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Boundary Layer Tripping Effects on Flow and Trailing-Edge Noise of a NACA 0012 Airfoil at Zero Angle of
Attack

Hussain A. Abid, Andrea Rapisarda, Vasily Gryazev, Annabel P. Markesteijn, Nicola Maria Pugno, Sergey A.
Karabasov

WMLES with Amiet and Brooks models are validated against BANC III experiments.

Effects of trip height, width, and location on airfoil turbulence are quantified.

Flow and turbulence are more sensitive to trip details at lower Reynolds numbers.

Pressure fluctuations at the trailing edge are insensitive to trip parameters.
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Abstract

The study presents a series of Wall-Modelled Large Eddy Simulations (WMLES) using the high-resolution GPU-
accelerated CABARET method to investigate boundary layer tripping effects on a NACA 0012 airfoil. Simulations
are performed at zero angle of attack for chord-based Reynolds numbers of 1.0 x 10° and 1.5 x 10°, corresponding
to the BANC III experimental conditions. For far-field noise prediction, the LES solutions are coupled with Amiet
theory and the semi-empirical Brooks model. The numerical framework is validated against experimental data for
pressure and skin friction coefficients, boundary layer flow and turbulence profiles, as well as wall pressure and far-
field noise spectra. Having validated the baseline model, the trip geometry is systematically varied to evaluate its
effect on the flow, turbulence, and pressure fluctuations in the boundary layer and the wake region around the trailing
edge using statistical analyses, including Proper Orthogonal Decomposition and conditional averaging. Compared
to the meanflow and turbulence details, the pressure fluctuations around the trailing edge are found to be insensitive
to the trip parameters within the experimental error bar, indicating that the dominant coherent pressure structures
responsible for noise scattering remain little affected by the upstream transition-triggering mechanism.
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1. Introduction

Broadband noise generated by turbulent boundary layers interacting with sharp trailing edges is a dominant com-
ponent of airfoil self-noise in low-Mach number flows. As identified in the seminal work of Brooks, Pope, and
Marcolini [1, 2], this trailing edge noise (TEN) constitutes the largest part of the broadband component and is pro-
duced by the scattering of multi-scale turbulent eddy pressure fluctuations at the sharp trailing edge. Recently, TEN
has emerged not only as an important contributor to airframe noise but also as the dominant source of UAV rotor noise,
where small propeller diameters and higher tip Mach numbers increase the relative importance of broadband noise
compared to tonal noise [3]. TEN is notoriously difficult to accurately capture, even when computationally intensive
scale-resolving methods such as Large Eddy Simulations are used. Hence, hybrid approaches, such as those based
on acoustic analogy modelling, are traditionally used. The cornerstone of many TEN modelling approaches [4, 5]
is the Amiet theory [6], which considers the problem of far-field noise generated by trailing edge scattering in terms
of the wavenumber—frequency spectrum of wall surface pressure fluctuations induced by turbulent eddies. However,
effective acoustic source information, namely the wavenumber—frequency spectrum, is typically only available from
high-fidelity models such as Large Eddy Simulations (LES) [7, 8]. In a similar vein, the properties of the turbulent
boundary layer are used in fast reduced-order TEN prediction schemes as input for correlations with far-field noise,
such as in the original Brooks, Pope, and Marcolini (BPM) model [2]. Such TEN prediction schemes include sev-
eral empirical calibration factors tailored for different experiments; these typically involve zero-camber airfoils like
the NACA 0012, which serve as the "consensus" experimental data set for the validation of high-fidelity numerical
models. Having a reference consensus data set is useful because of the inherent scatter between airfoil noise exper-
iments in different wind-tunnel facilities. In particular, at Reynolds numbers typical of small-scale rotors and UAVs
(Re. ~ 10°-10°), the suction-side boundary layer may undergo laminar separation and reattachment, forming a lam-
inar separation bubble (LSB). The LSB alters boundary layer thickness, turbulence development, and wall pressure
spectra; it may also introduce tonal components through the growth of Tollmien—Schlichting (T-S) instability and
trailing edge scattering. These phenomena are highly sensitive to the Reynolds number, upstream wind-tunnel con-
ditions, and airfoil surface roughness [9, 10]. ‘To avoid complexities of laminar flow separation and reattachment,
tripping of the boundary layer is widely employed to enforce an earlier transition and suppress LSB dynamics, both
in wind-tunnel experiments and in numerical simulations [11, 12]. Hence, tripping introduces the transition path-
way leading to the development of turbulent structures in the boundary layer, directly influencing the wall pressure
spectrum, the primary input to trailing edge noise models. Several experimental studies showed that trip height,
geometry, and arrangement strongly influence transition onset and subsequent boundary layer development. For ex-
ample, Abdalla et al. [13] and Chandrasekhara et al. [14] examined wire and strip trips on airfoils over Re, = 0(10%),
demonstrating that insufficient trip height does not suppress laminar separation, while excessive roughness distorts
velocity profiles and increases drag. Broadly, tripping devices can be classified into two-dimensional (2D) elements
such as zigzag or straight strips and wires, and three-dimensional (3D) distributed roughness such as grit, cones, or
sharkskin-like elements [15]. Following classical interpretations of roughness-induced transition [16], 2D trips pro-
mote transition through local separation and inflectional profiles that amplify T-S waves, while 3D roughness tends
to generate turbulent spots directly downstream of the elements without relying on amplified T-S waves [17]. Dos
Santos et al. [15] compared zigzag strips and grit over a range of h/d; and showed that zigzags produce localized
regions of elevated turbulence intensity and spanwise non-uniformity, whereas grit yields a more uniform turbulent
field once the flow is fully developed. Their measurements suggest that, provided the local momentum-thickness
Reynolds number Rey is sufficiently high, the downstream TBL statistics become less sensitive to the detailed trip
shape, although the near-trip dynamics can differ substantially. However, the focus of the above studies was primarily
on aerodynamics such as viscous drag and the boundary layer thickness, while limited insight was provided on the
tripping effect for the resulting wall surface pressure spectra and radiated noise. Recently, experimental aeroacoustic
work has also begun to quantify the influence of different tripping concepts on far-field sound. Kang and Lee [18]
reviewed common experimental tripping strategies at low Reynolds numbers relevant to UAVs, including trip wires,
zigzag or serration strips, distributed grit, and bio-inspired sharkskin-type roughness. The tripping devices were found
to induce transition through high-intensity spanwise velocity fluctuations. Additionally, the resulting low-frequency
noise increases due to trip induced modifications of wall pressure fluctuations at trailing edge, whereas the trip itself
can generate additional high-frequency noise. In their measurements, grid type roughness was less effective than
zigzag strips at promoting transition below 20 m/s, leading to larger intermittency near the wake and discrepancies
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52 of up to 3 dB in far-field sound levels between the trip types [18]. These results suggest that the tripping parame-
53 ters influence both the transition process and the resulting spectral distribution of the radiated noise. In high-fidelity
54 computational modelling of TEN, an accurate representation of tripping is equally critical for reliable aeroacoustic
55 prediction. LES investigations by Winkler et al. [4, 19] resolved thin serrated (zigzag) tape and a simplified two-
56 dimensional step trip on a NACA 6512-63 airfoil at Re, = 1.9 x 10°. The serration trip promoted early transition via
57 oblique vortex patterns and T-S wave amplification, maintaining an attached turbulent boundary layer on the pressure
58 side, whereas the step trip led to a separation bubble and later reattachment, with distinct differences in wall pressure
59 evolution and noise levels. At higher Reynolds numbers, Morse and Mahesh [20] compared a geometrically resolved
60 trip wire with a numerical tripping strategy based on steady wall-normal blowing on the DARPA SUBOFF hull. They
61 showed that when the trip height exceeds the local laminar boundary layer thickness, the transition is dominated
62 Dby shedding from the trip itself, altering turbulence anisotropy and leaving persistent differences in boundary layer
63 thicknesses downstream even when skin friction and mean pressure recover. In addition to these efforts, Kang and
64 Lee [18] contrasted geometrically resolved trips with artificial tripping techniques such as suction and blowing and
65 high-frequency tangential reverse blowing, demonstrating that each mechanism produces scenario-specific acoustic
66 signatures under adverse pressure gradients.

