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This study employs wall-resolved large-eddy simulation of a NACA 0012 airfoil at
a Reynolds number of 400000, a Mach number of 0.058, and zero incidence angle to
investigate the fundamental mechanisms governing trailing-edge noise generation and
propagation within turbulent boundary-layer flows. It utilizes wave-number-frequency
decomposition and Amiet’s trailing-edge noise theory to separate total pressure into two
distinct components: hydrodynamic (incident) pressure and acoustic (scattered) pressure.
The findings reveal that hydrodynamic pressure consists of turbulent coherent structures
characterized by high-energy spectra, but they act as nonpropagating sources due to
destructive interference within the streamwise correlation length. In contrast, acoustic
pressure exhibits an in-phase nature that facilitates efficient sound propagation. The roles
of incident and scattered pressures in Amiet’s theory are compared with hydrodynamic
and acoustic pressures obtained from a numerical simulation, revealing similarities in
magnitude and directivity patterns.
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I. INTRODUCTION

The amplification of noise radiation is well established when noise sources are near solid
boundaries such as airfoil surfaces [1,2]. Brooks et al. [3] identified five primary mechanisms of
airfoil self-noise, including turbulent boundary-layer trailing-edge noise, laminar boundary-layer
instability noise, trailing-edge bluntness noise, separation-stall noise, and tip vortex noise. Among
these, turbulent boundary-layer trailing-edge noise is especially important in various engineering
applications, ranging from airframe configurations to rotating blades. The practical examples in-
clude advanced air mobility aircraft, wind turbines, and marine propellers. A comprehensive review
of analytical, experimental, and numerical studies related to trailing-edge noise can be found in
Ref. [4].

There have been significant strides in developing theories related to turbulent boundary-
layer trailing-edge noise over several decades, with foundational works starting as early as the
1970s [5-9]. For example, Ffowcs Williams and Hall [5] delved into the scattering effect of
turbulence near a sharp edge. They integrated the rigid half-plane Green’s function with volumetric
sources that depict wake velocity statistics in Lighthill’s equations [10]. Howe [9] further con-
tributed with an asymptotic theory, wherein the scattering is characterized using the Wiener-Hopf
method iteratively, with a dipole source defined by the wall pressure spectrum and spanwise
correlation length.

In addition, Amiet [6-8] derived an aeroacoustic transfer function, based on the Schwarzschild
solution to handle the scattering effect. Amiet combined this aeroacoustic transfer function with
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acoustic sources near the trailing edge such as spanwise correlation length and the wall pressure
spectrum to determine the acoustic power spectral density. However, the theory rests on several
assumptions, such as the exponential decay of incident pressure from the trailing edge to the
leading edge, frozen turbulence [11], an infinitely long span, and a flat plate at zero incidence.
Yet, despite such oversimplifications, the introduction of an advanced empirical wall pressure
spectrum model [12] to Amiet’s model has led to favorable outcomes for airfoil and rotor broadband
noise predictions [13—15]. This groundwork has facilitated successive refinements such as factoring
in leading-edge backscattering [16] and accounting for the airfoil camber and thickness [17]. In
Amiet’s theory, it is important to note that both the hydrodynamic incident pressure and the acoustic
scattering pressure serve as the sources of far-field noise. While several researchers [18-21] as well
as Amiet himself [8] have delved into examining the relative contributions of these pressures, the
intricate physical dynamics underlying how each pressure distinctly contributes to the far-field noise
warrants deeper exploration. This is at the forefront of our investigation in this paper.

In numerical simulations, one can independently compute noise originating from both the
incident and scattered pressures in conjunction with acoustic scattering solvers, such as the finite
element method (FEM) or the boundary element method (BEM), along with an acoustic analogy.
Oberai et al. [18] addressed the computation of trailing-edge noise through the variational for-
mulation of Lighthill’s acoustic analogies [10] using the FEM. They distinguished sound sources
into incident and scattered fields. The incident field was either modeled as a basic quadrupole
source or derived from Lighthill’s turbulence tensor in free space. Conversely, the scattered field
was computed by subtracting the incident contribution from the total pressure. Their observations
revealed that the scattered component influences the directional attributes of the total pressure
throughout the entire frequency spectrum. They noted that the resultant scattered sound retains a
dipole pattern at low frequencies, corroborated by Curle’s solution [1]. Moreover, the peak noise
level in terms of directivity tends to lean upstream as the frequency increases. At high frequencies,
additional lobes emerge in the dipole pattern due to scattering by wavelengths smaller than the
airfoil chord length. Consistent findings were reported by Martinez-Lera et al. [20,21]. They used
the FEM along with Lighthill’s formulation, and their results indicated that the primary noise source
emanating from the airfoil results from the scattering effect, with the incident field playing a minimal
role. Khalighi et al. [19] used the BEM to solve Lighthill’s equation in the presence of a body. Their
most salient observation is the dominance of the scattering effect at high frequencies, contrasting it
with sounds solely emanating from hydrodynamic sources on the wall.

In compressible large-eddy simulations (LESs), it is more challenging to separate the incident
pressure and the scattered pressure since the flow solutions inherently encompass both hydrody-
namic pressure fluctuations and scattered acoustic pressures on the wall. Various methodologies
exist for distinguishing between these pressures [22-25]. The essence of these methods lies in
leveraging the disparity in phase speeds between hydrodynamic and acoustic pressures. Shubham
et al. [26] utilized the wave-number-frequency decomposition technique to distinguish hydrody-
namic pressures from acoustic pressures in the study of airfoil noise. Their analysis identified
the cause of the pronounced high-frequency broadband humps observed at high Mach numbers.
Specifically, they attributed the amplification of acoustic pressures to the presence of a separation
bubble near the leading edge.

A key advantage of employing LES lies in its capability to generate extensive datasets. These
datasets can be seamlessly integrated with data-driven postprocessing routines, enabling a compre-
hensive analysis of the characteristics of each pressure component. For instance, dynamic mode
decomposition (DMD) [27] has been employed to analyze pressure waves generated by both
dipole and quadrupole sources around the airfoil at specific frequencies [28]. Building on modal
analyses, Sanjose et al. [29] elucidated the aeroacoustic mechanisms associated with trailing-edge
noise by identifying the diffraction of coherent structures at the trailing edge. Concurrently, other
studies [30,31] have emphasized the role of spanwise-coherent structures in trailing-edge noise,
highlighting that these two-dimensional disturbances consistently meet the conditions necessary for
sound generation. Sano et al. [30] substantiated this hypothesis through flow-acoustic correlation
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FIG. 1. Boundary conditions over the computational domain.

and spectral proper orthogonal decomposition (SPOD) [32] analyses. Furthermore, the recently
developed cross-spectrum analysis [33] provides a novel approach for examining the impact of
decomposed pressure components, offering additional insights beyond previous methodologies.

Theoretical and numerical investigations have substantially advanced our understanding of the
generation and propagation mechanisms of trailing-edge noise. Nevertheless, the intricate contribu-
tions of hydrodynamic and acoustic pressures to far-field noise remain inadequately elucidated. This
study seeks to address this knowledge gap through a multifaceted approach combining compressible
LES simulations, wave-number-frequency Fourier filtering based on phase speed, cross-correlation
and phase analyses, and the application of the FW-H acoustic analogy [34] to segmented airfoil
surfaces.

