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 a b s t r a c t

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 × 106 and 1.5 × 106, 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 Or-
thogonal 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 pa-
rameters within the experimental error bar, indicating that the dominant coherent pressure struc-
tures responsible for noise scattering remain little affected by the upstream transition-triggering 
mechanism.

1.  Introduction

Broadband noise generated by turbulent boundary layers interacting with sharp trailing edges is a dominant component 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 produced 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 

∗ Corresponding author.
 E-mail address: s.karabasov@qmul.ac.uk (S.A. Karabasov).

https://doi.org/10.1016/j.jsv.2026.120078
Received 25 March 2026; Received in revised form 10 August 2026; Accepted 18 August 2026

Journal of Sound and Vibration 644 (2026) 120078 

Available online 24 August 2026 
0022-460X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/jsvi
https://www.elsevier.com/locate/jsvi
https://orcid.org/0000-0002-0408-9570

$1.0\times 10^6$


$1.5\times 10^6$


$\alpha $


$\alpha $


$b$


$b$


$c$


$c$


$c_0$


$c_0$


$C_f$


$C_f$


$C_p$


$C_p$


$D$


$D$


$\mathrm {BPM}$


$\delta $


$\delta $


$\delta ^{*}$


$\delta ^{*}$


$\Delta t$


$\Delta t$


$\Delta x_{1,2,3}^{+}$


$\Delta x_{1,2,3}^{+}$


$f$


$f$


$G$


$G$


$\mathrm {BPM}$


$H_{12}$


$H_{12}$


$\delta ^{*}/\theta $


$K_1,\,K_2$


$K_1,\,K_2$


$\mathrm {BPM}$


$h$


$h$


$k_3$


$k_3$


$L_3$


$L_3$


$\Lambda _{p|3}$


$\Lambda _{p|3}$


$M_{\infty }$


$M_{\infty }$


$\Pi _w(\omega )$


$\Pi _w(\omega )$


$r$


$r$


$\mathrm {Re}_c$


$\mathrm {Re}_c$


$\mathrm {Re}_h$


$\mathrm {Re}_h$


$\mathrm {Re}_x$


$\mathrm {Re}_x$


$x$


$\mathrm {Re}_{\theta }$


$\mathrm {Re}_{\theta }$


$\rho $


$\rho $


$\sigma $


$\sigma $


$\mathrm {St}$


$\mathrm {St}$


$f \delta ^{*}/U_{\infty }$


$t$


$t$


$\Theta $


$\Theta $


$\theta $


$\theta $


$U_c$


$U_c$


$U_e$


$U_e$


$U_{\infty }$


$U_{\infty }$


$U_1$


$U_1$


$u_2u_2$


$u_2u_2$


$w$


$w$


$\omega $


$\omega $


$x_{\mathrm {t}}$


$x_{\mathrm {t}}$


$x/c$


${}_{\infty }$


${}_{\infty }$


${}_{c}$


${}_{c}$


${}_{e}$


${}_{e}$


${}_{\mathrm {t}}$


${}_{\mathrm {t}}$


${}_{\mathrm {pp}}$


${}_{\mathrm {pp}}$


$Re_c \sim 10^5$


$10^6$


$Re_c \approx \mathcal {O}(10^5)$


$h/\delta _k$


$Re_\theta $


$20~\mathrm {m/s}$


$3~\mathrm {dB}$


$Re_c = 1.9 \times 10^{5}$


$_3$


$Re_{\text {c}} \sim \mathcal {O}(10^6$


$1.5 \times 10^6)$


$c=0.4~\mathrm {m}$


$h$


$w$


$x_{\mathrm {t}}=x/c$


$h$


$w$


$T_{\mathrm {max}}=48~\mathrm {mm}$


$x_{\mathrm {t}}$


\begin {equation}h = \frac {x_{\mathrm {t}}}{\mathrm {Re}_{x_{\mathrm {t}}}^{3/4}} \sqrt {\frac {\mathrm {Re}_{h}}{0.332}}, \label {eq:coeff_k}\end {equation}


$h$


$w$


$c=0.4~\mathrm {m}$


$T_{\mathrm {max}}=0.12c=48~\mathrm {mm}$


$h/T_{\mathrm {max}}$


$w/T_{\mathrm {max}}$


$h$


$h$


$\mathrm {Re}_{x_{\mathrm {t}}}$


$x_{\mathrm {t}}$


$\mathrm {Re}_{h}$


$\mathrm {Re}_{h}$


$200$


$600$


$u^+$


$y^+$


$c=0.4~\mathrm {m}$


$c=0.3~\mathrm {m}$


$0.4~\mathrm {m}$


$h$


$w$


$x_{\mathrm {t}}=x/c$


$10c$


$10c$


$\pm 10c$


$L_z/c=0.10$


$h=0.360~\mathrm {mm}$


$0.75\%\,T_{\mathrm {max}}$


$w=1.50~\mathrm {mm}$


$3.13\%~T_{\max }$


$39.1$


$\Delta x_{1}^{+}=16$


$\Delta x_{2}^{+}=3$


$\Delta x_{3}^{+}=17$


$x_{2}^{+}=19$


$C_p$


$C_f$


$\mathrm {TU}=c/U_\infty $


$2^{7}=128$


$S_{\mathrm {pp}}(\omega )$


$\Lambda _{\text {pp}|3}$


$U_{\text {c}}$


$\Lambda _{\mathrm {pp}|3}$


$U_{\mathrm {c}}$


\begin {align}\label {eq:AmietTEN} &S_{\mathrm {pp}}\left (x_{1},x_{2},x_{3}=0;\omega \right ) = \left (\frac {\omega c x_{2}}{4\pi c_{0} \sigma ^{2}}\right )^{2}\frac {L_{3}}{2}\left |\mathscr {L}\left (\frac {\omega }{U_{\mathrm {c}}},k_{3}=0,x_{1},x_{3}\right )\right |^{2}\Lambda _{\mathrm {pp}|3}\Pi _{\mathrm {w}}\left (\omega \right )\\ \label {eq:AmietTEN_2} &\Lambda _{\mathrm {pp}|3}(\omega ) = 1.4 \frac {U_{\mathrm {c}}}{\omega },\quad U_{\mathrm {c}}= 0.70 U_{\infty }.\end {align}


$S_{\mathrm {pp}}(x_{1},x_{2},x_{3}=0;\omega )$


$\omega $


$x_{1}=0$


$x_{3}=0$


$\mathscr {L}$


\begin {equation}\label {eq:Amiet_transfer} \left |\mathscr {L}\left (\frac {\omega }{U_{\mathrm {c}}},k_{3}=0,x_{1},x_{3}\right )\right | = \frac {\mathrm {e}^{2\mathrm {i}A}}{\mathrm {i}A} \left \{ (1+\mathrm {i})\mathrm {e}^{-2\mathrm {i}A}\sqrt {2B}\,E_{\mathrm {s}}^{*}\!\left [2(B-A)\right ] - (1+\mathrm {i})\,E^{*}\!\left [2B\right ] \right \},\end {equation}


\begin {equation}\label {eq:Amiet_E_functions} \begin {aligned} E_{\mathrm {s}}(z) = \frac {E^{*}(z)}{\sqrt {z}}, \quad E^{*}(z) = \frac {1-\mathrm {i}}{2}\,\mathrm {erf}\!\left (\sqrt {\mathrm {i} z}\right ), \end {aligned}\end {equation}


\begin {equation}\label {eq:Amiet_A_B} \begin {aligned} A = \frac {\omega }{U_{\mathrm {c}}}\,b + \frac {\omega b}{c_{0}\beta _{\mathrm {c}}^{2}}\left (M_{\infty } - \frac {x_{1}}{\sigma }\right ), \quad B = \frac {\omega }{U_{\mathrm {c}}}\,b + \frac {\omega b}{c_{0}\beta _{\mathrm {c}}^{2}}\left (M_{\infty } + 1\right ). \end {aligned}\end {equation}


$\mathscr {L}$


$c$


$b$


$L_c$


$c_0$


$U_{\mathrm {c}}$


$M_{\infty }$


$\sigma ^{2} = x_{1}^{2} + \beta _{\mathrm {c}}^{2}(x_{2}^{2} + x_{3}^{2})$


$\beta _{\mathrm {c}} = \sqrt {1 - M_{\infty }^{2}}$


$k_3$


$\Lambda _{\mathrm {pp}|3}$


$\Pi _{\mathrm {w}}(\omega )$


$E^{*}(z)$


$E_{\mathrm {s}}(z)$


$\mathrm {erf}(\cdot )$


$f$


\begin {equation}\label {eq:BPM01} \mathrm {SPL}_{\mathrm {BPM}}(f) = F(\delta ^*, U_{\infty }, c, \theta , \alpha , \mathrm {Re}_{c}, \dots )\end {equation}