67 From the experimental perspective, recent work by Luesutthiviboon et al. [21] investigated the influence of trip
68 height and location on a NACA 633-018 airfoil at several angles of attack, including the use of zigzag trips, in
69 the framework of the Benchmark Problems for Airframe Noise Computations category I. That work reported data
70 on integral aerodynamic coeflicients as well as far-field sound pressure levels of the considered aerofoil cases and
71 demonstrated that the trip modification can affect the far-field noise depending on the case. Collectively, the above-
72 mentioned studies highlight that not only the presence of a trip, but also its geometry, placement, and underlying
73 transition mechanism (TS amplification, roughness-generated turbulent spots, or artificial forcing) can significantly
74 influence both the near-wall pressure field and the far-field noise. Despite these advances, it remains difficult to
75 separate the effect of geometric trip parameters from Reynolds-number effects, hence, to answer the question to what
76 extent variations in trip geometry modify the near-wall turbulence responsible for trailing edge noise beyond simply
77 triggering transition. Therefore, the aim of the present work is to perform high-fidelity scale-resolving simulations and
78 analyse the results in terms of the wall-pressure fluctuations generated by the near-field turbulent structures to obtain
79 adeeper physical interpretation of the flow mechanisms leading to the far-field acoustic response for a representative
80 range of flow Reynolds numbers.

81 First, a wall-modelled large-eddy simulation (WMLES) is performed using the high-resolution CABARET method
82 [22-24] for NACAO0O012 airfoil flow conditions at zero incidence angle, corresponding to the BANC-III benchmark
83 dataset [25], where the step trip has been explicitly resolved. The WMLES solution is validated against the aerody-
84 namic flow measurements available in the BANC-III test as well as the pressure and friction coefficients obtained from
85 the semi-empirical X-Foil model. The wall-surface-pressure spectra solution from LES is combined with the Amiet
86 formulation [6] including the back-scattering correction of Roger and Moreau [26] to obtain far-field noise spectra.
87 In addition, the boundary layer quantities obtained from LES are used as input for the empirical BPM model [2] to
88 independently probe the sensitivity of the LES solution for far-field noise spectra predictions. The resulting acous-
89 tic predictions obtained from the LES-Amiet and LES-BPM models are validated against the BANC-III experiment.
90 Second, using the validated WMLES model, a parametric study is conducted to analyse the effects of trip height, trip
91 width, trip location, and Reynolds number on transition behaviour, boundary layer development, and wall pressure
92 spectra. Additionally, Proper Orthogonal Decomposition (POD) of turbulent fluctuating pressure field around the trail-
93 ing edge is employed to identify dominant coherent structures and relate their evolution to the observed aeroacoustic
94 trends.

95 2. Problem Configuration and Methods

96 2.1. Setup and Case Parameters

97 The BANC III cases are used for validation and assessment of the numerical framework, with flow conditions
98 spanning Re. ~ O(10°-1.5x 10%) as summarized in Table 1. Figure 1 shows a schematic of the computational problem
99 setup, which corresponds to the conditions of the BANC III experimental campaign [25]. Specifically, a NACA 0012
100 airfoil at zero incidence with a chord length of ¢ = 0.4 m is considered in a low Mach number free stream, representing
101 a laboratory-scale test. Boundary layer tripping is applied to fix the transition point at a prescribed location on the
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airfoil surface, leading to the development of a turbulent boundary layer whose structures are subsequently scattered
at the sharp trailing edge to generate far-field noise.
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Figure 1: Schematic of the NACA 0012 airfoil, coordinate system, and observer location. The microphone is positioned 1 m vertically above the
trailing edge (TE). Top and bottom trip devices are symmetrically positioned to preserve the axial symmetry of the NACA 0012 airfoil profile.

Table 1: Summary of BANC III [25] NACA 0012 test cases

Case  Angle of Attack (AoA) Inflow Velocity U., (m/s) Reynolds Number Rec Mach Number M.,
Case 1 0 56.0 1.5x10° 0.166
Case 4 0 37.7 1.0 x 10° 0.112

Following the BANC III experiment, a 2D stair-step trip is considered, characterized by its height A, tape width
w, and streamwise position x; = x/c [25]. For each airfoil case, these parameters were systematically varied to
analyze their effect on transition, boundary layer development, and far-field noise generation. The complete set
of investigated configurations is summarized in Table 2, which also includes the dimensions used in the original
experimental measurements and the empirical estimates for the effective trip height. In addition to the dimensional
values, the trip height 4 and width w are reported in non-dimensional form using the maximum airfoil thickness as
the reference length scale. For the present NACA 0012 airfoil with chord ¢ = 0.4 m, the maximum thickness is
Thax = 0.12¢ = 48 mm; therefore, the ratios 7/T.x and w/Th.x quantify the relative size of the trip geometry with
respect to the airfoil profile.

The trip heights / are selected to represent under-critical, near-critical, and over-critical roughness levels relative
to the minimum effective height calculated via the empirical relation in Eq. (1). This effective trip height relation
follows the roughness Reynolds number scaling suggested by Braslow and Knox [27]:

Xt Reh
[ 1
Re?" 0332 )

where 4 is the trip height, Re,, is the Reynolds number evaluated at x;, and Re,, is the roughness Reynolds number.
This estimate provides a practical lower bound for triggering transition, typically associated with Re;, values in the
range 200-600. Notably, the threshold depends on the trip geometry, with lower values generally sufficient for two-
dimensional strip-type trips and higher values required for three-dimensional or distributed roughness elements [28,
29].
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Table 2: Geometric parameters of the airfoil trips, with # and w non-dimensionalized by the maximum airfoil thickness, Tmax = 48 mm, and the
trip position x; reported as a percentage of the chord.

