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Abstract

Wall-Modeled Large Eddy Simulation numerical experiments are used as a basis for a comparative analysis

of the influence between free-air and the National Transonic Facility (NTF) environments on the NASA High-

Lift Common Research Model. The current study was conducted leveraging the Launch, Ascent and Vehicle

Aerodynamics (LAVA) unstructured solver and the LAVA Voronoi meshing tool. A discussion on the distributed-

memory strategy used in the meshing process is included. An angle-of-attack sweep is performed at Rec = 5.49

million and Rec = 12 million for a 2.7%-scale sting-mounted model and at Rec = 5.49 million for a 5.2%-scale

wall-mounted one. Results for the coefficients of lift, drag and moment indicate large differences between

the in-tunnel and free-air environments at the Rec = 5.49 million, with stall happening at lower angles inside

the NTF. At Rec = 12 million, earlier stall relative to the free-air environment is not observed for the in-tunnel

simulations with the full-span sting-mounted 2.7%-scale model. The current results are insufficient to explain

the lower lift curve observed in the NTF wind-tunnel experiments using the 5.2% model, when compared to

both free-air simulations and data from other experimental facilities.
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1. Introduction

While Reynolds-Averaged Navier-Stokes (RANS) models are well-suited for cruise conditions char-

acterized by attached flow, they often fail to predict the complex physics at the edges of the flight

envelope. One such regime is encountered for take-off and landing maneuvers, where aircraft with

fully deployed high-lift devices fly at relatively low-speeds and high angles-of-attack (AOA). Improv-

ing computational tools for these configurations is essential for accelerating aircraft certification and

reducing developmental costs [1, 2].

Driven by the CFD Vision 2030 Report [3], sustained development efforts by the community as a

whole to mature high-fidelity Computational Fluid Dynamics (CFD) have directly enabled the deploy-

ment of scale-resolving approaches like Wall-Modeled Large-Eddy Simulations (WMLES). The foun-

dation of WMLES relies on relaxing grid resolution requirements in the near-wall region [4], where

the energy-containing scales of the turbulent flow become significantly smaller than those in the

freestream. By introducing a wall model to account for the near-wall turbulent shear stress, the

mesh can remain coarse near the solid boundary. Meanwhile, the large-scale structures are directly

resolved in the freestream, while the remaining subgrid-scale features are modeled. Because of

improvements in accuracy, efficiency, and robustness, WMLES has transitioned from an emerging

framework into a viable tool for complex engineering applications. Currently, these methodologies

are now routinely utilized to predict aerodynamic loads during high-lift maneuvers [5, 6, 7, 8] and in

the presence of leading-edge horn-ice [9, 10, 11], as well as to simulate noise levels generated by

dual-stream co-axial nozzle jets [12, 13] and turbofans [14].
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Within this development context, the High-Lift Prediction Workshop (HLPW) series was established to

address the computational shortcomings of simulating takeoff and landing configurations. During the

4th [15] and 5th [16] HLPWs, several independent numerical studies of the NASA High-Lift Common

Research Model (CRM-HL) [17] were conducted. Both workshops reached similar outcomes: RANS

models struggled to accurately predict stall and flow separation while scale-resolving methods like

WMLES demonstrated superior predictive accuracy near stall.

The 5th HLPW included a test case that explored how variations in the Reynolds number affect the

aerodynamics of the CRM-HL. The numerical results of this test were expected to be compared

against data collected in the National Transonic Facility (NTF) wind tunnel [18] but divergences were

found between this dataset and other CRM-HL experiments conducted at the ONERA F1 wind tun-

nel [19] with a 5.9%-scale full-span model (see Figure 1) and the data was not made available for the

5th workshop [16]. These results were later published by Langston et al. [20].
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Figure 1 – Different trends exist in experimental aerodynamic coefficient datasets collected at the

NTF [20] and ONERA F1 [19] facilities. The presented wind tunnel dataset for the NTF comprises

raw aerodynamic measurements that have not undergone wall interference or blockage corrections.

