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ABSTRACT

Hydrofoil is a simplified model of the propeller. Its lifting surface is also widely used in the submarine sail, rudder and other structures. Focus on hydrofoil sound
source distribution and flow-sound correlation mechanism, NACA0012 hydrofoil is selected as the research object. Large eddy simulation (LES) and acoustic analogy
is used to study the flow and sound characteristics. Dual-mesh technology is applied for accelerating the computation. The numerical results are validated by ex-
periments. It is found that the computational efficiency is improved by more than 30 times with no loss of accuracy using dual-mesh technique. Cross spectrum, third-
generation vortex identification technique and DMD are used to analyze the mechanism of wall pressure fluctuation and vortex structure on the radiated noise. By
calculating the cross-spectral correlation coefficients, it is found that the correlation is stronger at the nth order peak frequency. Both of dipole and wall pressure have
extreme values in the suction and lifting direction. With dynamic mode decomposition (DMD), it is found that the vortices are similar to the dominant mode of the
Lighthill source. The peak frequency of quadrupole corresponds to the high-energy mode of the vortex shedding.

1. Introduction

Hydrofoil is a typical underwater structure, which is highly valuable
for engineering research (Zhang and Huang, 2023). As a simplified
model of propellers, hydrofoils are suitable for studying the sound
mechanisms. It has different boundary layers, separation vortices and
other phenomena, which are of high scientific research value. The cur-
rent research on hydrodynamic performance of hydrofoils are sufficient.
However, its sound source distribution and the flow-sound correlation
have not been investigated systematically, especially for the quadrupole
sound pressure. Therefore, a more in-depth numerical study of hydrofoil
flow noise is necessary.

The incoming flow develops from the leading edge, forms a turbulent
boundary layer on the suction side. The velocity shear layer is developed
in the outer layer (Ausoni et al., 2009). Due to the instability of the shear
flow, disturbances appear in the trailing edge wake, which can generate
additional noise (Daskovsky et al., 2000). Wu et al. (2013) conducted
experiments on NACA0012 hydrofoil in different attack angles. They
found that the separation point moves upstream with the increase of
attack angles. And the phenomenon of separation bubbles occurs above
the hydrofoil. Xu et al. (2017) conducted experiments and numerical
simulations for the NACA66 (MOD) hydrofoil. They reveal that both the
vibration noise and the flow noise reach the maximum near the
vortex-shedding frequency.
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LES is the recommended method to simulate hydrodynamic and
acoustic problems. Zhi et al. (2022) observed a horseshoe vortex with
LES. According to the vorticity transport equation, the vortex stretching
and vortex dilatation effects are studied numerically. Deng et al. (2025)
compared the performance of RANS, DES and LES for unsteay charac-
teristics predictions. They found LES is suitable for detailed research.
DES and RANS are better suited for large-scale flow and practical en-
gineering application. Yu et al. (2022) studied the ventilated cavitating
hydrofoil with LES and revealed the two fluctuation stages and mech-
anisms. Luo et al. (2022) compared POD (Proper Orthogonal Decom-
position)and DMD results in numerical simulation for NACA0015
hydrofoil with LES method. The first four modes possessed 99.5 % en-
ergy in POD results, while DMD reveals the bridge role for the 2nd mode
between the 1st mode and the 2nd mode. In conclusion, LES and DMD
are suitable for detailed research in the turbulent flow.

Processing methods of acoustic formulas are introduced here briefly.
The sound preditction is realized by acoustic analogy in most engi-
neering problems. FW-H formulation is the common form in acoustic
analogy. The FW-H equation is a partial differential fluctuation equa-
tion. A common treatment is to use Green’s function integrals. There are
many expressions for the integral solution, such as the Farassat 1A
equation and so on (Yu et al., 2022). Most of them neglect the quadru-
pole source term. However, the research in recent years has shown that
the effect of the quadrupole term cannot be ignored in some cases (Posa
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Fig. 1. The diagram of time delay effect for the same receiver.

et al., 2022). Although methods such as the permeable FW-H equation
(Lockard and Casper, 2005) have appeared. However, this method is
sensitive to the choice of the integrating surface and suffers from the
‘End-cap’ problem (Cianferra et al., 2018). Currently, the most accurate
method for quadrupole computation is the direct volume integration.
The direct volume integration not only accounts for the vortices-induced
sources, but also overcomes the ‘End-cap’ problem as long as it wraps
around the full vortices (Zhao et al., 2022). The disadvantage is its huge
storage requirement and long computation time. In brief, FW-H
formulation with volume integration for quadrupole is recommended.

There are two ways to overcome this shortcoming. One is data
dimensionality reduction, based on decomposition algorithms and other
means, to reduce the amount of flow field data (Gadalla et al., 2021).
The other is to use dual-mesh technology, that is, the acoustic mesh and
the CFD mesh are independent, and the sound source computation is
carried out by interpolating from the CFD grid into the acoustic grid,
thus reducing the computation amount (Wang et al., 2022). In conclu-
sion, decomposition algorithms and dual-mesh technique are two ways
to shorten the computation time when the volume integration is
adopted.

The problem objects in this paper are all rigid. It is organized as
follows: Firstly, the mathematical foundation is introduced, including
large eddy simulation (LES), dual-mesh technique and dynamic mode
decomposition (DMD). The acoustic method is validated by the under-
water cylinder experiment at last. Secondly, the numerical setup and
validation for NACA0012 hydrofoil is carried out. Thirdly, the sound
source distribution is studied, including quadrupole and dipole source.
Fourthly, the flow-sound correlation mechanism is investigated,
focusing on pressure fluctuation and vortex shedding. Finally, the
conclusion is given.

