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Wall-Modeled Large Eddy Simulations (WMLES) are carried out for a realistic aircraft
model in landing configuration. The validation case considered is that of the Japanese
Aerospace Exploration Agency (JAXA) Standard Model (JSM), which was the focus of the
recent Third AIAA High-Lift Prediction Workshop (AIAA HLPW-3). The CharLES solver
with Voronoi gridding technology developed at Cascade Technologies is leveraged for the current study. An Equilibrium Wall-Modeling (EQWM) approach which assumes that the sum of
the turbulent and viscous stresses between the wall and the wall-model/LES exchange location
is invariant is employed. The exchange location is at the first cell centroid and no time filtering
of the LES input to the wall model is applied. Two JSM configurations are simulated, one with a
nacelle/pylon and one without. Good agreement with experimental 𝐶 𝐿 data is obtained across
the flight envelope for both cases at similar computational cost to some Reynolds-Averaged
Naver Stokes (RANS) calculations of the same configuration, indicating that WMLES technology is ready for routine use in industry. The coefficient of lift at maximum lift, 𝐶 𝐿,𝑚𝑎𝑥 , is
predicted to within 5 lift counts, or ≈ 1.5%, of the uncorrected experimental value for both
nacelle/pylon on and off configurations. Evaluation of sectional pressures at a post-stall 𝛼
corroborates the accuracy of the lift predictions. The grids required to achieve this agreement
number less than 50 million control volumes (Mcv) and include the wind tunnel geometry.
For the nacelle/pylon off case, the effect of the tunnel mounting system on the prediction of
quantities of interest (QOI’s) is evaluated. WMLES shows that it can identify wind tunnel
effects, including the appearance of an inboard separation at the wing/body junction absent in
many free air calculations of the same configuration.

I. Nomenclature
𝐶𝑝
𝐶𝑓
𝐶𝐿
𝐶 𝐿,𝑚𝑎𝑥
𝐶𝐷
𝐶𝑀
alpha, 𝛼
𝑥
𝑐

𝜂
𝑀 𝐴𝐶
𝑏𝑟 𝑒 𝑓 /2
𝑆𝑟 𝑒 𝑓 /2
Λ𝑙𝑒

=
=
=
=
=
=
=
=
=
=
=
=
=

pressure coefficient
skin friction coefficient
lift coefficient
lift coefficient
drag coefficient
moment coefficient
angle of attack, deg
chordwise location
semispan fraction
mean aerodynamic chord
wing semispan
reference half area
leading edge sweep
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𝜆
𝐴𝑅
𝛿 𝑠𝑙𝑎𝑡
𝛿 𝑓 𝑙𝑎 𝑝
𝑈∞
𝑐/𝑈∞
𝛿 𝑏𝑙,𝑡𝑒
Δ 𝑚𝑖𝑛
M
𝑅𝑒
𝑥, 𝑦, 𝑧

= taper ratio
= aspect ratio
= slat deflection angle
= flap deflection angle
= freestream velocity
= flow pass time
= estimated trailing edge boundary layer thickness
= minimum cell size on a given grid
= freestream Mach number
= freestream Reynolds number
= Cartesian coordinate directions

II. Introduction
he evaluation of scale-resolving computational fluid dynamics paradigms such as wall modeled large eddy simulation
(WMLES) in the characterization of separated flows at high Reynolds numbers is motivated by the deficiency of
Reynolds-averaged Navier-Stokes (RANS) in the simulation of such flows. The results of the Third AIAA High Lift
Prediction Workshop (HLPW-3) indicate that the accuracy of RANS in the characterization of such flows has plateued.
The scatter in the results from HLPW-3 shown in Figure 1, particularly near the stall flight condition, corroborates this
claim [1]. A variety of gridding and turbulence modeling approaches were employed as part of this workshop, with the
most popular choice being the Spalart-Allmaras (SA) model on an unstructured grid with prismatic boundary layer
elements blended to anisotropic tetrahedra in the far field. The average grid size was ∼ 62 Mcv. The high degree of
scatter near the stall flight condition tempers confidence in the predictive capability of steady RANS technology in the
context of separated flows over complex geometries.