Previous work has been published on simulations performed inside the NTF facility with the wall-

mounted semi-span 5.2% high-lift model at Rec = 5.49× 106 and Rec = 30× 106. Agrawal et al. [21]

published their results without seeing the experimental data. They report an increase in lift in the lin-

ear regime for the model-in-tunnel simulation in comparison to free-air simulations. Ghate et al. [22]

performed similar comparisons after the experimental results were published and reported no dif-

ference in lift in the linear regime for Rec = 5.49× 106 but observed the shift for Rec = 30× 106. In

both publications, an earlier stall inside the wind-tunnel was observed and differences between the

experimental measurements and the simulated values for the maximum coefficient of lift (CL,max).

Current work aims to compare numerical simulations of the CRM-HL in both free-air and inside the

NTF facility with the goal to characterize the impact of the wind-tunnel environment in the search for

an explanation for the previously observed discrepancies. WMLES AOA sweeps were conducted at

Rec = 5.49×106 and Rec = 12×106 in free-air and for the 2.7%-scale sting-mounted model inside the

NTF wind tunnel. Additionally, a 5.2%-scale wall-mounted half-span model inside the NTF was also

considered at Rec = 5.49× 106. The primary contribution of this work is to assess how the modeled

NTF environment modifies CRM-HL aerodynamic loads relative to free-air WMLES. A secondary

contribution is the demonstration of a distributed-memory Voronoi meshing workflow that enables

large model-in-tunnel simulations with practical turnaround times.

2. Methodology

This work numerically investigates the aerodynamic performance of the CRM-HL, a publicly available

geometry developed to foster collaboration [17], in free-air and inside the NTF facility. WMLES were

conducted leveraging the LAVA unstructured framework [8, 23]. The numerical scheme is outlined in

Section 2.1. The unstructured mesh is built with the LAVA Voronoi meshing tool [24] and an overview

of its mesh generation algorithm is included in Section 2.2. Finally, the assumptions made to achieve

convergence of the test section conditions in a cost-effective manner in the case of model-in-tunnel
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simulations are discussed in Section 2.3.

2.1 Numerical Scheme

The Navier-Stokes equations can be expressed for each unit (control volume) of a discretized domain

as,

J
∆Q

∆t
=

1

V

N f

∑
f=1

(−FC +FD)A f , (1)

where Q = (p,ui,T ) is the vector containing primitive variables and W = (ρ,ρui,ρe) is the one con-

taining conserved variables. These quantities are stored at the cell centroids. J = ∂W
∂Q

is the variable

transformation Jacobian matrix, ui = (u,v,w) is the velocity vector, V is the volume of the cell, f repre-

sents a cell face, A f is the area of face f , and N f is the total number of faces in a cell. Note that this

formulation can be used with computational cells that have an arbitrary number of faces. Additionally,

the convective and diffusive flux across f are described respectively as,

FC =





ρu jn j

ρuiu jn j + pni

(ρe+ p)u jn j



 and FD =





0

τi jn j

(τ jiui −q j)n j



 , (2)

where τi j is the viscous stress tensor, q j is the heat flux vector, and ni is the face’s outward unit normal.

A second order accurate formulation is used to compute the fluxes FC and FD across the surface f as

a function of the primitive variable vector and its gradient evaluated left and right sides of the face f ,

respectively QL,R and ∇QL,R. ∇Q is computed at each cell’s centroid using the Green-Gauss method

in Sozer et al. [25].

The convective flux scheme depends on the evaluation of two fluxes: a centered non-dissipative flux

FC
C and an upwind-biased dissipative flux FU

C . For the centered flux FC
C, we implement an asymp-

totically entropy conserving and kinetic energy preserving (AEC KEP) flux based on the harmonic

mean [26] using left and right cell center values directly. The upwind flux leverages the MUSCL [27]

reconstructed primitive variable vectors from either side of the face. After the MUSCL reconstruction,

FU
C(QL,QR) is computed using the AUSMPW+ [28] flux function.

The two convective fluxes, FC
C and FU

C are blended with the aim to achieve low dissipation where

turbulence is active and to selectively add appropriate dissipation where compressibility effects are

prominent. The final convective flux is expressed as:

FC = (1−ζ )FC
C +ζ FU

C (3)

where ζ is a Ducros [29] type upwind sensor that is computed locally at each face and is used

to introduce numerical dissipation in dilatation-dominant regions of the domain. Additional details

regarding the construction of the convective and diffusive fluxes can be found in [8, 30].

