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A B S T R A C T

Several Direct Numerical Simulations (DNS) have been achieved using the Lattice-Boltzmann
Method (LBM) on a Controlled-Diffusion (CD) airfoil at 𝑅𝑒𝑐 = 1.5 × 105 and 𝛼 = 8◦ to evaluate
installation effects on airfoil self-noise. 2D DNS provides unrealistic airfoil noise sources and
a significant overprediction of the far-field noise with possibly a change in the ranking of the
noise sources. Conversely, all 3D simulations of the airfoil immersed in the wind tunnel jet
show excellent agreement with the flow around the airfoil and the far-field noise. Two new
3D DNS with some shear-layer refinement and possibly an additional zigzag trip to trigger
turbulence have better resolved the jet development. Even though all 3D DNS identify two
main noise sources, the laminar separation bubble (LSB) at the leading edge and the turbulent
eddies at the trailing edge, their intensity varies because of a strong coupling between the jet
and the airfoil that yields different LSB sizes, increased inlet turbulent intensity, oscillations of
the angle-of-attack, and variations in the noise sources. The state of the jet shear layer at the
nozzle exit of a given open-jet anechoic wind tunnel is seen to influence the flow field around
the airfoil and its noise radiation, with potentially a larger jet contribution.

. Introduction

Low speed fans are commonly seen in various applications (e.g. automotive cooling fans [1,2], wind turbines [3], hairdryers [4]),
nd noise reduction for these rotating machines is becoming a key element. Furthermore, for high-speed turbomachines, with the
urrent trend toward Ultra High Bypass Ratio engines [5], fan noise is expected to form the performance ceiling for noise reduction
fforts. Given the projected increase in the significance of fan noise, it is of fundamental interest to study the noise generating
echanisms of modern CD airfoils which are commonly used in the design of both low [6] and high speed fans [7]. Of the various

eometric angles of attack studied previously on the CD airfoil with a chord length 𝑐 = 0.1356 m, shown in Fig. 1 equipped with 21
lush-mounted Remote Microphone Probes (RMP), the 8◦ at a Reynolds number based on the chord 𝑅𝑒𝑐 = 1.5 × 105 is one of the
ost widely studied numerically [8–13] and experimentally [14–17], as it corresponds to optimal design conditions [18].

Several experimental studies have been conducted to characterize CD airfoils in open-jet wind tunnels [14–17], but none have
ocused on the simultaneous measurement of the flow field around the airfoil and the jet shear layer so far. The effect of the wind
unnel installation used in CD airfoil studies has also been extensively documented in these studies. Initial work by Moreau et al. [19]
sing Reynolds-averaged Navier–Stokes RANS simulations revealed that including the wind tunnel was crucial to achieve good
greement in mean wall-pressure coefficient between experimental and simulation results and that the definition of an effective
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Fig. 1. CD airfoil geometry and RMP locations [25].

Table 1
Summary of simulation configurations considered.

Configuration Voxels 𝑈r ef Lip Inlet Trip Shear layer
(×106) (m/s) BC BC refinement

2D DNS free-field 21 16.3 – Uniform – –
2D DNS Lips 21 16.8 Slip Profile No No
3D DNS 640 16.6 Slip Profile No No
3D DNS-SLR 740 16.6 Slip Profile No Yes
3D DNS-SLRT 1050 16.7 No slip Uniform Yes Yes

angle-of-attack to recover the free-field pressure distribution was not possible for this airfoil. Similar conclusions were reached by
Sheikh-AlShabab et al. [20] in their open jet experimental setup. Further studies on the effect of the open jet wind tunnel have also
been performed on other airfoils. For example, Moreau et al. [21] conducted aero-acoustic measurements on a NACA0012 airfoil
and examined the effect that the width of the jet had on airfoil loading and self noise. A larger jet width resulted in a transition
to deep stall at a lower angle of attack and the appearance of two low-frequency peaks associated with stall noise. This shows the
close relation between the jet confinement provided by the open jet wind tunnel and the loading experienced by the airfoil under
study. In addition to a change in airfoil loading, the shear layer can also cause a change in the angle and amplitude of propagated
sound to the far field [22]. Spectral broadening may also occur in which tonal noise is distributed to adjacent frequencies [23,24]
due to the influence of the turbulent shear layer.

Most numerical studies of the installed CD airfoil generally only account for the time-averaged effect that the open jet wind tunnel
has on the CD airfoil flow field and noise generation (see the review in [18]). The early incompressible LES by Wang et al. [8],
Christophe et al. [26] and Winkler et al. [27] have made use of a computational domain embedded in the potential core of the jet
using non uniform inflow boundary conditions. Recent DNS done by Wu et al. [9] and Arroyo et al. [28] on the CD airfoil at 𝛼 = 8◦
have followed suit. This setup was able to account for the mean deflection of the jet and this was shown by the good agreement
of mean pressure coefficient with experimental results. On the other hand, the LBM simulations in [11–13] did include the effects
of the shear layer from the wind tunnel by including the lips of the open nozzle in the simulation and imposing a measured inlet
profile as boundary condition. Yet, the effect of grid resolution on the shear layer was not studied. As the grid is refined, more
time-dependent flow structures are expected to form due to instability in the mixing layer and this is expected to have an effect on
airfoil loading and jet noise contribution.

