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Abstract

Noise reduction and control is an important problem in the performance of underwater acoustic systems
and in the habitability of the passenger ship for crew and passenger. Furthermore, sound generated by a
propeller is critical in underwater detection and it is often related to the survivability of the vessel especially
for military purpose. This paper presents a numerical study on the non-cavitating and blade sheet
cavitation noises of the underwater propeller. A brief summary of numerical method with verification and
results are presented. The noise is predicted using time-domain acoustic analogy. The flow field is analyzed
with potential-based panel method, and then the time-dependent pressure and sheet cavity volume data are
used as the input for Ffowcs Williams–Hawkings formulation to predict the far-field acoustics. Noise
characteristics are presented according to noise sources and conditions. Through this study, the dominant
noise source of the underwater propeller is analyzed, which will provide a basis for proper noise control
strategies.
r 2005 Elsevier Ltd. All rights reserved.
see front matter r 2005 Elsevier Ltd. All rights reserved.
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Nomenclature

c0 speed of sound
f ð~x; tÞ ¼ 0 equation of blade surface
li local force per unit area on fluid in

direction i

M Mach number
Mr Mach number in radiation direction
n̂ unit outward normal vector to surface

f ¼ 0
p0ð~x; tÞ acoustic pressure
r length of radiation vector, ~x �~y

�� ��
~r radiation vector, ~x �~y

r̂ unit radiation vector, ~r=r

t observer time
t̂ unit tangent vector to surface f ¼ 0
vn local normal velocity of blade surface
~v local velocity of blade surface
~x observer position in frame
~xOBS observer location
~y source position
~y0ðtÞ position vector from origin of ground-

fixed frame to moving frame
t source time
ret evaluated at retarded or emission time
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1. Introduction

Sound generated by a propeller is critical in underwater detection, and it is often related to the
survivability of the vessels especially for military purposes. The propeller generally operates in a
non-uniform wake field behind the vessel. As the propeller rotates, it is subjected to unsteady
force, which leads to discrete tonal noise, and cavitation. Therefore, underwater propeller noise
can be classified into cavitating and non-cavitating noise. Cavitation of the underwater propeller
is the most prevalent source of underwater sound in the ocean and it is often the dominant noise
source of a marine vehicle. In the past, the propeller design philosophy has been avoiding
cavitation for the widest possible range of operating conditions. However, the recent demands for
high vehicle speed and high propeller load have made this designing philosophy practically
impossible to achieve. Therefore, underwater propeller cavitation has been more and more
common in recent ocean vehicle application. In the mean time, submarines and torpedoes are
usually operated under the deep sea enough to avoid cavitation [1]. So both cavitating and non-
cavitating noise are also important. The approach for the investigation of the underwater
propeller noise is a potential-based panel method coupled with acoustic analogy. Among the
various types of cavitation noise, unsteady sheet cavitation on the suction surface is known to
produce the highest noise level [1].

Sheet cavitation noise results from the growth and collapse of a sheet of bubbles occupying a
volume on the individual blades. Fig. 1 shows the general noise spectrum of a cavitating propeller
[2]. Sheet cavitation radiates sound from 5Hz to more than 10 kHz. Low frequency noise (region I
and II) is caused by the fluctuations of the sheet cavitation volumes possibly represented by a large
bubble that acts as an acoustic monopole. On the other hand, high-frequency noise (region III and
IV) is caused by sheet cavity collapse or by shock wave generation [2]. For many years, the sheet
cavity has been considered as a single valued volume of vapor attached to the surface, which can
be calculated by potential flow methods [3]. In the present study, computational method for the
analysis of the propeller noise in non-uniform inflow is newly developed. Flow results, the time-
dependent cavity volume and blade surface pressure data, are used as the input for blade sheet
cavitation noise analysis in the blade rate frequency and its harmonics (low-frequency region). But
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Fig. 1. General noise spectrum of a cavitating propeller (from Ref. [2]).
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high-frequency noise analysis is excluded in this study because it is too complex to model the real
cavity collapse and shock wave dominated by nonlinearity. In the field of propeller cavitation
study, presently numerical technology is still too poor to describe that kind of nonlinearity and
complexity. In addition, the sound pressure level of the high-frequency noise is much lower than
that of the low frequency noise [2].