Furthermore, we revisit Amiet’s theory, contrasting the incident and scattered fields within an
analytical framework against numerical results derived from LES. This comparison evaluates the
efficacy and precision of Amiet’s model in capturing the roles of incident and scattered pressures.
Ultimately, this paper aims to illuminate the underlying physics governing trailing-edge noise
generation and propagation through comprehensive pressure decomposition, providing a deeper
insight into these complex aeroacoustic phenomena.

II. METHODOLOGY

A. Computational domain and boundary conditions

The computational domain and boundary conditions surrounding a NACA 0012 airfoil with a
blunt trailing-edge configuration are illustrated in Fig. 1. The trailing-edge bluntness, denoted as
htg /8%, or the ratio of the trailing-edge thickness (hrg) to the displacement thickness (§*) calculated
atx/c ~ 0.99, is determined to be 0.5. We have employed an O-type two-dimensional computational
domain with a radius of 8.0c, where c represents the airfoil chord length. This domain extends by
0.1c in the spanwise direction, and periodic boundary conditions are applied to the two O-type
planes to facilitate three-dimensional simulations. Unlike massively separated flows [35,36], this
spanwise size was found to be sufficient for turbulent noise sources that exponentially decay under
current flow regimes [37]. The airfoil itself is equipped with a no-slip wall boundary condition, while
the freestream boundary encompasses the outer edge of the computational domain. To mitigate
acoustic perturbations within the finite computational domain, a nonreflecting boundary condition
is implemented alongside the freestream boundary. Additionally, a sponge zone is introduced,
consisting of a concentric circle with a radius spanning from 4.3c to 8.0c. This sponge zone is
designed to dampen acoustic disturbances. To induce turbulent flows downstream, a boundary layer
is tripped using a squared trip dot positioned at 12.5% of the airfoil’s leading edge on both sides.
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FIG. 2. Structured mesh topology: (a) airfoil near-wall region, (b) surface on the airfoil (for clarity, the
meshes are displayed for every fourth grid line), and (c) streamwise and spanwise grid spacing in wall unit.

B. Grid topology

Figure 2 provides an overview of the grid topology within the computational domain. The
structured meshes are visible near the airfoil [Fig. 2(a)] and on the wall [Fig. 2(b)]. The grid dimen-
sions are specified as Ny x N, x N; = 4308 x 323 x 65 in the streamwise, normal, and spanwise
directions, respectively, resulting in an approximate total cell count of 90 million. Notably, the grid
resolution is uniform on both sides of the airfoil. Mesh refinement is evident near the trailing edge,
a crucial aspect for accurately resolving acoustic sources and scattering at this location. To quantify
the grid size, it is depicted in Fig. 2(c) as grid spacing normalized by the viscous lengthscale, denoted
as AxT = Axu, /v and Azt = Azu,/v. Here, u, represents the friction velocity, and v denotes the
kinematic viscosity. The results indicate that Ax™ remains below 20, while Az" is less than 40
around the stair strip, where the laminar-to-turbulent transition initiates. Additionally, the average
value of the first cell height y* along the airfoil surface is less than 0.5. Therefore, the current
grid resolution aligns with the criteria for grid size in wall-resolved LES as outlined by Georgiadis
et al. [38].

C. Governing equations and numerical methods

The equations governing the large-scale motions of compressible flows can be formulated using
Favre-filtered quantities, as outlined in previous studies [39-41]. In the following, the operator
symbols = and ~ are employed to denote the Reynolds and Favre averages, respectively, following
the notation introduced by Favre [42]. These equations encompass the continuity, momentum, and
total energy equations, which are expressed as follows:

p 0
— 4+ —(pb;) =0,
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where p, 7;, E,H, T,k are the filtered density, filtered velocity components in the ith direction,
filtered total energy & + ¥y - T /2, filtered total enthalpy £ + p/p, filtered temperature, and filtered
thermal conductivity. Here, &, p are the filtered internal energy and filtered pressure, respectively.
tisjgs is the Favre-averaged subgrid-scale (SGS) stress tensor denoted as p(v;v; — ;9;), while qjgs is
the SGS heat flux denoted as p(év; — &v;). S;; denotes the rate of strain tensor of the resolved flow

field, which is defined as
5y = o (22 2N 4)
Y2 \ox; o A )

4;; is the shear-stress tensor of the resolved flow field, which is defined as
6ij =2(Sij — %Skk(sij)s @)

where i, §;; are the filtered dynamic viscosity and Kronecker symbol, respectively. Both SGS
components, r;jg” and q;g“, must be modeled, the former being determined based on the deviatoric
stress tensor for the eddy viscosity assumption:

o = 3% 8 = —2pvr (Sij — 35usi). (6)
where vr stands for the turbulent eddy viscosity. This relates the SGS stress tensor to the turbulent

eddy viscosity and the rate of strain tensor. Likewise, the SGS heat flux qj.gs can be associated with

the turbulent eddy viscosity as qj-gs = _@;qu, %, where C,, is the specific heat at constant pressure,
y t j

and Pr, is the SGS turbulent Prandtl number equal to 0.85, which is the ratio of the turbulent eddy
viscosity to the thermal diffusivity, thus being determined by calculating vy [39]. In this paper, the
turbulent eddy viscosity vr is determined by the wall-adapting local eddy-viscosity (WALE) [43]
model defined as

3/2
(5555

vr = (C,A) —
~ ~ /4
(8i18i1)>% + (S¢-8¢:)

)

where C,, is specified as 0.325, A is the filter width defined as (A, Ay, A;)"/3, and Slf’j is defined as

g Lfan\ (097 1. [0n)°
%‘2<@w>+(m)> 3*(&)' ®
In our simulations of compressible turbulent flows, we employ the rhoPimpleFoam solver, which
represents a density-based PIMPLE (Pressure Implicit with the Splitting of Operator combined with
Semi-Implicit Method for Pressure-Linked Equations) algorithm [44]. The computational domain
is discretized using the finite volume method. Spatial variables are discretized with second-order
accuracy, utilizing the Gauss linear scheme, while temporal variables are discretized using the
backward-differencing scheme. The initial flow field for LESs is derived from a steady-state
Reynolds-averaged Navier-Stokes (RANS) simulation. In this RANS simulation, we employ the
k-w shear stress transport model proposed by Menter [45] as a closure model. To ensure temporal
accuracy, time-accurate simulations are conducted with a nondimensional time step denoted as 7%,
which is selected as 1.133 x 1073 and expressed as Atc,/l. Here, At, c,, and [ represent the physical
time step, speed of sound, and characteristic length, respectively. The simulations progress in time
while maintaining a Courant-Friedrichs-Lewy (CFL) number of less than 0.9. The total duration of
the LES corresponds to 20 airfoil flow-through times (FTT). Spectral analyses are conducted using
numerical data collected at intervals of 1/3000 FTT during the final 10 FTT, where flow statistics
have reached convergence.
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D. Wave-number-frequency decomposition

The wave-number-frequency analysis is represented in the form of a multidimensional Fourier
transform. This multidimensional spectrum can be expressed as follows:

P(f, k)= / ” / ” p(t, x)eFTI1=R0 qrdx, 9)

where k represents the wave number, f denotes the frequency, and ¢ stands for time. Specifically,
only the streamwise wave number is considered, simplifying the identification of various wave
modes based on their propagation direction and speed. This approach enables the isolation of
specific wave modes through a filtering process, allowing for the detection of a single-mode
wave [26]. Time-accurate pressure data are collected from probes distributed evenly on both the
upper and lower sides of the airfoil. The wave-number resolution, denoted as Ak, is determined
as Ak = 3.33 m—!, which is calculated using the formula Ak = 1/(Ndx), where N represents the
number of probes, and dx is the distance between neighboring probes. Wave number, in this context,
is defined as the number of complete waves within a unit distance, with units of m~'. Fourier
coefficients in the wave-number-frequency domain are subjected to filtering using the following
relationship:

Py(f. k) =P(f. Y (f. k), (10)
. 11 ﬁowerband < f g fupperband’
Y(f’ k) = O’ f>fupperband7 (11)
O’ f<ﬁowerbanda

where Py(f, k) represents the filtered Fourier coefficient, while ¥ (f, k) stands for the filtering
coefficient, taking values of either O or 1. The lower and upper bands of the filtering coefficient
delineate the threshold range, which is determined by the phase velocities of convective velocity
U, = 0.8U and the speed of sound c¢,. The acoustic-wave mode can be further decomposed into
downstream and upstream waves, resulting in the identification of three distinct pressure waves
upon decomposition. These are as follows: hydrodynamic pressure (pny), which travels along the
wall at the convective velocity U., downstream acoustic pressure (p;}.), propagating at a speed of
approximately U, + c,, and upstream acoustic pressure (p,.), propagating in the opposite direction
to the freestream, approximately at U, — c,. The filtered pressure spectra are then transformed back
to the time domain by applying the inverse Fourier transform denoted as F~![:],

pr(t,x) = F '[Py (f, k)] 12)

The filtering process is repeated until three wave modes of the pressure are obtained:

pr(t,x) = pry + Pl + pe- (13)

E. Ffowces Williams-Hawkings acoustic analogy

The calculation of sound radiation is carried out using Farassat’s Formulation 1A [46], which
involves solving the integral formulation of the Ffowcs Williams-Hawkings (FW-H) equation [34].
This computational process is implemented in the psu-wopwop code [47,48]. Pressure fluctuations
occurring on the surface of the airfoil within the spanwise length of 0.1c are extracted to calculate
the loading noise. In the case of low-speed Mach numbers, the analysis excludes considerations for
thickness noise and the quadrupole source term within the FW-H equation. The sets of equations
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representing Farassat’s Formulation 1A for loading noise are as follows:
P(x.t) = pp(x, 1), (14)

1 I, I, —1
4 p) (x,1) = _/ — dS+/ [—Mz} ds
C Jr=0 ril —M,| ret f=0 ”2|1 — M, |” et

1 / [lr(er + C(Mr - MZ))
f=0

+_
c 2|1 — M,

] ds, (15)
ret

where M, 1/|1 — M, |, r, i,, f = 0 are the source Mach number in the sound radiation direction, the
Doppler amplification factor, the relative distance between the source and an observer, the rate of
change of the surface pressure, and the acoustic data surface, respectively. The integrands are evalu-
ated at the retarded time. It is important to note that the receivers move at the same speed as the air-
foil within a stationary medium. This scenario is analogous to an acoustic field within a wind tunnel,
where the airfoil and observers are stationary while the medium—the airflow—remains in motion.

F. Amiet’s trailing-edge noise theory

Amiet [6-8] developed a model for trailing-edge noise in uniform flow, considering a flat plate or
a thin airfoil within a source coordinate system (X, Y, Z). Each axis coordinate is normalized by half
the chord length, denoted as b, oriented in the streamwise, spanwise, and wall-normal directions.
The airfoil streamwise extends from —2 to 0, and the origin of the source coordinate is at the
trailing edge. The incident pressure field upstream of the trailing edge in the frequency domain is
represented as follows:

2o(X, Y, @) = e 1@KX+KaY)teakX 6
where o = Ux/U., K = Kb with K = w/Usx, K» = Kb with K = wy/(c,S,). Here, Sy is

Jx2 + B2(x3 + x2) for the observer located at (x1,x2,x3), 8% =1—M?, M = Us/c,, ¢, is the

speed of sound, and w is the angular frequency. The parameters Uy, and U, are the freestream
velocity and turbulence convection velocity, the latter approximately being 0.8U,, consistent with
the wave-number-frequency decomposition (Sec. IID). In this paper, K, = 0. The parameter € is
used as an exponential convergence factor, designed to maintain the incident pressure at the trailing
edge while causing it to exponentially diminish towards the leading edge [8,49]. In this context,
the value of the exponential convergence factor € is set to 0.01. Importantly, the ultimate solution
produced by Amiet’s model is not significantly affected by the specific choice of this value. The
scattered pressure is determined using Schwarzschild’s solution, which satisfies the Kutta condition,
and it is expressed as follows:

(X, Y, 0) = e F¥[(1 + DE*(—[akK + & + MAIX) — 1], (17)
where E* is the complex error function defined as

X e—it
E*(x) = / dr = G(x) — 15, (x). (18)
0 ~2mt 2 ?
In this equation, C, and S, are Fresnel integrals [50]. Here, i = 1> — 1% with i = KM/ B>

1. Aeroacoustic transfer functions

The aeroacoustic transfer function is derived by integrating the incident pressure and the scattered
pressure from the leading edge to the trailing edge, utilizing the following equation:

O .- X
LG, w) = / (X, Y, w)e PMHX gy (19)
)

where X denotes the vector of the observer coordinate system.
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FIG. 3. Normalized Q-criterion (Qc?/ UozO = 10) colored with the streamwise velocity component (U, /Us)
with the dilatation field (V - U) in the background: (a) isometric view and (b) plane view normal to the spanwise
direction.

The aeroacoustic transfer function for the incident pressure is given by

1
L"O(}_éﬂ CL)) = A

) 20
4iC @0)

where C = K| — Rt — M).
The exact solution of the aeroacoustic transfer function for the scattered pressure can be obtained

2iC
Li(E, 0) = _% ((1 +i)e %€, / %E*[z(za —0O)] - +4+DE*2B]+1— eZiC), (1)

where B = K| + Mji + & with K| = aK.

as

2. Far-field acoustic spectrum

The computation of the far-field acoustic spectrum radiated by the sound source is accomplished
through the cross spectrum of Curle’s acoustic analogy [1], which relates it to the surface pressure
fields. The far-field spectrum at the observer location is expressed as follows:

KMX3b
2783

2
- S

Spp(X, ) = 4< > EIEU + LiPly(, ky)Sgq(w), (22)

where S stands for the airfoil span and S, is the wall pressure spectrum near the trailing edge,

approximately 99% of the chord length as suggested by Lee and Shum [13]. The parameter /, is

the spanwise correlation length near the trailing edge, which is calculated by Corcos’ model [51] as

follows:

b.U.
Li(w, k) = = w/( ) 23)

2 02/ U

where b, = 1.0 in this paper. It is worth noting that Eq. (22) yields a magnitude that is four times
that of Amiet’s original model [6]. This is because the scattering taking place on one side of an
airfoil affects both sides [16]. However, it is important to recognize that the incident field should
not be influenced by the trailing-edge boundary condition or the Kutta condition. To address this,
Li and Lee [52] introduced a correction to Eq. (20), dividing it by a factor of 4. In our analysis, we
utilize this modified equation.

