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ABSTRACT 

Earlier studies have shown that the radiated sound power due to excitation of bending modes of a submerged cylin-
drical body depends strongly on the relative distributions of mass and buoyancy. A fluid-loaded cylindrical shell 
closed at each end by hemispherical shells and driven by transverse forces is examined. The effects of stepwise mass 
distribution in the axial direction of the cylindrical shell on the radiated sound power are observed. The influences of 
different buoyancy values and thickness of the shell are also investigated. 

 

 
INTRODUCTION 

Fluid loaded cylindrical shells can be found in a variety of 
engineering applications such as pressure vessels, autono-
mous underwater vehicles and submarine hulls. A submerged 
vessel experiences heavy fluid loading from the surrounding 
water. Heavy fluid loading alters the dynamic characteristics 
of the submerged structure (Junger, 1975). A range of analyt-
ical and numerical techniques have been used to predict the 
structural and acoustic responses of fluid loaded cylinders 
(Zhang et al., 2002; Merz et al., 2007; Tong et al., 2007). At 
low frequencies, the radiated sound field from a fluid loaded 
cylindrical shell is mainly dominated by the lowest order 
circumferential modes (Caresta and Kessissoglou, 2010). 

Global modes of submerged structures are sensitive to inter-
nal mass distribution. The internal mass has been rigidly at-
tached along the length of cylindrical hull (Crocker, 1998) or 
mounted flexibly on the cylindrical hull as dual spring-mass 
systems (Peters et al., 2012). The degree of internal mass 
isolation alters the global structural modes and consequent 
radiated sound power. The interaction between the structural 
waves in the internal structures and the cylindrical shell caus-
es significant changes in sound scattering from the internally 
loaded cylindrical shell (Guo, 1992). The influence of added 
local mass on the sound radiation from a finite thin cylindri-
cal shell was experimentally investigated by Ekimov and 
Lebedev (1996). They showed that a very small amount of 
added mass corresponding to only 1% of the total shell mass 
can increase the radiated sound power by up to 20 dB. 

In an underwater vehicle, ballast tanks are used to alter the 
vessel buoyancy. When dived, neutral buoyancy is achieved 
by flooding tanks and spaces external to the pressure hull and 
by adusting the amount of water in internal ballast tanks ac-
cording to depth.  On the surface and in an emergency opera-
tion, positive buoyancy is achieved using air to eject water 
from the external ballast tanks. The buoyancy on the surface 
can vary between as little as 10% and as much as 20% de-
pending on its size and shape (Burcher and Rydill, 1995). 
When the structure is submerged, the water in external ballast 
tanks and spaces can be regarded as part of the surrounding 
sea, so that the hull and its internal masses has positive buoy-

ancy. In a simplified model, the adjustment of buoyancy is 
realised by subtracting or adding mass from the cylindrical 
shell. 

In this paper, a fluid-loaded cylindrical shell closed at each 
end by hemispherical shells is examined. A fully coupled 
finite element/boundary element (FE/BE) model is developed 
using Nastran/Patran for the FE model, and SYSNOISE for 
the BE model. The excitation load is a transverse ring force 
applied at one end of the cylindrical shell. The effects of 
stepwise mass distribution in the axial direction of the 
cylindrical shell on the radiated sound power are observed. 
The influence of different buoyancy values and thickness of 
the shell are also investigated. 

NUMERICAL MODEL 
A fully coupled finite element/boundary element (FE/BE) 
model of the fluid-loaded cylindrical shell closed at each end 
by hemispherical shells is developed as follows. 

Finite element analysis 

The finite element model was developed in Patran/Nastran. A 
modal analysis was initially conducted to determine the free 
vibrational response. The following assumptions were used: 
(i) a linear analysis was conducted, (ii) the mass and stiffness 
properties of the structure were constant; (iii) damping was 
not considered. The equation of motion for a system in free 
vibration is given by (Bathe, 1982) 
 

0+ =Mq Kq

                                  
(1)   

             

where M is the global mass matrix and K is the global stiff-
ness matrix. q  and q are the nodal acceleration and dis-
placement vectors, respectively. Substituting a general solu-
tion for harmonic motion into the equation of motion results 
in a classic eigenvalue problem from which the natural fre-
quencies and corresponding modes of vibration of the system 
can be obtained.  In Fig. 1, a finite element mesh of the cylin-
der and hemispherical end caps was created in Patran/Nastran 
from which the structural uncoupled modes were obtained. 
Two-dimensional shell elements were used to model the cyl-
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inder and the hemispherical end caps. The thickness of shell 
was small compared with the dimensions of the structure. 
Quad8 shell elements were used to model the structure. 
 

