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The present study assesses the ability to numerically predict turbulence-interaction noise of
a NACA0012 airfoil with grid-generated turbulence by utilizing the Lattice Boltzmann solver
PowerFLOW. Both the near-field flow characteristics and far field noise are bench-marked
against an existing experimental study. The grid was chosen to match that from the experiment
to provide evidence that the present numerical approach in physically placing a grid upstream
of the airfoil can reproduce the turbulence characteristics observed from the benchmark
experiment and thus accurately capture the turbulence-interaction noise generated. The
comparison of the results show that the turbulence statistics, including turbulence intensity,
integral length scales and anisotropy are highly consistent with the experiment. Moreover, far
field acoustics of the turbulence interaction as well as the near-field flow properties near the
leading-edge and the unsteady wall pressure fluctuations of the airfoil are also analyzed and the
results agreed well with the experimental measurements. The present study confirms that the
grid-generated approach is suitable for numerical investigation of turbulence-interaction noise
and its potential mitigation strategies.

I. Nomenclature

CFD = Computational Fluid Dynamics 𝑈∞ = free-stream velocity [m/s]
LBM = Lattice-Boltzmann Method 𝑈 = stream-wise velocity [m/s]
LES = Large Eddy Simulation 𝑢 = stream-wise velocity fluctuation [m/s]
VR = Variable Resolution 𝑉 = cross-wise velocity [m/s]
BGK = Bhatnagar, Gross and Krook 𝑣 = cross-wise velocity fluctuation [m/s]
RANS = Reynolds-Averaged Navier Stokes 𝑊 = span-wise velocity [m/s]
VLES = Very Large Eddy Simulation 𝑤 = span-wise velocity fluctuation [m/s]
FW-H = Ffowcs Williams-Hawkings 𝜎 = grid solidity ratio
PSD = Power Spectral Density TI = turbulence intensity
SPL = Sound Pressure Level Λ𝑥 = integral length scale [mm]
OASPL = Overall Sound Pressure Level 𝐸 ( 𝑓 ) = Energy
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Ω = BGK operator 𝑓 = frequency
𝑔 = generic function 𝑀 = grid size [mm]
𝑡 = time [s] 𝑑 = diameter [mm]
𝜉 = particle velocity in LBM model [m/s] 𝜏 = relaxation time

II. Introduction

Aircraft noise has gained substantial research interest in recent years as it is one of the leading environmental
concerns [1]. Effective noise control is a challenge that the aviation industry faces. Computational Fluid Dynamics

(CFD) studies can, at times, be cheaper and more extensive compared to experimental tests due to model complexity
and/or wind tunnel capability [2, 3]. However, it is essential to evaluate and validate the capabilities of solvers using
experimental data, and a combination of the two will lead to a more accurate and comprehensive study of problems of
interest. Turbulence interaction is among some of the most important noise generation mechanisms due to its relevance
and diversity of engineering applications and it arises from the turbulence distortion and scattering as it impinges on the
solid body [4] . There have been numerous experimental studies on turbulence-interaction noise of airfoils and bluff
bodies [5–12] and their noise mitigation strategies [13–18]. To this day, the experimental production of turbulence
upstream of a solid body is being achieved with grids installed within the wind-tunnel nozzle contractions [19, 20] and
have been extensively used to produce turbulent inflows since the work of Simmons and Salter [21], producing a large
number of aerodynamic and aeroacoustic measurements [22–26]. These data can be used to validate CFD solvers and
improve the accuracy of numerical models.

The role of CFD is to provide a cheaper and more versatile alternative to wind tunnel testing with the advantage
of providing a full knowledge of the acoustic and aerodynamic behavior of the turbulence interaction processes. It
also allows the study of different design configurations as well as the easy visualization of flow structures, which
can be prohibitively expensive or sometimes infeasible in experimental test cases. However, the numerical setup and
results needs to be validated through the use of experimental results. More than often, the main focus of numerical and
analytical studies of turbulence-interaction noise has been noise abatement techniques [27–34]. These studies have
improved our understanding of turbulence interaction and have further identified both turbulence intensity and the
turbulence integral length scale as key parameters to accurately capture the turbulence-interaction process. There are
several approaches to generate turbulence numerically, such as synthetic turbulence generation, used by Kim et al. [35],
to investigate wavy protuberances and their noise reduction mechanisms when interacting with turbulent flow. Intuitively,
turbulence production using a ’physical’ grid in the computational domain is an attractive approach given its similarity
to the experimental conditions. Liu et al. [36] performed a high-order Large Eddy Simulation (LES) to examine the
turbulence generated by grids. By comparing the results between their simulation and experiments from wind tunnel test,
they investigated the effect grid shape and grid position have on the characteristics of the grid-generated turbulence and
concluded that it could be a viable approach in turbulence generation. In fact, much of the numerical studies investigated
the production of grid-generated turbulence and their development and decay in the downstream flow [37–42]. However,
there is a lack of studies conducted which utilizes the grid-generated turbulence approach to examine the turbulence
interaction with aerodynamic bodies immersed in the flow. More recently, Wu et al. [43] reported one of the first
successful attempts to investigated rotor-turbulence ingestion and noise generation from grid-generated turbulence using
a solid grid setup.

