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Underwater noise (URN) is the focus of academic research, and cavitation is an important source of underwater noise. This
paper takes NACA66 (mod) two-dimensional hydrofoil as the research object and uses the open-source software OpenFOAM
to simulate the sheet cavitation and sound field. The turbulence model is DDES, and the cavitation model is the Schnerr-
Sauer model. The sound field is predicted by the FW-H formulation. Unlike the traditional method, this paper solves the
quadrupole term (nonlinear term) by direct volume integration, so the nonlinear term can be predicted more accurately.
At the same time, a new method of changing sound wave velocity is proposed considering the two-phase medium problem
caused by cavitation. Four methods are compared, including two-phase volume integration, direct volume fraction, object
surface integration, and penetrable formulation. It is found that the influence of two-phase flow is greater near the closure
area of the cavity, which needs to be considered separately. The linear sound shows dipole directivity and the nonlinear
component exhibits quadrupole characteristics.

INTRODUCTION

Underwater noise not only causes harm to marine life, but also
affects the stealth of military equipment. The International Mar-
itime Organization (IMO) issued non-mandatory noise standards
for commercial ships (IMO, 2014). More and more attention has
been paid to the acoustic environment. At this stage, the predic-
tion of such noise becomes a hot topic (Deane and Stokes, 2010;
Ianniello et al., 2013; Bensow and Liefvendahl, 2016).

Underwater noise can be divided into three parts: structure
vibration noise, propeller noise, and flow-induced noise. Flow-
induced noise is caused by pressure fluctuations. As the speed
of structures increases, the impact of flow-induced noise also
increases. Theoretically, prediction of the flow-induced noise
needs to directly solve the compressible N-S equation, but the
solution strategy in aerodynamics cannot be applied to the water
medium, and this method is computationally expensive (Cianferra
et al., 2019). In recent years, acoustic analogy has been adopted
in most research (Epikhin et al., 2015; Schmalz and Kowalczyk,
2015; Choi et al., 2016). Within this framework, the flow field is
regarded as the sound source, and the free space Green’s func-
tion is used to describe the sound pressure propagation in the far
field. The acoustic analogy was first proposed by Lighthill (1952)
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and developed by Curle (1955), Ffowcs Williams and Hawk-
ings (1969), and others. By now, it has achieved great develop-
ment. The commonly used formulation is called the FW-H equa-
tion, which regards the various motions of solid objects as sound
sources.

The FW-H equation was first proposed in aerodynamics. The
equation contains 3 kinds of sound sources: monopole, dipole, and
quadrupole. The monopole sound source is caused by the move-
ment of the object. The dipole is caused by the pressure fluctua-
tion near the object. And the quadrupole sound source is caused
by the turbulent behavior of the flow itself (such as vortex, shock
wave, etc.). The quadrupole term (nonlinear sound source) has
little effect on noise in the air, and it requires expensive volume
integrations, so this term is often ignored. However, the results
of hydrodynamic noise in recent years showed that the influence
of the quadrupole is important, even dominating the acoustic far
field (Choi et al., 2016; Cianferra et al., 2018). Therefore, the
quadrupole term must be considered for the prediction of under-
water noise.

An alternative choice is the penetrable FW-H formulation,
which moves the integral surface from the object to the flow
field. Such integration is believed to consider the nonlinear terms
enclosed by the porous surface. However, this approach is greatly
affected by the selection of the penetrable surface (Cianferra et al.,
2019). Direct volume integration is the most accurate way to cal-
culate the quadrupole. Some scholars carried out the volume inte-
gration successfully (Cianferra et al., 2018, 2019). It is found that
the computation cost is within an acceptable range, if the time
delay is ignored (compact source hypothesis). And the require-
ments of compact sound sources are met for most of the under-
water flows (low Mach number).

http://www.isope.org/publications


International Journal of Offshore and Polar Engineering, Vol. 33, No. 3, September 2023, pp. 294–300 295

As far as the author knows, there is no application of direct
volume integration to the cavitation noise problems. Cavitation is
the most significant cause of underwater noise (Ahn et al., 2016;
Wu et al., 2018; Sun et al., 2020; Yu, Wu, and Wan, 2022; Yu,
Zhao et al., 2022). It is necessary to study the nonlinear term of
cavitation noise. Hydrofoil is a typical geometry for the study of
cavitation, and many scholars have conducted in-depth research
on it (Kim et al., 2017, 2018; He et al., 2020). Among them, the
NACA66 series are mostly used, for the abundant experimental
and simulation data (Singhal et al., 2002; Wang et al., 2021).