A Musker-type [31] algebraic equilibrium wall-model coupled with a wall turbulence sensor [8] is

used at the wall boundaries to relax the wall-normal spacing requirements and mesh the geometries

of interest more efficiently while retaining modeling accuracy. The wall-model exchange location

is set as the first cell centroid off the wall and the resulting wall stress is introduced as a viscous

flux boundary condition at wall faces. The energy transfer to subgrid-scales is modeled via the

constant-coefficient anisotropic Vreman model [32]. Vreman proposed the use of the constant value

of Cv ≈ 2.5C2
s , where Cs is the Smagorinsky constant. The theoretical value for homogeneous isotropic

turbulence is Cs = 0.17 which leads to a Cv = 0.07225 but, Vreman [32] also recognized that higher

values of Cv might be needed for practical applications. In the current work, Cv is set to be 0.08,

based on prior studies on canonical turbulence cases as well as practical applications using the

LAVA solver [8, 30, 9, 10].

Time integration is carried out using an explicit, third-order strong stability preserving Runge-Kutta

scheme [33]. The time step size is the minimum of ∆t computed over all cells via:

∆t =
CFL

∑i=x,y,z (|ui|Sxyz,i + cSacoustic)
(4)
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where CFL is the Courant–Friedrichs–Lewy number, c is the speed of sound, and the directional and

acoustic inverse length scales are defined as:

Sxyz,i =
∑ f A f |n f ,i|

2V
, Sacoustic =

∑ f A f

2V
(5)

2.2 Computational Mesh

A Voronoi mesh arises from the subdivision of the computational space Ω via a set of discrete points,

also referred to as seeds ({si}N
i=1). Each Voronoi cell (Vi) encompasses the space where all points

are closer to its seed (si) than any other seed in Ω,

Vi =
{

x ∈ Ω : ∥x− si∥ ≤ ∥x− s j∥, for all j ̸= i
}

. (6)

These constraints lead to beneficial properties when it comes to the construction of meshes for CFD

applications. The resulting faces are planar, oriented orthogonally to the vector joining adjacent

seed points, and positioned equidistant from each seed. Such characteristics contribute to smaller

interpolation and differentiation errors and enable more accurate and robust finite-volume solvers.

These properties are even better leveraged when regions with regular point distributions are inter-

mingled with smooth transitions in cell size. The governing premise is to maximize the number of

cells where error cancellation caused by a regular stencil of neighboring cells lead to inherently

well-behaved numerical operators. The seeding and smoothing strategy adopted in LAVA Voronoi

meshing tool is described in Sousa et al. [24] and a discussion on three different seeding patterns

and the resulting benefits and drawbacks can be found in Sozer et al. [30].

For WMLES applications, further treatment of the seed points is performed near the solid boundaries.

Points within user-prescribed wall-layers are projected to have consistent wall-normal spacing and

ensure an equidistant wall-model exchange location [24]. Finally, the body-fitted mesh is generated

by subtracting the region inside the input watertight triangulation that describes the geometry of

interest. The full clipping process, which is capable of automatic de-featuring and dealing with split

cells is described in [24].

Figure 2 – Example of a Voronoi tessellation used for a distributed-memory parallel mesh generation

applied to a two-dimensional multi-element airfoil. a) Load-balanced computational domain

subdivision into 16 ranks. b) Representation of the mesh built within a single rank with both seeds

that it owns as well as ghost seeds.

As large-scale WMLES becomes increasingly practical for engineering applications, the ability to

generate very large, high-quality meshes has become a critical bottleneck. This is particularly rele-

vant for the NTF model-in-tunnel cases considered here, which require individual meshes for each

AOA, each of which with hundreds of millions of cells. Since Sousa et al. [24], further development

has been made in the LAVA Voronoi mesher. A distributed-memory parallel approach has been in-

troduced based on utilizing a separate Voronoi tessellation of the computational domain to create a

partition of the domain with known geometric boundaries. The seed generating points of the partition

Voronoi tessellation are initialized randomly but are moved according to the algorithm described in Fu

et al. [34] to achieve a load-balanced division of the points that are going to form the final mesh (see

figure 2). Next, ghost points required to maintain global connectivity in the local rank are identified
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and communicated. This is done by extending Peterka et al.’s algorithm [35]—originally designed for

Cartesian partitions of Ω—to Voronoi cells. After this step, the local meshes are built separately (see

figure 2) and are stitched together seamlessly at the writing step.

