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Turbulence-induced noise variability from ray tracing
with instantaneous velocity snapshots
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'Department of Flow Physics and Technology, Faculty of Aerospace Engineering, Delft University of Technology, Delft,
The Netherlands
2Suzlon Energy Limited, Hengelo, The Netherlands
*Dassault Systemes Deutschland GmbH, Stuttgart, Germany

Abstract: Turbulence from densely built urban structures alters the acoustic signature of advanced air mobility (AAM)
vehicles, complicating prediction of noise impact. Ray tracing, using instantaneous frozen velocity-field snapshots from time-
resolved simulations, provides an efficient approach for estimating turbulence-induced acoustic variability. Comparisons of
the equivalent sound level (Lcq), variability metric (Ljg — Log), and transient sound-level fluctuations show good agreement
with a time-resolved reference solution, where discrepancies are mainly near the source and ground. Correlation analysis con-
firms that dominant temporal variability trends are reproduced at most observer locations, demonstrating that the method

provides a reliable and computationally efficient framework for assessing AAM noise in urban environments. © 2026 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.
org/licenses/by/4.0/).

[Editor: Charles C. Church] https://doi.org/10.1121/10.0043128
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1. Introduction

Noise from advanced air mobility (AAM) vehicles in urban environments is influenced not only by source characteristics
but also by unsteady atmospheric and building-induced turbulence along the propagation path. Whereas prior studies have
characterized dominant AAM noise sources,' ~ recent assessments emphasize that propagation effects in complex urban
settings must also be addressed.” Many existing approaches rely on quasi-steady propagation models based on time-
averaged atmospheric profiles.” ~ However, previous studies have shown that turbulence and refraction can significantly
modify transmission loss and shadow-zone behavior, thereby affecting predicted sound levels.” '*

Although fully wave-resolved simulations can capture these effects,” their computational cost becomes prohibitive
for realistic urban domains as a result of the separation between turbulent and acoustic time scales and the large spatial
extent required for propagation. This paper proposes a computationally efficient hybrid framework in which statistically rep-
resentative turbulent flow fields are first obtained (experimentally or computationally), and acoustic ray tracing is then per-
formed on instantaneous velocity snapshots using a frozen-flow assumption to quantify turbulence-induced noise variability.

A key advantage of the approach is the reusability of the given turbulent flow-field dataset for assessing multiple
source locations, source strengths, frequencies, or trajectories within the same environment, provided the acoustic source
does not significantly alter the background turbulence [a reasonable assumption for most current electric vertical take-off
and landing (eVTOL) designs]. Because only the dominant turbulence scales must be resolved, the proposed framework
substantially reduces computational cost compared to fully coupled wave-resolved aeroacoustic simulations while retaining
physically meaningful variability trends.

To demonstrate the methodology, the acoustic source is modeled as a compact vertical dipole at 100 Hz, repre-
sentative of tonal components reported for several AAM and eVTOL platforms.'* ' For validation, the ray-tracing predic-
tions are compared against a high-fidelity lattice-Boltzmann very large-eddy simulations (LB-VLES) simulation that
resolves acoustic wave propagation and provides a three-dimensional wave-based reference solution. In this study, only the
tonal component is considered; extension to broadband noise is left for future work.

Although turbulence is not the sole driver of AAM noise variability, operational factors, such as thrust modulation,
rotor-speed variation, and gust response, can also introduce significant fluctuations.'””""** Reported source-related variations
can reach up to approximately 5dB under gust loading and rotor-speed changes, whereas prior investigations of turbulence-
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induced variability in building wakes™* indicate fluctuations on the order of 3dB at certain observer locations. These compa-
rable magnitudes suggest that propagation-induced variability caused by urban turbulence can be of the same order as
source-induced effects and, therefore, warrants explicit consideration. The present study isolates propagation-related effects
as a necessary step toward integrated modeling frameworks that account for source and propagation mechanisms.

2. Methodology

This section describes the building and acoustic source configuration, followed by a brief description of the LB-VLES simu-
lations used to generate the turbulent flow field and wave-based reference solution, and last, the ray-tracing methodology.
Full details of the LB-VLES setup are provided in the companion paper.”*

2.1 Building and acoustic source specifications

The building geometry, inspired by the Aerospace faculty building of Delft University of Technology, represents a typical
mid-rise urban structure.”””° Its dimensions are 50 m (H) in height, 10m (0.2H) in the streamwise direction, and 20 m
(0.4H) in depth. The upstream face is located 200 m downstream of the inlet to ensure minimal influence on the inlet
boundary (see Fig. 1).

