AIAA JOURNAL
Vol. 47, No. 3, March 2009

Implicit Large-Eddy Simulation of Swept-Wing Flow
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A numerical investigation of a fully three-dimensional swept-wing geometry featuring separation from a curved
leading edge is presented. The implicit large-eddy-simulation strategy based on a third-order high-resolution method
for discretizing the advective fluxes and a second-order Runge-Kutta time-stepping scheme with an extended
stability region have been employed. No attempt to incorporate a wall model has been made. Instead, the boundary
layer is fully resolved over the majority of the wing. Qualitative and quantitative comparisons with experimental oil-
film visualizations and three-dimensional laser Doppler anemometry measurements show very good agreement
between the experiment and the numerically predicted flow structures, as well as velocity and stress profiles near the
wing. Furthermore, data from a hybrid Reynolds-averaged Navier-Stokes and large-eddy simulation have been

included for comparison.
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I. Introduction

NE of the greatest challenges for current large-eddy

simulations is the application to flow problems of practical
engineering interest. In the context of aeronautical applications,
curved three-dimensional geometries such as swept and delta wings
are among the most difficult scenarios encountered, because they are
prone to transition and separation. Swept and delta wings can be
found in all modern aircraft and unmanned air vehicles traveling at
subsonic, transonic, or supersonic speeds. However, it is not only
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cruise conditions that are of aerodynamic interest. Most of these
vehicles also fly a considerable amount of time at subsonic speeds
and moderate-to-high angles of attack (e.g., takeoff and landing or air
combat). In fact, the nonlinear effects associated with separation at
these flow conditions are more interesting from the modeler’s point
of view and much more difficult to simulate accurately [1].
Computational challenges include the prediction of transition
leading to turbulence, unsteady separation, optimum balance of
numerical dissipation and dispersion, and adequate grid generation
for achieving accurate and efficient solutions.

Computational studies of separated swept-wing flows have
traditionally been focused on sharp-edged delta geometries, because
the detachment process is greatly simplified. Various combinations
of slender and nonslender delta wings at different angles of attack
between 5 and 30 deg have been investigated for Reynolds numbers
ranging from the order of 10* to 10° using Reynolds-averaged
numerical simulations (RANS), large-eddy simulations (LES), and
hybrid simulations [2—6]. Although transition and separation from
curved wing surfaces is a prime concern, all previous studies have
been limited to quasi-infinite aerofoil sections (e.g., the European
LESFOIL project on large-eddy simulations around an Aerospatiale
A-aerofoil near stall conditions at an angle of incidence of 13.3 deg
[7]. Past studies have shown that near-wall resolution is of paramount
importance for accurately predicting this type of flow. This
impression has been confirmed by implicit large-eddy simulation
(ILES) simulations [8] and results obtained from a local 2-D/3-D-
coupling LES approach [9,10]. These investigations have been
conducted at high Reynolds numbers on the order of 10°. To obtain a
fully resolved solution of a similar flowfield, however, the Reynolds
number has to be decreased by 1 order of magnitude because of the
current hardware limitations (e.g., for direct numerical simulations
for a NACA 0012 aerofoil, see [11]).

Although a great deal of attention has been paid to complex
separated-flow structures for wings at relatively high angles of
incidence, a theoretical or computational model for predicting the
flow behavior with any degree of certainty has not emerged yet. In
fact, no attempt at combining realistic conditions for the flow
detachment with a leading-edge sweep has been made to date. This
investigation is thus concerned with a fully three-dimensional swept-
wing geometry featuring separation from a smoothly curved leading
edge. Here, the resulting flowfield is highly complex, nonlinear, and
characterized by transition zones, leading-edge (and possible
trailing-edge) separation, vortical flow, turbulence, secondary
separated zones, and reattachment.

The ILES technique employed here is based on high-resolution
methods [12,13]. The ILES approach is currently used to simulate a
range of complex wall-bounded flows, such as open cavities [13],
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plane channels [14], backward-facing steps [15], or submarine
hydrodynamics [16]. In addition, rigorous analytical justifications of
the applicability of this class of numerical schemes to flows
dominated by turbulence has been attempted [12,17,18]. A
comprehensive discussion of ILES has also been published in the
form of a book [19]. The success of high-resolution methods to
compute both low- and high-speed turbulent flows seems to depend
on a delicate balance of truncation errors due to wave-speed-
dependent terms (chiefly responsible for numerical dissipation) and
the hyperbolic part of the convective flux. It is the essence of this
balance that regularizes the flow and allows the phenomena to be
captured physically realistically, even if they are not fully resolved
on the computational mesh.