III. RESULTS AND DISCUSSION

A. Flow and acoustic fields in LES

The near-field flow and acoustic perturbation at a chord-based Reynolds number of 400000
and a Mach number of 0.058 at zero angle of attack are first presented. Figure 3 presents an
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30

FIG. 4. Spanwise-averaged wave-number-frequency spectrum on the upper side of the airfoil from the
leading edge to the trailing edge.

isosurface representation of the Q-criterion [53], with the dilatation field surrounding the airfoil
as a background. The Q-criterion, which is normalized using the airfoil chord and inflow freestream
speed (Qc?/ UOZO = 10), is equal to a value of 10. In this figure, fully turbulent flows have developed
following the breakdown of spanwise-coherent flow structures [54] during the boundary-layer
transition process near the leading edge. In the dilatation field, as illustrated in Fig. 3(b), high-
frequency wavefronts emanate from the origin of the tripping, a phenomenon commonly observed
in squared trip configurations [55]. Notably, strong sound emanating from the trailing edge serves as
compelling evidence of trailing-edge noise generation for the simulated case. Despite the spanwise
flow perturbations in the boundary-layer tripping region, the convecting turbulent flows for different
tripping geometries were not found to influence the spectral characteristics in the vicinity of the
trailing edge [56]. The numerical validations concerning time-averaged flows and sound pressure
level can be found in the Appendix A.

B. Behaviors of hydrodynamic and acoustic pressures on the wall

In this section, we investigate the wall pressure data derived from LES results. Our objective is to
decompose this wall pressure into its hydrodynamic and acoustic components. This decomposition
process is achieved through wave-number-frequency decomposition, as detailed in Sec. IID. We
place special emphasis on understanding the characteristics and nature of each of these decomposed
pressure components acting on the wall.

Figure 4 provides an illustration of the spanwise-averaged wave-number-frequency spectrum on
the upper side of the airfoil. In the plot, a wide-band ridge is prominently visible aligned with the
freestream velocity Us. It is noted that the hydrodynamic pressure is characterized by turbulent
convection, displaying high-energy spectra within the convective speed range of U,.. Another note-
worthy observation emerges from the spectra along the boundaries of two sound speeds: upstream
U, — ¢, and downstream U, + c¢,. The upstream acoustic pressure is likely associated with the
trailing-edge scattering of coherent structures. In contrast, the downstream acoustic pressure could
be attributed to the influence of vortex shedding from trailing-edge bluntness and leading-edge
noise sources due to boundary-layer tripping. These aspects will be further explored in subsequent
analyses.

Figure 5 presents space-time contour maps for three decomposed pressures in addition to the
original pressure. The timescale is normalized using the phase speed of each decomposed pressure
to emphasize the propagation effect. The time duration for the original and hydrodynamic pressures
spans 1 airfoil FTT, while the duration for the acoustic pressure is 0.1 FTT. As depicted in the
plot, the hydrodynamic pressure closely resembles the original pressure, indicating that near-wall
pressure fluctuations are primarily governed by streamwise-oriented high-energy and intermittent
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FIG. 5. Space-time map of original and decomposed pressures (Pa): (a) original pressure (left) and hydro-
dynamic pressure (right), and (b) acoustic pressure in the downstream direction (left) and acoustic pressure
in the upstream direction (right). The timescale on the x-axis for the original and hydrodynamic pressures
is normalized by the convective velocity, whereas the timescale for the upstream and downstream acoustic
pressures is normalized by the speed of sound, ¢,. The lines of phase velocity are shown on each decomposed
pressure.

turbulent structures, as observed in Refs. [57,58]. The plot effectively captures the intense pressure
fluctuations in the flow tripped after x/c &~ 0.2 and their time-accurate convection. In Fig. 5(b),
the presence of wrinkles represented by contour lines signifies downstream acoustic propagation
from the leading edge to the trailing edge. The slight misalignment of the pressure band from
the downstream acoustic phase velocity might be likely due to the influence of a long wavelength
(ky =~ 0) at a low Strouhal range, 0 < St < 10, in the Fourier filtering. The phase speed in this
wave-number-frequency domain can mathematically be much greater than the speed of sound, but
it physically presents the group of acoustic pressure. On the other hand, the upstream propaga-
tion aligns well with its phase speed. Overall, the wave-number-frequency decomposition along
the airfoil chord effectively separates the acoustic components from the hydrodynamic pressure
disturbances. This representation provides valuable insights into the spatiotemporal dynamics of
flow and acoustic components.

Given that both upstream and downstream acoustic pressures exhibit similar phase speeds, these
two components are combined into a single acoustic pressure for a comprehensive examination
of their source and propagation characteristics in comparison to the hydrodynamic component.
Figure 6 illustrates the spanwise-averaged temporal fluctuations for the original, hydrodynamic,

p—p (Pa)

L L L L L L
110 120 130 140 150 160
TCo/C

FIG. 6. Spanwise-averaged decomposed wall pressure fluctuations at x/c =~ 0.99.
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FIG. 7. Contours of spanwise coherence, yﬁp, at x/c = 0.99: (a) hydrodynamic pressure and (b) acoustic
pressure.

and acoustic pressures, measured at a reference point located at x/c = 0.99 from the leading edge.
It is worth noting that the magnitude of the hydrodynamic pressure closely resembles that of
the original pressure, while the acoustic pressure exhibits weaker fluctuations. This observation
aligns with the common understanding that acoustic energy is a by-product of noise-producing
flow fluctuations [59,60]. These findings from the wall will be further cross-examined with the
decomposed far-field pressure perturbations in the subsequent section.

The fundamental characteristics of the decomposed wall pressures are statistically evaluated by
calculating their coherence and phase relationships. To begin, a spanwise pressure coherence [61,62]
is defined as follows:

|bpp(z, Az, I
$pp(2, 0, Plldpp(z + Az, 0, I

where the cross power spectrum density (CPSD) ¢, is the Fourier transform of the space-time
cross-correlation function:

vz, Az, f) = (24)

o0

Ppp(z, Az, ) = / (p(z, )p(z + Az, t +7))e V7 dr, (25)

—0Q

where i = +/—1, and the operator (-) denotes the ensemble average over the spanwise separation
distance, Az. In spectral calculations, the Hanning window function is applied before pressure
signals are Fourier-transformed.

Figure 7 presents the variation of coherence with respect to the nondimensional separation
distance Az/c and the Strouhal number for both the hydrodynamic and acoustic pressures. The
coherence pattern of the original pressure, which closely mirrors that of the hydrodynamic pressure,
has been omitted from the plot for conciseness. An evident observation is the incoherent nature
of the hydrodynamic pressure, whereas the acoustic pressure exhibits strong coherence along the
spanwise direction. This observation confirms that the spanwise coherent structure of acoustic pres-
sure disturbances is associated with trailing-edge noise [30,31]. Notably, the spanwise coherence is
particularly pronounced at low frequencies around St ~ 10, which can be attributed to the source of
vortex shedding noise due to trailing-edge bluntness.