2. Mathematical foundation
2.1. Fluid dynamic field

The computational fluid dynamic (CFD) method is large eddy
simulation (LES). It solves the filtered velocity and pressure in Navier-
Stokes (N-S) equation. The filtered N-S equation is like
@—I—@*—l@—&-vﬂ- @
ot 0x; T pox '
where the superscript ~ means the quantities after space filer. If the filer
process is uniform filering, there is
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Therefore, N-S equation is transformed to

O RY
E 6x]~ 77;67X‘i+yv u; (6)

The convective term wu; can be separated into wty; and uly — Ul;.
The former stands for the transport of momentum after filering, and the
latter is the transport between sub-grid-scale (SGS) velocity and grid-
scale velocity. For convenience, let 7% = wu; — G;u;. The filtered N-S
equation is
o o(uw) 1 0p

ot - 25 4 .56
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The term 7% is named as SGS tensor stress. For the closed-form
formulation, 75¢ needs to be modeled. Accoding to the eddy visocity
hypothesis (Smagorinsky et al., 1963), there is

2 ~
TSGS = 5 tr(l/SGS)I — ZI/SGss (8)

Here, tr( ) stands for diagonal entries of matrix. I is normal diagonal

matrix. 5% is the SGS viscocity coefficient. § =1 (3—2 —h%) is called

velocity strain rate. There are many ways to model 1%, In this paper,
Wall-adapted local eddy (WALE) model (Nicoud et al., 1999) is adopted.
Because it could adjust the attenuation coefficient according to the wall
grid scale. WALE model is like
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In the formulation, C, and Cj are constant determined by experi-
ments. The C,, = 0.60 and Cyx = 1.40 according to the literature (Nicoud
et al., 1999). A is the wall grid size.2.2 Acoustic prediction

The acoustic prediction is carried out by acoustic analogy. Based on
Farassat 1A formulation (Farassat et al., 1998), the quadrupole sound is
considered by volume integration. For the problem of flow around a
body, the hydrodynamic noise is divided into dipole and quadrupole
terms:
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Here, p;’ is dipole sound pressure and p, is quadrupole sound
pressure. (x,t)(y,r) are space-time coordinate for receiver and source
respectively. co=1400m/s means the sound velocity. r=|x—y| is the

vector from receiver to source and 7; is normalized. M,:%i is Mach
number and 1—M, is called Dopler factor. cosd=n;-7; means the angle
between observer and normal direction of grid. T;=pu;u; is Lighthill
tensor stress. Other parameters in p,’ can be found in the literature
(Cianferra et al., 2018).

It should be noted that the volume integration needs to consider the
time delay effect. The time delay effect is the duration difference among
the source region grids to the same receiver, as is shown in Fig. 1. If the
source region (V) size is very small, it can be ignored. However, for high
sound velocity (like underwater environment), this effect needs to be
considered. In numerical computation, the geometric center of V (¥)
should be found first. The duration of geometric center to receiver (At =
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Fig. 2. The experiment setup, numerical domain and mesh for underwater cylinder.

Fig. 3. The contour figure of Q = 100 s~2 and streamline for different working conditions: Q = %(HBH% - HAH?), where A and B is symmetric and antisymmetric

tensors of velocity gradient.

Fig. 4. The dual-mesh technique results compared with experiment and different Renolds number.

%) is computed and stored. The duration for each source grid (At =

%) is computed and substracted by At. At last, the sound pressure is

obtained by sum of all source grid at the same reaching time.
It is expensive to store all source grid time delay and impossible to

integrate all source grids. To solve this problem, the dual-mesh tech-
nology is adopted and the codes is from (Wang et al., 2022). A coaser
acoustic mesh is overlapped on the finer CFD mesh. The CFD mesh result
(¢™) is mapped on acoustic mesh (prcousticy by weighted summation.
The weight is determined by the volume of grids (V¢™P);
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Fig. 5. Schematic diagram of computational domain and the mesh nearby.

Fig. 6. Schematic diagram of angle of attack and inlet velocity for NACA0012 hydrofoil.

Table 1
The working conditions for flow around NACA0012 hydrofoil.

Case number Renolds number (Re.) Attak angle (a)

NO.1 1x 10° 10°
NO.2 1x 10° 15°
NO.3 2.88 x 10° 10°
NO.4 2.88 x 10° 15°

Fig. 7. The settings of integration range for NACA0012 hydrofoil radi-
ated noise.

Table 2

The drag and lift force coefficients in Re. = 1 x 10° condition.
a C; (Exp) C; (LES) Cq (Exp) C4 (LES) C) (Error) Cy4 (Error)
10° 1.0512 1.0189 0.0147 0.0142 3.07 % 3.40 %
15° 0.7108 0.7002 0.0245 0.0254 1.49% 3.67 %

Ni

¢;zcaum'c _ Z (ngDVgFD 12

j=0

Here, ¢ and ¢ are any quantity on fluid field and acoustic field. The
subscript i means the i acoustic element. The subscript (i,j) means the
j* fluid element of the i acoustic element.

