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Abstract: [ Objectives ] The effect of propeller on the structural vibration and acoustic radiation of submarine is
studied. [ Methods ] As such, the acoustic transfer function (ATF) of SUBOFF submarine is established by using the
propeller unsteady exciting force as an input, and the outer wet-surface vibration and radiated noise of the propeller,
hull and whole submarine as outputs accordingly. The three ATFs of above-mentioned wet-surfaces are compared in
accordance with spectral peaks and the propeller's modal frequencies as well as the modal shapes, the effect analysis
of propeller blades' vibration on the structural vibration and acoustic radiation under vertical excitation is highlighted.
[ Results | The results show that the effect of the propeller on the vibration and acoustic radiation of the whole
submarine is mainly related to the propeller blades' modal frequencies and the single blade cross-vibration modes.
The frequency response curves of the mean-square normal velocity level and the radiated acoustic power of the
propeller's wet-surface will be plumped up at the single blade cross-vibration modes' frequencies, and so do curves of
full submarine's wetsurface, but those of the hull's wet-surface are quite the contrary. At other frequency bands, the
ATF of the hull's wet-surface can reflect the whole submarine's vibration and acoustic radiation characteristics.
[ Conclusions ] These results can serve as a reference for the acoustic design of submarine propellers, and also offer

new insight into the analysis and identification of noise sources.
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0 Introduction

The underwater vibration and noise reduction of
submarines is very important for stealth perfor-
mance, and the effective prediction of the underwa-
ter vibration and acoustic radiation of submarine
structures is a key point for vibration and noise re-
duction design. With the development of the finite
element and boundary element methods!'?], espe-
cially realizing the fluid-structural decoupling of
the added mass and damping coefficient algorithm
in solving large and complex structures?®®), predict-
ing the underwater vibration and acoustic radiation
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of large and complex structures such as submarines
has become possible. But at present, in the predic-
tion of the underwater vibration and acoustic radia-
tion of submarine structures, the propeller is gener-
ally replaced by a mass point!’l, namely using the
hull structure to predict the vibration and acoustic
radiation of the whole submarine, and the influence
of the vibro-acoustic properties of the propeller it-
self on the whole submarine structure is ignored.
Propeller noise can be categorized into cavitation
noise and non-cavitation noise. Previous studies on
propeller noise have mainly focused on cavitation
noise. With the development of science and technol-
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ogy, and the improvement of the propeller design
level, the critical cavitation speed has gradually in-
creased, it has become possible to ignore the influ-
ence of propeller cavitation noisel®!, and the predic-
tion of propeller non-cavitation noise has gained in-
creasing importance. Zhang et al.¥! investigated the
formation, identification and control of ship abnor-
mal noise from the perspective of engineering prac-
tices. He pointed out that under non-cavitationcon-
ditions, the propeller, as a finite rigid body, also ra-
diates noise, which is related to the modal frequen-
cy and mode shape!'” of the blade frequency in the
narrow-band spectrum of the discrete component of
strength in the radiated noise of the ship. From the
point of view of submarine vibration and acoustic
radiation prediction, the influence of propeller vi-
bration and sound radiation on the submarine's
structural vibration and acoustic radiation character-
istics should be quantified under non-cavitation con-
ditions, also, whether the hull can be used to re-
place the whole submarine structure in structural
acoustic radiation prediction should be studied.

In this paper, based on the SUBOFF submarine
modelll, the modal frequencies of the propeller are
calculated and the vibration modes at each modal
frequency described. At the same time, the acoustic
transfer function (ATF) of the hull channel is estab-
lished, taking the propeller unsteady excitation
force as an input, and the outer wet-surface vibra-
tion and radiated noise of the propeller, hull and
whole structure as the outputs. Then, the ATFs of
the three parts of the wet surface are compared, and
the spectrum peak frequency of the ATF and the
modal frequency and mode shape of the propeller
are compared to analyze the influence of the propel-
ler on the structural vibration and acoustic radiation
of the submarine.

1 Finite element model of SUB-
OFF submarine

In order to study the effects of the propeller on
the vibration and acoustic radiation of a submarine
structure, it is necessary to establish a finite element
model of the submarine structure including the fi-
nite element of the propeller. In this paper, the finite
element model of a SUBOFF submarine structure
(991 m in length) is taken as the research object,
which is established in Reference [6]. Fig.1 shows
the finite element model of the SUBOFF subma-
rine, including the propeller, shafting and hull.
Fig. 2 shows the finite element model of the inner

structure of the SUBOFF submarine's stern section.
The stern bearing and stern shaft are connected by
multiple point constraints, and the stern shaft can
slide freely in the stern bearing. As shown in Fig.3,
the blade is modeled from 4-node, 4-facet elements
(Tetd), and the shaft is discretized into 8-node, 6-
facet elements (Hex8) and 6-node, 5-facet elements

(Wedge6) as far as possible.
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Fig. 1 FE model of SUBOFF submarine

Fig. 2 FE model of the inner structure of stern section for
SUBOFF submarine
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Fig.3 FE model of propeller

2 Acoustic transfer function

Zhou et al. "l put forward the concepts of ATF
and spectral peak frequency. The ATF of a ship
channel is the ratio of a certain quantity characteriz-
ing the acoustic features of the hull to the excita-
tion force at any point in the hull, that is, the ratio
of output to input. If the output is the mean-square
normal velocity of the vibration at one part of the
hull, and the input is the excitation force at any
point in the hull, then the ATF of the hull channel
with the mean-square normal velocity as the acous-
tic characteristic quantity of the hull is

< V>

H=—r— (1)

where < V2 > is the mean-square normal velocity
and F is the excitation force.