Based on this review, the present investigation aims at achieving the following goals. A first one is to assess installation effects
with 2D DNS free-field and installed 2D and 3D DNS, to demonstrate the difference between 2D and 3D results, and to quantify
its aero-acoustic impact for the first time. This is all the more important as most DNS on airfoil noise are still 2D because of their
large computational cost [29–31]. A second one is to demonstrate the effect of changes in the physical nature of the mixing layer
downstream of the wind tunnel lips on airfoil flow regime and on far-field acoustics. The changes to the mixing layer are triggered
using grid refinement and a turbulent trip at the appropriate locations. The latter contribution is expected to shed new light on
installation effects in airfoil noise experiments, and particularly the coupling that exists between the jet and the airfoil both in
terms of flow field and sound. This in turn should guide proper set-ups for both future experiments and simulations on airfoil
noise. To achieve these objectives, 5 DNS summarized in Table 1 have been achieved. Their results will be compared with several
experiments in different open-jet wind tunnels [15,17,25] and the results of the reference DNS setup by Sanjosé et al. [11].

In the following, Section 2 will give the details of the numerical setup used for this investigation. Section 3 will give the
aerodynamic results along with a novel study of the correlation between flow variables in the shear layer and close to the airfoil.
The farfield acoustics will be examined in Section 4 and conclusions will be drawn in Section 5.

2. Numerical setup

2.1. Computational domain and methodology

To mimic actual installation effects, the computational domain in all simulations listed in Table 1 but the free-field case
corresponds to several open-jet experimental set-ups [11–13]. As shown in Fig. 2(a), it includes the nozzle geometry similar to
that used in Université de Sherbrooke (UdeS) and Ecole Centrale de Lyon (ECL) having the same jet width and similar flanges, the
CD airfoil placed in the jet potential core, and a significant portion of the anechoic chamber (a box of 4 m2). For all 3D DNS, a span
of 0.12 𝑐 is considered, which is based on the experimental spanwise wall-pressure coherence length at the trailing edge [15], as in
previous high-fidelity simulations [8,9,12,28]. In the free-field case, the nozzle is simply removed.
2 
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Fig. 2. Numerical configuration: (a) computational domain and coordinate definitions, (b) grid zoom at trailing-edge, (c) zigzag trip, (d) details of voxel
refinement for the nozzle boundary layer and jet shear layer. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

All present DNS of the CD airfoil at 𝛼 = 8◦ and a Reynolds number based on the chord at a Reynolds number based on
the chord 𝑅𝑒𝑐 = 1.5 × 105 have been run with LBM using PowerFLOW 6.2021.R6 [32,33]. This approach has been selected as
it is computationally efficient for low speed conditions and handles complex airfoil geometry, and a large domain for acoustic
propagation [34–36].

2.2. Meshes

The computational domain is then filled with an octree grid of cubic cells called voxels with a 1:2 grid refinement [37]. In
order to resolve smaller flow structures, voxel regions are defined in which the voxel size 𝛥𝑥 is specified. Ten voxel regions, shown
by the colored lines in Fig. 2(a), are used in the computational domain [11]. The voxel regions are used to impose the required
dimensionless wall distance, 𝛥𝑦+, on the surface of the airfoil and to transition to larger cell sizes in areas further away. The minimum
voxel size used on the airfoil surface has a dimension of 0.0148 mm in order to ensure a 𝛥𝑦+ below 1 over a majority of the airfoil
surface as verified in Fig. 3. Consequently, the dimensionless distances in the streamwise, 𝛥𝑥+, and spanwise, 𝛥𝑧+, directions are
also below 1 ensuring a DNS resolution close to the airfoil. Note also that although the experimental Mach number is 0.05, the
Mach number has been increased in the simulation to 0.2. This adjustment is necessary to achieve DNS resolution in the three voxel
regions closest to the airfoil. To accommodate this Mach number increase, the lattice velocity must be raised, and consequently,
lattice viscosity is also increased to maintain a constant Reynolds number. Due to a stability threshold on the relaxation time, the
viscosity in voxel regions beyond the three finest ones is higher than the specified kinematic viscosity of 1.44 × 10−5 m2/s. The three
finest voxel regions shown in Fig. 2(b) cover the size of the boundary layer as measured in [25].

Compared to the 3D DNS setup [11,13], new additional voxel refinement regions are implemented in the shear layer region
downstream of the wind tunnel nozzle lip in the 3D DNS-SLR case, as shown in Fig. 2(a, d). Moreover, in the 3D DNS-SLRT case,
zigzag trips of height ℎ = 3.36 mm are added to trigger transition to turbulence upstream of the lower and upper lips. These trips are
placed 50 h upstream of each lip as can be seen in Fig. 2(c). Further grid refinement helps capture the development of the turbulent
boundary layer downstream of the zigzag trip. A minimum voxel size of 0.0592 mm is used. This ensures a 𝛥𝑦+ of 2 at the edge of
the lip. As seen in Fig. 4, in the 3D DNS-SLRT case, the boundary layer velocity profile upstream of the nozzle exit at 𝑋∕𝐿𝑤 = −0.2,
where 𝐿 is the jet half width agrees well with the log law [38]. This demonstrates that in the 3D DNS-SLRT a fully turbulent state
𝑤
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Fig. 3. Plot of 𝑦+ on the airfoil suction side.

Fig. 4. Boundary layer velocity profile upstream of the nozzle exit (𝑋∕𝐿𝑤 = −0.2).

is achieved at end of the nozzle lips. Furthermore, this voxel region setup ensures that all voxels within damping zone 1 shown in
Fig. 2(a) are below 3.78 mm in dimension. Using the criteria mentioned by Bres [39] which states that each acoustic wavelength
should be resolved by at least 12 computational cells, this setup is able to resolve at least up to 8400 Hz with proper levels of
umerical dissipation up to the microphone locations. The number of voxels used for each case is summed up in Table 1.

