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ABSTRACT
A direct numerical simulation (DNS) of a controlled dif-

fusion (CD) airfoil at Re = 150,000, M = 0.2, and α = 15◦

has been performed with the PowerFLOW Lattice Boltzmann
Method (LBM) solver which showed velocity profiles which
scaled well with embedded shear layer scaling. The strong
anisotropy typically seen in attached flow cases due to long
streamwise coherent structures diminished from α = 8◦ to
α = 15◦. Strong spanwise coherence near the middle of the
boundary layer was present at α = 15◦ and not at α = 8◦ due
to Kelvin Helmholtz rollers in the former case.

Introduction
The prediction of fan noise is instrumental to the design of

measures to reduce them. Among several noise sources, trail-
ing edge noise is significant because it represents the minimum
achievable noise level at design conditions. This is especially
relevant in wind turbines and low speed fans such (Sanjosé &
Moreau, 2018) where trailing edge noise represents the main
contributor at higher frequencies beyond 4 kHz (Lee et al.,
2021). Although large eddy simulations (LES) (Zhu et al.,
2018) are able to capture the broadband spectrum of farfield
noise generated by these rotating machines, they are computa-
tionally expensive for design studies.

To approach this problem, Amiet’s model (Amiet, 1975;
Roger & Moreau, 2005) can be used to yield trailing edge
noise caused by the turbulent boundary layer for stationary air-
foil in subsonic flows with speed and accuracy. Subsequently,
by approximating rotating blades as a stack of airfoils in rec-
tilinear motion, trailing edge noise from rotating blades may
be obtained. Yet, the model requires the prediction of the wall
pressure spectra (WPS), φpp, near the airfoil trailing edge.

On the one hand, semi-empirical models (Lee et al., 2021;
Pargal, 2023) use boundary layer parameters that can be ob-
tained from RANS simulations to predict WPS beneath the
boundary layer. However, these models contain constants that
are empirically obtained from a limited number of experi-
ments. Furthermore, most semi-empirical models that use the
wall shear stress τw break down in separated flows.

On the other hand, an analytical approach also exists to
yield φpp by considering the Poisson equation, which governs
the pressure fluctuations in a turbulent boundary layer. Solv-
ing this equation with appropriate boundary conditions (see
(Grasso et al., 2019)) yields the pressure fluctuation at the wall.
Neglecting the turbulence-turbulence interaction term (Kraich-
nan, 1956), and assuming that all mean velocity gradients ex-
cept ∂U1(X3)

x3
are negligible, the wall-pressure spectrum φpp(ω)

can be related to the two-wavenumber spectrum expressed
in body-fitted airfoil coordinates representing the streamwise
(x1), spanwise (x2), and wall-normal (x3) directions:

Φpp(k1,k2) = 4ρ
2
0

∫∫
∞

0

k2
1

k2 e−(X3+X ′
3)k
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where φ33 is the vertical velocity fluctuation cross-spectral
density defined as:

φ33(k1,k2,r3) =

√
¯u3(X3)2 ¯u3(X ′

3)
2

4π
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× cos(k1r1)cos(k2r2)dr1dr2 (2)

To correctly model the source term in this formulation, the
velocity correlation function function (R33) is needed. To ob-
tain this, both the integral length scale, Λ, and the anisotropic
factor, α j, are required (see equations (2.16) and (2.22) in
(Panton & Linebarger, 1974)). In the present work, a DNS
is conducted of the CD airfoil at α = 15◦ to enable the charac-
terization of R33 and anisotropy for an APG regime with sep-
arated flow. The results of this simulation are compared to the
DNS setup of an α = 8◦ CD airfoil from (Zhou et al., 2025)
with increased voxel refinement.
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Figure 1. Experimental setup showing an instrumented air-
foil in the UdeS anechoic open-jet facility.

Figure 2. RMP location on the CD airfoil.