Figure 3 – Scalability of the distributed-memory Voronoi meshing algorithm is shown on the left.

Meshes with progressively finer smallest-scale (L) around the CRM-HL were constructed with

varying number of cores and their time-to-completion is reported. Tests were performed using AMD

Rome nodes with 128 cores each. Example mesh-visualization cuts around the CRM-HL with

L = 32 mm are shown on the right.

The distributed-memory parallelism has significantly decreased the turnaround time required to cre-

ate large meshes. For example, a mesh generated for the 5th High-Lift Prediction Workshop (HLPW5),

which had its smallest scale set to 4 mm, contains approximately 440 million cells. Using only shared-

memory parallelism [24], the wall-clock time required to generate this mesh was approximately 2

days on a single high-memory node. Figure 3 demonstrates that the new approach can generate the

same mesh in less than 150 minutes. While this represents a significant reduction in computational

time, the contrast is even more pronounced when compared to manual grid generation. For such a

geometrically complex configuration, generating structured overset grids was estimated to require ap-

proximately two months, or 320 person-hours [36]. Additionally, the new meshing code demonstrates

clear scalability, though room for further improvement remains.

Another advantage of Voronoi-based mesh generation is its inherent suitability for parametric analy-

sis, given that the underlying seed distribution can be defined relative to a unified scaling parameter.

By varying this control variable, distinct families of meshes can be systematically produced. This

parametrization strategy was used to generate the results shown in figure 3. A single mesh definition

file was constructed and the only difference between the meshes at different refinement levels is the

reference scale, which varied from L = 32 mm to L = 2 mm.

The automated workflow requires only a closed surface triangulation and a set of user-specified

spacing parameters. In the current work, it was chosen to define the cell spacing at the surface

and use telescoping regions with a thickness corresponding to 8 cells that double in cell size with

increasing distance from the surface. The only exception is at the finest region, which is chosen as

a 4-cell-thick-layer. The free-air simulations use the same surface spacing strategy described in [8].

The surface spacing used for the NTF geometry relative to the smallest cell spacing considered in

the 5.2% model case is shown in figure 4.

Figure 5 shows slices of coarse unstructured Voronoi meshes for the empty tunnel and model-in-

tunnel cases. It shows the concentration of cells near the slot gaps at the top and bottom of the test

section walls as well as near the airplane model. When the model is included, the free-air meshing

strategy used in Sozer et al. [8] for the HLPW5 is superimposed with the empty tunnel strategy

depicted in figure 4. It is important to note that the seeding strategy described in Sousa et al. [24]

5
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Figure 4 – Relative unstructured surface mesh sizing for NTF relative to 5.2% model.

a) b)

Figure 5 – Coarse representation of the unstructured Voronoi meshes for NTF wind tunnel. a) slice

of the empty tunnel test section. b) 2.7% sting-mounted model-in-tunnel mesh at 19◦ AOA. Meshes

are 8 times coarser than the refinement level used in simulations.

allows for refinement regions to be overlapping, with the region with finest spacing gaining priority

over the remaining regions.

In Sozer et al. [8], simulated aerodynamic coefficient results were analyzed for three different mesh

refinement levels. These meshes had smallest length scales of 8, 6, and 4 mm, which led to 84M,

147M, and 325M cells. It was shown that the finest mesh level (4 mm) agreed well with experimental

data and that the medium mesh level (6 mm) produced nearly identical results except at post-stall

conditions. In the current work, this information is leveraged, and the meshes generated are consis-

tent with the finest mesh level in Sozer et al. [8]. Because the baseline 4 mm reference resolution

applies to a full-scale geometry, the cell sizes for the 5.2% and 2.7% models were proportionally

scaled down to 0.208 mm and 0.108 mm, respectively, to maintain a constant relative resolution.

While the model-specific minimum spacing was reduced, the wind tunnel surface mesh was held

constant. Although the grid resolution shown in Figure 4 is defined relative to the minimum spac-

ing of the 5.2% model, this baseline was sufficient to resolve the empty tunnel flow (see Figure 6).