Numerical - 2D rectangular trip

Height (7)) h/Tmax Width (W) w/Thn. Position (x;)

(mm) (%) (mm) (%) Joc
8;2(7) 832 Experimental [25] - 2D rectangular trip
’ ’ 1.50 3.13 5 Height (k) h/Th  Width (w)  w/Ty,  Position (x;)
0.554 1.15
1018 )12 (mm) (%) (mm) (%) Joc
053 10 0.360 0.75 1.50 3.13 5
1.50 3.13 P P
0.360 0.75 23] 481 5 Empirical relation based on roughness Re number (1)
4'2 4 8. 33 Height (7)) h/Tyna  Width (w)  w/Ty.  Position (x;)
: : 5 (mm) (%) (mm) (%) Joc
0.250 0.52 - - 5
10
0.360 0.75 1.50 3.13 20
25
30

121 2.2. Large Eddy Simulation Method and Grids

122 For high fidelity modelling of the BANC-III airfoil cases considered, a WMLES framework based on the high-
123 resolution Compact Accurately Boundary-Adjusting High-Resolution Technique (CABARET) scheme [22, 30], ac-
124 celerated on Graphics Processing Units (GPUs) [31] is used. CABARET combines a finite-volume formation in space-
125 time with conservative flux correction based on the maximum principle, and low-dissipation and low-dispersion wave
126 propagation properties important for accurate reconstruction of statical properties of advection-dominated stochastic
127 flows and turbulent jets [32, 33]. The asynchronous algorithm is used to efficiently time step with a Courant number
128 corresponding to the optimized dispersion and dissipation properties for acoustic wave propagation [23, 34]. Viscous
129 terms are approximated by a central scheme, where the wall shear stress is approximated with the equilibrium wall
130 model of Park [35]. The model adopts an algebraic formulation based on Reichardt’s law [36], relating the local
131 dimensionless velocity u* and wall-normal distance y*. Previous validation of the CABARET-based WMLES frame-
132 work for NACA airfoils, including a NACA 0012 airfoil with chord length ¢ = 0.4 m and a NACA 65410 airfoil with
133 chord length ¢ = 0.3 m, over a range of inflow Reynolds numbers and angles of attack, can be found in [37, 38].

134 The current work presents a systematic investigation of the CABARET WMLES of the NACA 0012 airfoil with
135 a chord length of 0.4 m, where the laminar-to-turbulent transition is explicitly controlled using a leading-edge step
136 trip, whose parameters /, w, and x; = x/c are varied to analyse the effect on transition and acoustic response. The
137 computational domain extends 10c upstream and 10c downstream of the airfoil, with a wall-normal extent of +10c.
138 The spanwise length is set to L./c = 0.10 for all configurations. The domain is discretised using a hexahedral
139 dominant mesh with multiple local refinement zones generated in OpenFOAM. Near the airfoil surface, body-fitted
140 hexahedral layers are created using snappyHexMesh to control the first-cell height and wall spacing, with additional
141 refinement in the leading-edge region to resolve the trip geometry (Fig. 2). The step trip is resolved with 4 cells
142 across a representative trip height of 2 = 0.360 mm (0.75% T'n.x) and 12 points across a representative trip width of
143w =1.50 mm (3.13% T,,,,). Notably, due to the CABARET staggered cell-centre and cell-face variables, these 4 and
144 12 grid cells correspond to 9 and 25 data points, respectively.

145 For all configurations under investigation, non-reflecting characteristic boundary conditions are applied for all
146 external boundaries with a uniform inflow velocity prescribed at the inlet and the free-stream conditions at the top,
147 bottom, and downstream boundaries. Periodic boundary conditions are imposed in the spanwise direction. The
148 computational mesh for all setups contains approximately 39.1 million cells, with near-wall grid spacings in wall
149 units of Ax] = 16 (streamwise), Ax] = 3 (wall-normal), and Ax] = 17 (spanwise). The wall-normal grid is refined
150 with an expansion ratio of 1.2, ensuring that three grid cells (7 data cell and face points) are located within the near-
151 wall region up to x; = 19. These grid resolution parameters were found sufficient to produce the main flow and
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Figure 2: Computational mesh topology for the NACA 0012 airfoil showing the leading-edge step trip (top left), the leading-edge region (bottom
left), and the overall mesh distribution around the airfoil (right).

152 turbulence profiles, including the C,,, C, and wall pressure spectra reasonably insensitive to further grid refinements.
153 All simulations were performed on an NVIDIA A100 GPU (80 GB) using the Apocrita High-Performance Com-
154 puting Cluster at Queen Mary University of London. Each case was run for five convective time units (TU) to allow
155 for flow development, followed by an additional 25 TU for statistical averaging, where TU = ¢/U. To efficiently
156 time step in the mesh regions corresponding to different local refinements, eight update groups of the asynchronous
157 time-stepping scheme were used, resulting in a time-step ratio of 27 = 128 between the time steps used for the smallest
158 and the largest grid cell sizes.

159 2.3. Far-Field Acoustic Modelling

160 The influence of the trip parameter on the farfield noise is evaluated using two approaches: the analytical Amiet
161 trailing edge noise model [6] and the empirical BPM method [2] using the input flow parameters from the LES data
162 for each test case.

163 2.3.1. Amiet Trailing edge noise model

164 Anmiet trailing edge noise model provides a theoretical framework for predicting broadband noise generated by the
165 interaction of a turbulent boundary layer with a sharp trailing edge. The model relates the surface pressure fluctuations
166 convecting within the boundary layer to the farfield acoustic pressure through a wavenumber—frequency formulation
167 under the frozen turbulence assumption. The Amiet approach has been extensively used for the prediction of trailing
168 edge noise for both symmetric and cambered NACA airfoils using experimental wall-surface measurements and scale-
169 resolving computational modelling [19, 37, 39] where both zigzag and step-type tripping configurations were applied
170 to force transition. In the present study, the far field power spectral density, S,p(w), is computed using the Amiet
171 trailing edge noise model, where the source terms, surface pressure spectrum, spanwise correlation length scale Ayps,
172 and convection velocity U, are obtained directly from the LES data. The model accounts for both the high frequency
173 noise, where the airfoil acoustically behaves as a semi-infinite flat plate and the lower frequencies, where finite-chord
174 effects are incorporated through the back-scattering correction of Roger and Moreau [26] valid for realistic airfoil
175 geometries in low Mach number flow conditions [39]. The noise power spectral density of the Amiet model and the
176  corresponding correlation length scale App;3 and convection velocity U, parameters are given as Egs. (2) and (3):

2 2
wexy Ls w
Spp (X1, X2, X3 = 0; w) = (471'6‘00'2) 5 g(a’h =0, X1,X3) ApppIly (w) ()
U.
Appp(w) = 1-4;, U, = 0.70U.. 3)
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177 Here, S pp(x1, X2, x3 = 0; w) is the power spectral density (PSD) of the acoustic pressure at an observer located at
178 angular frequency w. The coordinate origin is located at the trailing edge, where x; = 0 corresponds to the edge and
179 x3 = 0 to mid-span. The acoustic transfer function . is given by:

2iA .
-iﬂ(%,/% = O,XI,X3) = e.F {(1 +i)e 2 V2B EI[2(B - A)] - (1 +1) E*[ZB]} , 4
C
180 with the associated complex functions and phase terms defined as:
E*(2) 1-i -
E = E* = — f
s(2) N (2) S er (\/E) 5)
181 and
A @y, @b (Mm—ﬂ), B:ﬂb+w—b(Mw+1). (6)
U. ot o U. co
182 In the above formulations, . represents the trailing edge acoustic scattering transfer function. The geometric

183 and flow parameters include the airfoil chord ¢, semi-chord b, span L., and speed of sound cy. U, is the convection
184  velocity of turbulent eddies and M., is the free-stream Mach number. The term o = x7 + 2(x3 + x3) accounts for the
185 flow-corrected radiation distance, where 8. = /1 — M2 is the compressibility correction. Additional source terms
186 include the spanwise wavenumber k3, the spanwise correlation length of surface pressure fluctuations App3, and the
187 trailing-edge surface pressure spectrum Il (w). The functions E*(z) and E(z) are complex Fresnel-type integrals,
188  with erf(-) denoting the complex error function.