The acoustic source is modeled as a compact 0.5m cube located 100 m downstream of the building’s front face
and 100 m above the ground (i.e., 50m above the roof; Fig. 1). A sinusoidal wall-normal velocity of amplitude 2m/s at
100 Hz is imposed on the horizontal faces, generating a dipole-type source representative of AAM rotor noise.* '” The
resulting source produces a root-mean-square pressure of 17.3 Pa when averaged over a spherical surface of 1 m radius.

2.2 LB-VLES simulation setup

LB-VLES simulations are performed using SIMULIA® PowerFLOW 6-2021-R6, a commercially available solver (Dassault
Systemes SIMULIA, Johnston, RI). This modeling approach has been previously validated for AAM aeroacoustics.”” ** The
computational domain (Fig. 1) spans 28H x 20H x 18H (streamwise, vertical, and spanwise) and consists of seven
variable-resolution regions, with cell volume increasing by a factor of 8 between successive levels. The finest region sur-
rounds the acoustic source and resolves up to five wavelengths in all directions at 100 Hz. This region is embedded within
the primary region of interest variable resolution (VR6), which spans 400m X 150m X 50m (Fig. 1). All analyses
presented in this paper are conducted within the VR6 region. The surrounding coarser regions serve as buffer zones to
minimize boundary reflections.

A logarithmic wind profile representative of urban atmospheric conditions™ is prescribed at the inlet, defined by
U(Y) = (u,/K)log, (Y/Yy + 1), where u, =1.23m/s, k =0.41, and Y, =0.1m. This yields mean wind speeds of
approximately 8 m/s at rooftop height (Y = H) and 9m/s at Y = 2H. The ground and building surfaces are modeled using
a pressure-gradient extended wall model”>*® and treated acoustically as rigid reflectors. A pressure outlet is applied down-
stream, with pressure far-field conditions on the lateral and top boundaries.

Flowfield and reference dataset. The proposed framework requires only statistically representative turbulent flow
fields and does not rely on acoustically resolved propagation simulations. However, a wave-based reference solution is
needed for validation. Accordingly, two LB-VLES datasets are employed: (i) a coarse-resolution simulation capturing
building-wake dynamics only, and (ii) a fine-resolution simulation that explicitly resolves acoustic wave propagation. The
corresponding computational costs are summarized in Table 1.

The coarse simulation uses a finest voxel size of 0.5m and requires approximately 2.4 central processing unit
(CPU)-hours per second of physical time, totaling about 2400 CPU-hours for a 1000s simulation.”* The final 70s of this
dataset are used for the present analysis.
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Fig. 1. Overview of the computational domain and region of interest.
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Table 1. Computational cost for the LB-VLES simulations.

Simulation Finest voxel Equivalent CPU hours/ Total CPU
Simulation duration (s) size (m) Time step (s) fine cells physical second (h/s) hours (h)
Coarse (flow field only) 1000 0.500 8.019 x 10~* 1 866268 2.4 2400
Fine (validation reference) 70 0.086 1.376 x 107* 358 459777 1634.0 114380

The fine simulation uses a voxel size of 0.086 m (approximately 40 voxels per wavelength in VR7). For a canoni-
cal 100 Hz plane wave propagation in a quiescent rectangular domain with 20 voxels per wavelength (representative of the
VR6 resolution), the effective decay rate is ~0.035dB/m (which is of the same order as that reported in the literature™),
representing an upper bound that includes numerical and physical damping. This resolution requires 1634 CPU-hours per
second of physical time, nearly 680 times higher than that for the coarse simulation. Consequently, the fine simulation is
limited to 70s in total, with 40s retained for analysis, and initialized from the converged coarse solution to accelerate wake
development.

Post-processing. Pressure data are extracted on a 5m grid in the mid-plane (Z = 0) of the VR6 region for subse-
quent analysis. Signals are bandpass filtered in the [90,110] Hz range to isolate the acoustic component and segmented into
0.02s windows (two acoustic cycles) with 50% overlap to compute short-time p,s. This window length approximates
instantaneous acoustic fields that are consistent with the frozen-flow assumption used in ray tracing.

