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Abstract

This paper investigates the radiated sound power from idealized propeller noise

sources, characterized by elemental monopole and dipole acoustic sources near

the sea surface. The free surface of the sea is modelled as a pressure-release

surface. The ratio of sound power of the near surface sources to the sound

power from the same sources in an unbounded fluid is presented as a function

of source immersion relative to sound wavelength. We herein show that the

sound power radiated by submerged monopole and horizontal dipole sources

is greatly reduced by the effect of the free surface at typical blade passing

frequencies. In contrast, the sound power from a submerged vertical dipole is

doubled. A transition frequency for the submerged monopole and horizontal

dipole is identified. Above this transition frequency, the radiated power is not

significantly influenced by the sea surface. Directivity patterns for the acoustic

sources are also presented.

Keywords: underwater noise, propeller noise, near-surface sources, monopole

sources, dipole sources
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1. Introduction1

The principal sources contributing to underwater radiated noise (URN) over2

a wide frequency range are propellers and onboard machinery (Urick, 1983;3

Ross, 1987; Collier, 1997; Carlton, 2007). Propeller sources are highly complex,4

but simplification is possible at low frequencies where the wavelength of under-5

water sound is much larger than propeller dimensions. The propeller may then6

be regarded as a set of fluctuating forces at the propeller hub and a stationary7

monopole source that represents the growth and collapse of a cavitation region8

as each blade passes through the region of wake deficit. This type of model was9

used by Kinns and Bloor (2004) to examine the net fluctuating forces on a cruise10

ship hull due to defined propeller sources. The nature of the monopole source11

was considered by Gray and Greeley (1980), who focused on single screw mer-12

chant ships where cavitation is dominant at operational speeds. Non-uniformity13

in the wake, as well as static pressure that falls towards the sea surface, causes14

this monopole source to be located near top dead center, closer to the surface15

than the propeller hub. It introduces cyclic components at multiples of pro-16

peller blade passing frequency (bpf) as well as broadband noise over a wide17

frequency range. These components create a pressure field that acts on nearby18

hull surfaces, but the URN is controlled by the presence of the pressure release19

surface that corresponds to the free surface of the sea. The aim of this paper is20

to investigate how idealized propeller noise sources are influenced by the surface21

of the sea.22

Fluctuating propeller forces are primarily caused by rotation of the propeller23

in a non-uniform wake. The integrated fluctuating forces on propeller blades24

radiate sound directly into the sea as dipole sources located at the hub (Carlton,25

2007). They are also transmitted to the hull via the local pressure field and via26

the hub to the thrust block and support bearings (Kinns and Bloor, 2004). As27

ship speed increases, propeller noise becomes the dominant cause of URN due28

to the offset of cavitation. Cavitation leads to monopole sources having high29

radiation efficiency.30
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The surface of the sea is known to have a fundamental effect on sound31

radiation from submerged monopole sources arising from propeller cavitation.32

It is generally assumed that the sea surface is perfectly flat (Ainslie, 2010).33

Lloyd Mirror corrections are included in noise ranging results and can also be34

used to estimate cavitation behaviour in existing ships (Carey, 2009). Lloyd35

Mirror formulae have also been used in both detailed and simplified forms to36

determine the effect of the sea surface on URN at different declinations and37

distances from surface vessels (Gray and Greeley, 1980; Arveson and Vendittis,38

2000; Gassmann et al., 2017).39

To simulate flow around a marine propeller and predict propeller noise,40

computational fluid dynamics (CFD) coupled with an acoustic analogy is gen-41

erally employed, for example, see (Kehr and Kao, 2004; Seol, Suh and Lee,42

2005; Testa, Ianniello, Salvatore and Gennaretti, 2008; Kellett, Turan and In-43

cecik, 2013) and references therein. Kellett et al. (2013) combined an unsteady44