$\delta ^{*}$


$U_{\infty }$


$c$


$\theta $


$\alpha $


$\mathrm {Re}_{c}$


$r=\sqrt {x_{1}^{2}+x_{2}^{2}+x_{3}^{2}}$


$(x_{1},x_{2},x_{3})$


$f$


\begin {equation}\label {eq:BPM02} \mathrm {SPL}_{\mathrm {TBL-TE}}(f) = K_{1} + 10\log _{10}\!\left (\frac {\delta ^{*} M_{\infty }^{5} L D_{\mathrm {h}}}{r_{\mathrm {e}}^{2}}\right ) + K_{2}(\alpha ,\mathrm {Re}_{c}) + D(\theta ,M_{\infty }) + G(f,\delta ^{*},U_{\infty }),\end {equation}


$K_{1}$


$K_{2}$


$D$


$G$


\begin {equation}\label {eq:BPM_G} G(f,\delta ^{*},U_{\infty }) = 10\log _{10}\!\left ( \frac {\mathrm {St}^{2}}{\left (1+\mathrm {St}^{2}\right )^{7/3}} \right ),\end {equation}


$\mathrm {St}$


\begin {equation}\label {eq:Strouhal} \mathrm {St} = \frac {f \delta ^{*}}{U_{\infty }}.\end {equation}


$20\%$


$\delta _{\mathrm {s}}$


$\mathrm {Re}_{c}$


$\alpha $


\begin {equation}\label {eq:BPM_TBL01} \delta _{\mathrm {s}} = \begin {cases} 10^{0.0311 \alpha } \cdot \mathrm {BL}_{0} & 0 \le \alpha \le 5^{\circ } \\ 0.3468 \cdot 10^{0.1231 \alpha } \cdot \mathrm {BL}_{0} & 5^{\circ } < \alpha \le 12.5^{\circ } \\ 5.718 \cdot 10^{0.0258 \alpha } \cdot \mathrm {BL}_{0} & 12.5^{\circ } < \alpha \le 25^{\circ } \end {cases}\end {equation}


$\mathrm {BL}_{0}$


\begin {equation}\mathrm {BL}_{0} = 10^{1.892 - 0.9045 \log _{10}(\mathrm {Re}_{c}) + 0.0596 (\log _{10}(\mathrm {Re}_{c}))^2} \cdot c. \label {Xeqn12-12}\end {equation}


$\delta _{0}^*$


\begin {equation}\delta _{0}^* = \begin {cases} 0.0601 \cdot \mathrm {Re}_{c}^{-0.114} \cdot c & \mathrm {Re}_{c} \le 3 \times 10^5 \\ 10^{3.411 - 1.5397 \log _{10}(\mathrm {Re}_{c}) + 0.1059 (\log _{10}(\mathrm {Re}_{c}))^2} \cdot c & \mathrm {Re}_{c} > 3 \times 10^5, \end {cases} \label {Xeqn13-13}\end {equation}


\begin {equation}\delta _{\mathrm {s}}^* = \begin {cases} 10^{0.0679 \alpha } \cdot \delta _{0}^* & 0 \le \alpha \le 5^{\circ } \\ 0.381 \cdot 10^{0.1516 \alpha } \cdot \delta _{0}^* & 5^{\circ } < \alpha \le 12.5^{\circ } \\ 14.296 \cdot 10^{0.0258 \alpha } \cdot \delta _{0}^* & 12.5^{\circ } < \alpha \le 25^{\circ } \end {cases} \label {Xeqn14-14}\end {equation}


$\delta _{\mathrm {s}}$


$\delta _{\mathrm {s}}^*$


$z/L_c \in [-0.018, +0.018]$


$Q(\mathbf {x},t)$


\begin {equation}\label {eq:pressure_fluctuation} Q(\boldsymbol {x},t) = p_{\mathrm {avg}}(\boldsymbol {x},t) - \bar {p}_{\mathrm {avg}}(\boldsymbol {x}).\end {equation}


$t$


$p_{\mathrm {avg}}(\boldsymbol {x},t)$


\begin {equation}\bar {p}_{\mathrm {avg}}(\boldsymbol {x}) = \frac {1}{T} \int _{0}^{T} p_{\mathrm {avg}}(\boldsymbol {x},t)\,\mathrm {d}t, \label {Xeqn15-15}\end {equation}


$T$


\begin {equation}\mathbf {Q} = \left [ Q(\boldsymbol {x},t_{1}), Q(\boldsymbol {x},t_{2}), \dots , Q(\boldsymbol {x},t_{N_{\mathrm {t}}}) \right ], \label {Xeqn17-17}\end {equation}


$N_{\mathrm {t}}$


\begin {equation}\mathbf {Q} = \mathbf {U} \boldsymbol {\Sigma } \mathbf {V}^{\mathrm {T}}, \label {Xeqn18-18}\end {equation}


$\mathbf {U}$


$\boldsymbol {\Sigma }$


$\sigma _{j}$


$\mathbf {V}$


\begin {equation}\phi _{j}(\boldsymbol {x}) = \mathbf {u}_{j}(\boldsymbol {x}), \label {Xeqn19-19}\end {equation}


$\mathbf {u}_{j}$


$j$


$\mathbf {U}$


\begin {equation}\lambda _{j} = \sigma _{j}^{2}, \label {Xeqn20-20}\end {equation}


$\lambda _{j}$


$j$


$E_j$


\begin {equation}\label {eq:energy_percentage} E_j (\%) = 100 \times \frac {\lambda _j}{\sum _{i=1}^{N_{\mathrm {t}}} \lambda _i},\end {equation}


$N_{\mathrm {t}}$


\begin {equation}a_{j}(t_{k}) = \sigma _{j} V_{j}(t_{k}), \label {Xeqn22-22}\end {equation}


$a_{j}(t)$


$j$


\begin {equation}Q(\boldsymbol {x},t) = \sum _{j=1}^{m} \phi _{j}(\boldsymbol {x}) a_{j}(t), \label {Xeqn23-23}\end {equation}