189 2.3.2. BPM Model

190 The BPM model is an empirical framework for predicting general self-noise, including turbulent boundary layer
191 trailing edge noise, separated flow noise, and vortex shedding noise, derived from extensive wind-tunnel measure-
192 ments of symmetric airfoils [2]. Each noise component of BPM is represented through empirical correlations cali-
193 brated against experiments, requiring only basic boundary layer parameters as input. The BPM model for the one-
194  third-octave-band sound pressure level at a given frequency f is:

SPLgpm(f) = F(6", U, ¢, 6, @, Re,,...) @)
195 Functional parameters of the BPM model include boundary layer displacement thickness 6%, free-stream velocity
196 U, chord length c, observer angle 6, angle of attack @, Reynolds number based on chord Re,, and observer distance

197 r=, /x% + x% + x%, where (x}, X3, x3) are the observer coordinates relative to the trailing edge. The frequency depen-

198 dence f and empirical corrections for Mach number and directivity are also included in the model, the expression for
199 trailing edge noise spectra being:

8" M3 LDy, i
SPLTBL——TE(f) =K+ 1010g10 N E— + KQ(O{, Rec) + D(Q, Moo) + G(f,(S , Uoo), (8)
re
200 where K is an empirical constant, K, provides angle of attack and Reynolds number corrections, D is the direc-

201 tivity term, and G is an empirical spectral shape function. The spectral-shape function is given as:

i St
G(f,0",Us) = 10log,, —=5 | ©))
(1 + Stz)
202 where St is the Strouhal number, defined as:
fé
St = . 10
U (10)

203 In the original publication of the BPM model, boundary layer development over the NACA 0012 airfoil was
204 examined for both clean (untripped) and tripped conditions. In the clean case, the smooth surface allowed a natu-
205 rally developing laminar boundary layer. In the tripped case, transition was forced using randomly distributed grit

7



Journal Pre-proof

206 strips from the leading edge to approximately 20% of the chord, generating a fully turbulent boundary layer while
207 maintaining geometric similarity across different airfoil sizes.

208 In addition, empirical correlations were introduced using hot-wire measurements near the trailing edge. These
209 helped determining the turbulent boundary layer thicknesses on the suction side, ds, as a function of the chord-based
210 Reynolds number Re, and angle of attack a. Compared to the pressure side, the suction side of the airfoil is typically
211 responsible for most of the trailing edge noise; hence, only the suction side parameters will be considered here. In
212 particular, the corresponding approximation for the boundary layer thicknesses on the suction side, normalized by
213 chord length, is given in Eq. (11):

100.03110 -BL, 0<a<5°
6, = 10.3468 - 10%1231¢ . BL)  5° < ¢ < 12.5° a1
5.718 - 1000238« . B, 12.5° < @ < 25°

214 where BL denotes the boundary layer thickness at zero angle of attack:

BL, = 101:892-0.9045 log o (Re)+0.0596(log (Rec))? . (12)

215 Displacement thicknesses at the trailing edge also follow similar relations. The zero-degree angle of attack displace-
216 ment thickness ¢;, is given by:

. 0.0601-Re; %" - ¢ Re. <3 x 103
0y = 103411-1.5397log g(Rec)+0.1059(0g i (Rec)? . Re, > 3 x 10° (13)
217 which expression is used to calculate the suction-side displacement thickness:
100067 . 50 0<a<s®
6y =40.381- 10015916 58 50 < < 12.5° (14)

14206 1000258 . 5+ 125° < @ < 25°

218 Together with the boundary layer thickness parameter d, the displacement thickness J; is used as input in the empirical
219 formula (see Eq. (8)) to compute the trailing edge noise spectrum.

220 2.4. Proper Orthogonal Decomposition of near-field pressure fluctuations

221 To analyse the effect of the trip on the turbulent pressure fluctuations around the airfoil trailing edge, Proper Orthog-
222 onal Decomposition (POD) was applied following the work of Lumley [40]. Because the available LES time signal
223 is limited, the snapshot POD method of Sirovich [41] was used. To improve the statistics available to the POD, the
224  pressure field was extracted on 10 spanwise planes stacked across the airfoil span, z/L. € [-0.018,+0.018], in the
225 vicinity of the trailing edge, as shown in Fig. 3.

226 At each time instant ¢, assuming the airfoil span direction is statistically homogeneous, the pressure fields are av-
227 eraged across the available planes to form a single plane-averaged dataset p,ys(x, ). This spatial averaging effectively
228 selects the dominant symmetric pressure mode, thereby reducing the dimensionality of the problem to simplify the
229 POD analysis. The temporal average of this symmetric pressure mode is computed as:

pos0 =7 [ ' D0 ()
230 where T denotes the total sampling duration. This mean field is then used to calculate the fluctuation field:

Q(x, 1) = Pavg(¥, 1) = Pavg(X). (16)
231 The resulting pressure fluctuations are arranged into the snapshot matrix:

Q =[0G, 1), 0(x,10),..., O(x, 5], A7)
8
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0.04

10 spanwise
sampling planes

0.02

y/L.

—0.02

~0.04
0.8

Figure 3: Instantaneous near-field pressure fluctuation, Q(x, r) (Eq. (16)), sampled on the ten spanwise planes used for the POD analysis.

232  where M, is the total number of snapshots. To obtain the eigenmodes, the singular value decomposition (SVD) is
233  performed:
Q=UzZV", (18)

234  where U contains the spatial orthonormal modes, X is a diagonal matrix of singular values o, and V contains the
235 corresponding temporal orthonormal modes. The spatial POD modes are therefore given by:

¢j(x) = u;(x), (19)
236 where u; denotes the j-th column of U. The associated energy per POD mode is given by:

2
=07, (20)
237 where 4; is the eigenvalue of the j-th POD mode. To characterize the spectral distribution of the turbulent fluctuations,
238 the relative energy contribution E; of each mode is expressed as a percentage:

A;
E{(%) = 100 x , Q21

N,
=17

239 where M, is the total number of modes. The corresponding temporal coefficients are obtained as:
aj(ty) = o;Vit), (22)

240 where a;(#) denotes the amplitude of mode j. Following the POD method, the pressure fluctuation field can be
241 approximated by the truncated expansion:

0,0 = )" ¢(x)a,), (23)
j=1

242  where m denotes the number of retained modes.
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243 2.5. Workflow process based on the LES, Amiet, BPM, and POD models

244 The integrated numerical framework for far-field noise prediction is illustrated in Fig. 4. The WMLES database
245 is post-processed using two prediction models. For the analytical model based on Amiet’s trailing-edge noise theory,
246 the wall-pressure spectrum II,(w), spanwise pressure-correlation length A, ,;3(w), and convection velocity U, are
247 extracted near the trailing edge. For the semi-empirical BPM model, the boundary-layer thickness ¢ and displacement
248 thickness 0" are extracted from the same WMLES solution and used as model inputs.

