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The present study examines the performance of wall-modeled large-eddy simulation
in flows over realistic aircraft geometry using state-of-the-art methodologies for lowdissipation LES and an equilibrium wall model, particularly for the prediction of flow
separation encountered at high angles of attack. Simulations of two relevant aircraft
geometries at high angles of attack are considered: a high-lift JAXA standard model
(Rec = 1.93 × 106 ) and the NASA Common Research model (Rec = 11 × 106 ). Predictions of global forces and surface pressure distributions by two low-dissipation LES
codes are shown to be in reasonable agreement with experimental measurements. All
calculations presented were performed in less than 5 days using < 3000 Intel CPU cores,
demonstrating that wall-modeled LES for external aerodynamics is becoming increasingly affordable.

1. Introduction
Traditional Reynolds averaged Navier-Stokes (RANS) approaches have demonstrated
reasonable success in the prediction of integral quantities of interest (e.g., lift, drag) in
external aerodynamics at low angles of attack, where the boundary layers remain largely
attached (Tinoco et al. 2017). Maximum lift conditions (where the boundary layer may
be separated in a limited region) or fully stalled regimes (where the boundary layer has
undergone massive separation) have proven to be challenging to predict with RANS closures (Slotnick et al. 2014), particularly for steady RANS approaches as the underlying
flow field possesses large-scale and low-frequency unsteadiness. While large-eddy simulation (LES) is known to provide significant improvement in accuracy over RANS in
such situations, it has not had widespread use in these applications owing primarily to
two principal challenges: (i) prohibitive grid resolution requirements associated with the
calculation of the viscous sublayer of the boundary layer (Choi & Moin 2012) and (ii) the
difficulty in constructing low-dissipation, stable numerical methods for complex geometries. Wall-modeled approaches to LES (where the outer region eddies that scale with the
boundary layer thickness, δ, are resolved but the influence of inner layer eddies that scale
with viscous units are modeled) can alleviate the prohibitive resolution requirements,
and, have been applied to an increasing number of complex flows (Bose & Park 2018).
One particular application was the wall-modeled LES of the NASA Common Research
Model (CRM), at a low angle of attack, where forces and surface pressure distributions
were predicted reasonably well (Lehmkuhl et al. 2016) compared to experimental measurements (Rivers & Dittberner 2014). The present investigation extends the previous
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Figure 1. JSM lift force prediction (Rec = 1.93 × 106 ) from various RANS codes used in the
3rd AIAA CFD High Lift Prediction Workshop (predictions with medium-resolution grids, from
https://hiliftpw.larc.nasa.gov). The average grid size was about 62 million points.

studies in two important ways: by considering operating points at or near maximum
lift where separation prediction becomes increasingly important and by incorporating
high-lift geometries (that include slats, flaps, and their respective supports).
Significant effort has been undertaken in recent years to assess the predictive capabilities of state-of-the-art modeling techniques for quantities of interest such as lift, drag, and
pitching moments through the identification of relevant benchmark geometries and flow
conditions with complementary experimental measurements. The present investigation
focuses on two such benchmarks: the NASA CRM with wing/body/tail (WBT) configuration and the high-lift JAXA standard model (JSM). The NASA CRM configuration
has been extensively analyzed in the AIAA CFD Drag Prediction Workshops (Tinoco
et al. 2017) to quantify the predictive capability of RANS models for transonic flows.
Recent measurements of the low-Mach number WBT configuration at higher angles of
attack (including the post-stall regime) have been made (Boyet 2018). There is evidence
that RANS models are deficient in predicting the stall characteristics, with detached
eddy simulations (DES) providing improved agreement with experimental measurements
(Waldmann et al. 2016). The high lift JSM is the configuration selected in the recent
AIAA CFD High Lift Prediction Workshop. Measurements of the lift, drag, and pressure
distributions were reported from prior experimental campaigns (Yokokawa et al. 2008).
Figure 1 shows the scattering of lift coefficients as a function of angle of attack (AoA)
predicted by participants of the 3rd AIAA CFD High Lift Prediction Workshop using
a variety of RANS (steady/unsteady) and DES approaches. The large variance in the
predictions are particularly pronounced near the maximum lift, making it difficult to
draw firm conclusions regarding the suitability of these approaches for the prediction of
stall conditions.
The objective of the present work is to examine the predictive capability of wallmodeled LES (WMLES) in near-stall conditions for both the NASA CRM WBT and
high lift JSM configurations. Specifically, we attempt to determine the robustness of the
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predictions across the two configurations without changing subgrid-scale/wall models
employed and mesh requirements. Results from two different low-dissipation LES flow
solvers are also presented. The computational cost and wall-clock time necessary for the
setup and execution of the simulations are discussed and compared to those from the
RANS approaches.

