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SUMMARY

N

of blade rate line energy produced by single screw merchant

This memo presents a model for the acoustic source strength

vessels. These source strengths are based on observed cavita-
tion time histories on merchant vessels, and on limitations
imposed by considerations of propeller design procedures and
ship vibration criteria. Relationships are presented for the
expected value of the blade rate source strength for ships of
different lengths, expressed both as a monopole source strength
located a known depth below a free surface; and as a dipole
source strength which describes the pressure radiated to the
far field. These relationships are based on a small sample of

merchant ships characteristics and are exercised for the estimated
population of ships at sea to yield a statistical description

of the distribution of source strength for the world fleet of
single screw merchant vessels.
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1.0 INTRODUCTION

In order to correctly predict low frequency ocean ambient
1 noise, one must have available a description of the acoustic

source levels of merchant ships. The major acoustic source on

i merchant vessels 1s propeller cavitation, which characteristically
i produces both a continuous spectrum component and a set of line
components. This line component is generated by the gross changes
in the total cavitation volume existing on a ship propeller with-
in one propeller revolution, and consists of a set of harmonically
related lines with the fundamental frequency equal to the propeller
blade rate.

The purpose of this paper is to present a model for the pre-
diction of the source levels and frequencies of the blade rate

acoustic energy generated by propeller cavitation volume changes
on merchant ships. This model is exercised for a set of ships
represertative of the present world merchant fleet, yielding a
statistical description of this blade rate line energy for the
merchant fleet.

2.0 DESCRIPTION OF ACOUSTIC SOURCE
2.1 Unsteady Propeller Cavitation-General

Marine propellers are designed to produce a given amount of
thrust with a given inflow to the propeller. This thrust mani-
fests itself as a pressure reduction on the suction side of the
propeller blades. If this pressure reduction on the blades is
sufficiently severe, cavitation will occur. The reader is refer-
red to [1] for a discussion of propeller design and the factors
influencing propeller cavitation.

On a single screw vessel, there also exists a considerable
alternating thrust component due to the fact that the inflow to
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; to the propeller is considerably non-uniform over the propeller disk.
Figure 1 is a schematic of the stern of a vessel showing the ship's

; propeller and sections of the ship lines perpendicular to the longi-
tudinal ship axis. The inflow to the propeller disk will be
affected by the proximity of the hull immediately upstream of the

propeller. An example of this inflow (ship wake) for a typical
vessel is shown in figure 2, where the contours represent the
axial wake velocities normalized on ship speed. Note that there
exists a region of low wake velocities near the top of the pro-
peller disk. If a section 1s taken through the propeller along
a radius (figure 3), it is evident that changes in the axial in-
flow velocity relate directly to changes in the angle of attack
on a propeller section. Since the 1ift on the blade section is
proportional to the section angle of attack, and since the amount

e -y @meneay @

of cavitation on a section is proportional to both 1ift and angle
of attack, the 1lift, angle of attack, and total amount of cavita-

e —

tion on a blade will vary as the propeller progresses through
the non-uniform wake. The effects of these cavitation volume
modulations have been the subject of extensive investigation in

oy

recent years due to the importance of cavitation induced pressures
in ship vibration excitation. Reference 2, for example, affords

a good development of calculation of unsteady propeller cavitation
characteristics.

2.2 Propeller Cavitation Time Histories

Histories of propeller cavitation during a revolution as
observed on full scale ships have been reported in the literature.
References [4,5], for example, measured both cavitation patterns

[ o ] [ s ] g [ ]

and cavity volumes on an ore carrier propeller using stereo photo-
graphy. Reference [3] reports observed cavitation patterns on a
250,000 dwt tanker propeller. Both are considered representative
of the cavitation existing on merchant ship propellers at full
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power. Figure 4 presents the observed cavitation patterns and
relevant propeller and ship data as taken from these references.
Both propellers show cavitation in the region of small wake velo-
cities. The maximum sheet cavity on these prope.lers covers ap-
proximately 10% of the blade surface. Figure 5 shows the measured
cavity volume history on a single propeller blade for the ore car-
rier propeller [5].

The amount of unsteady cavitation on a given propeller in a
non-uniform wake is limited by considerations of propeller effi-
ciency, erosion, and ship vibration [6]. In order to reduce
the intensity of cavitation on a given propeller, the propeller
blade area must be increased, which implies a reduction in propeller
efficiency and an increase in propeller weight. If the blade
area is reduced, the unsteady cavitation increase will cause ar
increase in ship vibration and propeller erosion. The most effi-
cient propeller will "evolve" to have as much unsteady cavitation
as vibration considerations will allow.