This paper takes the NACA66 (MOD) model as the research
object. The noise characteristics of hydrofoil cavitation are ana-
lyzed from the perspectives of sound source distribution, near-
field sound pressure, far-field attenuation law, acoustic directivity,
etc. It is hoped that the research contributes to the understanding
of cavitation noise.

MATHEMATICAL FORMULATIONS

Turbulence Model

The problem of cavitation is still an open issue, and the inter-
action between turbulence and cavitation is particularly complex.
Previous studies proved that the RANS model cannot obtain the
small-scale vortices in the cavitation flow, which has a great
impact on the acoustic prediction.

For this reason, this paper uses the improved Spalart-Allmaras
DES as the turbulence model, namely SA-DDES (Spalart and
Allmaras, 1992). Its governing equation is
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The first term on the left side is the transient term, and the second
term is the convection term; the first term on the right side is the
diffusion term, the second term is the source term, and the third
term is the dissipation term. The DDES equation modifies d̃ in
the formula to
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Cavitation Model

The cavitation model, or mass transport model, is derived
from the commonly used Rayleigh-Plesset cavity dynamics equa-
tion. The process of condensation and evaporation in cavitation
describes the changes in each phase by adding source terms. This
paper adopts the Schnerr-Sauer cavitation model (Schnerr and
Sauer, 2001). The mass conversion equation of the model is as
follows:
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where �v is the vapor volume fraction, and the source terms ṁ+

and ṁ− represent the evaporation and condensation processes,
respectively. When the phase change occurs,
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Among them, ṁ+ represents the evaporation process, and ṁ− rep-
resents the condensation process. Rb is the radius of the cavity,
and pv is the saturation vapor pressure at the local temperature.
The calculation formula of the cavity radius is
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Among them, Nb = 1013 m−3 is the cavity number density.

FW-H Formulation

In this paper, the acoustic analogy is used to calculate the cavi-
tation noise. Farassat Formulations 1A is adopted. The derivation
process of Farassat Formulation 1A is omitted here, and the inte-
gral result expression is directly given as follows:
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Here, p′
T stands for thickness noise; p′

L stands for load noise;
4x1 t5 4y1 t5 are the space-time variables of the observation point
and the sound source, respectively; r = �x− y� is the norm of the
vector radius from the observation point to the sound source; r̂i =
4x− y5/r represents the normalization of the vector radius; Mr =

r̂ivi/c is the sound source Mach number in the satellite coordinate
system; 1 − Mr is called the Doppler factor; v̇n = 4¡/¡�54v · n5

represents the derivative of the speed to the sound source time;
cos� = ni r̂i is the vector path from the observation point to the
sound source; 6 7ret is retarded time, which represents the satellite
coordinates after considering the Doppler effect.

Direct Volume Integration

Without loss of generality, assuming that the incoming flow is
along the x1 direction, the three-dimensional free space Green’s
function is written as (Cianferra et al., 2018)
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with g = � − t+ r/c0. Some parameter expressions in the formula
are
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To obtain the analytic expression of the quadrupole term, it is nec-
essary to deduce the second-order spatial derivative of the Green’s
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Combining the derivative term simplification and considering the
formula, the analytic expression of the quadrupole term under low
Mach number is obtained:
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Finally, the volume fraction of this formula can be used to obtain
the influence of the nonlinear term.