The aim of this study is thus two folds: firstly to numerically investigate the development of grid-generated
turbulence with a grid comparable to an actual physical set-up and hence understanding the viability of using
the approach for studying turbulence interaction noise; secondly to understand and validate the flow and acoustic
characteristics for turbulence interaction with a NACA0012 airfoil. The high-fidelity simulations will be carried out
using a LBM solver PowerFLOW 2021 R2 and the results will be directly compared and validated with wind tunnel
measurements. PowerFLOW solver has demonstrated high efficiency and scalability when it comes to large-scale
numerical simulations [44–47]. Another advantage of the method is the naturally low dissipation of LBM, maintaining
the resolution of turbulence convection and decay, as well as accurate capture of acoustic wave propagation due to the
low point number requirement per wavelength [48]. The extensive studies conducted by Bowen et al. [19] will be used
to validate the PowerFLOW simulations as well as provide the foundations for further numerical studies. Due to the
nature of the open-jet aeroacoustic facility, several considerations must be made in order to avoid noise contamination
whilst producing appropriate levels of turbulence, which have been identified and addressed by Bowen et al. [26]. In this
work, turbulence is generated by means of a grid as their physical dimensions and turbulence generation properties in
the experimental set-up are known, and hence the simulation will be a more faithful representation of the experimental
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set-up. Subsequently, by directly comparing the numerical and experimental results, the grid-generated turbulence
approach applied to the turbulence-airfoil interaction case can be thoroughly evaluated.

The remainder of this paper is organized as follows: A brief introduction to the Lattice Boltzmann Method
and PowerFLOW is followed by the section on grid-generated turbulence, which includes the computational setup
in comparison with the experimental setup and illustrations of the geometry in the simulation domain. The result
comparison for turbulence intensity and integral length scale outlines the major differences between the cases and allows
for modifications in order to match experimental results. A final evaluation of near-field and far field noise spectra will
confirm the validity of the solver and the grid-generated turbulence implementation.

III. Lattice-Boltzmann Method
The numerical simulations were carried out using PowerFLOW, a solver based on Lattice Boltzmann Method. It

uses an extended Lattice-Boltzmann model to discretize particles in space, moving in specified directions with discrete
speeds and in discrete time intervals [49]. The building blocks of the simulations are cubic lattices, each 3D element is
defined as a voxel, and a grid discretization scheme, which equally refines the mesh in all dimensions, scaling by a
factor of two between adjacent resolution regions, also called Variable Resolution (VR) regions [50]. Within discrete
timesteps, particles move from one voxel to the neighboring one. Solid objects are characterized by surfels, described as
surface elements inserted where the solid intersects the fluid. The governing equation for the solver is based on the
Boltzmann Equation for a gas:

𝜕𝑔

𝜕𝑡
+
⃗⃗
𝜉
𝜕𝑔

𝜕
⃗⃗
𝑥
+
⃗⃗⃗⃗
𝐹

𝜕𝑔

𝜕
⃗⃗
𝜉
= Ω, (1)

where 𝑔(
⃗⃗
𝜉,

⃗⃗
𝑥 .𝑡) represents the density of particles at time 𝑡, point 𝑥 having velocity 𝜉 [51]. The Collision Operator, Ω,

is modeled by the Bhatnagar, Gross, and Krook (BGK) operator [52]:

Ω =
𝑔 (𝑒𝑞) − 𝑔

𝜏
. (2)

Here, Ω dictates that the particles after a collision will return to equilibrium within their relaxation time 𝜏. A set of 19
discrete velocities and points in space is replaced in order to discretize the operator. This results in efficient numerical
computations.

