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Turbulence–airfoil interaction constitutes a primary broadband noise source in numerous
aeroacoustic applications. Classical prediction frameworks, following Amiet’s flat-plate model,
assume that incoming turbulence convects to the leading edge without modification. The present
work challenges this assumption by demonstrating, through high-fidelity lattice Boltzmann
simulations of a NACA 0012 airfoil at chord-based Reynolds number 𝑅𝑒𝑐 ≈ 5.1 × 105 and
free-stream Mach number 𝑀 = 0.059, that the turbulence field undergoes a systematic, scale-
dependent, and component-dependent transformation before impacting the airfoil surface. A
distortion mapping operator D(k, 𝜃) is introduced that relates the upstream spectral tensor Φ∞

𝑖 𝑗

to the pre-impact tensor ΦLE
𝑖 𝑗 in the stagnation region, with the non-dimensional wavenumber

𝜅 = 𝑘 𝑟LE governing the transition between strong and weak distortion regimes. Reynolds-stress
budgets and Lumley invariant trajectories reveal irreversible tensorial reorganisation of the
turbulence state, including a transient eigenvalue reordering that cannot be captured by scalar or
isotropic corrections. Patch-based spectral comparisons confirm that the mapping Φ∞ → ΦLE

is frequency-dependent and component-dependent, with wall-normal fluctuations preferentially
suppressed at large scales (𝜅 ≲ 1) and cross-plane energy redistributed non-uniformly around
the leading edge at smaller scales. These results establish turbulence distortion as a physically
necessary pre-conditioning stage that must be accounted for explicitly in predictive models of
leading-edge noise, rather than absorbed implicitly into acoustic transfer functions or empirical
attenuation factors.

Nomenclature

𝑐 = Airfoil chord length
𝐶𝑢, 𝐶Λ = Empirical constants in grid-turbulence decay laws
𝑑𝑔 = Grid bar thickness
𝐷 = Distortion operator mapping Φ∞ → ΦLE
𝐸 (𝑘) = One-dimensional kinetic-energy spectrum
𝑓 = Frequency
𝐺𝑖 (𝜅) = Component-wise spectral gain
𝑘, 𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 = Wavenumber and its Cartesian components
𝐿𝑧 = Airfoil span
𝐿𝑝 = Sound pressure level
𝑀 = Free-stream Mach number
𝑀𝑔 = Mesh size of turbulence-generating grid
𝑝′ = Fluctuating (acoustic) pressure
Ψ𝑝𝑝 (𝜔) = Wall-pressure spectral density
𝑄 = Second invariant of velocity-gradient tensor
𝑅𝑒𝑐 = Chord-based Reynolds number
𝑟LE = Geometric leading-edge radius
𝑆𝑡𝑐 = Strouhal number 𝑆𝑡𝑐 = 𝑓 𝑐/𝑈∞
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𝑇𝑢 = Turbulence intensity (%)
𝑈∞ = Free-stream velocity
𝑈𝑐 = Scale-dependent convection velocity
U = Mean velocity vector
u′ = Velocity fluctuation vector
Φ∞ = Upstream turbulence spectral tensor
ΦLE = Near-leading-edge spectral tensor
Π(k) = Solenoidal projection tensor
𝑦+ = Wall coordinate in viscous units
Γ(𝜔) = Coherence weighting function
𝛾2 (𝑧, 𝜔) = Spanwise coherence of wall pressure
Δ𝑡 = LBM time step
Δ𝑥 = LBM lattice spacing
𝜅 = Dimensionless wavenumber 𝜅 = 𝑘 𝑟LE
𝜌 = Density
𝜎 = Grid solidity (bar blockage ratio)
𝜃 = Non-dimensional distortion parameter
𝜔𝑧 = Spanwise vorticity component

I. Introduction
Leading-edge (LE) noise, generated by the interaction of incoming turbulence with an aerodynamic surface,

constitutes one of the dominant broadband noise mechanisms in engineering systems ranging from wind turbines and
cooling fans to aircraft propellers and rotorcraft [1, 2]. As trailing-edge and tonal noise sources have been progressively
mitigated through geometric optimisation and flow control, the accurate prediction of inflow-turbulence noise has
acquired increasing practical and scientific importance [3, 4].

The canonical framework for predicting LE noise was established by Amiet [1], who related the far-field acoustic
pressure to the spectral content of the incoming turbulence through a linear transfer function derived for a semi-infinite
flat plate. Central to this formulation is the assumption that turbulent eddies convect toward the leading edge as a frozen,
spatially homogeneous field, without undergoing any modification by the mean flow in the stagnation region. While this
assumption yields satisfactory predictions for thin airfoils at moderate Mach numbers, systematic discrepancies arise
for finite-thickness geometries, particularly in the high-frequency regime where the turbulence wavelength becomes
comparable to the leading-edge radius [5–7]. These discrepancies have been documented across both analytical
extensions and numerical studies [8–13], and have been partially addressed by geometric corrections or empirical
attenuation factors [2, 14, 15], yet a mechanistic explanation rooted in the physics of the turbulence transformation
remained incomplete.

A growing body of evidence from analytical, experimental, and computational studies suggests that the missing
mechanism is the distortion of turbulence in the stagnation region upstream of the leading edge, as illustrated in Fig. 1.
As turbulent eddies approach the airfoil, they encounter strong velocity gradients arising from the mean stagnation
flow. This strain field compresses structures in the wall-normal direction, stretches them tangentially, and redistributes
turbulent kinetic energy between velocity components, producing an anisotropic and structurally modified turbulence
state before acoustic scattering occurs. The theoretical basis for this process was established through rapid distortion
theory (RDT) [16, 17], which describes the linear evolution of turbulence subjected to rapid mean-flow deformation.
Goldstein and Atassi [17] showed that the response of an airfoil to an incoming gust is fundamentally altered when
the mean-flow distortion of the gust is accounted for, a finding later extended to stagnation geometries by Hunt and
Carruthers [18]. Semi-empirical approaches have attempted to account for this physics through streamline-based
corrections to the incoming turbulence [3, 19–21], while experimental studies have provided complementary evidence of
scale-dependent distortion [22, 23]. More recently, high-fidelity numerical simulations using lattice Boltzmann methods
have enabled direct observation of the multi-scale distortion process in the pre-impact region [13, 24], confirming that
large-scale eddies undergo partial blockage and energy redistribution, while smaller-scale structures are increasingly
damped by local flow gradients. These observations collectively demonstrate that the incoming turbulence cannot be
treated as an invariant input to the acoustic problem.

Despite this body of evidence, turbulence distortion has rarely been isolated as the primary object of modelling. In
most existing frameworks, its effects enter implicitly through modifications to the acoustic response, streamline-based
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Isotropic inflow
Φ∞(k)

Stagnation point

Pre-impact distortion
region

U ≈ 0

U∞

rLE

Fig. 1 Schematic illustration of pre-impact distortion of incoming turbulence near the leading edge.

input corrections, or fitted attenuation functions. Such treatments can improve prediction accuracy within specific
parameter regimes but systematically obscure the pre-impact transformation of the turbulence field itself. As summarised
in Fig. 2 and Tables 1–2, the literature has progressively moved from treating turbulence as an undistorted acoustic input
toward recognising finite-thickness and stagnation-region effects, but an explicit and systematic characterisation of the
turbulence transformation as a mapping between flow states has not been established.

The present work addresses this gap by introducing the concept of a distortion mapping operator D(k, 𝜃), which
directly relates the upstream spectral tensor Φ∞

𝑖 𝑗 to the distorted pre-impact tensor ΦLE
𝑖 𝑗 in the leading-edge region.