II. Numerical Framework
A. Governing Equations
The physics of (Newtonian) fluid flow is governed by the Navier—
Stokes equations. They are solved by considering the coupled
generalized conservation laws (namely, the continuity, momentum,
and energy equations):

a—p-f—V-(pu):O (1)
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where u, p, e, and q stand for the velocity components, density, total
energy per unit volume, and heat flux, respectively. The tensor P for a
Newtonian fluid is defined by

P = p(p. DI +3u(V - wI = p[(Vu) + (Vu)'] )

where p(p, T) is the scalar pressure, I is the identity tensor, 7 is the
temperature, and g is the dynamic viscosity coefficient. The
preceding system is completed by an equation of state. For a perfect
gas, the equation of state is given by p = pRT, where R is the gas
constant.

To facilitate the development of numerical methods, Eqgs. (1-3)
are written in Cartesian matrix form [12] as
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where U is the array of the conservative variables; E, F, and G are the
inviscid flux vectors and R, S, and L are the viscous flux vectors
associated with the Cartesian x, y, and z directions, respectively:

U = [p, pu, pv, pw, e]"
E = [pu, pu® + p, pvu, pwu, (e + p)u]”
F = [pv, puv, pv* + p, pwv, (e + p)v]”

G = [pw, puw, pvw, pw* + p, (e + p)w]”
R = [07 Tyxs Txyﬂ Tygs UTyy + vrxy + Wiy, — q‘X]T
S =10, 7y, Ty, Tyes UTy + 0Ty, + WT,, — qy]T

— 5T
L= [Ov Toxs Tz,vv Tozr UTox + Ufzy + wt,, — qz]

To allow for body-fitted grids, Eq. (5) has to be transformed to
generalized curvilinear coordinates given by & =£&(x,y,z,1),
n=n(xy,z1), {=C{(x,y,z,t), and v=1t. Subsequently, the
viscous terms are discretized using a central-difference scheme and
the advective flux derivatives are solved by applying a character-
istics-based high-resolution method.

B. Characteristics-Based High-Resolution Scheme

For the sake of simplicity, only the Cartesian flux derivative
dE/0dx is considered here. The discretization at the center of the
control volume (7) using the values of the intercell fluxes yields

0E _Epn—E_ p ©)

ax Ax
The intercell flux functions E;.,, and E,;, are calculated
according to a characteristics-based scheme [20-22] that satisfies the
following criteria for high-resolution methods [23]:

1) Provide at least second-order accuracy in smooth areas of the
flow.

2) Produce numerical solutions (relatively) free from spurious
oscillations.

3) In the case of discontinuities, the number of grid points in
the transition zone containing the shock wave is smaller than that of
first-order monotone methods.

The characteristics-based scheme is a Godunov-type method that
defines the conservative variables along the characteristics as
functions of their characteristic values. A third-order-accurate
MUSCL-type reconstruction [24] has been used here to compute the
left and right states of the conservative variables U at the cell
interface (i + 1/2) according to
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where £ is a free parameter in the interval [—1, 1] and ¢ is a limiter
function based on the slopes of the conserved variables. For k = —1
or 0, the MUSCL extrapolation [25] is essentially a full upwind
scheme or a central-difference scheme, respectively, and third-order
accuracy can be obtained for k = 1/3 if the limiter is not entirely
symmetric. The left and right ratios of the slopes are defined as

U, —U U, - U,
o= Lﬁ e = L’ ®)
U, -U, U, —-U,
and the limiter function is calculated as
0 if r<0
¢:{1—(1+12frg)(1—132)N if r>0 ®

This formulation of the third-order limiter includes a steepening
parameter N that improves the resolution of discontinuities. For
general use, N is set equal to 2.

Along each characteristic (denoted by [ = 0, 1, 2), the variables U,
are then given by

Uiir1p=05+ wl)ﬁL.iH/z + (0.5 - wl)ﬁR.iJrl/z (10)
where the function v, is defined as
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The parameter € averts division by zero and A; ; and Ay are the left
and right eigenvalues at the cell face, respectively. Using the
Godunov-type upwinding scheme from Eq. (10), three sets of
characteristic variables are calculated:
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With the characteristic variables U, ;. ,, being known, the
characteristics-based variables U, |, are computed according to