The macroscopic Boltzmann equation can be derived by integrating Eq. 1 over the microscopic velocities 𝜉 to obtain∫ ∞

−∞

(
𝜕𝑔

𝜕𝑡
+
⃗⃗
𝜉
𝜕𝑔

𝜕
⃗⃗
𝑥
−Ω

)
𝑑𝜉 = 0. (3)

Introducing the density and momentum equations leads to the conservation equation while multiplying the Boltzmann
equation by the collision invariant 𝜉 and performing further integration will result in the momentum conservation
equations. Using 𝜉2 will result in the energy equation instead [51]. The Navier-Stokes equations can be derived from
LMB using the Chapman-Enskog equations [53–55].

Boundary conditions in LBM cannot be imposed by using macroscopic quantities. Therefore, the flux of particles
is used instead. The two methods by which PowerFLOW determines solid boundary conditions are through the
implementation of Specular Reflection or Bounce Back Reflection. In the case of the former, a net flux of particles
in the 𝑥-direction and a no-net flux in the 𝑦-direction imply a 𝑢-velocity and 𝑣 = 0 at the wall, resulting in a free-slip
boundary condition. On the other hand, if particles are forced to bounce back, there is no net flux of particles in both 𝑥-
and 𝑦-directions, implying that 𝑢 = 0 and 𝑣 = 0, leading to a no-slip boundary condition. Readers are advised to refer to
existing studies for more details of the solver as well as a wide range of flow scenarios that it has been successfully used
to study [29, 45, 56, 57].

IV. Turbulence-Interaction Setup

A. Experimental Setup and Grid-Generated Turbulence
Turbulence generation is the first step in understanding turbulence interaction noise propagation. In this section,

both the experimental and the numerical set-up are described for the grid generated turbulence and its interaction with
the airfoil downstream. The wind tunnel in which experimental results are acquired is shown in Figs. 1 and 2. The
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different tested grids allowed investigation of the effect of grid spacing and sizing as well as grid position (see Fig. 1)
and of the turbulence characteristics developed downstream of the grids. The results were collected for three different
locations within the contraction nozzle, each having four different grids. This study will focus on the grids of the ’C’
family as denoted in [19], as it is not prohibitively large for the numerical domain.

Fig. 1 Schematic of the contraction nozzle with the turbulence grids where a) is the contraction nozzle and the
defining geometry definitions, b) the grid location A with a contraction ratio of 1.3, c) the grid location B with a
contraction ratio of 2.4, and d) the grid location C with a contraction ratio of 4.4. Figure from Bowen et al. [26]

As demonstrated by Bowen et al. [26], the passive grids generate a turbulent wake which gradually grows into
homogeneous turbulence. As the geometry imported into PowerFLOW matches the dimensions of the experimental grid
and setup, the results are expected to be comparable at some downstream distance away from the grid. The advantage of
using a grid to passively generate turbulence is that the turbulence develops naturally and there are no assumptions
about its structure. The natural advantage that PowerFLOW offers when it comes to voxel generation (i.e., meshing) of
the grid, as it utilizes an efficient Cartesian mesh, which perfectly fits the geometry. The key difference between the
experimental setup and the numerical simulation is the lack of the wind-tunnel nozzle and the respective contraction
ratio, which comes with each of the three different locations for the grid placement, as outlined in Fig. 1. This family
of grids was selected due to the abundance of data collected as well as experimentally having the lowest level of grid
self-noise, resulting in accurate far field acoustics for the turbulence airfoil interaction later. Despite having the same
general trend, the turbulent dissipation is predicted to be higher than that in the experimental results, which can be
improved with finer meshes, as demonstrated by Blackmore et al. [58].

Table 1 Geometric properties, turbulence intensity and integral length scales estimated from experimental
results by Bowen et al. [19] at the position of the contraction nozzle exit (𝑥 = 0), for a free-stream velocity
𝑈∞ = 20 m s−1.

Grid Diameter, d
(mm)

Mesh, M (mm) 𝜎 Turbulence
intensity (%)

Integral length
scale (mm)

C-2 19 100 0.35 4.9 6.1
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Fig. 2 Schematics of the contraction nozzle with a representative turbulence grid and the setup of the NACA0012
airfoil and geometric definition of the grids from Bowen et al. [19]

B. Computational Setup
The simulation setup is based on the works of Bowen et al. [19] in Fig. 2, who conducted extensive tests on different

grid configurations as well as angles of attack of a NACA0012 airfoil placed in the wake of the grid. The chosen grid
out of the four available configurations is grid ’C2’ [26], with geometric and turbulent properties outlined in Table 1.
The simulation domain can be seen in Fig. 3.