249 The two models provide independent far-field acoustic estimates. Amiet’s theory gives the far-field pressure spec-
250 tral density S ,,(f), which is converted into one-third-octave sound pressure levels for comparison with measurements,
251 whereas the BPM model directly provides the turbulent-boundary-layer trailing-edge noise spectrum, SPLyg; —1g(f).
252 The parallel use of analytical and semi-empirical formulations provides a consistent basis for assessing the LES-
253 derived flow statistics against the experimental acoustic data.

— Amiet theory band integration
Amiet inputs: I1,,(w), Appz(w), Uo | ———— §,,(f) ———— SPLy;3 tBL-TE(f)

extraction

BPM model
‘BPM inputs: 6, 6" | ———s SPL/3 tBL-TE(f)

Figure 4: Workflow for far-field noise prediction. Flow statistics extracted from the WMLES are used as inputs to Amiet’s analytical trailing-edge
noise theory and the empirical BPM model.

254 Having performed the validation of the flow and acoustic solutions against the BANC III experimental data [25],
255 the framework is then extended to a systematic parametric study. As summarized in Fig. 5, this study quantifies the
256 sensitivity of the trailing edge flow physics, specifically turbulence intensity and pressure fluctuations, to variations in
257 trip height, width, and location.

WMLES Framework
(. ¢ J
( Validation: )
BANC III NACA 0012
\ [25] V,
( ¢ )
Parametric Study:
Trip Height, Width, Location

!

Analysis of Flow, Turbulence,
and Pressure fluctuations

-

Figure 5: Workflow of the computational modelling for the BANC III test case

258 3. Results and Discussion

259 3.1. Validation

260 Following the BANC-III experiment, the NACA 0012 airfoil at zero incidence is considered at two chord-based
261 Reynolds numbers, Re, = 1.5 X 10° and Re, = 1.0 x 10°. These correspond to free-stream velocities of Uy, = 56 m/s
262 and U, = 37.7 m/s, respectively. A stair-step trip is located at x;/c = 0.05, with a height of # = 0.360 mm and a
263 width of w = 1.50 mm (see Tables 1 and 2). In what follows, the flow solutions obtained in terms of the airfoil wall
264 surface and boundary layer quantities as well as the far-field noise spectra are compared with the experimental results.

10
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3.1.1. Pressure and friction coefficients

Fig. 6 compares the distributions of the pressure coefficient C,, and skin friction coeflicient Cy with experimental
data. Comparisons with predictions of the empirical XFOIL model are shown on the same plots. The computed C,
distributions from LES show excellent agreement across the chord for both wind velocities. Notably, not only is the
overall shape of the pressure coefficient accurately captured in the LES solution, but the suction peak due to the trip
is also in excellent agreement with the experiment.
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Figure 6: Comparison of the pressure coefficient C), for (a) Re, = 1.5 x 10° and (b) Re. = 1.0 x 10°, and the skin-friction coefficient C ' for
(c) Re. = 1.5 % 10° and (d) Reg = 1.0 x 10, comparing the WMLES results (LES), BANC-III experiment (Exp.), and empirical XFOIL model.

The predicted C distributions of the LES reproduce the general trends in the development of the boundary layer,
including the rapid variation in the region near the leading edge, including the area of the trip, and gradual decay
toward the trailing edge. At U, = 56 m/s, the agreement between the LES solution and the experiment and the
empirical XFOIL model is particularly encouraging, while at U, = 37.7 m/s some discrepancies appear downstream,
consistent with increased sensitivity to the transitional behaviour of the boundary layer at lower Reynolds numbers,
which is not fully resolved in the current Wall-Modelled LES. Transition onset and near-wall turbulence are known to
be sensitive to the Reynolds number that affects the development of the boundary layer downstream of the trip, where
small variations in the transition location of low-Re, boundary layer flow can propagate downstream and produce
measurable differences in wall shear stress [13—15]. Such Reynolds number dependent roughness sensitivity has also
been reported for thick airfoil sections under low-Re, conditions [28]. However, importantly, for both wind speeds,
the WMLES solution for C agrees very well with the experiment around the trailing edge region at x/c > 0.8, which
is more relevant for trailing edge noise.

3.1.2. Meanflow velocity and turbulence profiles
Figure 7 compares the wake profiles at a streamwise station just downstream of the trailing edge (x/c = 1.0038). The
results are presented in terms of the normalised mean streamwise velocity, U; /U, and the wall-normal Reynolds
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286 stress, urup. The profiles shown in Figs. 7a and 7b correspond to the high-speed case (U, = 56 m/s), while those in
287 Figs. 7c and 7d represent the lower-speed condition (Us = 37.7 m/s).
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Figure 7: Comparison of boundary-layer profiles at x/c = 1.0038: mean velocity U; /U for (a) Re, = 1.5 X 10° and (c) Re. = 1.0 x 10°, and
wall-normal Reynolds stress uzu; /UZO for (b) Re, = 1.5 x 10° and (d) Re, = 1.0 x 10°. WMLES results (LES) are compared with the BANC-III
experiment (Exp.).

288 For the mean velocity profiles Figs. 7a and 7c, the WMLES accurately reproduces the wake thickness and recovery
289 rate at both wind speeds considered. At U,, = 56 m/s, the deviation between WMLES and experiment remains
290 within A(U;)/Us = 0.02-0.05 across most of the measured boundary layer thickness, with slightly larger differences
291 confined to the outer wake region. At U, = 37.7 m/s, the deviation increases marginally in the outer region (up to
292 = 0.05), but the overall profile curvature and momentum deficit are well captured. This indicates that the boundary
293 layer growth and wake development are predicted well in both Reynolds numbers. For wall-normal Reynolds stress
294  distributions Figs. 7b and 7d, the WMLES captures the overall profile shape. The predicted decay of turbulent stresses
295 with increasing y in the outer layer from the LES solution agrees well with the measurements. The LES also well
296 predicts the location of the dominant near-wall peak, which occurs in the inner wake at approximately y = 2.5 mm
297 for both flow conditions. However, the peak magnitude is over-predicted especially for the lower wind speed. At
298 Us = 56 m/s (Fig. 7b), the over-prediction of the WMLES solution of the peak stress value is approximately 11%.