NUMERICAL SETUP

Geometric Model

In this paper, NACA66 (mod) hydrofoil is selected as the geo-
metric model, the chord length c = 001 m, the angle of attack
(AOA) selected is 4�, the incoming flow velocity U0 = 1608 m/s,
and the cavitation number is 0.84. The calculation parameter set-
tings are shown in Table 1. The cavitation number is defined as
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p� −pv

1
2�U

2
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where pv = 2,300 Pa represents saturated pressure and p� =

118054 kPa is the underwater pressure at outlet patch. The immer-
sion depth in this paper is about 2 m (20c). The density is
� = 1,000 kg/m3. The kinematic viscosity is � = 1 × 10−6 m2/s.
The computation is based on incompressible medium combined
with mass transport model. The temperature is 20�C.

The inlet is about 2c from the leading edge, and the outlet
is about 4c length from the trailing edge, as Fig. 1 shows. The
inlet is fixed at the incoming velocity U0 and the outlet has a
fixed pressure. To simplify the calculation, the y direction (span
direction) is set as one grid; i.e., a two-dimensional example is
used for this cavitation research.

Parameters Value

Profile NACA66 (mod)
Chord length 0.1 m
AOA (angle of attack) 4�

Cavitation number 0.84
Inflow velocity 16.8 m/s

Table 1 The basic parameters of the cavitation calculation

Fig. 1 Computational domain of NACA66 (mod) hydrofoil; the
unit of both X and Y axes is meter

Fig. 2 Unstructured grid with 5 levels of refinement, with growth
rate of 2

Fig. 3 Volume integration area and acoustic probes

Acoustic Integration and Probes Settings

The computational domain is discretized by an unstructured
grid, and 5 levels of refinement are set up to capture the cavitation
near the hydrofoil, as shown in Fig 2.

A volume integration area is selected in refine 5, and the sur-
face integration is carried out on the hydrofoil. The two kinds of
integrals represent the nonlinear term and linear term of sound
pressure, respectively. To study the near-field acoustic characteris-
tics, four probes A, B, C, and D are set above the suction surface
of the hydrofoil, as shown in Fig. 3.

RESULTS AND DISCUSSION

Hydrodynamic Validation

The working condition in this paper refers to the experiment of
Leroux et al. (2004). According to the experimental results, when
the angle of attack is 4� and the cavitation number is 0.84, the
hydrofoil cavitation is in steady state, showing a sheet shape and
hardly breaking off. The alpha distribution given by the numerical
simulation is qualitatively consistent with the experimental results,
as shown in Fig. 4.

Fig. 4 The sheet cavitation calculated by the numerical simula-
tion; � represents the volume fraction
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Fig. 5 The pressure coefficient compared with experiment

Fig. 6 Streamlines at two moments

The pressure coefficient distribution on the suction surface of
the hydrofoil is shown in Fig. 5 and compared with the exper-
imental results. When cavitation occurs, the pressure coefficient
decreases. It can be seen from Fig. 5 that the inverse number of
the pressure coefficient decreases at about x/c = 0045 (transition
from the cavitation area to the non-cavitation area), and the inflec-
tion point of the numerical simulation is about 0.4. Considering
the complexity of cavitation flow and the two-dimensional calcu-
lation used in this paper, the error is within the allowable range.
It can be considered that the flow field results are accurate and
reliable, and subsequent acoustic calculations can be performed.

Figure 6 shows the two-dimensional streamlines at two mo-
ments. It can be seen that a re-entrant jet appears at the bottom
of the cavity with the appearance of sheet cavitation, and the re-
entrant jet inhibits the further development of the cavity. In many
literatures, the re-entrant jet even causes cavitation to shed under
high Reynolds number conditions. Such cavitation is called cloud
cavitation (Leroux et al., 2004; Yu et al., 2021).