T

Fig. 1 JSM lift curve for the WB (a) and WBNP (b) configurations. Circles represent data from the experimental test campaign [2], while lines are computational results submitted by participants of HLPW-3.The
overwhelming majority of submissions to the workshop were from RANS calculations, with select DDES and
LBM results [1]. A high degree of scatter is observed in the results, particularly around stall.
Our objective is to evaluate the performance of WMLES in the characterization of the flow around an aircraft in
landing configuration. WMLES is an emerging CFD paradigm in the context of the simulation of flows over complex
geometries and is well suited for situations in which flow separation is expected to play a key role [3]. One reason
for this is that WMLES is a time-accurate tool that directly resolves energy-containing turbulent motions at or above
the grid scale, while the dissipative effect of subgrid-scale turbulent motions, which tend to be more universal, is
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modeled. Steady RANS, in contrast, solves directly for the mean flow while modeling all of the turbulent motions,
including those that are energy containing and those that are dissipative. The direct resolution of energy-containing
turbulent motions is typically thought to come with prohibitive computational expense that makes large eddy simulation
intractable for problems of engineering interest. What we have found is contrary to that notion, as the cost of WMLES
calculations carried out as part of this work is comparable to that of some RANS calculations of the same configuration
(∼ 45, 000 core hours) [1]. The key to this cost savings is wall modeling, in which the ensemble effect of the near-wall
(𝑦 + ≈ 0 − O (100)) turbulent eddies on the outer flow is modeled, ameliorating the stringent grid point (𝑁) requirements
that would be needed to resolve these turbulent motions. The cost of direct resolution of near-wall turbulence has
been shown to scale as 𝑁 ∼ 𝑅𝑒 2.5 and 𝑁 ∼ 𝑅𝑒 2 for DNS and WRLES respectively [4]. The number of grid points
required in a WMLES simulation, in contrast, scales as 𝑁 ∼ 𝑅𝑒 1 . Grids of this size are routinely used in industry
calculations [5]. Because of this, NASA CFD Vision 2030 report has identified WMLES/WRLES for complex 3D
flows at appropriate 𝑅𝑒 as one of the key milestones along the CFD technology development roadmap it identifies.
The milestone has an associated date of 2020 and appears to be a pacing item along the technology readiness level
(TRL) maturation trajectory of WMLES [6]. The calculations described in this report are the first WMLES calculations
of such a complex flow at a realistic Reynolds number [7] spanning the lift curve. The validation case considered is
that of the JAXA Standard Model (JSM), which is a high-lift aircraft model featuring the geometric complexity of
deployed control surfaces with slat brackets and flap support fairings at moderate Reynolds number (𝑅𝑒 = 1.93𝑒6) and
low Mach number (𝑀 = 0.172). The use of time-accurate, turbulence-resolving computational paradigms, such as
delayed-detached eddy simulation (DDES) by [5] and lattice-Boltzmann methods (LBM) by [8], in the simulation of the
flow around this configuration has led to an improved characterization of quantities of interest (i.e. 𝐶 𝐿 𝑣𝑠.𝛼, 𝐶 𝑝 𝑣𝑠. 𝑐𝑥 )
near the stall flight condition, indicating that time-accurate resolution of turbulent motions is an important factor in the
prediction of aircraft maximum lift.

Fig. 2 Side-wall mounted JSM in the JAXA LWT1 with nacelle/pylon on (a) and nacelle/pylon off (b) and 70
mm tunnel floor offset/peniche. The tunnel has an octagonal cross section of dimension 6.5 m × 5.5 m and
expands in the flow direction to account for model blockage.
We will compare the predictions of WMLES to the results of an experimental test campaign conducted in the JAXA
Low-Speed Wind Tunnel (LWT1) [2]. The wind tunnel model is a half-span model mounted on the tunnel floor with a
70 mm offset, sized to enforce an equivalence between the effective aspect ratio (a ratio of the lift coefficient squared to
the drag coefficient) of the wind tunnel model and the effective aspect ratio predicted by free air RANS calculations [9].
The floor-mounted model is shown in Figure 2, both with and without the nacelle/pylon installation. Sensitivity of the
WMLES calculations to wind tunnel effects is evaluated via the inclusion of the test section geometry, including the
viscous tunnel side walls and the 70 mm offset. Our simulations have leveraged the second-order finite volume code
CharLES (Cascade Technologies, Inc.) with Voronoi grids [10].
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III. Computational Setup
The following subsections describe the modeling strategy, aircraft geometry, and spatial discretization techniques
employed in this work.
A. Modeling Approach
1. Wall Modeling

Fig. 3 Schematic of the wall modeling procedure. The schematic generalizes to various types of RANS-based
wall modeling, including the equilibrium wall modeling (EQWM) approach employed in the current work [11].