Next, the streamwise pressure coherence is computed based on the spanwise-averaged wall
pressure. The original pressure, denoted as pr.r and located at x/c = 0.99, is used as the reference
pressure to assess the coherence between the pressure near the trailing edge and pressures at other
locations along the airfoil side. Figure 8 illustrates the streamwise coherence distribution along
the upper side of the airfoil for all Strouhal numbers. It is worth noting that the hydrodynamic
pressure exhibits only a small region of coherence near the trailing edge, corresponding to the size of
coherent turbulent eddies. As one moves further away from the trailing edge, the coherence rapidly
diminishes, resulting in an incoherent pattern. In contrast, the acoustic pressure displays significant
coherence spanning the entire chord length, particularly in the Strouhal number range of 15-30. At
Strouhal numbers less than 10, the straight, uniform coherence lines indicate a compact noise source
with a wavelength longer than the acoustic chord length. As the Strouhal numbers increase, the
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FIG. 8. Contours of streamwise coherence, Vr?n,ef' The reference pressure is the original pressure located at
x/c = 0.99: (a) hydrodynamic pressure and (b) acoustic pressure.

appearance of wavy lines signifies noncompact noise sources associated with acoustic scattering. It
is important to note that this coherence measure does not account for spectral magnitude but offers
valuable insights into the correlation between the point source at the trailing edge and pressure
disturbances in other regions.

To gain insights into sound propagation characteristics, including constructive and destructive
wave interferences, the phase of the acoustic pressure along the streamwise direction is analyzed.
The phase difference between two points is computed as Re(exp(i¢y,)), where ¢,, represents the
phase of the CPSD. The subscript x refers to an arbitrary point on the upper side of the airfoil, while
the subscript y denotes the fixed reference point at x/c & 0.99, as used for streamwise and spanwise
coherences. Note that the original pressure is used as the reference pressure at a fixed position.
Additionally, to observe this phase interference within the local coherent structure for nonfrozen
gust [63], the streamwise correlation length is employed:

&
l;(f)=/ v (.0, f)dg, (26)

where & represents the streamwise separation distance normalized by the chord length, and the
integration spans from 0.2c¢ to x, where turbulent flows are established. Constructive or destructive
wave interferences are only meaningful within this streamwise correlation length for the nonfrozen
gust case [63]. In this analysis, we place x at the trailing edge, which means that the correlation
length is computed at the trailing edge. Equation (26) is validated by comparing it with the empirical
model [64], which is provided in the Appendix B. Figure 9 illustrates the streamwise-phase
distribution along the airfoil streamwise direction on the upper side. A black dashed line indicates
the streamwise correlation length, starting from the trailing edge at St & 10, 20, and 35. The phase
values close to 1 indicate that the two wall-pressure signals are in-phase, while values close to
—1 signify an out-of-phase relationship [62]. The hydrodynamic pressure exhibits high oscillations
between neighboring sources across a range of Strouhal numbers, suggesting that destructive
interference is a characteristic feature of hydrodynamic pressure, likely associated with the streaky
structure in the streamwise direction among turbulence structures [30,31], as observed in Fig. 5(a).
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FIG. 9. Spanwise-averaged phase distributions for the hydrodynamic and acoustic pressures along with the
streamwise correlation length at the trailing edge at St & 10, 20, and 35.
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FIG. 10. Radiated pressure fluctuations at an observer location x/c = 1.0, y/c = 10.0, and z/c = midspan.
The far-field pressure is computed from the original or the decomposed pressures on the wall through the FW-H
equation.

In contrast, the acoustic pressure shows a much longer waveform. At around St ~ 10, there is a
constant in-phase relationship due to the longer wavelength at this frequency, which aligns with the
observation of streamwise coherence [Fig. 8(b)]. As the Strouhal number increases, it transitions to
a shorter waveform associated with a noncompact source. The waveforms are observed to have one
or two periods for the acoustic pressure for the entire airfoil length; however, the phase interference
is only effective within the local turbulent coherent structure since the phase interference operates
independently at each correlation interval [63]. In this context, the phase alteration for the acoustic
pressure within the streamwise correlation length is found to be in phase, making it efficient for
sound propagation. These results suggest that the hydrodynamic pressure is ineffective in terms
of sound generation due to strong destructive interference, while the acoustic pressure is effective
for far-field sound propagation due to constructive interference. This observation will be further
supported with more detailed far-field noise analyses and in comparison with analytical models in
the subsequent sections.

C. Evaluation of hydrodynamic and acoustic pressures at near and far fields

In this section, the decomposed wall pressures are radiated through the FW-H acoustic analogy to
examine the propagating nature of each component at near and far fields. Thus, the far-field pressure
fluctuations of each decomposed component are analyzed individually or cross-correlated with near-
field pressures to gain deeper insights. Figure 10 plots the contribution from the decomposed wall
pressures to the far-field pressure at a receiver, located 10.0c away normal to the origin of the
trailing edge in midspan. In contrast to the decomposed wall pressures as shown in Fig. 6, the far-
field pressure is significantly affected by the acoustic pressure on the wall, while the hydrodynamic
component is negligible. The nonpropagating nature of the hydrodynamic pressure is related to the
destructive interference of incoherent turbulent structures in the streamwise direction, as presented
in Fig. 9. This characteristic, marked by streamwise oriented turbulent structures [Fig. 5(b)], aligns
with the observation that the predominant streaky structures in the turbulent boundary layer have
minimal effect on trailing-edge noise [30], whereas the efficiency of sound radiation is more likely
related to the spanwise-coherent structure [31,65].

The temporal signals of the propagation from surface hydrodynamic and acoustic pressures,
as shown in Fig. 10, are statistically evaluated through the probability density function (PDF).
Figure 11 presents PDFs of the original and decomposed pressures. Neither hydrodynamic nor
acoustic pressure follows a Gaussian distribution, as indicated by the deviation of one of the tails
on the curve from the standard Gaussian shape. This suggests that the original pressure cannot be
separated based on the hypothesis that the acoustic pressure follows a Gaussian assumption. This is
different from previous observations where the Gaussian assumption was used to separate acoustic
pressure from near-field pressure in jet flows at a Mach number of 0.9 using wavelet transform [25].
This observation is consistent with the findings in Ref. [66].
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FIG. 11. Polar evolution of PDF:s for the far-field pressure that is obtained from the original, hydrodynamic,
and acoustic wall pressures with the standard Gaussian distribution at the observer position of x/c = 1.0,
x/c = 10.0, and z/c = midspan.

Visual assessment of sound propagation and dominance near the airfoil for each decomposed
pressure is performed by correlating the noise recorded at the far field with the near-field pressure
field. The spatial domain pressures are averaged in the spanwise direction. We employ the nor-
malized spatial correlations when the temporal lag is equal to zero, denoted as Rjp5 .—g, wWhich is a
special case of the general definition of cross-correlation [61,67,68] as follows:

E[p(x1, )p(Xa, 1 + 7)]
E[(x1, D' PE[R(x2, )]/

where the operator ~ stands for the band-pass filter applied to the pressure signal, the operator E|-]
denotes the expected value of the signal, and t is the temporal lag between two signals at point
x; and point x,. The threshold for filtering of interest ranged from 9 < St < 35, which was found
to be the best range from a series of numerical experiments to highlight the physical property of
decomposed pressures. The point x; is the arbitrary point near the airfoil at which the original
pressure is used for the computation of spatial correlation. The reference pressure signal at point
X, is the far-field pressure propagated from either the hydrodynamic or the acoustic wall pressure
measured at the observer location x/c = 1.0, y/c = 10.0, and z/c = midspan.