Experimental tests have demonstrated that generated turbulent scales are proportional to the grid size (𝑀) and decay
downstream [58], hence, a sufficiently large domain must be set up to allow both sufficient development length of the
turbulence as well as to minimize potential interference of the generated turbulence from the boundary conditions. The
simulation domain of the present numerical set-up is 8.8 m × 4.8 m × 0.4 m, which was sized based on the mesh size
(𝑀) to allow for a total of 4 grid holes in the span-wise direction, with periodic boundary conditions in the y- and
z-direction so that the geometry of the contraction nozzle does not need to be modeled. This can therefore be considered
as a straight enclosed wind tunnel with the grid filling the tunnel dimensions. As there are no losses in the y- and
z-direction and the only outlet is placed downstream, the velocity is expected to recover to free-stream as suggested by
the previous study [36]. As the simulation domain is sufficiently large with adequate voxel coarsening and periodic
boundary conditions, acoustic wave reflection at the far field boundaries were not observed and thus are of no particular
concern.

The inlet velocity is set to 20 m s−1 to recover the same free-stream velocity as in the experiments, which corresponds
to a chord-based Reynolds number of 𝑅𝑒 = 2.7 × 105. The outlet is defined as a pressure outlet at 101 325 Pa, standard
atmospheric condition. The finest VR region to maintain low numerical dissipation of turbulence extends from the grid
to three chords downstream of the leading edge in x-direction (i.e., stream-wise). This gives the size of the voxel in this
VR region as 7.81 × 10−4 m, which is small enough to encourage appropriate evolution and convection of the generated
turbulence downstream. Additional VR regions are added around the airfoil to reduce the smallest voxel size down to
9.77 × 10−5 m in order to accurately resolve the boundary layer and the range of turbulence length scales arising from
interaction with the airfoil, giving the total voxel count for the simulation to approximately 1236 million.

For computing the far field acoustics, the present simulation utilizes the solid formulation of the Ffowcs Williams-
Hawkings (FW-H). The noise acquisition frequency is set to 20 kHz to ensure the desirable range of frequencies is
captured based on Nyquist criterion. To examine the evolution of the velocity fields, a x-z measurement plane at 𝑦 = 0
was also recorded at identical sampling frequency. Prior to data collection, a velocity analysis helped determine a
transient time of around 20 flow passes, which then allowed the value of total simulation duration to be refined.
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Fig. 3

Fig. 4 Simulation setup for grid-generated turbulence, including the locations of the experimental nozzle exit
and airfoil (boundaries and airfoil not to scale).

V. Results

A. Turbulent Characteristics
In order to understand the flow and turbulence characteristics and assess whether the solver has the capability of

accurately resolving the turbulence generated by the grid and its development, simulations with the grid alone (i.e., no
airfoil in the domain) was carried out. Results from Bowen et al. [19] have been compared to numerical results at the
same locations and under the same parameters. Experimental results have been collected from the nozzle exit and up to
1.5𝑥/𝐷𝐻 downstream, where 𝐷𝐻 = 0.65 m is the hydraulic diameter of the wind-tunnel nozzle exit. On the other hand,
the velocity field statistics are registered at the exit of the grid to several 𝐷𝐻 downstream, permitting the analysis of the
turbulence generation and evolution at all of the stages. Turbulence intensity and integral length scale are calculated as a
function of downstream distance in x-direction. The turbulence intensity, TI, can be calculated as:

𝑇 𝐼 =
1
𝑈∞

√︂
1
3
(𝑢′2 + 𝑣′2 + 𝑤′2), (4)

where 𝑢′, 𝑣′, and 𝑤′ are the turbulent velocity fluctuations in the stream-, cross- and span-wise directions, respectively.
Fig. 5 illustrates the turbulence intensity as a function of 𝑥/𝐷𝐻 along the mid-span of the simulation domain. The
location of the ’Experimental Nozzle Exit’ is denoted by the solid vertical line, while the ’Experimental Airfoil’ is
located at 𝑥/𝐷𝐻 = 1, which coincides with the Virtual Nozzle Exit location, and hence indicated in Fig. 5. These
match the 𝑥/𝐷𝐻 location displayed in Fig. 2. As can be seen from the comparison, in order to match well with the
experimental nozzle exit vale of turbulence intensity of 4.9%, the so-called ’nozzle-exit’ location from the numerical
simulation appears further downstream from the original location of 𝑥/𝐷𝐻 = 0, and it is moved to 𝑥/𝐷𝐻 = 1, in
reference to the experimental set-up in [19]. This is labeled in Fig. 5 as the ’Virtual Nozzle Exit’. It can be observed that
the turbulence intensity decay trend of the numerical simulation matched well with the experiments beginning at the
nozzle exit to 𝑥/𝐷𝐻 = 1 downstream (presumably when the two exits are aligned, as seen in Fig. 5. Consequently,
the location of the airfoil in the numerical set-up has also been shifted downstream to maintain the original 650 mm
distance (one hydraulic diameter, 𝐷𝐻 ) from the nozzle exit, having consistent trend with the experiments. Note that the
location of the airfoil in the numerical set-up is denoted by the green dashed line, labeled ’Virtual Airfoil’.