. Pot+ 11+ T
R (pu) (pu)o + (u + s)ry + (u = s)r
Uip=1 (ov) | = (pv) + vry +vry
(pw) (pw)o + wry + wry
é eo+ (H + sho)ry + (H — shg)ry
13)
where H is the total enthalpy:
§2
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Here, g is given by ¢*> = u? + v* + w? and r,, r, are functions of the
characteristic variables; the flow velocities u, v, and w; and the speed
of sound s. Finally, the advective flux E, ., , for the characteristics-

based scheme is calculated using the variables (AJ,-+ 1/2» yielding

EC , =EU,,,) (15)

C. Time Integration

For integrating the system of governing equations in time, an
explicit Runge—Kutta time-stepping method was chosen. In highly
unsteady flows such as swept-wing flows, explicit time marching is
preferred to an implicit treatment because of the need to temporally
resolve the rapidly fluctuating components.

The Runge—Kutta method employed here is second-order-
accurate in time [26] and consists of the following stages:

R v-u 1

_1 no4n 1 m+1/3
U ey
Un+l _ZU2 _lUn 1 ( )
3h 3 — g [f(Uz, tn+2/3)]

where h = At is the size and n is the number of the time step,
respectively. Additionally, this method belongs to the group of
strong stability-preserving schemes [26] and features numerical
stability for Courant—Friedrichs—Lewy (CFL) numbers up to 2. In the
present simulation, however, a more conservative value of CFL =
1.4 has been chosen.

III. Computational Grid

The twisted swept-wing geometry considered in this investigation
was specifically designed in the framework of the MSTTAR
(Modelling and Simulation of Transition and Turbulence in
Aeronautics) program for the validation of CFD codes. In the
associated experimental campaign, conducted at Manchester
University,f a wind-tunnel model featuring a leading-edge sweep
angle of 40 deg, a trailing-edge sweep angle of 10.56 deg, and an
effective angle of attack of 1.23 deg was used. The root chord length
was approximately 0.3 m, and the span was 0.65 m with a taper ratio
of 0.3.

“Private communication with S. Zhang and J. T. Turner, Manchester
University, 2007.

To capture the leading-edge curvature as accurately as possible
and to achieve an efficient distribution of grid cells around the wing, a
C-O-type topology has been chosen. After preliminary computations
on a very coarse grid consisting of approximately 3.5 million cells
and spanning a large computational domain, the clustering near the
wing surface has been modified and the extent of the domain has been
significantly reduced. The results presented here have been obtained
on a grid comprising a total of 12.5 million cells in a computational
domain of 6, 6.14, and 5¢ (c is the root chord length) in the x, y, and z
directions, respectively. During the mesh generation using the
commercial software GRIDGEN, the structured grid has been split
into eight blocks of approximately 95 x 130 x 127 cells in the
streamwise, spanwise, and normal directions (see Fig. la), and the
grid quality has been improved by applying the in-built elliptic
smoothing algorithm.

The characteristic parameters specifying the grid clustering near
and on the surface of the swept wing, as illustrated in Figs. 1band lc,
are detailed in Table 1; for a definition of the corresponding edges,
see Fig. 2. Here, the geometric growth rate does not exceed 1.05 in
any direction, and the resulting z+ values range from 1 in areas of
separated flow, to over 3 in reattachment regions, to 5 at the leading
edge. The nondimensional grid distance [27] z+ is calculated as

u,An
7+ = a7
v
where
Tw
U, = |—
0
is the friction velocity, and t,, is the wall shear stress given by
d
P L (18)
dn wall

where An is the wall-normal distance of the cell center, (u) is the
averaged velocity component parallel to the wall, and its gradient is
calculated with respect to the wall-normal direction.

Although this indicates a wall-resolved situation over the majority
of the wing, the flowfield is still far from being fully resolved on the
computational mesh, even in the areas near the wing tips, where the
clustering is particularly fine. To quantify the degree of under-
resolution, the Kolmogorov length scale has been approximated for
the current flow conditions to be 5 x 10~%¢, based on the relations
given for isotropic turbulence [27] and a very conservative estimate
for the integral length scale of 0.5¢. A detailed assessment of the
numerical accuracy of the high-resolution method employed here
[28] shows that it requires about 10 grid cells for the representation of
the highest wave numbers to accurately describe decaying
homogeneous turbulence in a statistical sense. With the data from
Table 1, this roughly yields a 5-million-fold under-resolved flowfield
near the tips of the swept wing. Furthermore, the shear layer
emanating from the leading edge of the wing, discussed in Sec. [V.A,
also cannot be adequately resolved on the given computational mesh,
and there are regions with only 6 cells across the shear layer. This
affects its representation in the simulation and the subsequent flow
development examined in the following sections.

