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Abstract. This study evaluates the ability of a lattice-Boltzmann high-fidelity simulation tool to resolve transitional flows
with intermittent events. Here, the lattice-Boltzmann method (LBM) is employed to investigate the flow over a NACA0OI2
airfoil at an angle of attack of o = 3°, freestream Mach number Mo, = 0.3, and Reynolds number Re = 5 X 10%.
This flow configuration is typically found in the development of quiet air vehicles, making the study of noise generation
mechanisms particularly relevant. For this case, a laminar separation bubble forms on the airfoil’s suction side, leading
to complex dynamics that include the shedding of coherent structures and the generation of trailing-edge tonal noise.
Finite wing effects on the coherent structures are investigated and compared to the flow fields of a wing with periodic
boundary conditions. The results indicate that the laminar separation bubble (LSB) on the suction side is significantly
influenced by wing tip effects, forming much closer to the trailing edge than in the periodic wing. Additionally, an analysis
of the vortex dynamics reveals distinct patterns of vortex shedding from the LSB, differing markedly from those observed
in the spanwise homogeneous case. Overall, the finite wing impacts the pressure gradient along the wing, delaying the
bubble formation and its subsequent vortex shedding and, hence, changing the acoustic noise generation.

Keywords: Lattice-Boltzmann, transitional flow, laminar separation bubble
1. INTRODUCTION

The analysis of noise generation mechanisms in airfoils has been key to the development of quieter air vehicles. To
this end, flows at various Reynolds numbers, including laminar, transitional, and turbulent regimes, as well as different
airfoils and angles of attack, have been extensively investigated in the literature (Paterson et al., 1972; Arbey and Bataille,
1983; Brooks et al., 1989; Moreau et al., 2011; Wolf et al., 2012; Probsting et al., 2015; Ricciardi and Wolf, 2022; Sano
et al.,2023). In this work, we perform 3D numerical simulations of two flow configurations. One configuration, following
the work of Ricciardi et al. (2022), involves a spanwise periodic flow over a NACAO0012 airfoil. The other configuration
involves a flow over a finite wing with the same NACAOQ012 profile, where tip effects are considered on the formation of
coherent structures over the foil. For both cases, the Reynolds and Mach numbers are Re = 5 x 10 and M, = 0.3,
respectively, and the angle of attack is set as o = 3°.

Depending on the Reynolds number, different mechanisms drive the acoustic noise generation. At low to moderate
values (Re < 10°), flow events over the foil’s suction side dominate over those on the pressure side, whereas at high
values, the opposite is true (Probsting et al., 2015; Ricciardi and Wolf, 2022). A major feature of low Reynolds number
flows is the formation of a laminar separation bubble (LSB) on the airfoil’s suction side. This bubble exhibits intermittent
behavior that modulates the shedding of coherent structures advected towards the trailing edge (TE) (Ricciardi er al.,
2020). Probsting and Yarusevych (2015) showed that a NACA0012 airfoil at Reynolds numbers 0.65 x 10° < Re < 4.5
x 10° and o = 2° presents intermittent laminar—turbulent transition, affecting the convection of coherent structures from
the LSB over the suction side towards the TE. In this case, the scattering of these spanwise-coherent structures is a major
mechanism for airfoil noise generation.

In this work, we address the finite wing effects on the LSB formation and the laminar-turbulent transition over the
wing. This analysis is important when investigating wing configurations of small air vehicles. In applications involving
vertical take-off and landing (VTOL) configurations, the blades are in a rotational motion and the tip vortices from one
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blade influence the flow over the adjacent one (Gourdain ef al., 2018; Vittal-Shenoy, 2023). The tip vortices shed from
the blade influence the LSB formation, which is a key factor in the noise generation mechanisms from trailing edges
(Gourdain et al., 2017). Using numerical simulations, Vittal-Shenoy investigated the noise sources of a rotating blade
and found that increasing the Mach number at the blade tip causes the LSB to separate earlier, delaying reattachment
(Vittal-Shenoy, 2023).