Consequently, a deliberate choice was made to maintain the same absolute wind tunnel resolution

for the 2.7% model configuration; because the model decreased in size, the resulting wind tunnel

surface grid spacing became twice as large relative to the wing leading edge as the baseline spacing

described in Figure 4. To mitigate the computational overhead introduced by this refinement, a half-

domain simulation with a symmetry boundary condition was performed for the 2.7% model, resulting

in a final mesh of approximately 505M cells. In contrast, a symmetry boundary condition was not

applicable to the 5.2% wall-mounted half-span model; despite requiring a full-domain simulation, its

larger absolute spatial resolution limited the total mesh size to approximately 626M cells.
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2.3 Test Section Convergence

Desired test section conditions are calculated based on the Mach number, Mts = 0.2, and Reynolds

Number based on the MAC (Rec = 5.49 million or Rec = 12 million). The gas is assumed to be air and

the test section temperature is set to Tts = 288.15K. Assuming total pressure and temperature are

conserved, inlet conditions and the first guess for exit static pressure are computed using isentropic

relations. The tunnel’s initial conditions are chosen to be with a pressure 10% higher than the outlet

pressure, to prevent reversed flow during the initial transient. These conditions would be sufficient

to conduct accurate inviscid simulations but, for viscous simulations, one needs to account for total

pressure loss.

a) b)

Figure 6 – Empty tunnel simulation results. a) Time history of a Mach number probe inside NTF’s

test section with respect to a CTU relative to the 5.2% model’s MAC b) Simulated and measured

Mach numbers at the center of the empty NTF tunnel.

Empty tunnel simulations—which are computationally cheaper due to a larger allowable time-step

size (≈ 2µs compared to ≈ 8ns) and a smaller cell count (235M cells compared to 626M cells for the

5.2% model-in-tunnel case)—were used to iteratively adjust the exit static pressure until the desired

Mts was attained. An example of a time series of a probe located at the center of the NTF’s test

section at x = 13 ft is shown in figure 6. It shows that, after a transient period that takes approximately

2000 Convective Time Units (CTUs) relative to the 5.2% model’s Mean Aerodynamic Chord (MAC),

the choice of a lossless pressure at the exit leads to a Mts ≈ 0.15. Then, Pe is adjusted and a Mts ≈ 0.2
is achieved. After Mts is converged, the Mach number at the centerline of the simulated NTF tunnel

was recorded and compared against experimental measurements and an excellent agreement is

obtained. The results shown in Figure 6 are relative to the 5.2% model’s test conditions; an identical

procedure was conducted for the 2.7% case, though the corresponding results are omitted for brevity.

Finally, the empty tunnel conditions are interpolated to meshes that contain the model at different

angles of attack and the simulation is run for 90 CTUs based on each model’s MAC. After the interpo-

lation, the back pressure remains fixed. For this approach to work, the time window before the model

blockage starts affecting the tunnel test section conditions needs to be sufficiently large to wash out

interpolation transients and to gather sufficient statistics on the aerodynamic coefficients.

Figure 7 shows the approximate distance from the back of the model to the outlet boundary condition.

With this information together with the test section conditions (Mts = 0.2 and Tts = 288.15 K) it is

possible to estimate the time it takes for an acoustic wave to travel the distance from the model to

the outlet as well as the minimum time it would take for the model’s wake to be advected and reach

the outlet. This sequence of events, shown in Table 1, delineates the earliest possible time before

aerodynamic blockage effects introduce significant distortions to the test section flow.

In order to assess whether the current methodology is sufficient, it is necessary to check if it is possi-

ble to gather accurate estimates for the quantities of interest. For example, if an average operation is

performed on the lift coefficient over the stationary portion of the signal, starting at t∗ = tavg = 30 CTU,

the statistical convergence of this estimate can be inferred by computing the 95% confidence interval
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Figure 7 – Illustration of the approximate length scale between the back of the model and the outlet

boundary condition in the current simulation campaign for the two different model sizes considered.

Table 1 – Approximate chronological sequence of acoustic and convective events inside the NTF.