The dual-mesh technique can improve the computation efficiency in
two aspects. First, there are some derivative computation in the quad-
rupole sound prediction. Such derivative computation can be solved on
coarser acoustic grids, which shortens the computation time. Second,
because of time delay effect, the required stored grids are more. If the
coarser acoustic mesh is adopted, the computation complexity is less-
ened. Although, this method reduces the revolution ratio of sound
sources, the main features can be captured and the accuracy remains
acceptable.

2.2. DMD method

Dynamic mode decomposition (DMD) has two applications. One is to
realize data reduction, the other is to analyze the fluid field in different
modes for mechanism study. This paper belongs to the latter. DMD is
used to study the flow-sound correlation in this paper.

The foundation of DMD is linear transformation (Yin and Ong, 2020).
Without loss of generality, a space-time sequence signal (Uy.) is defined.
The subscript x is space position. The subscript t is time. Assuming there
are N positions and m moments:

Fig. 8. The pressure coefficient on the suction side at Re. = 2.88 x 10° condition.
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Fig. 9. The position of hydrophone and validation of NO.1 working condition.

Fig. 10. The noise validation for different components and methods in NO.2 condition.
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Table 3

Computation efficiency and accuracy of the dual-mesh technique for hydrofoil.
Mesh Type Reference value/dB Calculated value/dB Error/dB Calculation time/h Efficiency gains
CFD mesh - 141.4 - 842.5 -
Dual mesh 166.4 140.9 0.5 27.8 30.3 times
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Fig. 11. The Lighthill source distribution in Re. =1 x 10° consdition for
NACA0012 hydrofoil.

Fig. 12. The Lighthill source distribution in Re. = 2.88 x 10° consdition for

NACA0012 hydrofoil.

Fig. 13. The comparison for Lighthill source in different Renolds number at
a = 10° condition.

u(ty,x;) u(ty,xs) u(ty, xn)
Vs = u(tz,xl.) viz(tz,xz) u(tz',xN) (13)
u(ty,x1)  u(ty,x2) u(ty, Xn)

Extract the signal on the moment t; and transpose it. The signal Uy, is
obtained:

ll(tl s X1>

1
T a4

u(t1 , X1 )
In DMD, some linear transformation matrix (A) exists:
Uy, =A*Uyy, = A% Uy, (15)

By theory, once the initial system Uy, is determined, the system U,
at any moment () can be obtained by continued multiplication by
transformation matrix (A). Further on, it can be written as:

Un, = Y bidf-¢ (1e)
i=1

In this formulation, b; is initial system. /lf is the characteristics root of

A. ¢, is the i mode. Besides, the characteristics root A¥ can be expressed
in the damping form:

K=t a7

Ocean Engineering 338 (2025) 122039

Fig. 14. The comparison for Lighthill source in different Renolds number at
a = 15° condition.

In summary, once the transformation matrix A is obtained, the
characteristics roots (/1’{) and damping rate () in each mode can be
calculated (Kutz et al., 2016). Compared with other mode decomposi-
tion methods, for example, proper orthogonal decomposition (POD),
DMD has an advantage: Each mode is corresponding to one frequency.
This is beneficial to hydroacoustic analysis.

2.3. Validation of acoustic method

The validation of the dual-mesh technique is carried out with an
underwater cylinder experiment, completed by Ata Nutku Laboratory in
Istanbul Technical University (Bulut et al., 2023). The underwater noise
experiments are shown in Fig. 2 (a). The hydrophone is located 5D down
the cylinder, as shown in Fig. 2 (b). The numerical setting is the same as
the experiment setup, with the cylinder diameter D = 0.019m and two
Reynolds number conditions Rep = 2.25 x 10* and Rep = 1.125 x 10°.
The domain and mesh are as shown in Fig. 2 (c). The mesh within the
boundary layer ensures that y* is less than 1, which meets the re-
quirements of LES.

Comparing the flow at two Reynolds numbers, as shown in Fig. 3,
some differences can be found. For example, the vortex distribution
width of Rep = 2.25 x 10* is not as wide as that of Rep = 1.125 x 10°
case. However, the vortex at high Reynolds number is more finely
grained. This is due to the longer length of the return zone and the larger
flow separation angle. These characteristics of the flow field will have an
impact on the sound pressure.

The noise results compared with experiment in Rep = 2.25 x 10* are
shown in Fig. 4 (a). It can be seen that the errors between numerical
prediction and experiment results are small, and the trend is consistent,
indicating that LES can provide accurate inputs of sound sources, and
the acoustic method is reliable. It is worth noting that the prediction
results obtained by the dual-grid technique are almost the same as those
by CFD mesh. Fig. 4 (b) shows the comparison between Rep = 2.25 x
10* and Rep = 1.125 x 10°. Both the two working conditions use the
dual-mesh technique to accelerate the volume integration, considering
the time delay effect. It can be seen that the noise at high Reynolds is
larger than that at low Reynolds number by about 10 dB. And their
trends are slightly different. the high Reynolds number noise is higher
than the low Reynolds number in the low-frequency range, while its
decay in high frequencies is also more obvious.

3. Numerical setup and validation

In this chapter, the simulation results of NACA0012 hydrofoil at 2
attack angles and 2 Reynolds numbers will be compared with the ex-
periments, including the coefficient of hydrofoil lift drag, pressure dis-
tribution, etc., to validate the accuracy of the large-vortex simulation
methodology in hydrofoil bypassing problems. Due to the lack of
experimental results for the acoustic field, and considering that the
experimental comparison of non-cavitation noise has actually been done
in the previous section, the results of the direct simulation of the LES will
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Fig. 15. The distribution of ‘p’ term in dipole on the suction side of NACA0012 hydrofoil.

