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The paper presents ship propellers as the source of a variable pressure field in water. The
frequency spectrum of this field covers the entire audible range and beyond this range. This
pressure field is generated by several physical mechanisms: the rotating hydrodynamic loading
of the blades, the displacement effect of the rotating blades, the boundary layer effect, and, first
of all, various forms of cavitation. The relative importance of these mechanisms is analysed
and the methods of the theoretical prediction of the propeller generated variable pressure field
are briefly presented. The results of the prediction are compared with experimental data.
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Hydroacoustic effects of the ship propeller operation are a serious problem both for
ship designers and operators. The most widely known negative effect is the easy de-
tection, location and destruction of warships by means of weapons using the emitted
hydroacoustic signals. Noise produced by ship propellers may also affect negatively the
own hydroacoustic systems, which is important for warships,
logical research ships. It may also deter passengers of cruise ships and ferries. These
hydroacoustic effects stem directly from the propeller induced pulsating pressure eld.
The importance of these problems motivates intensive research into the physics of pro-
peller operation and development of design methods and procedures which enable the

1. Introduction

design of silent propellers for high performance ships.

shing vessels and geo-
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2. Propeller as a source of a pulsating pressure field

The principle of the ship propeller operation is based on the generation of a suf-
cient pressure difference between both sides of the number of rotating blades. This
pressure difference manifests itself in the form of the thrust force propelling the ship.
This rotating pressure difference generates a pulsating pressure eld in the inertial frame
of the reference. Even if the propeller produces no thrust, the sole thickness of the ro-
tating blades would generate a weak pulsating pressure eld. The turbulent boundary
layer present on the propeller blades is another, however not so intensive, source of a
pulsating pressure eld. The tendency for increasing the ship speed or her displace-
ment or both leads to increased requirement for thrust which may be generated through
the increased pressure difference between both sides of the propeller blades. This leads
eventually to reaching the level of a critical pressure and to the inception of cavitation.
Cavitation is a strongly dynamic phenomenon, based on a rapid creation, growth and
disappearance of bubbles Iled with a vapour-gas mixture. This phenomenon is a very
strong source of a pulsating pressure eld. The fact that propellers usually operate in
the non-uniform velocity eld present in the wake behind a ship hull is another factor
increasing the unsteadiness and dynamics of all the above described mechanisms and
adding to the intensity of pressure eld pulsations.
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Fig. 1. An idealised spectrum of propeller generated pulsating pressure field [3].

A typical idealised spectrum of the pulsating pressure eld generated by a ship pro-
peller is shown in Fig. 1. It may be seen that it covers a wide frequency band, reach-
ing beyond the audible range. In the low frequency part, several discrete narrow band
signals may be seen, which are associated with the harmonics of the propeller blade
passage frequency. In the medium and high frequency part, a continuous spectrum is
observed. The different physical mechanisms mentioned above contribute to a different
degree to the intensity of the pulsating pressure eld. By far, the most decisive factor is
the presence of cavitation.
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3. Forms of cavitation associated with propeller operation

Cavitation associated with the ship propeller operation may take different forms
presented in Fig. 2. The most frequently encountered forms are such as:

e sheet cavitation covering the signi cant blade area with a large, thick bubble,

e vortex cavitation related to strong tip and hub vortices; it is usually the rst one
to appear,

e cloud cavitation produced by unsteady and disintegrating sheet cavity,

e bubble cavitation consisting of isolated semi-spherical bubbles, usually in the
mid-chord region of the blades.
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Fig. 2. Forms of cavitation present on ship propeller blades.

The different forms of cavitation contribute to different parts of the spectrum of the
pulsating pressure eld [1]. The sheet cavitation contributes to the discrete part of the
spectrum, while bubble and cloud cavitation contribute mainly to the continuous part.
Vortex cavitation in the initial stages after inception usually generates a strong discrete
signal not related to the blade frequency harmonics. In the later stages, this form of
cavitation contributes mainly to the continuous part of the spectrum.

4. Methods of the prediction of the propeller generated
pulsating pressure field

The state of the art analytical methods is capable of predicting the discrete part of the
spectrum shown in Fig. 1. The prediction of the continuous part of the spectrum may be
done only by empirical formulae. Analytical methods for the prediction of the propeller
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generated pulsating pressure eld [5, 6] must be capable rst of all of the determination
of the pressure distribution around the propeller blades in the non-cavitating ow. When
this is done, appropriate algorithms for the detection of the cavitation inception and for
the analysis of the cavitation development may be employed. After that formulae for the
estimation of pressure pulses resulting from cavitation are used and the total pulsating
pressure eld is calculated.