$m$


$\Pi _{w}(\omega )$


$\Lambda _{pp|3}(\omega )$


$U_{\mathrm {c}}$


$\delta $


$\delta ^{*}$


$S_{pp}(f)$


$\mathrm {SPL}_{\mathrm {TBL-TE}}(f)$


$\mathrm {Re}_c=1.5\times 10^6$


$\mathrm {Re}_c=1.0\times 10^6$


$U_{\infty }=56~\mathrm {m/s}$


$U_{\infty }=37.7~\mathrm {m/s}$


$x_{\mathrm {t}}/c=0.05$


$h=0.360~\mathrm {mm}$


$w=1.50~\mathrm {mm}$


$C_p$


$\mathrm {Re}_c=1.5\times 10^6$


$\mathrm {Re}_c=1.0\times 10^6$


$C_f$


$\mathrm {Re}_c=1.5\times 10^6$


$\mathrm {Re}_c=1.0\times 10^6$


$C_p$


$C_f$


$C_p$


$C_f$


$U_{\infty }=56~\mathrm {m/s}$


$U_{\infty }=37.7~\mathrm {m/s}$


$\mathrm {Re}_c$


$\mathrm {Re}_c$


$C_f$


$x/c > 0.8$


$x/c=1.0038$


$U_1/U_{\infty }$


$\mathrm {Re}_c=1.5\times 10^6$


$\mathrm {Re}_c=1.0\times 10^6$


$\overline {u_2 u_2}/U_{\infty }^{2}$


$\mathrm {Re}_c=1.5\times 10^6$


$\mathrm {Re}_c=1.0\times 10^6$


$x/c=1.0038$


$U_1/U_\infty $


$\overline {u_2 u_2}$


$U_\infty =56~\mathrm {m/s}$


$U_\infty =37.7~\mathrm {m/s}$


$U_\infty =56~\mathrm {m/s}$


$\Delta (U_1)/U_\infty \approx 0.02\text {--}0.05$


$U_\infty =37.7~\mathrm {m/s}$


$\approx 0.05$


$y$


$y \approx 2.5~\mathrm {mm}$


$U_\infty =56~\mathrm {m/s}$


$11\%$


$U_\infty =37.7~\mathrm {m/s}$


$20\%$


$x_{1}/c=1.0038$


$\mathrm {Re}_c=1.5\times 10^6$


$U_{\infty }=56~\mathrm {m/s}$


$\alpha =0^{\circ }$


$\mathrm {Re}_c=1.0\times 10^6$


$U_{\infty }=37.7~\mathrm {m/s}$


$\alpha =0^{\circ }$


$U_{\infty }=56~\mathrm {m/s}$


$+2.0\%$


$\delta ^{*}$


$+2.7\%$


$\theta $


$+8.4\%$


$U_{\infty }=37.7~\mathrm {m/s}$


$+2.0\%$


$1\%$


$+6.9\%$


$\delta $


$\delta ^{*}$


$\theta $


$\delta $


$\delta ^{*}$


$\theta $


$10\%$


$x/c=0.989$


$\alpha =0^\circ $


$\mathrm {Re}_c=1.5\times 10^6$


$\mathrm {Re}_c=1.0\times 10^6$


$\pm 1.5~\mathrm {dB}$


$U_{\infty }=56~\mathrm {m/s}$


$U_{\infty }=37.7~\mathrm {m/s}$


$U_{\infty }=56~\mathrm {m/s}$


$10^{3} < f < 10^{4}~\mathrm {Hz}$


$\pm 1.5~\mathrm {dB}$


$U_{\infty }=37.7~\mathrm {m/s}$


$\pm 1.5~\mathrm {dB}$


$\mathrm {Re}_c=1.5\times 10^6$


$\mathrm {Re}_c=1.0\times 10^6$


$\Theta =90^{\circ }$


$1~\mathrm {m}$


$\Theta =90^{\circ }$


$U_{\infty }=56$


$U_{\infty }=37.7$


$U_{\infty }=56$


$\pm 2$


$U_{\infty }=37.7$


$f \gtrsim 6$


$x/c=1.0038$


$\mathrm {Re}_c=1.0\times 10^6$


$U_1/U_{\infty }$


$\overline {u_2 u_2}/U_{\infty }^{2}$


$U_{\infty }=37.7$


$U_1/U_{\infty }$


$x/c=1.0038$


$u_2u_2$


$U_{\infty }=56$


$x/c=1.0038$


$\mathrm {Re}_c=1.5\times 10^6$


$U_1/U_{\infty }$


$\overline {u_2 u_2}/U_{\infty }^{2}$


$u_2u_2$


$h$


$h=1.018$


$h=0.127$


$u_2u_2$


$h$


$h=1.018$


$x/c=1.0038$


$U_1/U_{\infty }$


$u_2u_2$


$h$


$\mathrm {Re}_c=1.0\times 10^6$


$U_1/U_{\infty }$


$\overline {u_2 u_2}/U_{\infty }^{2}$


$x/c=0.30$


$0.70$


$1.00$


$x/c=0.30$


$0.70$


$1.00$


$x/c=0.05$


$x/c=0.30$


$h$


$u_2u_2$


$x/c=0.70$


$x/c=1.00$


$h$


$\mathrm {Re}_c=1.0\times 10^6$


$\delta $


$H_{12}=\delta ^*/\theta $


$h$


$\delta (x)$


$H_{12}(x)$


$U_{\infty }=56$


$\mathrm {Re}_c=1.0\times 10^6$


$\mathrm {Re}_c=1.5\times 10^6$


$U_{\infty }=37.7$


$U_{\infty }=56$


$U_{\infty }=37.7$


$U_{\infty }=56$


$h=1.018$


$h=0.360$


$h=0.127\,\mathrm {mm}$


$h=1.018\,\mathrm {mm}$


$50\%$


$100\%$


$h=0.127$


$h=1.018$


$h = 0.127~\mathrm {mm}$


$h = 1.018~\mathrm {mm}$


$\phi _j(\mathbf {x})$


$\int \phi _j^{2}\,\mathrm {d}\mathbf {x} = 1$


$\Delta Q$


$2\sigma _{a_1}$


$\Delta Q/(2\sigma _{a_1})$


$\phi _1$


$\phi _1$


$\Delta Q$


\begin {equation}\label {eq:cond_diff_field} \Delta Q(\boldsymbol {x}) = \langle Q \mid a_{1} > +\sigma _{a_{1}} \rangle - \langle Q \mid a_{1} < -\sigma _{a_{1}} \rangle .\end {equation}


$\phi _2$


$\phi _3$


$\phi _4$


$Re_{d} \sim 0.4 \times 10^6$


$0.8 \times 10^6$


$\phi _{1}$


$a_{1}(t)$


$Q(\boldsymbol {x},t)$


$a_{1}(t)$


$a_{1}(t) > +\sigma _{a_{1}}$


$a_{1}(t) < -\sigma _{a_{1}}$


$\sigma _{a_{1}}$


$a_{1}(t)$


$a_{1}(t)$


$\Delta Q$


$\phi _1$


$\mathrm {Re}_c=1.0\times 10^6$


$\mathrm {Re}_c=1.5\times 10^6$


$\pm 1.5~\mathrm {dB}$

https://orcid.org/0000-0002-5196-2336
https://orcid.org/0000-0002-5273-1855
mailto:s.karabasov@qmul.ac.uk
https://doi.org/10.1016/j.jsv.2026.120078
https://doi.org/10.1016/j.jsv.2026.120078
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsv.2026.120078&domain=pdf
http://creativecommons.org/licenses/by/4.0/


H.A. Abid et al.

Nomenclature

2D Two-dimensional
3D Three-dimensional
BANC-III Benchmark Problems for Airframe Noise Computations
BPM Brooks–Pope–Marcolini Model
DNS Direct Numerical Simulation
LES Large Eddy Simulation
LSB Laminar Separation Bubble
POD Proper Orthogonal Decomposition
RANS Reynolds-Averaged Navier–Stokes
TBL Turbulent Boundary Layer
TBL–TE Turbulent Boundary Layer–Trailing Edge
TE Trailing Edge
T–S Tollmien–Schlichting
WMLES Wall-Modelled Large Eddy Simulation
𝛼 Angle of attack
𝑏 Semi-chord length of the airfoil
𝑐 Chord length of the airfoil
𝑐0 Speed of sound
𝐶𝑓 Skin friction coefficient
𝐶𝑝 Static pressure coefficient
𝐷 Directivity function (BPM model)
𝛿 Boundary layer thickness
𝛿∗ Displacement thickness
Δ𝑡 Time step
Δ𝑥+1,2,3 Grid spacing in wall units (streamwise, wall-normal, spanwise)
𝑓 Frequency
𝐺 Empirical spectral shape function (BPM model)
𝐻12 Shape factor (𝛿∗∕𝜃)
𝐾1, 𝐾2 Empirical constants (BPM model)
ℎ Trip height
𝑘3 Spanwise wavenumber
𝐿3 Airfoil span
Λ𝑝|3 Spanwise pressure correlation length scale
𝑀∞ Free-stream Mach number
Π𝑤(𝜔) Wall pressure spectrum
𝑟 Distance from trailing edge to observer
Re𝑐 Chord-based Reynolds number
Reℎ Roughness Reynolds number
Re𝑥 Reynolds number at position 𝑥
Re𝜃 Momentum-thickness Reynolds number
𝜌 Density
𝜎 Distance parameter in Amiet’s model
St Strouhal number (𝑓𝛿∗∕𝑈∞)
𝑡 Time
Θ Observer angle (acoustics)
𝜃 Momentum thickness
𝑈𝑐 Convection velocity
𝑈𝑒 Edge velocity at boundary layer outer limit
𝑈∞ Free-stream velocity
𝑈1 Mean streamwise velocity component
𝑢2𝑢2 Wall-normal Reynolds stress
𝑤 Trip width (streamwise)
𝜔 Angular frequency
𝑥t Normalized trip location (𝑥∕𝑐)
∞ Subscript: free-stream value
𝑐 Subscript: chord-based
𝑒 Subscript: edge (of boundary layer)
t Subscript: refers to trip location/geometry
pp Subscript: wall pressure (acoustic)
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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 several 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 experiments in different wind-
tunnel facilities. In particular, at Reynolds numbers typical of small-scale rotors and UAVs (𝑅𝑒𝑐 ∼ 105–106), the suction-side boundary 
layer may undergo laminar separation and reattachment, forming a laminar 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 conditions, 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 pathway 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 example, Abdalla et al. [13] and Chandrasekhara et al. [14] examined wire and 
strip trips on airfoils over 𝑅𝑒𝑐 ≈ (105), 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 promote 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∕𝛿𝑘 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 𝑅𝑒𝜃 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 
of up to 3 dB in far-field sound levels between the trip types [18]. These results suggest that the tripping parameters influence both 
the transition process and the resulting spectral distribution of the radiated noise. In high-fidelity computational modelling of TEN, an 
accurate representation of tripping is equally critical for reliable aeroacoustic prediction. LES investigations by Winkler et al. [4,19] 
resolved thin serrated (zigzag) tape and a simplified two-dimensional step trip on a NACA 6512-63 airfoil at 𝑅𝑒𝑐 = 1.9 × 105. The 
serration trip promoted early transition via oblique vortex patterns and T-S wave amplification, maintaining an attached turbulent 
boundary layer on the pressure side, whereas the step trip led to a separation bubble and later reattachment, with distinct differences 
in wall pressure evolution and noise levels. At higher Reynolds numbers, Morse and Mahesh [20] compared a geometrically resolved 
trip wire with a numerical tripping strategy based on steady wall-normal blowing on the DARPA SUBOFF hull. They showed that 
when the trip height exceeds the local laminar boundary layer thickness, the transition is dominated by shedding from the trip itself, 
altering turbulence anisotropy and leaving persistent differences in boundary layer thicknesses downstream even when skin friction 
and mean pressure recover. In addition to these efforts, Kang and Lee [18] contrasted geometrically resolved trips with artificial 
tripping techniques such as suction and blowing and high-frequency tangential reverse blowing, demonstrating that each mechanism 
produces scenario-specific acoustic signatures under adverse pressure gradients.