Fig. 16. The distribution of ‘dpdt’ term in dipole on the suction side of NACA0012 hydrofoil.

Fig. 17. Schematic diagram of typical wall pressure fluctuation locations on
NACA0012 hydrofoil.

be used in this chapter as a reference to validate the results of the
radiated noise prediction. This is in fact an acoustic validation method
often used in the literature of numerical underwater noise prediction
(Cianferra et al., 2018).

3.1. Case settings

The calculations are performed using NACA0012 standard hydrofoil
with a chord length ¢ = 0.1m. The spanwise length is 1c. An infinite
depth environment is adopted, with density p = 1 x 10%kg/m?® and ki-

Fig. 18. The frequency spectrum of pressure fluctuation for Re = 1 x 10°, & =
10°
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Fig. 19. The frequency spectrum of pressure fluctuation for Re = 2.88 x 10°,
a =10°

nematic viscosity v = 1x 107°m?/s. The computational domain is
shown as Fig. 5. The no-slip boundary type is used for both sides of the
domain. The hydrofoil is far enough away from the inlet and outlet
surface to avoid the reflection influence. A structured mesh with a total
number of 21.7 million is adopted. The maximum value of x*, y* and z*
are 84, 0.89 and 22 respectively, meeting the requirements of the
boundary layer. For the better capture of the vortex shedding behind the
hydrofoil, the mesh is refined in the wake region, as shown in Fig. 5.

To investigate the flow and noise characteristics under different
attack angles and different Reynolds numb Two attack angles, 10°and
15°, and two Reynolds numbers, 1 x 10° and 2.88 x 10° are selected to
compare with the experiment results, as shown in Fig. 6. According to
the combinations of attack angles and Reynolds numbers, there are 4
working conditions, namely NO.1-NO.4, as shown Table .1. The two
angles are chosen to observe the differences in the flow field before and
after the “stall” phenomenon, and how these differences affect the sound
source and radiated noise. The time step is determined by the sound
frequency range and Courant maximum number. To predict the sound
within 2 kHz, the time step has to be smaller than 2.5x 10~ s consid-
ering the Shannon theorem. Under this premise, the time step should
ensure the maximum Courant number less than 1. Combining the above,
the time step for the case Re. = 1 x 10° is 1 x 1075 s, while the step for
Re. = 2.88 x 10° is 5 x 107® s. To avoid numerical oscillations, the
linear upwind stabilized transport (LUST) scheme is adopted. LUST
means a weighted average of 75 % linear central and 25 % linear upwind
scheme. A second-order implicit backward difference method is
employed in temporal terms, while the diffusion term is chosen as the
Gaussian linear conservation scheme.

The noise is predicted based on the hydrofoil surface and the flow
region around the hydrofoil (volume integration range), respectively, as

Ocean Engineering 338 (2025) 122039

is shown in Fig. 7. The integration on the hydrofoil surface represents
the dipole sound pressure, and the volume integration represents the
quadrupole sound pressure. The volume integration range is in a rect-
angle shape. It goes through the computational domain in the flow di-
rection. Its height is 0.8 c. The volume intagration covers the whole span
length. In this way, the range includes most of the quadrupole sources.
The radiated noise calculations take into account the time delay effect.
The accuracy and efficiency of the dual-mesh technique is analyzed for
quadrupole sources.

A series of pressure fluctuation probes are set up to verify the pres-
sure coefficient and are compared with the experiment. 200 probes are
set on the hydrofoil suction surface at a spacing of 0.5 mm, used for the
study of the wavenumber-frequency spectrum.

3.2. Validation of hydrofoil hydrodynamics

For the non-cavitating hydrofoil, the accuracy of the drag and lift

Fig. 21. The correltion between wall pressure and dipole sound for Re =1 x
10%,a = 10°

Fig. 22. The correltion between wall pressure and dipole sound for Re = 1 x
106, a = 15°

Fig. 20. The wavenumber-frequency spectrum for Re = 1 x 10° on NACA0012 hydrofoil.
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Fig. 23. The streamline near the hydrofoil suction side on one moment.

Fig. 24. The sketch view of hydrophones and wall pressure probes for direction research.

force is essential. After 400,000 iterations, the calculation results tend to
be steady. At this time, the drag and lift time-history results are collected
within 0.5s. Their average values are compared with the experiment
results (Sheldahl et al., 1981). The dimensionless drag coefficient C; and
lift coefficient C; are calculated as follows

Fy
__ fa 1
Ca 0.5pU2A as)
G T 0.5p02A (19)

Fj is the drag force on the hydrofoil; F; is the lift force on the hydrofoil; p
is the medium density, taken as 1 x 10%kg/m?; Uy is the incoming flow
velocity; A is the area of the hydrofoil.

Asis shown in Table .2, the drag and lift force errors are less than 4 %
compared with the experiments. It is worth noting that when the attack
angle is 10°, the lift coefficient is much larger than that at 15°. Because
at 15°, the “stalled” phenonmenon has accured, and the lift force de-
creases dramatically. In addition, it can be observed that the predicticted
drag force is larger than the experimentresults, and the lift force is
smaller than the experiment.