2. Geometry and computational setup
2.1. Flow solvers
In a WMLES, the outer scale eddies are directly resolved and transported by the grid.
Although the WMLES is not subject to the prohibitive resolution requirements associated with inner-layer eddies, these outer-layer eddies that scale with the boundary layer
thickness, δ, are marginally resolved in order to facilitate feasible calculations. In LES calculations of aeronautical flows to date, the near-wall resolution has been approximately
δ/∆ ≈ 10 − 20 for Rec ≈ 106 − 107 (Bose & Park 2018). Thus, the turbulence sustained
in the boundary layer becomes sensitive to numerical dissipation, even if it is restricted
near the grid cutoff scale in an asymptotic sense. This is consistent with prior studies
highlighting the necessity of limiting dissipation in (non-wall-modeled) LES (Mittal &
Moin 1997). Additionally, excess numerical dissipation can easily overwhelm the subgrid
model dissipation or the contributions from the wall model.
To this end, we conduct our WMLES calculations using two flow solvers with common low-dissipation characteristics, but with very different numerical methods. The code
CharLES (developed by Cascade Technologies, cell-centered finite volume, compressible)
and the code Alya (developed at the Barcelona Supercomputing Center, node-centered
finite element, incompressible) (Vázquez et al. 2016) are used to compute the aforementioned cases using meshes with comparable grid resolutions. The simulations conducted
in this investigation are run with nearly identical subgrid-scale and wall models.
CharLES is a second-order accurate, compressible, finite volume LES flow solver. The
numerical discretization relies on a flux formulation that is approximately entropy preserving in the inviscid limit, thereby limiting the amount of numerical dissipation added
into the calculation. The solutions are computed on polyhedral grids that are defined by
three-dimensional, clipped Voronoi diagrams. The clipped Voronoi diagram is defined by
the volume of space that is closer to a grid point than any other grid point. Due to its
underlying definition, it is possible to generate regions of self-similar polyhedra or highly
regular grids through a regular packing on the Voronoi grid sites, while being boundary
conforming. These meshes are generated by a massively parallel grid generator native
to the flow solver suite (stitch, developed by Cascade Technologies). The robustness of
the grid-generation techniques and the flow solution is tested by hexagonally close packing the Voronoi sites in the case of JSM, and supplying the Voronoi sites from the cell
centroids of a hybrid tetrahedral/prismatic mesh in the case of the NASA CRM.
In the code Alya, the convective term is discretized using a Galerkin FEM scheme
recently proposed in Charnyi et al. (2017), which conserves linear/angular momentum
and kinetic energy at a discrete level. Neither an upwinding scheme nor equivalent momentum stabilization is used. In order to use equal-order elements, numerical dissipation
is introduced only for the pressure stabilization via a fractional step scheme (Codina
2001), which is similar to approaches for pressure-velocity coupling in the unstructured
collocated finite volume codes (Jofre et al. 2014). This approach has been shown to be
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significantly less dissipative compared to traditional stabilized FEM approach (Lehmkuhl
et al. 2018).
2.2. Turbulence models
Both codes used the static SGS model of Vreman (2004). For wall modeling, Alya used
Reichardt’s extended law of the wall (Reichardt 1951) as an algebraic wall model,

+
1
y + −0.33y+ 
e
u+ = log(1 + κy + ) + 7.8 1 − e−y /11 −
.
(2.1)
κ
11
CharLES used a simple algebraic wall model derived from the integration of the onedimensional equilibrium stress model (Wang & Moin 2002) along the wall-normal direction,