299 At Uy = 37.7 m/s (Fig. 7d), the overestimation of the peak stress of the WMLES solution is about 20%. The
300 larger error of the WMLES solution for the lower Reynolds number case is consistent with the previous discussion
301 about the friction coefficient, which was found to be more difficult to predict accurately at a lower wind speed. The
302 over-prediction of turbulent normal stress noted is consistent with trends reported in the WMLES literature, where
303 resolved turbulence energy can exceed experimentally measured levels due to insufficient LES grid resolution as well
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304 as to the probe spatial filtering and signal processing in the experiment [4, 8, 19]. Similar discrepancies have also
305 been documented in tripped boundary layer simulations when comparing high-fidelity numerical data with hot-wire
306 measurements [42].

307 It can be noted that the fact that the present LES solution shows a larger discrepancy for the Reynolds stresses in
308 comparison with the well-captured wall-shear-stress dependent friction coefficient at the trailing edge (Fig. 6) suggests
309 that the internal structure of turbulence is still not fully recovered from the upstream tripping process. Such an “over-
310 energized” state of the resolved fluctuations is a known numerical-physical artifact in WMLES, where the energy
311 injected at the trip is not dissipated at the same rate as in the physical experiment due to the equilibrium wall model
312 approximation and insufficient LES grid resolution.

313  3.1.3. Boundary layer integral properties

314 A summary of the boundary layer integral parameters computed from the LES solution is presented in Table 3.
315 For U = 56 m/s, the WMLES predicts a boundary layer thickness within a relative error of approximately +2.0%
316 in comparison with the experiment. The displacement thickness ¢ is over-predicted by about +2.7%, while the
317 momentum thickness 8 shows a larger deviation of approximately +8.4%. ‘A similar trend is observed at U, =
318 37.7 m/s, where the boundary layer thickness is over-predicted by approximately +2.0% in comparison with the
319 experiment, and the error in the predicted displacement thickness is less than 1%. Again, the error in momentum
320 thickness is largest corresponding to approximately +6.9%. It can be noted that the consistently small discrepancies in
321 ¢ and 6" confirm that the integral wake thickness and mass deficit parameters are accurately reproduced, in agreement
322 with the mean velocity profile solutions shown in Fig. 7.

Table 3: Turbulent boundary-layer integral parameters (suction side) derived from the mean velocity profile at x1 /¢ = 1.0038 for BANC-III Case 1
(Rec = 1.5 10°%, Us = 56 m/s, @ = 0°) and Case 4 (Re, = 1.0 x 10°,

Uso =377 m/s, @ =0°).
Experiment LES Simulation
Case / Condition 6(mm) 6" (mm) 6(mm) 6(mm) 6 (mm) 6 (mm)
Case I: Re, = 1.5x 10%, Uy, = 56 m/s, a = 0° 10.29 297 1.66 10.50 3.05 1.80
Case 4: Re. = 1.0x 10°, U, =37.7m/s,a=0°  10.74 3.14 1.75 10.96 3.12 1.87

323 It can be noted that the comparatively larger deviation in 6 is not unexpected, since the momentum thickness
324 depends on the detailed shape of the mean velocity profile through the momentum-deficit weighting and is therefore
325 more sensitive to variations in the inner-to-mid layer than § or 6*. Consistent with this interpretation, Schlatter and
326 Orlii [42] demonstrated using DNS that low-order integral quantities such as 6 and the associated shape factor can
327 exhibit measurable scatter depending on the inflow history and the tripping strategy, particularly at moderate Reynolds
328 numbers. The present level of agreement, within approximately 10% for all integral measures, therefore, suggests that
329 the mean flow development and overall wake growth are captured within similar fidelity as the turbulent boundary
330 layer profiles discussed earlier.

331 3.1.4. Wall Surface Pressure Spectra

332 Figure 8 compares the wall surface pressure spectra close to the trailing edge for U, = 56 m/s (Fig. 8a) and
333 U, = 37.7 m/s (Fig. 8b). In both cases, the spectra are purely broadband and representative of a fully turbulent
334 boundary layer, with no evidence of transitional laminar-to-turbulent effects—such as tonal peaks—arising from the
335 trip [2, 9, 10]. For U, = 56 m/s, the LES solution shows excellent agreement with the experimental data in the
336 frequency range 10° < f < 10* Hz, with discrepancies generally remaining within the experimental uncertainty of
337 +1.5 dB reported in BANC-III [25]. While the difference becomes slightly larger at higher frequencies, it remains
338 marginally within the allocated error bars. Similarly, the LES predictions for U, = 37.7 m/s are in very good
339 agreement with the measurements, staying largely within the +1.5 dB threshold across all frequencies. These results
340 suggest that the accuracy of the wall surface pressure spectra prediction is relatively insensitive to the Reynolds
341 number variations considered here, especially when compared to the sensitivity typically observed in other turbulent
342 boundary layer quantities.
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Figure 8: Comparison of trailing-edge wall-pressure spectra at x/c = 0.989 and @ = 0° for (a) Re. = 1.5 x 10° and (b) Re. = 1.0 x 10°, comparing
the WMLES predictions (LES) and BANC-III experiment (Exp.). Error bars of +1.5 dB are included in accordance with the BANC-III uncertainty
reported by Herr et al. [25].

343  3.1.5. Far-Field Noise Spectra

344 Figure 9 compares the predicted far-field sound pressure level at ® = 90° to the free-stream flow at a distance of
345 1 m from the trailing edge (see Fig. 1) with the experimental measurements for U, = 56 m/s and U, = 37.7 m/s.
346 Two sets of predictions based on the LES solutions are shown, one is using the Amiet model and the other is based
347 on the BPM model. For U, = 56 m/s, there is some discrepancy between solutions of the Aimet model and the
348 BPM model. However, these discrepancies remain within the uncertainty of the BANC-III acoustic measurements
349 that corresponds to +2 dB. For U, = 37.7 m/s; a similar level of agreement is observed up to the maximum frequency
350 where the experimental data are available. Both the Amiet and the BPM solutions remain within the specified error bar
351 of the acoustic measurements. However, a larger discrepancy between the Amiet model and the BPM noise spectra
352 predictions can be seen at high frequencies (f 2 6 kHz), where the Amiet model prediction shows a much steeper
353 spectrum roll-off compared to the BPM model.

354 It can be noted that this difference is likely due to the acoustic transfer function used in the Amiet model. Indeed,
355 in the Amiet formulation, the farfield noise spectrum is obtained by convoluting the wall pressure spectrum through
356 an acoustic transfer (scattering) function, whose magnitude decays rapidly at high frequencies, thereby producing a
357 steeper high frequency roll-off even when the input wall surface pressure levels are comparable [6, 26]. In contrast, the
358 BPM model applies a semi-empirical spectral shaping based on integral parameters of the boundary layer and func-
359 tional dependencies obtained from curve-fitting [2]. However, since no reference experimental results are available for
360 high frequencies here, it remains unclear which assumptions of the acoustic models considered are more appropriate
361 in the case of low wind speed.