The term wall modeling refers to the (often) RANS-based model that is introduced between the wall and the log
layer to provide wall stresses and heat fluxes to the outer-flow LES, which is under-resolved near the wall. In general,
these are imposed by means of a Neumann boundary condition on velocity and temperature obtained by solving some
approximation to the RANS equations in the thin region between the wall and the LES/RANS exchange location. The
wall modeling procedure is depicted in Figure 3. Viscous stresses are modeled using a RANS-based formulation with an
equilibrium stress approximation, meaning that the sum of the viscous and turbulent stresses is assumed to be invariant
between the wall and the LES/RANS exchange location. Equilibrium wall modeling (EQWM) approaches, such as
that of [11], solve a system of two coupled ordinary differential equations derived from the turbulent boundary layer
equations in the wall-normal direction, the solutions of which are the velocity and temperature profiles. The turbulent
eddy viscosity is introduced to model the nonlinear term in the equation and is computed via a mixing-length hypothesis
with a length scale based on the wall distance. A Van Driest–type damping is typically applied such that the turbulent
stresses vanish near the wall with the right asymptotic behavior. The effect of nonequilibrium terms (pressure gradient,
convective, and unsteady) is neglected in the wall model, though the effect of these terms is typically argued to enter
implicitly into the wall model through the LES flow field [3]. Improved agreement with experiment has been observed
from the explicit inclusion of nonequilibrium terms in the wall model in the canonical NASA wall-mounted hump flow
[12]. The extension of such models to complex configurations is a current area of research [13]. In the present work,
a significant speedup is achieved in the time integration of the governing equations by neglecting non-equilibrium
effects and by assuming a form of the damping of the eddy viscosity that allows for the EQWM equations to be solved
analytically, similarly to [14]. In this case, the wall model equations reduce to algebraic equations for the wall stresses
which can be solved efficiently with a Newton-Raphson root finding algorithm. CharLES contains the algebraic wall
model implementation shown in Eq. (1), which recovers the linearity of the velocity profile in the viscous sublayer and
the logarithmic character of the profile in the log layer.
(
𝑦 + + 𝑎 1 (𝑦 + ) 2 for 𝑦 < 𝑦 ∗
+ +
𝑢 (𝑦 ) = 1
(1)
+
otherwise,
𝜅 𝑙𝑛(𝑦 ) + 𝐵
In Eq. (1), 𝜅 = 0.41, B = 5.2, 𝑦 ∗ ≈ 23, and 𝑎 1 = 2𝑦1 ∗ ( 𝜅 1𝑦 ∗ − 1). The value of 𝑎 1 is chosen to enforce the 𝐶 1 continuity
of the velocity profile. Simulations of a turbulent channel flow preformed using the CharLES code on a Voronoi grid
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have not shown the 10-15% shift in the log-layer velocity profile characteristic of the log layer mismatch problem that
often plagues WMLES [15], even when using the first cell centroid as the LES/wall model exchange location in the
absence of time-filtering the LES flow field. For this reason, neither of these techniques are applied in the present
study. The MWLES calculations, like the JAXA experiment, are untripped. The wall-model, whose derivation from the
Turbulent Boundary Layer Equations presupposes a fully turbulent state is active everywhere on the aircraft and on the
tunnel walls. Laminar to turbulent transition of the outer LES flowfield occurs within the first few percent of the chord
along the entire span of the wing.
2. Subgrid-Scale Modeling
Large-eddy simulation (LES) is a CFD paradigm in which the impact of energy containing turbulent motions
(large eddies) is directly computed, while the impact of dissipative turbulent motions (small eddies) is modeled. The
dissipative motions are in principle more amenable to modeling as they exhibit a universal character [16]. It is known
that small scale turbulent structures have a nearly isotropic topology and act as a momentum sink. Various approaches
exist to model the effect that these small scale dissipative motions have on the resolved large scale motions, a detailed
discussion on these modeling strategies can be found in [17]. The Vreman model with constant model coefficient [18] is
chosen as the subgrid-scale stress model in the current work.
3. Geometry