Ship hull vibration is limited by structural and personnel
acceptability criteria. Assuming that a typical vessel is "mod-
ally dense" at the blade rate frequencies [7], the power input to
hull vibration per unit drive force is the real part of the imped-
ance. Approximating the ship impedance at blade rate frequencies
as a finite beam [8]:

= X 48
;2 T i (1+1) (213
where M is the driven mass (including added mass effects)

%% is the modal density per unit bandwidth
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Since ship vibration criteria [9] 1limit the maximum structural
velocitlies, these criteria are essentially limits on the drive
point velocity (stern vibration). Thus, the relationship 2.1
also defines the velocity per unit force, and the modal density
can be approximated by its limiting value

ay gtk

—_—~

Aw 2m (2.23

where CB is the bending wave speed.

For geometrically similar ships of length L, which meet the
same vibration criteria, the allowable excitation force at a given
frequency (blade rate) will vary with ship size as:

3 5/2
B Ll M T (2.3)

From a survey of ship population characteristics, it was

determined (see Sec. 3) that propeller diameter (D) and length
were approximately related as:
I Sl (2.4)
10
or, F2 ~ p7° % D3, (2.5)

Thus, one may conclude that the allowable source strength due to
cavitation may increase as the cube of the propeller diameter to
achieve similar vibration levels at blade rate frequencies on geo-
metrically similar ships. Note that if one uses the same propel-
ler design criteria, independent of ship scale, then the resulting

unsteady cavitation volume will, in fact, vary as diameter cubed. {

Unfortunately, ships are not "geometrically similar" as
scale increases. Typically, ships become less rigid as they be-
come larger, and hence the modal density will increase faster

- e RN |
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¢

than the square root of length. Hence, one would correctly expect
larger vessels with propellers designed by the same criteria to
suffer more from vibrational problems [10].

2.3 Radiation from Cavity Volume Changes

Since at the frequencies of interest (6-10 Hz), the propeller
size is much smaller than an acoustic wavelength, changes in the

[ ———)

cavity volume with time will radiate directly as a simple volume
source (monopole) located below a pressure release surface. If
the cavity volume (V(6)) time history on one propeller blade (see |
figure 5) is represented as it's fourier series,

) in#
vl(e) ™ e B (2.6)
and the volume on the bth blade will be
e 2mb
e in(e+ =%7) (5.7}
Vb(e) = B B
Then the total volume on a propeller of B blades will be:
= = 21b
- ) in(6+ e
Vplo) =520 b1 n®
© ing o in(E%2
a L B =} 8 (2.8)
n=0 b=1

The first summation is identically the volume history on the
index blade and the second term has non-zero values only for n
equal to multiples of B, where the value of the summation is B.
Thus, only frequencies equal to multiples of the number of blades
(B) will exist; and the amplitude of the harmonics of the total
cavity volume history will be simply the B times the Bth order of

harmonics of the cavity volume history on a single blade.

10.
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‘ Since the rotation angle 6 and time t are directly related

i by the rotational speed of the propeller with the frequency of
k- rotation (w)

oo
T inwt . o
Vp(t) - ok Ae » n=B, 2B ... and A= Beaj
(2.9)
The source strength of the radiation from a propeller vol-
ume history can be given then as

ponf‘nzAn (2.10)

.

ot
|
ol o]

However, if the single blade volume history occurrs in an interval
of propeller revolution less than 2n/B, and the volume history is not

too non-sinusoidal, then the fundamental harmonic of blade rate can
be approximated as

\Y
max
] Ay ~ (2.11)
where Vmax is the maximum volume on a blade during a revolution.

Thus, the mean squared pressure radiated from this monopole source
in an unbounded medium at the fundamental blade rate frequency is

approximately: 2
mf %p -
RS e ey (2.12)

V2 v

The proximity of the free surface introduces an image which
impairs the radiation over the frequencies of concern. ¥ The pres-

sure radiated out an angle ¢ from this source at depth H below
the free surface 1s:

P2(¢) = 2P02[1-cos(2KTH)] (2.13)

¥Tt is assumed that the vessel hull does not affect the average
pressure radiated by this volume source. This effect is presently
under investigation.
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or approximately:

P.2 = P2(e) . 4p 2(KH)?2 (2.14)
d sin?¢ o

where de = dipole source strength, which is equivalent to the
mean square pressure radiated at a depression angle (¢) of 90°.
Rewriting into one equation:

B =| ———— «f_3.H.V (2,15)
d 3/5 pee B max

For radiation referenced to a 1 meter range, the mean squared
pressure in dB referenced to a dynes/cm? is:

10 log[sz]//ubar x meter = 10 log(0.73 f&. H2. vmaxz](z.ls)

where H = source depth in feet and

1}

Voax = maximum cavity volume per blade in feet?3

Note that to characterize the source strength from propeller
cavity volume modulation, one must either specify the monopole

source strength (Poz) and the source depth (H); or the dipole
source strength (sz). For completeness, and for the convenience

of the user, we have presented the source strength model of merchant

vessel blade rate radiation as both a dipole source strength and

as a monopole source strength at a given depth, with the depth of
the source assumed to be equal to the ship draft minus 85% of the
propeller diameter. The dipole source strength represents the net
pressure radiated by the volume source and its surface image. This
representation is convenient in that a single number 1s sufficient
to characterize the net acoustic radiation from a given vessel's
propeller. The monopole source strength represents the pressure
that would be radiated by the volume source in an infinite medium.
Since there in fact exists a nearby free surface, the depth of

22

1
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this monopole source below this free surface must also be included
to accurately characterize the acoustic radiation. Because most
exlsting ambient noise prediction schemes use this latter descrip-
tion, the model developed below 1s also expressed as a monopole
source strength and source depth. Note, however, that the conver-
sion to dipole source strength is straight forward (Eq. 2.14).

2.4 Harmonics of Blade Rate

The higher harmonics (n) of blade rate will be governed by
the higher harmonics (Ben) of the cavity volume history. Predic-
tion of these harmonics requires detailed and accurate information
of the volume pulse pitch width, cavity growth and collapse rates,
and may well be limited by natural cavity dynamics. A discussion
of some limits on the cavity volume acceleration is presented in
ref. 11. For this interim model, an empirical collapse of existing
data [12, 13] is used. Figure 6a shows this data, normalized to
the second harmonic of blade rate. Figure 6b shows the relation-
ships assumed for this interim model for harmonics of blade rate.
The source level of the harmonics are expressed relative to the
level of the fundamental blade rate. Both monopole and dipole
models are shown. Note that the data from [13] is at variance with
this assumed relationship. This difference 1is speculated to be due
to reradiation from excited hull vibration which may augment the :
direct radiation for very large vessels at low frequencies.

3.0 ESTIMATION OF MERCHANT SHIP SOURCE STRENGTHS
3.1 Design Limitations for Maximum Unsteady Cavity Volumes

The maximum unsteady cavity on four-bladed marine propeller
would occurr in a wake where a blade is completely cavitating in
the 0° position, and cavitation free in the HSO and 315o positions.
The total cavity volume history on the propeller would then look

13

i i
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like figure 7. It is assumed that in this g position, the pro-
peller blade is heavily cavitating and, for similar propellers, the
the cavity volume is proportional to the cube of the propeller
diameter. Figure 8 presents the calculated relationship between
cavity volume and cavity planform area for cambered marine pro-
peller blades as obtained from refs. [11, 14].

If it is further assumed that the maximum planform area of
the cavity at the 0° position is equal to the propeller blade area,
then the maximum limit to the unsteady cavity volume on a given
propeller blade can be estimated as a function of propeller dia-
meter. Figure 9 presents these relationships between cavity vol-
ume and propeller diameter for various intensitites of cavitation.
Also shown in figure 9 are several observations of either cavity
area or volume taken from literature [3,4,5], and several volumes
inferred from acoustic measurements (12, 13]. Based on these ob-
served or inferred cavity areas and volumes, the curves of 30%,
10% and 3% of cavity area/blade area have been designated for
convenience as heavy, normal, and light cavitation respectively.
Again, the upper curve represents the maximum to be expected for
an extreme case of propeller cavitation and would be unlikely to
occur in practice.

3.2 Relationship to Obtainable Merchant Ship Parameters

In order to predict the source strength for a vessel without
knowing the actual propeller cavity volume history, one must
make assumptions about the characteristics of the merchant ship
population. We assume, quite arbitrarily, that the maximum cavity
volumes at design ship speed found on propellers of a given size
are distributed normally around the "normal" line of figure 9,
with the "heavy" and "light" cavitation levels equal to two stand-
ard deviations from this "normal" volume relationship.

16
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The basis for this assumption (see Section 2) is that propel-
lers designed to have very light cavitation, even in the extreme
wake region, will be less than optimally efficient and therefore,
will not tend to occur in practice. Propellers which suffer heavy
cavitation in a single screw wake willl induce ship vibrations
which are excessive; and the "design" speed will be reduced to a
point where the vibrations are tolerable.