From the experimental perspective, recent work by Luesutthiviboon et al. [21] investigated the influence of trip height and location 
on a NACA 633-018 airfoil at several angles of attack, including the use of zigzag trips, in the framework of the Benchmark Problems 
for Airframe Noise Computations category I. That work reported data on integral aerodynamic coefficients as well as far-field sound 
pressure levels of the considered aerofoil cases and demonstrated that the trip modification can affect the far-field noise depending 
on the case. Collectively, the above-mentioned studies highlight that not only the presence of a trip, but also its geometry, placement, 
and underlying transition mechanism (T-S amplification, roughness-generated turbulent spots, or artificial forcing) can significantly 
influence both the near-wall pressure field and the far-field noise. Despite these advances, it remains difficult to separate the effect 
of geometric trip parameters from Reynolds-number effects, hence, to answer the question to what extent variations in trip geometry 
modify the near-wall turbulence responsible for trailing edge noise beyond simply triggering transition. Therefore, the aim of the 
present work is to perform high-fidelity scale-resolving simulations and analyse the results in terms of the wall-pressure fluctuations 
generated by the near-field turbulent structures to obtain a deeper physical interpretation of the flow mechanisms leading to the 
far-field acoustic response for a representative range of flow Reynolds numbers.
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Fig. 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 1.5 × 106  0.166
 Case 4  0  37.7 1.0 × 106  0.112

First, a wall-modelled large-eddy simulation (WMLES) is performed using the high-resolution CABARET method [22–24] for 
NACA0012 airfoil flow conditions at zero incidence angle, corresponding to the BANC-III benchmark dataset [25], where the step 
trip has been explicitly resolved. The WMLES solution is validated against the aerodynamic flow measurements available in the 
BANC-III test as well as the pressure and friction coefficients obtained from the semi-empirical X-Foil model. The wall-surface-
pressure spectra solution from LES is combined with the Amiet formulation [6] including the back-scattering correction of Roger and 
Moreau [26] to obtain far-field noise spectra. In addition, the boundary layer quantities obtained from LES are used as input for the 
empirical BPM model [2] to independently probe the sensitivity of the LES solution for far-field noise spectra predictions. The resulting 
acoustic predictions obtained from the LES-Amiet and LES-BPM models are validated against the BANC-III experiment. Second, using 
the validated WMLES model, a parametric study is conducted to analyse the effects of trip height, trip width, trip location, and 
Reynolds number on transition behaviour, boundary layer development, and wall pressure spectra. Additionally, Proper Orthogonal 
Decomposition (POD) of turbulent fluctuating pressure field around the trailing edge is employed to identify dominant coherent 
structures and relate their evolution to the observed aeroacoustic trends.

2.  Problem configuration and methods

2.1.  Setup and case parameters

The BANC III cases are used for validation and assessment of the numerical framework, with flow conditions spanning 𝑅𝑒c ∼
(106–1.5 × 106) as summarized in Table 1. Fig. 1 shows a schematic of the computational problem setup, which corresponds to the 
conditions of the BANC III experimental campaign [25]. Specifically, a NACA 0012 airfoil at zero incidence with a chord length of 
𝑐 = 0.4 m is considered in a low Mach number free stream, representing a laboratory-scale test. Boundary layer tripping is applied 
to fix the transition point at a prescribed location on the 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.

Following the BANC III experiment, a 2D stair-step trip is considered, characterized by its height ℎ, tape width 𝑤, and streamwise 
position 𝑥t = 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 ℎ 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 𝑐 = 0.4 m, the maximum thickness is 
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Table 2 
Geometric parameters of the airfoil trips, with ℎ and 𝑤 non-
dimensionalized by the maximum airfoil thickness, 𝑇max =
48 mm, and the trip position 𝑥t reported as a percentage of 
the chord. The duplicate parameter rows have been omitted.
 Numerical - 2D rectangular trip
 Height (ℎ) ℎ∕𝑇max  Width (𝑤) 𝑤∕𝑇max  Position (𝑥t )
 (mm)  (%)  (mm)  (%)  %c
0.127
0.360
0.554
1.018

0.26
0.75
1.15
2.12  1.5  3.13  5

 0.360  0.75

0.53
1.50
2.31
4.24

1.10
3.13
4.81
8.83  5

 0.360  0.75  1.50  3.13

5
10
20
25
30

 Experimental [25] - 2D rectangular trip
 Height (ℎ) ℎ∕𝑇max  Width (𝑤) 𝑤∕𝑇max  Position (𝑥t )
 (mm)  (%)  (mm)  (%)  %c
 0.360  0.75  1.50  3.13  5
 Empirical relation based on roughness Re number (1)
 Height (ℎ) ℎ∕𝑇max  Width (𝑤) 𝑤∕𝑇max  Position (𝑥t )
 (mm)  (%)  (mm)  (%)  %c
 0.250  0.52  -  -  5

𝑇max = 0.12𝑐 = 48 mm; therefore, the ratios ℎ∕𝑇max and 𝑤∕𝑇max quantify the relative size of the trip geometry with respect to the airfoil 
profile.

The trip heights ℎ 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]:

ℎ =
𝑥t

Re3∕4𝑥t

√

Reℎ
0.332

, (1)

where ℎ is the trip height, Re𝑥t  is the Reynolds number evaluated at 𝑥t , and Reℎ is the roughness Reynolds number. This estimate 
provides a practical lower bound for triggering transition, typically associated with Reℎ 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].

2.2.  Large eddy simulation method and grids

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

The current work presents a systematic investigation of the CABARET WMLES of the NACA 0012 airfoil with a chord length of 
0.4 m, where the laminar-to-turbulent transition is explicitly controlled using a leading-edge step trip, whose parameters ℎ, 𝑤, and 
𝑥t = 𝑥∕𝑐 are varied to analyse the effect on transition and acoustic response. The computational domain extends 10𝑐 upstream and 
10𝑐 downstream of the airfoil, with a wall-normal extent of ±10𝑐. The spanwise length is set to 𝐿𝑧∕𝑐 = 0.10 for all configurations. The 
domain is discretised using a hexahedral dominant mesh with multiple local refinement zones generated in OpenFOAM. Near the 
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Fig. 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).

airfoil surface, body-fitted hexahedral layers are created using snappyHexMesh to control the first-cell height and wall spacing, with 
additional refinement in the leading-edge region to resolve the trip geometry (Fig. 2). The step trip is resolved with 4 cells across a 
representative trip height of ℎ = 0.360 mm (0.75% 𝑇max) and 12 points across a representative trip width of 𝑤 = 1.50 mm (3.13% 𝑇max). 
Notably, due to the CABARET staggered cell-centre and cell-face variables, these 4 and 12 grid cells correspond to 9 and 25 data 
points, respectively.

For all configurations under investigation, non-reflecting characteristic boundary conditions are applied for all external boundaries 
with a uniform inflow velocity prescribed at the inlet and the free-stream conditions at the top, bottom, and downstream boundaries. 
Periodic boundary conditions are imposed in the spanwise direction. The computational mesh for all setups contains approximately 
39.1 million cells, with near-wall grid spacings in wall units of Δ𝑥+1 = 16 (streamwise), Δ𝑥+2 = 3 (wall-normal), and Δ𝑥+3 = 17 (span-
wise). The wall-normal grid is refined with an expansion ratio of 1.2, ensuring that three grid cells (7 data cell and face points) are 
located within the near-wall region up to 𝑥+2 = 19. These grid resolution parameters were found sufficient to produce the main flow 
and turbulence profiles, including the 𝐶𝑝, 𝐶𝑓 , and wall pressure spectra reasonably insensitive to further grid refinements.

All simulations were performed on an NVIDIA A100 GPU (80 GB) using the Apocrita High-Performance Computing Cluster at 
Queen Mary University of London. Each case was run for five convective time units (TU) to allow for flow development, followed 
by an additional 25 TU for statistical averaging, where TU = 𝑐∕𝑈∞. To efficiently time step in the mesh regions corresponding to 
different local refinements, eight update groups of the asynchronous time-stepping scheme were used, resulting in a time-step ratio 
of 27 = 128 between the time steps used for the smallest and the largest grid cell sizes.

