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ABSTRACT

An algebraic hybrid RANS-LES (HYBO0) model was ap-
plied to the A310 high-lift three-element configuration at a
freestream Mach number of Mo, = 0.22. Computations were
conducted for two different angles of attack at « = 12.2° and
a = 25.2°, respectively, with or without prescribed transi-
tion around the leading edges of the slat, main wing and
flap. At o = 25.2°, wind tunnel test indicated a stalled flow
with a sudden drop in lift. The computations were com-
pared with measured pressure distributions and, at the stall
angle, with the S-A DES computation as well. It was shown
that the modelling may significantly be affected by the tran-
sition specified around the leading edges, for which the eddy
viscosity was switched off in the laminar boundary layer.
With prescribed transition, the S-A DES model pronounced
undesired boundary layer separation on the slat upper sur-
face. For full-turbulence computations, the modelling tends
to pronounce a delayed stall at a relatively large incidence.
Provided that the uncertainties could be ruled out at large
incidences, the modelling performance should be justifiable
to scrutinize the properties of high-lift flows towards and at
stall. At a = 12.2°, where the location of transition was ex-
perimentally affirmed, it was shown that hybrid modelling
was able to produce reasonable predictions with appropriate
grid resolution.

INTRODUCTION

In order to accurately represent the complex flow prop-
erties around high-lift devices in aerodynamic applications,
turbulence modelling remains a challenging issue. This is
particularly true for flows around multi-element wings of
different type at large angles of attack, where the turbu-
lent flow is often characterized by boundary layer transition,
confluence of boundary layers, as well as by boundary layer
separation and trailing wakes. Giving further complications
at large incidences approaching stall and beyond, the flow
around a multi-element wing becomes unsteady with mas-
sive vortex motions.

Conventional RANS approaches have been widely em-
ployed for high-lift flows, ranging from linear eddy viscosity
formulation to Reynolds stress models. While different de-
grees of success have been reported, some noticeable short-
comings and uncertainties have also been highlighted by
Rumsey et al. (Rumsey and Gatski, 2001; Rumsey and
Ying, 2002). Many of previous simulations, moreover, in-
voked steady RANS modelling even at large angles of attack
beyond the maximum lift, implying additional uncertainties
in analysis of inherently unsteady flow properties. Being po-
tentially capable of resolving high-lift flows (in particular, at
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large incidences), on the other hand, large eddy simulation
(LES) may become very (if not prohibitively) costly at rela-
tively high Reynolds numbers. It is well known that the grid
resolution is considerably demanding to reach reliable LES
modelling. This has been well demonstrated in a previous
EU project LESFOIL (Davidson et al., 2003) for the flow
around a single airfoil at a moderate Reynolds number.

The presence of the detached eddy simulation (DES) by
Spalart et al. (1997) and the subsequent development of
other hybrid RANS-LES modelling methods have made it
possible to investigate the flow properties around a multi-
element wing configuration at high Reynolds numbers rele-
vant to aerodynamic applications, by means of cost-effective
computations. This is particularly justifiable and feasible
to resolve unsteady vortex motions stemmed from boundary
layer separation on the configuration surface. Recently, sev-
eral computations of high-lift flows have been reported using
the S-A DES or similar approaches see, e.g., Cummings et al.
(2004) and Deck (2005). We have lately performed a number
of URANS computations for the A310 three-element airfoil
at stall (Peng and Eliasson, 2008), where a preliminary pre-
sentation of DES modelling was also given for comparison. It
was shown that URANS modelling pronounced periodically
unsteady flows being stalled instantly, at which the instan-
taneous lift matches well with the experimentally measured
stall lift. Sensible discrepancies were observed, however, in
the predicted time-averaged mean flow, which may signif-
icantly be affected by the transition prescribed around the
leading edges of the elements, with the DES modelling (Peng
and Eliasson, 2008).

One of the main purposes with the present work is to
examine the modelling performance of an alternative hy-
brid RANS-LES method for the flow around the same A310
three-element configuration. The computation explores fur-
ther the resolved flow properties and investigates the mod-
elling feasibility in terms of the effect of prescribed local
transition and different modelling approaches. Two different
angles of attack have been considered in the computations
with, respectively, massive and moderate boundary layer
separations on the upper surface of the three-element air-
foil. In the following sections, the simulation methods are
first presented, which is followed by a presentation of results,
and subsequently, some conclusions are given.