Note that this assumption must be verified by data. Both
acoustic and non-acoustic measurements may be used. The use of
non-acoustic measurements both expands the base of available data
and provides data uncontaminated by possible unknowns in acoustic
radiation, such as possible hull re-radiation. The few available
observations shown in figure 9 do not form a sufficient basis for
the derivation of a high confidence model.

A sample population* of the merchant fleet was surveyed to
determine the relationsh%p between propeller diameter, ship design
draft and ship length. These relationships are shown in figures
10 and 11.

For the same sample population, the fundamental blade rate
frequency was found to be approximately independent of any dia-
meter or length parameter. Figure 12 shows the observed distri-
bution for the sampled population of the fundamental blade rate
frequency. Note that it is now possible to express the source
strength of propeller blade rate solely in terms of ship length

(in feet) for a "normal" or "average" vessel, gt i{tg design speed i.e.

* Approximately 50 ships were found in naval engineering journals
where sufficient information on the propeller design was included.
An attempt was made to keep this sample representative of the age
and length distributions of the world fleet population.

20
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|
V=3x 10" 5.p% (3.1)
1.7
] H=.12D (3.2}
1 e 36 L (3.3)
f = 8 Hz (3.4)

Therefore,

10 log(P42)//uP, x m = =30 + 70 log(L) {3.5)

However, in our pursuit of this "normal" relationship, we
have neglected significant information which describes the devia-
tion from this mean relationship for the merchant fleet population.
If each of the above relationships (3.1 - 3.4) is characterized
as:

x, = Ei(L) + 8 x4 (3.6)

3k
where fi(L) is a random variable that is a function of another

random variable, L; and § Xy is a random variable with zero mean
that is independent of L, then we can express the source strength
as:

log(P,?) = g %, (L) + ; § x4 (3.7)

Furthermore, if § Xy is normally distributed with zero mean and

variance o,?, then: ] d x; is normally distributed with zero mean

and variance: 1

Thus, the variation around each of the "normal" relationships

can be included in the source strength, i.e.




Tech Memo No. 458 Bolt Beranek and Newman Inc.

10 log V =-45 + 30 log D + 10 log v/ /0 (3.8)
10 log H = -9.2 + 17 log D + 10 log &y, (3.9)
10 log D = -8 + 7.5 log L + 10 log 8p/ /1, (3.10)
10 log f = 9 + 10 log 6, {3.11)

Where for example, the function GV//D is the conditional variation
of the cavity volume, given a propeller diameter. This condition-
al variation is assumed to be describable as a normal distribution
with a zero mean value and variance, OzV//D‘ For the sample pop-
ulation surveyed (and the arbitrary assumption on the volume to
diameter relationship), these conditional deviations in percent of
the mean value are given in Table 1. Note then that the logarithm
of these relationships satisfy the conditions of independence and
one can express the dipole source strength as:

SLp = =30 + 70 log L + 10 log &gy , /1, £3.12)

where GSL//L is the uncertainty in source level which is character-

ized by its variance (see Eq. 2.16):

(o )24(o? )2+ (o2

o Phefer It (3.13)

2 2
SL//L V//D H//D D//L

Thus for the sample ship population surveyed and for the assump-
tions made regarding this population, the variation around the
"normal" relationship given above is characterized by a standard
deviation, Ot equal to 11 dB. Note for example, that if one
knows the ship propeller diameter (rather than just length), the
uncertainty in the source level is significantly reduced. For

this case,

SLp = L4 x 94 log D + 10 log 9s1,//D (3.14)

and the standard deviation of the uncertainty, °SL//D

is only 8 dB.
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TABLE 1: APPROXIMATE CONDITIONAL STANDARD DEVIATION (o) OF SAMPLE :
SHIP POPULATION

% Mean Value 10 log(o): dB/ Mean Value
i 500 7.0 :
94D 150 1.76
/1, 130 1.14
gp 120 0.8 .
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3.3 Model for the Dipole Source Strengths of Blade Rate for
tiie World's Merchant Fleet

The 1972 merchant fleet was surveyed [15] to determine the
probability density function (PDF) for occurrance of ships at sea
of various lengths. These data were manipulated based on estimated
duty cycles as a function of ship size and type to yield the dis-
tribution shown in figure 13. Note that this PDF for ship length
can be mapped by Eq. 3.12 into a PDF for the occurrance of blade
rate source levels for "normal" ships. The effect of the uncer-
tainty in the source level, given a ship length (GSL//L)’ (which
is by definition a normally distributed PDF which is independent
of the source level), on the resulting probably distribution of
source level can be included by simply convolving the two density
functions:

PDF = PD (3.15)

SL Fspz/n ¥ Ssuy/L e

Becuase of the apparent strong dependence of blade rate
source strength on ship size, this distribution of vessels is
freated as two separate groups. This allows a more detailed anal-
ysis of the "noisier" (larger) vessels. In addition, the opera-
tional behavior of larger vessels 1s somewhat different from the
general fleet. Figure 14 and 15 present the estimated dipole

source strength PDF's for these two groupings of merchant vessels.
(The PDF for blade rate frequency 1is shown in figure 12.)

For the set of merchant vessels less than 700 feet in length,
the dipole source strengths at blade rate are estimated to cover
a range of 80 dB, with a mean value of 155 dB and a standard devia-
tion of 17 dB. For the set of vessels over 700 feet in length,
the source levels at blade rate are estimated to cover a range of
50 dB with a mean value of 172 dB and a standard deviation of 9.2
dB. The shape of the PDF for these larger merchant vessels is

27
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dominated by the uncertainty term of equation 3.1 while the PDF
shape for the smaller vessels 1s dominated by the conditional
source level mapping from the PDF of ship lengths.

Note that these PDF's represent the expected distribution for
blade rate dipole source strength for the merchant fleet operating
at design speed. These source levels and frequencies will be
severely affected by a general reduction in vessel speed, as has
recently occurred due to energy consideration. Calculations of
[11] show a decrease of 1 dB in expected source level for each 1%
speed reduction of a typical ship.

3.4 Model for the Monopole Source Strengths and Source Depths
of Merchant Fleet Blade Rate

Following the same procedure as section 3.2, it can be shown
that the monopole source strength (eq. 2.12) is related to propel-
ler diameter (D) to ship length (L) (in feet) as:

10 log[P_?]dB//uPa x m = 95 + 60 log D (3.16)

or

10 log[Poz]dB//uPa X m 47 + 45 log L (3.17)

The estimated source depth (H) can also be related to ship
length by Eq. 3.2 and 3.3 e.g.:

Hes= 0053 1L°° (3.18)

Note, then, that the monopole source strength (10 log Poz) and
the source depth are both dependent on ship size and are not in-
dependent; i.e. the cavitation volume source on larger vessels
will be both more intense and located at a deeper submergence.

31

oy




Tech Memo No. 458 Bolt Beranek and Newman Inc.

In addition, the deviation from these mean relationships
for monopole source strength (Eq. 3.16-3.18) must be included to
obtain a description of the probability of occurrence of the
source strength and source depth. The resulting probability
density function (PDF) for source strengths in the world fleet
is then 3-dimensional, i.e. the probability of occurrence of a

given source level also depends on source depth.

In order to present these PDF's in a readily usable fashion,
we have divided the distribution of source depths for the world's
fleet into "bands" of depth centered at intervals, selected to be
octaves apart. Figures 16 and 17 present the estimated PDF's for
the monopole source strengths at blade rate as a function of
source depth. (Note that the world fleet is subdivided into two
groups based on ship length as described in section 3.3). Figure
16 shows the estimated PDF for blade rate of vessels less than
700 feet in length, for source depths of 4, 8, and 16 feet. Fig-
ure 17 presents the source strength for vessels over 700 feet in
length, which have an assumed source depth of 32 feet. Note that
these distributions in conjunction with Eq. 2.14 will yield the
PDF's of figures 14 and 15.

4.0 CONCLUSIONS AND RECOMMENDATIONS

The model presented for the source strength of propeller
blade rate is based on the physics of propeller cavitation in
non-uniform wakes and on observations of cavitation volume histor-
ies obtained from models and full scale propellers. These obser-
vations include optical measurements of cavity volume histories,
as well as acoustic measurements. This model replaces the first
generation blade rate model reported in ref. [16].

The major deficiencies in the modeling process are the scarc-
ity of cavity observations which form the basis of the model, a
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lack of information on the higher harmonics of blade rate, and
uncertainties in the modeling of acoustic radiation from this

volume source.

Work is presently being conducted on modeling the acoustic

radiation from this source and on limits imposed on the higher
harmonics by volume dynamics. It is suggested that other sources
of non-acoustic cavitation information be analyzed to refine the
assumptions of figure 9. These sources should include proprietary
measurements conducted by several of the European ship research

facilities, which are not available in the open literature.
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