1 Numerical setup
1.1 Computational Domain

The computational domain in this simulation corresponds
to several open-jet experimental set-ups (Jaiswal et al., 2020)
including that in the anechoic wind tunnel facility at Univer-
sité de Sherbrooke (UdeS) shown in Fig. 1. The CD airfoil is
placed in the potential core of the jet. The airfoil chord length
of the airfoil is 0.1356 m. The inlet velocity is 16 m/s with
a small coflow of 0.165 m/s. 21 Remote Microphone Probes
(RMP) are flush mounted on various locations on the midspan
of the CD airfoil mock-up to measure mean and fluctuating
wall pressures as shown in Fig. 2. Boundary conditions are set
as shown in Fig. 3. Note that including the installation effects
are absolutely necessary to reproduce the proper loading on
the airfoil and thus the proper turbulent boundary layer devel-
opment on the suction side and consequently the noise radiated
in the far field (Moreau et al., 2003).

The choice of span width is 0.1c for α = 8◦ (Jaiswal et al.,
2020). It has been increased to 0.36c, as it has already been
shown experimentally (Jaiswal et al., 2023) that the spanwise
coherence length of the surface pressure of a CD airfoil at a ge-
ometrical angle of attack of α = 15◦ is less than 0.36c (which
is 3.6 times larger than in the previous LES case (Christophe
et al., 2009)).

1.2 Numerical method
In the present study, the LBM (He & Luo, 1997; Chen,

1998) is applied to the CD airfoil in the full wind-tunnel con-
figuration to account for the effect of the jet on the airfoil
loading (Moreau et al., 2003; Zhou et al., 2025). The LBM
(from the PowerFlow V6-2024-R1 solver) is naturally tran-
sient and compressible, leading to an insight on hydrodynam-
ics mechanisms responsible for TE noise sources. In LBM,
the Boltzmann equation is solved on a lattice in order to ob-
tain the discrete-velocity distribution function in the multi-
dimensional phase space, fi(x,c, t), where x is the particle po-
sition, c is the particle velocity and t is time. For the low speed
conditions examined in this study, the classical D3Q19 lattice
is used, which means that the three dimensional isothermal

Figure 3. Computational domain with VR regions.
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Figure 4. y+ over suction surface of the CD airfoil.

flow field is solved using 19 directions in-phase space. The
classical BGK relaxation model is used for the collision oper-
ator. To obtain density ρ and momentum ρu, weighted sums of
fi are calculated (Krüger et al., 2017) by ρ(x, t) =∑i fi(x,ci, t)
and ρu(x, t) = ∑i ci fi(x,ci, t). All computations were con-
ducted on 1536 AMD EPYC 9655 cores at 2.6 GHz.

2 Mesh Resolution
In order to resolve smaller flow structures, voxel regions

(VR) are defined in which the voxel size ∆x is specified. 8
voxel regions, shown by the black and green lines in Fig. 3,
are used in the computational domain. The voxel regions are
used to impose the required y+ on the surface of the airfoil and
transition to larger cell sizes in areas further away. A voxel size
of 0.0592 mm is used in the finest VR region shown by green
lines in Fig 3 of the present α = 15◦ case and this is 4 times
the finest voxel size of the α = 8◦ case in (Zhou et al., 2025).
Despite this, as seen in Fig 4, y+ < 1.0 is achieved over most
of the airfoil surface since velocity gradients are not as high
near the wall. A balance of turbulence kinetic energy (TKE) is
performed on the α = 8◦ case to verify a sufficient grid reso-
lution. Note that to achieve such a balance in a LBM frame-
work, all gradients need to be evaluated from the reconstructed
conservative variables interpolated on a body-fitted curvilinear
grid. The latter interpolation uses a high-order Lagrange inter-
polation scheme as described in (Deuse & Sandberg, 2020).
Fig 5 shows this TKE balance at RMP7 in the zero-pressure
gradient region. As expected, turbulence production increases
away from the wall and peaks at y+ = 10 where it exceeds the
dissipation term. When moving toward the trailing edge in the
adverse pressure gradient region, the strength of the inner layer
peak increases and moves toward the wall. In both regions, the
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Figure 5. Turbulence kinetic energy balance at α = 8◦ at
RMP7.

Figure 6. λ2 = −1.0 of CD airfoil for α = 8◦ (above) and
α = 15◦ (below).

balance term is close to zero, which shows adequate grid reso-
lution to resolve the dissipation term throughout the boundary
layer.