SIMULATION METHODS

The algebraic hybrid model (hereafter HYBO model),
used in the present work, employs a simple mixing-length-
type RANS model near the wall in combination with the
Smagorinsky SGS model away from the wall, by means of
an adaptation of turbulent length scales derived from the
RANS and LES modes. The model has been extensively
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calibrated and validated in previous work, see e.g. Peng
(2005, 2006) and Peng and Leicher (2008). Only is a brief
description presented below for the modelling formulation.
The turbulent stress tensor is identically denoted here
with 7;;, resulting from either time averaging or spatial fil-
tering to the Navier-Stokes equations, which is formulated
in the form of
1 1
Tij = —2Un (Sij - §5ij5'kk) + g‘sij’rkk 1)
where pyp, is the hybrid eddy viscosity for the hybrid model
and S;; is the strain rate temsor, S;; = (Ou;/0z; +
Ouj/0x;)/2. For modelling compressible flows, the trans-
port equation for the total energy, E, is solved, in which a
model for the turbulent heat flux vector is incorporated. In
the present computation, we have adopted the eddy diffu-
sivity model for both the RANS and LES modes, namely,

up 0T

Pry, Oxy,

hy = (2)
where Prp is the turbulent Prandtl number. A value of
Prp, = 0.4 has been used in both the LES and the RANS
regions.
For the near-wall RANS mode, the mixing-length con-
cept is used to formulate the eddy viscosity by
fir = pl || (3)
where the length scale, l~u, is proportional to the wall dis-
tance d, reading l~u = fukd and k = 0.418 being the von
Karmaén constant. To avoid the awkwardness of using wall-
shear related parameters in the formulation when modelling
separating and/or reattaching flows, the empirical damping
function f, is formulated in terms of the RANS turbulent
Reynolds number, Ry = fit/p, viz.

RL/3
= tanh t
Ju = tan ( 2.5

In the off-wall LES region, the SGS eddy viscosity with
the Smagorinsky model reads

(4)

psgs = p(Cad)?|S| (5)

with Cs = 0.12 and A = /(A2 .. +6V2/3)/2, where §V

is the control volume of a local node and A4z is the local
maximum cell size, Apar = max(Az, Ay, A;). Note that,
with a uniform structured grid, A = §V/3, which is the
conventional filter width used in LES. With unstructured
meshes, Ay, qqz has been estimated by taking the largest edge
size of each node. For convenience, note that the over-bar
above a flow variable has been dropped, which has otherwise
been conventionally used to denote a spatial-filtered flow
quantity in LES.

The matching between the RANS and LES modes is ac-
complished by adapting the RANS turbulent length scale
over the RANS-LES interface into I, = lNufS so that pu; =
pli|S| in the RANS region, where fs is an empirical match-
ing function and reads

1 R2'75 R23
h_zF@(4m tew|T5;

In Eq. (6), Rs = fit/tsgs, which is the ratio between the
intensities of RANS-modelled turbulence and SGS-modelled
turbulence. The use of the function, fs, is to achieve a

(6)
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smooth transition for the RANS-LES length-scale adap-
tation, which makes the near-wall RANS mode produce
interfacing turbulence that is comparable to the resolve-
turbulence in order to attain a realistic matching with the
off-wall LES mode.

The eddy viscosity, up, in the HYBO model is computed

by
HhZ{

A problem encountered with other DES approaches is
the so-called ”modelled-stress depletion” (MDS), which may
be caused by local grid refinement in such a way (inappro-
priately) that the LES-mode penetrates into the boundary
layer and triggering a reduced eddy viscosity and modelled
stresses. This has been regarded as being the major cause of
the unphysical ”grid-induced separation” (GIS). It is noted
here that the use of fs in the HYBO0 model may to some ex-
tent help to remedy the problem as such. Provided that the
LES-region is pushed toward the near-wall region for grid
refinement, the SGS eddy viscosity would be reduced ac-
cordingly, as shown in Eq (5). This will consequently induce
small values of fs, and subsequently rendering reduced g for
the RANS mode. As a consequence, the turbulence content
triggered by the RANS mode is sustained and comparable to
the LES-resolved turbulence over the RANS-LES interface.
In the limit of subsequent grid refinement, on the one hand,
Eq. (7) suggests that the LES region shrinks onto the wall
surface; on the other hand, fs (and thus p¢) approaches zero,
giving overall LES modelling with the Smagorinsky model.

