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ABSTRACT

For the benchmark simulation of flow past a stationary body, dipole source constitutes the principal noise-generating mechanisms. However,
in underwater environments, the extremely low signal-to-noise ratio (SNR) renders experimental noise measurements particularly challeng-
ing, making it quite difficult to obtain accurate results. To address this limitation, the present study employs the noise conversion exponents
Na and Nu, thereby extending existing noise conversion methodologies of different Mach numbers for noise conversion between two differ-
ent media. These exponents are applied to enable mutual conversion between low-Mach-number aerodynamic noise and hydrodynamic noise
at identical Reynolds numbers, allowing high-SNR aerodynamic acoustic experimental data to be leveraged for more reliable hydrodynamic
noise prediction. In this work, the open-source solver OpenFOAM is employed to simulate flow past a circular cylinder, and dynamic mode
decomposition in conjunction with wavelet analysis is utilized to perform both qualitative and quantitative investigations of hydrodynamic
and aerodynamic flow-induced noise. The similarities and differences between the two cases are examined in detail in both the flow field and
the acoustic field. The noise conversion exponents Na and Nu are then applied to achieve effective cross-domain noise conversion. Results
indicate that, for observers with identical radii but different azimuthal positions, the Nu facilitates accurate conversion from aerodynamic
noise to hydrodynamic noise, whereas for observers with identical azimuthal positions but different radii, the Na works. The proposed noise
conversion exponents thus provide a valuable framework for predicting underwater noise from wind tunnel acoustic measurements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0302360

I. INTRODUCTION

Flow-induced noise is prevalent in engineering fields such as
aerospace, marine propulsion, and underwater vehicles, acting as a key
factor affecting structural fatigue life and acoustic stealth perfor-
mance.1–3 As the demand for enhanced acoustic stealth in underwater
equipment such as submarines continues to rise, accurate prediction
and control of hydrodynamic noise become increasingly crucial.
However, the unique characteristics of the underwater environment,
such as high background noise, low compressibility of the medium,
and complex sound propagation characteristics, pose significant chal-
lenges to high-precision experimental measurements of hydrodynamic
noise.4,5 Consequently, experimental results are limited, and existing
studies predominantly rely on high-fidelity numerical simulations.

Compared with underwater noise measurements, aerody-
namic noise testing in wind tunnels has reached a relatively mature

stage,6–8 encompassing well-established theoretical frameworks,9–11

advanced numerical simulation methods,12–14 and experimental mea-
surement techniques.15,16 According to the Ffowcs Williams–
Hawkings (FW–H) equation,17 the sound source terms are categorized
into monopole, dipole, and quadrupole components. For a stationary
object, there is no monopole sound source term. For the aeroacoustics
field with a Mach number (Ma) lower than 0.2, quadrupole can usu-
ally be neglected. Nitzkorski and Mahesh18 compared the results of
direct numerical simulation (DNS) with those obtained from surface
integrals accounting solely for dipole contributions and found strong
agreement between them. Zheng19 took the dipole sound sources as
the actual sound sources to analyze the aerodynamic noise generated
by tandem circular cylinders immersed in a three-dimensional turbu-
lent flow. Good comparisons are obtained between numerical results
and Basic Aerodynamic Research Tunnel (BART) experimental data
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published by NASA. Furthermore, the directivity patterns presented
in Refs. 20–22 displayed dipole-like characteristics, further confirming
that in aerodynamic noise with lowMa, quadrupole contributions are
relatively minor, with dipoles being the dominant source which are
related to wall pressure fluctuation.23–25

Flow field similarity is governed by the Reynolds number (Re).26

When Re is identical, the non-dimensional flow field statistics of
hydrodynamic and low-Mach-number aerodynamic flows, which can
be regarded as incompressible, are generally consistent. For instance,
Fan et al.27 compared numerical results of hydrodynamic flow past a
cylinder at Re¼ 3900 with experimental results28 of aerodynamic flow
past a cylinder at the same Re, revealing agreement in key flow features
such as lift and drag coefficients (Cl, Cd), Strouhal number (St), and
wake velocity profiles. Liu et al.29 compared hydrodynamic cylinder
flow at Re¼ 3900 with aerodynamic numerical simulation,30 and the
result is also the same. While these investigations validated the consis-
tency of time-averaged statistical quantities between aerodynamic and
hydrodynamic flows at the same Re, they fell short of providing sys-
tematic comparative analyses of transient flow structures, such as vor-
tex shedding and pressure fluctuation patterns for air and water with
the same Re. Furthermore, the significant differences in density, viscos-
ity, and sound propagation speed between water and air lead to a pro-
nounced difference in Mach number even under similar flow
conditions. This, in turn, leads to markedly distinct acoustic field char-
acteristics, especially in the far field due to differing propagation and
radiation mechanisms. Jacob and Bhattacharyya31 compared hydrody-
namic and aerodynamic cylinder flow at Re¼ 19 800 and found that
while hydrodynamic noise levels were higher, they decayed more rap-
idly with distance. The study by Poggi et al.32 also confirmed the
strong influence of the Mach number on noise radiation magnitude
and directivity. This observation aligns with the Farassat 1A formula-
tion33 of the FW–H equation, which indicates that sound propagation
is dependent on the local Mach number in the direction of propaga-
tion. As a result, although aerodynamic and hydrodynamic flows may
exhibit similar flow fields, their acoustic characteristics, including radi-
ation efficiency, directivity, and spectrum, can differ substantially.