3 Results and Discussion
3.1 Instantaneous flow

The instantaneous flow topology, shown using the λ2
criterion in Fig. 6, reveals much larger separation zones in
α = 15◦ than at α = 8◦. For α = 15◦, the boundary layer
separates first at the leading edge, forming an laminar sepa-
ration bubble (LSB) and then undergoes laminar-to-turbulent
transition via Kelvin-Helmholtz instabilities before reattach-
ment near the mid chord. Near the trailing edge, large span-
wise coherent structures as seen in (Jaiswal et al., 2023) are
shed.

3.2 Mean flow
The mean pressure coefficient, defined as Cp = (p −

pre f )/0.5ρU2
∞, shows good agreement with the LES of

(Christophe et al., 2009) and the DNS of (Arroyo Ramo et al.,
2026) for x/c > 0.4. The extent of the separated shear layer
near the leading edge likely explains the differences in Cp for
0 < x/c < 0.4 between the current simulation and that of (Ar-
royo Ramo et al., 2026). In the present simulation, the noz-
zle lips are included to capture confinement effects, allowing
the shear layer from the nozzle to develop naturally. In con-
trast, (Arroyo Ramo et al., 2026) modelled the shear layer via
fixed boundary conditions, leading to different confinement ef-
fects on the airfoil. This difference causes a discrepancy in the
mean size of the separation zone. The zones of flow separation
over the airfoil suction surface are revealed using the friction
coefficient, C f = τw/0.5ρ U2

∞, shown in Fig. 8. The separa-
tion zone extends for 40% of the airfoil before reattaching at
x/c = 0.5 and the flow separates again at x/c = 0.9. The pro-

0.0 0.2 0.4 0.6 0.8 1.0
x/c

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

−
C
p

DNS (Current)

LES (Christophe et al)

RANS (Christophe et al)

Experiment (ECL)

Experiment (UdS)

Arroyo etal . (2025)

Figure 7. Mean pressure coefficient.
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files of the mean tangential velocity Ut normalized by outer
scales are given in Fig. 9. The outer scaling proposed by (Wei
& Knopp, 2023) is found to collapse the flow profile well away
from the wall and the results matched the empirical fit given by

Ue −Ut

Ue −Um
= 1− erf

(
1.3y∗+0.21(1.3y∗)4

)
(3)

where Um is the tangential velocity at location of max |uv|,
y∗ = y−ym

δe−ym
and ym is the wall normal location of max |uv|. Ac-

cording to (Wei & Knopp, 2023), this level of agreement hints
at a similarity between the outer layer and free shear turbulent
flows. It also signals a level of decoupling (see (Devenport &
Lowe, 2022)) of the outer layer from the inner layer and the
influence of the wall.

3.3 Boundary layer parameters
In order to shed light on the mean flow field in the present

configurations, the boundary layer thickness δ is given in
Fig. 10 along with displacement thickness δ ∗, momentum
thickness θ and the Clauser parameter βδ ∗ . Note that δ is de-
fined here in the same way as in (Caiazzo et al., 2023), using
the criterion of 95% total pressure recovery. Meanwhile, the
Clauser parameter, βδ ∗ = δ ∗/q d p

ds is given in terms of dynamic
pressure q and boundary-layer thickness δ ∗.

Fig. 10, shows that the current DNS sees a faster growth
of boundary layer thickness than in (Arroyo Ramo et al.,
2026). This is likely to also be a result of difference in con-
finement as larger variations of incidence are allowed in the
present DNS. Moreover, because of the consistently higher
values of βδ ∗ , the growth of the boundary-layer thicknesses
in the α = 15◦ cases is much more dramatic than that in the
α = 8◦ case. Meanwhile, the experiment on the CD airfoil at
α = 15◦ in an open jet wind tunnel by (Jaiswal et al., 2023)
gives a boundary layer thickness closer to the current DNS
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Figure 9. Mean velocity profile normalized by Ue (left) and
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further downstream. Profiles taken at RMP 3, 5, 7, 9, 21 and
24 at α = 15◦. Blue line is Eq. (3).
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Figure 10. δ , δ ∗, θ and βδ ∗ over suction surface of the CD
airfoil.

than that of (Arroyo Ramo et al., 2026), and this hints at the
key role of confinement by the shear layers of the wind tunnel.