2.3.  Far-Field acoustic modelling

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

2.3.1.  Amiet trailing edge noise model
Amiet trailing edge noise model provides a theoretical framework for predicting broadband noise generated by the interaction 

of a turbulent boundary layer with a sharp trailing edge. The model relates the surface pressure fluctuations convecting within the 
boundary layer to the farfield acoustic pressure through a wavenumber-frequency formulation under the frozen turbulence assump-
tion. The Amiet approach has been extensively used for the prediction of trailing edge noise for both symmetric and cambered NACA 
airfoils using experimental wall-surface measurements and scale-resolving computational modelling  [19,37,39] where both zigzag 
and step-type tripping configurations were applied to force transition. In the present study, the far field power spectral density, 
𝑆pp(𝜔), is computed using the Amiet trailing edge noise model, where the source terms, surface pressure spectrum, spanwise corre-
lation length scale Λpp|3, and convection velocity 𝑈c are obtained directly from the LES data. The model accounts for both the high 
frequency noise, where the airfoil acoustically behaves as a semi-infinite flat plate and the lower frequencies, where finite-chord 
effects are incorporated through the back-scattering correction of Roger and Moreau [26] valid for realistic airfoil geometries in low 
Mach number flow conditions [39]. The noise power spectral density of the Amiet model and the corresponding correlation length 
scale Λpp|3 and convection velocity 𝑈c parameters are given as Eqs.  (2) and 3:

𝑆pp
(

𝑥1, 𝑥2, 𝑥3 = 0;𝜔
)

=
(

𝜔𝑐𝑥2
4𝜋𝑐0𝜎2

)2 𝐿3
2

|

|

|

|

|

L

(

𝜔
𝑈c

, 𝑘3 = 0, 𝑥1, 𝑥3

)

|

|

|

|

|

2

Λpp|3Πw(𝜔) (2)

Λpp|3(𝜔) = 1.4
𝑈c
𝜔

, 𝑈c = 0.70𝑈∞. (3)
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Here, 𝑆pp(𝑥1, 𝑥2, 𝑥3 = 0;𝜔) is the power spectral density (PSD) of the acoustic pressure at an observer located at angular frequency 
𝜔. The coordinate origin is located at the trailing edge, where 𝑥1 = 0 corresponds to the edge and 𝑥3 = 0 to mid-span. The acoustic 
transfer function L  is given by:

|

|

|

|

|

L

(

𝜔
𝑈c

, 𝑘3 = 0, 𝑥1, 𝑥3

)

|

|

|

|

|

= e2i𝐴
i𝐴

{

(1 + i)e−2i𝐴
√

2𝐵𝐸∗
s[2(𝐵 − 𝐴)] − (1 + i)𝐸∗[2𝐵]

}

, (4)

with the associated complex functions and phase terms defined as:

𝐸s(𝑧) =
𝐸∗(𝑧)
√

𝑧
, 𝐸∗(𝑧) = 1 − i

2
erf

(
√

i𝑧
)

, (5)

and

𝐴 = 𝜔
𝑈c

𝑏 + 𝜔𝑏
𝑐0𝛽2c

(

𝑀∞ −
𝑥1
𝜎

)

, 𝐵 = 𝜔
𝑈c

𝑏 + 𝜔𝑏
𝑐0𝛽2c

(

𝑀∞ + 1
)

. (6)

In the above formulations, L  represents the trailing edge acoustic scattering transfer function. The geometric and flow parameters 
include the airfoil chord 𝑐, semi-chord 𝑏, span 𝐿𝑐 , and speed of sound 𝑐0. 𝑈c is the convection velocity of turbulent eddies and 𝑀∞ is the 
free-stream Mach number. The term 𝜎2 = 𝑥21 + 𝛽2c (𝑥

2
2 + 𝑥23) accounts for the flow-corrected radiation distance, where 𝛽c =

√

1 −𝑀2
∞

is the compressibility correction. Additional source terms include the spanwise wavenumber 𝑘3, the spanwise correlation length of 
surface pressure fluctuations Λpp|3, and the trailing-edge surface pressure spectrum Πw(𝜔). The functions 𝐸∗(𝑧) and 𝐸s(𝑧) are complex 
Fresnel-type integrals, with erf(⋅) denoting the complex error function.

2.3.2.  BPM Model
The BPM model is an empirical framework for predicting general self-noise, including turbulent boundary layer trailing edge noise, 

separated flow noise, and vortex shedding noise, derived from extensive wind-tunnel measurements of symmetric airfoils [2]. Each 
noise component of BPM is represented through empirical correlations calibrated against experiments, requiring only basic boundary 
layer parameters as input. The BPM model for the one-third-octave-band sound pressure level at a given frequency 𝑓 is:

SPLBPM(𝑓 ) = 𝐹 (𝛿∗, 𝑈∞, 𝑐, 𝜃, 𝛼,Re𝑐 ,…) (7)

Functional parameters of the BPM model include boundary layer displacement thickness 𝛿∗, free-stream velocity 𝑈∞, chord length 
𝑐, observer angle 𝜃, angle of attack 𝛼, Reynolds number based on chord Re𝑐 , and observer distance 𝑟 =

√

𝑥21 + 𝑥22 + 𝑥23, where (𝑥1, 𝑥2, 𝑥3)
are the observer coordinates relative to the trailing edge. The frequency dependence 𝑓 and empirical corrections for Mach number 
and directivity are also included in the model, the expression for trailing edge noise spectra being:

SPLTBL−TE(𝑓 ) = 𝐾1 + 10 log10

(

𝛿∗𝑀5
∞𝐿𝐷h

𝑟2e

)

+𝐾2(𝛼,Re𝑐 ) +𝐷(𝜃,𝑀∞) + 𝐺(𝑓, 𝛿∗, 𝑈∞), (8)

where 𝐾1 is an empirical constant, 𝐾2 provides angle of attack and Reynolds number corrections, 𝐷 is the directivity term, and 𝐺
is an empirical spectral shape function. The spectral-shape function is given as:

𝐺(𝑓, 𝛿∗, 𝑈∞) = 10 log10
⎛

⎜

⎜

⎝

St2
(

1 + St2
)7∕3

⎞

⎟

⎟

⎠

, (9)

where St is the Strouhal number, defined as:

St =
𝑓𝛿∗

𝑈∞
. (10)

In the original publication of the BPM model, boundary layer development over the NACA 0012 airfoil was examined for both 
clean (untripped) and tripped conditions. In the clean case, the smooth surface allowed a naturally developing laminar boundary 
layer. In the tripped case, transition was forced using randomly distributed grit strips from the leading edge to approximately 20% of 
the chord, generating a fully turbulent boundary layer while maintaining geometric similarity across different airfoil sizes.

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

𝛿s =

⎧

⎪

⎨

⎪

⎩

100.0311𝛼 ⋅ BL0 0 ≤ 𝛼 ≤ 5◦

0.3468 ⋅ 100.1231𝛼 ⋅ BL0 5◦ < 𝛼 ≤ 12.5◦

5.718 ⋅ 100.0258𝛼 ⋅ BL0 12.5◦ < 𝛼 ≤ 25◦
(11)

where BL0 denotes the boundary layer thickness at zero angle of attack:
BL0 = 101.892−0.9045 log10(Re𝑐 )+0.0596(log10(Re𝑐 ))

2
⋅ 𝑐. (12)
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Fig. 3. Instantaneous near-field pressure fluctuation, 𝑄(𝐱, 𝑡) (Eq.  (16)), sampled on the ten spanwise planes used for the POD analysis.

Displacement thicknesses at the trailing edge also follow similar relations. The zero-degree angle of attack displacement thickness 𝛿∗0
is given by:

𝛿∗0 =

{

0.0601 ⋅ Re−0.114𝑐 ⋅ 𝑐 Re𝑐 ≤ 3 × 105

103.411−1.5397 log10(Re𝑐 )+0.1059(log10(Re𝑐 ))2 ⋅ 𝑐 Re𝑐 > 3 × 105,
(13)

which expression is used to calculate the suction-side displacement thickness:

𝛿∗s =

⎧

⎪

⎨

⎪

⎩

100.0679𝛼 ⋅ 𝛿∗0 0 ≤ 𝛼 ≤ 5◦

0.381 ⋅ 100.1516𝛼 ⋅ 𝛿∗0 5◦ < 𝛼 ≤ 12.5◦

14.296 ⋅ 100.0258𝛼 ⋅ 𝛿∗0 12.5◦ < 𝛼 ≤ 25◦
(14)

Together with the boundary layer thickness parameter 𝛿s, the displacement thickness 𝛿∗s  is used as input in the empirical formula (see 
Eq.  (8)) to compute the trailing edge noise spectrum.

2.4.  Proper orthogonal decomposition of near-field pressure fluctuations

To analyse the effect of the trip on the turbulent pressure fluctuations around the airfoil trailing edge, Proper Orthogonal Decom-
position (POD) was applied following the work of Lumley [40]. Because the available LES time signal is limited, the snapshot POD 
method of Sirovich [41] was used. To improve the statistics available to the POD, the pressure field was extracted on 10 spanwise 
planes stacked across the airfoil span, 𝑧∕𝐿𝑐 ∈ [−0.018,+0.018], in the vicinity of the trailing edge, as shown in Fig. 3.