Fig. 4 CAD geometry of the JSM in the JAXA Low-Speed Wind Tunnel (LWT1). The case has the complexity
of an aircraft in landing configuration with deployed high lift devices and associated slat and flap supports.
WMLES was used to evaluate sensitivity to wind tunnel effects. The wall model is active on the tunnel sidewalls,
which are treated as viscous and turbulent.

Table 1 lists the relevant parameters describing the flowfield and geometry of interest. The Reynolds number is
typical of a wind tunnel experiment used in aircraft design. The flow is at a low subsonic Mach number. Compressibility
effects are negligible except for near the slat leading edge, where geometrically-imposed pressure gradients accelerate
the flow to 𝑀 ≈ 0.75 as observed in our calculations. A compressible formulation of the flow solver is used for this
reason.
The computer-aided design (CAD) geometry used in the present study is shown in Figure 4. The JAXA low-speed
wind tunnel (LWT1) test section is reproduced exactly, including the 70 mm peniche/sealant tunnel wall offset and the
octagonal tunnel side walls. The computational domain is extended ∼ 5 fuselage lengths upstream and downstream of
the test section to mitigate numerical contamination from the inlet/outlet. It is worth noting that a 70 mm offset is used
in the experiment in the force computations, while a 40 mm offset is used for the oil flow visualizations. Sensitivity of
the flow field to the offset height is detailed by [9] and is generally small over this range of offset heights. We use a
70 mm offset height for all calculations detailed herein. The cross sectional area of the test section grows to account
for model blockage. Characteristic outflow boundary conditions for a nonreflecting outflow are applied at the outlet,
5

Table 1

JSM Reference Flow and Geometric Parameters
𝑅𝑒
𝑀
𝑏𝑟 𝑒 𝑓 /2
𝑀 𝐴𝐶
𝑆𝑟 𝑒 𝑓 /2

1.93 M
0.172
2.3 m
0.5292 m
1.1233 𝑚 2

Λ𝑙𝑒
𝐴𝑅
𝜆
𝛿 𝑠𝑙𝑎𝑡
𝛿 𝑓 𝑙𝑎 𝑝

33◦
9.42
1
3

25◦
35◦

while a uniform plug flow is prescribed at the inlet. The experimental inflow turbulence intensity is deemed small (Tu
≈ 0.16%), based on a 2003 JAXA study and no synthetic turbulent fluctuations are imposed at the inlet.
4. Spatial Discretization

Fig. 5 Spatial discretization is achieved by means of hexagonal close-packed cells generated by computing the
Voronoi diagram associated with a staggered point seeding in the domain. The average cell size is ≈ 1 mm,
chosen such that ≈ 10 cells resolve the boundary layer at the trailing edge of the main element on the baseline
grid.

The domain is spatially discretized using the gridding module (Stitch), native to the CharLES solver suite. Slices of
the grid are shown in Figure 5. Isotropic hexagonal close-packed (HCP) cells are generated by computing the Voronoi
diagram associated with a staggered point seeding in the domain. The Voronoi diagram associated with a given point
seeding is unique once the seed points are defined. Each control volume contains the locus of space that is closer to
that seed point than to any other seed point. Lloyd’s algorithm is used to move the Voronoi seed points towards the
cell centroid of each control volume, which improves the accuracy of the spatial flux calculations [19]. The grid is
body-fitted and has regions of targeted refinement near viscous boundaries. A prismatic refinement window encapsulates
the wing (Figure 5 (a)). Grids are routinely built within O (10) minutes on 1000 Intel Ivy Bridge processors. Grid
size near viscous boundaries is determined using the turbulent boundary layer thickness correlation of [20] shown in
Eq. 2. Reference values are chosen based on freestream conditions and the reference length (𝑥) is chosen as the mean
𝛿
aerodynamic chord (MAC). The wall-normal grid size on the wing, slat, and flap is set to Δ 𝑚𝑖𝑛 = 𝑏𝑙,𝑡𝑒
10 . This choice
of grid size resolves trailing edge boundary layers on the main element with ≈ 10 grid points, with fewer points near
leading edges, where the boundary layer thicknesses are lower.
𝛿≈