2.3. Boundary conditions and initialization

In the 2D DNS Lips, 3D DNS and 3D DNS-SLR cases, an inlet velocity profile is used with slip conditions on the walls of the
wind tunnel lips in order to match the velocity measurements of Neal et al. [25] at the outlet plane of the wind tunnel. For the 3D
DNS-SLRT case, a uniform inlet velocity is used to impose equal volumetric flow rate to the previous 4 cases. On the other hand, the
2D DNS Free-field case uses an uniform inlet velocity 𝑈∞ of 16 m/s. Fig. 5 shows the nozzle exit velocity profiles taken at 𝑋∕𝐿𝑤 = 0
made dimensionless by 𝑈r ef which is the maximum velocity in the profile and reported in Table 1. All velocity profiles compare well

ith measurement. All nozzle cases have a coflow of 0.165 m/s to mimic the actual flow entrainment in the wind tunnel. Dirichlet
boundary conditions based on pressure are imposed on all outlets while no slip boundary conditions are implemented on the airfoil.
Furthermore, to avoid reflection at the outlets and to mimic anechoic conditions, air viscosity is artificially increased in Damping
Zones 1 and 2 in order to mimic the behavior of anechoic walls as shown in Fig. 2(a). This is accomplished by controlling 𝜈∗

𝑇 ∗ where
∗ is the dimensionless kinematic viscosity and 𝑇 ∗ is the lattice temperature [40]. By imposing this ratio to 0.01 in damping zone

1 and 0.2 in damping zone 2, the physical viscosity is progressively increased in these 2 regions in order to damp out sound waves
traveling away from the airfoil [35].
4 



Z. Zhou et al.

t

l

c
t
w
c
d
a
l
s
b

t
t

Journal of Sound and Vibration 604 (2025) 118978 
Fig. 5. Velocity Magnitude profile at outlet plane of the wind tunnel nozzle (𝑋∕𝐿𝑤 = 0). Experimental results from ECL [25] are shown with error bars.

In order to shorten the time to reach statistical convergence, initialization for the 3D DNS case has been performed using 2D
DNS simulation results. Simulations of the 3D DNS-SLR and 3D DNS-SLRT case were initialized using results from the 3D DNS case.
Thereafter, cases were run for at least 26 through flow times where a through flow time is defined as 𝑐∕𝑈∞. Subsequently, only the
final 20 through flow times are used during post-processing. Note that the number of through flow times is significantly increased
from the previous studies in [8,11,26], which only used 5–6 through flow times to establish the turbulent flow statistics around
he airfoil. This was necessary in order to establish the coupling between the airfoil and the wind tunnel shear layer which will be

elaborated upon in the following sections. In total, each case took 90 h on 1440 Intel ‘‘Skylake’’ cores at 2.4 GHz. Furthermore, the
3D DNS-SLRT case was extended to reach a total of 80 through flow times to capture several periods of the LSB movement. This
took a total of 317 h with the same number of cores.

3. Aerodynamic results

3.1. Flow topology

Fig. 6 shows the overall flow regime in the wind tunnel nozzle and provides two consecutive zooms on the airfoil stressing the
boundary-layer developments, and at the airfoil leading edge emphasizing the transition process, respectively.

By comparing 3D DNS with 3D DNS-SLR in Fig. 6, the refinement of the shear layers is seen to drastically change the structure
of the shear layer upstream of the airfoil. On the one hand, in the 2D DNS Lips and in the 3D DNS cases the jet shear layer remained
aminar up to the mid chord of the CD airfoil before forming Kelvin–Helmholtz instabilities and transitioning to turbulence. On the

other hand, in the 3D DNS-SLR case with additional refinement, the development of Kelvin–Helmholtz instabilities started from the
nozzle lip. This caused vortex pairing right above the leading edge of the airfoil. Because of the turbulent state of the boundary
layer achieved at the nozzle exit, the large instabilities in the shear layers are eliminated, postponing the vortex pairing further
downstream after the trailing-edge.

Significant differences in flow topology exist between the airfoil flow regimes of 2D and 3D simulations. Starting with the 2D
ases, the zoom over the whole airfoil shows that in the 2D DNS free field setup the suction-side boundary layer is turbulent from
he leading edge and begins to detach near midchord. The turbulent boundary layer remains attached in all the cases where the
ind tunnel nozzle lip was included as seen in 3D DNS, 3D DNS-SLR, 3D DNS-SLRT and the 2D DNS Lips cases. Furthermore, large

oherent perturbations can be seen in the 2D DNS Free-field case that start from the leading edge and persist to the trailing edge
ue to the lack of vortex stretching and dissipation in the spanwise direction. In the 2D DNS Lips case the coherent structures
re smaller and remain attached until the trailing edge. Note that another difference between the 2D cases can be seen in the
eading edge zoom which shows that the stagnation point in the 2D DNS Free-field setup is slightly shifted toward the pressure
ide compared to the 2D DNS Lips. Indeed, the jet confinement modifies the effective angle of attack as mentioned for instance
y Brooks et al. [41] and Sanjose et al. [11]. Yet, no simple incidence correction applies to the CD airfoil to properly match the

free-field pressure distribution [19,42]. In contrast to the behavior observed in 2D cases, the coherent structures in 3D cases undergo
dissipation to smaller scales beyond the reattachment point, as illustrated in the 3D DNS, 3D DNS-SLR and 3D DNS-SLRT cases.