Grid-generated turbulence is empirically known to become isotropic at 20 mesh-sizes downstream of the grid [38],
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Fig. 5 Numerical and experimental results for turbulence intensity of the C2 grid.

which in the case of the current grid, equates to a downstream distance of 2000 mm which is equivalent to 1.48𝑥/𝐷ℎ

downstream of the location of the nozzle exit. However, as shown by Comte-Bellot and Corrsin [22], the absence of
the contraction nozzle from the numerical grid set-up delays the decay as well as the downstream location at which
the isotropy and homogeneity of the generated turbulence become comparable to the experimental measurements.
Therefore, it is equally important to validate the integral length scales and the anisotropy level of the turbulence against
the experiments at the corresponding downstream locations. Firstly, the integral length scale is calculated based on
[24, 59], which has been widely used:

Λ𝑥 =

[
𝐸 ( 𝑓 )𝑈𝑚𝑒𝑎𝑛

4�̄�2

]
𝑓→0

, (5)

where �̄� is the standard deviation of the𝑈 velocity. The magnitude of the energy spectra 𝐸 ( 𝑓 ) as frequency 𝑓 approaches
zero is evaluated by averaging the first 80 points, where the values of these points at low frequencies asymptotically
converge. The integral length scale was calculated this way both as a function of 𝑥 as well as in the span-wise direction
for the location of the ’Virtual Nozzle Exit’ at 𝑥/𝐷𝐻 = 1. As outlined by Blackmore et al. [58], the integral length
is highly mesh-dependent and stabilizes for higher-resolution meshes. Therefore, a grid dependence study has also
been conducted on a smaller simulation domains to assess the impact resolution has on integral length scale. It was
determined that the chosen resolution for the simulation presented is considered stable and grid-converged. It can be
seen from Fig. 6 that the trend of the length scale matches well with the experimental measurements up to the location
of the airfoil. At the ’Virtual Nozzle Exit’ location, the length scale evaluated from the simulation is 6.0 mm, which
is comparable to the experimental result of 6.1 mm. Moreover, the span-wise averaged length scale, denoted by the
larger red cross symbol in Fig. 6, also agrees well with that determined at the center location, suggesting that the
turbulence generation is uniform in the span-wise direction and current periodic boundary condition are suitable for the
turbulence generation process. The subsequent increase of Λ𝑥 observed from the experiments is possibly attributed to
the dissipative nature of the open-jet configuration. However, since the turbulence interaction with the airfoil mainly
concerns the inflow conditions, i.e. the turbulence characteristics impinging upon the leading-edge of the airfoil, the
present agreement is deemed satisfactory for the turbulence-airfoil interaction simulations.
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Fig. 6 Numerical and experimental results for integral length scale of the C2 grid.

A blown-up, finalized version of the grid-airfoil setup can be seen in Fig. 7.

Fig. 7 Schematic of the grid-airfoil setup and coordinate system.

Secondly, by extracting the values of the root-mean-square (r.m.s.) velocity fluctuations, the anisotropy levels of the
turbulence at airfoil location can be computed as:

𝛽𝑢𝑣 = 1 − 𝑢′

𝑣′
, 𝛽𝑢𝑤 = 1 − 𝑢′

𝑤′ . (6)

The results from Eq. 6 confirm the isotropy of the turbulence as the values of 𝛽𝑢𝑣 ≈ 𝛽𝑢𝑤 ≈ 0 since 𝑢′ ≈ 𝑣′ ≈ 𝑤′.
This is in slight contrast with the experimental results from Bowen et. al [19], since the turbulence generated in the
experiments still exhibit some extent of anisotropy upstream of the leading-edge of the airfoil. This can possibly be
explained by the use of periodic boundary conditions and the lack of the contraction nozzle in the simulation. The
effect of the differences between isotropic and anisotropic turbulence has not been experimentally and numerically
investigated, and could be of interest for prospective studies. Lastly, Fig. 8 shows the contours of vorticity magnitude,
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which provides a good indication of the development of the flow. It can be seen that downstream of the grid, the
turbulence can be considered homogeneous in both the 𝑦− and 𝑧−directions, having little difference in either direction.
The grid location is represented by the vertical white line and the location of the Virtual Nozzle Exit is now located at
𝑥/𝐷𝐻 = 0. Comte-Bellot et al. [22] concluded that the use of a contraction nozzle produces a turbulence field which
appears to be more homogeneous and isotropic than reported by previous studies [60] and can be considered statistically
homogeneous and isotropic by 20 mesh lengths downstream of the grid [38]. The vorticity fluctuations are computed at
this location and they were found to be within 500 1/s in both the z- and y-direction. Further simulations also confirm
that the alignment of the grid has no effect on the downstream turbulence statistics relevant to this study and, therefore,
the chosen span is sufficient to simulate the desired turbulence interaction in the span-wise and cross-stream directions.