Rather than modifying the acoustic scattering model, this approach characterises the transformation of the turbulence
field that precedes and conditions the acoustic interaction. The operator framework is grounded in rapid distortion theory
and evaluated against high-fidelity lattice Boltzmann simulation data of turbulence interacting with a NACA 0012 airfoil
at 𝑅𝑒𝑐 ≈ 5.1 × 105. The principal objectives of this study are: (i) to quantify, through spectral analysis and statistical
diagnostics, the transformation of the turbulence field between the upstream reference plane and the pre-impact region;
(ii) to demonstrate that this transformation is scale-dependent, component-dependent, and geometrically organised by
the leading-edge radius; and (iii) to establish that any predictive model of LE noise must explicitly account for this
pre-conditioning stage.

The paper is structured as follows. Section II introduces the mathematical framework for turbulence distortion as an
operator mapping. Section III describes the lattice Boltzmann solver and subgrid-scale modelling. Section IV presents
the computational configuration and data acquisition strategy. Sections V–X present results on the flow-field evolution,
Reynolds-stress redistribution, invariant diagnostics, and spectral distortion. Section XI summarises the findings and
their implications for LE noise modelling.

II. Mathematical Framework: Turbulence Distortion as an Operator

A. Flow setting and spectral description
Consider a low-Mach, incompressible turbulent flow convecting toward an airfoil leading edge. LetΦ∞

𝑖 𝑗 (k, 𝜔) ∈ R3×3

denote the upstream spectral tensor evaluated on a planar surface located upstream of the leading edge, and ΦLE
𝑖 𝑗 (k, 𝜔)

the corresponding tensor in the pre-impact region enclosing the leading edge. The spectral tensor satisfies∫
Φ𝑖 𝑗 (k, 𝜔) dk d𝜔 = ⟨𝑢𝑖𝑢 𝑗⟩, (1)

and encodes both the energy distribution and the anisotropy of the turbulence field across wavenumber and frequency. A
local orthonormal frame (𝑡, 𝑛, 𝑧) is adopted at the leading edge, corresponding to tangential, wall-normal, and spanwise
directions, respectively.
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Table 1 Classical and foundational studies on leading-edge noise.

Year Authors Category Key Contribution Limitation
1975 Amiet [1] Analytical Flat-plate LE noise model via

linear transfer function
Assumes undistorted, frozen up-
stream turbulence

1976–79 Paterson & Amiet [5,
6]

Experimental Identified high-frequency dis-
crepancies for thick airfoils

No mechanistic explanation within
model

1976 Goldstein &
Atassi [17]

Analytical RDT prediction of incoming
gust deformation

Restricted to idealised geometries

1982 Olsen & Wagner [7] Experimental Airfoil thickness reduces high-
frequency noise

Turbulence field upstream not char-
acterised

1998–
2011

Lockard, Hall et
al. [8, 10]

Numerical / An-
alytical

Extended LE noise models to
realistic geometries

Focus on acoustic response, not tur-
bulence state

2010 Glegg & Deven-
port [2]

Analytical / Hy-
brid

Panel-method thickness correc-
tions for turbulent inflow

Geometry-specific; distortion
treated implicitly

Table 2 Modern developments and evidence of turbulence distortion effects.

Year Authors Category Key Contribution Relevance to Distortion
1997–
2005

Guidati [19, 20]; Mo-
riarty et al. [3, 21]

Semi-empirical Streamline-based correction
models for wind turbine noise

Distortion enters implicitly via ve-
locity triangle

2004–
2016

Gershfeld [14];
Lysak [15]; Kim et
al. [4, 25]

Empirical / An-
alytical

High-frequency exponential
thickness corrections

Captures integrated effect, not phys-
ical mechanism

2013 Gill et al. [22] Experimental Controlled gust–airfoil interac-
tion, thickness effects

Demonstrates scale-dependent dis-
tortion directly

2022 Bowen et al. [23] Experimental Turbulence intensity and integral
scale effects on LE noise

Highlights stagnation-region dynam-
ics

2023–
2024

dos Santos et al. [26];
Piccolo et al. [13]

Experimental /
Numeri-
cal (LBM)

Direct observation of turbulence
distortion near LE

Multi-scale evidence; distortion
quantified from data

– This work Numerical
(LBM)

Explicit operator framework
Φ∞ → ΦLE

Distortion isolated as primary pre-
conditioning stage

B. Distortion as an operator mapping
The central hypothesis of this work is that the leading-edge mean flow imposes a well-defined transformation on the

turbulence spectral tensor. This is expressed as

ΦLE
𝑖 𝑗 (k, 𝜔) = D𝑖 𝑗𝑚𝑛 (k, 𝜃)Φ∞

𝑚𝑛 (k, 𝜔), (2)

where D𝑖 𝑗𝑚𝑛 is a fourth-order, scale- and orientation-dependent distortion tensor, and 𝜃 is a non-dimensional distortion
parameter characterising the integrated strain experienced by a fluid parcel convecting from the upstream reference
plane to the leading-edge vicinity. This formulation treats turbulence distortion as a transformation acting directly on
the spectral tensor, rather than as a correction applied at the level of the acoustic transfer function, which is the approach
taken by most existing models.

C. Structure of the operator
Guided by rapid distortion theory [16, 18], the operator D can be decomposed into two physically distinct

contributions.

4

D
ow

nl
oa

de
d 

by
 S

pa
rs

h 
Sh

ar
m

a 
on

 M
ay

 2
4,

 2
02

6 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
6-

34
45

 



Year

Approach

1975 1985 1995 2005 2015 2025

Analytical

Experimental

Empirical /
Semi-empirical

Numerical

Amiet
[1]

Goldstein
Atassi
[17] Glegg

Devenport
[2]

Paterson
Amiet

[6]

Olsen
Wagner

[7] Gill
et al.
[22]

Bowen
et al.
[23]

Guidati
et al.
[20]

Moriarty
et al.
[3]

Gershfeld
[14]

Kim
et al.
[4]

Lockard
Morris

[8]

Hall
et al.
[10] Piccolo

et al.
[13]

This
work

from acoustic response corrections to turbulence-field transformation

undistorted inflow assumed distortion implicit distortion explicit

Fig. 2 Chronological evolution of leading-edge noise prediction approaches. Classical models treat the incoming
turbulence as an undistorted acoustic input, while later analytical, experimental, empirical, and numerical
studies increasingly reveal finite-thickness and stagnation-region distortion effects. The present work introduces
an explicit mapping between upstream and near-leading-edge turbulence states.

Wavevector deformation. The mean stagnation flow deforms the material frame in which wavenumbers are defined.
Under a local deformation gradient 𝐹 (𝜃), wavevectors transform as

k ↦→ k̃ = 𝐹−⊤ (𝜃) k, (3)

so that the support of the spectral tensor is redistributed in wavenumber space.

Component redistribution via solenoidal projection. Mass conservation requires that ∇ · u′ = 0 is preserved
throughout the distortion. This is enforced by the projection tensor

Π𝑖 𝑗 (k) = 𝛿𝑖 𝑗 −
𝑘𝑖𝑘 𝑗

∥k∥2 , (4)

which projects the deformed velocity field back onto the solenoidal subspace. The resulting transformed spectral tensor
takes the form

D(k, 𝜃)
[
Φ∞]

∼ Π(k) 𝐹 (𝜃)Φ∞ (k̃, 𝜔) 𝐹⊤ (𝜃) Π(k), (5)

where k̃ = 𝐹⊤ (𝜃)k follows from Eq. (3). This expression is not employed here as a closed predictive model but rather as
a structural guide for interpreting the observed transformations in the simulation data.