A detailed view of the flow topology of the airfoil and the wind tunnel in the 3D cases can be obtained using the 𝜆2 criterion [43].
The airfoil flow topologies of the 3D DNS-SLRT and 3D DNS-SLR cases are similar to the 3D DNS case so only the 3D DNS result
will be shown here (see Fig. 7). The result is similar to that of [9,28]. In these simulations, the CD airfoil at 𝛼 = 8◦ is seen to have
a LSB at the leading edge which transitions to turbulence and triggers an attached turbulent boundary layer which convects over
he trailing edge. A forest of hairpin vortices develop after the LSB on the suction side. The pressure side remains laminar up to the
railing edge with a small vortex shedding as observed in previous high-fidelity simulations.
5 
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Fig. 6. Midplane contours of instantaneous velocity magnitude normalized by mean inlet velocity. (a) 3D DNS, (b) 3D DNS-SLR, (c) 3D DNS-SLRT, (d) 2D lips
and (e) 2D Free-field.

Fig. 7. Isosurface of 𝜆2 = −1 × 107 near the surface of the airfoil (colored by velocity magnitude). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

The 𝜆2 criterion is plotted near the wind tunnel lips for the 3D cases in Fig. 8. Evidently grid refinement resulted in the
development of spanwise coherent structures which are seen in the 3D DNS-SLR case but not in the 3D DNS case. In the 3D DNS-SLRT
simulation where the flow is tripped, the exiting flow of the wind tunnel is fully turbulent. The resulting unsteadiness in the flow
exiting the wind tunnel may be quantified by turbulence intensity upstream of the airfoil as shown in Fig. 9, which is defined as
6 
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Fig. 8. 𝜆2 criterion at wind tunnel nozzle lip (colored by 𝑥-velocity). (a) DNS, (b) DNS-SLR and (c) DNS-SLRT. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Detailed view of shear layer and Turbulence Intensity (TI) observed at 𝑥∕𝑐 = −2 for (a) 3D DNS, (b) 3D DNS-SLR, (c) 3D DNS-SLRT.

𝑢′∕𝑈 where 𝑢′ is the root-mean-square of the streamwise velocity fluctuation and 𝑈 is the mean streamwise velocity magnitude.
The turbulence intensity of the 3D DNS case is 0.30% and it is taken at 𝑥∕𝑐 = −2. For both 3D DNS-SLR and 3D DNS-SLRT cases,
this turbulence intensity has increased to 0.45%. This is most likely caused by the fluctuations forming upstream of the airfoil
leading edge in both simulations due to the refined voxels in the wind tunnel shear layer. This brings it closer to the experimentally
measured value of 0.7% at ECL [25], and of 0.4% at UdeS [16]. This stresses the key role of the shear layer at the nozzle lip for
the first time: it can generate turbulent fluctuations within the jet potential core that modify the level of turbulence seen by the
airfoil and generate an extra turbulence-interaction noise mechanism at the airfoil leading edge. Note that the present study has not
investigated the effect of length scales of inlet turbulence and this may play a role in influencing the flow over the airfoil [44].

3.2. Mean flow

3.2.1. Mean wall-pressure coefficient
Now that the instantaneous flow topology has been described in the previous sections, it is of interest to study the mean flow of

the airfoil. The mean aerodynamic loading on the airfoil is quantified by the mean wall-pressure coefficient, 𝐶𝑝, which is defined
as

𝐶𝑝 =
𝑝 − 𝑝r ef
1
2𝜌r ef𝑈2

r ef
(1)

where 𝑝r ef , 𝜌r ef and 𝑈r ef are the reference pressure, density and velocity respectively, taken at the exit of the nozzle. The results
of 𝐶𝑝 from the five simulations are shown in Fig. 10. These numerical results are compared with experimental results measured at
UdeS [45] and ECL [25]. At first glance, the 𝐶𝑝 obtained in the 2D DNS free field case deviates from all other results, particularly
in the intensity of the LSB, as indicated by the pronounced steepness observed in the region characterized by highly negative 𝐶𝑝
values. For the 3D cases the mean effect of the shear layer refinement and transition to turbulence in the wind tunnel nozzle lips is
seen to reduce the size of the LSB at the first 10% of the airfoil. This may be explained by the increase in turbulence intensity from
0.30% to 0.45% from 3D DNS to 3D DNS-SLRT and 3D DNS-SLR. This agrees well with previous observations on the NACA0018
airfoil at a similar chord Reynolds number by Istvan et al. [46].
7 
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Fig. 10. Mean wall-pressure coefficient along the chord length of the CD airfoil.

Fig. 11. Mean friction coefficient along the chord length of the CD airfoil.

3.2.2. Mean friction coefficient
A more detailed examination of the LSB may be obtained from the mean friction coefficient, 𝐶𝑓 defined by:

𝐶𝑓 = 𝜏
1
2𝜌r ef𝑈2

r ef
(2)

𝐶𝑓 for all DNS is compared in Fig. 11. The mean reattachment location of the separation bubble may be inferred from the location
here 𝐶𝑓 first crosses the line that represents 𝐶𝑓 = 0. Using this criteria, it can be seen that both the 3D DNS-SLRT and 3D DNS-SLR

cases have mean reattachment locations which are further upstream than in the 3D DNS case, which is consistent with the shorter
plateaus observed in Fig. 10. This is also the case of the 2D DNS Lips simulation, but with a sharper decay of 𝐶𝑓 after mid-chord in
the adverse pressure gradient region with almost a flow separation at the trailing edge. Finally, the 2D DNS Free-field simulation
does not only exhibit an intense flow separation at the leading edge, but also a marked one at the 90% chord, again stressing the
very different flow regime for this case.