More microscopically, it is necessary to validate the pressure at
different locations with experiments. The pressure coefficient C,
expression is defined as follows:

P — P
Cp_—0.5/)[f20 (20)
where p is the local local pressure on the hydrofoil surface; p, is the
pressure at the outlet surface, i.e. 0 Pa. The rest of the parameters have
the same meanings as those in C4 and C;.

The pressure data on the mid-span profile of the hydrofoil are
extracted. Their time-averaged values are computed, and the pressure

coefficient curve is ploted as shown in Fig. 8. The coordinates are made
dimensionless by c for convenience. It can be seen that the pressure
coefficient on the suction surface are negative, which directly leads to
the upward lift of the hydrofoils. Overall, the pressure coefficients at
both 10°and 15°are in good agreement with the experiment (Sheldahl
et al., 1981). In fact, accurate prediction of pressure coefficients is very
important for predicting radiated noise. Because one of the sound gen-
eration mechanisms is the pressure change on the hydrofoil surface.

The geometry, angle of attack, and velocity of the foil in the exper-
iment are consistent with the simulated conditions, and the difference in
Reynolds number is mainly due to the difference in density. This is not
expected to have a significant impact on the prediction accuracy. In fact,
many methods have been applied underwater after being proven effec-
tive in wind tunnels.

3.3. Validation of hydrofoil noise

Due to the lack of experiment data, the direct pressure result from
LES in the near field is used as a reference to evaluate the error. The
hydrophone is above the hydrofoil suction surface (center of the chord),
at a height of 0.5¢, as is shown in Fig. 9 (a). Fig. 9 (b) gives the com-
parison between the acoustic prediction and the reference data. It can be
seen that the error is small. The sound pressure prediction is obtained by
linear superposition of dipole and quadrupole sound pressure time cal-
endar results, where the dipole sound pressure prediction uses the hy-
drofoil area fraction and the quadrupole sound pressure prediction uses
the volume fraction of the range shown in. It can be seen that the pre-
dicted radiated noise captures the peak frequencies of all orders, though
the magnitude is lower than the reference data slightly (see Fig. 10).

To verify each component of the radiated noise, the “dipole +
quadrupole” results and “dipole” results obtained by surface integration
are compared with the LES reference results (taking the NO.2 case as an
example). As Fig.10 (a) shows, after adding the quadrupole component
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Fig. 25. The directivity of dipole noise and wall pressure fluctuation in Re = 1 x 10° condition.

Fig. 26. The dipole sound pressure distribution at 15°attack angle.

obtained by volume integration, the noise prediction results are closer to
the referece data, especially in the high-frequency bands. It implies that
it is necessary to consider the quadrupole component for sound pressure
prediction.

Fig.10 (b) shows a comparison of the dipole sound and quadrupole
sound in NO.2 condition (Re, = 1 x 10°% a = 15°). It can be seen that
they have the same peak frequencies. However, their magnitudes are
different in some way. The difference is more obvious in the high fre-
quency region. After about 300 Hz, the dipole sound pressure decays
faster, while the quadrupole decays slowly. A large attack angle of
15°may contribute to the increased influence of the quadrupole, since a
more powerful vortex is an important source of high-frequency noise.

Fig.10 (c) shows the effect of the time delay for quadrupole sound. It
can be seen that the difference is in the high-frequency part, as is shown
in the black boxed area. The sound pressure without time delay shows a

10

high-frequency upward drift above 800 Hz, while the sound pressure
with time delay do not show this phenomenon. Such high-frequency
drift is unphysical due to numerical oscillations. It should be noted
that this cutoff frequency does not strictly correspond to the MFP stan-
dard. However, this does not mean that MFP criterion is not applicable.
In fact, the MFP value is close to 1 in this case, so that time delay effects
still need to be taken into account.

Fig.10 (d) compares the quadrupole sound pressure with and without
the dual-grid technique. It can be seen that the difference is small and
the error is negligible. This proves that the dual-grid technology does not
reduce the sound pressure accuracy significantly. The treatment makes
the number of acoustic grids reduced to 1/8 of the CFD mesh, which
greatly reduces the memory storage and improves the computation ef-
ficiency. Table .3 gives the quantitative performance of the dual-mesh
technique. It can be seen that the error increases by only 0.5 dB, while
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Fig. 27. The slice of vortex shedding with three methods.

Fig. 28. The slice of vortex shedding with the third generation vor-
tex technique.

the computation efficiency is improved by 30 times. Therefore, the
subsequent prediction is computed by the dual-mesh technique to
accelerate the prediction.

4. Sound source distribution

Non-cavitating hydrofoil sound sources can be divided into two
types: quadrupole and dipole sources. The quadrupole sources are
distributed throughout the flow field space, while the dipole sources are
distributed on the object surface.

4.1. Quadrupole source distribution

The quadrupole cloud map is plotted in the range of 6¢ downstream,
as shown in Fig. 11 and Fig. 12. Compared with the Re, = 1x 10° case,
the quadrupole intensity in the Re. = 2.88 x 10° case is improved by
one order of magnitude. The higher the Reynolds number, the wider the
distribution range of the quadrupole sound source.

The quadrupole source contours are shown in Fig. 13. In this paper,
such one-to-one coherent structure of quadrupole is named “Lighthill
source pair”. It can be seen that there is only one Lighthill source pair for
the Re. = 1 x 10° case, while up to 2-4 pairs for the Re. = 2.88x 10°
case at the same steamwise section. It proves that the source density of
the high Reynolds number is higher than that at low Reynolds number
case.

