been tested for a range of
Reynolds numbers and grids and gave satisfactory results (not presented here). The function
allows a higher contribution from the LES part as the grid is refined. Different coefficients
have been used in the optimisation of the blending function, but the results are not greatly
affected and anyway are always better than standard LES on the same mesh. In equation (2)
the averaged velocity has been calculated as a running average with an averaging window
of about 10 times the eddy turnover time. Although it is possible also to use plane averaged
in the case of the channel flow, this was not done in order to keep the formulation applicable
for 3D flows where no plane averaging is possible. In all computations shown here, a finite
volume code Code Saturne[2] has been used with a second order time advancing scheme
and a centred scheme for teh convection terms.

3 Channel Flows
Channel flow computations have been carried out at different Reynolds numbers on the
same domain, a box of dimensions [0,6.4],[0,2],[0,3.2]. Here only few of the simulations
are shown. For the channel flow at Reτ = 395 the coarsest mesh used has 40x40x30 cells
(denoted C1). In figures 1 and 2 the resulting velocity and shear stress profiles for a standard
Smagorinsky model and the hybrid model can be seen. The mesh is too coarse for a standard
LES to capture all the small scales and therefore the shear stress is underpredicted, which in
turn, produces an overestimation of the velocity magnitude. The hybrid model successfully
blends the average shear stress and with the resolved one to produce the correct magnitude
and therefore a better prediction of the velocity profile. The normal stresses can be seen
in figure 3. The usual behaviour of overestimating the streamwise normal stress on coarse
meshes by LES is corrected by the hybrid model. For higher Reynolds numbers the results
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Fig. 4 Velocity profiles at different Reynolds numbers.

have a similar trend. In figure 4 the velocity profiles are shown for different Reynolds number with coarse meshes. All the velocity profiles follow the log-law. A comparison can be
made with the DES method that, eventhough is not designed to compute attached flows, is
capable of retaining some fluctuating content in coarse meshes. In figure 5 the profiles of
mean velocity are shown for the hybrid model and DES-SST at Reτ = 4000 on a 64x80x64
mesh. The DES computation produces a shift in the velocity profile which is not uncommon
to different hybrid methods [18]. This is due to the sudden change from RANS to LES where
the RANS model probably damps excessively fluctuating motions near the interface, which
are then not able to develop sufficiently rapidly to build up the shear stress through resolved
eddies only, up to the level of stress fully modeled in the RANS layer. On the other hand
the hybrid model retains the turbulent content that can be resolved by the coarse mesh. The
instantaneous streamwise velocity contours on a plane at y + = 200 can be seen in figures 3
and 6 where it is clear the the DES model produces the “superstreaks” [19] which are much
larger than what the grid can support.

4 Trailing Edge Computations
In the present study, we performed various hybrid simulations of the flow past an axisymmetric bevelled trailing edge. The geometry is described in detail in [30]. The Reynolds
number based on the free stream velocity U∞ and the hydrofoil chord, is 2.15 × 106 . The
trailing edge tip angle is 25 degrees. Simulations were performed over the rear-most 38%
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Fig. 5 Velocity profiles at Reτ = 4000