The distribution of vortex is related to the nonlinear sound
sources (quadrupoles). Figure 7 shows the y component of vor-
ticity distribution at the moment U0t/c = 30. The suction surface
vorticity is positive, while the lifting surface vorticity is nega-
tive. The opposite signs of the vortices on the two surfaces are
the cause of the lift generated by the hydrofoil. There is a small
amount of negative vorticity on the suction surface. This corre-
sponds to the closure of the cavity, which is also the place where
the re-entrant jet appears, so there is a special distribution of
quadrupole.

Fig. 7 Contour of �Y at moment U0t/c = 30

Near-field Hydroacoustic Analysis

Four integration methods are used to predict the sound pressure
for the four acoustic probes in Fig. 3, by the integration on the
object, the integration on the penetrable surface (the same position
as the volume area), the volume integral, and the volume integral
of two-phase flow. The sampling frequency is 5×105 Hz, and the
sampling duration is 0.6 s.

Here is an introduction on how to consider the volume integral
of the two-phase fluid. Based on the formula introduced in the
subsection “Direct Volume Integration,” the change of sound wave
velocity is considered. When the alpha value is greater than 0.5,
the medium in the grid is considered to be water, and the speed
of sound is 1,400 m/s; when the alpha value is less than 0.5, the
medium in the grid is considered to be vapor, and the speed of
sound is 340 m/s.

cmultiphase =

{

1,4001 � > 005

3401 �≤ 005
(18)

The frequency domain results are obtained by performing the Fast
Fourier Transform (FFT) on the time history. Traditionally, the
sound pressure level (SPL) is used to express the magnitude of
sound pressure. The SPL calculation formula is as follows:

SPL = 20 × log10

(

p
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)
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The four test points can be divided into two categories: upstream
probes and downstream microphones for hydrofoil cavitation.

Microphone A is in the initial stage of cavitation, and the non-
linear effect is not obvious. Its linear term (object surface integra-
tion) is larger than the nonlinear term (volume integral), which is
about 10 dB higher, as Fig. 8 shows. The contribution of the lin-
ear term is close to the nonlinear term at probe B. The role of the
nonlinear term becomes more obvious at this time. This is in line
with previous studies. The quadrupoles are often produced due to
turbulence effects (such as vortex shedding, cavitation, etc.).

As for peak frequency, the results of object surface integration,
volume integration, and two-phase volume integration are similar
(about 18 Hz), which corresponds to the cavitation development
frequency. But the peak frequency of penetrable integral has a
large deviation.

Figure 9 shows the SPL of the two downstream probes C and D.
As the cavitation gradually disappears, the SPL of the nonlinear
term at points C and D decreases compared to points A and B. It
is worth noting that at point C, there is a clear difference between
considering the two-phase volume integration and the direct vol-
ume integration, but at point D, the two are relatively close. The
reason for this difference needs further research.

In terms of peak frequency, the peak frequencies of downstream
points C and D are the same as upstream points A and B, because
the cycle of cavitation development remains unchanged upstream
and downstream.
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Fig. 8 Sound pressure level (SPL) with four methods at micro-
phones A and B (top panel is for A, and bottom panel is for B)

To facilitate the comparison, we compiled the sound pressure
level at the peak frequency predicted by the four methods at the
four sound pressure test points into Table 2. It is used to quanti-
tatively compare the sound pressure prediction results of different
methods at different locations for hydrofoil cavitation.

At each test point, the peak SPL of the linear component is
higher than that of the nonlinear component (volume integration).
This does not mean that the linear component is more important
than the nonlinear component. In fact, due to the strong effect
of the cavitation viscosity, nonlinear effects are considered to be
large. The linear component is dominated by the vented vortex,
so the energy at the peak is more concentrated. However, the
nonlinear component is dispersed in various frequency ranges.

Furthermore, the criterion for the two-phase sound speed used
in this paper is � = 005, but some literature believes that the
threshold of cavitation is 0.9 (Kim et al., 2017). A more accurate
consideration should be to obtain the sound speed of each grid by
interpolation according to the � value. It needs further research
in the future.

Far-field Hydroacoustic Analysis

A series of far-field sound pressure probes are set in circles with
the leading edge as the center. Hydrophones are given every 10
degrees in a circle. Two radii are set as 50c and 500c, respectively.
The test points are arranged as shown in Fig. 10.