(a)

(b)

Fig. 8 Vorticity magnitude in the (a) span-wise (y-aligned) plane and (b) cross-wise (z-aligned) plane.

B. Turbulence interaction with the NACA 0012 airfoil
After the initial grid-only simulations to extract the turbulence intensity, integral length scale, and anisotropy to

assess the feasibility of a comparison between experimental and numerical setups, the airfoil is placed at the location
downstream of the grid that matches the required length scale and intensity. Subsequently, the main aerodynamic
characteristics such as the velocity and velocity fluctuation decay, static and unsteady surface pressure as well as
the far field acoustics were recorded and compared to the experimental measurement wherever possible. First of all,
non-dimensional time-averaged pressure coefficient (𝐶𝑝) along the surface of the airfoil is presented in Fig. 9 (a).
The pressure coefficient distribution obtained from the viscous formulation of XFoil at similar Reynolds and Mach
numbers to the numerical simulation is also overlaid. Since XFoil cannot model the turbulence levels achieved in the
PowerFLOW case, the airfoil is ’manually’ tripped close to the leading edge, allowing for the turbulent boundary layer to
develop immediately, which replicates the effect the incoming turbulent flow has on the airfoil’s leading edge. As seen
in Fig. 9(a), a close match of the simulation and XFoil results reaffirms that the present simulation is able to correctly
predict the mean aerodynamic behavior of the turbulence-airfoil interaction.

Turbulence intensity and integral length scale at the airfoil leading edge are critical to the aerodynamic and
aeroacoustic performance of the turbulence interaction process. Their magnitudes have been identified in the previous
section to match experimental results and therefore are not evaluated again for the simulation with the airfoil. In
addition, as the body creates a velocity stagnation at the leading edge, its hydrodynamic field is likely to affect the flow
upstream, thus altering the decay and distortion of the turbulent structures upstream of the leading edge. As a result,
in order to assess the effect of the airfoil has on the flow upstream, mean and fluctuating velocity fields are extracted
along a stagnation line from 𝑥/𝑟 = 0, which corresponds to the location of the leading edge and where r denotes the
leading edge radius 𝑟 = 3.17 mm. Fig. 9 (b) shows the changes of the mean and fluctuating velocity components up to
five leading edge radii. The left y-axis depicts the evolution of the stream-wise component of velocity, normalized by
the free-stream velocity (𝑈/𝑈∞), where 𝑈∞ = 20 m/s. The right y-axis represents the root-mean-square (r.m.s.) of
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the velocity fluctuations
√︃
𝑢′2 + 𝑣′2/

√︃
𝑢′20 + 𝑣′20 , where

√︃
𝑢′20 + 𝑣′20 is the free-stream r.m.s. of the velocity fluctuations

extracted at (𝑥/𝑟 = −32). Experimental results are included for comparison and are depicted by the circle and triangle
markers respectively. Similarly to experimental results, the velocity fluctuations are only considered in the stream- and
cross-stream directions. As depicted in the figure, the overall trend of the stagnation line is followed and is consistent
with experimental results from Bowen et al. [61]. As expected, the velocity at the stagnation point 𝑥/𝑟 = 0 would have
zero velocity, which the simulation correctly captures. The mean stream-wise velocity approaches approximately 90%
of the free-stream velocity at 𝑥/𝑟 = 5 upstream, similarly to the experimental results, while the recovery of the r.m.s. is
considerably slower than the free-stream r.m.s. of velocity fluctuations, which implies a larger effect on the flow from
the presence of the leading edge stagnation. It is important to note that due to the availability of the experimental data,
the location of the airfoil for the experimental results presented in 9 (b) is 𝑥 = 350 mm downstream of the nozzle rather
than the 𝑥 = 650 mm of the previously discussed experimental results by Bowen et al. [19]. Furthermore, the turbulence
was produced by the C1 grid (refer to Appendix A). Despite it having similar turbulence-generation characteristics, the
C1 grid differs from the C2 grid used in the simulation and in the previous comparisons, therefore, some discrepancies
are expected in the fluctuating components between the simulation and the experiments. Yet, as will be seen in the
following section, the resulting near-field surface pressure fluctuation spectra and far field noise spectra agree well
between the two, despite the differences in the recovery of the velocity fluctuations.