3.2.3. Boundary layer profile
Fig. 12 compares all DNS results with hot-wire measurements [25], and shows the effect of the wind tunnel jet on the airfoil flow

regime. From the velocity profile above RMP 5, the 3D DNS-SLR and 3D DNS-SLRT are seen to show similar results while kinks are
present in the velocity profiles of the reference 3D DNS. This is most likely an effect of the earlier reattachment of the LSB seen in
Fig. 11. At the other downstream probe locations, boundary layer profiles are similar between simulation and experiment. For the
2D cases, the boundary layer profiles show that the 2D DNS Free-field case has flow detachment at RMPs 21 and 25 (consistently

ith Fig. 11), while the 2D DNS Lips case has attached flow at these locations.
8 
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Fig. 12. Velocity magnitude at different RMP locations on the airfoil suction side: (a) RMP 5, (b) RMP 9, (c) RMP 21, (d) RMP 25.

3.2.4. Wind tunnel shear layer
Finally, a comparison between the velocity magnitudes measured close to the nozzle lips in ECL [25] and the simulation results

s performed for the first time. In Fig. 13, some noticeable discrepancies still exist between all five DNS and experiment. However,
he 3D DNS-SLRT case provides better overall agreement with experimental results than the 3D DNS-SLR and 2D DNS Lips cases,

and particularly at 𝑋∕𝐿𝑤 = 1.36 above the trailing edge of the airfoil. Moreover, none of the profiles match the experimental results
near the nozzle exit at 𝑋∕𝐿𝑤 = 0.008. It can be inferred from this result that the profile at the nozzle exit in the experiment lies
between a laminar and a fully turbulent state, which is not entirely captured in the five simulations. Note, this is most likely a source
of uncertainty in open jet test facilities [25,47] that have different converging sections and contractions, and upstream turbulence
levels. This could explain the current large variations seen in the noise levels reported on the NACA0012 airfoil (Fig. 11 in [18]).

3.3. Unsteady flow

3.3.1. Probability density function of pressure coefficient
Wall-pressure fluctuations offer a valuable means to visualize the influence of grid refinement of wind tunnel shear layer on

urface loading. A contour plot of the normalized probability density function (PDF) of 𝐶𝑝 is shown in Fig. 14 (left column). A
careful examination of the PDF plots reveals mostly notable variations in the LSB region before the reattachment point. Moreover,
different LSB behavior results from differences in the development of the wind tunnel shear layer. This is particularly visible in
the 3D DNS-SLR case (Fig. 14(c)). The refinement leads to an earlier reattachment of the LSB shear layer and a sharper pressure
drop in pressure at the reattachment point. Additionally, in the 3D DNS-SLRT case (Fig. 14(e)), earlier instabilities near the leading
edge of the airfoil are promoted. The change in behavior of the LSB is further illustrated through iso-contours of 𝜆2 criterion shown
in Fig. 15. The reference DNS case (Fig. 15(a)) shows a longer roll-up region behind the initial flow separation of the laminar
boundary layer than the 3D DNS-SLRT case (Fig. 15(b)). This provides further evidence that the overall effect of the changes made
in 3D DNS-SLRT is to speed up transition to turbulent boundary layer flow near the leading edge.

3.3.2. Probability density function of friction coefficient
The fluctuations in wall shear exhibit a pattern similar to that observed in pressure fluctuations with most variations in the LSB.

The latter grows when the transition starts and gets damped after the re-attachment point. Some differences are also induced by
he various jet shear-layer development. Furthermore, by examining the normalized PDF of 𝐶 zoomed in this region in Fig. 14
𝑓
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Fig. 13. Profiles of velocity magnitude at positions downstream of nozzle exit lip: (a) 𝑋∕𝐿𝑤 = 0.008, (b) 𝑋∕𝐿𝑤 = 0.04, (c) 𝑋∕𝐿𝑤 = 0.12, (d) 𝑋∕𝐿𝑤 = 0.44, (e)
𝑋∕𝐿𝑤 = 1.04, (f) 𝑋∕𝐿𝑤 = 1.36.

(right column), the point at which 𝐶𝑓 transitions from a negative to a positive value indicates the instantaneous location of the
LSB reattachment. Isovalue lines of PDF = 0.25 reveal that, for the 3D DNS case (Fig. 14(b)), the reattachment position fluctuates
between approximately 𝑥∕𝑐 = −0.950 and 𝑥∕𝑐 = −0.895. In the 3D DNS-SLR (Fig. 14(d)) and 3D DNS-SLRT cases (Fig. 14(f)), where
he wind tunnel shear layer becomes more unsteady, the reattachment location not only exhibits a broader range of variation but
lso shifts closer to the leading edge. Finally, it should be stressed these variations of 𝐶𝑓 on this airfoil at this particular operating
ondition are very similar both in terms of shape and amplitude to those reported in [28].

3.3.3. Airfoil-wind tunnel interaction
Now that the differences in flow regime on the airfoil due to changes in the wind tunnel shear layer have been established, the

level of correlation which exists between the two areas of interest can first be quantified. This original assessment provides a further
step towards inferring causal links between the fluid phenomena happening on the airfoil and that which happens inside the jet
hear layer. This study has been performed on the 3D DNS-SLRT case as it provides a more physical representation of the flow at
he nozzle exit (notably the shear layer in Fig. 13). The cross-correlation between the following 3 quantities is then computed for

the 3D DNS-SLRT case :

A. 𝛼𝑖, which is the instantaneous change in angle of attack relative to 𝛼. 𝛼𝑖 is computed as 𝛼𝑖 = ar ct an
(

𝑣′

𝑢′

)

at the location 0.6
𝑐 upstream of the LE, labeled ‘AoA probe’ in Fig. 16.

B. 𝑥L SB, which is the reattachment point of the LSB near the leading edge. This is the point at which 𝐶𝑓 changes from a negative
to a positive value. (𝑥L SB = −1.0 refers to the leading edge and 𝑥L SB = 0.0 refers to the TE)

C. 𝑣′, which is the crosswise velocity fluctuation observed at 6 different positions (labeled as Probe 6 to Probe 38 in Fig. 16)
within the wind tunnel jet shear layer.