if I, <A
if I, > A

Mt
Hsgs

(7)

The HYBO model is incorporated into a compressible
CFD code, which is a node-based unstructured Navier-
Stokes solver for the compressible flow equation system
using finite volume method. Both the convective and vis-
cous fluxes are approximated with the second-order central
scheme. A dual time-stepping method is employed, in which
the physical time is advanced using a second-order implicit
scheme, while at each time step the governing equations
are integrated toward convergence with a 3-stage Runge-
Kutta scheme using local time steps and implicit residual
smoothing. The convergence is accelerated with agglomer-
ation multigrid method, for which an injection operator is
used for prolongation, and its transpose for restriction.

The landing configuration of the unswept three-element
airfoil is studied, which is exposed to a freestream flow of
Moo = 0.22 with a chord-based Reynolds number of Re =
4.1 x 108. Experimentally measured pressure distributions
are available for several different angles of attack (AoA). At
small incidences, laminar-turbulence transition was observed
around the leading edges of the elements composed in the
configuration. This is however not affirmed at large AoA, for
example, at the experimentally observed stall angle. In the
computations with either the HYBO or the S-A DES model,
the laminar boundary layer has been prescribed by setting
the modelled eddy viscosity to zero.

Two angles of attack have been considered in the com-
putation, namely, o = 12.2° and a = 25.2°, respectively, of
which the latter is the stall angle according to the experi-
mental observation.

A 2D grid was first generated with a refined mesh around
the configuration surface and in regions where anticipated
trailing wakes may arise. The 3D grid was then generated
by distributing the 2D grid in the spanwise direction with
uniform spacings. In some preliminary computations, the ef-
fect of spanwise extension, Zmqz, was investigated by taking
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Zmaz = 0.2C and Zpmae = 0.4C, respectively, where C' is
the chord of the retracted configuration. With the same grid
resolution in the spanwise direction, the effect of Z,,q, was
insignificant using either of the two sizes. The results pre-
sented in this work have been obtained using Z,qe = 0.2C.
In addition, the effect of grid refinement in the spanwise di-
rection was explored for a« = 12.2°, using 24 and 48 cells in
this direction, which gave about 2 and 4 million nodes in to-
tal for the 3D grid, respectively. The configuration is placed
in the center of a 100C' x 100C' domain. The characteristic
boundary condition was used for the far-field boundary and
periodic conditions were assumed in the spanwise direction.
In Figure 1, a schematic of the computational grid
around the three-element airfoil is illustrated. Note that a
layer of prismatic cells has been clustered in the wall layer.

(b) *

Figure 1: Schematic of the computational grid around the
three-element airfoil. (a) Grid in a 2D section; b) Overview
of the 3D grid with uniform spacings in the spanwise direction.

The computation started with an initial field obtained
from either a RANS computation or a previous DES compu-
tation. After a sufficiently long time period until the resolved
flow was fully developed, the statistical analysis was then
started to obtain time-averaged solutions. A typical time
period for statistic averaging takes about 6-10 convective
time of a fluid particle over the high-lift device computed.

RESULTS AND DISCUSSION

With a preliminary presentation of the DES results at
a = 25.2°, Peng and Eliasson (2008) have shown that the
DES modelling may become rather sensitive to the specified
transition around the leading edges of the three elements.
The DES results are further disseminated and explored here-
with. Figure 2 illustrates the mean flow streamlines from
the DES computation with prescribed transition, which in-
dicates a boundary layer separation on the suction side of
the slat and the main wing,

The flow separation illustrated in Figure 2 is undesirable
and is not observed in the DES computation with full-
turbulence assumption (Peng and Eliasson, 2008) A close
exploration is given in Figure 3, which highlights the stream-
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Figure 2: DES computation (transition specified) for o = 25.2°.
Streamlines for the time-averaged mean flow.