Fig. 9 Sound pressure level (SPL) with four methods at micro-
phones C and D (top panel is for C, and bottom panel is for D)

Method

Position Linear Porous Volume Two-phase

Microphone A 180.4 dB 180.9 dB 165.5 dB 171.6 dB
Microphone B 177.1 dB 192.3 dB 173.5 dB 173.6 dB
Microphone C 180.3 dB 193.0 dB 161.9 dB 168.7 dB
Microphone D 180.1 dB 188.9 dB 167.8 dB 169.7 dB

Table 2 The corresponding sound pressure level (at respective
peak frequency) of the frequency domain curve predicted by the
four methods at the four test points

The overall sound pressure level (OASPL) is calculated for
each test point. Taking the positive direction of the x-axis (flow
direction) as � = 0�, the angle in the counterclockwise direc-
tion increases gradually. The scatter plots are drawn in terms of
OASPL multiplied by the sine and cosine of �. The formula for
calculating OASPL is as follows:

E =

∫

S4f 5df (20)

OASPL = 10 log104E5 (21)

Figure 11 shows the far-field acoustic directivity of linear and
nonlinear components. Among them, the nonlinear results are
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Fig. 10 Far-field probe locations: the radius in the figure is scaled
for display convenience

computed in two ways: not considering the sound velocity vari-
ation and considering it. It is easy to see that the linear sound
exhibits dipole characteristics, while the nonlinear component
shows quadrupole directivity. Also, the quadrupole characteristics
become more obvious with increasing distance.

Comparing the attenuation, it can be found that the linear
OASPL is larger than the nonlinear one at r1 distance. However,
the two components become close at r2 distance, indicating that
the linear sound attenuates faster than the nonlinear one in the far
field. It can be predicted that the nonlinear result will exceed the
linear component at greater distances.

Furthermore, it is observed that far-field acoustic directivity is
independent of sound velocity variation, which is different from
near-field characteristics.

CONCLUSIONS

This paper takes the two-dimensional NACA66 (MOD) as an
example to study the linear sound pressure and nonlinear sound
pressure characteristics of hydrofoil cavitation noise. The open-
source software OpenFOAM is used to simulate the cavitation
flow and sound field. The turbulence model is selected as SA-
DDES; the cavitation model is the Schnerr-Sauer model. The non-
linear sound pressure signal is calculated by the direct volume
integration ignoring the time delay. In addition, a new integration
method suitable for volume integral is proposed for the two-phase
flow. The conclusions are as follows:

• Under low Reynolds number and small angle of attack, the
hydrofoil cavitation type is sheet cavitation. At this time, the cav-
ity is generated by the leading edge and attaches to the suction
surface of the hydrofoil and hardly changes with time. In the clo-
sure area of the cavitation, a re-entrant jet is generated. The vor-
ticity is mainly concentrated in the area of the cavity.

• For the upstream sound pressure of the hydrofoil, the linear
term is greater than the nonlinear term. The linear term is similar
to the nonlinear term near the closure area of the cavity. The
closer the probe is to the downstream of the hydrofoil, the more
obvious the peak frequency of the nonlinear term.

Fig. 11 Far-field acoustic directivity: the red scatter represents r1;
the blue scatter represents r2

• Considering the volume integral of the two phases has a great
impact on the results of nonlinear sound pressure prediction in
near field, especially near the closure area of the cavity. Therefore,
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it is necessary to conduct in-depth research on the nonlinear term
of cavitation noise in two-phase flow in the future.

• In terms of far-field acoustic directivity, the linear OASPL
exhibits dipole characteristics, while the nonlinear component
shows quadrupole characteristics. Linear sound decays faster than
nonlinear components.

The method discussed in this paper is suited for sheet cavi-
tation noise; as for cloud cavitation and other cavitation types,
this method may not be applicable. One of the limitations of this
method is the huge computation amount, which costs a lot of time.
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