Reynolds-averaged Navier Stokes hydrodynamic prediction approach with the45

Ffowcs Williams and Hawkings equation to study marine propeller noise. The46

flow around the propeller was simulated using a moving mesh in the CFD do-47

main, considering the ship hull as a rigid surface and the sea free surface as an48

air-water interface boundary condition. It was shown that at higher frequencies,49

the effect of the free surface on the radiated noise can be neglected. However at50

low frequencies, the free surface was found to have a significant impact on noise51

levels.52

The motivation of the current work is to present insight into fundamental53

results for near surface monopoles and dipoles. Results are presented primarily54

as sound power radiated by the submerged elemental acoustic sources relative to55

the power radiated by the same sources in an unbounded fluid. Sound power is56

examined as a function of ratio of source depth to the wavelength of underwater57

sound. It is demonstrated that the radiated sound power from submerged verti-58

cal dipoles increases at low frequencies by the presence of the sea surface, while59

it is reduced for monopoles and horizontal dipoles. It is also shown that the ra-60

diated power is not influenced significantly by the surface at frequencies above a61
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transition frequency which is identified for submerged monopole and horizontal62

dipole. Directivity patterns for monopole and dipole sources for selected ratios63

of source depth to wavelength are presented. Limiting functions for the directiv-64

ity of the submerged monopole and dipole sources at higher frequencies are also65

derived. Finally, sound pressure levels for a submerged monopole at different66

declination angles, below and above its transition frequency, are compared with67

results for a near surface monopole using Lloyd mirror expressions.68

2. The effect of hull excitation69

Acoustic sources at the propeller location cause forces to be transmitted70

to the hull via the propeller shaft and also via the pressure field on the hull71

surface. This excitation causes hull vibration, which is a principal concern in72

design of ships such as cruise liners and ferries where passenger comfort is an73

important consideration. Some of the methods that are used to estimate this hull74

excitation are described by Breslin and Andersen (1994). The underwater noise75

due to this hull excitation depends on the hull shape and propeller locations.76

Its importance relative to direct radiation from propeller sources depends on77

the proximity of hard hull surfaces relative to the sea surface and will tend to78

be larger for ships like cruise liners than for frigates which have smaller hull79

dimensions for similarly sized propellers.80

The nature of hull excitation via the pressure field was considered by Kinns81

and Bloor (2004). They showed how the pressure fields due to monopole and82

dipole sources in different directions lead to vertical forces on the hull. These83

vertical forces are the principal cause of sound radiation from the hull at low84

frequencies. They lead to an array of vertical dipoles, having the cosine direc-85

tionality that is observed for sources such as propulsion diesel engines as well as86

propellers. The directionality is the same as for a submerged monopole when87

only the free surface is considered. Kinns and Bloor (2004) presented the cu-88

mulative forces on the hull surface of a twin-screw cruise liner due to different89

sources at a propeller, where the total force is derived by integration along the90
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Figure 1: Fluctuating forces (Fd) on the hull surface relative to dipole strength (D) for a

cruise liner hull for kb = 1.62. b is the beam of the ship and x is a distance from the stern of

the ship Kinns and Bloor (2004).

length of the hull, taking relative phase into account. Fig. 1 shows a typical re-91

sult from that paper, where dimensions are scaled by the beam and the vertical92

hull force is scaled by the dipole strength. The dipole directions are vertical,93

transverse and axial (fore-aft). The wavenumber k corresponds to maximum94

bpf. The vertical dipole leads to a concentrated force near the propeller, but95

the axial force leads to vertical forces that are further forward. The vertical96

force transmitted by propeller shaft bearings is the other potentially significant97

source of underwater noise at low frequencies, which acts in opposition to the98

forces on the hull surface. The net effect is that vertical hull forces, which99

may arise from axial and transverse, as well as vertical fluctuating forces at the100

propeller, are the dominant cause of underwater noise at low frequencies.101

The effect of these hull forces is smaller in the case of ship like a frigate,102

where propellers are closer to the stern and larger in relation to hull dimensions.103

The remainder of this paper is devoted to the limiting case where the pressure-104

release surface is the dominant boundary condition and direct sound radiation105

from submerged sources is the principal cause of underwater radiated noise due106

to propellers.107
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3. Sound power from near-surface monopole and dipole sources108