2.3 Ray-tracing setup

Ray tracing is performed using the ray acoustics interface in COMSOL Multiphysics 6.2 COMSOL (COMSOL AB,
Stockholm, Sweden) in the mid-plane (Z = 0) of the VR6 region (400m x 150m), as shown in Fig. 1(a). A two-
dimensional formulation is adopted for this proof-of-concept study, whereas the underlying turbulent velocity field remains
fully three-dimensional. This choice is motivated by the availability of archived mid-plane velocity snapshots and the rela-
tively small spanwise velocity fluctuations (<3 m/s) compared to the streamwise and vertical components. In addition, the
validation of two-dimensional ray-tracing predictions against a fully three-dimensional wave-based LB-VLES solution pro-
vides a conservative assessment of accuracy. Extension to three-dimensional ray tracing is straightforward and requires
only volumetric velocity snapshots and, for this reason, is omitted in the paper.

The acoustic source is modeled as a 100 Hz point source with spherical spreading and dipole directivity such that
the radiated acoustic power per unit solid angle follows a sin?(0) dependence, corresponding to the classical sin(0) dipole
pressure-amplitude pattern. Rays launched in the +Y and —Y directions are assigned initial phases of 0° and180°, respec-
tively. The source power is set to 1 W/m and subsequently calibrated in the post-processing phase to match the LB-VLES
source strength under no-convection conditions.

Instantaneous LB-VLES velocity snapshots are interpolated onto the COMSOL mesh and treated as frozen back-
ground fields. The snapshot sampling interval for the ray-tracing calculations is selected based on characteristic turbulence
time scales, as quantified by velocity decorrelation times obtained from the LB-VLES flow solution (refer to Sec. 3.1). The
mesh resolution ranges between 1/20 and /10, with a constant background sound speed of 343m/s. A total of 10000
rays are launched per snapshot. Ground and building surfaces are modeled as specular reflectors; all other boundaries
absorb rays. No atmospheric attenuation is modeled for simplicity (expected to be negligible for the present configuration).
Rays are advanced with a 0.5ms time step until they reach the domain boundaries.

For post-processing, ray positions (gx,qy)> Prms>» Phase (¢), and reflection counts are extracted from COMSOL
and processed in maTLAB (The MathWorks, Inc., Natick, MA). Because the ray-tracing computation is two-dimensional,
Prms values are corrected for three-dimensional spreading by dividing by /7,”*” where r denotes the propagation distance.
Subsequently, the ray data are grouped by reflection count. The complex pressure for each group is then independently
interpolated onto a 5m grid and coherently summed to compute the final p,y,; field for each velocity snapshot.

St vy 2T 920C UdJeN T

3. Results

First, this section evaluates turbulence and acoustic time scales to assess the validity of the frozen-flow assumption used in
ray tracing. Then, noise variability is examined through statistical metrics and transient signals at representative probe
locations.

3.1 Turbulence and sound propagation time scales

The temporal spacing of velocity snapshots for ray tracing is determined from the velocity decorrelation time, defined as
the lag tg_;/, at which the autocorrelation function falls below 1/e [Fig. 2(a)]. To assess the frozen-flow assumption, the
ratio tp—/, /tsound s also evaluated [Fig. 2(b)], where tyounq is the acoustic travel time from the source to each spatial loca-
tion, assuming a constant sound speed of 343 m/s.

JASA Express Lett. 6 (3), 032801 (2026) 6,032801-3
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Fig. 2. Velocity decorrelation analysis and assessment of the frozen-turbulence assumption for ray tracing.

Across most of the building wake, decorrelation times are 1-2's [Fig. 2(a)]. Shorter times occur within the turbu-
lent wake, where vortex shedding and shear-layer instabilities accelerate the breakdown of coherent structures, whereas lon-
ger values appear in weakly disturbed regions outside the wake and near the building. Upstream of the building, a horse-
shoe vortex forms near the ground at X/H ~ —0.5, producing locally reduced decorrelation times.

Based on these time scales, velocity snapshots are sampled every 0.5s for ray tracing using the fine-resolution
simulation, enabling reconstruction of sound-level time histories over the 40 s analysis window, whereas a coarser temporal
sampling of every 1s over a 70s window, based on the coarse-resolution flow field, is used for statistical analyses. Given
dominant velocity decorrelation times of 1-2s, this reduced sampling frequency remains sufficient to obtain statistically
converged estimates of equivalent continuous sound level and temporal noise variability. However, because the velocity
field is only captured at discrete 0.5s intervals, eddies evolving on time scales shorter than 1s cannot be properly resolved
(Nyquist criterion) and also violate the frozen-turbulence assumption underlying the ray-tracing approach. To mitigate
aliasing from these unresolved small-scale structures, the acoustic energy (p?,,) time series obtained from ray tracing are
filtered using a moving-average window whose length corresponds to the local velocity decorrelation time (tz—y/.). This fil-
tering suppresses unresolved high-frequency fluctuations while retaining variability associated with larger turbulence struc-
tures. All subsequent statistical metrics and transient signals are computed from the filtered signals.