0.37𝑥
𝑅𝑒 1/5
𝑥

(2)

IV. Simulation Results
The following section describes the results of our computational study of WMLES for prediction of aircraft maximum
lift. The validation case considered is the JAXA Standard Model (JSM).
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A. Sensitivity to Wind Tunnel Effects
The JSM wing/body (WB) configuration (nacelle/pylon off) was used to evaluate the ability of WMLES to capture
trends associated with wind tunnel corrections. Wind tunnel effects, particularly the development of a boundary layer on
the tunnel floor and the formation of a "horseshoe vortex" around the leading edge of the fuselage are known to have an
appreciable effect on the QOI’s for this configuration, with the influence of tunnel effects increasing with angle of attack
[21]. For this reason, WMLES calculations were carried out with (Wind Tunnel) and without (Free Air) the tunnel
geometry in order to evaluate the ability of WMLES to recover the trends associated with wind tunnel corrections. The
boundary layer thickness (𝛿99 ) at the model rotation center was measured in the WMLES calculations and found to be
within 10 mm of the value quoted in [21] (150 mm compared to 140 mm). This agreement is deemed satisfactory and is
evidence that our calculations capture the displacement effect associated with the tunnel sidewall boundary layer. The
lift curve predicated by WMLES is shown in Figure 6.

Fig. 6 JSM WB lift curve. Corrected experimental data (line with circle markers) are to be compared with free
air WMLES calculations while uncorrected experimental data (line with square markers) are to be compared
with WMLES calculations that include the wind tunnel geometry. The grids are identical near the aircraft
surface. 4 million extra control volumes in the wind tunnel case are used on the viscous tunnel sidewall.

Fig. 7 JSM WB drag polar. An inset graphic shows the CFD-predicted drag polars from HLPW-3, indicating
a systematic over-prediction of drag for this configuration. Personal communication with Jeffrey Slotnick of
Boeing indicated that this is not a useful test case for drag validation.

The six angles of attack that are evaluated as part of this study coincide with the angles that were requested of the
participants of HLPW-3. Three of these angles are in the linear region of the lift curve, while the other three are before,
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at, and after 𝐶 𝐿,𝑚𝑎𝑥 . Both free air calculations and calculations that include the wind tunnel geometry have been carried
out. The inclusion of wind tunnel geometry mitigates uncertainty associated with wind tunnel corrections, which are
not as robust for a tunnel floor-mounted half span model as they are for a strut or sting-mounted full-span model [21].
The wind tunnel corrections employed in the experimental test campaign are those of [22]. Calculations that include
the wind tunnel walls and half-model mount are to be compared with uncorrected experimental data, while free air
calculations should be compared with experimental data. The lift curve predicted by WMLES is in good agreement
with experimental force balance measurements obtained near stall, as shown in Figure 6. Each data point is obtained by
averaging the forces for the last 15 flow passes (the time it takes a fluid parcel to travel a distance equivalent to one mean
aerodynamic chord) of a calculation that is time-integrated for a minimum of 30 flow passes. This interval is selected to
eliminate the influence of start-up transients. The trend associated with wind tunnel corrections is captured in the linear
region of the curve. More discussion on the results of a calculation in the linear region and in the post-stall region is
included in the next subsections. The drag polar is shown in Figure 7.
Over-prediction of the drag is observed across the entire 𝛼 range. This finding is consistent with the results of
HLPW-3. An inset graphic in Figure 7 shows the drag predictions from all participants of this workshop, showing a
systematic over-prediction of drag, suggesting that this is not a useful test case for validation of drag prediction. For the
purpose of drag prediction, the community prefers the NASA Common Research Model [23]. The simulations reveal
that the integration of the skin friction over the surface of the airplane contributes between 5 − 10% to the integrated
drag force, indicating that an aircraft with deployed high lift devices is a bluff body across the flight envelope, with the
contribution of wall shear stress to drag being a weak function of alpha.