The transfer function can also be understood as
the acoustic characteristic value of the hull under
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the unit excitation force. For submarines, if the exci-
tation force is a stationary random process, then the
mean-square normal velocity of the vibration is also
a random process. If the input is the excitation force
spectrum acting on the propeller, which is S,.(f),
and the
H_,._(f), its spectrum function can be expressed as

S (D) =|H D[S @

To some extent, the peak characteristic of the

corresponding transfer function is

mean-square normal velocity spectrum function rep-
resents the vibration peak characteristic of the sub-
marine structure under the excitation force spec-
trum, and the peak characteristic of the acoustic ra-
diated power spectrum function represents the
acoustic radiation peak characteristic of the subma-
rine structure under the excitation force spectrum.
Staggering the spectrum peak frequency of the ATF
and excitation force is an effective way to reduce
the vibration and acoustic radiation of the subma-
rine structure. Therefore, controlling the vibration
and acoustic radiation of the submarine structure
through the ATF of the ship channel is the core
mechanism of vibration and acoustic radiation con-
trol, as well as the most important problem in the
structural design of quiet submarines.

In this paper, mean-square normal velocity and
acoustic radiated power are used to characterize the
vibration and acoustic radiation of the wet surface
of a submarine. Mean-square normal velocity and
radiated acoustic power W are defined as follows:

mz
o Y |0f

Jj=m

PR

Jj=m,

2
Sj

< V2 >=

>

m

i Zﬁij”Sj

Jj=m,

1
W:ERG (3)

where i =V/'-1; @ is Circular frequency ; Py ois
pressure amplitude of No. j element; U," is displace-
ment amplitude of No. j element; S, is area of No. j
element; * is represents the corresponding amount
of conjugate value; m, is starting number calcula-
tion of wetsurface element; m, is ending number
calculation of wetsurface element.

According to Equation (3), the mean-square nor-
mal velocity and radiated acoustic power of the sub-
marine propeller's wet surface can be calculated sep-
arately, and the integral calculation of the wet sur-
face of the hull and whole submarine can also be
carried out (the wet surface of the whole submarine

is the sum of that of the propeller and hull).
The mean-square normal velocity level and radi-

ated acoustic power level can be defined as!!?]
<V> w
LV: IOIgViz;LW: IOIgWi (4)

ref ref
where V., is the velocity reference fixed at 5x
10*m/s and W, is the power reference fixed at

10712 W.

3 Modal frequency
shape of propeller

and mode

Using the finite element software NASTRAN,
the modal frequencies of the propeller in the range
of 5-800 Hz are calculated. To describe the mode
shapes of each modal frequency, the blade bending
vibration, which has a great influence on the vibra-
tion radiation noise of astructure, is given priority;
thus, the forward mode shape of a single blade is 1,
the backward mode is 0 and the non-participating
vibration mode is N. Table 1 shows the modal fre-
quencies of the mode shapes of the propeller, and
Fig. 4 shows the mode shapes of the propeller. It
can be seen from Table 1 and Fig. 4 that the modal
frequency of the propeller usually appears in the
middle and high frequency bands. According to the
calculation model used in this paper, the modal
shapes are mainly divided into four types: type
01011, type 00111, type OON11 and type 11111.

For a five-blade propeller, type 01011 is the max-
imum cross-vibration mode of a single blade; type
00111 and type OON11 are continuous double blade
cross-vibration modes; and type 11111 is the vibra-
tion mode of all blades in the same direction.

Table 1 Modal frequencies and modal shapes of propeller

Modal Mode Modal Mode

Order  frequency descrintor Order  frequency descrintor
/Hz P /Hz P
1 401.09 01011 5 533.06 11111
2 404.47 01011 6 721.94 01011
3 450.51 00111 7 726.79 01011
4 456.68 O00NT11 8 794.72 00111

4 Vibration analysis of whole sub-
marine in vacuum

The vibration response of the whole SUBOFF
submarine in a vacuum is calculated usingthe gener-
al finite element software NASTRAN. The ampli-
tude of the excitation force acting on the center of
the propeller (center of the propeller hub) is 100 N,
and the direction is shown in Fig. 1. The frequency
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(g) 726.79 Hz-01011