y + + a1 (y + )2
for y + < 23,
+
(2.2)
u (y+) = 1
 ln y + + B
otherwise,
κ
where B = 5.2 and a1 is computed to ensure C 1 continuity. There are slight differences
in these wall models in their approximations inside of the buffer layer, but both satisfy
a law of the wall when the resolutions become coarse. Wall models of these forms can be
solutions to the equilibrium thin boundary layer equations when νt+ = D(y + )κy + away
from the wall for a particular choice of D(y + ) if the Mach number of the inner layer
solution is sufficiently small that the density can be approximated as constant. These
wall models do not account for unsteadiness or pressure gradient effects in the inner
layer solutions. Some wall models have been presently constructed to account for these
effects (Park & Moin 2014; Yang et al. 2015), but to date they have not been applied to
configurations similar to the ones investigated herein.
Given the LES data at the near-wall collocation points, the above relations are solved
for wall shear stress (or friction velocity), which serve as the Neumann boundary conditions for the momentum equations (adiabatic condition is used for the wall temperature
in the compressible code). We also examine the effect of a recently proposed method for
removing log-layer mismatch (LLM), which was found effective in a Cartesian, structuredgrid channel code (Yang et al. 2017). This approach attempts to suppress LLM by removing unphysical correlations between the wall-shear stress and the wall-adjacent LES
solution through temporal filtration of the wall-model input. CharLES calculations used
the first off-wall collocation points for wall modeling (notably CharLES solutions have
not shown sensitivity between first-cell or third-cell coupling in high Reynolds number
channel flow calculations based on hexagonally close packed sites, and as such, the first
cell is utilized for simplicity). In Alya calculations, the third off-wall collocation point is
used for wall modeling given that the code has shown additional improvement over the
first-point approach (Owen et al. 2018).
2.3. Geometries and simulation details
2.3.1. High-lift JSM
The first case is the JAXA high-lift configuration Standard Model (denoted as JSM)
which was studied experimentally at JAXA, Japan (Yokokawa et al. 2008). This geometry
was the subject of the recent 3rd AIAA CFD High Lift Prediction Workshop (Rumsey
et al. 2018), where various RANS codes were challenged to predict the onset of stall
and maximum lift. Figure 2 illustrates a landing configuration with the high-lift devices
(slat and flap) deployed but without nacelle/pylon. The Reynolds number is relatively
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Figure 2. Geometries considered: high-lift JSM (left) NASA CRM(WBT) (right)

low compared to realistic landing conditions (Rec = 1.93 × 106 ), and the freestream
Mach number (M∞ ) is 0.15. AoAs pertaining to the linear lift, maximum lift, and stall
conditions (10◦ , 18.58◦ , and 21.57◦ ) were computed by Alya. Only the 18.58◦ case was
computed with CharLES. No effort was made to trigger the laminar-to-turbulent transition at particular locations, as the wing elements were not tripped in the experiment.
Each code ran on two grid resolutions. Grids were prepared independently and therefore
had differing local grid resolutions and number of degrees of freedom (nDoF). Alya ran
with two meshes having 10 × 106 and 65 × 106 collocations points, which were composed
of anisotropic wedge/prism layers near the wall and tetrahedra elsewhere (see Figure 3).
CharLES ran with isotropic Voronoi meshes with regions of local refinement (corresponding to 12×106 and 35×106 nDoF). The coarse and finer FEM meshes had approximately
3 and 10 elements across the boundary layer thickness, respectively, and approximately
80% of the elements were devoted to the slat/wing/flap area. Based on the fact that Alya
is a node-centered code and that the element-to-node ratio was about 3.5 in its meshes,
Alya deployed 3x∼5x larger number of elements than CharLES (in terms of number of
CVs). However, as is shown in the following section, evidence of grid convergence is seen
in calculations with both codes on the finer grids (for AoA = 18.58◦ ).
2.3.2. NASA CRM at stall
The second case is the NASA CRM with WBT configuration. The geometry has been
the subject of recent AIAA CFD Drag Prediction Workshops (Tinoco et al. 2017) for assessing the RANS predictive capability against measurements of transonic flows made at
two NASA centers (Rivers & Dittberner 2014). In the present study, a new measurement
from the German Aerospace laboratory (DLR) (Boyet 2018) is taken as the reference
(experimental data will not be available in public domain until completion of the experimental campaign planned during 2018). The Reynolds number is much higher than the
JSM case (Rec = 11 × 106 ), and the flow can be considered incompressible (M∞ = 0.25).
The summer effort was focused on the massively separated flow at AoA = 18◦ . The FEM
solver Alya was integrated using a hybrid prism/tet mesh with 160 × 106 elements, resulting in 47 × 106 of nDoF. The FVM solver CharLES used a Voronoi mesh, which was
constructed from the cell-center points of the FEM mesh. Therefore, exactly the same
number of elements was deployed in the two codes with nearly identical cell distribution,
but the number of DoF differed (47 × 106 and 160 × 106 for Alya and CharLES, respectively). Approximately 10 elements were located across the boundary layer thickness.
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Figure 3. Mesh details for 60 × 106 nDoF mesh and the JSM geometry: Mesh slice at 44%
spanwise location from the wing root. (left) Wing/slat/flap (left) and close-up view near the
slat (right).