In the rst step, the lifting surface theory, boundary element theory, Euler solvers
or Navier Stokes solvers may be used. The example presented here is based on the
unsteady deformable lifting surface theory [2]. This theory was developed rst of all to
predict sheet cavitation. It also has a limited ability of detecting and predicting bubble
cavitation and tip vortex cavitation. Within this theory, sheet cavitation is treated as
a deformation of the original propeller geometry. This approach enables the correct
accounting of the dynamics of the sheet cavity. The detection of the cavitation inception
is effected by using the Rayleigh Plesset equation (1) to analyse the behaviour of the
cavitation nuclei in the pressure eld surrounding the propeller blades.
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In this formula, R is the bubble radius, p is the water density, Ap is the pressure dif-
ference responsible for bubble dynamics, .S is the surface tension of water and p is the
dynamic viscosity coef cient of water.

The cavitation nuclei are gas and vapour micro-bubbles of 10 to 100 microns diam-
eter, owing freely in water or attached to solid walls or oating particles. The approach
described above enables, together with specially developed semi-empirical relations, the
determination of cavitation inception. Figure 3 shows the cavitation inception diagram
giving the values of the cavitation number o as a function of the advance coef cient .J.
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Fig. 3. Comparison of calculated and experimentally observed cavitation inception on a ship propeller
model.
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These two parameters are de ned in the following way:

_V
nD’

In formula (2), V' is the propeller advance velocity, » is the number of propeller revolu-
tions per second, D is the propeller diameter.
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In formula (3), p is the local static pressure, py is the critical vapour pressure, p is the

density of water.

As may be seen in Fig. 3, the inception of tip vortex and of sheet cavitation on both
sides of the propeller blade is very accurately predicted for a wide range of operating
conditions de ned by the cavitation number and advance coef cient. It is also possible
to distinguish between different forms of cavitation (except cloud cavitation) cf. Fig. 4.
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Fig. 4. Model of the cavitation phenomena on a propeller blade.

Then the development of the sheet cavity is estimated using the dynamic bound-
ary condition on its surface leading to the determination of the local velocity of cavity
growth or collapse. The development of the tip vortex is studied using the Rankine vor-
tex model for the calculation of the pressure eld around the vortex core. More advanced
models of the propeller tip vortex formation are simultaneously developed [4]. Finally,
the development of bubble cavitation follows from the Rayleigh Plesset equation used
for the determination of the area where bubbles reach a visible size. The result of these
computations are shown in Fig. 5 for sheet cavity.

In order to calculate the total pulsating pressure eld, all the forms of cavitation
already computed are modelled by appropriate distributions of the sources and sinks
Q, as may be seen in Fig. 4, where Q¢ is modelling the dynamics of sheet cavity,
Qcr is modelling the quasi-steady tip vortex, while Q 7y is modelling the tip vortex
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CALCULATION EXPERIMENT

Fig. 5. Comparison of computed and experimentally observed sheet cavitation on a propeller blade.

dynamics, C' is the control point of the solution of the boundary condition, n is the
normal unit length vector and t is the tangential unit length vector.

Then the linearized form of the Bernoulli equation is used to calculate the pressure
pulses as function of the blade position (i.e. as function of time):
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In formula (4), Vs is the ship velocity, @; is the i-th source intensity, r; is the distance
between the source and the eld point and x; is the component of r; in the direction of
Vs. In this formula, r; is the function of the propeller blade position.

This time history of pressure pulses can be resolved into Fourier series and presented
as a series of harmonic amplitudes and associated phase angles. The calculated pressure
amplitudes are compared with the results of model experiments in Fig. 6. This gure
shows low frequency harmonic amplitudes in the range below 1000 [Hz]. The results
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Fig. 6. Comparison of computed and experimentally measured harmonic amplitudes of the pulsating
pressure field generated by the cavitating propeller.
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presented in this gure include the effects of unsteady sheet and tip vortex cavitation
together with rotation of the non-cavitating propeller. This gives an idea what level of
accuracy may be achieved in this sort of rather complicated calculations. In practice no
more than the rst four harmonics, starting with the blade frequency, may be predicted
with reasonable accuracy.

5. Conclusions

The following conclusions may be drawn to summarize the problem of hydro-

acoustic consequences of ship propeller operation discussed in this paper:

(1]
(2]

(3]

(4]

(5]

(6]

e the pulsating pressure eld generated by ship propeller results form several com-
plicated and mutually interacting physical phenomena,

e cavitation is by far the most important of these phenomena and is responsible for
the major portion of the intensity of pressure eld pulsations,

e vortex cavitation is starting rst and its presence de nes the boundary between

noisy and silent propellers,

¢ analytical methods based on physical models can predict the discrete part of the
spectrum of the pulsating pressure eld generated by ship propellers,

e these methods have reached the stage for being effective and reliable tools in the
designing of silent propellers.
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