Event 5.2% CTUs 2.7% CTUs

First acoustic wave from the model reaches outlet 15.3 29.6

Acoustic wave’s reflection from outlet reaches model 30.6 59.2

Advection of model wake to outlet 76.9 148.0

Acoustic reflection from wake/outlet interaction reaches model 92.2 177.6

(CI) on the mean,

CL ±
1.96σ√

neff

, (7)

where σ is the sample standard deviation over the averaging window and neff is the effective num-

ber of independent samples. Reporting the half-width relative to the mean, ε = 1.96σ/(
√

neff |CL|),
provides a direct convergence metric: ε < 1.5% indicates that the reported mean is statistically con-

verged.

To arrive at a CI, it is necessary to account for the fact that consecutive samples in a time-resolved

simulation are not independent. The effective number of independent samples depends on the total

length of the averaging window (Tavg) and the integrated autocorrelation time (τint),

neff =
Tavg

τint

. (8)

The integrated autocorrelation time is defined as

τint =
∫ sM

0
ρ(s)ds ≈ ∆s

(

1+2
M

∑
k=1

ρ(sk)

)

, (9)

where s is the time lag, ∆s is the mean sample spacing, sk = k ∆s, and sM is the lag at the first zero

crossing of ρ. The integrated autocorrelation time depends on the normalized autocorrelation,

ρ(s) =

∑
t∗

(

CL(t
∗)−CL

)(

CL(t
∗+ s)−CL

)

∑
t∗

(

CL(t
∗)−CL

)2
, (10)

which measures how similar the signal is to a time-shifted copy of itself at a lag of s.
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Figure 8 – Time series of the coefficient of lift after interpolation of the converged empty tunnel

conditions to model-in-tunnel simulations at 19◦ of angle of attack. Statistical data indicates

convergence of average results within the time window tested.

Lastly, the time series of CL gathered from numerical simulations of the two different models inside the

NTF at 19◦ angle-of-attack is shown in figure 8. This figure shows evidence that, after the interpolation

transient is dissipated, a statistically steady flow is formed where there is enough time, within the

window of opportunity, to gather the necessary statistical information on the quantities of interest.c

3. Results

Numerical results are compiled for the CRM-HL in free-air and inside the NTF facility at Rec = 5.49×
106 and Rec = 12×106. Time-averaged force and moment results are analyzed case by case where

they are compared against experimental measurements in the NTF and ONERA F1 [19] wind tunnels.

To streamline the discussion, the results are shown in three subsections each of which will primarily

discuss free-air (3.1) and in-tunnel simulations at Rec = 5.49×106 (3.2) and Rec = 12×106 (3.3).

3.1 Free-air

Results in figure 9 show that, for all flow conditions and models simulated in a free-air environment,

the results for CL align more closely with the ONERA measurements than those inside the NTF. This

set of results also demonstrates that evaluations of the same model at varying Rec demonstrate that

lift scales directly with the Reynolds number across the AOA sweep. Notably, the angle corresponding

to CL,max remains virtually unchanged. As a result, an increased Reynolds number induces an upward

shift in the lift curve. This behavior aligns with prior findings such as reported by Sozer et al. [8] and

Agrawal et al. [37].

The small differences in the lift curves observed when the different models were tested at the same

environmental conditions are hypothesized to be related to the geometrical differences that exist be-

tween the models. The two primary geometric discrepancies consist of the shape of slat attachment

on the main wing and the presence of the horizontal tail, which is included in the 2.7% model but not

in the 5.2% one. While isolating the horizontal tail contribution from the lift and drag coefficients is

straightforward, its physical presence alters the local flow field and significantly modifies the pitching

moment coefficient, as seen in top plots in figure 9. These differences are no longer present when

plotting the 2.7% model’s integrated aerodynamic loads versus the experimental data that includes

the horizontal tail wing (see bottom plots in figure 9).

3.2 NTF facility at Rec = 5.49×106

Numerical simulations at Rec = 5.49× 106 were performed with the two different models—at 2.7%

and 5.2% scale—inside the NTF wind tunnel and integrated aerodynamic coefficients are plotted in

figure 10 for varying angles of attack and are compared against free-air results and experimental

measurements.

The numerical model-in-tunnel results for both scales show agreement with each other and with the

NTF experimental record with respect to the coefficients of drag (CD) and pitching moment (CM,y).
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Figure 9 – Time-averaged aerodynamic loads acquired via WMLES of free-air at two different

Reynolds numbers compared against measured values at the NTF [20] and ONERA F1 [19]

facilities. The presented wind tunnel dataset for the NTF comprises raw aerodynamic

measurements that have not undergone wall interference or blockage corrections.