Propeller noise becomes dominant at high speeds due to the onset of cavi-109

tation (Gray and Greeley, 1980). Cavitation, which leads to monopole sources110

having high radiation efficiency, is strongly dependent on ship speed. It causes111

prominent tonals at multiples of propeller bpf and broadband random noise over112

a wide frequency range (Arveson and Vendittis, 2000). The free surface of the113

sea is herein considered a perfect pressure release surface. The effect of the free114

surface on a submerged monopole source is represented by a combination of the115

source below the surface at depth h and an image of opposite sign at the same116

distance h above the surface of the sea as shown in Fig. 2. The acoustic power117

of the submerged monopole can be obtained by integrating the radial intensity118

over a hemispherical surface with radius of R. Assuming that R >> h, the ratio119

of sound power from a submerged monopole to the sound power from the same120

unbounded source is given by (Ross, 1987)121

Wm,submerged

Wm
= 1− sin(2kh)

2kh
. (1)

where Wm is the the sound power radiated by a monopole in an unbounded122

space and is given by (Ross, 1987; Pierce, 2019)123

Wm =
ω2Q2

8πρfcf
. (2)

where ω is angular frequency, ρf is the density of the fluid and cf is the speed124

of sound in the fluid. k = ω/cf is the acoustic wavenumber and Q is the mass125

flux amplitude.126

The effect of the free surface on the sound power radiated by submerged127

doublet sources is now considered. A doublet comprises two equal monopole128

sources, each of mass flux amplitude Q, separated by distance d and in antiphase129

with each other. At low frequencies, the sound field due to the doublet reduces130

to that due to a dipole of source strength D if D = Qd. At high frequencies,131

the doublet in an unbounded space radiates the same power as two independent132

monopoles. Consider submerged horizontal and vertical doublet sources and133

their image sources as shown in Fig. 2. Assuming R >> h and R >> d, the134
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Figure 2: Schematic diagram of submerged monopole, horizontal and vertical doublets.

ratio of acoustic power of the submerged horizontal doublet to the sound power135

from a dipole in an unbounded space can be written as136 (
Wdb,submerged

Wdp

)
horizontal

=
12

πk2d2

∫ π/2

0

∫ 2π

0

cos2(khcosθ)sin2(kdsinθsinϕ/2)sinθdϕdθ = (3)

12

k2d2

∫ π/2

0

sin θ cos2(hk cos θ)(1− J0(dk sin θ)) dθ.

where J0 is the Bessel function of first kind. The ratio of acoustic power of the137

submerged vertical doublet to the sound power from a dipole in an unbounded138

space can also be written as139 (
Wdb,submerged

Wdp

)
vertical

=
24

k2d2

∫ π/2

0

cos2(khcosθ)sin2(kdcosθ/2)sinθdθ = (4)

3

k2d2

(
− sin(dk + 2hk)

dk + 2hk
− sin(kd− 2hk)

dk − 2hk
− 2 sin(dk)

dk
+

sin(2hk)

hk
+ 2

)
,

where Wdp is the sound power radiated by a dipole in an unbounded space and140
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is given by (Ross, 1987)141

Wdp =
ω4D2

24πρfc3f
. (5)

Fig. 3 presents the sound power radiated by a submerged doublet with strength142

Qd in the horizontal and vertical directions relative to the sound power radiated143

by a dipole with strength D in an unbounded fluid, for different values of d/h.144

At low frequencies (small h/λ), the characteristics of the submerged horizontal145

and vertical doublets are markedly different. The submerged horizontal doublet146

behaves as a lateral quadrupole up to h/λ ≈ 0.25. The sound power radiated147

by the submerged vertical doublet is twice that radiated by a dipole in an148

unbounded space for h/λ < 0.04 and has a local minimum at h/λ ≈ 0.3. Results149

for a submerged doublet in any direction converge to results for a submerged150

dipole over progressively wider ranges of h/λ as d/h is reduced, and ultimately151

become results for a submerged dipole over the whole range of h/λ. If kd <<152

1, the doublets become dipoles. As such, the ratio of sound power from the153

submerged dipoles to the sound power radiated by a dipole in an unbounded154

space can now be written as (Skudrzyk, 1971; Ingard and Lamb Jr, 1957)155 (
Wdp,submerged

Wdp

)
horizontal

= 3

∫ π/2

0

sin2(khsinθ)cos3θdθ = (6)

1 +
3cos(2kh)

(2kh)2
− 3sin(2kh)

(2kh)3
,

156 (
Wdp,submerged

Wdp

)
vertical

= 6

∫ π/2

0

cos2(khcosθ)cos2θsinθdθ = (7)

1 +
6cos(2kh)

(2kh)2
+

(3(2kh)2 − 6)sin(2kh)

(2kh)3
.