Fig. 8 JSM WB moment coefficient. The convention for nose-down moment is a negative pitching moment.
WMLES predicts the trend associated with wind tunnel corrections (the free air configuration has more nosedown moment), but not the magnitude of the corrections.

The pitching moment coefficient is shown as a function of angle of attack in Figure 8. This curve gives insight
into how the lift is distributed along the span of a swept wing. Negative pitching moment is nose-down, while positive
moment is nose-up. A CFD-predicted moment that lies to the right of the experimental curve indicates too little
nose-down moment, consistent with a swept wing whose inboard section is too strong relative to the outboard section.
The trend associated with wind tunnel effects, i.e., less nose-down moment compared to the corrected free air pitching
moment, is captured by WMLES.
1. Post-Stall Angle of Attack
Further interrogation of the solution at a post-stall alpha by evaluation of the sectional pressure coefficient at
six stations along the span of the wing corroborates the accuracy of the lift force prediction at this flight condition,
suggesting that fortuitous error cancellation is not in play. Pressure coefficients are shown in Figure 9 and are found to
be in excellent agreement with the experimental measurements. The pressure measurements do not reveal a strong
sensitivity of this QOI to wind tunnel effects, except near the tip, where less separation is observed when including the
wind tunnel geometry in the model. A more complete picture of the sensitivity of the flowfield to wind tunnel effects
can be established by examination of the skin friction coefficient, which is shown in Figure 10. Comparison of the skin
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friction magnitude on the upper surface of the JSM wing with the wind tunnel geometry (b) and without the tunnel
geometry (c) to the fluorescent oil visualization (a) reveals a smaller region of outboard separation and a large region of
inboard separation when we include the viscous sidewalls in our model (b), both trends that are consistent with the
experimental observations.

Fig. 9 Comparison of the pressure coefficients predicted by WMLES (circles/squares) to uncorrected pressure
measurements collected as part of the experimental test campaign. Excellent agreement is obtained along the
span of the wing, corroborating the accuracy of the lift prediction. Including the wing tunnel geometry improves
the characterization of the flow near the wingtip (𝜂 = 0.77).

Fig. 10 Comparison of the flow pattern from the JAXA experimental test campaign (as visualized by fluorescent
oil) to average skin friction contours from WMLES, including from a calculation that includes wind tunnel
geometry and a free air calculation. Vertical lines indicate the location of the pressure belts as a fraction of
the semispan, 𝑏𝑟 𝑒 𝑓 /2. Inclusion of the wind tunnel geometry strengthened the outboard wing (less blue) and
weakened the inboard wing (more blue), both trends which are consistent with the experimental observations.
A preliminary grid resolution exercise at the post stall angle of attack of 21◦ was carried out. The calculation
responded well to targeted resolution of the slat upper surface and main element leading edge (up to approximately
quarter chord). The average wall-normal grid spacing in these regions was ≈ 41 mm. Figure 11 shows the effect of
targeted leading edge resolution on the flow in the wing juncture region. Streamlines of skin friction reveal a reversal of
the mean flow in the upstream direction, indicating the flow has separated. This, in addition to the recent findings in the
AIAA Special Session on Juncture Flow, is evidence that WMLES can predict complex corner flow phenomena [24].
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Fig. 11 The WMLES calculations respond well to targeted grid refinement of the leading edge of the main
element and of the upper surface of the slat, where the boundary layer thickness is lowest. Shown above are
streamlines of skin friction computed from a calculation run on a refined grid numbering 125M cells. A reversal
of the flow in the upstream direction at the wing root in the juncture flow region near the trailing edge of the
main element is visible, indicating flow separation.

2. Linear Region of the Lift Curve
A ≈ 4% overprediction in lift coefficient is observed at an angle of attack in the linear region of the lift curve. A
targeted grid resolution exercise is performed to evaluate the sensitivity of the solution to grid resolution on the flap,
which is know to be most highly loaded at low body 𝛼 [25].

Fig. 12 Comparison of the flow pattern from the JAXA experimental test campaign (as visualized by fluorescent
oil) to instantaneous contours of the projection of the first cell velocity onto the surface from WMLES. Darker
colors indicated slower-moving fluid which is more likely to be separated. The short-dashed circles show the flap
support fairing wake region, while the long-dashed circles show the flap/body juncture region. Both regions are
darker on the grid with targeted refinement of the flap upper surface, which is consistent with the observations
from the fluorescent oil visualizations.