362 3.2. Sensitivity of Flow, Turbulence, and Noise Sources to Trip Parameters

363 3.2.1. Boundary layer profiles and wall surface pressure spectra

364 Figure 10 examines the influence of the trip geometry on the suction-side boundary layer for the wind speed case
365 of Us = 37.7 m/s. The effect of varying the trip height, width, and location on the mean flow velocity profiles, U;/Ux
366 just downstream of the trailing edge, x/c = 1.0038 are shown in Fig. 10(a,c,e) respectively. The effect of variation of
367 the same trip parameters on the wall-normal Reynolds stress u,u; is shown in Fig. 10(b,d,f) correspondingly. The same
368 comparisons showing the sensitivity of the meanflow and turbulent velocity fluctuation profiles to the trip parameters
369 for the higher velocity case U, = 56 m/s are demonstrated in Fig. 11. As discussed earlier, the LES predictions for
370 the higher wind speed case agree better with the experiment compared to the low speed case solutions. However,
371 several common trends emerge, which are shared by the LES solutions regardless of the wind speed considered.
372 First, the trip width and height have some influence on the wake profiles just downstream of the trailing edge. For
373 variable trip widths, the mean velocity profiles for different widths collapse closely, however, there is some scatter
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Figure 9: Comparison of third-octave noise spectra for (a) Re, = 1.5 x 10° and (b) Re. = 1.0 x 10° predicted by the Amiet model and the BPM
model based on the same LES solutions with the acoustic measurements (Exp.). The observer angle is ® = 90°, and the sound pressure level is
normalised to a reference distance of 1 m.

374 in the uyu, profiles suggesting some effect of the trip width on turbulent mixing. For the height variation, there is
375 a stronger influence on both the meanflow velocity and Reynolds stress profiles. In particular, increasing 7 makes
376 the wake thicker, indicating stronger momentum mixing and enhanced growth of the boundary layer. For the highest
377 trip (h = 1.018 mm), larger deviations from the measurements are observed in the outer layer. In comparison with
378 these, the mean-flow profiles corresponding to smaller heights are in better agreement with the mean-flow velocity
379 profile from the experiment, although this leads to a thinner boundary layer. The effect of changing the trip height is
380 also seen in a redistribution of turbulence intensity: while the smallest height case (A = 0.127 mm) shows the largest
381 near-wall peak in uyu,, as h increases the magnitude of the inner-region peak reduces, spreading a larger part of the
382 turbulent energy outward, in agreement with thickening of the boundary layer noted previously. The highest trip case
383 (& = 1.018 mm) corresponds to a broader energetic region extending further into the outer layer, but with a lower
384 maximum intensity near the wall. This suggests that larger roughness elements on the aerofoil surface promote earlier
385 and more abrupt breakdown, leading to a thicker turbulent layer in which turbulent energy is mixed out over a larger
386 wall normal region compared to the narrow zone near the wall that characterises small-scale roughness effects. In
387 contrast to the above, a relatively low sensitivity of the boundary layer profiles at x/c = 1.0038 is found to the trip
388 location. Although moving the trip changes the onset of the transition, the mean-flow velocity profile U; /U, remains
389 fairly invariant to the trip location. The Reynolds stress profile u,u, shows a small scatter mostly close to the wall.
390 This suggests that the variations of the trip location considered are sufficiently small compared to the distance to the
391 trailing edge not to affect the boundary layer state there. This behaviour is consistent with previous observations in
392 the literature [42] that tripped boundary layers converge to similar downstream statistics despite some differences in
393 the inflow history and tripping strategy. To further understand the origins of the sensitivity of the mean-flow velocity
394 and turbulence in the developing boundary layer to the tip height, Fig. 12 compares the streamwise evolution of the
395 mean profile and wall-normal Reynolds stress at x/c = 0.30, 0.70, and 1.00 for different trips. All trips are located
396 at x/c = 0.05 and have the same width. At relatively small distances from the trip (x/c = 0.30), increasing the
397 height of the trip 4 produces a marked increase in turbulence over a larger wall-normal distance, with the largest trip
398 height leads to a substantial amplification of peak turbulence levels, u,u, compared to the smaller trip heights. At
399 larger downstream distances (x/c = 0.70), the peak turbulence levels corresponding to different trip heights reach
400 more-or-less the same amplitude, while the boundary layer of the largest trip retains higher turbulence levels over a
401 noticeably wider wall distance, indicating a pronounced effect of the initial perturbation due to the flow separation
402 behind the trip. At the location of the trailing edge (x/c = 1.00), the growth of the peak turbulent intensity for the
403 tallest trip is further slowed down compared to those of the narrower boundary layer profiles representative of the
404 smaller trips. This can be related to a faster development of the hydrodynamic instability in thin boundary layers
405 that have large velocity gradients compared to the broader boundary layer profile. At the same time, likely due to
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406 the turbulent diffusion mechanism, the difference between the boundary layer mean-flow and turbulence distributions
407 corresponding to different trips at the trailing edge location important for noise is much smaller compared to the
408 upstream locations. Fig. 13 compares the corresponding integral parameters of the boundary layer at the three different
409 trip heights considered. Increasing & produces a systematically thicker boundary layer 6(x) across the chord, with the
410 separation between the three trip cases becoming relatively less pronounced towards the trailing edge. The shape
411 factor H(x), defined as the ratio of displacement thickness to momentum thickness, is shown to decrease in the
412 mid-chord region for the highest trip, consistent with the earlier transition and a broader boundary layer shape in this
413 case. At the same time, near the trailing edge, the shape factors of all trip cases converge to the same value. Notably,
414 the same trends of the effect of the trip height on the development of the boundary layer of the are also observed for
415 the other case of wind speed U, = 56 m/s, the results of which are not included here for brevity.

416 Section 3.2.1 compares the effect of the trip height and location on the wall pressure spectra close to the trailing
417 edge location, x/c=0.989. Results for both wind speeds, U, = 37.7 m/s and U, = 56 m/s are shown in comparison
418 with the experiment. First, it can be observed that there is a greater sensitivity to the trip height for the lower wind
419 speed case U, = 37.7 m/s compared to the higher speed case U,, = 56 m/s. In both cases, increasing the trip
420 height to 7 = 1.018 mm leads to an improved agreement with the experiment compared to the original setup with
421 h = 0.360 mm. However, because of the relatively large error bar (1.5dB) this improvement is marginally within the
422 experimental uncertainty. Compared with some sensitivity to the height of the trip, the effect of variation of the trip
423 location on the wall surface pressure spectra is completely negligible apart from mid-high frequencies around 2kHz
424  which show some 1-2dB scatter for the low wind speed case.
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Figure 10: Effect of trip parameters on the boundary layer structure at x/c = 1.0038 and Re,. = 1.0 x 10°: left column (a,c,e) shows the normalised
mean velocity profiles U} /U and right column (b,d,f) shows the corresponding wall-normal Reynolds stress distributions #1>/U2,. Rows
correspond to variations in trip height (top), trip width (middle), and trip location (bottom). Experimental data (Exp. [25]) are included for
reference.
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Figure 11: Effect of trip height and trip location on boundary layer structure at x/c = 1.0038 and Re. = 1.5 x 10°. The left column (a,c) shows the
normalised mean velocity profiles U /U and the right column (b,d) shows the corresponding wall-normal Reynolds stress distributions w2/ U2 .
The top row corresponds to variations in trip height, and the bottom row corresponds to variations in trip location. Experimental data (Exp. [25])
are included for reference.
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Figure 12: Evolution of boundary layer structure for varying trip height & at Re. = 1.0 x 10°. The left column (a,c,e) shows the normalised mean
velocity profiles Uy /Us, while the right column (b,d,f) presents the corresponding wall-normal Reynolds stress distributions 15 /UZ. Profiles
are shown at three streamwise stations: x/c = 0.30, 0.70, and 1.00. The results illustrate the influence of trip height on transition onset, turbulence
development, and downstream recovery.
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Figure 14: Effect of trip height (a,b) and trip location (c,d) on trailing-edge wall-pressure spectra. Left column (a,c): Re, = 1.0 x 10; right column
(b,d): Re, = 1.5 x 10°. Experimental measurements are shown for reference [25].
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425 3.2.2. Proper Orthogonal Decomposition Analysis