The ratio tp_; /5/ tiound €xceeds five throughout most of the domain and remains above five even within the
wake, except in localized regions [Fig. 2(b)]. These results indicate that acoustic propagation occurs on time scales much
shorter than turbulence evolution, supporting the validity of the frozen-flow assumption for the present ray-tracing
analysis.

St vy 2T 920C UdJeN T

3.2 Noise variability

Noise variability predicted by ray tracing with frozen flow fields is evaluated by comparison with the LB-VLES reference
solution. Fine- and coarse-resolution flow fields are used for ray tracing to assess whether computationally inexpensive tur-
bulence data are sufficient to reproduce statistical noise-variability metrics. Transient sound-level signals are then examined
using ray tracing based on the fine-resolution flow field and compared against the LB-VLES reference at representative
probe locations.

Statistics. The equivalent continuous sound level, L., is computed from the ensemble of N samples as
Leq = 10log((1/N) PR Dims.i/Preg)- To assess temporal variability, exceedance levels Ly and Lo are extracted from the
distribution of instantaneous sound pressure level (SPL) values (L;), where L; = 2010g,,(Prms,i/pPref). This variability is
quantified through the inter-percentile range (Lo — Loo).

The resulting contours of L.y and Ljg — Loy are displayed in Fig. 3 for (i) the LB-VLES reference, (ii) ray tracing
based on the fine-resolution flow field, and (iii) ray tracing based on the coarse-resolution flow field. In the full-wave LB-
VLES solution, the building casts a clear acoustic shadow upstream; however, finite SPLs and non-negligible variability are
still observed in this region as a result of diffraction at the building edges and scattering by turbulent structures. In con-
trast, geometrical ray tracing yields no solution in this region because neither direct nor reflected rays reach it."""’
The plots are, therefore, overlaid with limiting rays, indicating the upstream shadow region (black dashed line) and the
farthest ground-reflected ray (red dashed lines). Key features consistently observed across the fields are annotated with
letters (a)—(j) for Leq and (a)-(1) for Lig — Loo].

The Leq fields show similar acoustic patterns for both methods [Figs. 3(a) and 3(b)]. Near the building top edge
(a), the contour shapes are comparable, although ray tracing predicts slightly higher levels. Above the building, alternating
high- and low-level fringes [(b), (c)] appear in both methods due to interference between direct and ground-reflected
waves, with somewhat stronger levels predicted by ray tracing. Close to the source [(d)-(f)], both methods yield similar L,
values and contour shapes. Directly below the source, interference between the direct and ground-reflected paths produces

JASA Express Lett. 6 (3), 032801 (2026) 6,032801-4
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Fig. 3. Comparison of equivalent sound levels (L.q) and sound-level variability (Ljyp — Log) predicted by LB-VLES and ray tracing using fine-
and coarse-resolution flow fields.

alternating high (g) and low (h) regions. Although these features are present in both approaches, ray tracing predicts a
broader high-level zone (g) with a slight upward shift of the adjacent low-level region (h). Further downstream, interfer-
ence fringes [(i), (j)] exhibit consistent spatial trends in both methods. Ray tracing based on the coarse-resolution flow field
[Fig. 3(c)] reproduces these trends nearly identically, demonstrating that coarse flow fields are sufficient to capture the Leq
distribution.

The Ljp — Lo fields [Figs. 3(d) and 3(e)] exhibit close agreement between ray tracing and the LB-VLES reference.
All key features [(a)-(I)] are reproduced with similar spatial structure, although some differences in variability magnitude
are observed. Ray tracing based on the fine-resolution flow field tends to underestimate variability, particularly outside the
wake region. This behavior is attributed to the larger velocity decorrelation times in these regions [Fig. 2(a)], which result
in wider smoothing windows and, therefore, reduced fluctuation levels. Nevertheless, the coarse-flow-field results reproduce
most of the spatial features present in the LB-VLES reference solution [Fig. 3(f)], indicating that the variability metric
Lyp — Lo can be estimated using computationally inexpensive coarse-flow-field datasets.