The objective of this paper is to assess the capability of the lattice-Boltzmann method (LBM) in resolving a transitional
airfoil flow over a finite wing (without rotation effects). This analysis is performed through 3D numerical simulations run
in direct numerical simulation (DNS) mode, i.e., without subgrid scale or wall models available in the present LBM
solver. Due to its simpler partial differential equation system compared to traditional Navier-Stokes solvers, the LBM
offers advantages in terms of simulation time and scalability (Moreau et al., 2011). Furthermore, the results are compared
to a LBM case where periodic boundary conditions are applied, following the flow configuration from Ricciardi and Wolf
(2022) where they used wall-resolved large eddy simulation (LES) to solve the Navier-Stokes equations.

2. METHODOLOGY
2.1 Numerical Simulations
2.1.1 Lattice-Boltzmann solver

Numerical simulations are conducted using the commercial code SIMULIA PowerFLOW 6-2022, a high-fidelity
LBM-based software. The LBM resolves fluid flows at the mesoscopic scale in a statistical sense, having origin in the
lattice gas models (Kriiger et al., 2017). While these models track the behavior of particles at a microscopic scale,
the LBM instead tracks the advection and collision of fluid particles using discrete distribution functions f;(x,t), often
called particle populations (Teruna et al., 2020). The term f; represents the density of particles travelling with velocity
¢ = (cg, ¢y, c;) from the position & = (z, y, z) at a time ¢ in the direction ¢. The velocity is chosen so that particles travel
one cell per timestep, effectively making the Courant—Friedrichs—Lewy (CFL) number for f; equal to one Ribeiro et al.
(2016). The LBM equation (Chen ef al., 1997) is written as

fl(a: + Cz'At7t+ At) — f,(a:,t) = Q(m,t) . (1)

where (); represents the collision operator and At is the timestep. The left-hand side of Eq. (1) represents particles moving
with velocity ¢ in the i-th direction to a neighbouring point & + ¢; At at the next timestep ¢ + At. On the right-hand side,
particle collisions are modeled by redistributing them among f; at each site. In PowerFLOW, the collision term is modeled
using the approximation described by Bhatnagar ez al. (1954) as

Q(x,t) = —g[fi(x,t) — f{ (=, )], 2

where 7 is the relaxation time, which is related to the non-dimensional fluid viscosity v through the relation v = ¢2(7 —

At/2) (Ribeiro et al., 2018). Here, ¢, is the non-dimensional speed of sound, and the term ffq is the equilibrium
Maxwell-Boltzmann distribution function, which is approximated by a second-order expansion (Chen et al., 1992) as
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where w; represents weighting coefficients which depend on the direction being calculated, while p is the fluid density and
u is the fluid velocity. Together with a corresponding set of w;, ¢; forms velocity sets usually denoted by DdQg, where
d is the number of spatial dimensions of the velocity set, and g represents the number of discrete velocity directions. In
PowerFLOW, the D3Q19 velocity set is used for three-dimensional flows (Himeno ef al., 2021).

The phenomenon of transition to turbulence requires a level of spatial and temporal resolution that is compatible with
direct numerical simulation (DNS) or wall-resolved large eddy simulation (LES). The turbulence modeling capability of
PowerFLOW (Chen et al., 2003), which enables a numerical procedure called very large eddy simulation (VLES), has
not been shown to capture laminar-turbulence transition yet. Therefore, in the present work we perform simulations in the
DNS mode, i.e., we do not employ subgrid or wall models available in the solver.

The link between Eq. (1) and the Navier-Stokes (NS) equations can be determined using the Chapman-Enskog analysis
(Chapman et al., 1990). Once f; is known, macroscopic flow variables, such as p and u are obtained by taking the zeroth-
and first-order moments of f; (Souza et al., 2019), respectively:
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and
q—1
plx,t)u(x,t) = Zcifi(:c,t) . (5)
i=0

The LBM is solved on a lattice composed of cubic volumetric elements called voxels. The simulation domain can be
subdivided into several regions where different voxel resolutions are applied (Teruna et al., 2021), such that the resolution
between two adjacent regions varies by a factor of 2. Solid boundaries are discretized using computational surface
elements (surfels) that are generated at locations where the voxels intersect solid surfaces (facets) (Chen et al., 1998).
The process of generating voxels and surfels is fully automated. The boundary condition at a solid wall is computed by
applying appropriate particle interactions in the collision term of the LBM. PowerFLOW results are transient and time
accurate, where the time advancement is performed by an explicit scheme which allows for efficient and highly-scalable
simulations.