D. Scaling and non-dimensionalisation
The dominant non-dimensional parameter governing the distortion is the wavenumber ratio

𝜅 = 𝑘 𝑟LE, (6)
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which compares the turbulent length scale to the geometric scale of the leading edge. For the deformation tensor
associated with an idealised stagnation flow of strain rate 𝑎, the distortion parameter is 𝜃 = 𝑎𝜏, where 𝜏 is the convection
time from the upstream reference plane to the leading edge. Two limiting regimes are expected from the operator
structure:

• Large-scale regime (𝜅 ≲ 1): turbulent length scales exceed the leading-edge radius; these structures experience
strong mean-flow deformation and undergo pronounced anisotropic energy redistribution.

• Small-scale regime (𝜅 ≫ 1): turbulent wavelengths are small relative to 𝑟LE; the operator D approaches the
identity and the pre-impact spectrum recovers the upstream characteristics.

E. Quantification from simulation data
The distortion operator is evaluated from data by comparing upstream and near-leading-edge spectral tensors.

Component-wise amplification factors are defined as

𝐺𝑞 ( 𝑓 ) =
ΦLE

𝑞𝑞 ( 𝑓 )
Φ∞

𝑞𝑞 ( 𝑓 )
, 𝑞 ∈ {𝑢, 𝑣, 𝑤, 𝑝}, (7)

which provide a scale-resolved, diagonal representation of the transformation. Departures of 𝐺𝑞 from unity quantify
the amplitude of the distortion, while component-to-component differences in 𝐺𝑞 quantify its tensorial (anisotropic)
character. By analysing 𝐺𝑞 as a function of 𝜅, the existence of a universal collapse across operating conditions and the
wavenumber structure of D can be assessed.

F. Scope and limitations
The present formulation focuses on the pre-impact transformation of the turbulence field and does not explicitly

model the subsequent acoustic scattering. Nonlinear interactions, viscous effects, and the finite Mach-number correction
to the frozen-flow approximation are not resolved within the operator, but are implicitly embedded in the simulation
data from which 𝐺𝑞 is extracted. The objective is not to establish a complete theoretical closure but to provide a
mathematically consistent and physically interpretable framework for quantifying turbulence distortion as a mapping
between flow states.

III. Numerical Method

A. Lattice Boltzmann formulation
High-fidelity simulations are carried out using the lattice Boltzmann method (LBM) implemented in the industrial

solver ProLB (version 3.3.1) [27]. The LBM is particularly suited for aeroacoustic applications because it resolves both
unsteady hydrodynamic structures and acoustic wave propagation within a single, unified time-domain framework [28].
The discrete evolution of particle distribution functions 𝑓𝑖 (x, 𝑡) is governed by

𝑓𝑖 (x + 𝝃𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑓𝑖 (x, 𝑡) +Ω𝑖 (x, 𝑡), (8)

where 𝝃𝑖 are the discrete lattice velocities and Ω𝑖 is the collision operator. Macroscopic density 𝜌 and momentum 𝜌u
are recovered from the zeroth and first moments of 𝑓𝑖 , respectively. A hybrid recursive regularised BGK collision
model is employed to ensure numerical stability at high Reynolds numbers while preserving accurate resolution of the
turbulent fluctuations relevant to aeroacoustic source mechanisms.

B. Turbulence and wall modelling
Subgrid-scale effects are represented through a large-eddy simulation (LES) formulation with an effective kinematic

viscosity
𝜈eff = 𝜈 + 𝜈turb, (9)

where 𝜈turb is computed using a Smagorinsky-type closure with dynamic determination of the model coefficient [29].
Near-wall effects are handled via a logarithmic wall model applied at the first off-wall cell, incorporating corrections
for streamwise pressure gradients and wall curvature. The resulting first-cell-centre height satisfies 𝑦+ = O(1) in
the stagnation region, ensuring adequate resolution of the surface pressure dynamics relevant to acoustic source
identification [30].
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uniform inflow
𝑈0

turbulence
grid

nozzle
exit

NACA0012
airfoil

near-leading-edge
toroidal patch

pressure
outlet

microphone
array

𝑐 = 400 mm

𝑥

𝑦

𝑃1 𝑃2𝑃3

𝑃toroidal

15𝑐 495 mm 380 mm 20𝑐

50𝑐

Fig. 3 Side view of the computational configuration. A passive turbulence-generating grid is positioned at 𝑥 = 0
upstream of a NACA 0012 airfoil with its leading edge at 𝑥/𝑐 = 1.875. The two sampling regions used for the
distortion analysis are indicated schematically.

C. Resolution considerations
The lattice spacing and time step are selected to resolve turbulent scales in the range 𝜅 = O(1), i.e., those for which

the distortion is expected to be most significant. Near the leading edge, the mesh is locally refined to capture the strong
curvature and stagnation-region velocity gradients, while a coarser but dynamically consistent resolution is maintained
in the far field. The short convection time between the upstream sampling plane and the pre-impact region justifies the
neglect of large-scale nonlinear evolution, so that the observed spectral transformation can be attributed primarily to the
interaction with the mean stagnation flow.

IV. Computational Setup and Data Acquisition

A. Computational configuration
The computational domain consists of a passive turbulence-generating grid positioned upstream of a NACA 0012

airfoil at zero geometric angle of attack. A schematic of the configuration is shown in Fig. 3. The turbulence-generating
grid is located at 𝑥 = 0, and the airfoil leading edge at 𝑥 = 0.875 m. The airfoil chord length is 𝑐 = 0.4 m, the span
𝐿𝑧 = 0.8 m, and the leading-edge radius 𝑟LE ≈ 6.3 mm.

The free-stream velocity is𝑈∞ = 20 m/s, corresponding to a free-stream Mach number 𝑀 ≈ 0.059 and a chord-based
Reynolds number 𝑅𝑒𝑐 = 𝑈∞𝑐/𝜈 ≈ 5.1 × 105. The domain extends sufficiently far upstream and downstream to allow
turbulence development and acoustic wave propagation. Non-reflecting boundary conditions and sponge layers are
applied at all far-field boundaries to suppress spurious reflections.

B. Turbulence generation and inflow characterisation
Turbulence is generated by the passive grid placed upstream of the airfoil. The separation between the grid and the

airfoil leading edge is chosen such that the turbulence field reaches a statistically developed state before interaction,
while retaining sufficient large-scale energy in the range 𝜅 ≲ 1 that is most relevant to the distortion process. The
resulting inflow turbulence intensity at the upstream sampling plane is characterised in Section VI.
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U∞

Airfoil

LE

ToroidalPatch UpStr

ToroidalPatch

Pre-impact
sampling surfaces

Leading-edge region

local centerP r

ur, er

uθ, eθ

uz, ez

θ

Fig. 4 Sampling regions used for distortion analysis. The planar upstream patch (ToroidalPatch_UpStr)
provides the reference spectral tensor Φ∞, while the toroidal surface (ToroidalPatch) enclosing the leading
edge captures the distorted pre-impact tensor ΦLE.

C. Sampling strategy for distortion analysis
Direct quantification of the distortion operator requires consistent measurements of the turbulence field at two

locations: an upstream reference plane and a pre-impact surface enclosing the leading edge. The two sampling regions
are illustrated in Fig. 4.

• Upstream reference plane: A planar sampling surface located one leading-edge radius upstream of the airfoil
leading edge. Velocity time series acquired on this plane provide the reference spectral tensor Φ∞

𝑖 𝑗 .
• Pre-impact toroidal surface: A surface following the nose geometry of the airfoil, enclosing the leading-edge

region. This surface captures the distorted turbulence state ΦLE
𝑖 𝑗 prior to acoustic interaction with the surface.

Velocity time series are recorded at all sampling points and decomposed in a local coordinate system aligned with
the airfoil surface. Spectral tensors are estimated using the Welch method [31] with Hanning windowing and 50%
overlap.