lines colored with Rt = pt/u, as well as the velocity field and
the grid resolution in the boundary layer around the sepa-
ration point. It is evident that a laminar boundary layer
separation is triggered first, which is subsequently exagger-
ated by a large turbulent separation bubble above the slat
surface and accompanied by another boundary layer separa-
tion on the main wing surface (see Figure 2)

Note that the cell size in the streamwise direction is
generally larger than the boundary-layer thickness, which
suggests that the boundary layer has been accommodated
by the S-A RANS mode. The flow separation is thus not
caused due to inappropriate grid design, namely, it is not a
”?grid-induced separation” (GIS) as encountered sometimes
in S-A DES modelling.
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Figure 3: DES computation (transition specified) for o = 25.2°.
A close view of the time-averaged resolved flow separation
over the suction side of the slat. (a) Streamlines colored by
Ry = pdes/p. (b) Boundary layer and grid resolution around
the separation point.

The undesired effect of prescribed transition on the DES
modelling has motivated further computations using the
HYBO model with the same grid. Figure 4 illustrates an
example of the resolved instantaneous turbulent structure,
which has highlighted the unsteady vortex motion after the
main wing and in the trailing region.

Figure 4: Illustration of resolved instantaneous vortex motion
with the HYBO model (o = 25.2°).

With transition specified at the leading edges of the slat,
main wing and flap, respectively, the computation with the
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HYBO model shows different performance, as compared to
the DES modelling. The time-averaged mean flow renders
no boundary layer separation on the suction side, and the
flow is overall attached, as shown in Figure 5. As compared
with the DES simulation illustrated in Figure 3, it is obvi-
ous that the HYBO model has responded to the prescribed
transition in a different way. Note that, with both models,
the transition has been specified by switching off the turbu-
lent eddy viscosity in the same laminar regions around the
leading edges. The different responses may be attributed
to the history effect in the S-A DES model, which solves
for the eddy viscosity from a transport equation, while the
HYBO0 model is an algebraic model accounting for no history
effects of the modelled turbulence. A different method may
be needed to specify the laminar boundary layer in the S-A
DES modelling.

i .
Y
W e
/ i

Y I

Figure 5: Time-averaged mean streamlines with the HYBO
model (transition specified) for a = 25.2°.

Figure 6: Time-averaged mean streamlines from computations

with no transition specified for a = 25.2°. (a) HYBO model.

(b) S-A DES model.

In order to further examine the effect of the specified
transition on the modelling, full-turbulence computations
have been carried out with both the HYBO and the S-A
DES models by turning off the transition specification. The
time-averaged mean flow streamline is presented in Figure
6 (a) for the HYBO model, and in Figure 6 (b) due to the
DES model. It is shown that both models have produced
similar mean flow properties, significantly different from the
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simulations with transition specified, as illustrated in Fig-
ure 2 (DES model) and in Figure 5 (HYBO model). Both
the DES and HYBO models have claimed an attached flow
over the upper surface of the slat and of the fore part of the
main wing. A pair of separation bubbles are present due to
the flow separation stemmed from the rear part of the main
wing, which exhibits instantaneous vortex shedding. With
a pair of somewhat larger separation bubbles, the boundary
layer separation due to the HYBO model occurs earlier than
with the DES model. It is noticed that on the flap upper
surface the boundary layer is attached, due to the filled-in
flow from the pressure side through the flap gap.

The predicted flow characteristics are reflected in the
pressure distribution, as shown in Figure 7, where the mea-
sured data at a different incidence, o = 24.4°, smaller than
the measured stall angle at o« = 25.2°, are also included for
comparison. It is noted here that, because the publication
of the experimental details is restricted, only the scale of Cj,
distributions is given for the y-axis in the respective caption
of Figure 7 for a = 25.2° and of Figure 10 for a = 12.2°.

o Expt{AoA=252) |

o Expt{AoA=24.4) ||
——S-A DES (Trans)
=== 5-A DES (Turb)
—HYBO (Trans)
~=="HYBO (Turb)

Figure 7: Comparison of pressure distributions at o = 25.2°.
The scale of C), on the y-axis is 5.0.