2.2 Flow configuration and mesh details

The flow configuration of interest corresponds to a NACAQO012 airfoil with a rounded trailing edge at a Reynolds
number Re = 5 x 10%, a freestream Mach number of M., = 0.3, and an angle of attack of 3°. The simulation domain
is cubical with 60 chord lengths in size, where a finite wing with a span of one chord length is placed at the center of the
domain. All domain surfaces are defined as a flow outlet boundary condition, except for the surface closest to the leading
edge and perpendicular to the foil chord which is defined as an inlet. A no-slip boundary condition is specified at the airfoil
surface and no wall modeling is used in the present study in order to precisely capture the laminar to turbulent transition
of the boundary layer. The simulations run for 7.7 x 10~2s of physical time, using AMD EPYC 7443 processors. The
parallel simulations employed 1008 cores for 288 hours in wall-clock time, which is equivalent to approximately 2.9 x 10°
CPU hours.

The mesh is composed of voxels whose sizes are controlled by 16 variable resolution (VR) regions. The finest voxels
of the mesh are located on the airfoil surface and their size consist of 0.0197% of the chord. This number leads to 5078
voxels across the spanwise and streamwise directions in the finest VR. The voxel size is increased by a factor of 2 from one
VR region to another, ensuring a proper flux discretization at the interfaces. The first three finest VR regions are applied
as an offset of the NACAQO012 profile, while the other 13 VRs are boxes enclosing the airfoil. The mesh is constructed so
that the boundary layer fits inside the two finest regions, resulting in a total of 2 billion voxels in the mesh.

3. RESULTS
The results are divided in two parts, being the mean flow and vortex dynamics analyses.
3.1 Mean flow analysis

First, we analyze the mean flow LBM solutions in terms of the LSB size and location. For this purpose, the streamwise
velocity and root-mean-square (RMS) of the turbulent kinetic energy, k, are compared against the periodic wing config-
uration, where periodic boundary conditions are used. In Figs. 1a and 1b, the time- and spanwise-averaged streamwise
velocity and RMS of & from a wing with periodic boundary conditions are displayed for purposes of comparison. For the
finite wing, two slices are considered: one placed at midspan (Figs. 1c and 1d) and the other near the tip (Figs. le and
1f). A magenta line depicting the reversed flow region is included in each subfigure.



Bernardo Luiz R. Ribeiro, Cayan A. Dantas and William R. Wolf
Investigation of Finite Wing Effects in Transitional Airfoil Flows Using the Lattice-Boltzmann Method

(a) Periodic span - streamwise velocity

p—

(c) Finite wing - midspan - streamwise velocity

T T
L 1
0 0.1

T T T T T

— \

T T T T
L L L L Il Il Il
02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1

(e) Finite wing - tip location - streamwise velocity (f) Finite wing - tip location - RMS of &k
Figure 1: Time-averaged flow fields of the streamwise velocity (left column) and RMS of £ (right column), for a wing
with spanwise periodic boundary conditions compared with the flow fields at midspan and tip of a finite wing.

Comparing the flow fields at the midspan of the finite wing with those from the periodic wing, one can notice that
the LSB forms closer to the trailing edge in the former configuration. Moreover, the bubble is thicker at midspan for the
finite wing case, and appears to merge with the wake. Higher values of streamwise velocity are observed in the wing with
spanwise periodic boundary conditions. This is due to the flow confinement effect that occurs in this configuration. High
values of the RMS of k are located near the reattachment point for the periodic wing, as shown in Fig. 1b, while the most
prominent values of k are observed at the trailing edge and in the wake, at the midspan of the finite wing. In contrast, the
streamwise velocity field near the tip does not display any flow separation, and thus a LSB is not formed. This is due to a
relaminarization caused by the wing tip on the suction side, which prevents the flow from separating. The values of RMS
of k are considerably smaller near the wing tip, and appear downstream the mid-chord and in the wake.