3.4 Reynolds stress profiles
Profiles of Reynolds stress inside the boundary layer are

shown in Fig. 11. For α = 15◦, the amplitudes of all Reynolds
stress components are stronger and with a maximum peaks
shifted away from the wall compared to the attached case at
α = 8◦. At α = 8◦, the profiles of uu, vv and uv remain sim-
ilar after the mid chord when normalized by outer scales Ue
and δ . At α = 15◦, significant differences in uu can be seen
at mid-chord (RMP 9) and near the trailing edge (RMP 21 and
24) when comparing the present DNS to the simulation of Ar-
royo Ramo et al. (2026) in which uu is much lower than in the
present DNS. On the other hand, the results at the trailing edge
at RMP 24 show that the peak of the measured uu profile of
Jaiswal et al. (2023) lies between the present DNS and that of
Arroyo Ramo et al. (2026). This is likely due to differences in
confinement. The flapping wind tunnel shear layer plays a role
in both the DNS performed in the current study and the exper-
iment of Jaiswal et al. (2023) and causes both faster boundary
layer growth and more turbulence activity in the outer region
as detailed in (Zhou et al., 2025).

4 Anisotropy
According to Pope (2000) and Lumley (1979), it is pos-

sible to quantify the anisotropy of the Reynolds stress tensor
using the invariants of its deviatoric part normalized by TKE,
bi j . This is done though a plot of the second and third invari-

0 1
y/δ

0.00

0.05

0.10

0.15

0.20

u
iu
j/
U

2 e

(a)(a)(a)

0 1

u
iu
j/
U

2 e

(b)(b)(b)

0 1

u
iu
j/
U

2 e

(c)(c)(c)

0 1

u
iu
j/
U

2 e

(d)(d)(d)

DNS (8 deg)

Arroyo et al. (2025)

Jaiswal et al. (2023)

DNS (15 deg)

Figure 11. Reynolds stress in the boundary layer at (a) RMP
7, (b) RMP 9, (c) RMP 21, (d) RMP 24. ▶ uu, ▲ vv and ■ uv.

ants, II = λ 2
1 + λ1λ2 + λ 2

2 and III = −λ1λ2(λ1 + λ2) + λ 2
2 ,

which is commonly referred to as the Lumley triangle. The
Lumley triangles for the α = 8◦ and α = 15◦ cases are shown
in Figs 12 and 13 respectively. Each plot shows the variation
of anisotropy in the wall normal direction. Boundaries of the
triangle represent the limits of realizable turbulence (Lumley,
1979). Each of the 3 vertices of this triangle represent a canon-
ical state of anisotropy. While the bottom vertex represents
isotropic turbulence (3C), the top left (2C) and top right ver-
tices (1C) respectively represent axisymmetric two-component
and 1-component states, Furthermore, each of the the edges
signify types of transition between these canonical states. The
edge between (1C) and (3C) represent axisymmetric expan-
son, the edge between (2C) and (3C) represent axisymmetric
contraction while the edge between (1C) and (2C) represent
2-component turbulence. All realizable Reynolds stresses ten-
sors then correspond to points within this triangle (Lumley,
1979).

In the α = 8◦ configuration, Figs. 12 (a) and (b) show that
in the LSB, 2-component turbulence near the wall is followed
by axisymmetric contraction. This is followed by a transition
to axisymmetric expansion to a point of max anisotropy and
then a relaxation towards isotropy away from the wall. This
trend matches observations of a separation bubble by Schiavo
et al. (2017). After the flow reattaches at RMP 5 in Fig 12 (b),
a region of 2-component turbulence develops near the wall.
This region grows in the ZPG region in Fig 12 (c) and (d),
reaching a point of maximum anisotropy before transitioning
to axisymmetric expansion and then relaxing toward isotropy
further away from the wall. The level of anisotropy, measured
by II, reaches higher levels than in the ZPG boundary layer
results of Spalart (1988). Furthermore, no full relaxation to
isotropic state is seen at the edge of the boundary layer. This
matches observations on a NACA0012 (α = 9◦, x/c = 0.5)
in (Silva & Wolf, 2024) where II remained at 0.03 at the edge
of the boundary layer at the ZPG location . At the APG loca-
tions shown in Fig. 12(e,f), the portion of the boundary layer
exhibiting two-component turbulence decreases, while the tur-
bulence states shift away from the one-component limit. This
behavior is also consistent with the findings of Silva & Wolf
(2024).