426 A relatively weak dependence of the turbulence and wall pressure spectrum near the trailing edge on the trip
427 parameters suggests that the dominant pressure structures in this region remain similar across different trip configu-
428 rations. To test this hypothesis for the highest inflow velocity, the pressure fluctuations around the trailing edge are
429 analyzed using Proper Orthogonal Decomposition (POD). A localized POD domain, covering 20% of the chord length
430 inthe streamwise direction and 4% in the vertical direction, is selected to focus specifically on the flow dynamics close
431 to the trailing edge.

432 Figure 15 compares the modal energy distributions obtained using the first 50% and the full 100% of the available
433 POD snapshots from the LES time signal for two extreme trip heights: the smallest (2 = 0.127 mm) and the largest
434  (h = 1.018 mm). Notably, the two modal energy distributions almost coincide for both cases. This confirms that the
435 available LES time series are sufficiently long to ensure that the POD results are statistically converged and insensitive
436 to the signal length. Furthermore, Fig. 16 compares the spatial distributions of several leading POD modes for these
437 two trip heights.
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Figure 15: Relative modal energy for two trip heights: (a) # = 0.127 mm and (b) 2 = 1.018 mm. Results obtained using 50% and 100% of the
available snapshots are compared, confirming negligible sensitivity of the energy distribution to the number of time samples.

438 Similarly to previous POD analyses for supercritical flows over cylinders at Rey ~ 0.4 x 10°-0.8 x 10° [43], the
439 first POD mode ¢; in the current cases exhibits an antisymmetric structure. To investigate whether this asymmetry
440 stems from vortex shedding triggered by the trips on the top and bottom surfaces, a conditional averaging analysis
441 is performed using the temporal coefficient of the first POD mode, a(f), as a conditioning variable. The pressure
442 fluctuation snapshots Q(x,t) are separated into two groups based on the sign of a;(¢), specifically a;(f) > +oy,
443 and a,() < -0y, where o, denotes the standard deviation of a;(f). These subsets are then used to compute the
444  conditional difference fields:

AQ(x) =(Q a1 > +0q,) = (@l ar < —0y,). (24)

445  Since the sign of a;(¢) distinguishes between opposite phases of the dominant oscillation, this conditional difference
446 effectively isolates the antisymmetric fluctuation pattern.

447 As shown in Fig. 16(b,g), the resulting field AQ closely resembles the first POD mode ¢, in Fig. 16(a,f). This com-
448 parison confirms that the leading POD mode is directly related to the phase difference between the dominant coherent
449 structures developing on the upper and lower airfoil surfaces. Consequently, the antisymmetry of the dominant POD
450 mode is likely due to the fluctuating lift force originating from vortex shedding associated with the trips, consistent
451 with previous experimental observations [43]. Higher-order POD modes (panels (c,h), (d,i) and (e,j)) are found to be
452 largely symmetric and show similar distributions regardless of the trip height. This reinforces the conclusion that, de-
453 spite upstream differences induced by the tripping devices, the dominant coherent flow structures in the trailing-edge
454 region are weakly affected by the trip height and remain essentially unchanged.
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Figure 16: Spatial structures of the leading POD modes and of the conditionally-averaged difference field around the airfoil trailing edge, for two
trip heights: left column (a—e) 4 = 0.127 mm and right column (f-j) 2 = 1.018 mm. All panels share the same dimensionless colour scale: the POD
spatial modes ¢ ;(x) are unit-normalised eigenvectors ( f ¢? dx = 1), and the conditionally-averaged difference field AQ is scaled by 20, so that
AQ/(204,) is directly comparable in magnitude to ¢1. (a, f) First POD mode ¢1; (b, g) conditionally-averaged difference field AQ (Equation (24));

(c, h) second POD mode ¢7; (d, i) third POD mode ¢3; (e, j) fourth POD mode ¢4.

455 In conclusion, the consistency observed between the wall-pressure spectra, the POD modes, and the conditional
456 averages demonstrates that the trailing-edge noise mechanisms are fundamentally governed by the fully developed
457 turbulent boundary layer, exhibiting a remarkable robustness against variations in the upstream tripping conditions.
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458 4. Conclusion

459 Wall-Modelled Large Eddy Simulations have been performed for the BANC III NACA 0012 airfoil configuration
460 at zero angle of attack to investigate the effect of boundary-layer tripping on the mean flow, turbulence, wall-pressure
461 fluctuations, and trailing-edge noise at two chord-based Reynolds numbers, Re. = 1.0 x 10° and Re. = 1.5 x 10°.
462 The numerical framework has first been validated against experimental measurements. Good agreement is obtained
463 for the pressure and skin-friction coeflicients, as well as for the mean velocity and Reynolds stress profiles near the
464 trailing edge, particularly at the higher Reynolds number. The predicted wall-pressure spectra show limited sensitivity
465 to grid resolution and agree with the experimental data within approximately +1.5 dB. Far-field noise predictions
466 obtained using the LES-informed Amiet theory and the BPM model also show good agreement with microphone
467 measurements within the same uncertainty range. A parametric study of the trip geometry reveals that the trip height
468 has the strongest influence on the boundary-layer development, especially at the lower Reynolds number. However,
469 this influence progressively weakens towards the trailing edge, where the wall-pressure spectra become only weakly
470 dependent on the trip configuration.

471 To explain this behaviour, Proper Orthogonal Decomposition of the pressure fluctuations in the trailing-edge re-
472 gion has been performed. The analysis shows that the dominant POD modes are well converged and largely insensitive
473  to the trip height. The leading antisymmetric mode is associated with a phase difference between coherent structures
474  developing on the upper and lower surfaces of the airfoil, as confirmed by conditional averaging of the pressure fluc-
475 tuations. This behaviour is consistent with previous findings for bluff-body flows [43], and suggests that the dominant
476 mode is linked to fluctuating lift induced by vortex-shedding mechanisms associated with the tripped boundary layers.
477 The comparison between POD modes for different trip configurations indicates that the dominant coherent pressure
478 structures near the trailing edge are only weakly affected by the trip height. This explains the observed robustness of
479 the wall-pressure fluctuations, which represent the main source term for trailing-edge noise generation. As a result,
480 within the range of trip parameters considered here, the far-field acoustic response is found to be only weakly sensitive
481 to the details of the trip geometry.
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