To gain a better understanding of the reattachment process, a view from the trailing edge is displayed in Fig. 2. The
slice location is at approximately 90% of the chord. In the periodic span configuration, the slice does not display a reversed
flow since the LSB reattaches further upstream on the suction side. For this case, the bubble ranges from z /¢ ~ 0.3 to 0.8.
In contrast, a recirculation region is observed around the midspan in the finite wing configuration. However, as the one
approaches the tip, the recirculation zone is damped due to the tip vortices that inject momentum over the wing through
a downwash effect that in turn keeps the flow attached to the foil. In the same figure, the RMS of £ is also presented for
both airfoils. A uniform distribution of turbulent kinetic energy is observed for the periodic span case, depicting that the
velocity fluctuations are strong near the trailing edge. On the other hand, lower values of & are shown for the finite wing.
These values are concentrated around the midspan, where the separation bubble is formed (delimited by dashed magenta
line), and along the wing extremities, where the tip vortices induce velocity fluctuations. Between the wing tips and the
midspan, velocity fluctuations are not observed, indicating that the flow is laminar and steady.
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Figure 2: Time-averaged flow fields of the streamwise velocity and RMS of k& near the trailing edge on a wing with
spanwise periodic boundary conditions (left column) compared with the flow fields of a finite wing (right column). A
constant x-slice is taken at the same locations on both wings to display a view from the trailing edge.

3.2 Vortex dynamics analysis

The effects of flow restriction in the spanwise direction can be visualized through isosurfaces of A, colored by the
streamwise velocity in Fig. 3. Both the perspective and top (suction side) views of the finite and periodic wings are
displayed. The isosurfaces of Ao over the suction side of the finite wing depict vortical structures forming near the trailing
edge, which is demarked by a black line in all subplots. These structures are coherent along a small portion of the span.
At the wing tips, one can see the turbulent structures formed around the tip vortices, which grow in size along the chord,
towards the central portion of the wing. In the wake, the flow is turbulent but still shows some organized motion from
the midspan region. In contrast, the isosurfaces of A, on the periodic wing display spanwise coherent structures forming
upstream, near the reattachment location. For the instant presented in the figure, one can see that the structures remain
coherent as they are advected towards the trailing edge and the wake. The structures formed over the finite wing arise due
to a shear layer instability near the bubble close to the trailing edge. They differ in shape compared to the structures shed
from the LSB of the periodic case.
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Figure 3: Instantaneous isosurfaces of Ay colored by u-velocity component (streamwise direction) for the finite wing and
the spanwise periodic wing. For an easier visualization of the structures shed over the suction side of the wings, both
perspective and top views are presented. The black line in each figure indicates the trailing edge location.

4. CONCLUSIONS

We conducted an assessment of the LBM for solving a transitional airfoil flow. Results are compared between a wing
with periodic boundary conditions and a finite wing. The numerical simulations are performed for a NACAO0012 airfoil
with Reynolds number Re = 5 x 10%, freestream Mach number of M, = 0.3, and angle of attack o = 3°. The objective
of this work is to analyze finite wing effects on the present transitional flow and compare the solution to a periodic wing
setup. We are particularly interested in studying the mean flow differences induced by the finite wing, including the
effects of tip vortices, the LSB dynamics and the structures shed by the bubble, besides their subsequent aeroacoustic
trailing-edge noise generation.

We show that the finite wing effects lead to a reattachment of the flow over the wing suction side, causing changes
in the pressure distribution and friction coefficient. From the latter, we observe that the separation bubble of the finite
wing is displaced downstream towards the trailing edge, being three-dimensional due to wing tip effects. The physics of
vortex formation and shedding is considerably different when compared to the periodic wing configuration. This study
highlights important aspects to consider when investigating the unsteady aerodynamics and aeroacoustics of finite aspect
ratio wings.
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