The correlation coefficient as defined in [48] is used. This is given for 2 variables 𝜁 and 𝜒 at 2 locations (𝑥, 𝑦, 𝑧) and (𝑥′, 𝑦′, 𝑧′)
y

𝑅𝜁 𝜒 (𝑥, 𝑥′, 𝑦, 𝑦′, 𝑧, 𝑧′) =
𝜁 (𝑥, 𝑦, 𝑧)𝜒(𝑥′, 𝑦′, 𝑧′)

√

𝜁2(𝑥, 𝑦, 𝑧)
√

𝜒2(𝑥′, 𝑦′, 𝑧′)
(3)
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Fig. 14. Normalized PDF of 𝐶𝑝 (left column) and 𝐶𝑓 (right column). Blue lines indicate where PDF = 0.25. (a–b): 3D DNS, (c–d): 3D DNS-SLRT, (e–f): 3D
DNS-SLRT. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 15. Isosurface of 𝜆2 criterion close to the airfoil, colored by 𝑥 velocity: (a) 3D DNS, (b) 3D DNS-SLRT. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

The cross-correlation between 𝛼𝑖 and 𝑥L SB is first shown in Fig. 17(a). A strong positive correlation is seen to exist between the
two quantities and an increase in 𝛼𝑖 is associated with a shortening of the LSB (decrease in 𝑥𝐿𝑆 𝐵). Next, the correlation between
𝛼𝑖 and 𝑣′ at 3 locations in the wind tunnel shear layer is computed and shown in Fig. 17(b). A weak correlation is found near the
nozzle lip where the emerging separated shear layer contains only small turbulent structures. Further downstream where larger
vortices are formed, higher correlation between the downstream probe (probe 38) and 𝛼 is seen. This shows that the pairing of the
𝑖

11 
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Fig. 16. Locations of the probes used for measuring correlation and contours of pressure coefficient.

Fig. 17. Cross correlation between different parameters in the jet potential core (a) 𝛼𝑖 and 𝑥𝐿𝑆 𝐵 , (b) 𝛼𝑖 and shear layer 𝑣′, (c) 𝑥𝐿𝑆 𝐵 and shear layer 𝑣′, (d) 𝛼𝑖
and RMP on the suction side and (e) 𝛼𝑖 and RMP on the pressure side.

large scale vortices in the shear layer is correlated with instantaneous changes in 𝛼𝑖. In order to identify if the reattachment point
and the shear layer are coupled, cross-correlation is performed between the reattachment point and 𝑣′ at the 3 shear layer probes.
As shown in Fig. 17(c), correlation is high between 𝑣′ at probe 38 and 𝑥L SB.

In order to determine if the shear layer motions affect wall-pressure fluctuations, Fig. 17(d) and (e) show cross correlations
between 𝛼𝑖 and 𝑝′(𝐱, 𝑡) on the airfoil in the 3D DNS-SLRT case for RMP locations on both the suction and pressure sides of the airfoil
shown in Fig. 1. As mentioned in [49], the pressure fluctuations on the pressure side represent the scattered pressure generated
by the convection of turbulence on the airfoil suction side over the trailing edge. Both scattered and incident pressure are clearly
shaped by the unsteady loading caused by oscillations of 𝛼𝑖. According to Amiet’s model [50,51], this is expected to have direct
implications on the trailing-edge noise generated.

In summary, the instantaneous change of angle of attack 𝛼𝑖 has a direct and strong influence on the LSB size. The fluctuations
in 𝛼 are, in turn, influenced by the large-scale movement of the jet shear layer which also drives the fluctuations of 𝑣′ observed at
𝑖

12 
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Fig. 18. PSD of wall-pressure fluctuations at different chordwise locations. (a) RMP 3, (b) RMP 5, (c) RMP 9, (d) RMP 21, (e) RMP 25.

the probe far downstream. Furthermore, the pressure footprint caused by this jet shear-layer movement persists on both the suction
and pressure sides of the airfoil.

3.3.4. Wall-pressure spectra
Wall-pressure spectra are expected to provide some insight into the airfoil noise sources. This is checked at the RMP locations

shown in Fig. 1, and compared in Fig. 18 for all simulations to look at both 2D versus 3D DNS and the effect of the resolved shear
ayer in wind tunnel simulations. A Welch periodogram method is applied using 26 Hanning windows with 50% overlap.

Firstly, all 2D results show overpredicted wall-pressure spectra when compared with experimental results. On the one hand,
the 2D DNS Free-field case has the largest slope with a shape that is closer to detached flow as reported experimentally at 15◦

eometrical angle of attack [15,48]. This is consistent with the flow patterns found in Fig. 6 for the 2D DNS Free-field case, which
can be qualitatively compared to the Particle Image Velocimetry results in [48]. On the other hand, the 2D DNS Lips results are
much closer to experiment near the leading edge within the LSB (similar flow behavior shown in Fig. 6). Yet, further downstream in
the adverse pressure gradient region after the airfoil mid-chord, the turbulent eddies that cannot stretch in the spanwise direction
are far too energetic and coherent, and yield a large hump centered on about 1 kHz, sign of strong vortex shedding. This confirms
that an unrealistic development of turbulence over the airfoil takes place in the 2D cases, and consequently improper noise sources
(direct overprediction of the noise levels based on Amiet’s model for instance).