A brief description of the flow analysis methodology is given along with verification. The panel
method developed in this study is an embodiment of the classical Green’s third identity for
velocity potential with Kutta condition to ensure uniqueness. The flow solver employs
hyperboloidal panel elements on the exact surfaces of the propeller blades, containing all the
complications of skew, rake and pitch changes found in most marine propellers. With improved
Kutta condition, this method is proved to be robust and accurate.

For a given cavitation number, the cavity shape is determined by satisfying both the kinematic
and the dynamic boundary condition on the cavity boundary under cavitation condition. This
method is then extended to include the effect of the supercavitation and the analysis of time-
varying cavitating flows around the propeller blades. To reduce the computing time, a split panel
method is applied [4].

Noise prediction is performed using time-domain acoustic analogy. There are various ways
to evaluate Ffowcs Williams–Hawkings equation and the three types of noise source
terms (monopole, dipole, and quadrupole) proposed [5]. Farassat proposed a time-
domain formulation that can predict noise from an arbitrary shaped object in motion
without the numerical differentiation of the observer time [6,7]. The implementation of this
formulation is quite straightforward because contributions from each panel with different
retarded times are added to form an acoustic wave. The quadrupole noise source term is neglected
in this study since the rotating speed of the propeller is much lower than the speed of sound in
water.

Through these studies, the dominant noise source of underwater propeller is analyzed, which
will provide a basis for proper noise control strategies.
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2. Methodology

2.1. Flow solver

There are many kinds of panel methods to solve aerodynamic and hydrodynamic applications.
Hess [8] proposed the surface source method and Morino [9] first introduced the Kutta condition
for the potential-based panel method. Panel methods and their application to propeller
technology began in the 1980s. A potential-based panel method for marine propeller was
developed by Kerwin and Lee [10] at MIT in 1978 and Hsin developed a panel method for solving
marine propellers in unsteady flow. The fundamentals and details of panel method are well
described in works of Hsin [11], Kerwin et al. [12], Pyo et al. [13], and Kinnas and Fine [14],
therefore, only a brief description is given here. The method is based on Green’s third identity for
velocity potential f:

2pf ¼

Z
S

f
qG

qn
� G

qf
qn

� �
dS þ

Z
SW

Df
qG

qn
dS. (1)

Here, the body surface S is composed of propeller blade surface SB and hub surface SH. The
wake surface SW is the propeller wake surface. The surfaces and wakes of propeller are discretized
into hyperboloidal panels, where dipoles and sources of constant strength are distributed. The
Kutta condition [13] is used and the pressure equality at the trailing edge of the blade is also
enforced. Eq. (1) yields a unique solution using the Kutta condition. The panel method for solving
the unsteady propeller problem was developed by Hsin [11]. This method is based on a discrete
time-stepping algorithm. Integral equation (1) is solved at each time step and the time-dependent
terms of Eq. (1) are updated for the next time step. The discretized form of Eq. (1) is as follows:
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Here, NB is the number of blades, MB is the number of panels in the radial direction on the
blade, NW is the number of panels in the streamwise direction of the blade, and NP is the total
number of panels on blade and hub.

The velocities on the boundary surfaces are obtained by differentiating the resulting velocity
potential. Once the velocities are found, the pressure distribution is calculated from Bernoulli’s
equation. Since the coordinate system is fixed on the propeller in this research, the pressure on the
propeller blade PB is obtained by the following equation.

PB ¼ P1 � r~V � rf�
1

2
rðrfÞ2, (3)
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where ~V is the undisturbed inflow velocity vector observed in the moving coordinate system fixed
to the propeller axis.

Next, cavitating underwater propeller subjected to a non-uniform inflow is considered. The
perturbation potential, fpðtÞ; at any time t and any point p on the wetted surface ðSWSðtÞÞ or the
cavity surface ðSCðtÞÞ may be expressed using Green’s third identity [4].