In recent years, there exists some research in noise conversion for
aerodynamic flows of different Mach numbers. The study of Jiang
et al.34 demonstrated that squared acoustic pressure scales approxi-
mately with the fifth power of the Mach number and shows minimal
dependence on the observer’s position. For thicker airfoils, this scaling
law provides better sound predictions than flat plate theory. Turner
and Kim35 proposed noise conversion formulas for flows of different
Mach numbers, with Na and Nu as conversion exponents based on
different non-dimensional Strouhal numbers. However, their study
was limited to comparisons at four specific observer angles for
medium-Mach-number aerodynamic airfoils, without clearly defining
the applicability conditions of the proposed exponents. Since aerody-
namic and hydrodynamic noise essentially correspond to flows with
different Mach numbers, and particularly because low-Mach aerody-
namic flows can be regarded as incompressible, like hydrodynamic
flows, the primary distinction lies in the Mach number itself.
Theoretically, this suggests that conversion methods based on Mach
number differences could be applicable to aerodynamic–hydrody-
namic noise conversion. This paper extends prior efforts by clearly
defining the application scenarios for Na and Nu, applying them
to full-field noise observers, and achieving effective quantitative

conversion between aerodynamic and hydrodynamic noise, offering a
deeper exploration than studies limited to a few angles.

In this study, flow past a circular cylinder at Re¼ 3900 is simu-
lated as the research subject. It is a well-established benchmark case in
fluid dynamics and aeroacoustics, providing high-quality reference
data for model validation. More importantly, the wake exhibits a fully
formed von K�arm�an vortex street and strong fluctuating lift forces,
resulting in dipole-dominated noise, which is exactly the physical con-
dition relevant to our study. The geometric model remains identical in
both aerodynamic and hydrodynamic flow simulations, with an aero-
dynamic Mach number of 0.2 and a hydrodynamic Mach number of
0.003. A high-fidelity three-dimensional transient numerical model is
established based on the OpenFOAM open-source solver. The turbu-
lence model is based on wall-modeled large eddy simulation
(WMLES), coupled with a non-equilibrium ODE-based wall model
(NEQWM) to accurately capture near-wall flow behavior. Dynamic
mode decomposition (DMD) is employed for qualitative and quantita-
tive analysis of dipole modes in both aerodynamic and hydrodynamic
flows. The far-field noise is computed using the surface integral
method of the FW-H acoustic analogy equation. Computational
results are quantitatively compared, and wavelet decomposition is
applied to investigate the propagation characteristics of aerodynamic
and hydrodynamic noise. The noise conversion formulas for flows of
different Mach numbers proposed by Turner and Kim35 are extended
to full-field cross-medium noise conversion in this paper, enabling the
conversion between low-Mach-number hydrodynamic noise and
incompressible-flow aerodynamic noise. This approach allows wind
tunnel experimental results to be used for predicting hydrodynamic
noise at the same Re.

Finally, the paper is organized as follows: Sec. II introduces the
numerical methodology, including the NEQWM model for WMLES
and the FW-H equation. Section III presents and analyzes the results
in depth, covering the fundamental similarities and differences
between aerodynamic and hydrodynamic noise in terms of flow field
statistics, dipole sound sources, and acoustic field characteristics, and
further explores the quantitative relationship between them. The final
conclusions are drawn in Sec. IV.

II. NUMERICAL METHODOLOGY
A. Large eddy simulation

The fundamental concept of LES is to apply spatial filtering to the
Navier–Stokes (N–S) equations using a filtering function. Large-scale
turbulent fluctuations are resolved directly through numerical compu-
tation, while the effects of small-scale fluctuations on the large-scale
motions are modeled using sub-grid-scale stress (SGS) models. After
applying spatial filtering to the N–S equations, the governing equations
suitable for LES can be obtained as follows:

@~ui

@t
þ @~ui~uj

@xj
¼ � 1

q
@~p
@xi

þ �
@2~ui

@xj@xj
� @sij

@xj
; (1)

@~ui

@xi
¼ 0: (2)

Here, ~ui denotes the velocity components after spatial filtering,
with i¼ 1, 2, 3 corresponding to the x1, x2, and x3 directions, respec-
tively. ~p is the pressure field after spatial filtering. � represents the

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 125122 (2025); doi: 10.1063/5.0302360 37, 125122-2

Published under an exclusive license by AIP Publishing

 04 D
ecem

ber 2025 17:14:00

pubs.aip.org/aip/phf


kinematic viscosity of the fluid. sij is the SGS tensor, which can be fur-
ther expressed in the following form:

sij ¼ 2
3
ksgsdij � 2�sgs~Sij; (3)

where ksgs is the SGS kinetic energy, ~Sij is the resolved strain-rate ten-
sor, dij is the Kronecker delta, and �sgs is the SGS eddy viscosity.