On the other hand 3D results show far better agreement with experiments. In Fig. 18(a), at RMP 3, which is located within the
LSB, higher levels of Power Spectral Density (PSD) are seen in 3D DNS-SLR and in 3D DNS-SLRT than in the 3D DNS. This offers a
closer match to UdeS and ECL results. The reason for this is likely to be that the point of transition to turbulence and consequent
reattachment of the LSB moves back and forth between RMP 3 and RMP 5 and that this does not happen in the 3D DNS case. This
observation is similar to a previous observation by Istvan et al. [46], which showed that increased background turbulence intensity
moved the mean location of flow reattachment upstream on airfoils at moderate Reynolds numbers. Moreover, in Fig. 18(b), at RMP
5, 3D simulation results capture a hump at high frequencies which is not present in experimental results. This suggests that the effects
of vortex shedding associated with the laminar flow separation [15] is still significant at this probe location in the simulations (seen
in Fig. 6). At the downstream locations near the trailing edge, in Fig. 18(d), at RMP 21, the turbulent boundary layer becomes fully
developed for all three simulations and the wall-pressure spectra become similar. However, a sharper decay of the PSD is observed
in experiment. Nevertheless, in Fig. 18(e), at RMP 25 which is closest to the trailing edge, wall-pressure spectra are similar for all
3D simulations and experiment.
13 
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Fig. 19. Midspan contours of dilatation defined as 1
𝜌

𝜕 𝜌
𝜕 𝑡 for (a) 2D DNS Free field, (b) 2D DNS Lips, (c) 3D DNS, (d) 3D DNS-SLR and (e) 3D DNS-SLRT.

4. Aeroacoustic results

4.1. Dilatation field

To visualize the noise sources, contours of dilatation field are plotted in Fig. 19 for all cases. In the 2D DNS Free-field case
(Fig. 19(a)), the dilatation field is dominated by wavefronts radiating from the leading edge. In the 2D DNS Lips case (Fig. 19(b)),
this source is attenuated and is less prominent than the trailing edge noise source which appears in both configurations and this is
likely due to the jet confinement effect.

3D cases show evidence of trailing edge and leading edge LSB noise as well. In addition to these, the vortex pairing events
near the lips also form a noise source in the 3D DNS-SLR case (Fig. 19(d)), due to increased activity in the shear layer due to grid
refinement in that region. When the zigzag trip was added in the 3D DNS-SLRT case (Fig. 19(e)), this jet source strongly diffracting
at the nozzle lips was largely attenuated. Yet, the trip in the latter simulation introduces a new weaker spurious noise source at
high frequency (smaller wavelength). In all 3D cases, both the leading edge LSB and trailing edge turbulent eddies are significant
emitters of noise as found previously [9,28], and it is of interest to investigate the role of the wind tunnel shear layer in influencing
the balance between these two noise sources.

To illustrate this, the instantaneous change of geometric angle of attack, 𝛼𝑖, with time is first given in Fig. 20. Dilatation plots
in the time interval 0.38 s < 𝑡 < 0.51 s are given in Fig. 21. Within this time interval, a transition in the variation of angle of attack
is observed, decreasing from 2.5◦ to 0.6◦ and then increasing to 3.2◦. These changes in 𝛼𝑖 correspond to notable variations in the
nature of noise sources, as depicted in Fig. 21. At 𝑡 = 0.384 s (Fig. 21(a)), marked by the red cross in Fig. 20 and corresponding
to 𝛼𝑖 = 2.5◦, both a LSB and a trailing-edge noise sources are present as seen from the two sets of dilatation contours centered on
the trailing edge and leading edge. By 𝑡 = 0.410 s (Fig. 21(b)), the LSB source diminishes. Finally, at 𝑡 = 0.435 s (Fig. 21(c)), when
𝛼𝑖 = 0.6◦ (marked by the blue dot in Fig. 20), the LSB source becomes nearly non-existent, leaving only the trailing edge noise
source. Subsequently, after 𝑡 = 0.435 s, there is a resurgence in 𝛼𝑖 to a peak of 3.2◦. Concurrently, as 𝛼𝑖 increases again, the LSB noise
source intensifies, as evidenced in Fig. 21(d) to (f). It is therefore apparent that this ‘switching’ in the level of LSB activity caused
by the change in 𝛼𝑖 is responsible for modulating the amplitude of the leading edge noise source.

Band-pass filtering on the dilatation field to extract the filtered dilatation field between the frequencies of 5000 Hz to 7000 Hz.
is shown in Fig. 22(a). The main noise contributor in this frequency range is seen to be the LSB. A closer look may be obtained by
overlaying the dilatation field of the final time frame with the isosurface of the 𝜆2 criterion. As seen in Fig. 22(b), the noise comes
from the region in which the separated laminar flow from the LSB reattaches and transitions to turbulence thereby confirming the
role of the LSB in noise generation near the leading edge in this frequency range.
14 
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Fig. 20. 𝛼𝑖 vs. time. Peaks (red) and troughs (blue) are marked. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 21. Evolution of instantaneous dilatation with time. (a) t = 0.384 s, (b) t = 0.410 s, (c) t = 0.435 s, (d) t = 0.461 s, (e) t = 0.486 s and (f) t = 0.504 s.

Fig. 22. Midspan dilatation field band-pass filtered from 5000 Hz to 7500 Hz (a) and superimposed on isosurface of 𝜆2 (b).