Many surface ships, including ferries, cruise ships, research ships and combat157

ships, have twin propeller shafts supported by external brackets. Others have158

podded electric motors with propellers in tractor configurations. Cavitation159

inception speeds are tending to increase, so that the nature of noise sources be-160

low cavitation inception is becoming more significant for surface ships. Dipole161

sources, extending from very low frequencies to higher frequencies associated162

with turbulent flow over propeller blades, are potentially significant. These163
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Figure 3: Sound power radiated by a submerged doublet relative to dipole power in an un-

bounded fluid, (a) horizontal doublet and (b) vertical doublet.

sources are close to the sea surface, so their sound radiation characteristics, and164

especially their radiated sound power, are modified by the effects of a nearby165

pressure-release surface. Additional dipole sources may arise from propeller vi-166

bration. Fig. 4 presents results for the near-surface monopole and dipoles using167

Eqs. (1), (6) and (7). At low frequencies, the sound power of a submerged168

vertical dipole is double that of a dipole in an unbounded space, as discussed169
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previously. Submerged horizontal dipole sources have the radiation characteris-170

tics of a lateral quadrupole in an unbounded space. At h/λ ≈ 0.04, which is close171

to the usual maximum value of h/λ at propeller blade passing frequency, the172

sound power radiated by a submerged vertical dipole is about 18 dB greater than173

for a submerged horizontal dipole. This has important implications for sound174

radiation from surface ship propellers at bpf and suggests that to minimise URN175

at bpf below cavitation inception speed, particular attention should be paid to176

minimization of vertical fluctuating forces. At higher frequencies (h/λ > 1), the177

sound power of a submerged source in any direction is unaffected by the sea178

surface.

Figure 4: Sound power radiated by submerged monopole and dipole sources relative to the

power in an unbounded fluid.

179

At low frequencies, a vertical dipole at the surface is introduced due to the180

image source of a submerged monopole. Hence, when h/λ << 1, the sound181

power radiated by the submerged monopole is half the radiated power due to a182

dipole in an unbounded space of source strength D = Qd and spacing d = 2h,183

that is (Ross, 1987)184

Wm,submerged =
ω4h2Q2

12πρfc3f
. (8)

We herein identify a transition frequency ft for each acoustic source above which185

10



Figure 5: Sound power radiated by a submerged monopole relative to monopole power in an

unbounded fluid, compared with the linear approximation given in Table 1.

the radiated sound power is not significantly affected by the sea surface. The186

sound power radiated by the submerged monopole given by Eq. (8) is equated187

to the sound power in an unbounded space given by Eq. (2), which yields188

ft =
cf
√

3

πh
√

8
, or

h

λt
=

√
3

π
√

8
= 0.195, (9)

where λt is the wavelength of underwater sound at the transition frequency.189

Similarly, the transition frequency can be derived for a submerged horizontal190

dipole. At low frequencies when h/λ << 1, Eq. (6) can be further simplified to191 (
Wdp,submerged

Wdp

)
horizontal

=
2(kh)2

5
, (10)

To obtain the transition frequency for a submerged horizontal dipole, Eq. (10)192

is equated to unity (high frequency limit), which yields193

ft =
cf
√

5

πh
√

8
, or

h

λt
=

√
5

π
√

8
= 0.252. (11)

The ratio of sound power radiated by a submerged monopole/dipole to the194

sound power radiated from an unbounded monopole/dipole in low and high195

frequency regimes is presented in Table 1 for each type of source. There is a196

well-defined transition frequency between these two regimes for the monopole197

and the horizontal dipole. The maximum error is 1.5 dB if the low frequency198

11



formula is used below the transition frequency and the ratio is assumed to be199

unity above it. For the vertical dipole, there is a gap between the low frequency200

regime where the sound power is doubled and the high frequency regime where201

the ratio is unity. The maximum error can exceed 1.5 dB in this gap.202

Fig. 5 compares results for the sound power radiated by a submerged monopole203

using the expression given by Eq. (1) with the low and high frequency approx-204

imations listed in Table 1. Results are presented as a function of source depth205

h relative to the sound wavelength λ. It demonstrates the close agreement206

between results obtained using the exact and approximate solutions near the207

transition frequency.