Transient signal. Transient sound-level signals are analyzed to evaluate whether ray tracing captures the temporal
evolution of turbulence-induced noise variability, where time histories are expressed as (L; — Leq), where L; is the instanta-
neous sound level. This analysis uses ray tracing based on the fine-resolution flow field only because the coarse simulation
is not temporally synchronized with the LB-VLES reference and is, therefore, unsuitable for instantaneous comparisons.
The analysis is performed at nine probe locations formed by combining three streamwise positions (X/H = 0.6, 2.0, and
3.5, which refer to near the building, aligned with the source, and downstream, respectively) and three vertical positions
(Y/H = 0.2, 1.0, 2.5, which refer to close to the ground, within the shear layer, and above the source, respectively). In
Fig. 4, the plots are arranged with streamwise position increasing from left to right and vertical position decreasing from
top to bottom; each plot displays the ray-tracing signal (solid line) alongside the LB-VLES reference (dotted line).
Agreement between the two signals is quantified using the Pearson correlation coefficient.

At Y/H = 2.5 (top row), the probe upstream of the source (X/H = 0.6) shows good agreement (r = 0.66),
where the ray-tracing signal follows the overall LB-VLES trend, albeit with higher amplitude. Directly above the source
(X/H = 2.0), the correlation drops to r ~ 0.00 because the observer lies within the acoustic near field (less than eight
acoustic wavelengths), where geometrical ray tracing cannot accurately represent wave effects.”” Further downstream
(X/H = 3.5), moderate agreement is recovered (r = 0.46), indicating that the dominant variability trends are reproduced.

Within the shear-layer region (Y/H = 1.0, middle row), a very good agreement is observed at X/H = 0.6
(r = 0.89), indicating that the ray-tracing solution closely reproduces turbulence-driven noise fluctuations. Downstream
locations also show good agreement (r = 0.64 at X/H = 3.5), whereas at X/H = 2.0, the correlation becomes negative
(r = —0.40) as a result of a phase shift between the two signals. This shift arises from small differences in predicted inter-
ference patterns associated with the expanded high-SPL region [(g) in Fig. 3(b)] in the ray-tracing solution.
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Fig. 4. Temporal evolution of sound-level fluctuations (L; — Leq) at selected probe locations, comparing LB-VLES reference results with ray-
tracing predictions based on fine-resolution frozen flow-field snapshots.

Near the ground (Y/H = 0.2, bottom row), good agreement is observed at X/H = 0.6 (r =0.65), and
X/H = 3.5 (r = 0.64). However, ray tracing significantly underestimates the variability amplitude at X/H = 0.6 due to the
shift of the interference pattern. At X/H = 2.0, the correlation remains weak (r = —0.24), reflecting phase differences
caused by shifts in constructive and destructive interference patterns close to the ground.

Overall, the correlation analysis indicates that ray tracing reproduces the dominant temporal trends of
turbulence-induced acoustic variability at most observer locations (r = 0.46-0.89), where discrepancies are primarily near
the source line (X/H = 2) attributed to near-field effects and interference-pattern shifts.

4. Concluding remarks

This study demonstrates that acoustic ray tracing based on instantaneous frozen flow-field snapshots provides an efficient
and reliable approach for estimating turbulence-induced noise variability in urban air mobility scenarios. Analysis of turbu-
lence decorrelation times relative to acoustic propagation times confirms that for the present configuration, the frozen-flow
assumption is valid throughout most of the building wake.

Comparison with a fully resolved, three-dimensional wave-based LB-VLES reference solution shows that acoustic
ray tracing combined with frozen turbulent flow-field snapshots reliably reproduces turbulence-induced noise variability.
The method captures the spatial distributions of the equivalent sound level (L) and variability metric (Lip — Log) with
good fidelity, and these statistical metrics are shown to be insensitive to flow-field resolution. This indicates that computa-
tionally inexpensive coarse simulations are sufficient provided that the dominant turbulence scales are resolved.
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Analysis of transient sound-level fluctuations further shows that the dominant temporal trends driven by large-
scale turbulence are reproduced, with moderate to strong correlation between ray-tracing predictions and LB-VLES refer-
ence at most observer locations.

Overall, the proposed hybrid framework replaces prohibitively expensive fully coupled aeroacoustic simulations
with a reusable and significantly cheaper turbulent flow-field dataset generation step followed by ray-tracing calculations,
making it a practical and scalable tool for assessing turbulence-induced contributions to urban noise propagation.
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