Figure 12 provides two contours of filtered normalized spatial correlations: one between the
filtered hydrodynamic pressure contribution at the far field and the original pressure in the spatial

Rpp(X1, X2, T) =

27)

(@) 0.8
0.4
0.2
3 0.4
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0.4 0.6 0.8 1 0.4 0.6 0.8 1
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FIG. 12. Normalized spatial correlations R, filtered at 9 < St < 35 overlapped: (a) Rj_, Py far,7=0 and (b)

Rﬁori Pac far- T=0"
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FIG. 13. Schematic of sectional noise analysis. The index starts from the trailing edge. The observer is
located at x/c = 1.0, y/c = 10.0, and z/c = midspan.

domain [Fig. 12(a)], and the other between the filtered acoustic pressure contribution at the far
field and the original pressure in the spatial domain [Fig. 12(b)]. The filtered normalized spatial
correlations between the far-field hydrodynamic pressure contribution and near-field pressures show
a relatively high correlation near boundary-layer flows where turbulent convection is dominant. On
the other hand, the filtered normalized spatial correlations between far-field acoustic pressure con-
tribution and near-field pressures are shown to be significantly high away from coherent turbulent
flows, indicating the efficient propagation of sound waves.

Our findings revealed that the phase behavior, rather than the source magnitude, has a crucial
impact on the differentiation between the roles of hydrodynamic and acoustic pressures, whether
they function as actual sound or pseudosound sources. Subsequent analysis entails partitioning
the airfoil into strips to emphasize the significance of phase variation. This approach has proven
valuable for examining the phase topology of flows around trailing-edge serrations [69] and
airfoil-vortex interactions [70]. Figure 13 illustrates the schematic for the sectional noise analysis.
The airfoil surface is evenly divided into strips with a width of Ax/c = 0.011. The wavelength
associated with this strip size, corresponding to a Strouhal number on the order of 103, is small
enough to justify treating the individual strip as a point source. Two different pressures are to be
evaluated; one corresponds to the sectional noise radiated from each strip, and the other is derived by
gradually accumulating noise from the trailing-edge strip. This allows for a comprehensive analysis
of decomposed noises with and without phase effects. All the analyses consider both sides of the
airfoil, and the strip starts from the trailing edge, increasing towards the leading edge. Noise radiated
by the FW-H acoustic analogy from each strip is measured at the observer positioned x/c = 1.0,
y/c = 10.0, and z/c = midpsan.
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a 40 40 40
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FIG. 14. Octave band SPLs radiated from each strip arranged from the leading-edge region to the trailing
edge on both sides of airfoil at St &~ 7.5, 15, and 30.
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FIG. 15. Phases of airfoil noise radiated from each strip arranged from the leading-edge region to the
trailing edge on both sides of airfoil at St ~ 10, 20, and 35.

Figure 14 displays the octave band SPLs of the original and two decomposed sectional noises
emitted from an array of strips on the airfoil surface. In this analysis, the impact of phase inter-
ference among neighboring strips is excluded. Remarkably, the influence of the wall-associated
hydrodynamic pressure on the far-field acoustics is evident across the entire airfoil, spanning from
low to high Strouhal numbers. This effect is attributed to the high turbulent energy levels, which
act as a self-noise point source, as indicated in Fig. 12(a). However, the opposite trend applies
to the acoustic pressure, with the fluctuations of the acoustic pressure becoming lower than the
hydrodynamic component [59,60], which is similar to Fig. 6.

Figure 15 displays the phase distributions of the far-field pressure obtained from the original and
decomposed pressures, calculated using the real part of the Fourier-transformed pressure of each
strip divided by its absolute value. The phase of the hydrodynamic pressure contribution exhibits
a pronounced oscillatory pattern across all Strouhal numbers, mirroring the out-of-phase feature of
the coherent structure observed on the wall, as shown in Fig. 9. In contrast, the acoustic pressure
contribution demonstrates an in-phase nature akin to what is observed on the wall. This observation
highlights that hydrodynamic pressure displays out-of-phase attributes among neighboring turbulent
sources, providing crucial evidence that the far-field pressure from the hydrodynamic component is
significantly lower than that from the acoustic component.

The cumulative pressure p; is calculated by gradually integrating the sectional pressures emitted
from each strip as follows:

Pi=Y Do (28)
k=1

where p; stands for the radiated noise from the kth airfoil strip, and the subscript k = 1 denotes
the trailing-edge strip. This incorporates the phase interference with strips being accumulated.
Figure 16 presents a quantitative comparison of the contributions from the two decomposed pressure
components against the total pressure for octave band SPLs. In the figure, in-phase and out-of-phase
strips primarily represent increases and decreases in the SPL level as the airfoil strip at the trailing
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FIG. 16. Cumulative octave band SPLs radiated from each strip arranged from the leading-edge region to
the trailing edge on both sides of airfoil at St & 7.5, 15, and 30.
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FIG. 17. Directivity of the far-field pressures obtained from the original and decomposed wall pressures at
the radius of 10.0c from the trailing-edge origin.

edge is gradually integrated toward the leading edge. This is simply denoted by the upward
and downward arrows to clearly indicate the streamwise phase behavior of the SPL curve when
integrated. One can observe nearly uniform sound strength with small fluctuations in the cumulative
noise originating from hydrodynamic wall pressure. This uniform sound level across the airfoil
underscores the typical phenomenon of destructive interference caused by streamwise incoherent
turbulent eddies or streamwise turbulent structures [57,58]. There is a sudden increase in sound near
the tripping region due to a local perturbation induced by the trip, but this spike is subsequently
mitigated as a result of interactions between upward and downward scattering around the trip.
Despite this cancellation, leading-edge noise near the tripped region contributes slightly to the total
or original sound at higher frequencies.

Conversely, cumulative noise generated by acoustic wall pressure exhibits a progressive in-
crease as strips are integrated. This can be attributed to constructive, in-phase relationships with
neighboring sources. This in-phase nature is particularly notable at lower Strouhal numbers, where
the corresponding wavelength exceeds the airfoil chord length. Another significant observation is
the abrupt increase in noise from the trailing edge to approximately x/c & 0.8, coinciding with the
region where edge scattering has a substantial impact. This region closely aligns with the streamwise
correlation length, as illustrated in Fig. 9. The width of approximately x/c ~ 0.2 suggests efficient
scattering within the streamwise correlation length, which is shorter than the phase period of the
acoustic wave for all frequencies considered. Overall, the nonpropagating behavior arises for the
hydrodynamics pressure from the out-of-phase relationships between neighboring strips, leading
to rapid dissipation as evanescent waves. In contrast, noise radiation is found to be efficient for
edge-scattered acoustic pressure due to in-phase behavior.