When focus is given to CL, it can be observed that the simulations inside the NTF for both models

predict a stall onset consistent with NTF’s experimental data and, therefore, earlier than either the

free-air simulations or the ONERA data.

Despite this, the simulated data is not in agreement with the downwards shift observed in the experi-

mental CL measurements made in the NTF wind tunnel displayed in figure 10. At the lower end on the

angle of attack sweep, i.e. with α ≤ 18◦, the CL gathered from the simulated model-in-tunnel results

agree more favorably with free-air simulations and with the ONERA F1 experimental data than with

NTF’s dataset.

Figure 11 depicts time-averaged pressure profiles for three different stations of the main wing for

results gathered during free-air and model-in-tunnel simulations as well as experimental measure-

ments. The depiction of the location of these pressure rows can be found in Section 8.. It can be

observed that for lower to intermediate AOA the numerical results for simulations where the model is

5 10 15 20 25
α

1.6

1.8

2.0

2.2

2.4

2.6

2.8

C
L

5 10 15 20 25
α

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

C
D

Without Horizontal Tail

5 10 15 20 25
α

−0.45

−0.40

−0.35

−0.30

−0.25

−0.20

−0.15

C
M

,y

ONERA experiments - Re = 5.9e6

NTF experiments - 5.2% - Re = 5.49e6
LAVA L4 - 5.2% - Free Air - Re = 5.49e6

LAVA L4 - 2.7% - Free Air - Re = 5.49e6
LAVA L4 - 5.2% - NTF - Re = 5.49e6

LAVA L4 - 2.7% - NTF - Re = 5.49e6

Figure 10 – Time-averaged aerodynamic loads acquired via WMLES of model in NTF at

Rec = 5.49×106 compared against measured values at the NTF [20] and ONERA F1 [19] facilities.

The presented wind tunnel dataset for the NTF comprises raw aerodynamic measurements that

have not undergone wall interference or blockage corrections.
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Figure 11 – Time-averaged pressure profiles at row cuts A, E and I, and at different angles of attack.

The depiction of the location of these pressure rows can be found in Section 8.. This data was

extracted at Rec = 5.49×106.

located inside the NTF agree with the data collected in a free-air environment and with experimental

measurements. At higher AOA, inboard separation happens in the model-in-tunnel simulations but

not in simulations using a free-air environment, evidenced by the lower suction peak at row A at the

20◦ AOA. The experimental measurements also depict a suction peak lower than free air but not as

low as the simulated one for both 5.2% and 2.7% models. Despite the differences observed near the

wing root, the mid-board (row E) and outboard (row I) stations show reasonable agreement between

the different simulations and the experimental data.

The comparison between the instantaneous axial skin friction coefficient (C f ,x) field among the differ-

ent simulations, shown in figure 12, also provides more evidence for the agreement between model-

in-tunnel simulations and free-air at low-to-moderate α. It can be observed that at α = 18◦ the struc-

tures of the instantaneous C f ,x field are consistent between the different simulations. Additionally, it is

possible to observe that the flow remains mostly attached over the wing with the exception of some

pizza-shaped separation regions near the outboard of the wing and evidence of the weakening of the

flow around the inboard area. On the other hand, at α = 20◦, the simulations performed inside the

NTF display a clear large-scale inboard separation, evidenced by the larger area of low skin friction.

In summary, the inclusion of the NTF’s geometry in the simulation has affected the flow and induced

an earlier stall consistent with experiments but is not sufficient to explain the divergence between the

data obtained via tests in the NTF and ONERA F1 facilities.
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Figure 12 – Instantaneous axial skin friction coefficient at Rec = 5.49×106

3.3 NTF facility at Rec = 12×106

Numerical simulations of the 2.7% scale model inside the NTF wind tunnel were conducted at

Rec = 12× 106. Figure 13 presents the integrated aerodynamic coefficients across a range of AOA,

comparing the computational results against both free-air simulations and experimental measure-

ments.