Figure 12 (c) shows that the flow on the upper surface of the flap responds well to targeted refinement of the flap
upper surface, with indication that the flap support and flap/body juncture separations that are observed in the experiment
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(a) are being captured. These flow features are, however, not the culprit of the ≈ 4% overprediction in lift coefficient as
the lift force does not show an appreciable response to the targeted resolution exercise, presumably owing to the small
area over which the separations are active.
B. JSM Nacelle/Pylon On Configuration

Fig. 13 JSM WBNP lift curve. Uncorrected experimental data for the nacelle off configuration (line with
open circle markers) are to be compared with WMLES calculations with the nacelle off that include the viscous
side walls (filled circles), while uncorrected experimental data for the nacelle on configuration (line with square
markers) are to be compared with WMLES calculations with the nacelle on that include the viscous side walls
(filled squares). The grids are identical near the aircraft surface. 6 million extra control volumes in the nacelle
on case are attributable to the presence of the nacelle.

The same 𝛼 sweep that was performed for the JSM WB configuration is also performed on the JSM nacelle/pylon
on (WBNP) configuration. The inclusion of the flow-through (unpowered) nacelle adds an element of realism to the
configuration, as realistic aircraft have an engine that has an appreciable effect of the character of the stall breakdown.
In particular, the bluff body wake behind the nacelle interacts with the wing and causes an abrupt loss of lift near stall,
as seen in Figure 13.

Fig. 14 Instantaneous flowfield around the JSM WBNP configuration at 𝛼 = 21◦ as visualized by the projection
of the first cell velocity magnitude onto the surface (a) and force plot showing the time history of the lift and
drag coefficients (b). The images are synchronized, with (a) depicting the flowfield corresponding to the trough
in lift and drag shown in (b) at a nondimensional time of 𝑡𝑈𝑐∞ ≈ 16.5.

The footprint of this wake on the upper surface of the JSM wing can be seen in Figure 14 (a). Oscillations in the lift
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and drag coefficient are significant at the post-stall flight condition, with oscillations about the mean of ±10% in 𝐶𝐷
and ±5% in 𝐶 𝐿 . Average statistics are computed over 15 flow passes from 𝑡𝑈𝑐∞ 15 − 30 after the passing of the startup
transient. No appreciable sensitivity of the integrated forces and moments to the averaging window is observed when
extending the averaging window to 𝑡𝑈𝑐∞ 15 − 50. The contribution of the integrated stress on the wall to the drag is
small and is not a strong function of angle of attack (10% at 4◦ and 5% at 4◦ ), indicating that the flow over an aircraft
with deployed slats and flaps is a bluff body flow across the flight envelope.
C. Grid Resolution Study & Computational Cost
A grid resolution study was carried out at selected angles of attack, based on where salient flow features (e.g. flap
separation at low alpha, inboard separation at high alpha) observed in the experiment were missing from the predictions
of WMLES on a baseline grid. Figures 11 and 12 indicate that WMLES recovered these flow features when areas
known to be minimally resolved (thin leading edge boundary layers on the slat, main element, and flap) in the baseline
calculation were the focus of targeted grid refinement. Table 2 quotes the grid size (in terms of control volumes and
number of grid points across the boundary layer at the trailing edge of the main element (𝛿 𝑏𝑙,𝑡𝑒 ) and computational cost
on a core-hour per flow pass basis for each grid. Solutions on finer grids were not run for a sufficient time horizon to
compute average statistics due to the computational cost associated with integration of 15 𝑐/𝑈∞ needed to obtain a
reliable estimate of average quantities. The finer grids are used for qualitative comparison of flowfield features such
as those shown in figures 11 and 12. The free air nacelle/pylon off configuration, WB (FA), was simulated on the
recently decommissioned ALCF IBM Blue Gene/Q machine Mira while all other configurations were run on the Intel
Ivy Bridge partition of NASA Pleiades. Core-hour costs for the WB (FA) configuration are converted from the cost
on IBM Blue Gene/Q architecture to an equivalent circa 2016 Intel architecture based on performance data available
for the CharLES code. WMLES can predict 𝐶 𝐿,𝑚𝑎𝑥 to within 1.5% of the experimentally-measured value using less
than 100𝑘 core-hours. Baseline calculations were cold-started and run for 30 𝑐/𝑈∞ , with statistics computed over the
final 15 𝑐/𝑈∞ . Finer calculations were interpolated from the solution on the baseline grids at 𝑡 = 15𝑐/𝑈∞ and statistics
were immediately reset on startup. Generation of high-quality, body-fitted grids consisting of hexagonal close-packed
cells accounted for a negligible fraction of the total computational cost, owing to the efficiency of the Voronoi seeding
algorithm [19]. Generation of the 391 Mcv grid listed in Table 2 for instance took 8 minutes on 2000 Intel Ivy Bridge
cores.
Table 2 JSM Case Matrix. The bulk of the work described in this paper compares the predictions of WMLES
on the baseline grids. Where available, results on finer grids are presented (e.g. Figures 11 & 12). Calculations
on the finer (100+ Mcv) grids have run for ≈ 5𝑐/𝑈∞ and are considered preliminary. Time step and core-hour
data is incomplete for the 125 Mcv grid of Figure 11 due to loss of access to the HPC resource on which the
calculation was run.
Configuration
WB (FA)