(a) (b)

Fig. 9 Comparison of (a) Mean pressure coefficient 𝐶𝑝 for the NACA0012 airfoil from XFoil and PowerFLOW
and (b) Stagnation line evolution of the stream-wise component of velocity𝑈/𝑈∞ (left axis) and root-mean-square
of the velocity fluctuations

√︃
𝑢′2 + 𝑣′2/

√︃
𝑢′20 + 𝑣′20 (right axis) from PowerFLOW (solid lines) and experiment

(markers)

C. Near- and far field aeroacoustic characteristics
The flow solution from PowerFLOW is inherently unsteady and compressible, and the low dissipation and dispersion

make it suitable for aeroacoustic measurements by extracting pressure fluctuations on the surface or in the near field [62].
Differently from the experiment, the far field noise analysis from direct measurements is unattainable with the current
simulation volume setup. The microphone polar array from Bowen et al. [19] are placed at 1.75 m radially out from
the leading edge (90◦), arranged in increments of 5◦ between the angles of 40◦ and 150◦, which is considered to be in
the far field in the anechoic chamber. The same polar array is recreated in PowerFLOW using pressure measurements
from the surface of the airfoil and subsequently integrated and propagated with the FW-H analogy to obtain the far
field acoustics [63, 64]. The FW-H implementation and post-processing of the noise spectra have already been used
and validated in a number of studies [56, 62, 64, 65], which demonstrated good comparison and robustness. As
previously mentioned, the solid FW-H surface is sampled at 20 kHz to ensure sufficient sampling rate for comparison
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with experimental acoustic spectra. The Power Spectral Density (PSD), expressed in dB/Hz, is calculated as

PSD = 10 log10 (𝜙𝑝𝑝/𝑝2
0), (7)

where 𝜙𝑝𝑝 is the pressure fluctuation power in the frequency domain evaluated by the Welch’s estimate function and
𝑝0 = 20 𝜇Pa is the reference pressure. The present study only takes into account the far field noise results of the
turbulence interaction with the NACA0012 airfoil as it would be prohibitively expensive to record solid FW-H data from
the surface of the grid itself. Furthermore, as outlined by Bowen et al. [19], the grids at location C have a self-noise
level within 3 dB/Hz of the background levels.

Using the FW-H analogy, it was possible to produce the far field noise comparisons for the spectra from individual
microphone at the polar angle of 90◦, as shown in Fig. 10(a) as well as for overall sound pressure level (OASPL)
directivity computed from all of the microphones along the array, as shown in Fig. 10(b). The background grid self-noise
from the experiment is included for reference. Clearly, the numerical simulation predicts the increase of the far field
noise in the low-to-medium frequency range from approximately 200Hz to 1000Hz, as manifested by the broadband
hump above the background noise. An additional hump from approximately 1000Hz to 1600Hz can be observed from
the simulation, different from that of the experimental results, which requires further investigation. It is worthwhile
mentioning that similar broadband humps at approximately 1000Hz were seen in the experimental results of other
passive grids. At even higher frequencies, the magnitudes of the PSD spectra begin to differ from experimental values.
However, it is likely that the experimental measurements were influenced by the background noise at higher frequencies.
Yet, the gradient of the decay remains comparable. Nonetheless, the overall performance of the far field noise prediction
from the present grid-generated turbulence interacting with the airfoil is considered satisfactory. The directivity of the
overall sound pressure levels shown in Fig. 10 (b) further corroborates the notion as good agreements can be observed
between the two for the OASPL directivity. In fact, the differences of the OASPL computed from the present simulation
is within 4 dB of the experimental measurements. Lockard [66] performed a study comparing the solid and permeable
FW-H formulation in PowerFLOW and demonstrated that there exists some differences in capturing the far field noise
spectra from the two formulations, and hence could be of interest in the prospective study.