D. Data processing and spectral estimation
Spectral tensors at both locations are estimated from time series of sufficient duration to ensure convergence of

the spectral estimators, with a frequency resolution Δ 𝑓 = 𝑈∞/(10𝑐) set to resolve the energetically significant range
𝑆𝑡𝑐 ∈ [0.1, 200]. The convection velocity 𝑈𝑐 ( 𝑓 ) is estimated from the phase of the streamwise cross-spectrum between
adjacent upstream probes and used to relate temporal and spatial spectral representations where required [32].

V. Flow-Field Evolution and Reynolds-Stress Redistribution

A. Global flow organisation
The interaction between grid-generated turbulence and the airfoil is characterised through instantaneous and mean

velocity fields, Reynolds stresses, and spanwise vorticity, as summarised in Fig. 5.
In the near-grid region, the instantaneous velocity field (Fig. 5(a)) exhibits distinct jet-like wakes and shear layers

characteristic of passive grid-generated turbulence [33]. These structures progressively break down through nonlinear
interactions, yielding a spatially decorrelated broadband turbulent field further downstream. Approaching the airfoil,
however, a qualitative transition occurs: the turbulence undergoes visible reorganisation manifested as suppression of
large coherent structures and emergence of finer, elongated features aligned with the local mean flow. This transition is
not merely the continuation of free-space decay, but reflects the onset of mean-flow-induced distortion.

The mean velocity field (Fig. 5(b)) reveals the underlying mechanism. A pronounced stagnation region forms
directly upstream of the leading edge, with strong acceleration of fluid around the nose. This configuration establishes a
local strain field of the form

𝑆𝑖 𝑗 = 1
2

(
𝜕𝑖𝑈 𝑗 + 𝜕 𝑗𝑈𝑖

)
≈ diag(+𝑎, −𝑎, 0), (10)
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Fig. 5 Flow-field organisation downstream of the turbulence-generating grid and around the NACA 0012 airfoil:
(a) instantaneous normalised velocity magnitude |U|/𝑈∞; (b) mean normalised velocity magnitude |U|/𝑈∞; (c)
instantaneous spanwise vorticity 𝜔𝑧𝑐/𝑈∞; (d) streamwise Reynolds stress 𝑢′𝑢′/𝑈2

∞; Reynolds shear stress (e)
𝑢′𝑣′/𝑈2

∞ and (f) 𝑢′𝑤′/𝑈2
∞.

corresponding to streamwise extension and wall-normal compression. This is precisely the canonical stagnation-flow
configuration studied in rapid distortion theory [16, 18], and constitutes the dominant mechanism by which the incoming
turbulence is structurally modified prior to impact.

B. Reynolds-stress redistribution
The Reynolds-stress distributions shown in Figs. 5(d–f) quantify the consequences of the stagnation strain field. In

the grid wake, the streamwise component 𝑢′𝑢′ is strongly dominant, consistent with the persistent large-scale anisotropy
characteristic of passive-grid turbulence [33, 34]. Approaching the leading edge, 𝑢′𝑢′ decreases markedly while the
shear stress 𝑢′𝑣′ develops a spatially organised structure with sign changes across the symmetry plane, reflecting the
interaction of streamwise fluctuations with wall-normal mean-velocity gradients. The cross component 𝑢′𝑤′, shown in
Fig. 5(f), reveals that this redistribution is not confined to the streamwise–wall-normal plane. Immediately downstream
of the grid, 𝑢′𝑤′ exhibits alternating positive and negative regions associated with the separated wakes of the grid bars.
This behaviour is important because it shows that the incoming turbulence is not distorted in a purely two-dimensional
manner. Although the mean stagnation field is primarily organised in the streamwise–wall-normal plane, the finite-span
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turbulent structures generated by the grid retain spanwise correlations that are modified during convection toward the
leading edge.

This redistribution is a direct prediction of rapid distortion theory, in which the production tensor

𝑃𝑖 𝑗 = −𝑅𝑖𝑘
𝜕𝑈 𝑗

𝜕𝑥𝑘
− 𝑅 𝑗𝑘

𝜕𝑈𝑖

𝜕𝑥𝑘
(11)

couples the Reynolds stresses through the mean velocity-gradient field. In the present stagnation region this gradient is
dominated by the symmetric strain component, with streamwise extension and wall-normal compression.Wall-normal
compression (−𝑎 in the 𝑦-direction) amplifies 𝜕𝑢/𝜕𝑦 gradients and enhances pressure–strain redistribution toward 𝑣′

fluctuations, while the extensional strain in 𝑥 acts to suppress the streamwise component [16, 35]. Analogous behaviour
has been documented in numerical studies of turbulence–airfoil interaction [8, 13].

C. Vorticity dynamics and shear-layer formation
The spanwise vorticity field (Fig. 5(c)) corroborates and extends this picture. In the upstream region, 𝜔𝑧 exhibits

disordered, multi-scale structures arising from the breakdown of grid wakes. As the flow approaches the leading
edge, the vorticity field transitions to thin, high-intensity shear layers aligned with the stagnation streamlines. This
intensification arises from the compression-induced amplification of the wall-normal gradient 𝜕𝑢/𝜕𝑦 in

𝜔𝑧 =
𝜕𝑣

𝜕𝑥
− 𝜕𝑢

𝜕𝑦
, (12)

leading to concentration of vorticity into narrow regions. This transition from volumetric, isotropic vorticity to
shear-dominated, coherent layers is a hallmark of rapid distortion in non-uniform mean flows [17, 18].

D. Implications for leading-edge noise
Taken together, the velocity, Reynolds-stress, and vorticity fields establish a consistent physical picture: the

turbulence field undergoes a systematic mean-flow-induced transformation as it approaches the leading edge, producing
an anisotropic pre-impact state that is qualitatively different from the upstream inflow. Since leading-edge noise is driven
primarily by the wall-normal velocity fluctuation component interacting with the airfoil surface [1, 2], the observed
redistribution of energy toward 𝑣′ at intermediate and large scales, combined with the formation of coherent shear layers,
will directly modify the effective acoustic forcing. These results motivate the operator formulation of Section II and
provide the physical context for the spectral analysis that follows.

VI. Midspan Inflow Turbulence: Intensity, Coherence, and Spectra

A. Streamwise coordinate and mean-flow reference
Midspan statistics are extracted along a one-dimensional probe line at fixed (𝑦, 𝑧), parameterised by

𝑥★ =
𝑥 − 𝑥LE

𝑐
, (13)

so that 𝑥★ = 0 corresponds to the leading edge and the interval 0 ≤ 𝑥★ ≤ 1 is masked (solid airfoil body). Time-averaged
and fluctuating quantities are defined as

𝑢𝑖 (𝑥) =
1
𝑇

∫ 𝑇

0
𝑢𝑖 (𝑥, 𝑡) d𝑡, 𝑢′𝑖 (𝑥, 𝑡) = 𝑢𝑖 (𝑥, 𝑡) − 𝑢𝑖 (𝑥), (14)

with 𝑖 ∈ {1, 2, 3} corresponding to (𝑢, 𝑣, 𝑤).
The mean streamwise velocity 𝑢 shown in Fig. 6 increases monotonically toward the stagnation point, consistent

with the acceleration of fluid around the leading edge. The transverse components 𝑣 and 𝑤 remain negligible along the
midspan probe, confirming that convection along the probe line is primarily streamwise. It is emphasised, however, that
𝑢 cannot be directly interpreted as a universal convection velocity for all turbulent scales; in inhomogeneous turbulence,
𝑈𝑐 is known to be scale-dependent and generally differs from the local mean [32, 36, 37].
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Fig. 6 Midspan mean velocity profiles along 𝑥★ = (𝑥 − 𝑥LE)/𝑐. The solid-body interval 0 ≤ 𝑥★ ≤ 1 is masked
and shown as the NACA 0012 contour.
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Fig. 7 Midspan turbulence characteristics along 𝑥★: (a) component-wise root-mean-square velocity fluctuations;
(b) turbulence intensities 𝐼𝑢, 𝐼𝑣 , 𝐼𝑤 and 𝐼𝑘 =

√︁
2𝑘/3/|𝑢 |. The airfoil body is masked.