Table 1. Simplified formulae for submerged monopole and dipoles using transition frequencies.

Source type Low frequency Validity Transition High frequency Validity
Wm/dp,submerged

Wm/dp
h/λ frequency

Wm/dp,submerged

Wm/dp
h/λ

Monopole 8(πfh)2

3c2f
< 0.195

cf
√
3

πh
√
8

1 > 0.195

Horizontal dipole 8(πfh)2

5c2f
< 0.252

cf
√
5

πh
√
8

1 > 0.252

Vertical dipole 2 < 0.112 – 1 > 0.426

208

4. Directivity of near-surface monopole and dipole sources209

The directivity of a submerged source at a distance R is herein shown to210

depend strongly on the type of source, source depth and wavelength of sound.211

The directivity of submerged monopole and dipole sources can be derived as212

follows (Ross, 1987)213

‖pm,submerged‖ =
ωQ ‖sin(khsinψ)‖

4πR
, (12)

214

‖pdp,submerged‖horizontal =
ω2D ‖cosψsin(khsinψ)cosϕ‖

2πRcf
, (13)

215

‖pdp,submerged‖vertical =
ω2D ‖sinψcos(khsinψ)‖

2πRcf
, (14)

12



where p is acoustic pressure and ψ is the angle between the sea surface and the216

direction of radiation.217

Fig. 6 presents the directivity of the submerged monopole in non-dimensional218

form (4πR ‖pm,submerged‖ /(ωQ)) for selected values of h/λ. The directivity is219

almost exactly that due to a vertical dipole for h/λ < 0.2, but the field is no-220

tably distorted for h/λ = 0.3 and exhibits an increasing number of lobes as h/λ221

is further increased. Fig. 7 presents the directivity patterns for the submerged
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Figure 6: Directivity of the submerged monopole in the vertical plane containing the source

for different h/λ.

222

horizontal dipole in non-dimensional form (2πRcf ‖pdp,submerged‖ /(ω2D)) for223

selected values of h/λ. These patterns are in the vertical plane containing the224

dipole axis. Their amplitude varies with azimuth as cosϕ, where ϕ is zero225

in the dipole axis direction. Thus, the radiation is zero in the normal verti-226

cal plane. The directivity has the pattern associated with a quadrupole for227

h/λ < 0.2, but becomes progressively more complex when h/λ increases fur-228

ther. As with the submerged monopole source, the radiated sound power from229

the submerged horizontal dipole for h/λ > 0.5 is redistributed but not modified230

significantly compared to the dipole power in an unbounded fluid. Fig. 8 shows231

directivity patterns for the submerged vertical dipole, which is equivalent to a232

vertical fluctuating force. The submerged vertical dipole has similar directivity233

to the submerged monopole for h/λ < 0.1, but there is notable distortion for234

h/λ = 0.2. There is a significant change in directivity as well as a reduction in235
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Figure 7: Directivity of the submerged horizontal dipole in the vertical plane containing the

source axis for different h/λ.
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Figure 8: Directivity of the submerged vertical dipole in the vertical plane containing the

source axis for different h/λ.

amplitude near h/λ = 0.3 which is also reflected in Fig. 3(b), showing a 6 dB236

drop in radiated sound power relative to dipole power in an unbounded fluid.237

The directivity of each type of submerged source exhibits an increasingly large238

number of lobes as h/λ increases. These lobes become very narrow, so the pres-239

sure amplitude changes rapidly with declination angle ψ. Eqs. (15)-(17) present240

limiting functions for the directivity of the submerged monopole and dipoles,241

which are invariant with azimuth angle ϕ for the monopole and vertical dipole,242

but vary as ‖cosϕ‖ for the horizontal dipole,243

‖pm,submerged‖limit =
ωQ

4πR
, (15)
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244

‖pdp,submerged‖horizontal,limit =
ω2D ‖cosψcosϕ‖

2πRcf
, (16)