4.2. Acoustic spectra

For a quantitative look at the effect of a better resolution of the jet shear layer and of the zigzag trip on the far-field noise, PSD
of the far-field acoustic pressure are compared with the measurements achieved at UdeS [52] and ECL [25]. The latter, taken at
2 m from the airfoil trailing edge and at 90◦ above the suction side, is represented by the black line in Fig. 23. The experimental
results measured at 1.21 m are scaled to 2 m using the far-field spherical wave assumption. The same scaling method, as described
by Sanjose et al. [53], is also used for the direct noise numerical predictions, which were taken from a probe 0.45 m above the
trailing edge. In addition, a Mach number scaling (to account for the discrepancy between simulated Mach number 𝑀 = 0.2 and
sim
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Fig. 23. Farfield noise computed using (a) FWH analogy and (b) Direct simulation.

experimental Mach number 𝑀exp = 0.05) and a span-width extent scaling (to account for the difference between simulated span
idth of 𝐿sim = 1.5 cm and experimental span width of 𝐿exp = 30 cm) is applied to direct noise results in order to correct simulation

results for experimental conditions. These corrections are summarized in Eq. (4).

𝑆cor r
pp = 𝑆3Dsim

pp

𝑅2
sim

𝑅2
exp

𝐿exp

𝐿sim

𝑀exp

𝑀sim
(4)

On the other hand, in Fig. 23(a), the acoustic pressure at 2 m is calculated from surface pressure fluctuations on the airfoil using
the Ffowcs Williams and Hawkings’ analogy (FWH) with the in-house code SherFWH [9,13,35]. The numerical PSD are computed
using Welch’s periodogram method by dividing the direct pressure signals into 12 blocks and the FWH results into 16 time blocks
sing a Hanning window with 50% overlap.

From Direct Noise results shown in Fig. 23(b), the combined effect of refining the shear layer grid and adding the zigzag trip
(3D DNS-SLRT) can be seen to give a similar result to the 3D DNS. The over-prediction below 300 Hz is most likely caused by the
influence of vortex pairing happening in the under-resolved parts of the jet shear layer [54]. In the simulation in which no trip was
added (3D DNS-SLR), this effect seems to be strengthened, causing over-predictions below 2000 Hz as seen in Fig. 23(a). This is
consistent with the iso-contours of velocity magnitude in Fig. 6 for the 3D DNS-SLR case, which show a much earlier and stronger
jet vortex pairing.

From SherFWH results in Fig. 23(a), 3D DNS and 3D DNS-SLRT agree with experimental results below 4000 Hz. At frequencies
above 4000 Hz, a hump is seen in simulations with shear-layer refinement (3D DNS-SLR and 3D DNS-SLRT), which was not as

arked in the experiment (rather a plateau well captured by the 3D DNS). Referring back to the band-pass filtered dilatation result
in Fig. 22(a), it is likely that the hump seen in the SherFWH results originates from the high wall-pressure fluctuations near the
LSB. A similar high-frequency hump was seen in the DNS results of Wu et al. [9]. Note also that the 3D DNS-SLR simulation sees
 low frequency over-prediction that is likely related to the footprint of the vortex pairing noise near the wind tunnel lips.

5. Conclusion

Several 2D and 3D compressible DNS of a CD airfoil at a geometrical angle of attack of 8◦ and a Reynolds number based on
he chord of 1.5 × 105 have been achieved with LBM as implemented in PowerFLOW. Both free-field and installed configurations in
n open-jet anechoic wind tunnel mimicking measurements repeated in several different test facilities have been considered for the

first time. All simulations evidence at least two main airfoil self-noise sources as found in previous DNS on NACA airfoils at lower
Reynolds numbers: the LSB and the turbulent eddies near the trailing edge.

As previously shown with RANS simulations of the free-field and full test facility cases, neglecting the flow confinement induced
y the jet on the airfoil (similar to a cascade solidity effect) alters the mean airfoil loading yielding a more intense and thicker LSB at
he airfoil leading edge and different turbulent flow near the trailing edge. The far-field noise is consequently significantly altered
ith a much larger leading-edge contribution coming from the LSB. A different balance of airfoil self-noise sources is therefore
bserved. The 2D case including the nozzle jet recovers the mean airfoil loading and the location of the transition to turbulence
riggered by the LSB re-attachment. Yet, the consequent development of the turbulent boundary layer is not proper as the turbulent
ddies are not allowed to stretch in the spanwise direction, yielding too large coherent structures near the airfoil trailing edge and
 too high low-frequency content in the wall-pressure fluctuations and a significant overestimate (more than 10 dB) of the far-field
oise. This unambiguously shows that 2D DNS at a Reynolds number beyond 105 are unrealistic and may lead to improper estimates
f the noise sources both in terms of relative amplitudes and frequency content.

The 3D simulation of the full wind-tunnel set-up on the other hand shows excellent agreement with the flow dynamics around
the airfoil and the far-field acoustic pressure. Yet, the development of the jet shear layers is under resolved in the initial 3D DNS
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(see Table 1) and does not match the hot-wire measurements at ECL. Two additional simulations, the 3D DNS-SLR and 3D DNS-
SLRT, have then been conducted to better resolve the jet shear layer and its effect on the airfoil trailing-edge noise. The observed
onsequences are two-fold: on the one hand, the coupling between the jet and the airfoil is strong, yielding increased turbulence
ntensity upstream of the airfoil leading edge, variations in the LSB size, undulations of the effective angle of attack and variations
n the wall-pressure fluctuations, the noise sources; on the other hand, the state of the jet shear layer at the nozzle exit of a given
pen-jet anechoic wind tunnel is found to influence the flow field around the airfoil and the consequent airfoil noise radiation with
otentially a larger overlapping of jet noise over airfoil self-noise caused by vortex pairing in the jet shear layers. This strongly
uggests not only to characterize the airfoil flow field and acoustics in airfoil-noise experiments, but also the jet state at the nozzle
xit. The present effects are bound to be even stronger at higher angles of attack.
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