The quadrupole contour at 7 x 10° value is plotted in Fig. 14. This
value is chosen because it is equal to the threshold intensity of each
Lighthill source pair. It provides a more distinct view of the source
profile. It is found that the downstream sources is parallel along the flow
at Re, =1 x 10°, while it shifts to the suction side at Re. = 2.88 x 10°.
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The slope angle is measured to be 5°approximately. This shift is due to
the flow separation occurring near the leading edge at high Renolds
number. In low Reynolds numbers cases, the flow separation is domi-
nated by the trailing separation, showing a clear downstream develop-
ment trend.

4.2. Dipole source distribution

For the hydrofoil in this paper, there is no monopole source because
of still station, nor is there a sphere source due to no cavitation. Only
quadrupole and diple exist. The dipole sound source is distributed on the
object surface.

Accoding to Farrassat 1A formulation, the dipole source can be
divided into a ‘p’ term and a ‘dpdt’ term. The standard deviation (std) of
the ‘p’ term is shown in Fig. 15. At 10° attack angle, the ‘p’ term is mainly
concentrated at the trailing edge. For the larger attack angle, there is a
wider region with larger sound source intensity. The effect of the Rey-
nolds number is more obvious. At e, = 2.88 x 10° , the ‘p’ term no
longer shows a regular continuous band, but becomes more fragmented,
and the region with large absolute value is increased. This is because it
undergoes a drastic flow separation and does not experience a reat-
tachment process on the suction surface.

Fig. 16 shows the distribution of the ‘dpdt’ term for the dipole sound
source. It can be seen that this term is much smaller in magnitude
compared to the p’ term. Meanwhile, it shows a random distribution,
which is similar to the fluctuating pressure in the plane turbulent
boundary layer (Ching et al., 2006). This is because the suction surface is
almost in turbulence entirely.

5. Pressure fluctuation correlation mechanism

The main source of dipole sound is the pressure fluctuation (‘p’
term). To understand the influence mechanism of the fluctuating pres-
sure on the radiated noise, it is necessary to know the spectral and
spatial distribution of the pressure fluctuation, finally to explain these
distributions and correlations through the flow field.

5.1. Pressure fluctuation characteristics

To capture the fluctuating pressure characteristics, 200 measure-
ment points are arranged on the suction surface in the hydrofoil span.
The 50th, 100th, 150th, and 200th measurement points are selected as
typical locations as shown in Fig. 17.The frequency spectrum is
computed by the welch method, which ensures the energy conservation
by employing a window function, and the overlap rate of the window
function was set to 0.5 to minimize the variance. The sampling period is
4 x 1075 s and the duration is 0.1s.

The frequency spectrum for Re = 1 x 10° and Re = 2.88 x 10° are
plotted in Fig. 18 and Fig. 19 respectively. There is a clear narrow-band
characteristic, with the peak frequency being about 90Hz at Re = 1 x
10°, while it being about 200Hz at Re = 2.88 x 10°. As the probe moves
towards the trailing edge, the spectrum magnitude at the first-order
peak increases gradually. Besides, the line-spectrum characteristic at
15°attack angle is more obvious than that at 10°.To prevent repetition, it
is not shown here.

To study the spatial characteristics of the pressure fluctuation, the
wavenumber-frequency spectrum is shown in Fig. 20. As can be seen
from the figure, the larger the attack angle, the higher the energy. In
terms of spatial and temporal correlation, “convective ridges (He et al.,
2017) similar to those in the flat plane boundary layer can be observed.
This is due to the fact that most of the hydrofoil suction surface is in the
turbulent region, where the “Taylor freezing assumption” (Del Alamo
and Jiménez, 2009) still holds. The convective velocity is different at the
two attack angles. At 10°, the convective velocity is about 0.6 times the
incoming velocity, while at 15°, it becomes 0.5 times the incoming
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Fig. 29. The 3D vortex shedding contour for NACA0012 hydrofoil in different conditions.

velocity and the convection peaks seem “wider".

5.2. Correlation between pressure fluctuation and radiated noise

Dipoles noise is strongly associated with surface pressure. In this
subsection, the frequency correlation between the fluctuating pressure
and the dipole radiated noise is investigated by the cross spectrum. As is
shown in Fig. 21, the measurement point is selected as ‘Probe 50’ and
the hydrophone is 1c above the suction side. It can be seen that the
correlation between fluctuating pressure and dipole radiated noise is
stronger at the nth-order peak frequencies and weaker at other
frequencies.

At 15°attack angle, the correlation coefficients are not only large at
the peak frequencies, but also in a band near these frequencies, as is
shown in Fig. 22. In addition, it is found that the pressure fluctuation
becomes less correlated with the dipole noise under high Reynolds
number conditions, which may be due to the fact that the flow is more
turbulent and random.

To explain such frequency dependence, the streamlines are plotted in
Fig. 23. It can be seen that at lower Reynolds numbers, there is no strong
interference between the laminar separation bubbles developed on the
leading edge and the following vortices developed on the trailing edge.
The two are not mixed, which makes the fluctuation not influenced by
the wake flow. However, at high Reynolds numbers, it is clear that the
laminar separation bubble and the following edge vortex mix with each
other. The interference of the wake may be the reason for the reduced
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correlation between the pressure fluctuation and the dipole radiated
noise.