Fig. 6 Instantaneous streamwise velocity contours.
Hybrid model

of the hydrofoil chord with inlet conditions discussed below. The inlet Reynolds numbers
based on the local momentum thickness and boundary layer edge velocity are 2760 on the
lower side and 3380 on the upper side. These values were obtained from an auxiliary RANS
calculation although some questions remain about their fidelity as mentionned in [29] and
[30]. The computational domain is 0.5h × 41h × 16.5h where h denotes the hydrofoil thickness. The grid was coarsened from 1536 × 96 × 48 cells (claimed to be sufficient for a well
resolved LES by Wang and Moin [30]) to 512 × 64 × 24 cells. The mesh has 192 cells in
the streamwise direction on the wing both on the lower and on the upper side and 64 cells in
the wake. The maximum grid spacing in wall unit is ∆z + = 110 in the spanwise direction
and ∆x+ = 230 in the streamwise direction. The mesh spacing in the streamwise direction
is kept constant along the trailing edge when it is refined in the fine LES of Wang and Moin
[30] (∆z + = 55 and ∆x+ = 60). The minimum grid spacing in the wall normal direction
is about ∆y + = 2.
The boundary conditions at the inlet are taken from Wang and Moin [30] using the following procedure. First, an auxiliary RANS calculation is conducted in a domain enclosing
the entire strut. The resulting mean velocities, accounting for the flow acceleration and circulation associated with a lifting surface, are used as the inflow profiles outside the boundary
layers on both side of the strut. Originally two RANS simulations were performed using the
v 2 − f turbulence model of Durbin [9] and the Menter [15] SST model. In the present study
the SST profiles have been used. The two turbulence model produce a noticeable difference
in the velocity overshoot (undershoot) outside the upper (lower) boundary layer. SST results are associated with a smaller mean circulation, which is thought to promote trailing
edge separation. Within the turbulent boundary layers the time series of inflow velocities
are generated from two separate LES calculations of flat-plate boundary layers with zero
pressure gradient, using the method described by Lund et al. [13]. The inflow generation
LES matches the local boundary layer properties, including the momentum thickness and
Reynolds number, with those from the RANS simulation. The boundary conditions for the
RANS simulations are obtained from time averaging of the available samples. A no-slip
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condition is applied on the surface of the strut. The top and bottom boundaries are placed far
away from the strut to minimise the impact of the imposed symmetry boundary condition.
At the downstream boundary a standard exit boundary condition is applied. This case has
been treated with dynamic wall models by Wang and Moin [31] and with similar methods
in Tessicini et al. [27].
Two simulations using the same mesh are presented here. One with DES using the SST
model as the RANS background model. The blending function F1 is used to avoid grid
induced separation (see [14] for details). The second simulation is done with the hybrid
method presented above. Velocity profiles and rms streamwise velocity fluctuations profiles
are available from the fine LES [30] at locations of x/h = −0.625, −1.125, −1.625, −2.125,
−3.125 on the aerofoil and at x = 0, 0.5, 1, 2 and 4 √
in the wake (x/h = 0 is located at the
trailing edge). Figure 7 shows the absolute velocity ( U 2 + V 2 ) profiles at the five stations
on the aerofoil. The hybrid model presents a better agreement with the reference LES. It
can be seen how the DES separates earlier and by the station at x/h = −1.125 there is a
strong recirculation which is not present in the reference LES. The hybrid model predicts
a slightly earlier separation but closer to the reference value. The turbulent content is also
better predicted by the hybrid model as it can be seen from figure 8. The DES simulation
does not sustain the fluctuations from the inlet and by the time the flow reaches the station at
x = −3.125, the resolved fluctuations are very small. This is the normal behaviour of DES
in an attached boundary layer, since it is designed to be used in massively separated flows.
In general the structures predicted by DES are larger than what the hybrid model predicts.The structures are better resolved than with the DES approach because in the hybrid
model the resolved stresses can develop independently from the RANS viscosity, i.e. the
model associates the RANS viscosity with the mean flow only and links the resolved scale
dissipation to the LES viscosity only (as shown in equation (5) ). This can be seen in figures
9 and 10 where the isosurfaces of fluctuating streamwise velocity are shown (+0.05 in red,
-0.05 in blue). This is mainly due to the way in which each approach treats the boundary
layer. DES uses RANS in a zone much larger near the wall, solving much of the boundary
layer. On the other hand, the hybrid only uses full RANS in a zone very close to the wall
and then it has a transition zone where both approaches contribute via different velocity
fields. The blending function contours can be seen in figure 13. In figure 14 the zones where
the two different length scales are used on the DES simulation can be seen. The red region
region represents where the DES acts in LES mode, i.e. where the turbulent scale (k3/2 /ε)
is larger that the filter length scale (Cs ∆). In DES, the zone close to the wall is solved in
RANS mode, therefore damping the fluctuations, whereas the hybrid model resolves the
structures dictated by the size of the mesh, and introduces the effect of the wall via the averaged velocity. Although DES is acting in LES mode in the separated region, as it is designed
to do, it is possible that the coarse resolution of the grid does not allow for a good resolved
LES. Therefore a finer grid would probably lead to better results but this issue needs to be
investigated further.
In figure 11 the streamwise velocity profiles at the wake can be seen. Due to the better
representation of the separated region by the hybrid model, the velocity profiles are in a
better agreement than the DES. The rsm fluctuations can be seen in figure 12 where it can be
seen that the levels are similar, although the spectral content is most certainly very different
(as seen from figures 9 and 10) and this is important in aero-acoustic applications.
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5 Conclusions
A new hybrid method has been presented based on splitting the contributions from the averaged and fluctuating velocity fields. The method performs well in channel flows where
the boundary layer is attached and on the separated flow over a trailing edge. The method
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Fig. 14 LES and RANS zones on DES simulation

has been compared with the DES method which is not designed to reproduce the behaviour
of attached boundary layers. In the case of the separated flow around a trailing edge, the
DES method behaves in LES mode in the separated region but is found to be not turbulent
enough predicting a early separation from the curved surface. On the other hand, the hybrid
method is capable of sustaining fluctuating behaviour only limited by the size of the cells.
Although the mesh is too coarse to be able to reproduce the small structures, the model successfully includes the near wall effect on mean strain via the mean velocity field, allowing
a separation of dissipative effects. This makes the model predict better separation and mean
quantities compared to the DES simulation. There are many issues to investigate such as the
sensitivity of the model to different meshes and different blending functions but the results
obtained here are encouraging.
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