2pfpðtÞ ¼

Z
SWSðtÞ[SCðtÞ

fqðtÞ
q

qnqðtÞ

1

Rðp; qÞ

� �
�

qfq

qnq

ðtÞ
1

Rðp; qÞ

� �
dS

þ

Z
SWðtÞ

DfWðtÞ
q

qnqðtÞ

1

Rðp; qÞ

� �
dS, ð4Þ

where q corresponds to the variable point in the integrations and the unit normal vector
nqðtÞ corresponds to the wetted surface of the propeller blade, the cavity surface and the
trailing wake surface (SW ðtÞ) points into the fluid. Rðp; qÞ is the distance from the point q
to the point p and DfwðtÞ is the potential jump across the trailing wake surface. To determine
the unique potential flow solution, the boundary conditions have to be applied on the
flow boundaries. However, since the geometry of the cavity surface is unknown, the cavity
surface on the blade and wake has to be approximated. Depending on the location of
the field point, Eq. (4) can be rewritten and each case may be considered separately. To solve
Eq. (4), the propeller blade is discretized into hyperboloidal panels. The time domain is
also discretized into equal time intervals. At first, the unsteady non-cavitating problem is
solved. And then, the stepwise solution algorithm is applied and the perturbation potentials are
obtained at every time step [14]. These values will be used for the calculation of the right-hand side
of Eq. (4). Finally, to find the correct cavity planform, Eq. (5) is solved for a given cavitation
number.

dmðl1; l2; . . . ; lMÞ ¼ 0; m ¼ 1; . . . ;M, (5)

where dm is the cavity height at the cavity trailing edge of the mth spanwise strip which is non-
dimensionalized by a local chord length and lm is the cavity length at the same strip. The cavity
height can be determined by the kinematic boundary condition. An iterative procedure is required
to solve Eq. (5) due to its nonlinear characteristics. From the iterative procedure, the boundary
conditions are satisfied on the assumed cavity surface. At every time step, the cavity planform is
considered to converge when the maximum of the absolute value of d is less than 0.001. Details of
the method are described in Ref. [4].
2.2. Acoustic prediction

Noise prediction can be represented as the solution of the wave equation if the distribution of
sources on the moving boundary (the blade surface) and in the flow field is known. Ffowcs
Williams and Hawkings formulated the following equation for the manifestation of acoustic
analogy proposed by Lighthill [15]:

1

c20

q2p0

qt2
� r2p0 ¼

q
qt
½r0vnjrf jdðf Þ �

q
qxi

½lijrf jdðf Þ �
q2

qxi qxj

½TijHðf Þ. (6)
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The three source terms on the right-hand side of Eq. (6) are the monopole, dipole and
quadrupole terms.

There are various ways to evaluate the Ffowcs Williams–Hawkings equation. Farassat
proposed time domain formulation that can predict arbitrary shaped object in motion without the
numerical differentiation of the observer time [6,7,16], Farassat Formulation 1A. The
Formulation 1A of Farassat is very convenient in embodying the time domain analysis of
Ffowcs Williams–Hawkings equation. The quadrupole source term is neglected in this study since
the speed of sound in water is much faster than blade rotating speed. The quadrupole term
becomes important only for strongly transonic flow.

The field pressure is given as follows [6,16]:

p0ð~x; tÞ ¼ p0
T ð~x; tÞ þ p0

Lð~x; tÞ, (7)

where

4pp0T ~x; tð Þ ¼

Z
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Z
f¼0
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r2ð1� MrÞ
3

� �
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dS
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1
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Z
f¼0

_lir̂i
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2

" #
ret

dS þ

Z
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2

� �
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þ
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 �

r2 1� Mrð Þ
3

" #
ret

dS.

Here p0
T and p0

L; respectively, denote the acoustic pressure due to thickness and loading,
corresponding to the monopole and the dipole terms. Blade thickness rotation and unsteady sheet
cavity volume fluctuation are modeled as monopole sources and blade surface pressure fluctuation
is modeled as a dipole source term.