Results gathered in figure 13 show that the difference in the predicted CL between free-air and model-

in-tunnel simulations is smaller at Rec = 12×106 across the angle of attack sweep when compared to

the one observed with Rec = 5.49× 106 (shown in figure 10). This is especially evident in the region

close to CL,max. Moreover, figure 13 shows that there is a clear distinction between the drag coefficient

simulated in a free-air environment when compared to the one simulated inside the NTF wind tunnel.

The former follows the trend of the ONERA F1 wind tunnel experimental dataset more closely while

the latter has its parallel with the measurements performed inside the NTF. Similarly to the discussion

present in Section 3.1, the removal of the horizontal tail wing’s contribution to the integrated pitching

moment is not straightforward and the only conclusion that is achievable from results in figure 13

is that there is an influence of the tunnel geometry in the measured CM,y, which deviated from the

free-air result.

Figure 14 corroborates the conclusion that, at Rec = 12× 106, the similarities between the free-air

and in-tunnel simulations are higher than at Rec = 5.49× 106. The instantaneous axial skin friction

coefficient (C f ,x) field display similar structures at both α = 18◦ and α = 20◦. At the lower angle,

similar to figure 12, the flow remains mostly attached with small pizza-shaped separation regions in

the outboard region. At the higher angle, differently than at Rec = 5.49× 106, the inboard section is

not fully separated for the in tunnel case.
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Figure 13 – Time-averaged aerodynamic loads acquired via WMLES of model in NTF at

Rec = 12×106 compared against measured values at the NTF [20] and ONERA F1 [19] facilities.

The presented wind tunnel dataset for the NTF comprises raw aerodynamic measurements that

have not undergone wall interference or blockage corrections.

This result differs from previous publications [21, 22], which focused on the flow around the CRM-

HL 5.2% model inside the NTF wind tunnel at different Rec ranging from 5.49× 106 to 30× 106. The

previously published results indicate that earlier stall inside the wind tunnel when compared to free-

air simulations happens at all the tested conditions when using the wall-mounted 5.2% scale model.

This suggests that premature-stall behavior may depend on a combination of Reynolds number,

model geometry, and installation effects. Additional numerical and experimental studies would be

required to isolate the dominant mechanism.

4. Summary

This study leveraged a framework encompassing the LAVA unstructured solver and the LAVA Voronoi

mesher to conduct WMLES numerical experiments for two different CRM-HL models in both free-

Figure 14 – Instantaneous axial skin friction coefficient at Rec = 12×106
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air and NTF wind-tunnel environments. The underlying numerical scheme and meshing strategy

were presented, alongside an overview of the distributed-memory meshing algorithm. This parallel

computing approach successfully eliminated prior memory limitations and demonstrated scalability

that reduced production mesh generation times from approximately two days to under three hours.

Additionally, the methodology and validity of using empty tunnel simulations to converge test section

conditions were evaluated.

Numerical simulations were performed for a wall-mounted, half-span 5.2% model and a sting-mounted,

full-span 2.7% model. The test matrix included Reynolds numbers of Rec = 5.49× 106 and 12× 106

for the 2.7% model, and Rec = 5.49× 106 for the 5.2% model. The resulting data highlighted the

differences between the free-air and in-tunnel environments. At Rec = 5.49× 106, both model scales

exhibited earlier stall and a lower CL,max inside the wind tunnel compared to free-air configurations.

This trend aligns with previously published simulations of the 5.2% wall-mounted model [21, 22].

However, unlike the 5.2% model where earlier stall was ubiquitous across the Rec range of 5.49×106

to 30× 106 [21, 22], the 2.7% sting-mounted model did not exhibit premature stall at Rec = 12× 106.

This discrepancy suggests that distinct aerodynamic mechanisms may drive the premature stall be-

haviors observed across different model scales and mounting strategies but further numerical and

experimental studies are needed to better support this hypothesis.

Ultimately, the current set of simulations is not sufficient to fully explain the divergence between

experimental measurements performed at the ONERA F1 wind tunnel [19] and the ones gathered

inside the NTF [20]. The constant shift to lower values in the coefficient of lift observed in the NTF

experiments when compared to the ONERA or free-air results are not reflected in the numerical

simulations presented in the current work. Further numerical and experimental work is needed to

characterize the causes behind these observed differences. A similar conclusion was also reached

in [22].
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8. Appendix

Figure 15 shows the pressure-row locations requested for HLPW5 data comparisons.
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