5.3. Effect of pressure fluctuation on acoustic directivity

To investigate the effect of pressure flucatuation on acoustic direc-
tivity, a round of hydrophones is set in the mid-section plane with a 20c
distance as the radius. Thirty-six hydrophones are arranged in the circle
uniformly, used to map the acoustic directivity. At the same time, a
number of pressure probes are set on the hydrofoil surface for a round to
investigate the correlation with acoustic directivity, as shown in Fig. 24.
The scale of Fig. 24 has been zoomed somewhat for ease of presentation.

Fig. 25 gives a directivity plot of dipole sound pressure versus hy-
drofoil wall pressure. The overall sound pressure level or power spectral
level is computed in the frequency range from 20 Hz to 2000 Hz. This is
because most of the peak frequencies are in this range. It is considered to
include most of the acoustic energy. From Fig. 25, it can be seen that the
dipole sound and wall pressure show an obvious correlation feature in
directionality. Both of them have great values in the direction of suction
surface and lift surface. With the change of the attack angle, the direc-
tion of the maximum energy also changes. This indicates the existence of
an important role of fluctuating pressure on the dipole sound directivity
distribution.

However, there are some differences between the two. For example,
the fluctuating pressure is actually smaller in the lifting side direction,
while the dipole sound pressure shows extreme values in the suction side
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Fig. 30. The comparison of Lighthill source and vortex distributions in the first three modes.

Fig. 31. The mode energy of Lighthill source and vortex at @ = 10°

direction. The effect of the attack angle change on the wall pressure is
comparable to that on the SPL, with both increasing by 10-20 dB from
the 10°to 15°attack angle case. For the fluctuating pressure, the
randomness seems to be greater in the lifting and suction sides, but both
have extreme values near the hydrofoil tip.

The instantaneous cloud map of dipole sound pressure is plotted in
Fig. 26. It can be seen that the high-energy region is almost
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perpendicular to the hydrofoil, showing a regular “8" symmetric distri-
bution in the suction and lifting side. Meanwhile, it can be seen that the
dipole sound pressure at Re = 2.88 x 10° is significantly higher than
that at Re = 1 x 10°. Such distribution is similar to the pressure fluc-
tuation directivity.
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Fig. 32. Lighthill source and vortex distributions at different attack angles in
1st mode.

6. Vortex shedding correlation mechanism

The vortex shedding has an impact on hydrodynamic noise, espe-
cially quadrupole noise. The vortex structure of hydrofoils will be
studied in this section. The advantages and disadvantages of different
vortex identification techniques will be compared. DMD method will be
used to perform modal decomposition on the vortex and Lighthill
source. Their correlation in frequency and spatial distribution will be
analyzed.

6.1. Characteristics of vortex structure in hydrofoil flow

Unless the flow on both sides is completely symmetrical and the
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trailing edge is sharp, hydrofoils generally experience some form of
vortex shedding (Ghassemi et al., 2015). The vortex shedding behind the
hydrofoil is similar to the Karman vortex street, and its peak frequency is
positively correlated with the incoming velocity (Hu et al., 2020). The
shape of the trailing edge also affects the strength of the wake vortex.
The thicker the cross-section of the trailing edge, the stronger the vortex
shedding, and the lower the peak frequency. The wake vortex at the
trailing edge is crucial for the noise line-spectrum characteristics. The
contribution of the trailing edge is generally greater than that of the
leading edge. This is because there are different forms of vortex shedding
in the wake.

For hydrofoils, vortex structures are concentrated in the wake region.
Fig. 27 shows the cloud maps of vortices in the midspan section, which
are drawn with three kinds of vortex identification techniques (Yu et al.,
2022). It can be seen that the vortex detached from the hydrofoil and
continued downstream at a distance of 10c. This implies the importance
of quadrupole sound. Comparing the three vortex techniques, it can be
found that both the Q criterion and vorticity ways display false vortices
near the boundary. However, the third-generation vortex technique does
not have such problems.

Fig. 28 shows the vortex distribution at two Reynolds number with
the third generation vortex technique. It can be seen that the vortex
recognition technology can capture the position of the vortex core
accurately downstream of the hydrofoil. Whether it is the first genera-
tion vortex technology or the second generation one, it is difficult to
uniquely determine the range of vortex cores. Because the values of Q
and vorticity affect the distribution range of vortex cores greatly.
However, there is no such issue for Qg as it is the result of strict
normalization.

After verification, Qg = 0.52 is the most effective value for capturing
vortex cores, as shown in Fig. 29. The figure is colored by velocity. It can
be seen that at low Reynolds numbers and low attack angles, the three-
dimensional characteristics are not obvious. As the attack angle in-
creases, the spanwise continuous vortex structure begins to break,
forming structures similar to horseshoe. Fig.29 (b) demonstrates that at
high Reynolds numbers, spanwise strupture occurs, enhancing the three-

Fig. 33. The comparison of quadrupole noise and vortex modes in frequency for Re = 2.88 x 10°
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Fig. 34. The quadrupole sound directivity for NACA0012 hydrofoil in different conditions.

Fig. 35. The Lighthill source contour in a = 10° condition (Lighthill = 1 x
107).

dimensional effect. Fig.29 (d) shows that at an attack angle of 15°, the
instability is enhanced, and the coherence of the spanwise vortex dis-
appears gradually. As the vortex moves downstream, random fragmen-
tation and distortion begin to occur. Overall, for low Reynolds numbers
and small attack angles, the vortices exhibit a clear paired distribution.
The distance between vortex pairs at 15° attack angle is greater than that
at 10°. This is correlated to the vortex shedding frequency, which is
10-20 Hz greater at 15 °than at 10° attack angle.