(a)

 (°)

(b)

Fig. 10 Far field (a) Noise sound pressure level comparison between experimental data and solid FW-H from
PowerFLOW simulation measured at 𝜃 = 90◦ and (b) Overall sound pressure level directivity comparison between
experimental data and solid FW-H from PowerFLOW simulation

In addition to the far field acoustics, the near-field aeroacoustic characteristics in the form of surface pressure
fluctuation spectra is obtained and compared with the experiments, which ensures consistency between the near-field and
far field prediction from the present simulation study. As shown by Bowen et al. [61], the surface pressure fluctuation
spectra experience a significant increase in locations closer to the airfoil leading edge due to the inflow turbulence.
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Therefore, the surface pressure fluctuations at two airfoil locations close to the leading edge at 𝑥/𝑐 = 0 (p1) and
𝑥/𝑐 = 0.08 (p2) were extracted, similar to the experiments. it should again be remarked that these results were taken
from the ’C1’ grid, but they reflect well the general behavior of the surface pressure fluctuation spectra for turbulence
interaction with the airfoil.

(a) (b)

Fig. 11 Power Spectral Density of the surface pressure fluctuations comparison between experimental and
numerical results over the NACA0012 airfoil for (a) transducer p1 located at the leading edge and (b) transducer
p2 located at 𝑥/𝑐 = 0.08.

As expected, the highest surface pressure fluctuation energy level is generated at the stagnation point and a close
match is observed between numerical and experimental results, which is presented in Fig. 11(a). The surface pressure
fluctuation spectra scale with 𝑓 −7 at high frequencies, similar to experimental data, however the low-frequency energy
level has a magnitude higher by an almost consistent 4 dB/Hz. Consistent results are also obtained after the stagnation
point for probe p2, for which the surface pressure fluctuation spectra scale with 𝑓 −5/2 as shown in Fig. 11(b). The
magnitude of the spectra is however higher by an approximately constant 7 dB/Hz, which could possibly be attributed
to the difference in the grids used. The increase observed in the near-field surface pressure fluctuations correspond well
with those increase in the far field noise across the frequency range of interest, and possibly contributes to the increase,
as calculated from the FW-H analogy. The results from the far field noise spectra suggest that the leading edge region of
the airfoil is the biggest contributor to the airfoil-turbulence interaction noise.

VI. Conclusion
Grid-generated turbulence using square grids is a complicated mechanism that requires small adjustments in order

to numerically replicate the experimental results. Turbulence interaction noise computed using the FW-H solid analogy
is used to compare to experimental far field measurements. The results from this study suggest that the simulation
of leading edge grid-generated turbulence interaction using the LBM solver PowerFLOW can produce comparable
results to the experimental setup by Bowen et al. [19]. Due to the lack of certain flow and surface measurements from
experimental results involving the C2 grid, some comparative studies were conducted using a grid that produces similar
turbulent characteristics and has overall more consistent results for the variables of interest. However, the location
of the airfoil in the setup with this grid differs from the location used both in the experimental and numerical setups.
PowerFLOW has been successfully used for simulations involving far field noise computations; therefore, the authors are
confident that adjusting the location of the airfoil will produce results that will be more consistent with the experimental
results of Bowen et al. [61]. Despite this difference, both turbulence characteristics, far field noise computations, and
surface pressure SPL have compared well to experimental data, with only minor differences. Some of the problems
observed herein, such as the discrepancies in high-frequency noise spectra, OASPL, and surface pressure SPL for the
probe locations further along the airfoil chord, are likely to be due to grid-self noise, which is better damped out in
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experimental results. In addition, the use of solid acoustic data for the FW-H analogy could prove insufficient, and
therefore a comparison using permeable surface acoustic data should be considered. New simulations will be set up to
explore the new location of the airfoil downstream of the grid in order to better compare with experimental data and
understand if there are any incorrect assumptions being made when setting up the simulation and in the use of the FW-H
analogy, which leads to higher energy spectra values as shown in this study. The implementation of the correct acoustic
analogy will allow for the exploration of different angles of attack and leading edge variations to efficiently investigate
the noise spectra and subsequently noise-abatement techniques.
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Appendices

A. Experimental Setup

Table 2 The geometric properties of test locations in the contraction nozzle [19]

Grid Location Height, 𝑎𝐺 (mm) Width, 𝑏𝐺 (mm) 𝑥𝐺 (mm) R
C 1305 1305 1040 4.4

Table 3 The geometric properties and identification of each turbulence grid, turbulence intensity, and integral
length values estimated by the autocorrelation method at the position contraction nozzle exit (𝑥 = 0), for a
free-stream velocity 𝑈∞ = 20 m/s [19]

Grid Diameter, d
(mm)

Mesh, M (mm) 𝜎 Turbulence
intensity (%)

Integral length
scale (mm)

C-1 19 75 0.45 4.8 5.9
C-2 19 100 0.35 4.9 6.1
C-3 32 167 0.35 8.1 9.4
C-4 45 233 0.35 10.1 10.8
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