245

‖pdp,submerged‖vertical,limit =
ω2D ‖sinψ‖

2πRcf
. (17)

Fig. 9 shows limiting directivity patterns for the submerged monopole, hori-246

zontal dipole and vertical dipole obtained using Eqs. (15)-(17), compared with247

detailed results for h/λ = 10 obtained using Eqs. (12)-(14). The lobe amplitudes248

of the rapidly varying pressure lie within the limiting functions. In practice, the249

multiple lobes in the directivity patterns tend to be smeared out by the effects250

of surface roughness and variations in range, source depth and receiver depth,251

as described by Ross (1987).252
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(a)

(b)

(c)

Figure 9: Limiting directivity of submerged (a) monopole, (b) horizontal dipole and (c) vertical

dipole sources compared with the detailed directivity at h/λ = 10.
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5. Sound pressure from a near-surface monopole253

The pressures at a receiver position for declination ψ due to a submerged254

monopole pm,submerged and a monopole in an unbounded fluid pm are derived in255

what follows. At high frequencies, ‖pm,submerged/pm‖ oscillates as sin(khsinψ)256

owing to successive reinforcement and interference of direct and reflected waves257

at the receiver. The maximum pm,submerged = 2pm, so the power-averaged258

pm,submerged =
√

2pm, which is independent of ψ. Thus259 ∥∥∥∥pm,submerged

pm

∥∥∥∥ ≈ 4πfhsinψ

cf
, f < ft,ψ (18)

260 ∥∥∥∥pm,submerged

pm

∥∥∥∥ ≈ √2, f > ft,ψ (19)

The transition frequency ft,ψ at a specific declination ψ, where the low and high261

frequency approximations given by Eqs. (18) and (19) give the same result, can262

be found as263

ft,ψ =
cf

πh
√

8sinψ
. (20)

This general approach was used by Kipple (2002) to deduce cruise ship signa-264

tures at different ranges. A similar formula to Eq. (20) is given by Wittekind265

(2014), but his transition frequency is π/
√

8 times the value given by Eq. (20). It266

may be noted that the transition frequency for declination ψ given by Eq. (20) is267

identical to ft for sound power given by Eq. (9) if sinψ = 1/
√

3, or ψ = 35◦. This268

is the angle at which the pressure is the same as the power-averaged pressure269

over the hemispherical surface.270

For a horizontal range of rh = 565 m, source depth of h = 5 m and decli-271

nations of ψ = 15◦ and ψ = 45◦ as recently used by Gassmann et al. (2017),272

Fig. 10 shows predicted Lloyd Mirror behaviour for a near-surface monopole273

using the following equations (Ross, 1987)274

pm,submerged

pm
= 2
√

1− 2β

√
sin2(βkrb) + β2, (21)

275

β =
hhr
r2b

<< 1, (22)
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276

rb =
√
h2 + h2r + r2h, (23)

where hr is the depth of the receiving hydrophone and rh is the horizontal277

range from the monopole source to the hydrophone. The results for the linear278

approximation in Fig. 10 use Eqs. (18) and (19). They agree with the detailed279

predictions when power averaging over frequency is used to smooth out peaks280

and nulls at high frequencies (Ross, 1987).

(a)

(b)

Figure 10: Lloyd Mirror effect for rh = 565 m range, h=5 m and (a) ψ = 45◦ hydrophone

declination; (b) ψ = 15◦ hydrophone declination, compared with the linear approximation

given by Eqs. (18) and (19).