With the DES model and prescribed transition, the un-
desired flow separation on the slat has made the peak of
—C) eliminated around the slat leading edge. Nonetheless,
this computation has rendered a closer agreement with the
experimental data at o = 25.2° after the leading edge of the
main wing, where a boundary layer separation is disclosed
as shown in Figure 2. With prescribed transition, the S-A
DES model has produced the earliest flow separation and the
largest separation bubble (of all the DES and HYBO compu-
tations) on the upper surface of the main wing (see Peng and
Eliasson (2008)), which corresponds well to the pressure dis-
tribution shown in Figure 7. The DES computation with full
turbulence, on the other hand, has enabled an improved pre-
diction for the slat surface pressure (the peak value of —Cj
is still somewhat under-predicted though), whilst lower sur-
face pressures are pronounced on the fore part of the main
wing.

In the full-turbulence computation, the HYB0 model has
claimed a pressure distribution similar to the DES model,
but the predicted surface pressure is somewhat lower than
the DES prediction over the upper surface of the slat and the
fore part of the main wing. The prediction of surface pres-
sures corresponds well to the flow separation on the wing
surface, which occurs at about 55% of the main wing chord
from the leading edge for the HYBO0 model and about 69%
for the DES model (cf. Figure 6). With prescribed tran-
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sition, consistent to the predicted mean flow property (cf.
Figure 5), the HYBO model has produced the smallest sur-
face pressures (largest —C,), which falls on the experimental
data at o = 24.4° in the overall upper surface of the whole
configuration.

As mentioned, there exist some uncertainties in the wind
tunnel test at large AoA. The transition location is an ob-
servation for smaller incidences but not affirmed at the mea-
sured stall angle. Moreover, the measured data may have
been affected for 3D motions at large incidences (Rudnik et
al., 2005), due to dramatic flow separation and large-scale
vortex motions. This is difficult to account for in wind-
tunnel corrections for the experimental data. Taking into
account these uncertainties, we believe that the modelling
with both the HYBO and the DES model has enabled rea-
sonable performance for the high-lift low approaching the
stall point, except for the DES computation with prescribed
transition. In view of the pressure distribution computed
at o = 25.2°, it is anticipated that the HYBO model (with
or without prescribed transition), as well as the DES model
(for full turbulence), would claim a stall at an angle of attack
beyond a = 25.2°. The HYBO model with full-turbulence
computation may pronounce a stalled flow at an incidence
closer to o = 25.2°, whilst with prescribed transition this
model may conclude a larger stall angle. Further investiga-
tion will be conducted with the HYBO model at AoA larger
than a = 25.2° to explore the stalled flow properties around
the multi-element configuration.

The uncertainties nestled in the experimental measure-
ment make it somewhat difficult to justify the predictions.
Additional computations have thus been conducted for a =
12.2°, using the HYBO model with prescribed transition. At
this relatively small incidence, the aforementioned uncer-
tainties in wind tunnel test should have been ruled out. The
experimentally observed location of transition is applicable
for the computation and the wind-tunnel side-wall effect is
expected to be insignificant.

The computational grid is based on the same 2D mesh,
as shown in Figure 1, being uniformly distributed in the
spanwise direction. In order to highlight possible effects of
grid resolution, two different cell spacings have been tested
by distributing 25 and 49 nodes in the spanwise direction
over a distance of 0.2C, respectively.

In Figure 8, an example of the resolved instantaneous
vortex motion is illustrated to highlight the trailing wake
motion after the flap. The iso-surface of vorticity is col-
ored by the modelled turbulence Reynolds number in terms
of Rt = pt/p. Moderate instantaneous vortex shedding
is observed. The turbulent structure is elongated in the
streamwise direction with less coherence in the spanwise di-
rection.

Rt

1.000+02
7.500e+01 (7]
5.000e+01
2.500¢+01 |

0.000e-+00

Figure 8: Resolved instantaneous vortex motion with the HYBO
model (with prescribed transition) at o = 12.2°.

Figure 9 displays the streamlines from the time-averaged
mean flow. Unlike in the prediction at o = 25.2°, where the
boundary layer separation occurs on the main wing surface,
at @ = 12.2° the HYBO model has pronounced a boundary
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layer separation on the flap upper surface near the trailing
edge. Both the fine and the coarse grids have produced very
similar flow properties, as illustrated in Figure 9 (a) and
(b), but that the flow recirculation bubble in the slat cave
is more pronounced with the fine grid.