 
Figure 1.  Finite element mesh of the cylindrical shell with 

hemispherical end caps 

Boundary element analysis 

A fully coupled FE/BE model of the boundary and the sur-
rounding fluid was built using SYSNOISE. Only the exterior 
unbaffled surrounding fluid was considered. Using the acous-
tic BEM direct response approach, the solution for the dis-
placement vector and surface pressure can be obtained by 
(Peters et al. 2012) 
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where sf  and ff  are respectively the nodal structural forces 
and forces due to fluid loading acting on the surface of the 
structure. su  and fp  are nodal displacement and nodal pres-

sure vectors, respectively. H  and G  are the frequency de-
pendent boundary element influence matrices. sfC and fsC  
are coupling matrices due to the two coupling conditions 
corresponding to (i) equilibrium of the acoustic pressure and 
normal stress at the wet interface, and (ii) continuity of the 
fluid particles and structural nodal velocity normal to the wet 
surface, that is 
 

f sf f=f C p
                                          

(3)   
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The radiated sound power is then computed using 
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where p  is the acoustic pressure of the fluid, v  is the fluid 

particle velocity on the wet surface of the structure, ∗  denotes 
the conjugate complex, ℜ  denotes the real part of, and the 
fluid-structure interface surface area is Λ . 

RESULTS  

The dimensions and material properties of the cylindrical hull 
as well as the fluid parameters are listed in Table 1. The hem-
ispherical end closures are modelled using the same material 
properties as used for the cylindrical shell. The thickness of 
hemispherical shells is also the same as for the cylindrical 
shell. The total mass of displaced water is 1637 tonnes. The 
mass of the cylindrical hull and hemispherical end closures is 
approximately 307 tonnes for a thin shell and 614 tonnes for a 

thick shell. In this work, the buoyancy rate is adjusted by 
adding or subtracting mass from the structure.    

A transverse ring force is applied at the junction between the 
cylindrical shell and a hemispherical cap at one end, as shown 
in Fig. 2. The magnitude of total force is 1N. 

Table 1. Parameters of the fluid-loaded shell 

Parameter Value 
Length of cylindrical shell 45 m 
Overall length of shell 51.5 m 
Diameter of cylindrical shell 6.5 m 
Thickness of thin shell 0.04 m 
Thickness of thick shell 0.08 m 
Young’s modulus 210 GPa 
Poisson’s ratio 0.3 
Density of steel 7800 kg/m3 
Added density for a thick cylinder    
with neutral buoyancy  11660 kg/m3 
Added density for a thin cylinder     
with neutral buoyancy 31120 kg/m3 
Density of water 1000 kg/m3 
Speed of sound in water 1500 m/s 

 

 
Figure 2. Transverse excitation at one end of the cylindrical 

shell with hemispherical end caps 

Influence of buoyancy on the radiated sound  

At low frequencies, the wavelength of the radiated sound is 
very large compared to the cylindrical hull dimensions. 
Hence, the resulting motion is considered as rigid body mo-
tion of a dipole nature (Ross, 1987). Physically, the acoustic 
dipole can be obtained by analysing the radiation from a flu-
id-loaded rigid sphere excited by a unit point force. The radi-
ated sound power dP is calculated by (Ross, 1987) 
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where rmsF  is the root mean square force amplitude, ω is the 
radian frequency, and 0ρ , 0c  are respectively the density of 
water and speed of sound in water. In what follows, the 
acoustic dipole is used as the reference source to calculate the 
normalized sound power. 

In this work, neutral buoyancy (0% buoyancy) and 20% 
buoyancy are considered. The radiated sound power relative 
to a dipole for the two buoyancy cases is shown in Figs. 3 and 
4 for thin and thick cylindrical shells, respectively, due to 
transverse force excitation as shown in Fig. 2. The resonant 
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peaks correspond to successive circumferential bending 
modes of the cylindrical shell. At very low frequencies up to 
around 5 Hz, the normalized sound power levels for both thin 
and thick shells is very close to 0 dB which indicates that the 
fluid-loaded cylinder can be approximated as a dipole-like 
acoustic source. Increasing the buoyancy from 0% to 20% by 
reducing the mass of the cylindrical shell results in an in-
crease in the resonant frequencies of the cylinder bending 
modes. This effect is particularly evident at frequencies below 
50 Hz, where there is a shift to the right in the resonant fre-
quencies from 0% to 20% buoyancy.  At very low frequency 
below 5 Hz, the dB offset is noticeable when the buoyancy is 
20%. This is attributed to the fact that only rigid body modes 
contribute to sound radiation.  