281
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6. Practical implications282

Propeller and hull dimensions vary widely between ship types, but the analy-283

sis described in this paper was carried out to underpin design studies for medium284

to large ships that include frigates, cruise ships and aircraft carriers. Such ships285

often have twin propellers, using either conventional shaft arrangements or trac-286

tor arrangements using submerged pods. Typical propellers might have a di-287

ameter Dp = 5 meters with 5 blades. Their hubs might be h = 5 meters below288

the surface. Shaft speed is closely proportional to ship speed and might have a289

typical maximum of 150 rpm, giving a bpf of 12.5 Hz at maximum speed. Thus,290

h/λbpf ≈ 0.04. The propeller itself is a compact acoustic source at bpf when291

Dp/λbpf ≈ 0.04. Sound radiation at multiples of bpf up to about 5 is often of292

concern. In this example, the propeller can still be considered to be a compact293

source over the associated frequency range, but the effect of the free surface on294

radiated sound power becomes progressively weaker as the transition from low295

to high frequency behavior is approached.296

Blade surface cavitation will tend to occur first as blades approach top dead297

center, where static pressure is lowest. In this example, where the immersion298

of the upper proper tip is 2.5 meters, h/λbpf ≈ 0.02 for the corresponding299

monopole source and the effect of the free surface extends to higher frequencies.300

These considerations apply also to random fluctuations in source strengths at301

low frequencies, which arise from unsteady flow in hull boundary layers and302

surface waves. These lead to spreading of radiated sound energy over wide303

frequency ranges. In addition, multiple propellers give rise to interference effects304

between acoustic sources associated with individual propellers, which can be305

exploited at multiples of bpf when propeller shaft speeds are constrained to be306

identical in quiet operation.307

During early ship design phases, decisions must be made about the extent308

of cavitation and magnitude of fluctuating forces that can be accepted in terms309

of URN requirements at different ship speeds. These requirements are often310

at specific frequencies, such as multiples of propeller blade passing frequency,311
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and in one-third octave bands. They may be in terms of radiated sound power312

or radiated noise levels in specific directions. Initially, the hull and propeller313

designs are undefined. The work described in this paper was carried out to314

facilitate early stage calculations. The results can be used to check more detailed315

numerical models and to examine how particular features, such as the nearby316

hull, surface waves and changes in fluid properties behind a cavitating propeller,317

modify radiated sound power and directivity.318

7. Conclusions319

The radiated sound power from submerged monopole and dipole sources320

relative to the sound power from the same sources in an unbounded fluid has321

been presented. Far-field radiated noise was calculated using submerged and322

image sources to represent monopole and doublet behaviour, where the dou-323

blet spacing was reduced progressively to derive dipole behaviour associated324

with radiation due to fluctuating propeller forces. Results show that the depen-325

dence of the radiated sound power on source depth relative to sound wavelength326

varies significantly between submerged monopole sources and dipole sources in327

vertical and horizontal directions. The nature of noise sources below cavitation328

inception is becoming more significant for surface ships. Dipole sources, extend-329

ing from very low frequencies to higher frequencies associated with turbulent330

flow over propeller blades, are potentially significant. These sources are close331

to the sea surface, so the sound power they radiate is modified by the effects332

of a nearby pressure-release surface. The results have significant implications333

for minimization of underwater radiated noise at multiples of propeller blade334

passing frequency. Typically, h/λbpf < 0.04, so that low multiples of bpf fall335

in the range h/λ < 0.1. The radiation due to a vertical fluctuating force is336

18 dB greater than that due to a horizontal fluctuating thrust at the same sub-337

merged location, if h/λ = 0.04. This suggests that particular attention should338

be paid to the reduction of vertical fluctuating forces at multiples of propeller339

blade passing frequency, if the aim is to minimize underwater noise at these340
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frequencies.341

It should be mentioned that the fluctuating forces in different directions342

at multiples of bpf are often of similar order in quiet twin-screw ship designs,343

where there is significant cross-flow at the propeller locations. The widely used344

formulae for surface correction are based on the idea that the ship source can be345

represented by an equivalent submerged monopole (effectively a vertical dipole346

at the surface) at low frequencies. This is used to represent the combined effects347

of cavitation and propeller forces as well as of internal machinery that excite the348

hull. In this work, we studied the case where the propeller diameter and dipole349

depth are of similar order to the hull dimensions, so the effect of the free surface350

is dominant. The effect of the hull surface is likely to become progressively351

more important when propellers move closer to the hull and more forward of352

the stern. This will modify the vertical dipole strength for a given vertical force353

at the propeller. The results in this paper exposed the underlying relationship354

between disturbing forces and URN and provided the basis for interpretation of355

results from more complex models.356
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