Figure 9: Time-averaged flow streamlines computed with the
HYBO model (with prescribed transition) for a = 12.2°. (a)
With the fine grid; (b) With the coarse grid; (c) A close view of
the flow separation on the flap trailing edge.

o Experiment
----- HYBO(Coarse grid)
— HYBO(Fine grid)

L L L L

0 02 04 06

x/c

Figure 10: Surface pressure distributions computed for a =
12.2° with the HYBO model (with prescribed transition). The
scale of C), on the y-axis is 2.0.
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The computed pressure distribution at this angle is com-
pared with experimental measurements in Figure 10. As
observed from the illustration of mean flow streamlines, the
predictions obtained with both grids show only marginal
difference, but are overall better than previous RANS com-
putations for the same configuration, see e.g. Rudnik et al.
(2005). With both grids, the model has disclosed a delayed
boundary layer separation on the flap suction side, whilst
the flap surface pressure is somewhat under-predicted (with
large values of —C),) prior to the separation point, particu-
larly near the leading edge of the flap. With the fine grid,
the C)p distribution in the separation bubble is slightly im-
proved.

SUMMARY AND CONCLUSIONS

Hybrid RANS-LES modelling has been applied to turbu-
lent flows over a three-element landing configuration exposed
to a freestream with a Mach number of M = 0.22 at two dif-
ferent angles of attack. At a = 25.2°, the flow is stalled
according to experimental observation, whereas the location
of transition was not justified around the leading edges of the
elements in the experiment. At this stall angle, the compu-
tations have been conducted using the HYB0 model and the
S-A DES model with or without prescribed transition, re-
spectively. At a = 12.2°, predictions have been produced
using the HYBO model with prescribed transition affirmed
by the experiment, where two grids are invoked to explore
the effect of grid resolution in the spanwise direction. The
predictions are compared with experimental data for pres-
sure distributions.

At o = 25.2°, the modelling presents rather different
behavior in computations with or without prescribed tran-
sition. This is particularly true in the S-A DES modelling,
where the prescribed transition triggers an unphysical lami-
nar boundary layer separation on the slat suction side prior
to the transition location. On the upper surface of the main
wing after the leading edge, nonetheless, the DES compu-
tation with transition has predicted a shallow separation
bubble, enabling the predicted pressure distribution in bet-
ter agreement with the measured data. With prescribed
transition, the HYBO model produces relatively small sur-
face pressures (large values of —C),) over the upper surface
of the slat and the main wing in comparison with the full-
turbulence computation. The predicted mean flow is at-
tached over the suction side of the whole configuration, for
which the predicted pressure distribution callapses on the ex-
perimental data measured at an AoA of a = 24.4° smaller
than the stall angle (a = 25.2°). In the full-turbulence com-
putations, both the HYB0 model and the S-A DES model
have exhibited similar behavior, pronouncing boundary layer
separation on the main wing suction side. The HYBO0 model
has produced an earlier (and slightly extended) flow separa-
tion than the S-A DES model. This flow separation leads to
intensive instantaneous vortex shedding, which is extended
above the flap surface, where the pressure distributions com-
puted by both models are in very good agreement with the
experimental data

At o = 12.2°, where the transition location is justified
by experimental observation, the HYB0 model performs rea-
sonably well to resolve the instantaneous vortex motion in
the trailing region of the flap. Boundary layer separation is
predicted on the flap upper surface, which is however some-
what delayed, as being reflected in the comparison with the
measured pressure distribution, in spite of good predictions
of Cp around the slat and main wing. The grid refinement
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in the spanwise direction provides marginal improvement in
the prediction, most visibly, for the flow separation on the
flap surface.

In view of the possible uncertainties stemmed from wind
tunnel test for a = 25.2° due to the transition location
and possible 3D effects, the modelling has presented rea-
sonable capabilities to resolve high-lift turbulent flows and
to track the tendency of the flow properties moving to-
wards stall. The HYBO model, as well as the DES model in
full-turbulence computation, may conclude a delayed stall
beyond the stall incidence observed in the experiment. This
will be further explored in future work, along with the spec-
ification of local transition.
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