IV. Results

The simulation for the MSTTAR wing at a total angle of attack of
9 deg has been carried out at a Reynolds number of approximately
210,000, based on freestream velocity and root chord length, and a
near incompressible Mach number of 0.3. These conditions have
been chosen according to the experiments conducted at Manchester
University (see footnote ). The experimental data presented here
include surface oil-film flow visualizations and both velocity and
turbulence energy profiles inside the boundary layer, as obtained by
laser Doppler anemometry (LDA).

Furthermore, comparisons with results from a hybrid RANS/LES
simulation [29] of the identical case will be drawn. In the
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b) 2-D slice at the root of the wing

¢) Surface grid (every second point)

Fig. 1 C-O-type grid topology comprising 12.5 million cells in a computational domain extending 6, 6.14, and 5¢ in the x, y, and z directions, respectively,
(every third grid point is shown here unless stated otherwise).

incompressible hybrid RANS/LES approach, a classical second-
order-accurate central-difference scheme has been employed for the
spatial discretization, and the subgrid stresses are calculated using a
dynamic Smagorinsky model. The time discretization is based on a
second-order fractional-step algorithm and the fluxes are integrated
using an Adams—Bashfort scheme. To overcome the stringent grid
requirements close to the wing surfacem a two-layer zonal approach
has been chosen for approximating the near-wall region [30,31]. The
hybrid RANS/LES strategy applied to the MSTTAR swept wing
presented here incorporates coupling of the RANS-type unsteady-
boundary-layer equations, solved in the near-wall region using a
simplified framework by neglecting the advection and pressure
terms, with the classical LES approach used in the remainder of the
computational domain [29,32].

All results presented in the following sections have been

Fig. 2 Edges employed for the grid clustering in the mirror-symmetric

nondimensionalized with the freestream velocity and the root chord
length. To obtain converged statistical averages, it was sufficient to
consider a time window equivalent to two flow-through cycles.
Although the length of the time window is not formally correlated to
the extent of the computational domain, this information is presented
here to put it into perspective. The total runtime, including the flow
development from an initial condition based on the coarse grid
solution, was 60,000 CPU hours on an IBM eServer POWERS
1.5 Ghz processors.

computational domain as specified in Table 1. All other edges feature an
equidistant distribution of nodes.

A. Flow Topology

The general topology of the flow around the swept-wing geometry
is illustrated in Fig. 3 by instantaneous streamlines, slices of
isovorticity contours, and pressure coefficient distribution on the
suction side of the wing. Similar to sharp-edged delta wings, the

Table 1 Characteristic parameters specifying the point clustering in the immediate vicinity
of the three-dimensional wing surface. A definition of the corresponding edges can be found in
Fig. 2, in which the beginning and end of the edges are marked by l and @, respectively

Edge Nodes Distribution Apeg/ € Aena/c

1 128 Geometric progression e 5.0x 107*
2 96 GENERAL 3.3x 1073 3.3x 1073
3 128 Geometric progression 5.0 x 1074 E—

4 96 Monotonic rational quadratic spline 3.3x 1073 3.8 x 1072
5 131 General 3.0 x 1072 1.0x 1073
6 96 Monotonic rational quadratic spline — 1.0 x 1073
7 128 Geometric progression —_— 1.0 x 1073
8 96 General 1.0x 1073 1.0 x 1073
9 128 Geometric progression 1.0x 1073 E—
10 131 General 1.0x 1073 3.0x 1072
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Fig. 3 Instantaneous streamlines, slices of isovorticity contours, and
pressure coefficient distribution on the suction side of the wing.