B. Fluctuation amplitudes and turbulence intensity
Fluctuation amplitudes are quantified through the Reynolds stresses

𝑅𝑖 𝑗 (𝑥) = 𝑢′𝑖 (𝑥, 𝑡) 𝑢′𝑗 (𝑥, 𝑡), 𝑢𝑖,rms (𝑥) =
√︁
𝑅𝑖𝑖 (𝑥), (15)

and turbulence intensities

𝐼𝑖 (𝑥) =
𝑢𝑖,rms (𝑥)
|𝑢(𝑥) | , 𝐼𝑘 (𝑥) =

√︁
2𝑘 (𝑥)/3
|𝑢(𝑥) | , 𝑘 = 1

2𝑅𝑖𝑖 , (16)

as shown in Fig. 7.
The streamwise component 𝑢rms dominates throughout the domain, with 𝑢rms > 𝑣rms ≈ 𝑤rms, confirming persistent

large-scale anisotropy characteristic of passive-grid turbulence [33, 38]. The turbulence intensity profiles exhibit a
pronounced upstream peak followed by non-monotonic evolution toward the leading edge, reflecting the superposition of
free-space decay and the onset of mean-flow-induced distortion. This spatial non-uniformity has an important modelling
consequence: the inflow cannot be represented by a single homogeneous turbulence state characterised by a scalar
intensity, as is assumed in many semi-empirical prediction tools [3]. Furthermore, the preservation of the anisotropy
ordering 𝐼𝑢 > 𝐼𝑣 ≈ 𝐼𝑤 along the entire probe is consistent with the classical separation between large-scale anisotropy
and small-scale isotropy in turbulent flows [39].
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Fig. 8 Temporal autocorrelation functions 𝜌𝑢𝑖 (𝜏; 𝑥𝑛) at multiple midspan stations.

C. Temporal coherence and integral time scales
The Eulerian autocorrelation function

𝜌𝑢𝑖 (𝜏; 𝑥) =
𝑢′𝑖 (𝑥, 𝑡) 𝑢′𝑖 (𝑥, 𝑡 + 𝜏)

𝑢′2𝑖 (𝑥)
, 𝜌𝑢𝑖 (0; 𝑥) = 1, (17)

is shown for representative stations in Fig. 8.
Far upstream (𝑥★ ≈ −2.19), all components decay slowly and monotonically, indicating long-coherence large-scale

structures characteristic of near-grid turbulence [33]. Downstream of the airfoil (𝑥★ = 3.0), a rapid initial decay is
followed by oscillatory behaviour about zero, reflecting the coexistence of fine-scale broadband content and quasi-
periodic spectral signatures inherited from discrete grid shedding frequencies [33]. The streamwise component 𝜌𝑢
retains a higher positive correlation level at large 𝜏 compared to 𝜌𝑣 and 𝜌𝑤 , indicating that temporal coherence is
anisotropic and that elongated streamwise structures persist beyond the decorrelation of transverse components [39].
The superposition of rapid small-scale decorrelation with finite large-scale coherence confirms the multi-scale character
of the turbulence field, which cannot be adequately represented by a single exponential correlation model.

D. Spatial coherence and one-dimensional wavenumber spectra
The streamwise two-point correlation

𝑅𝑢𝑖𝑢𝑖 (𝑟𝑥) =
⟨𝑢′𝑖 (𝑥, 𝑡) 𝑢′𝑖 (𝑥 + 𝑟𝑥 , 𝑡)⟩

⟨𝑢′2𝑖 ⟩
, 𝑅𝑢𝑖𝑢𝑖 (0) = 1, (18)

and the corresponding one-dimensional wavenumber spectrum (via the Wiener–Khinchin theorem)

𝐸𝑢𝑖𝑢𝑖 (𝑘𝑥) =
1

2𝜋

∫ ∞

−∞
𝑅𝑢𝑖𝑢𝑖 (𝑟𝑥) 𝑒−𝑖𝑘𝑥𝑟𝑥 d𝑟𝑥 , (19)

are shown in Fig. 9.
The measured correlations exhibit a sharp initial decay over short separations, followed by weak oscillatory tails

consistent with quasi-periodic grid-induced signatures [33]. The streamwise correlation 𝑅𝑢𝑢 retains positive values
over longer separations than 𝑅𝑣𝑣 and 𝑅𝑤𝑤 , confirming anisotropic spatial coherence with elongated streamwise
structures [39, 40]. The wavenumber spectra are dominated at low 𝑘𝑥 by the streamwise component, while the three
components progressively collapse at high 𝑘𝑥 , consistent with the recovery of local isotropy at small scales [39]. This
gradual, rather than abrupt, transition across wavenumbers implies that anisotropy is distributed across a finite spectral
band, reinforcing the need for a wavenumber-dependent distortion description.

E. Implications for distortion modelling
The midspan analysis places three direct constraints on any viable distortion operator. First, the spatial non-uniformity

of the inflow precludes a homogeneous-turbulence approximation. Second, the persistence of anisotropy requires
a tensorial treatment of the upstream spectral state. Third, the gradual spectral transition between anisotropic and
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(b) 1D streamwise wavenumber spectra 𝐸𝑢𝑖𝑢𝑖 (𝑘𝑥).

Fig. 9 Spatial coherence and wavenumber spectral content along the midspan probe.

quasi-isotropic regimes necessitates a wavenumber-dependent operator with distinct behaviour for 𝜅 ≪ 1 and 𝜅 ≫ 1.
An additional modelling consideration arises from the scale dependence of the convection velocity, which must be
properly accounted for when interpreting spectral mappings from temporal to wavenumber representations [32].

VII. Reynolds-Stress Evolution and Invariant Diagnostics

A. Reynolds-stress evolution along the midspan probe
The streamwise evolution of the Reynolds-stress tensor components is shown in Fig. 10(a). Far upstream (𝑥★ ≲ −1.5),

the turbulence is strongly anisotropic with
𝑅11 ≫ 𝑅22 ≈ 𝑅33, (20)

a configuration arising from the preferential alignment of energy with the streamwise direction in passive-grid
turbulence [33]. Approaching the leading edge, all normal stresses undergo rapid amplification with a pronounced peak
near 𝑥★ ≈ −0.2. The production tensor (Eq. 11) evaluated under the stagnation strain (Eq. 10) shows that the dominant
extensional direction aligns with 𝑢, so that 𝑅11 grows preferentially in the initial amplification phase. However, the
critical observation is that the ratios between components change significantly as 𝑥★ → 0: the distortion is not a scalar
amplification, but a genuine tensorial reorganisation. Downstream of the airfoil (𝑥★ > 1), all components decay sharply,
but the relative ordering does not revert to the upstream state, demonstrating that the interaction acts as an irreversible
transformation in stress space.

B. Invariant representation of the anisotropy state
To isolate structural changes in the turbulence from amplitude effects, the anisotropy tensor is defined as

𝑏𝑖 𝑗 (𝑥) =
𝑅𝑖 𝑗 (𝑥)
2𝑘 (𝑥) − 1

3
𝛿𝑖 𝑗 , (21)

with scalar invariants
𝐼 𝐼 = − 1

2 𝑏𝑖 𝑗𝑏 𝑗𝑖 , 𝐼 𝐼 𝐼 = 1
3 𝑏𝑖 𝑗𝑏 𝑗𝑘𝑏𝑘𝑖 . (22)

The trajectory in Lumley invariant space [41, 42] is shown in Fig. 10(b). Upstream, the data lie close to the axisymmetric
contraction boundary, approaching the one-component limit, consistent with the dominance of 𝑅11 in Eq. (20).