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

𝑝̄avg(𝒙) =
1
𝑇 ∫

𝑇

0
𝑝avg(𝒙, 𝑡) d𝑡, (15)

where 𝑇  denotes the total sampling duration. This mean field is then used to calculate the fluctuation field:
𝑄(𝒙, 𝑡) = 𝑝avg(𝒙, 𝑡) − 𝑝̄avg(𝒙). (16)

The resulting pressure fluctuations are arranged into the snapshot matrix:
𝐐 =

[

𝑄(𝒙, 𝑡1), 𝑄(𝒙, 𝑡2),… , 𝑄(𝒙, 𝑡𝑁t
)
]

, (17)

where 𝑁t is the total number of snapshots. To obtain the eigenmodes, the singular value decomposition (SVD) is performed:
𝐐 = 𝐔𝚺𝐕T, (18)

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

𝜙𝑗 (𝒙) = 𝐮𝑗 (𝒙), (19)
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Fig. 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.

where 𝐮𝑗 denotes the 𝑗-th column of 𝐔. The associated energy per POD mode is given by:
𝜆𝑗 = 𝜎2𝑗 , (20)

where 𝜆𝑗 is the eigenvalue of the 𝑗-th POD mode. To characterize the spectral distribution of the turbulent fluctuations, the relative 
energy contribution 𝐸𝑗 of each mode is expressed as a percentage:

𝐸𝑗 (%) = 100 ×
𝜆𝑗

∑𝑁t
𝑖=1 𝜆𝑖

, (21)

where 𝑁t is the total number of modes. The corresponding temporal coefficients are obtained as:
𝑎𝑗 (𝑡𝑘) = 𝜎𝑗𝑉𝑗 (𝑡𝑘), (22)

where 𝑎𝑗 (𝑡) denotes the amplitude of mode 𝑗. Following the POD method, the pressure fluctuation field can be approximated by the 
truncated expansion:

𝑄(𝒙, 𝑡) =
𝑚
∑

𝑗=1
𝜙𝑗 (𝒙)𝑎𝑗 (𝑡), (23)

where 𝑚 denotes the number of retained modes.

2.5.  Workflow process based on the LES, amiet, BPM, and POD models

The integrated numerical framework for far-field noise prediction is illustrated in Fig. 4. The WMLES database is post-processed 
using two prediction models. For the analytical model based on Amiet’s trailing-edge noise theory, the wall-pressure spectrum Π𝑤(𝜔), 
spanwise pressure-correlation length Λ𝑝𝑝|3(𝜔), and convection velocity 𝑈c are extracted near the trailing edge. For the semi-empirical 
BPM model, the boundary-layer thickness 𝛿 and displacement thickness 𝛿∗ are extracted from the same WMLES solution and used as 
model inputs.

The two models provide independent far-field acoustic estimates. Amiet’s theory gives the far-field pressure spectral density 𝑆𝑝𝑝(𝑓 ), 
which is converted into one-third-octave sound pressure levels for comparison with measurements, whereas the BPM model directly 
provides the turbulent-boundary-layer trailing-edge noise spectrum, SPLTBL−TE(𝑓 ). The parallel use of analytical and semi-empirical 
formulations provides a consistent basis for assessing the LES-derived flow statistics against the experimental acoustic data.

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

3.  Results and discussion

3.1.  Validation

Following the BANC-III experiment, the NACA 0012 airfoil at zero incidence is considered at two chord-based Reynolds numbers, 
Re𝑐 = 1.5 × 106 and Re𝑐 = 1.0 × 106. These correspond to free-stream velocities of 𝑈∞ = 56 m∕s and 𝑈∞ = 37.7 m∕s, respectively. A 
stair-step trip is located at 𝑥t∕𝑐 = 0.05, with a height of ℎ = 0.360 mm and a width of 𝑤 = 1.50 mm (see Tables 1, 2). In what follows, 
the flow solutions obtained in terms of the airfoil wall surface and boundary layer quantities as well as the far-field noise spectra are 
compared with the experimental results.

3.1.1.  Pressure and friction coefficients
Fig. 6 compares the distributions of the pressure coefficient 𝐶𝑝 and skin friction coefficient 𝐶𝑓  with experimental data. Comparisons 

with predictions of the empirical XFOIL model are shown on the same plots. The computed 𝐶𝑝 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.

The predicted 𝐶𝑓  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, 
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Fig. 5. Workflow of the computational modelling for the BANC III test case.

Fig. 6. Comparison of the pressure coefficient 𝐶𝑝 for (a) Re𝑐 = 1.5 × 106 and (b) Re𝑐 = 1.0 × 106, and the skin-friction coefficient 𝐶𝑓  for (c) Re𝑐 =
1.5 × 106 and (d) Re𝑐 = 1.0 × 106, comparing the WMLES results (LES), BANC-III experiment (Exp.), and empirical XFOIL model.

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-Re𝑐 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-Re𝑐 conditions [28]. However, importantly, for both wind speeds, the WMLES 
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Fig. 7. Comparison of boundary-layer profiles at 𝑥∕𝑐 = 1.0038: mean velocity 𝑈1∕𝑈∞ for (a) Re𝑐 = 1.5 × 106 and (c) Re𝑐 = 1.0 × 106, and wall-normal 
Reynolds stress 𝑢2𝑢2∕𝑈 2

∞ for (b) Re𝑐 = 1.5 × 106 and (d) Re𝑐 = 1.0 × 106. WMLES results (LES) are compared with the BANC-III experiment (Exp.).

solution for 𝐶𝑓  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
Fig. 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, 𝑈1∕𝑈∞, and the wall-normal Reynolds stress, 𝑢2𝑢2. The profiles shown in 
Fig. 7a and 7b correspond to the high-speed case (𝑈∞ = 56 m∕s), while those in Fig. 7c and 7d represent the lower-speed condition 
(𝑈∞ = 37.7 m∕s).
For the mean velocity profiles Figs. 7a and 7c, the WMLES accurately reproduces the wake thickness and recovery rate at both wind 
speeds considered. At 𝑈∞ = 56 m∕s, the deviation between WMLES and experiment remains within Δ(𝑈1)∕𝑈∞ ≈ 0.02–0.05 across 
most of the measured boundary layer thickness, with slightly larger differences confined to the outer wake region. At 𝑈∞ = 37.7 m∕s, 
the deviation increases marginally in the outer region (up to ≈ 0.05), but the overall profile curvature and momentum deficit are 
well captured. This indicates that the boundary layer growth and wake development are predicted well in both Reynolds numbers. 
For wall-normal Reynolds stress distributions Figs. 7b and 7d, the WMLES captures the overall profile shape. The predicted decay 
of turbulent stresses with increasing 𝑦 in the outer layer from the LES solution agrees well with the measurements. The LES also 
well predicts the location of the dominant near-wall peak, which occurs in the inner wake at approximately 𝑦 ≈ 2.5 mm for both 
flow conditions. However, the peak magnitude is over-predicted especially for the lower wind speed. At 𝑈∞ = 56 m∕s (Fig. 7b), the 
over-prediction of the WMLES solution of the peak stress value is approximately 11%.

At 𝑈∞ = 37.7 m∕s (Fig. 7d), the overestimation of the peak stress of the WMLES solution is about 20%. The larger error of the 
WMLES solution for the lower Reynolds number case is consistent with the previous discussion about the friction coefficient, which 
was found to be more difficult to predict accurately at a lower wind speed. The over-prediction of turbulent normal stress noted 
is consistent with trends reported in the WMLES literature, where resolved turbulence energy can exceed experimentally measured 
levels due to insufficient LES grid resolution as well as to the probe spatial filtering and signal processing in the experiment [4,8,19]. 
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Table 3 
Turbulent boundary-layer integral parameters (suction side) derived from the mean velocity profile at 𝑥1∕𝑐 =
1.0038 for BANC-III Case 1 (Re𝑐 = 1.5 × 106, 𝑈∞ = 56 m∕s, 𝛼 = 0◦) and Case 4 (Re𝑐 = 1.0 × 106, 𝑈∞ = 37.7 m∕s, 
𝛼 = 0◦).

 Experiment  LES Simulation
 Case / Condition 𝛿 (mm) 𝛿∗ (mm) 𝜃 (mm) 𝛿 (mm) 𝛿∗ (mm) 𝜃 (mm)
 Case 1: Re𝑐 = 1.5 × 106, 𝑈∞ = 56 m∕s, 𝛼 = 0◦  10.29  2.97  1.66  10.50  3.05  1.80
 Case 4: Re𝑐 = 1.0 × 106, 𝑈∞ = 37.7 m∕s, 𝛼 = 0◦  10.74  3.14  1.75  10.96  3.12  1.87

Similar discrepancies have also been documented in tripped boundary layer simulations when comparing high-fidelity numerical data 
with hot-wire measurements [42].