B. Wall stress model

Wall-resolved large eddy simulation (WRLES) requires extremely
fine grid resolution within the boundary layer to accurately capture
near-wall turbulence at high Re. In contrast, WMLES offers an effective
solution by reducing computational cost while maintaining accuracy.
In this study, a WMLES approach based on NEQWM is employed.
The wall shear stress is expressed as follows:

swi ¼ l
@ui
@x2

����
x2¼0

¼ qðh
0

dx2
� þ �s

uhi � Fi

ðh
0

x2dx2
� þ �s

( )
; (4)

Fi ¼ 1
q
@p
@xi

þ @ui
@t

þ @

@xj
uiujð Þ: (5)

Here, Uhi denotes the sampled velocity at a distance h from the
wall. According to the study by Fan et al.,27 setting h¼ 2 provides a
good simulation of the flow field.

C. FW–H equation

The acoustic analogy equation employs the FW-H equation, and
the Farassat 1A formula is its commonly used integral form solution.
The acoustic pressure is obtained by summing the thickness noise
derived from the monopole term and the loading noise derived from
the dipole term, as follows:

pT 0 ¼ 1
4p

ð
f¼0

q1ð _Un þ UnÞ
rð1�MrÞ2

" #
ret

dS

0
@

þ
ð
f¼0

q1Un r _Mr þ c0ðMr �M2Þ
� �
r2ð1�MrÞ3

" #
ret

dS

!
; (6)

pL0 ¼ 1
4pc0

ð
f¼0

_Lr

rð1�MrÞ2
" #

ret

dSþ
ð
f¼0

c0ðLr � LMÞ
r2ð1�MrÞ2

" #
ret

dS

0
@

þ
ð
f¼0

Lr r _Mr þ c0ðMr �M2Þ
� �

r2ð1�MrÞ3
" #

ret

dS

!
: (7)

f ðx; tÞ ¼ 0 defines the surface of the solid body. r is the magnitude of
the vector from the source point to the observer.M is the Mach num-
ber, defined asM¼ v/c0, where v is the velocity of the surface and c0 is
the speed of sound.Mr is the Mach number in the radiation direction.
A dot over a variable denotes differentiation with respect to time. The
subscript “ret” denotes the retarded time. Un and Li are defined as
shown in Eq. (8), where dij is the Kronecker delta, un represents local
normal velocity of the flow, and vn represents local normal velocity of
the surface. Lr is the component of Li in the radiation direction and LM

represents a Mach-number-related correction term, which is obtained
as the inner product of Li with the local Mach number vectorMi,

Un ¼ 1� q
q1

� �
vn þ qun

q1
;

Li ¼ pdijnj þ quiðun � vnÞ
� �

:

8>><
>>: (8)

D. Numerical setup

The coordinate system is set with the x axis pointing in the
incoming flow direction and the z axis representing the spanwise
direction. An O–H composite grid topology was employed in the com-
putational domain spanning �15< x/D< 30, �15< y/D< 15, and
�p=2< z/D <p=2, as shown in Fig. 1. Within the range of r¼ 7.5D,
an O-shaped grid with high orthogonality is adopted. D refers to the
diameter of the cylinder, which is 0.00086 m. The grid parameteriza-
tion in the x–y planes followed the methodology established by Fan
et al.,27 with expansion ratios set at 1:6 for regions 1, 3, 5, and 7 as illus-
trated in Fig. 2. For the O-shaped grid, the circumferential mesh num-
ber is 240 and the radial mesh number is 200. The height of the first
layer of mesh cells normal to the wall is 5.5� 10�3D. The maximum
values of yþ, lþ, and sþ are 3.28, 5.69, and 89.79, respectively, and the
total number of the mesh is 1.28 million. Particular attention is given
to maintaining natural grid transitions and ensuring uniform grid dis-
tribution along the z direction. Although the x–y plane mesh is
designed based on the setup of Fan et al.27 and is therefore considered
reliable, the x–y mesh sensitivity analysis has been included in the
Appendix for completeness.

In this study, the linear upwind stabilized transport (LUST)
scheme is employed in the simulation. For the temporal discretization,
a second-order implicit backward differencing scheme is adopted. The
diffusion term is handled using a Gaussian linear conservative scheme.
Pressure–velocity coupling is resolved through the PIMPLE algorithm.

III. RESULTS AND DISCUSSION
A. Study of spanwise grids and boundary conditions

According to the research,36,37 the number of grids in the z direc-
tion and the boundary conditions have a significant impact on the sim-
ulation of the flow field. The settings of the spanwise grid and the
statistics of the time-averaged flow field, including drag coefficient

FIG. 1. Computational domain.
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(Cd), base pressure coefficient (�Cpbase), and Strouhal number (St), are
shown in Table I. They are defined as

Cd ¼ Fd
1
2
q1U2

1A
; (9)

Cp ¼ p� p0
1
2
q1U2

1
; (10)

St ¼ fD
U1

: (11)

Here, Fd is the force acting on the cylinder in the x direction, q1
is the undisturbed far-field density of flow, U1 is the incoming flow
velocity, A is the lateral projected area, p is the wall pressure, p0 is the
undisturbed far-field pressure, f is the frequency of the vortex shed-
ding, andD is the diameter of the cylinder.