Figure 17 presents the directivity patterns for the far-field sound spectra obtained from the
original and decomposed pressures at three specific Strouhal numbers, highlighting two distinct
propagating directions for acoustic pressure. The downstream-traveling acoustic pressure is denoted
as pl., while the upstream-propagating acoustic pressure is denoted as p.. At St ~ 8.25, one can
observe that the downstream-traveling acoustic pressure forms a compact dipolar pattern, which
corresponds to a shorter acoustic source length or chord length than the wavelength. When the noise
source is nearly noncompact, the upstream-propagating pressure dominates, creating a forward car-
dioid pattern. The rearward lobes spanning below 90° are contributed by the downstream-traveling
acoustic pressure. While decomposed pressures p,. dominated by trailing-edge scattering and p,
dominated by diffraction from leading-edge tripping installation show distinct lobes at St ~ 37.5,
the lobe pattern is alleviated for the total pressure. This results from the interaction of those multiple
noise sources, although the strength of p. is much smaller than that of p;_ in the upstream direction.
In contrast, the magnitude of hydrodynamic pressure is negligible due to destructive interference
among coherent turbulent structures. Although the magnitude of hydrodynamic pressure is minimal,
its nonlinear interaction with varying wave numbers in the streamwise and spanwise directions
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FIG. 18. Magnitude of summation of incident (g,) and scattered (g;) wall pressures and each separate
component side by side for three Strouhal numbers.

under large-to-small turbulent flows may alter the phase relationship between acoustic and total
pressures [71]. These alterations can lead to an imperfect overlap of the total and acoustic pressure
directivity patterns and their magnitudes, as similarly observed in Figs. 14 and 16.

D. Incident and scattered pressures in Amiet’s trailing-edge noise theory

The previous sections have explored the inherent characteristics of hydrodynamic and acoustic
pressures, which were obtained through wave-number-frequency filtering within the numerical
framework. In this section, we shift our focus to evaluate the role of incident and scattered pressures
on the wall and in the far field in the framework of an analytical solution of Amiet’s model. These
pressures are derived based on assumptions stemming from flat plate geometry and the frozen
turbulence hypothesis [11], as detailed in Sec. II F.

Figure 18 presents the magnitudes of the incident and scattered pressures, as well as their
cumulative values, across various Strouhal numbers. These wall pressures are calculated using
Egs. (16) and (17), respectively. The incident pressure exhibits exponential decay at all Strouhal
numbers, with the rate of decay controlled by the parameter € in Eq. (16). On the other hand, the
scattered pressure reaches its maximum magnitude at the trailing edge and then rapidly decays from
the trailing edge to the leading edge. This behavior is consistent with the idea that edge scattering
is most significant near the trailing edge. This aligns with the numerical framework in which the
increase in acoustic pressure significantly occurs within 20% of the chord length near the trailing
edge, as illustrated in Fig. 16, although Amiet’s model uses a frozen gust assumption. It is important
to note that while the magnitudes of the incident and scattered pressures are equal at the trailing
edge, their cumulative value or total pressure is not simply the algebraic sum of the two pressures.
Additionally, the combined pressure exhibits a distinct and highly oscillatory pattern, which will be
further examined in the subsequent phase analysis.

The phase variation along the airfoil chord is effectively represented by the real part of the wall
pressure divided by its own magnitude. Figure 19 plots the phase variation along the chord for the
total, incident, and scattered pressures. Notably, the incident pressure exhibits highly oscillatory
phases, while the phase of the scattered pressure transitions from monotonic to sinusoidal waves as

FIG. 19. Phase of summation of incident (g,) and scattered (g,) wall pressures and each component side
by side. Strouhal numbers are 8.3, 22.5, and 37.5 from left to right.
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FIG. 20. Normalized aeroacoustic transfer functions of the summation of incident and scattered compo-
nents along with each separate component at a microphone position of x/c = 1.0, y/c = 10.0, and z/c =
midspan.

the Strouhal number increases. The phase of the total pressure is mainly influenced by the incident
pressure, given its higher amplitude than the scattered pressure, as evident in Fig. 18. It should be
noted that these phase dynamics observed in the incident and scattered pressures are comparable
to those of hydrodynamic and acoustic pressures in numerical simulations, as presented in Figs. 9
and 15, although pairs of pressures are derived from different principles of decomposition.

Figure 20 illustrates the normalized incident, scattered, and total aeroacoustic transfer functions,
which play a crucial role in calculating the radiated sound spectra in accordance with Amiet’s
theory [Eq. (22)]. These are obtained through the integration of the wall pressures using the
analytical formulations provided in Eqs. (20) and (21), respectively. The scattered pressure is found
to exhibit higher magnitudes than the incident pressure across the entire frequency range. This
contrasts with the observation in Fig. 18, where the overall magnitude of the incident wall pressure
surpasses that of the scattered pressure, except at the trailing edge. However, this is a consistent
observation with Fig. 10, where the acoustic pressure significantly contributes to the total pressure.
The nonpropagating physics of incident pressure is a direct result of the destructive interference, as
evidenced by the highly oscillatory pattern depicted in Fig. 19.

Figure 21 provides the directivity patterns of incident, scattered, and total pressures across a
range of Strouhal numbers. A dominant compact dipole pattern is evident at St =~ 8.25, resulting
in significant noise in all directions. The multilobed pattern emerges at higher Strouhal numbers,
primarily derived from the scattered pressure. This aligns with the typical directional characteristics
of trailing-edge noise [72,73]. The consistent dominance of scattered pressure across the entire
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FIG. 21. Directivity of the one-third octave band SPLs for the summation of the incident and scattered
parts and each separate component at the radius of 10.0c from the trailing-edge origin.
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range of Strouhal numbers, particularly in contributing to the total pressure associated with the
cardioid directivity pattern observed between Strouhal numbers 22.5 and 37.5, further reinforces its
role as the primary source of far-field acoustic pressure, as established in the preceding numerical
analysis. It is noteworthy that our findings differ from those of Martinez-Lera et al. [21], where the
hydrodynamic pressure was reported to dominate at low frequencies. Furthermore, Amiet’s theory
indicates that the magnitudes and directional patterns of scattered and total pressures exhibit greater
similarity compared to those of total and acoustic pressures observed in the numerical approach.
One potential explanation is that Amiet’s theory was developed under assumptions involving frozen
turbulence [11] and infinitely long spans with a flat plate configuration. Consequently, the role of
the incident pressure might have a lesser influence on the interaction between total and scattered
pressures, resulting in similar magnitude levels between the two pressures. This aligns with the
indirect demonstration by Tiomkin and Jaworski [71], where the relaxation of frozen turbulence
gust by a linearly varying wave number significantly alters the total acoustics due to its impact
on the incident pressure. Overall, a key insight derived from Amiet’s analytical approach, in
relation to the numerical analysis, is that the scattered or acoustic pressure exhibits an in-phase
characteristic, which significantly contributes to the far-field sound. On the other hand, the incident
or hydrodynamic pressure demonstrates a pseudosound nature due to destructive interference with
the oscillatory phase along the chord, even though the magnitude of wall pressure is higher than that
of the scattered or acoustic pressure.