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

3.1.3.  Boundary layer integral properties
A summary of the boundary layer integral parameters computed from the LES solution is presented in Table 3. For 𝑈∞ = 56 m∕s, 

the WMLES predicts a boundary layer thickness within a relative error of approximately +2.0% in comparison with the experiment. 
The displacement thickness 𝛿∗ is over-predicted by about +2.7%, while the momentum thickness 𝜃 shows a larger deviation of approx-
imately +8.4%. A similar trend is observed at 𝑈∞ = 37.7 m∕s, where the boundary layer thickness is over-predicted by approximately 
+2.0% in comparison with the experiment, and the error in the predicted displacement thickness is less than 1%. Again, the error in 
momentum thickness is largest corresponding to approximately +6.9%. It can be noted that the consistently small discrepancies in 𝛿
and 𝛿∗ confirm that the integral wake thickness and mass deficit parameters are accurately reproduced, in agreement with the mean 
velocity profile solutions shown in Fig. 7.

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

3.1.4.  Wall surface pressure spectra
Fig. 8 compares the wall surface pressure spectra close to the trailing edge for 𝑈∞ = 56 m∕s (Fig. 8a) and 𝑈∞ = 37.7 m∕s (Fig. 8b). 

In both cases, the spectra are purely broadband and representative of a fully turbulent boundary layer, with no evidence of transitional 
laminar-to-turbulent effects-such as tonal peaks-arising from the trip [2,9,10]. For 𝑈∞ = 56 m∕s, the LES solution shows excellent 
agreement with the experimental data in the frequency range 103 < 𝑓 < 104 Hz, with discrepancies generally remaining within the 
experimental uncertainty of ±1.5 dB reported in BANC-III [25]. While the difference becomes slightly larger at higher frequencies, it 
remains marginally within the allocated error bars. Similarly, the LES predictions for 𝑈∞ = 37.7 m∕s are in very good agreement with 
the measurements, staying largely within the ±1.5 dB threshold across all frequencies. These results suggest that the accuracy of the 
wall surface pressure spectra prediction is relatively insensitive to the Reynolds number variations considered here, especially when 
compared to the sensitivity typically observed in other turbulent boundary layer quantities.

3.1.5.  Far-Field noise spectra
Fig. 9 compares the predicted far-field sound pressure level at Θ = 90◦ to the free-stream flow at a distance of 1m from the 

trailing edge (see Fig. 1) with the experimental measurements for 𝑈∞ = 56 m/s and 𝑈∞ = 37.7 m/s. Two sets of predictions based on 
the LES solutions are shown, one is using the Amiet model and the other is based on the BPM model. For 𝑈∞ = 56 m/s, there is some 
discrepancy between solutions of the Aimet model and the BPM model. However, these discrepancies remain within the uncertainty 
of the BANC-III acoustic measurements that corresponds to ±2 dB. For 𝑈∞ = 37.7 m/s, a similar level of agreement is observed up 
to the maximum frequency where the experimental data are available. Both the Amiet and the BPM solutions remain within the 
specified error bar of the acoustic measurements. However, a larger discrepancy between the Amiet model and the BPM noise spectra 
predictions can be seen at high frequencies (𝑓 ≳ 6 kHz), where the Amiet model prediction shows a much steeper spectrum roll-off 
compared to the BPM model.

It can be noted that this difference is likely due to the acoustic transfer function used in the Amiet model. Indeed, in the Amiet 
formulation, the farfield noise spectrum is obtained by convoluting the wall pressure spectrum through an acoustic transfer (scattering) 
function, whose magnitude decays rapidly at high frequencies, thereby producing a steeper high frequency roll-off even when the 
input wall surface pressure levels are comparable [6,26]. In contrast, the BPM model applies a semi-empirical spectral shaping 
based on integral parameters of the boundary layer and functional dependencies obtained from curve-fitting [2]. However, since no 
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Fig. 8. Comparison of trailing-edge wall-pressure spectra at 𝑥∕𝑐 = 0.989 and 𝛼 = 0◦ for (a) Re𝑐 = 1.5 × 106 and (b) Re𝑐 = 1.0 × 106, 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].

Fig. 9. Comparison of third-octave noise spectra for (a) Re𝑐 = 1.5 × 106 and (b) Re𝑐 = 1.0 × 106 predicted by the Amiet model and the BPM model 
based on the same LES solutions with the acoustic measurements (Exp.). The observer angle is Θ = 90◦, and the sound pressure level is normalised 
to a reference distance of 1 m.

reference experimental results are available for high frequencies here, it remains unclear which assumptions of the acoustic models 
considered are more appropriate in the case of low wind speed.

3.2.  Sensitivity of flow, turbulence, and noise sources to trip parameters

3.2.1.  Boundary layer profiles and wall surface pressure spectra
Fig. 10 examines the influence of the trip geometry on the suction-side boundary layer for the wind speed case of 𝑈∞ = 37.7 m/s. 

The effect of varying the trip height, width, and location on the mean flow velocity profiles, 𝑈1∕𝑈∞ just downstream of the trailing 
edge, 𝑥∕𝑐 = 1.0038 are shown in Fig. 10(a,c,e) respectively. The effect of variation of the same trip parameters on the wall-normal 
Reynolds stress 𝑢2𝑢2 is shown in Fig. 10(b,d,f) correspondingly. The same comparisons showing the sensitivity of the meanflow and 
turbulent velocity fluctuation profiles to the trip parameters for the higher velocity case 𝑈∞ = 56 m/s are demonstrated in Fig. 11. As 
discussed earlier, the LES predictions for the higher wind speed case agree better with the experiment compared to the low speed case 
solutions. However, several common trends emerge, which are shared by the LES solutions regardless of the wind speed considered. 
First, the trip width and height have some influence on the wake profiles just downstream of the trailing edge. For variable trip 
widths, the mean velocity profiles for different widths collapse closely, however, there is some scatter in the 𝑢2𝑢2 profiles suggesting 
some effect of the trip width on turbulent mixing. For the height variation, there is a stronger influence on both the meanflow velocity 
and Reynolds stress profiles. In particular, increasing ℎ makes the wake thicker, indicating stronger momentum mixing and enhanced 
growth of the boundary layer. For the highest trip (ℎ = 1.018 mm), larger deviations from the measurements are observed in the outer 
layer. In comparison with these, the mean-flow profiles corresponding to smaller heights are in better agreement with the mean-flow 
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Fig. 10. Effect of trip parameters on the boundary layer structure at 𝑥∕𝑐 = 1.0038 and Re𝑐 = 1.0 × 106: left column (a,c,e) shows the normalised mean 
velocity profiles 𝑈1∕𝑈∞ and right column (b,d,f) shows the corresponding wall-normal Reynolds stress distributions 𝑢2𝑢2∕𝑈 2

∞. 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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Fig. 11. Effect of trip height and trip location on boundary layer structure at 𝑥∕𝑐 = 1.0038 and Re𝑐 = 1.5 × 106. The left column (a,c) shows the 
normalised mean velocity profiles 𝑈1∕𝑈∞ and the right column (b,d) shows the corresponding wall-normal Reynolds stress distributions 𝑢2𝑢2∕𝑈 2

∞. 
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.

velocity profile from the experiment, although this leads to a thinner boundary layer. The effect of changing the trip height is also seen 
in a redistribution of turbulence intensity: while the smallest height case (ℎ = 0.127 mm) shows the largest near-wall peak in 𝑢2𝑢2, as ℎ
increases the magnitude of the inner-region peak reduces, spreading a larger part of the turbulent energy outward, in agreement with 
thickening of the boundary layer noted previously. The highest trip case (ℎ = 1.018 mm) corresponds to a broader energetic region 
extending further into the outer layer, but with a lower maximum intensity near the wall. This suggests that larger roughness elements 
on the aerofoil surface promote earlier and more abrupt breakdown, leading to a thicker turbulent layer in which turbulent energy 
is mixed out over a larger wall normal region compared to the narrow zone near the wall that characterises small-scale roughness 
effects. In contrast to the above, a relatively low sensitivity of the boundary layer profiles at 𝑥∕𝑐 = 1.0038 is found to the trip location. 
Although moving the trip changes the onset of the transition, the mean-flow velocity profile 𝑈1∕𝑈∞ remains fairly invariant to the trip 
location. The Reynolds stress profile 𝑢2𝑢2 shows a small scatter mostly close to the wall. This suggests that the variations of the trip 
location considered are sufficiently small compared to the distance to the trailing edge not to affect the boundary layer state there. This 
behaviour is consistent with previous observations in the literature [42] that tripped boundary layers converge to similar downstream 
statistics despite some differences in the inflow history and tripping strategy. To further understand the origins of the sensitivity of 
the mean-flow velocity and turbulence in the developing boundary layer to the tip height, Fig. 12 compares the streamwise evolution 
of the mean profile and wall-normal Reynolds stress at 𝑥∕𝑐 = 0.30, 0.70, and 1.00 for different trips. All trips are located at 𝑥∕𝑐 = 0.05
and have the same width. At relatively small distances from the trip (𝑥∕𝑐 = 0.30), increasing the height of the trip ℎ produces a marked 
increase in turbulence over a larger wall-normal distance, with the largest trip height leads to a substantial amplification of peak 
turbulence levels, 𝑢2𝑢2 compared to the smaller trip heights. At larger downstream distances (𝑥∕𝑐 = 0.70), the peak turbulence levels 
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Fig. 12. Evolution of boundary layer structure for varying trip height ℎ at Re𝑐 = 1.0 × 106. The left column (a,c,e) shows the normalised mean 
velocity profiles 𝑈1∕𝑈∞, while the right column (b,d,f) presents the corresponding wall-normal Reynolds stress distributions 𝑢2𝑢2∕𝑈 2