Given the critical role of the simulation of wake in acoustic field
prediction, time-average profiles of the wake in different cases are
shown in Figs. 3–6. All parameters are nondimensionalized using the
flow velocity U1 or U2

1. The results were compared with the experi-
mental values of Parnaudeau et al.28 and the DNS results of Li et al.38

For clarity of presentation, only representative flow field visualizations
exhibiting substantial disparities are displayed, focusing on key differ-
entiating features between cases.

Numerical investigations reveal superior flow field resolution at
z-directional grid density Nz¼ 22, demonstrating optimal balance
between computational accuracy and resource allocation. Parametric
analysis indicates a monotonic relationship between spanwise grid
refinement and aerodynamic coefficients: both drag coefficient (Cd)
and base pressure coefficient (�Cpbase) exhibit decreasing trends with
grid augmentation. This is mainly due to a slight overestimation of the

length of the recirculation zone, which in turn leads to a relatively low
drag coefficient, consistent with the earlier reports.27,39–41

Implementation of cyclic boundary conditions introduces mea-
surable deviations for Cd and Cpbase, yet maintains physical validity
within acceptable error thresholds compared with DNS.38 Notably, the
flow field data in the wake have been greatly improved, especially the
Reynolds stress compared with Fan et al.27 The refined stress field res-
olution enables more precise source localization,42 critical for broad-
band noise prediction in wake-dominated flows.

Figure 7 compares the acoustic results of two cases with different
spanwise boundary conditions, computed via the surface integral. A
near-field upstream observer and a far-field observer are selected, with
positions of 1.96D, 130�, in polar coordinates and –1.2D, 16.2D, in
Cartesian coordinates, respectively. The ordinate is the nondimension-
alized power spectral density, as shown in Eq. (12). In this context, F
denotes the Fourier transform, F refers to the complex conjugate of F,
fs indicates the frequency resolution, and nfft represents the total num-
ber of data used in the Fourier transform. Pressure is nondimensional-
ized using the sound speed and density, while frequency is
nondimensionalized using the sound speed and the diameter of the
cylinder.

The results are benchmarked against the DNS results from Li
et al.38 and the surface-integral-based data from Zhou et al.43 It
can be found that after changing the boundary conditions to cyclic,
the noise fits better in the high-frequency part. This enhancement
correlates with improved Reynolds stress predictions, a critical
mechanism for high-frequency noise generation dominated by tur-
bulent stress fluctuations.

Following systematic evaluation of grid sensitivity and boundary
impacts, the Case D configuration (featuring optimized mesh topology
and cyclic boundary conditions) was selected for subsequent investiga-
tions. This decision prioritizes its demonstrated capability to resolve

FIG. 2. Mesh refinement in x–y plane.

TABLE I. Mesh setup and the time-averaged flow quantities.

Case Grid number in z direction Spanwise boundary condition Cd �Cpbase St

A 30 Symmetry 0.987 0.845 0.206
B 22 Symmetry 1.002 0.889 0.206
C 21 Symmetry 1.06 0.912 0.198
D 22 Cyclic 1.1 0.97 0.209
Parnaudeau et al.28(Exp) � � � � � � 0.99 0.88 0.208
Li et al.38 (DNS) � � � � � � 1.04 0.94 0.205
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FIG. 3. Mean resolved Reynolds stress
u0v0 at x/D¼ 1.06, 1.54, and 2.02.

FIG. 4. Mean resolved Reynolds stress
v0v0 at x/D¼ 1.06, 1.54, and 2.02.
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FIG. 6. Mean transverse velocity profiles at x/
D¼ 3.0, 4.0, and 5.0.

FIG. 5. Mean streamwise velocity profiles at x/
D¼ 3.0, 4.0, and 5.0.
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both aerodynamic and aeroacoustics phenomena with balanced com-
putational fidelity, particularly critical for capturing broadband noise.

PSD ¼ 2 � Fðp0ÞFðp0Þ=ðfs � nfftÞ: (12)

B. Comparison of hydrodynamic and aerodynamic
results

Numerical investigations of hydrodynamic circular-cylinder flows
were conducted through changing the incoming flow velocity while
maintaining constant Re. The grid and numerical schemes for the
hydrodynamic case are the same as those of the aerodynamic one. The
configurations of the two cases are shown in Table II. The incoming
velocities are 68 and 4.535m/s for the aerodynamic and hydrodynamic
cases, respectively. In order to fully develop the flow field, 250 vortex
shedding cycles were simulated.

The Mach number of the aerodynamic flow is 0.2, falling within
the low-Mach-number regime. According to the research of Xue
et al.,44 for the flow with a Mach number less than 0.2, the influence of
compressibility can be disregarded. As shown by Figs. 8 and 9, the
results were compared with those from previous studies.28,38,45 It dem-
onstrates minimal divergence in normalized velocity profiles and pres-
sure distributions between aerodynamic and hydrodynamic cases. The
results are dimensionless by density and incoming flow velocity of air
and water, respectively.

While the hydrodynamic and aerodynamic cases exhibit compa-
rable flow field characteristics, their acoustic results show pronounced
discrepancies due to orders-of-magnitude disparity in Mach numbers.
Table III shows the root mean square (RMS) of sound pressure at three
different observers, namely, the upstream observer in the near-field
(1.96D, 130�), the downstream observer in the near-field (2.5D, 20�),
and the far-field observer (–1.2D, 16.2D). The results are dimensionless
by density and incoming flow velocity of air and water, respectively.