IV. CONCLUSIONS

In this study, we conducted an in-depth examination of the fundamental characteristics of hydro-
dynamic (incident) and acoustic (scattered) pressures, providing insights into the complexities of
sound propagation within turbulent boundary-layer flows, with a specific emphasis on trailing-edge
noise. We carried out a detailed analysis of pressure fields surrounding a NACA 0012 airfoil,
which was tripped near the leading edge. This analysis was performed using high-fidelity LES at
zero incidence angle. The hydrodynamic and acoustic pressures were decomposed through wave-
number-frequency filtering within the numerical framework. Additionally, we analyzed incident
and scattered pressures based on Amiet’s analytical formulations. Subsequently, we related these
decomposed wall pressures to the far field using both the FW-H equation and Amiet’s theory.

This paper uncovered distinctive characteristics of hydrodynamic pressure. This pressure source
arises from streamwise-oriented turbulent structures along the wall, with phase velocities close
to the convective speed, U,.. These turbulent structures exhibit incoherence between adjacent tur-
bulent eddies, resulting in highly oscillatory phase variations, which give rise to nonpropagating
or evanescent waves. Consequently, the far-field noise radiated from the hydrodynamic pressure
remained significantly lower than that of the decomposed acoustic component. Despite acting as
an inherently pseudosound source by itself, the hydrodynamic pressure played a crucial role in
generating acoustic pressure, driven by spanwise-coherent turbulent structures near the trailing edge.
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FIG. 22. Time-averaged flow characteristics: (a) the surface pressure coefficient and (b) the friction coeffi-
cient on the airfoil against the tripped experiment [74].
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FIG. 23. Time-averaged velocity profile normalized by friction velocity along the wall units against the
tripped experiment [74] at x/c = 0.88.

Furthermore, the presence of hydrodynamic pressure was identified as a contributing factor to the
differences in magnitude and directional characteristics between total and acoustic pressures. Our
study also demonstrated that the physical properties of incident pressure in the analytical approach
align with those derived from the decomposed hydrodynamic pressure on the wall and at the far
field.

The acoustic pressure exhibited efficient propagation to the far field. Despite the significantly
lower magnitude of the acoustic pressure source on the wall than that of the hydrodynamic pressure,
it played a predominant role in shaping far-field sound spectra. This predominance was attributed
to the in-phase behavior of the acoustic pressure, which was particularly pronounced in the case
of compact dipolar sources at lower Strouhal numbers. Even at higher Strouhal numbers, the
in-phase tendencies persisted within the streamwise correlation length, facilitating efficient sound
propagation across the entire frequency range. It is worth noting that noncompact noise sources or
the streamwise correlation length near the trailing edge covered approximately 20% of the trailing
edge. These areas were identified as regions of proficient trailing-edge scattering.

This research, which elucidates the distinct roles of hydrodynamic incident pressure and acoustic
scattered pressure, is expected to significantly enhance our understanding of scattering phenomena
associated with broadband trailing-edge noise in wall-bounded flows. Furthermore, it provides
valuable insights into ongoing discussions about the fundamental mechanisms influencing noise
reduction when airfoil serrations are applied near the trailing edge, offering guidance on which
specific noise sources should be targeted for reduction.

APPENDIX A: VALIDATION OF COMPUTATIONAL CASES

The validation process involves comparing the pressure, skin friction coefficients, and boundary-
layer velocity profile with experimental data [74] under specific conditions, including a chord-based
Reynolds number of 400000 and a Mach number of 0.058. Additionally, the far-field acoustic
spectra are validated against measurements of SPL by Brooks et al. [3] at a chord-based Reynolds
number of 320 000 and a Mach number of 0.093. In both cases, a zero incidence angle is considered.
Figure 22 presents the time-averaged negative pressure coefficient —C, and the friction coefficient
Cy, which are compared side by side with the experimental results obtained by Garcia-Sagrado
and Hynes [74]. Notably, the predicted pressure curve exhibits a sharp suction peak, reflecting the
enforced transition by tripping and closely approximating the experimental data. Both aerodynamic
quantities, —C, and Cy, show good agreement with the experimental measurements. Figure 23
shows the time-averaged boundary-layer velocity profile at x/c = 0.88. Good agreement is observed
in the inner layer and up to y© ~ 50 within the logarithmic layer when compared with the law
of the wall, where the high coherence between wall pressure and velocity profile is particularly
significant [66]. While the velocity profile exhibits a similar shape, a slight deviation beyond
yT & 50 may be attributed to differences in the tripping approach.

034609-21



DONGHUN KANG AND SEONGKYU LEE

=)
=
—
Ay
n
0 Brooks et al. (exp, tripped)
20+ o Brooks et al. (exp, untripped) |
—Present
3 10 40
St

FIG. 24. Sound pressure level at an observer location x/c = 1.0, y/c = 8.0, z/c = midspan compared with
tripped and untripped experiments [3].

Figure 24 illustrates the predicted one-third octave band SPL, compared to the untripped and
tripped experimental measurements. The sound receiver is located at a position 8.0c normal to the
origin of the trailing edge at midspan. In the experiment by Brooks et al. [3], the trip was introduced
by the random distribution of grit in strips, which is different from the spanwise extrusion of the
squared trip dot used in the current simulation. Both the numerical and experimental cases position
the trip at x/c &~ 0.2. Since the spanwise length of the numerical model is 20 times shorter than the
wind tunnel setup, a correction proposed by Kato et al. [75] has been applied to the one-third octave
SPL obtained numerically. One notable observation is the presence of a tonal peak around St = 3
in the prediction, while this feature is absent in both experiments. This tonal noise originates from
vortex shedding induced by the blunt trailing edge, with hrg/§* = 0.5, whereas the experiment
employs a sharp edge. The choice of a blunt trailing edge in the simulation is motivated by its
ability to produce better mesh quality near the trailing edge. The origin of the low-frequency
tonal peak was identified near the trailing edge through dynamic mode decomposition [66]. Sound
spectra at frequencies less than St = 10 are slightly underpredicted, which is lower than the
untripped experimental case. This may be attributed to the retardation of the laminar-to-turbulent
transition, as depicted in Fig. 3. This difference in the laminar-to-turbulent transition is likely due
to the two-dimensional characteristics of tripping in the simulation, which might be absent in the
experimental setup. Beyond a high-frequency broadband range exceeding St = 10, the prediction
shows a weak small hump due to boundary-layer tripping but overall demonstrates good agreement
with the tripped experimental data.

APPENDIX B: VALIDATION OF THE STREAMWISE CORRELATION LENGTH

Figure 25 presents a comparison of the streamwise correlation lengths derived from Eq. (26) and
those predicted by the Smol’yakov model. The Smol’yakov model [64] is formulated as follows:

U. _
()= —=A"", (B1)
with
1/2
BU. . (BU\’
A=1|1- . B2
|: wd* + wd* (B2)
Here, o, = 0.124 and B = 0.25. The convection velocity is defined as
U.(w) _ 1.6wd8* /Uy

= 0.6. B3
Uo 1T 16(@s" /U (B3)
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FIG. 25. Streamwise correlation lengths for Eq. (26) and the Smol’yakov model.
The displacement thickness, §*, is calculated from the LES at x/c = 0.996. The agreement between

these two models shown in Fig. 25 validates the current numerical approach for calculating the
correlation length under nonhomogeneous turbulent flows over the finite chord.
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