shear layer emanating from the leading edges rolls up into a
distinctive leading-edge vortex (LEV) system that grows and
becomes less stable as it progresses toward the trailing edge. After
about 50% of the root chord, the LEVs start bending inboard and lift
off the wing surface at an increasing rate. The main vortex cores are
associated with the large regions of vorticity still visible near the
trailing edge. However, as they are less coherent than near the leading
edge and are influenced by the fully turbulent flow near the wing tips,
they exhibit strong fluctuations and are not symmetrical anymore.
A comparison between time-averaged streamlines just above the
wing surface obtained by the present simulation and the experimental
oil-film visualization is shown in Fig. 4. The computational results in
the right-hand half of the picture also include contours of the pressure
coefficient on the suction side of the wing. Several common flow
features, marked by dashed lines for the experimental data, can be
observed in both parts of the picture. The reattachment of the leading-
edge vortex is well defined in the computations inboard of
approximately 30%s, but starts to diffuse and bend toward the
trailing edge as the LEV becomes less coherent. Close to the wing
root, the reattachment line exhibits a similar angle for both the
experiment and the simulation. However, the deviation from a
straight line on the right-hand side appears to begin before the
deviation observed on the left-hand side. This indicates premature
nonlinear spreading of the leading-edge vortex in the simulation and
leads to a larger extent near the trailing edge. Moreover, the two
saddles SA1 and SA?2 identify the existence of a secondary vortical
region induced by the primary vortex along the leading edge, which
can also be observed in the experiment, albeit this behavior is less
clear in the oil-film visualization. The secondary vortical zone does
collapse, however, as the influence of the main vortex decreases
toward the wing tip due to the breakdown of its core. Although the
streamlines are not following the core of the leading-edge vortex,
breakdown is clearly indicated by the stagnation point between 50
and 60%s. It should be noted that a stagnation point is not visible in
the experiment, and thus the LEV might still be intact. Yet, another

focal point trailing-edge separation

Fig. 4 Time-averaged streamlines just above the wing surface and
contours of pressure coefficient as predicted by the present simulation
(right). Surface oil-film visualization from experiment on the suction side
of the wing (left).

feature of the flow is apparent closer to the wing tip. In the fully
turbulent region, the effect of the LEV drives the fluid toward the
wing tip, where it meets the opposing outer flow between 80 and
90%s. Thus, the characteristic saddle (SA) observed in both
experiment and simulation is formed.

In general, the numerically predicted streamline pattern is found to
be in good agreement with the oil-film visualization from the
experiments. However, the skin-friction lines inboard of the main
vortex in the experimental picture are aligned in the freestream
direction, suggesting a simple dead-air region, whereas the
simulation predicts a weakly detached region of fluid revolving
around a focal point. Furthermore, an incipiently separated zone near
the trailing edge, not existent in the experiment, can be seen in the
computation. This observation is not exclusive to the present results,
but has also been reported for hybrid RANS/LES simulations of the
same case [33].

To illustrate the structural composition of the leading-edge vortex
as it progresses across the wing, color contours of the Q criterion [34]
are shown in Fig. 5. The two-dimensional slices are taken at constant
spanwise positions ranging from 30 to 90%s. A strong and coherent
LEV close to the wing surface can be identified near the root at 30%s,
and the clearance between the vortex core and the wing surface
increases further outboard (i.e., at 50%s).

Additionally, the secondary vortical region is clearly visible for
the first two locations. At 70% half-span, the LEV has become
unstable and structural integrity can no longer be observed. Closer to
the wing tip (Fig. 5d), the shear layer emanating from the leading
edge undergoes a roll-up similar to a Kelvin—Helmholtz mechanism,
and the resulting flow is akin to vortex shedding.

Figure 6 shows the evolution of the clearance between the center
position of the leading-edge vortex and the wing surface across the
span. Here, data from the experiment, the present ILES, and the
results from the hybrid RANS/LES computation are included for
sections inboard of vortex breakdown. Both simulations and the
experiment exhibit a similar vortex growth as it develops toward the
wing tip; however, the numerically predicted clearance is slightly
higher than in the experiment, which will also be discussed in the
following sections. The ILES results are closer to the experiment
than the hybrid RANS/LES.

B. Velocity Profiles

A quantitative comparison between the flowfield in the
experiment, the results obtained with the present ILES approach

a) O criterion at 30% half-span b) O criterion at 50% half-span

¢) O criterion at 70% half-span d) QO criterion at 90% half-span

Fig. 5 Contours of the Q criterion obtained by the present simulation at
different locations along the span of the wing.
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using high-resolution methods, and the hybrid RANS/LES
simulation [33] on a finer grid (approximately double the size of
the grid used in ILES) comprising 23.6 million nodes has been
performed. The time-averaged velocity and Reynolds stress profiles
as a function of the distance from the wing have been calculated from
the experimental data sets measured nearly normal to the surface at
several positions along the half-span and the local chord by three-
dimensional LDA. It should be noted that the velocities and
corresponding Reynolds stresses presented here have not been
decomposed into tangential and normal directions to the wall; thus,
they represent the streamwise u), spanwise v, and azimuthal w
components.