Comparative analysis reveals that for the near-field observers, the
order of magnitude of the dimensionless values of the hydrodynamic

noise and the aerodynamic noise is comparable, while in the far-field,
the dimensionless RMS of the hydrodynamic noise is only 0.2 times
that of the aerodynamic noise. To further investigate the far-field
acoustic characteristics, 36 observers are uniformly distributed at

FIG. 7. The frequency spectrum of the
acoustic data.

TABLE II. Computational configuration information of aero and hydro cases.

Case Incoming velocity U1(m/s) Ma DtU1=D

Aerodynamic 68 0.2 0.0198
Hydrodynamic 4.535 0.0032 0.011

FIG. 8. Mean streamwise velocity profiles at y/D¼ 0.

FIG. 9. Time-averaged pressure distribution on the cylinder surface.
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r¼ 23.06D, and the corresponding acoustic directivity pattern is pre-
sented in Fig. 10. The radial axis represents the dimensionless RMS of
the acoustic pressure. In the farther far field, the dimensionless
acoustic pressure generated by hydrodynamic noise is significantly
lower than that of aerodynamic noise, and its directivity is also
much less pronounced. In the following, an analysis is conducted
from the perspectives of sound sources and sound propagation to
investigate the underlying reasons for the differences in near-field
and far-field noise characteristics between aerodynamic and
hydrodynamic cases.

C. Analysis of the source term

In this work, dynamic mode decomposition is employed, rank-
ing mode energies at different frequencies from highest to lowest.
The first three modes between the hydrodynamic and aerodynamic
cases are compared as shown in Fig. 11. The first mode is the mean
mode, corresponding to a frequency of zero. Dipole sound pressure
exhibits a figure-eight distribution, with opposite signs on either
side of the wall and maximum values occurring near the wall. This is
directly related to the directional variation of the unsteady lift on the
object’s surface. The first-mode sound pressure levels of the hydro-
dynamic and aerodynamic cases are of comparable magnitude, with
the hydrodynamic case being slightly higher. This indicates that, for
sound radiation generated by steady-state components, the two
cases have similar intensities, with the hydrodynamic case having a
slight advantage. The key differences lie in the higher-order modes.
In the hydrodynamic case, the sound pressure of higher-order modes
decreases rapidly with increasing mode order, with magnitudes far lower
than that of the first mode. In contrast, while the higher-order modes in
the aerodynamic case also decay, their relative strengths are significantly

higher than those in the hydrodynamic case. In other words, the hydro-
dynamic case is overwhelmingly dominated by the mean mode, with
dipole sound radiation energy concentrated mainly in the low-
frequency components and high-frequency contributions being negligi-
ble. In the aerodynamic case, although the mean mode still has the high-
est energy, the higher-order modes, particularly the first few, make non-
negligible contributions. This is because the high-frequency wall pres-
sure fluctuations are closely related to the interaction of small-scale shed-
ding vortices with the wall surface as shown in Fig. 12. These small
vortices rapidly dissipate kinetic energy through viscous effects, while
the fluid in the hydrodynamic case has higher density and viscosity,
making them inefficient at converting into radiated acoustic energy. As
a result, dipole sources in hydrodynamic noise exhibit a strongly low-
frequency and steady-state dominant characteristic.

Figure 13 presents contour maps of the root-mean-square wall
pressure fluctuations for both cases. The maximum fluctuations
occur at approximately 100� and 260�, which are closely associated
with the regions of flow separation, enhanced shear-layer instability,
and the onset of vortex shedding in the classic circular-cylinder
wake. These regions also correspond to the directions of strongest
sound pressure radiation identified in the Doppler-effect analysis.
From 100� to 260�, corresponding to the upstream side of the cylin-
der, the pressure fluctuations are relatively weak and the flow
remains laminar. Figure 14 shows the coherence spectra between
the acoustic signals at seven observers located from 0� to 180�, and
the strongest wall pressure signal at 100�. Coherence quantifies the
degree of linear correlation between signals in the frequency
domain. In both the hydrodynamic and aerodynamic cases, observer
0�, located farthest downstream, exhibits the lowest coherence, with
peak values well below 0.5. This indicates that the wall pressure fluc-
tuations at 100� have almost no direct influence at this location,
which may partly explain the very low sound pressure levels at 0� in
the directivity pattern. Although the coherence at 180� is relatively
high, dipole radiation propagates primarily perpendicular to the
incoming flow, so its sound pressure levels are also small. In the
aerodynamic case, the coherence spectra exhibit clearer peak fea-
tures, indicating a strong association between the sound field and
wall pressure fluctuations at specific frequencies. In contrast, the

TABLE III. The dimensionless value of the RMS of sound pressure.

Case (1.96D, 130 �) (2.5D, 20 �) (�1.2D, 16.2D)

Aerodynamic 0.0121 0.0166 4.05� 10–4

Hydrodynamic 0.0114 0.0159 8.25� 10–5

FIG. 10. Acoustic directivity diagram at
r¼ 23.06D.
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hydrodynamic case shows less distinct peak features in the coher-
ence spectra, with the coherence at 0� nearly approaching zero. The
coherence at 180� is also slightly lower than that at most other
observers.