A numerical tool has been developed in this study based on the Formulation 1A of Farassat. As
illustrated in Fig. 2, noise prediction starts out from generating a number of discrete panels on the
Fig. 2. Procedure of noise prediction.
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surface of the blade. Since the integrands in Eq. (7) are then calculated about the mid-point of
each panel, the evaluated value is then multiplied by the area of the panel assuming constant
strength over the panel. The contributions from all the panels are then added. The addition
procedure must be done considering the retarded time equation. The implementation of this
formulation is quite straightforward because contributions from each panel and cavity with
different retarded times are added to form an acoustic wave. In the subsonic case, the retarded
time is calculated by Newton type iteration method. The acoustic pressure history in the
observer’s time is then formed. The time history of the acoustic pressure is transformed into the
noise spectrum in the frequency domain through Fourier transformation.
3. Results and discussion

Basic flow fields of propeller are obtained using a potential-based panel method. In this section,
both the flow field and the noise prediction results are presented for non-cavitating/cavitating
propeller. The acoustic time history, noise spectra and noise directivity patterns of each noise
source are analyzed.

The density and speed of sound in the undisturbed medium, standard water, are 1026 kg/m3 and
1500m/s, respectively. The reference pressure for calculating sound pressure level (SPL) is
1.0� 10�6 Pa. The observer positions are given in terms of the angle y and the distance d. The
observer is located at the distance 10 times the propeller radius, R in the direction of y ¼ 01 and
y ¼ 901 from the propeller shaft axis. The axial angle y is measured from the downstream
propeller axis and the distance d is given in terms of the radius of the propeller, R.

The model propeller having three blades (DTMB4119) is shown in Fig. 3. The propeller was
designed by Denny. This model propeller has been distributed to a large number of research
institutes through the ITTC Propulsor Committee. The propeller is assumed to be operated at
120 rpm with forward velocity of 1.6m/s. Flow fields are computed using this propeller model in
Fig. 3. Single propeller model and condition. DTMB4119 with three blades, rev: 120 rpm, forward speed: 1.6m/s.
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non-uniform flow. Each propeller blade is modeled with 40 spanwise divisions and 80 chordwise
divisions (40 for upper surface and 40 for lower surface) to fully consider the thickness of the
blade.
3.1. Underwater propeller analysis under non-cavitating condition

In order to validate the unsteady panel method, the results are compared with other numerical
methods [11]. The comparison results are shown in Fig. 4, which shows an excellent agreement
between the two methods.

Experimentally simulated three-cyclic wake is applied to onset non-uniform inflow. Fig. 5
shows the thrust coefficient comparison of the present method with other numerical methods and
experiment. The blade surface pressure contours are shown in Fig. 6.

The noise calculations are performed in various observer positions. The directivity of noise can
also be analyzed by this method. The acoustic pressure time history and noise spectra calculated
at various positions are shown in Fig. 7. The directivity of the thickness noise is a simple 8-shaped
curve with the maximum occurring on the propeller rotation plane. Monopole thickness noise,
with its acoustic energy concentrated at its lower harmonics, is known to radiate strongest toward
the plane of blade rotation. The unsteady loading noise is known to be dipole in nature, with a
strong radiation tendency toward the observer on the hub axis. The results are depicted well in
Fig. 8, with the directivity of each noise source computed at the distance of 10R. The unsteady
loading noise is mainly governed by irregularities—the fluctuation of surface pressure, while the
thickness noise is dominated by the periodicity of propeller rotation. Since the noise prediction is
highly affected by inflow conditions, the directivity of the noise generated by propeller in non-
uniform flow is complex. Three-dimensional directivity contours are thus shown in Fig. 9. The
results show that the overall noise level is highest at the location of the hub center. The trend is the
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Fig. 6. Blade surface Cp variation of non-cavitating propeller: (a) view from stem (suction side); and (b) view from stern

(pressure side).
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characteristic of unsteady loading noise, and the monopole noise due to blade thickness is very
small compared with the dipole noise.

3.2. Underwater propeller analysis under cavitating condition

Finally in order to validate the numerical method for cavitating flow analysis method in non-
uniform inflow, it is applied to a modified DTMB 4381 propeller with one blade. The inflow has
15% dent in axial direction and is symmetric about y ¼ 0�: Fig. 10 shows the cavity volume
variation with revolutions. The cavity volume variation from the present method is compared to
other numerical results [4,17], and shows a good agreement.
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The propeller model and operating conditions are the same as with the non-cavitating
condition, and the cavitation number is fixed at 1.7. Underwater propeller cavitating flow analysis
results are shown in Figs. 11 and 12, which displays blade surface pressure distribution and
converged sheet cavity planform. These results are then used for noise prediction. As shown in
Fig. 11, suction surface pressure distribution is changed due to the cavitation (see Figs. 6(a) and
11(a)). Cavity variations are highly affected by inflow wake. This fact is depicted well in Fig. 12,
which shows sheet cavitation shape variation with the azimuth angle. As mentioned earlier, the
three cyclic wake is used for the onset of the non-uniform inflow. So sheet cavitation occurs more
in the disturbed wake region by inflow condition.