WB (WT)

WBNP (WT)

≈

𝛿𝑏𝑙,𝑡𝑒
Δ 𝑚𝑖𝑛

≈

𝑡𝑖𝑚𝑒𝑠𝑡𝑒 𝑝𝑠
𝑐/𝑈∞

≈

Control
Volumes

𝑐𝑜𝑟 𝑒−ℎ𝑜𝑢𝑟 𝑠
𝑐/𝑈∞

12

15700

1400

32 M

25

2500

2400

45 M

12

18300

2000

36 M

50

-

-

125 M

50

80000

54000

210 M

12

20000

2600

42 M

50

90000

105000

391 M

12

Comment
Baseline Free Air Nacelle/Pylon Off Case
Same as above, but with additional resolution
of the flap upper surface
Baseline Nacelle/Pylon Off Case
Including the Wind Tunnel Geometry
Same as above, but with targeted leading edge
resolution up to x/c ≈ 25%
Same as above, but with additional resolution
of the flap upper surface
Baseline Nacelle/Pylon On Case
Including the Wind Tunnel Geometry
Same as above, but with the resolution of the
WB 210 Mcv case applied on the entire wing

V. Conclusion
We have shown that WMLES with an equilibrium wall model and a modest number of grid points (O 107 ) can
predict quantities of interest (𝐶 𝐿 versus 𝛼, 𝐶 𝑝 versus 𝑥/𝑐, 𝐶 𝐿,𝑚𝑎𝑥 ) for high Reynolds number flows with massive flow
separation over a realistic geometry at reasonable cost. We have noted the ability of WMLES to capture flow features
associated with wind tunnel effects (inboard separation), the installation of a flow-through nacelle on the wing (large
bluff body wake at high alpha), and flap separation at low alpha. An open question remains as to the culprit of the
≈ 4% overprediction in lift at low alpha. Excellent characterization of the lift curve was achieved, particularly near the
stall flight condition, with sectional pressure measurements corroborating the accuracy of the lift prediction. 𝐶 𝐿,𝑚𝑎𝑥 is
predicted to within 5 lift counts (1.5%) for two configurations, one with and one without a nacelle, which is approaching
the tolerance required by the aerospace industry for certification by analysis outlined in the 2019 𝐶 𝐿,𝑚𝑎𝑥 Summit in
Mukilteo, WA. Each simulation that included the wind tunnel geometry cost ∼ 75, 000 core-hours on an Intel Ivy Bridge
architecture per angle of attack over a time horizon of 30 flow passes. Given 4,000 dedicated cores, one angle of attack
could be simulated within a day and the entire alpha sweep could be carried out in less than a week. The simulation cost
is not sensitive to the angle of attack, in contrast to RANS, for which convergence is slowed significantly in the presence
of flow separation, and where uniqueness of the solution is not guaranteed [26]. The combination of affordability and
accuracy of WMLES demonstrated in this work indicates that the tool is ready for use in industry, particularly in the
simulation of massively separated flows.
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