D. Analysis of sound propagation

To investigate the phenomenon of sound propagation with dis-
tance, observers are placed at a polar angle of h ¼ 1308, with radii of
1.96D, 23.06D, 40D, 60D, 80D, 100D, 120D, and 140D. Figure 15 is a

FIG. 11. Mode decomposition of dipole.

FIG. 12. Isosurface of vorticity with OmegaR¼ 0.62.
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plot of sound pressure vs radial distance, revealing that hydrodynamic
noise decays rapidly with increasing distance.

This divergence is very likely to stem from fundamental differ-
ences in propagating acoustic pressure contributions between the two
regimes. According to the study by Li et al.,38 regardless of whether the
medium is water or air, the near-field fluctuating pressure can be
decomposed into two parts: the acoustic component that can propa-
gate to the far field and the hydrodynamic component, which decays
rapidly and is also referred to as pseudo-sound. To isolate near-field
hydrodynamic components from acoustic pressures easy to radiate,

the wavelet decomposition technique is implemented. Figures 16 and
17 present the decomposition results.

The pseudo-sound component is illustrated by the blue curves in
Figs. 16 and 17. The results of the wavelet decomposition are indepen-
dent of the choice of far-field observation location.38 In this study, the
same far-field observer as that used by Li et al.38 is adopted, with the
polar radius equals to 23.06D.

Spectral analysis of the decomposed pressure fields reveals dis-
tinct radiation mechanisms between aerodynamic and hydrodynamic
regimes. Although the pseudo-sound component dominates in both

FIG. 13. RMS of the fluctuated wall pressure.
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aerodynamic and hydrodynamic cases, for aerodynamic noise, the
upstream acoustic pressure is nearly comparable in magnitude to the
pseudo-sound component, which means that the sound pressure at
this location can be better transmitted to the far field. In contrast, the
downstream region is primarily dominated by pseudo-sound, with
only a negligible portion of acoustic pressure, suggesting viscous
dissipation rapidly attenuates pressure perturbations within 2–3 char-
acteristic lengths, effectively suppressing far-field radiation. For hydro-
dynamic noise, whether upstream or downstream, the proportion of
acoustic components is relatively small. This leads to the fact that the
far-field dimensionless RMS of sound pressure of hydrodynamic noise
is much smaller than that of aerodynamic noise.

E. Conversion between hydrodynamic
and aerodynamic noise outcomes

Turner and Kim35 proposed the Mach number scaling for dipoles
noise of different Mach numbers, where their ratio satisfies a power-

law relationship with the Mach number. The scaling is employed in
this paper to achieve the conversion between aerodynamic noise and
hydrodynamic noise. There are two exponents for conversion, namely,
Na and Nu, which each show certain advantages for observers at dif-
ferent angles. Na is a conversion exponent related to sound speed,
which satisfies the following relationship:

WðStaÞjMA

WðStaÞjMB

¼
�
MA

MB

�Na

; (13)

where W represents the sound power spectrum based on the Strouhal
number, as given by the following equation:

paðx; tÞ ¼ pðx; tÞ � pðxÞ; (14a)

paðx; f ;TÞ ¼
ðT
�T

paðx; tÞe2piftdt; (14b)

Sppaðx; f Þ ¼ lim
T!1

Paðx; f ;TÞP�
aðx; f ;TÞ

T
; (14c)

FIG. 14. Coherence between the acoustic
signals and the wall pressure fluctuation
signals at 100�.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 125122 (2025); doi: 10.1063/5.0302360 37, 125122-11

Published under an exclusive license by AIP Publishing

 04 D
ecem

ber 2025 17:14:00

pubs.aip.org/aip/phf


where � represents conjugate complex numbers

Wðh1; h2; f Þ ¼ Rb
q1a1

ðh2
h1

Sppaðh; f Þdh: (14d)

Among them, R is the distance from the center of the cylinder to
the noise observers, taken as 23.06D in this part, and b ¼ pD is the
spanwise length of the integral surface.

The other one isNu, which is based on the incoming flow velocity
and satisfies the following relationship:

WðStuÞjMA
�MA

WðStuÞjMB
�MB

¼ MA

MB

� �Nu

: (15)

The Strouhal number is defined as follows, respectively:

Sta ¼ fD=a1;

Stu ¼ fD=U1:

(
(16)

For comparison with Turner’s results, the definition of h1; h2
here is consistent with that in Turner’s paper, 10� less than h0 and 10�

more than h0, respectively, where h0 is the middle observer angle,
including 60�, 90�, 120�, and 150�. The results of Na for these angles
are shown in Fig. 18.

Owing to the structural symmetry of the cylinder, the values of Na
exhibit minimal variations across all observer angles. At every angle, a
conspicuous peak occurs around Sta¼ 0.04, indicating the maximum ratio
of aerodynamic to hydrodynamic noise at this dimensionless frequency.
As frequency increases, Na converges to a stable mean value of approxi-
mately 5, aligning closely with Turner’s reported Na for airfoil dipoles.

In contrast to Na, Nu demonstrates small variations across fre-
quencies. Turner’s study noted significant angular variations in Nu for
airfoils: Nu¼ 6 near the leading edge vs Nu¼ 2 at the trailing edge.
For cylinders, however, Nu shows limited angular dependence with a
mean value around 4 as shown in Fig. 19.