Fig. 13 shows the sheet cavitation SPL (sound pressure level) and directivity. Generally,
cavitation noise radiates sound as a monopole but our result shows somewhat weak dipole
characteristics. This can be explained by the fact that the sheet cavity is treated as a single volume
of vapor attached to the blade surface in this study. Therefore, the blade rotating effect may affect
noise directivity.
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Fig. 8. Each noise directivity of non-cavitating propeller at distance 10R: (a) thickness noise directivity; and (b) loading

noise directivity.

Fig. 9. Thickness and loading noise directivity 3D contour of non-cavitating propeller: (a) thickness noise; and (b)

loading noise.
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Loading noise characteristics are compared with each other in non-cavitating and
cavitating conditions in Fig. 14. As shown in the result, in a non-cavitating condition
loading noise is larger than that of cavitating condition. The reason is that the pressure
variation in the cavitating region is less than that in the non-cavitating condition. When the
sheet cavity covers the part of the blade surface, the cavity-covered surface pressure is equal
to the vapor pressure and thus the suction surface pressure variation is limited. Fig. 15 shows
the Cp variation at the blade tip where cavitation has occurred. Blade surface Cp variation is
larger in the non-cavitation condition. As sheet cavitation develops, vapor cavity covers the
parts of the blade surface and thus limits the pressure variation and their performance. But overall
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Fig. 11. Blade surface Cp variation of cavitating propeller: (a) view from stem (Cp contour of suction side); and (b) view
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noise level under cavitating condition is higher than that of non-cavitation condition. The result is
depicted well in Fig. 16, which shows comparison with overall noise level in cavitating and non-
cavitating conditions.
4. Conclusion

The non-cavitating and blade sheet cavitation noise generated by an underwater propeller is
analyzed numerically in this study. Potential-based panel method coupled with time-domain
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(a)

(b)

Fig. 12. Shape variation of sheet cavity with the azimuth angle. (a) Shape of sheet cavitation. (b) Shape variation of

sheet cavitation.
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acoustic analogy is applied to predict the noise generated by underwater propeller in non-uniform
flow condition.

The time-stepping potential-based flow solver is modified to increase the time resolution of the
flow analysis and the results are compared with other numerical scheme and experiments. The
flow solver is proven to be robust and accurate. For noise prediction, Ffowcs Williams–Hawkings
equation is adopted in the form proposed by Farassat.

The developed flow solver is applied to the model propeller in uniform and non-uniform inflow.
Computed results are shown to be in good agreement with other numerical results and published
experimental measurements.

In a non-uniform flow condition similar to the real situation, the noise directivity pattern is a
direct result of dipole dominating the overall noise level under non-cavitating condition. But once
sheet cavitation occurs, cavitation can be a dominant noise source and loading noise is decreased
due to diminution of blade surface pressure variation, caused by sheet cavitation.
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Fig. 13. Sheet cavitation noise 3D contour and directivity: (a) sheet cavitation noise SPL 3D contour; and (b) sheet

cavitation noise directivity.
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High frequency noise is excluded in this study because it is too complex to model the real cavity
collapse and shock wave dominated by non-linearity. In the field of cavitation study, presently
numerical technology is still too poor to describe to that kind of non-linearity and complexity.
Therefore some additional problems are remained to solve. High frequency noise of sheet
cavitation may be predicted if formation and splitting of bubbles modeling are developed. To
solve these problems, more study is needed to clarify the generation mechanism of sheet cavitation
break-off and formation to tip vortex cavitation. Although it is exactly predicted from
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fundamentals, cavitation noise generally rarely follows the experimental results. But numerical
analysis based on theory provides a basis for cavitation study and scaling of experimentally
measured data.
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