∞. 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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Fig. 13. Influence of trip height ℎ on integral boundary-layer parameters at Re𝑐 = 1.0 × 106. The left panel shows the streamwise evolution of 
boundary layer thickness 𝛿, while the right panel presents the corresponding shape factor 𝐻12 = 𝛿∗∕𝜃. Larger trip heights promote earlier transition 
and produce a thicker boundary layer downstream.

corresponding to different trip heights reach more-or-less the same amplitude, while the boundary layer of the largest trip retains 
higher turbulence levels over a noticeably wider wall distance, indicating a pronounced effect of the initial perturbation due to the 
flow separation behind the trip. At the location of the trailing edge (𝑥∕𝑐 = 1.00), the growth of the peak turbulent intensity for the 
tallest trip is further slowed down compared to those of the narrower boundary layer profiles representative of the smaller trips. This 
can be related to a faster development of the hydrodynamic instability in thin boundary layers that have large velocity gradients 
compared to the broader boundary layer profile. At the same time, likely due to the turbulent diffusion mechanism, the difference 
between the boundary layer mean-flow and turbulence distributions corresponding to different trips at the trailing edge location 
important for noise is much smaller compared to the upstream locations. Fig. 13 compares the corresponding integral parameters of 
the boundary layer at the three different trip heights considered. Increasing ℎ produces a systematically thicker boundary layer 𝛿(𝑥)
across the chord, with the separation between the three trip cases becoming relatively less pronounced towards the trailing edge. The 
shape factor 𝐻12(𝑥), defined as the ratio of displacement thickness to momentum thickness, is shown to decrease in the mid-chord 
region for the highest trip, consistent with the earlier transition and a broader boundary layer shape in this case. At the same time, 
near the trailing edge, the shape factors of all trip cases converge to the same value. Notably, the same trends of the effect of the trip 
height on the development of the boundary layer of the are also observed for the other case of wind speed 𝑈∞ = 56 m/s, the results 
of which are not included here for brevity.

Figs. 14a and 14b compares the effect of the trip height and location on the wall pressure spectra close to the trailing 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 with the experiment. 
First, it can be observed that there is a greater sensitivity to the trip height for the lower wind speed case 𝑈∞ = 37.7 m/s compared to 
the higher speed case 𝑈∞ = 56 m/s. In both cases, increasing the trip height to ℎ = 1.018 mm leads to an improved agreement with 
the experiment compared to the original setup with ℎ = 0.360 mm. However, because of the relatively large error bar (1.5dB) this 
improvement is marginally within the experimental uncertainty. Compared with some sensitivity to the height of the trip, the effect 
of variation of the trip location on the wall surface pressure spectra is completely negligible apart from mid-high frequencies around 
2kHz which show some 1-2dB scatter for the low wind speed case.

3.2.2.  Proper orthogonal decomposition analysis
A relatively weak dependence of the turbulence and wall pressure spectrum near the trailing edge on the trip parameters suggests 

that the dominant pressure structures in this region remain similar across different trip configurations. To test this hypothesis for 
the highest inflow velocity, the pressure fluctuations around the trailing edge are analyzed using Proper Orthogonal Decomposition 
(POD). A localized POD domain, covering 20% of the chord length in the streamwise direction and 4% in the vertical direction, is 
selected to focus specifically on the flow dynamics close to the trailing edge.

Fig. 15 compares the modal energy distributions obtained using the first 50% and the full 100% of the available POD snapshots 
from the LES time signal for two extreme trip heights: the smallest (ℎ = 0.127 mm) and the largest (ℎ = 1.018 mm). Notably, the two 
modal energy distributions almost coincide for both cases. This confirms that the available LES time series are sufficiently long to 
ensure that the POD results are statistically converged and insensitive to the signal length. Furthermore, Fig. 16 compares the spatial 
distributions of several leading POD modes for these two trip heights.

Similarly to previous POD analyses for supercritical flows over cylinders at 𝑅𝑒𝑑 ∼ 0.4 × 106–0.8 × 106 [43], the first POD mode 𝜙1
in the current cases exhibits an antisymmetric structure. To investigate whether this asymmetry stems from vortex shedding triggered 
by the trips on the top and bottom surfaces, a conditional averaging analysis is performed using the temporal coefficient of the first 
POD mode, 𝑎1(𝑡), as a conditioning variable. The pressure fluctuation snapshots 𝑄(𝒙, 𝑡) are separated into two groups based on the 
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Fig. 14. Effect of trip height (a,b) and trip location (c,d) on trailing-edge wall-pressure spectra. Left column (a,c): Re𝑐 = 1.0 × 106; right column 
(b,d): Re𝑐 = 1.5 × 106. Experimental measurements are shown for reference [25].

Fig. 15. Relative modal energy for two trip heights: (a) ℎ = 0.127mm and (b) ℎ = 1.018mm. 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.
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Fig. 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) ℎ = 0.127 mm and right column (f–j) ℎ = 1.018 mm. All panels share the same dimensionless colour scale: the POD spatial 
modes 𝜙𝑗 (𝐱) are unit-normalised eigenvectors (∫ 𝜙2

𝑗 d𝐱 = 1), and the conditionally-averaged difference field Δ𝑄 is scaled by 2𝜎𝑎1  so that Δ𝑄∕(2𝜎𝑎1 )
is directly comparable in magnitude to 𝜙1. (a, f) First POD mode 𝜙1; (b, g) conditionally-averaged difference field Δ𝑄 (Eq.  (24)); (c, h) second POD 
mode 𝜙2; (d, i) third POD mode 𝜙3; (e, j) fourth POD mode 𝜙4.

sign of 𝑎1(𝑡), specifically 𝑎1(𝑡) > +𝜎𝑎1  and 𝑎1(𝑡) < −𝜎𝑎1 , where 𝜎𝑎1  denotes the standard deviation of 𝑎1(𝑡). These subsets are then used 
to compute the conditional difference fields:

Δ𝑄(𝒙) = ⟨𝑄 ∣ 𝑎1 > +𝜎𝑎1 ⟩ − ⟨𝑄 ∣ 𝑎1 < −𝜎𝑎1 ⟩. (24)

Since the sign of 𝑎1(𝑡) distinguishes between opposite phases of the dominant oscillation, this conditional difference effectively isolates 
the antisymmetric fluctuation pattern.

As shown in Fig. 16(b,g), the resulting field Δ𝑄 closely resembles the first POD mode 𝜙1 in Fig. 16(a,f). This comparison confirms 
that the leading POD mode is directly related to the phase difference between the dominant coherent structures developing on the 
upper and lower airfoil surfaces. Consequently, the antisymmetry of the dominant POD mode is likely due to the fluctuating lift force 
originating from vortex shedding associated with the trips, consistent with previous experimental observations [43]. Higher-order 
POD modes (panels (c,h), (d,i) and (e,j)) are found to be largely symmetric and show similar distributions regardless of the trip 
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height. This reinforces the conclusion that, despite upstream differences induced by the tripping devices, the dominant coherent flow 
structures in the trailing-edge region are weakly affected by the trip height and remain essentially unchanged.

In conclusion, the consistency observed between the wall-pressure spectra, the POD modes, and the conditional averages demon-
strates that the trailing-edge noise mechanisms are fundamentally governed by the fully developed turbulent boundary layer, exhibit-
ing a remarkable robustness against variations in the upstream tripping conditions.

4.  Conclusion

Wall-Modelled Large Eddy Simulations have been performed for the BANC III NACA 0012 airfoil configuration at zero angle of 
attack to investigate the effect of boundary-layer tripping on the mean flow, turbulence, wall-pressure fluctuations, and trailing-edge 
noise at two chord-based Reynolds numbers, Re𝑐 = 1.0 × 106 and Re𝑐 = 1.5 × 106. The numerical framework has first been validated 
against experimental measurements. Good agreement is obtained for the pressure and skin-friction coefficients, as well as for the mean 
velocity and Reynolds stress profiles near the trailing edge, particularly at the higher Reynolds number. The predicted wall-pressure 
spectra show limited sensitivity to grid resolution and agree with the experimental data within approximately ±1.5 dB. Far-field noise 
predictions obtained using the LES-informed Amiet theory and the BPM model also show good agreement with microphone mea-
surements within the same uncertainty range. A parametric study of the trip geometry reveals that the trip height has the strongest 
influence on the boundary-layer development, especially at the lower Reynolds number. However, this influence progressively weak-
ens towards the trailing edge, where the wall-pressure spectra become only weakly dependent on the trip configuration.

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