It is observed that Nu exhibits minimal variation across different
angles, enabling its use for aerodynamic–hydrodynamic noise conversion

FIG. 16. Wavelet decomposition of aero-
dynamic sound pressure.

FIG. 17. Wavelet decomposition of hydro-
dynamic sound pressure.

FIG. 15. RMS curve of sound pressure along radial positions.
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FIG. 18. Mach number scaling exponent
Na between aerodynamic and hydrody-
namic noise.

FIG. 19. Mach number scaling exponent
Nu between aerodynamic and hydrody-
namic noise.
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regardless of angular position. h2 ¼ h1 ¼ h0 is defined hereafter.
Here, we first arbitrarily select an angle of 60� as the reference.
Using the calculated Nu of R¼ 23.06D and h ¼ 60�, aerodynamic
noise is converted to hydrodynamic noise via Eq. (15) and compared

against actual hydrodynamic noise at the other 17 angles. Figure 20
demonstrates effective cross-angle conversion using Nu, with slight
discrepancies at low frequencies but excellent agreement at spectral
peaks, which is the most critical. This implies that Nu remains

FIG. 20. Comparison of the predicted hydrodynamic noise and the actual results at
observers with the same radius but different angles using Nu.

FIG. 21. Comparison of the predicted hydrodynamic noise and the actual results at
observers with the same radius but different angles using Na.
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effectively constant for fixed radius between different angles.
Knowledge of Nu at a single point thus suffices to determine aerody-
namic–hydrodynamic noise relationships at other locations with
constant radius, enabling rapid prediction of hydrodynamic noise
from aerodynamic data. Moreover, it can be observed that for a
given radius, the Nu values at different angular positions exhibit
only minor variations. Consequently, any angular position may
serve as a valid reference for conversion. While the present study
adopts the 60� position as the reference, alternative angles are
equally applicable.

However, this conversion requires extrapolation because the
hydrodynamic Strouhal number based on the velocity of incoming
flow exceeds the aerodynamic value. This induces high-frequency dis-
tortion necessitating data filtering, which truncates the usable fre-
quency range. Consequently, the predicted hydrodynamic noise
spectrum typically displays a reduced bandwidth compared to empiri-
cal results.

Based on the discussion of Fig. 18, Na seems to work too.
However, the apparent uniformity of Na across angles is actually
attributable to angular selection bias. In reality, Na values diverge sig-
nificantly across most angular positions, particularly at peak frequen-
cies. Results are presented in Fig. 21. The conversion within the ranges
of 30�–80� and 120�–160� shows good agreement if the Na in 60� is
taken as the reference, whereas deviations at other angular positions
are considerably larger. This contrasts with Nu, where the value at any

angle can be adopted as a reference. Therefore, Na is unsuitable for
noise conversion across different angular positions at the same radius
due to its angular dependence.

For observers at identical angular positions but varying radial dis-
tances, Na effectively achieves conversion between aerodynamic and
hydrodynamic noise. As observers at different radii are available solely
at h¼ 130� in the present study, the Na at 130� is adopted as the refer-
ence for the conversions in this part. Based on the Na value derived at
h¼ 130� and R¼ 23.06D, conversions were performed for other radial
positions R¼ 40D, 60D, 80D, 100D, 120D, and 140D. The predicted
hydrodynamic noise results demonstrate robust consistency when com-
pared against empirical data, as validated in Fig. 22. Crucially, unlike
the frequency-scaling challenge noted earlier, no extrapolation is
required here since the hydrodynamic Strouhal number based on the
sound speed is smaller than its aerodynamic counterpart in numerical
value. It is also observed that, for the same angular position, the Na val-
ues at different radii are nearly identical. In this part, R¼ 23.06D is
used as the reference, but other radii are equally applicable.

Consequently, we establish the law that for observers sharing
identical radius but differing angular positions, Nu achieves effective
conversion between aerodynamic and hydrodynamic noise. For
observers sharing identical angle but varying radial distances, Na
proves effective in this case.

By combining Na and Nu, full-field hydrodynamic noise predic-
tions can be derived using either parameter from a single point

FIG. 22. Comparison of the predicted hydrodynamic noise and the actual results at observers with the same angle but different radii using Na.
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alongside local aerodynamic data. This methodology is schematically
illustrated in Fig. 23, where red semicircles denote locations with
known aerodynamic noise and blue semicircles represent points pos-
sessing hydrodynamic noise data. Here, only the conversion from
R¼ 23.06D, h¼ 60� to R¼ 140D, h¼ 130� is presented. Observers at
other radii and angles can likewise be converted using this method.

For instance, to predict hydrodynamic noise at R¼ 140D,
h¼ 130� using data from R¼ 23.06D, h¼ 60�, the procedure is as fol-
lows. First, through the known hydrodynamic and aerodynamic noise
data at R¼ 23.06D, h¼ 60�, we could get conversion exponent Nu of
the positions with the same radius. Second, measure the aerodynamic
noise at h¼ 130�, R¼ 23.06D and h¼ 130�, R¼ 140D (readily obtain-
able). Then, convert the hydrodynamic noise at h¼ 130�, R¼ 23.06D
by the aerodynamic noise using Nu. Subsequently, derive Na at this
angular position using the converted hydrodynamic data and mea-
sured aerodynamic noise. Finally, apply this Na value to the aerody-
namic noise at h¼ 130�, R¼ 140D to obtain the predicted
hydrodynamic noise. Figure 24 compares the predicted and actual
hydrodynamic results, demonstrating excellent agreement.