Figure 7 shows the time-averaged velocity components for
different locations along the local chord at 30% half-span. Near the
leading edge (Fig. 7a), all streamwise velocity profiles are in good
agreement, with minor differences regarding the position and
magnitude of the peak. The present simulation, however, deviates
from the experiment and the hybrid RANS/LES near the surface at
10% local chord. This behavior is associated with the size and
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Fig. 7 Comparison between averaged velocity profiles from the experiments, the results obtained with ILES and the hybrid RANS/LES for different
locations along the local chord at 30% half-span.
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strength of the secondary vortical region. The spanwise component
in Fig. 7b features the characteristic crossflow profile observed in
swept-wing aerodynamics. Close to the wing surface, the negative
pressure gradient leads to an outflow toward the wing tip, whereas
away from the surface, the fluid tries to fill the gap opened by the
higher displacement near the wing root and thus inflow occurs. Here,
the magnitude of both minimum and maximum velocity are slightly
underpredicted by ILES, but overpredicted by the hybrid simulation.
Regarding the azimuthal component (Fig. 7¢c), the general shape of
the profile dictated by the existence of the secondary vorticity and the
position of the free shear layer is well captured in the present ILES
simulation. However, the near-wall vortical region could not be
predicted by the hybrid RANS/LES approach at this location, and
thus this simulation produces an entirely different result.

At 30% half-span and 50% local chord (Figs. 7d-7f), the profiles
extracted from the experiment, the ILES, and the hybrid RANS/LES
simulations exhibit a fairly similar shape for all three velocity
components. The present simulation predicts a slightly thinner
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boundary layer and a stronger crossflow component near the surface
than observed in the experiment and the hybrid RANS/LES. On the
other hand, the hybrid approach overpredicts the magnitude of the
azimuthal portion of the flow in Fig. 7f. It should be noted that this
specific location is just upstream of the inboard separated zone.
Hence, the influence of the detached flow on the velocity profiles here
is only marginal. However, this situation does change when
approaching the trailing edge, as shown in Figs. 7g-7i. Both
simulations predict incipient flow separation at 90% local chord,
which is reflected clearly in the profiles of the streamwise and the
azimuthal velocity. As the experimental oil-film visualization does
not suggest any detachment in this area, differences regarding the
velocity profiles are expected. Yet, the crossflow component
predicted by ILES is in much closer agreement to the experimental
data than the hybrid RANS/LES.

The averaged velocity profiles for the midwing section at 50%
half-span are presented in Fig. 8. The secondary vortical region has
considerably developed when compared with the inboard position,
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and the effect on the streamwise velocity component at 10% local
chord is clearly visible in the experiment as well as in both
simulations (Fig. 8a). The (u) profiles near the leading edge compare
well, with ILES predicting a small overshoot near the surface,
indicating stronger vorticity. The hybrid RANS/LES yields a peak
velocity further from the wing than the experiment and ILES. The
spanwise and the azimuthal velocity in Figs. 8b and 8c obtained by
both simulations are slightly overpredicted near the wall and tend to
peak at a lower magnitude away from the wing with respect to the
experiment.

The agreement is poor at the half-chord position in Fig. 8. The
velocity profiles are strongly affected by the premature nonlinear
growth of the leading-edge vortex observed in the present
simulation, associated with an inadequate representation of the shear
layer, which manifests itself in large discrepancies between the ILES
prediction and the experiment. The streamwise and the azimuthal
velocities are decelerated in the vicinity of the wing (Figs. 8d and 8f),
and the cross-stream component is amplified by the rotation of the
large vortex (Fig. 8e). The hybrid RANS/LES, on the other hand, is
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closer to the experimental data. However, the kink in the (u) profile
measured in the experiment representing the influence of the leading-
edge vortex is also not reproduced adequately by the hybrid
approach, though the grid resolution is twice that of ILES. This
suggests that the extent of the LEV in the streamwise direction is
underpredicted in the hybrid RANS/LES. The same observations can
be made for the location close to the trailing edge at 90% local chord,
albeit the effect is diminished.

Further outboard, the experimental skin-friction lines have
revealed a nonlinear spreading of the leading-edge vortex similar to
the present simulation. In this region of enhanced interaction with the
fully separated-flow regime toward the wing tip, the accuracy of the
ILES prediction appears to recover (Fig. 9). Near the leading edge, at
10% local chord, the streamwise velocity is already reversed, and
thus a thickening of the boundary can be observed in Fig. 9a. This
effect is captured by ILES using high-resolution methods, whereas
the hybrid RANS/LES approach fails. Consequently, both spanwise
and azimuthal velocity profiles obtained by hybrid RANS/LES do
not match the experimental data at this location, with all velocity
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Fig. 9 Comparison between averaged velocity profiles from the experiments, the results obtained with ILES and the hybrid RANS/LES for different