 
 

Figure 3. Sound power for transverse excitation of a fluid-
loaded thin cylindrical shell with different buoyancies 

 
 

Figure 4. Sound power for transverse excitation of a fluid-
loaded thick cylindrical shell with different buoyancies 

Effects of stepwise mass distributions on the radi-
ated sound  

In order to investigate the effects of stepwise mass distribu-
tions on the radiated sound power, the cylindrical shell with 
hemispherical end closures is divided into three sections as 
shown in Fig. 5. The length of the central section is 0.5(L+D) 
and corresponds to half of the total shell length. The remain-
ing two sections at each end of length 0.25(L+D) combined 
comprise the remaining half of the surface area of the total 
shell. In this case, the surface area of the central section 
equals the summation of the surface areas of two end sec-
tions. The overall mass of the shell is equal to the surrounding 
water in which the shell is neutrally buoyant. To implement 

the stepwise mass distribution, a decrease of 20% of mass in 
the central section is supplemented by an increase of 20% of 
mass in the two end sections. 

In Table 2, α represents a percentage increase or decrease of 
the mass of a given section of the cylindrical shell.  Three 
different cases of mass distribution along the axial length of 
the cylinder are compared to investigate the influence of the 
mass distribution on the radiated sound power. These are 
listed in Table 2 and correspond to (1) uniform mass distribu-
tion in which there is no increase or decrease in mass in any 
section of the cylindrical hull; (2) 20% increase of mass in the 
central section with a corresponding 20% decrease of mass in 
each end section; (3) 20% decrease of mass in the central 
section with a corresponding 20% increase of mass in each 
end section. 

    
 

Figure 5. Cylindrical shell with hemispherical end closures 
divided into three sections for the stepwise mass distribution 

Table 2. Stepwise mass distribution in the three sections of 
the cylindrical shell 

Mass distribution Left Central Right 

Case 1 01 =α  02 =α  03 =α  

Case 2 1 20%α = −  %202 =α  3 20%α = −  

Case 3 1 20%α =  2 20%α = −  3 20%α =  

In Figs. 6 and 7, the normalized sound power levels for uni-
form mass distribution (case 1 in Table 2) and for the two 
cases of stepwise mass distribution (cases 2 and 3 in Table 2) 
of a neutrally buoyant cylinder are compared, for thin and 
thick shells respectively. A structural damping ratio is intro-
duced as 0.02 for both thin and thick cylinders. Both Figs. 6 
and 7 show that at low frequencies, the radiated sound power 
levels are generally higher when mass is concentrated in the 
central section, particularly at off-peak frequencies. The re-
sults also show that the stepwise mass distribution has little 
effect on the locations of the resonant peaks at low frequen-
cies which correspond to the bending modes of the cylinder. 
However, the stepwise mass distribution affects the normal-
ised sound power levels. At the first two bending modes, the 
highest levels are observed when the mass is concentrated in 
the central section. By contrast, at higher bending modes, the 
highest levels are observed when the mass is allocated to the 
end sections.  

If there is no structural damping, the only mechanism of en-
ergy loss is sound radiation from the structure. In the case of 
hull bending modes, radiation damping is weak, leading to 
peaks at resonance that are difficult to resolve. The effects of 
mass and buoyancy distributions on the radiation efficiency 
of bending modes become much clearer when structural 

0.5(L+D) 0.25(L+D) 0.25(L+D) 

D 

L 
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damping is dominant. Then, the amplitudes of peaks in radi-
ated sound power may be reduced markedly, even when 
structural damping is very light. 

Effects of thickness on the radiated sound  

In the design of a conventional underwater vehicle, the ratio 
between the thickness and radius of the cylindrical hull is 
approximately around 0.01. The free vibration of a cylindrical 
shell is sensitive to changes in thickness especially for the 
case of thinner shells. Hence it is important to study the ef-
fects of thickness on the radiated sound power. From Figs. 8 
and 9, it is observed that the thickness of the cylindrical hull 
has significant effects on the radiated sound power for both 
neutral buoyancy and 20% buoyancy conditions. The natural 
frequencies of bending modes are increased by the increase of 
shell thickness especially for the low frequency range consid-
ered. 

CONCLUSIONS 

In this paper, a low frequency numerical model of a sub-
merged hull was presented which can be used to analyze the 
effects of buoyancy rate and longitudinal mass distribution. 
The hull was modelled as a fluid-loaded cylindrical shell with 
hemispherical end closures. A parametric study examines the 
effects of varying mass distribution, buoyancy values and 
thickness of shell on the radiated sound power. 
 

 
 

Figure 6. Sound power of a neutrally buoyant thin cylinder 
with different mass distribution (damping ratio=0.02) 

 
 

Figure 7. Sound power of a neutrally buoyant thick cylinder 
with different mass distribution (damping ratio=0.02) 

It is shown that the natural frequencies of the bending modes 
of the cylindrical shell are affected by its values of buoyancy 
and thicknesses for the frequency range considered. The 
variation of stepwise mass distribution in a neutrally buoyant 
hull has significant influence on the radiated sound power 
especially when the reduced mass of the central section is 
supplemented by added mass in the two end sections.     
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Figure 8. Sound power of a neutrally buoyant cylinder with 
different thickness 

 

 
 

Figure 9. Sound power of a 20% buoyant cylinder with dif-
ferent thickness 
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