As the flow approaches the leading edge, the trajectory moves systematically toward the origin, indicating a reduction
in anisotropy magnitude (∥𝑏∥2 ∼ −2 𝐼 𝐼). However, the trajectory is not monotonic: a distinct lateral excursion is
observed in which points deviate from the contraction boundary toward the expansion side (𝐼 𝐼 𝐼 < 0), implying a
transient reordering of the principal components of the anisotropy tensor. Here 𝜆𝑖 denote the eigenvalues of 𝑏𝑖 𝑗 , ordered
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Fig. 10 Midspan turbulence diagnostics along 𝑥★ = (𝑥 − 𝑥LE)/𝑐: (a) Reynolds-stress components 𝑅𝑖 𝑗 = 𝑢′𝑖𝑢
′
𝑗 ,

showing upstream anisotropy, rapid pre-impact amplification, and post-passage attenuation with modified
component ratios; (b) trajectory in Lumley invariant space (𝐼 𝐼 𝐼,−𝐼 𝐼), illustrating the transition from a near
one-component, contraction-dominated state toward reduced anisotropy, with a transient excursion toward the
expansion side (𝐼 𝐼 𝐼 < 0) indicating eigenvalue reordering. The solid-body interval 0 ≤ 𝑥★ ≤ 1 is masked.

such that 𝜆1 ≥ 𝜆2 ≥ 𝜆3:
𝜆1 ≈ 𝜆2 > 𝜆3. (23)

before the state returns toward contraction-dominated configurations. This branch switching is the key structural
finding: it demonstrates that the leading-edge interaction modifies not only the intensity of turbulence but its topology
in eigenvalue space. Such behaviour arises from pressure–strain redistribution and finite-time nonlinear effects during
the rapid distortion process [35, 43], and is not reproducible by linear scaling or isotropic corrections. Downstream, the
trajectory remains closer to the isotropic point than upstream, confirming that the distortion leaves a persistent structural
imprint.

C. Interpretation within the operator framework
In invariant space, the action of D(k, 𝜃) corresponds to a systematic reduction of −𝐼 𝐼 (partial isotropisation)

combined with a curvature of the trajectory governed by the relative rates of component amplification. The initial
motion along the axisymmetric contraction boundary is consistent with a dominant extensional strain acting on a highly
anisotropic upstream state, as predicted by the linear RDT operator (Eq. 5). The subsequent excursion toward 𝐼 𝐼 𝐼 < 0
signals a deviation from idealised linear behaviour, attributable to pressure–strain interactions not captured by Eq. (5) in
its simplest form. The invariant trajectory thus provides a compact, data-driven representation of D, with the trajectory
curvature encoding deviations from linear RDT predictions. For aeroacoustic modelling, the critical implication is clear:
since LE noise depends sensitively on the wall-normal and correlated velocity fluctuations, any predictive framework
must account for this full structural transformation, not merely the upstream energy content.

VIII. Spanwise Vorticity Evolution in Physical Space
The physical-space evolution of turbulence distortion is visualised through instantaneous spanwise vorticity fields at

selected streamwise stations between the turbulence-generating grid and the airfoil leading edge, shown in Fig. 11.
At stations well upstream of the leading edge, 𝜔𝑧 exhibits approximately isotropic, spatially decorrelated multi-scale

structures arising from grid-wake breakdown, consistent with classical observations of homogeneous grid turbulence [33].
Progressing downstream, eddies elongate in the streamwise direction and contract in the wall-normal direction under the
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Fig. 11 Instantaneous spanwise vorticity 𝜔𝑧𝑐/𝑈∞ at eight streamwise stations progressing from far upstream to
the leading edge of the airfoil. The displayed streamwise locations are shifted according to (𝑥 − 0.875)/0.4, so
that the leading edge corresponds to 𝑥/𝑐 = 0. Only the first column carries the 𝑦/𝑐 axis, and only the bottom row
carries the 𝑧/𝑐 axis.

action of the stagnation strain field (Eq. 10), a pattern fully consistent with RDT predictions for stagnation flows [17, 18].
In the immediate vicinity of the leading edge, the vorticity field is dominated by thin, intense shear layers aligned with
the stagnation streamlines, arising from compression-induced amplification of wall-normal velocity gradients (Eq. 12).
This physical-space evolution provides direct visual evidence of the pre-impact turbulence transformation Φ∞ → ΦLE

postulated in Section II.

IX. Streamwise Offset Representation of Midspan Profiles
The coupled amplitude and structural evolution of the turbulence field along the midspan probe is visualised in

Fig. 12 using an offset representation, in which each wall-normal profile is shifted by its streamwise coordinate and
scaled by its global maximum. The plotted abscissa is

𝑥plot =
𝑥

𝑐
+ 𝑞(𝑦; 𝑥)

𝑞max
, (24)

where 𝑞max is the maximum magnitude of quantity 𝑞 across all stations. This embedding should be read as a qualitative
diagnostic of spatial evolution; quantitative comparisons are reserved for the unscaled data.

Far upstream, 𝑢′𝑢′ dominates with a broad wall-normal profile, while the shear stresses 𝑢′𝑣′ and 𝑢′𝑤′ are
comparatively small. Approaching the leading edge, 𝑢′𝑢′ decreases systematically while the shear stresses exhibit
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Fig. 12 Streamwise evolution of midspan profiles in offset form. Each profile is shifted by 𝑥/𝑐 and scaled by the
global maximum. Panels correspond to (a) 𝑢′𝑢′; (b) 𝑢′𝑣′; (c) 𝑢′𝑤′; (d) 𝑘/𝑈2

∞; and (e) |U|/𝑈∞.

reorganisation including sign changes and spatial localisation, driven by the production term (Eq. 11). The turbulent
kinetic energy (Fig. 12d) shows a pronounced upstream maximum followed by sharp, spatially non-uniform decay
across the airfoil region, confirming that the distortion process is inherently inhomogeneous and cannot be described
by a single scalar attenuation. The smooth variation of the mean velocity magnitude (Fig. 12e) contrasts sharply
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with the structured Reynolds-stress evolution, demonstrating that the turbulence changes are not simply convective
but are driven by interaction with the mean strain field. The key message of the offset representation is the coupled
amplitude-and-structural transformation: energy is redistributed from the dominant streamwise component into shear
components and subsequently dissipated, consistent with the tensorial distortion operator of Section II.

X. Pre-Impact Spectral Distortion Near the Leading Edge

A. Patch-based spectral comparison
Spectral tensors are computed from velocity time series on three planar upstream patches and two toroidal patches in

the leading-edge pre-impact region. At each vertex, the temporal mean and the instantaneous patch-averaged fluctuation
are removed to suppress spatially uniform patch-scale contributions. At each sampling patch 𝑃, let 𝑁𝑣 denote the
number of vertices on the patch. The index 𝑗 identifies the vertex at which the local time series is evaluated, while 𝑚

is a summation index over all vertices in the same patch. For each scalar or velocity component 𝑞 ∈ {𝑢, 𝑣, 𝑤, 𝑝}, the
temporally averaged value at vertex 𝑗 is denoted 𝑞 𝑗 . The fluctuation used for spectral estimation is then defined as

𝑞′′𝑗 (𝑡) = 𝑞 𝑗 (𝑡) − 𝑞 𝑗 −
1
𝑁𝑣

𝑁𝑣∑︁
𝑚=1

(𝑞𝑚 (𝑡) − 𝑞𝑚) , 𝑗 = 1, . . . , 𝑁𝑣 . (25)

One-sided Welch spectra are computed at each vertex and aggregated using a median estimator,

Φ̃𝑃
𝑞𝑞 ( 𝑓 ) = median 𝑗∈𝑃

[
Φ( 𝑗 )

𝑞𝑞 ( 𝑓 )
]
, (26)

and displayed in premultiplied form 𝑓 Φ̃𝑞𝑞 to represent variance per logarithmic frequency decade. A median rather
than an arithmetic mean is used because the patch spectra can contain localised high-amplitude vertices associated with
near-wall intermittency, geometric clustering, or isolated numerical artefacts. The median therefore provides a robust
estimate of the representative patch spectrum and prevents a small number of vertices from dominating the spectral ratio.
The mean estimator was also inspected and was found to preserve the same qualitative trends; the median is used here
for robustness.