3. Results and discussions
3.1. Instantaneous flow and mean force predictions
Figure 4 shows the contours of the velocity magnitude in the first cell projected onto the
surface from the JSM calculations at AoA = 18.58◦ (for the given wall model, this is
proportional to the wall shear stress). The flow over the wing/slat/flap structure is mostly
attached, but evidence of outboard flow separation near the wing tip is found in both
codes. Wakes emanating from the slat supports that connects the slat to the main wing
are clearly visible in the surface flow visualizations. Figures 5 and 6 show the prediction of
global forces and sectional pressure coefficients from the JSM calculations, respectively.
The lift force shows good agreement with the experiment up to the stall condition.
The predicted drag is high compared to the experimental measurements, although this
may be due to geometric differences between the simulations and experiment (e.g., wind
tunnel walls, support dais on which the half body rests). Excellent prediction of the
wall-pressure distribution at different spanwise locations suggests that error cancellation
is not at work in arriving at accurate global force predictions for both flow solvers.
Despite the differences in the numerical schemes employed, the similarity of the two
computed results is in contrast to the large scatter of RANS solutions near maximum
lift conditions. It is also worth noting that the corresponding RANS calculations have
similar cell counts to the wall-modeled LES calculations shown here; in three-dimensional
boundary layers, a near-wall ∆n+ ≈ 1 requirement reduces or eliminates cell count
reductions for RANS compared to wall-modeled LES. Finally, although prediction of
the global forces at AoA = 21.57◦ are in good agreement with experimental data, the
separation bubble in the wing-fuselage area shown in the experimental oil flow data is
not observed in the WMLES flow field. This is a subject for further investigation.
Figure 7 shows the contours of the velocity magnitude at the wall-adjacent cells from
the NASA CRM calculation at AoA = 18◦ by CharLES. Unlike the JSM case, flow over
the wing is fully separated, except for the wing root region where the adjacent fuselage
boundary layer appears to promote attached flow. Little sign of separation is seen on the
tail. Figure 8 shows the global force predictions of the NASA CRM from the two codes.
For this higher Reynolds number case, agreement between the two codes is not as good as
in the JSM case. The linear Reynolds number scaling of the WMLES cost suggests that
we need finer meshes with 2∼4 times larger nDoF to achieve a similar level of accuracy as
in the low Reynolds number JSM case, which are planned for future investigations. Some
observations from the present result are still noteworthy. First, LES with no wall modeling
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Figure 4. JSM (Rec = 1.92×106 ): Color contours of the surface velocity magnitude (projection
of the wall-adjacent solution on walls) at AoA = 18.58◦ . Left, from the FEM code (Alya); Right,
from the FVM code (CharLES).

Figure 5. JSM (Rec = 1.92 × 106 ): Lift (left) and drag polar (right) prediction from the FVM
code (CharLES) and the FEM code (Alya), respectively.

(CharLES) produced inaccurate drag and lift forces, and wall modeling significantly
improved the predictions. Second, temporal filtering of the wall-model input (Yang et al.
2017) for removing the so-called LLM for wall models operating with the wall-adjacent
LES data was found to be immaterial for the CharLES code. CharLES predictions with
and without deploying this strategy produced almost identical force predictions. On the
contrary, FEM predictions were significantly enhanced by adopting this practice.
3.2. Cost of simulations
CharLES computations were conducted on the DOE Mira cluster (IBM Blue Gene/Q
architecture), and the Alya computations were conducted on the BSC MareNostrum IV
cluster (Intel Xeon Platinum architecture with two chips per node with 24 processors
at 2.1 GHz each). All computations (both FVM and FEM) took less than 100 wallclock hours using at most 3000 Intel CPUs (the Intel CPU core-hour equivalent for
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Figure 6. JSM (Rec = 1.92 × 106 ): Pressure distribution on the wing at 44% (left) and 71%
(right) spanwise locations from the wing root, including JAXA experiments (cross symbols),
CharLES (FVM) prediction (dots), and Alya (FEM) prediction (squares).

Figure 7. NASA CRM (Rec = 11 × 106 , AoA = 18◦ ): Color contours of the surface velocity
magnitude (projection of the wall-adjacent solution on walls) on the wing-suction side from the
FVM code (CharLES).

the CharLES runs is based on performance data running CharLES on a series of Intelbased SGI ICE X machines) for integrating the solution over 40 mean-chord flow-through
times from the initial condition to reach the statistically stationary steady state and
then to accumulate statistics. In addition, in the case of the high lift JSM geometry,
the Voronoi grids utilized by CharLES were computed in less than 30 minutes (when
a watertight surface is provided and the resolution windows have been identified). This
suggests that WMLES is becoming a feasible tool for the investigation and analysis of
relevant aeronautical flows.

4. Conclusions
The performance of WMLES for predicting complex flows over realistic aircraft geometries at high angles of attack has been investigated. Fully separated flows found in
a stalled aircraft, and an aircraft at maximal lift conditions deploying high-lift devices
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The wall-modeled calculations of the full aircraft configurations are demonstrated to be
both tractable and affordable with turnaround times for the simulations on the order of
days. While the predictions herein are in and of themselves promising, this investigation
suggests that LES can be a viable companion for analysis of industrially relevant aerodynamic flows provided that sufficiently accurate wall models and suitable low-dissipation
solvers are available.

throughs.
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