locations along the local chord at 70% half-span.
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components being more accurately predicted by ILES. Although the
flow is not detached at positions closer to the trailing edge, it appears
that the present results approach the experimental velocity profiles in
Figs. 9d-9f, but predictions with the hybrid RANS/LES are still
hindered by the erroneous flow development near the leading edge.
Despite being somewhat underestimated in terms of magnitude, the
spanwise (and, in particular, the streamwise) flow component at 50%
local chord from the ILES simulation follows the shape of the
experimental profile closely. Only weak azimuthal motion can be
observed; hence, minor differences regarding the (w) velocity in
Fig. 9f are deemed less important. At 90%s (Figs. 9g—91), the profiles
exhibit a similar behavior, except that the experimental spanwise
velocity and the corresponding component obtained by ILES are in
better agreement than at 50% local chord. Yet, this is not the case for
(w) near the wing surface.

The observations discussed previously for the spanwise location at
70%s become more pronounced in the fully separated and turbulent
region close to the wing tip at 90% half-span, as shown in Fig. 10. It
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should be noted that the improvements are partly due to the finer grid
clustering in this area, but the flow is certainly still highly under-
resolved on the computational mesh used in ILES. On one hand, the
profiles of all velocity components as predicted by ILES are nearly
identical to the experimental data at most chordwise positions.
Admittedly, small discrepancies regarding the inboard motion and
the peak vertical velocity can be detected near the leading edge at
10%s (see Figs. 10b and 10c, respectively). On the other hand, the
hybrid RANS/LES approach completely suppresses separation,
probably because the RANS strategy applied here cannot treat the
massive flow detachment adequately. Thus, the results obtained with
the hybrid RANS/LES approach exhibit significant discrepancies
with the experiment throughout the fully turbulent region.

C. Turbulence Energy Profiles

Figure 11 shows the turbulence energy profiles from the
experiments, the results obtained with the present ILES, and hybrid
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Fig. 10 Comparison between averaged velocity profiles from the experiments, the results obtained with ILES and the hybrid RANS/LES for different

locations along the local chord at 90% half-span.
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RANS/LES for different locations along the local chord at 30 and
50% half-span. It can be noticed that the flow is essentially laminar at
the inboard section (i.e., 30%s) over most of the chord length
(Figs. 11cand 11e). Only the shear layer emanating from the leading
edge produces a significant level of turbulence, as observed in the
experiment and in the hybrid RANS/LES simulation at 10% local
chord (Fig. 11a). Here, the hybrid RANS/LES overestimates the
peak by about 40%, whereas ILES underpredicts the peak energy,
because the relatively thin layer cannot be represented adequately on
the given grid with only six cells across the shear layer. This is related
to the specific grid requirements of the spatial discretization scheme
employed here, as discussed in Sec. III. In a case of severely under-
resolved flow, it is expected that the fluctuating energy levels are
lower when compared with the experimental data. If the flow is
adequately resolved, however, a numerical solution should never
overestimate the turbulence kinetic energy, which raises questions
about the results obtained by the hybrid RANS/LES approach at this
location. Furthermore, a second peak associated with the secondary
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vortical region can be detected closer to the wing surface in the
profile predicted by the ILES approach that, in line with the previous
observations, does not appear in the experiment.

At the midspan position 50%s, shown in Figs. 11b-11f, a similar
scenario is presented near the leading edge. The turbulence level in
the ILES simulation is still too low when compared with the
experiment. However, the effect of the secondary vortical region is
now clearly visible in all three profiles in Fig. 11b. A less favorable
impression is left by the hybrid RANS/LES at this location. It seems
that the existence of the secondary vortical zone influences the shear
layer and alters its character; hence, the peak energy is suddenly
underestimated by a factor of approximately 5, which is not
consistent with the prediction of the shear layer at other locations
near the leading edge. As can be seen at the midchord position
(Fig. 11d), the behavior of the free shear layer has serious
consequences for the downstream development of the flow. In the
present ILES, the onset of LEV roll-up can be detected just after
50%c ,and thus the shear layer is still intact at this location, which is
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Fig. 11 Comparison between averaged turbulence energy profiles from the experiments, the results obtained with ILES and the hybrid RANS/LES for

different locations along the local chord at 30 and 50% half-span.
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reflected in the peak turbulence energy away from the wing. A result
of the delayed leading-edge vortex formation is the increased growth
rate due to the diminishing influence of the wall, thereby leading to a
seemingly premature nonlinear spreading of the vortex. Two
additional peaks, albeit smaller, can be observed in the profile from
the ILES simulation. Close to the solid surface, the strong crossflow
component, caused by the large extent of the leading-edge vortex,
also yields an increase in turbulence energy. Furthermore, the
influence of the LEV can be felt between the wing and the shear layer,
as implied by the second peak in Fig. 11d. Both profiles obtained with
the experiment and the hybrid RANS/LES suggest the presence of a
developed leading-edge vortex at 50%c with the level of turbulence
decreasing toward the trailing edge. Here, at 90%c, the full profile
predicted by ILES indicates a stronger influence of the LEV when
compared with the experiment and the hybrid RANS/LES (Fig. 11f).