6.2. Correlation between vorticity and quadrupole sound source

In order to study the correlation between the vortices and the
quadrupole sound sources, DMD method is used to decompose the
vorticity field and Lighthill source field. The vortex is identified by the
third-generation recognition technology.

The sampling duration is 0.1s from 14.9s to 15.0s, and the sampling
frequency of the flow field snapshot is 1000Hz. As a result, the first three
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modes of the quadrupole sound source (Lighthill source) and vortices
(Qg) are shown in Fig. 30. It can be seen that the two have a high degree
of similarity in spatial distribution patterns. As a time averaged result,
the 0™ mode shows a funnel-shaped distribution for both vortices and
Lighthill source. The 1st and 2nd modes exhibit a regular wavy distri-
bution. The higher the order, the smaller the scale of the coherent
structure, and the lower the vorticity and quadrupole sound source.

Fig. 31 shows the energy proportion of the first 10 modes of vorticity
and quadrupole source. It can be seen that, except for the time-averaged
results of the O mode, the first order mode accounts for more than 70 %
of the total energy of the system for vorticity, and more than 85 % for
quadrupole source. For the convenience of comparison, only the 1st
mode is extracted for comparison in working conditions to study the
correlation between vorticity and quadrupole sound sources.

Fig. 32 shows the comparison of Qg and Lighthill source in first-order
modes at Re = 1 x 10°. It can be seen that there is a clear one-to-one
correspondence between vortex pairs and Lighthill source pairs, and
the two are almost identical in spatial distance. This phenomenon
demonstrates the strong correlation between them.

6.3. Correlation with radiated noise

In previous studies, the leading and trailing edge noise sources were
often combined into a composite load dipole (Zhang and Huang, 2023),
which ignored the contribution of the wake. According to the different
hydrodynamic characteristics, the trailing edge noise may be line
spectrum noise or broadband noise. In this case, the boundary layer at
the trailing edge is very thin, and the sound pressure here is dominated
by the vortex (Ghadimi et al., 2013).

To study the correlation between vorticity and quadrupole radiation
noise frequency, the mode frequencies and energies obtained by
decomposing €2y is extracted. They are compared with the quadrupole
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sound pressure spectrum, as shown in Fig. 33. The hydrophone is located
at 1c above the hydrofoil. It can be seen that the peak frequency of sound
pressure corresponds exactly to the high-energy mode frequency of
vorticity.

To investigate the correlation between vorticity and quadrupole
acoustic directivity, Fig. 34 shows the quadrupole acoustic directivity of
hydrofoil flow under different operating conditions. It can be seen that
the high-energy direction under all four operating conditions is located
downstream of the hydrofoil. Among them, there is a slight difference
between a 10° angle of attack and a 15° angle of attack, with the latter
having a higher energy distribution in a wider downstream range and
not completely symmetrical downstream. Overall, the acoustic energy
on the suction surface is greater. In addition, as the Reynolds number
increases, the total sound pressure level sharply increases. This indicates
that the Reynolds number has a significant impact on the quadrupole
sound pressure.

The quadrupole energy is highest in the downstream direction,
which is related to the wake vortex. The vortex shedding affects the
quadrupole sound source, while the Lighthill source further affects the
acoustic directivity of the quadrupole. To prove this point, shows the
contour distribution of the Lighthill sound source on the hydrofoil at a
10° angle of attack. It can be seen that the quadrupole sound source is
widely distributed downstream due to the influence of vorticity, which
corresponds to the acoustic directivity.

In addition, it can be seen from Fig. 35 that as the Reynolds number
increases, the density of the Lighthill sound source increases sharply, not
only in the downstream length but also in the width. This also directly
leads to a significant increase in the total sound pressure level of the
quadrupole acoustic directivity.

7. Conclusion

The numerical research on the hydrofoil noise sources mechanism is
conducted in this paper. NACA0012 hydrofoil is selected as research
object. The hydrofoil drag and lift force is predicted by LES accurately.
On this basis, DMD is employed to study the sound mechanisms. Some
conclusions can be summarized as below:

(1) The dual-mesh technology is accurate enough to predict the un-
derwater noise. Without considering time delay, the spectrum
will experience “up drift” at high frequencies, resulting in
spurious signals. The dual grid method has increased computa-
tion efficiency by more than 30 times.

In terms of sound source distribution, the dipole can be divided
into a ‘p’ term and ‘dpdt’ term. The larger the attack angle, the
wider region of ‘p’ term sound source. The contribution of ‘dpdt’
is much smaller than the ‘p’ term in near fields. With attack angle,
the quadrupole begins to shift towards the suction side at 5°
approximately.

The correlation between fluctuating pressure and dipole radia-
tion noise is stronger at the n peak frequency. They both have
maximum values in the direction of the hydrofoil suction and
lifting sides.

By decomposing the vortex field, it is found that the pressure
fluctuation dominant mode is similar to that of the Lighthill
source. The quadrupole peak frequency corresponds to the high-
energy vorticity mode frequency. Besides, the quadrupole is
distributed downstream widely, similar to acoustic directivity.

(2

—

(3)

(€]

The research is instructive for the flow-induced-noise mechanism of
submarine sail, rudder and propeller. It is beneficial to control the flow
noise of hydrofoils in ships and marine engineering.
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