This approach is expected to be highly effective for experimental
applications. Since aerodynamic noise data from wind tunnel tests are
readily obtainable, while hydrodynamic measurements often suffer
from inaccuracies due to low SNR, the conversion framework offers
significant practical value. Provided aerodynamic noise measurements
are available across the field (typically accessible in experiments),
selecting a strategically locate point with sufficient hydrodynamic SNR
allows accurate determination of either Na or Nu. This calibrated
parameter then enables prediction of hydrodynamic noise at any arbi-
trary position using local aerodynamic data, constituting the core prac-
tical significance of this conversion methodology. Notably, while this
paper focuses on Re¼ 3900, the proposed noise conversion framework
is not restricted to this Reynolds number. The formulation of Na and
Nu is dimensionless and based on Mach-number scaling, which
remains physically valid at higher Reynolds numbers as long as the
dominant source mechanism remains dipolar. We are currently
extending this framework to higher Reynolds numbers for SUBOFF.
These results will be included in a follow-up study.

IV. CONCLUSIONS

In this paper, the flow past a cylinder at Re¼ 3900 is used as the
research object based on the OpenFOAM to explore the differences
between aerodynamic and hydrodynamic noise and their conversion
relationship. The flow field is simulated using a wall-modeled large
eddy simulation (WMLES) based on the non-equilibrium ODE-based
wall model (NEWQM), while the acoustic field is computed through
surface integration of the Ffowcs Williams–Hawkings (FW-H) equa-
tion. The article employs methods including dynamic mode decompo-
sition (DMD), coherence analysis, and wavelet decomposition to
analyze flow field statistics, sound sources, sound propagation, and
noise results. The main conclusions are as follows.

Aerodynamic and hydrodynamic noise with the same Reynolds
number exhibit fundamentally different far-field behaviors despite
similar near-field magnitudes and the noise disparity primarily stems
from sound source characteristics and sound propagation mecha-
nisms. The analysis reveals that while the first-mode dipole sound
pressure are comparable between the hydrodynamic and aerodynamic
cases, the spectral distribution differs fundamentally. Hydrodynamic
noise is strongly dominated by the mean mode, with negligible contri-
butions from higher-order modes. In contrast, aerodynamic noise
exhibits appreciable contributions from the first few higher-order
modes and it exhibits distinct coherence peaks at specific frequencies,
highlighting a strong coupling between the wall pressure and the radi-
ated sound field.

Pseudo-sound dominates both flow types, but its contribution to
the total pressure differs markedly between aerodynamic and hydrody-
namic cases. For aerodynamic noise, the upstream acoustic pressure is
nearly comparable in magnitude to the pseudo-sound component,
which means that the sound pressure at this location can be better
transmitted to the far field. In contrast, the downstream region is pri-
marily dominated by pseudo-sound, with only a negligible portion of
acoustic pressure. For hydrodynamic noise, whether upstream or
downstream, the proportion of acoustic components is relatively small.
This leads to the fact that the dimensionless far-field RMS of sound
pressure of hydrodynamic noise is much smaller than that of aerody-
namic noise though the magnitude of the near-field sound pressure is
comparable.

FIG. 24. Comparison of the predicted hydrodynamic noise and the actual results at
observers with different angles and radii using Na and Nu.

FIG. 23. Schematic diagram of noise conversion between aerodynamic and hydro-
dynamic noise at different positions.
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The most important finding is that the proposed Mach-number-
based conversion exponents Na and Nu enable quantitative and direc-
tional mapping between aerodynamic and hydrodynamic noise spec-
tra. The analysis shows that Nu exhibits minimal angular dependence,
enabling effective cross-angle conversions. It can be determined from
hydrodynamic and aerodynamic data at a single angular location and
then applied robustly to predict hydrodynamic noise at other angular
positions with the same radius without significant loss of accuracy. In
contrast,Na displays pronounced angular variability, limiting its appli-
cability across different angles. However, Na remains consistent across
varying radii at fixed angles, where it achieves highly accurate conver-
sions without the frequency-scaling challenges encountered in angular
cases. By synergistically applying these two exponents, a quantitative
mapping relationship between the full-field aerodynamic and hydro-
dynamic noise spectrum can be established.
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APPENDIX: MESH SENSITIVITY ANALYSIS FOR THE X-Y
PLANE

Here, the mesh sensitivity analysis for the x-y plane is pre-
sented. Three mesh resolutions (fine, medium, and coarse) were
designed, with the grid spacing in the x and y directions increasing

by a factor of
ffiffiffi
2

p
between cases, while the number of grids in the z

direction was kept constant at 22. The mesh information and corre-
sponding flow field results are shown below. It can be observed that
the flow field of case B shows significant improvement compared
with case C, whereas further refinement results in only minor
changes. Therefore, considering both computational efficiency
and accuracy, case B is deemed appropriate for the present study
(Tables IV and V).
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