The three upstream planar patches collapse closely across the main resolved frequency range (Fig. 13), establishing
spectral stationarity of the incoming turbulence and validating its use as a well-defined reference state. In contrast,
the toroidal patches depart systematically from the planar family, with departures that are both frequency-dependent
and component-dependent. The most robust feature is attenuation of low-to-intermediate-frequency spectral content
on the toroidal surface relative to the upstream reference, combined with a relatively fuller spectral tail at moderate-
to-high frequencies near the leading edge. These observations immediately rule out a scalar correction of the form
ΦLE = 𝛼( 𝑓 )Φ∞.

B. Scale-dependent spectral gain
The component-wise spectral gain 𝐺𝑞 ( 𝑓 ) (Eq. 7) is shown in Fig. 14. Four distinct frequency regimes are identified.

Large-scale attenuation. At low frequencies ( 𝑓 ≲ 2 × 102 Hz), all velocity components exhibit 𝐺𝑞 < 1, indicating
suppression of large-scale turbulent motions prior to impact. The wall-normal gain 𝐺𝑣 is significantly smaller than
𝐺𝑢 and 𝐺𝑤 , reflecting the preferential suppression of 𝑣′ fluctuations by the stagnation-region compression, which
is precisely the opposite of the free-space RDT prediction for extensional strains, suggesting the dominance of the
wall-blocking effect at large scales.

Intermediate-scale plateau. In the intermediate frequency range, the gains approach a near-flat region, representing
the transition zone in which distortion effects from the stagnation strain and geometric blocking partially cancel.

Onset of geometric-scale distortion. A marked increase in 𝐺𝑞 is observed near 𝜅 ≈ 1, identifying the leading-edge
radius as the characteristic geometric scale that controls the spectral transition. This is consistent with the theoretical
expectation from Eq. (6) and with the experimental observations of Gill et al. [22].
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Fig. 13 Premultiplied patch spectra 𝑓 Φ̃𝑞𝑞 ( 𝑓 ) for the three planar upstream patches and the two toroidal
pre-impact patches: (a) 𝑢, (b) 𝑣, (c) 𝑤, (d) 𝑝. The collapse of the upstream planar spectra establishes a stable
reference field; the systematic departure of the toroidal spectra from this reference confirms pre-impact distortion.

High-frequency behaviour. At frequencies beyond the 𝜅 ≈ 1 transition, apparent amplification is observed, but this
regime coincides with rapid decay of the upstream reference spectrum toward the numerical noise floor. The shaded
region in Fig. 14 indicates frequencies for which the denominator in Eq. (7) falls below a prescribed reliability threshold;
the associated 𝐺𝑞 values are not interpreted as physical.

C. Local-frame distortion on toroidal patches
To resolve directional effects relative to the leading-edge curvature, the streamwise and wall-normal velocity

components (𝑢, 𝑣) are projected onto a local polar frame (𝑟, 𝜃) in the airfoil midspan plane, while the spanwise
component remains unchanged as 𝑢𝑧 = 𝑤.

𝑢𝑟 = 𝑢 cos 𝜃 + 𝑣 sin 𝜃, 𝑢𝜃 = −𝑢 sin 𝜃 + 𝑣 cos 𝜃, 𝑢𝑧 = 𝑤. (27)

where 𝜃 is the azimuthal coordinate around the toroidal patch. This projection is orthogonal in the (𝑦, 𝑧)-plane,
preserving the cross-plane trace,

Φ𝑢𝑢 +Φ𝑣𝑣 = Φ𝑟𝑟 +Φ𝜃 𝜃 , Φ𝑧𝑧 = Φ𝑤𝑤 . (28)
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Fig. 14 Component-wise spectral gains 𝐺𝑞 ( 𝑓 ) = ΦLE
𝑞𝑞/Φ∞

𝑞𝑞 for (a) 𝑢, (b) 𝑣, (c) 𝑤, and (d) 𝑝. The dashed
horizontal line marks 𝐺𝑞 = 1 and the vertical marker indicates 𝜅 ≈ 1. Shaded regions denote frequencies where
the upstream spectrum is below the reliability threshold; these are not interpreted.

Any difference between Φ𝑟𝑟 and Φ𝜃 𝜃 therefore reflects genuine directional redistribution of turbulent energy. The local
distortion is quantified as

Δ𝑞𝑞 (𝑆𝑡, 𝜃) = log10

(
Φ̃LE

𝑞𝑞 (𝑆𝑡, 𝜃)

Φ̃Up
𝑞𝑞 (𝑆𝑡, 𝜃)

)
, 𝑞 ∈ {𝑟, 𝜃}, (29)

with premultiplied spectra Φ̃𝑞𝑞 = 𝑆𝑡Φ𝑞𝑞 .
The distortion maps (Fig. 15) reveal a monotonic increase of Δ𝑞𝑞 with 𝑆𝑡 for both components: large-scale

motions are predominantly attenuated (Δ < 0), while smaller-scale motions are relatively amplified (Δ > 0), with the
transition occurring near 𝑆𝑡 = O(8–10). A systematic difference between components is present: Δ𝑟𝑟 exhibits stronger
amplification at moderate-to-high 𝑆𝑡 than Δ𝜃 𝜃 , indicating that radial (wall-normal) fluctuations are preferentially
enhanced at scales near 𝜅 ≈ 1, while azimuthal (tangential) fluctuations remain comparatively weaker. The angular
dependence of Δ𝑞𝑞 is non-trivial and does not follow a simple monotonic trend in 𝜃, indicating modulation by the local
mean-flow topology around the nose, including asymmetry between the pressure and suction sides.
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Fig. 15 Local-frame distortion maps after projecting (𝑣, 𝑤) ↦→ (𝑢𝑟 , 𝑢𝜃 ) via Eq. (27). The systematic difference
between Δ𝑟𝑟 and Δ𝜃 𝜃 confirms component-dependent distortion consistent with a tensorial operator D(𝜅, 𝜃).

D. Cross-plane energy diagnostics
Three reduced diagnostics are introduced to separate total cross-plane energy modification from directional

redistribution within the cross-plane.

Azimuth-averaged distortion. Averaging Δ𝑞𝑞 over 𝜃 (Fig. 16(a)) confirms that both components remain near-neutral
or weakly attenuated at low 𝑆𝑡 and exhibit rapid amplification beyond 𝑆𝑡 = O(10), with Δ𝑟𝑟 consistently exceeding Δ𝜃 𝜃 .

Trace gain. The cross-plane trace gain

𝐺⊥ (𝑆𝑡, 𝜃) =
Φ̃LE

𝑟𝑟 + Φ̃LE
𝜃 𝜃

Φ̃Up
𝑟𝑟 + Φ̃Up

𝜃 𝜃

(30)

is invariant under rotations in the (𝑦, 𝑧)-plane and therefore isolates the net cross-plane energy change. Figure 16(b)
shows that the onset of net amplification occurs over a narrow 𝑆𝑡 range with weak 𝜃-dependence, suggesting a geometric
filtering mechanism controlled by 𝑟LE.