In the α = 15◦ configuration, Figs. 12 (a–f) show that
the anisotropic state still originates from the two-component
axisymmetric limit at the wall for RMP positions 7–24, con-
sistent with the attached-flow behavior observed in the α = 8◦

case. However, the region of two-component turbulence is re-
duced, and the transition toward axisymmetric expansion oc-
curs at a smaller wall-normal distance compared to the α = 8◦
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Figure 12. Anisotropy invariant map of α = 8◦ colored by
wall distance.(a) RMP 7,(b) RMP 9,(c) RMP 21,(d) RMP 24
of α = 8◦. Blue squares represent ZPG results of (Spalart,
1988)

configuration. Above the center of the boundary layer (around
h/δ ), the axisymmetric expansion state is maintained, con-
sistent with mixing-layer observations reported by (Bell &
Mehta, 1990).
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Figure 13. Anisotropy invariant map of α = 15◦ colored by
wall distance.(a) RMP 7,(b) RMP 9,(c) RMP 21,(d) RMP 24.
α = 15◦

4.1 Two-point correlation
Two-point correlations of R33 allude to the size and co-

herence of the turbulence structures in the boundary layer and
are relevant for characterizing the integral length scale used in
equation 2.

At α = 8◦, Fig. 14 shows strong streamwise stretching
at mid-chord (RMP 7) close to the wall (x3 = 0.25δ ). This
result supports observations by Lee & Sung (2011) who re-
ported high streamwise coherence near the wall caused by the
presence of hairpin vortices in a turbulent boundary layer at
1410 < Reθ < 2560. Further from the wall, at x3 = 0.45δ ,
the spanwise coherence length increases, but the correlation
contours remain more stretched in the streamwise than in the
spanwise direction. At RMP 24, the contours are less elon-
gated and appear more isotropic compared to those at RMP 7.
At both RMP locations, contours in wall-parallel planes indi-
cate homogeneity in the streamwise and spanwise directions,
consistent with previous observations by Jaiswal et al. (2020).

α = 15°α = 8°
RMP 7 RMP 24 RMP 7 RMP 21

Figure 14. R33(r1,r2,0) at x3 = 0.25δ (Top row) and x3 =

0.45δ (Bottom row) for α = 15◦.

α = 15°α = 8°
RMP 7 RMP 24 RMP 7 RMP 21

Figure 15. R33(r1,0,r2) at x3 = 0.25δ (Top row) and x3 =

0.45δ (Bottom row) for α = 15◦.

At α = 15◦, x3 = 0.45δ coincides with the location of
max |u1u2| at RMP 7 and RMP 24. The presence of Kelvin
Helmholtz rollers at this peak in |u1u2| (Jaiswal et al., 2023)
also cause a strong spanwise coherence which is shown by the
significant spanwise stretching of R33(r1,r2,0).

Inhomogeneity due to wall blocking effects (Jaiswal et al.,
2020) can be seen in Fig 15 in the wall normal plane for both
α = 8◦ and α = 15◦ cases at both RMP locations. This is
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shown by the rapid decrease in correlation near the wall and
stretching in the wall normal direction.

4.2 Conclusion
DNS simulations of the CD airfoil installed in an anechoic

wind tunnel at α = 8◦ and α = 15◦ have successfully achieved
and validated with experiments. Mean flow and turbulence
statistics of both DNS have been compared. Good collapse of
velocity profiles was obtained with embedded shear layer scal-
ing at α = 15◦. A balance of turbulence kinetic energy (TKE)
is performed on the α = 8◦ case for the first time in a LBM
framework, demonstrating sufficient grid resolution for resolv-
ing dissipative scales. In terms of anisotropy, the strong near-
wall streamwise coherence typical of attached flows is much
weaker in the α = 15◦ case, as seen in both the u1u1/u2u2 ratio
and the streamwise-to-spanwise coherence ratio. Strong span-
wise coherence far from the wall at the location of peak u1u2 is
present for α = 15◦ due to the presence of Kelvin-Helmholtz
rollers. This shows a need to include spanwise stretching of
velocity correlation in models of velocity spectra.
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