Consistent with the aforementioned comments on grid resolution
in the shear layer, a slightly thicker shear layer leads to stronger
velocity fluctuations, as observed in the present simulation near the
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leading edge for the 70% half-span section (Fig. 12a). However,
the peak turbulence energy is still underpredicted by the ILES
approach, and the clearance between wing surface and the shear
layer appears too low. The reversed flow situation close to the
leading edge is not captured by the hybrid RANS/LES, and the
profile obtained by the hybrid RANS/LES does not start from zero
at the wall, which is clearly an unphysical result. At the 70% half-
span station, the main vortex core has turned toward the trailing
edge and undergone a breakup mechanism. Therefore, the shear
layer does not roll up. In fact, it still affects the turbulence energy
profiles at 50% local chord, as indicated by the peaks in both the
experiment and ILES (Fig. 12¢), but not in the hybrid RANS/LES
results. However, the present simulation overpredicts the crossflow
fluctuations near the wing surface already observed at the half-
chord position for 50%s. Close to the trailing edge, the level of
turbulence diminishes for the hybrid RANS/LES, whereas it
increases in the ILES simulation due to enhanced mixing caused by
the large vortex.
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The results for 90%s (Figs. 12b—12f) exhibit a similar behavior to
those at 70% half-span. Here, the position of the free shear layer
emanating from the leading edge is in better agreement with the
experiment than at the inboard station, but the peak magnitude is
underestimated again. Moreover, the turbulence energy profiles
obtained by the present ILES using high-resolution methods closely
match the shape of the experimental results further downstream and
are virtually identical in the vicinity of the trailing edge. As
anticipated, however, the hybrid RANS/LES approach fails to
predict the flow in this fully turbulent region dominated by massive
separation.

V. Conclusions

The implicit large-eddy simulation approach using high-
resolution methods has been applied to the flow around a swept-
wing geometry of practical aeronautical interest. This highly
complex problem combines large-scale separation with substantial
regions of attached flow in which the realistic representation of near-
wall effects are of paramount importance.

It has been found that both simulation approaches predict an area
of mildly reversed flow near the wing root and leading-edge vortex
breakdown beyond approximately 50% half-span, whereas the
experiment suggests that an inboard dead-air region and vortex
breakdown cannot be clearly identified. The large-scale flow features
are reasonably well represented by the two numerical approaches.
The hybrid RANS/LES fails completely in the fully turbulent and
separated regions, as well as closer to the wing tip. This indicates that
the simplified RANS-type treatment of the near-wall region
neglecting advective and pressure terms cannot be applied in this
case. Although ILES has been carried out on a grid of half the size, it
was found to be significantly more accurate than hybrid RANS/LES
in these regions. However, the grid resolution in the free shear layer
emanating from the leading edge of the wing needs to be increased
for the ILES simulation to give a better representation of the
fluctuating energy levels. Additionally, the hybrid approach appears
to be more accurate in the attached-flow regions.

It should be highlighted that the computational grids employed in
the two simulations differ substantially. For the hybrid approach,
23.6 million nodes have been distributed using a H-H-type topology
of similar extent to the C-O-type mesh used in ILES, which,
however, has only half the number of nodes. Furthermore, the two
grids are distinguished by the specific requirements in the vicinity of
the wing surface. In ILES, the z* ranges from 1 to 5, whereas the
hybrid RANS/LES grid yields values between 20 and 40. Because of
the significant grid clustering in ILES, the grid resolution in the free
shear layer is fairly coarse. This has a severe impact on the
calculations regarding the development of the leading-edge vortex as
exemplified for the section at 50% half-span. However, when the
LEV is not present and the flow is fully turbulent (i.e., closer to the
wing tip), the influence of the shear layer is diminished and the ILES
results are in very good agreement with the experiment. In general,
this investigation has demonstrated that high-resolution methods can
be applied to complex separated flows without any modification and
without resorting to turbulence models.
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