Cross-plane anisotropy change. The anisotropy parameter

𝜒 =
Φ𝑟𝑟 −Φ𝜃 𝜃

Φ𝑟𝑟 +Φ𝜃 𝜃
, Δ𝜒 = 𝜒LE − 𝜒Up, (31)

distinguishes radial-dominated (𝜒 > 0) from azimuthal-dominated (𝜒 < 0) states independently of the energy level.
The angular variation of Δ𝜒 (Fig. 16(c)) is pronounced and sign-changing at higher 𝑆𝑡, confirming that the directional
redistribution of cross-plane energy is not azimuthally symmetric, and must be described as a function of both 𝜅 and 𝜃.

E. Implications for leading-edge noise modelling
The spectral and directional evidence presented in this section leads to a single overarching conclusion: the

turbulence field incident on the airfoil surface in Amiet-type and related formulations [1, 2, 13, 26] is not equivalent to
the undistorted upstream spectrum. Between the upstream reference plane and the toroidal pre-impact surface, the
turbulence spectrum is modified in amplitude, frequency content, component distribution, and azimuthal structure.
The leading-edge region therefore imposes a measurable, scale-dependent, and component-dependent pre-impact
transformation on the incoming turbulence before acoustic scattering occurs. The pipeline for leading-edge noise
modelling must be recast to include an explicit distortion stage:

Φ∞
𝑖 𝑗 (𝜅, 𝜃)

D𝑖 𝑗𝑚𝑛 (𝜅, 𝜃 )−−−−−−−−−−→ ΦLE
𝑖 𝑗 (𝜅, 𝜃)

acoustic scattering
−−−−−−−−−−−−−−→ 𝑆𝑝𝑝 ( 𝑓 ), (32)

20

D
ow

nl
oa

de
d 

by
 S

pa
rs

h 
Sh

ar
m

a 
on

 M
ay

 2
4,

 2
02

6 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
6-

34
45

 



100 101

St= fc=U0

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

1.25
¢
q
=
lo
g
1
0
(©

L
E
qq
=©

U
p
qq
)

¢rr

¢µµ

(a)

100 101

St= fc=U0

−100

−50

0

50

100

µ
[±
]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

lo
g
1
0

£ (©L
E
rr
+
©
L
E
µµ
)=
(©

U
p
rr
+
©
U
p
µµ
)¤

(b)

100 101

St= fc=U0

−100

−50

0

50

100

µ
[±
]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

¢
Â
=
Â
L
E
¡
Â
U
p

(c)

Fig. 16 Reduced cross-plane distortion diagnostics: (a) azimuth-averaged distortionΔ𝑟𝑟 andΔ𝜃 𝜃 ; (b) cross-plane
trace gain 𝐺⊥ (𝑆𝑡, 𝜃); (c) cross-plane anisotropy change Δ𝜒(𝑆𝑡, 𝜃).

Upstream reference
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𝑖 𝑗 ( 𝑓 , 𝜃)

planar / upstream patch

Distortion operator
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Φ𝐿𝐸
𝑖 𝑗 (𝜅, 𝜃) = D𝑖 𝑗𝑚𝑛 (𝜅, 𝜃)Φ∞
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dominant transition:
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The central concept is to separate pre-impact turbulence distortion from the
subsequent acoustic scattering problem. The present data provide diagonal
and local-frame projections of the operator through 𝐺𝑞 ( 𝑓 ) and Δ𝑞 (𝑆𝑡, 𝜃 ) .

Fig. 17 Schematic of the proposed distortion-operator framework. The upstream spectral tensor is transformed
by a scale- and azimuth-dependent operator D before entering the leading-edge acoustic scattering problem.
The present study characterises D empirically through spectral gain and local-frame distortion diagnostics.

as illustrated schematically in Fig. 17. The present data provide the diagonal and azimuthally projected components
of D through 𝐺𝑞 ( 𝑓 ) and Δ𝑞 (𝑆𝑡, 𝜃). Reconstruction of the full tensor requires projection into a true surface-aligned
(𝑡, 𝑛, 𝑧) frame and resolution studies for the high-𝑆𝑡 spectral tail; these are subjects of ongoing work.

XI. Conclusion
This work has demonstrated, through high-fidelity lattice Boltzmann simulations of turbulence interacting with a

NACA 0012 airfoil at 𝑅𝑒𝑐 ≈ 5.1 × 105, that the turbulence field undergoes a systematic, physically significant, and
aeroacoustically consequential transformation before impacting the leading edge. The principal findings are as follows.

Turbulence distortion is a physical reality. The combination of instantaneous vorticity fields, Reynolds-stress
budgets, and Lumley invariant trajectories establishes beyond doubt that the turbulence state in the pre-impact region is
fundamentally different from that at the upstream reference location. The transformation is not attributable to free-space
decay alone, but is driven by the stagnation-region mean strain field, which compresses fluid elements in the wall-normal
direction and stretches them tangentially, in agreement with rapid distortion theory [16, 18].

The transformation is tensorial and irreversible. Reynolds-stress analysis shows that component-to-component
ratios change substantially approaching the leading edge, ruling out a scalar or isotropic correction. The Lumley
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invariant trajectory exhibits a transient eigenvalue reordering (excursion toward 𝐼 𝐼 𝐼 < 0) that cannot be captured by
linear scaling and is indicative of pressure–strain redistribution [43]. Downstream of the airfoil, the stress tensor does
not recover its upstream anisotropy state, confirming irreversible distortion.

The distortion is scale-dependent and controlled by 𝜅 = 𝑘𝑟LE. Spectral gains 𝐺𝑞 ( 𝑓 ) computed between the
upstream reference and the toroidal pre-impact surface are frequency-dependent and component-dependent, with
large-scale motions (𝜅 ≲ 1) attenuated and the transition to a different spectral regime occurring near 𝜅 ≈ 1. The
leading-edge radius 𝑟LE therefore acts as a geometric filter that separates turbulent scales into strongly and weakly
distorted classes, consistent with the operator formulation of Section II.

Directional redistribution is azimuthally non-uniform. Local-frame distortion maps Δ𝑞𝑞 (𝑆𝑡, 𝜃) and the cross-plane
anisotropy diagnostic Δ𝜒(𝑆𝑡, 𝜃) reveal that the transformation is not axisymmetric. The radial component (aligned with
the local surface normal) is preferentially enhanced relative to the azimuthal component, and the angular dependence of
the redistribution is modulated by the nose geometry and mean-flow topology on the pressure and suction sides.

Implications for predictive models. These results establish turbulence distortion as a necessary pre-conditioning
stage in leading-edge noise prediction. The appropriate modelling pipeline is not Φ∞ → 𝑆𝑝𝑝 ( 𝑓 ), but the two-stage
process described in Eq. (32): Φ∞ → D → ΦLE → 𝑆𝑝𝑝 ( 𝑓 ). Amiet-type models that use the undistorted upstream
spectrum as direct input to the acoustic transfer function will systematically underestimate the structural modification
of the turbulence field and may require additional correction terms that implicitly approximate D. The present work
provides the first explicit data-driven characterisation of the operator components 𝐺𝑞 ( 𝑓 ) and Δ𝑞 (𝑆𝑡, 𝜃).

Outlook. The full reconstruction of D𝑖 𝑗𝑚𝑛 (𝜅, 𝜃) requires projection of the velocity field onto a consistent surface-
aligned (𝑡, 𝑛, 𝑧) frame, independent measurement of the convection velocity 𝑈𝑐 ( 𝑓 , 𝜃) to resolve the temporal-to-spatial
spectral conversion, and resolution studies for the high-𝜅 tail. Future work will investigate the parametric dependence of
D on airfoil geometry (leading-edge radius, camber, thickness) and inflow conditions (turbulence intensity, integral
scale), with the aim of constructing a reduced-order distortion model suitable for integration into existing semi-analytical
LE noise prediction frameworks.
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