(h) 794.72 Hz-00111

Fig. 4 Mode shapes of propeller

steps of the excitation force are shown in Table 2.
The mean-square normal velocity of the wet-sur-
face of the propeller, hull and whole submarine are
integrated respectively to obtain the mean-square
normal velocity level at each frequency. Fig. 5
shows the frequency response curves of the mean-
square normal velocity level of the three wet-sur-
face parts, and the rectangular shaded part in the fig-
ure shows the frequency of propeller mode 01011
(single blade cross-vibration mode). As can be seen
in Fig. 5, for vibration in a vacuum, there is a large
peak value on the frequency response curves of the
wet surfaces of the propeller and whole submarine
near the propeller blades' modal frequencies for
type 01001, but no obvious spectral peak on that of
the wet surface of the hull. The peak characteristic

of the frequency response curve of the wet surface
of the whole submarine is mainly related to the pro-
peller. From the peak characteristics of the frequen-
cy response curves, except for the frequencies of
propeller mode shape 01011, there is no obvious
peak in the frequency response curve of the hull's
wet-surface. In the other frequency bands, the peak
characteristics of the wet-surface vibration frequen-
cy response curves of the propeller, hull and whole
submarine are basically the same.Regarding the vi-
bration of the submarine structure caused by the un-
steady excitation force of propeller, it will directly
cause the vibration of the propeller while being-
transmitted to the hull structure through the shaft
system, causing the vibration of the hull structure.
Thus, the vibration of the hull structure is directly
related to the transmission of excitation force. At
the frequency of propeller mode shape 01011, the
propeller induces resonance, but the hull structure
does not produce an obvious resonance effect; that
is to say, there is a significant difference between
the vibration transfer functions of the propeller and
hull structure at this frequency. If the influence of
the propeller itself is ignored and only the hull is
used to replace the whole submarine structure for
frequency response analysis, there will be large er-
rors at some frequencies, resulting in the loss of the
spectral peak frequencies related to the propeller.
These spectral peak frequencies are related to the
cross-vibration modal frequency of the single blade
of the propeller.

Table 2 Frequency steps of exciting force in vacuum

Frequency range/Hz Step/Hz
10-200 1
200-800 2

120

— propeller+hull
structure
--- propeller

L,/dB

50 i i i i i i i
0 100 200 300 400 500 600 700 800

fIlHz

Fig. 5 Frequency response curves of mean-square normal
velocity level of three parts of submarine's wet-surface
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5 Vibration and acoustic radia-
tion analysis of whole submarine
underwater

By using an additional mass and damping coeffi-
cient algorithmP!, the underwater vibration and
acoustic radiation characteristics of the whole SUB-
OFF submarine are calculated, and the position, am-
plitude and direction of the excitation force are con-
sistent with those in a vacuum. The frequency steps
of excitation force are shown in Table 3. The reflec-
tion effect of the horizontal plane is considered in
the calculation. The center line of the hull is 25 m
from the horizontal plane, as shown in Fig. 6.

Table 3 Frequency steps of exciting force in water

Frequency range/Hz Step/Hz
10-200 2
200-800 5

Water-surface

25000 mm

—

center line

4 500 mm

9910 mm

Fig. 6 Underwater position of SUBOFF submarine

The mean-square normal velocity and radiated
acoustic power of the wetsurface of the propeller,
hull and whole submarine are integrated respective-
ly to obtain the mean-square normal velocity level
and radiated acoustic power level at each frequency.
Fig. 7 shows the frequency response curves of the
mean-square normal velocity level of the three parts
of the submarine's wet-surface, and Fig. 8 shows
the frequency response curves of the radiated acous-
tic power level of the same. As can be seen, for the
mean-square normal velocity level and radiated
acoustic power level, the frequency response curves
of the propeller's wet-surface have large spectral
peaks at 355 Hz (rectangular shaded part in the fig-
ure),as do the curves of the whole submarine's wet-
surface, while those of the hullhave no obvious
spectral peaks at this frequency.

The propeller's mode shape at 355 Hz is shown
in Fig. 9. It can be seen that the propeller has obvi-
ous single blade cross-vibration characteristics at
this frequency. By comparing the natural frequency
and mode shape of the propeller, it is clear that
355 Hz is the modal frequency of the propeller un-

120 : ; -
; propeller
110 o hull structure
——- propeller+hull
100 frosseen . N T structure

0 50 100 150 200 250 300 350 400
fIHz

Fig. 7 Frequency response curves of mean-square normal
velocity level of three parts of submarine's wet-surface
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i === propeller+hull "~
structure

110 b
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60 ; ; - S ; i
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Fig.8 Frequency response curves of radiated acoustic power

level of three parts of submarine's wet-surface

Fig.9 Modal shape of propeller at 355 Hz (style 01011)

derwater, and its mode shape type is 01011 (corre-
sponding to the natural frequencies and mode
shapes of 401.09 and 404.47 Hz).This is due to the
fact that when the propeller vibrates underwater, its
modal frequency moves to a lower frequency due to
the influence of the water attachment coefficient.
When the propeller mode shape type is 01011, the
frequency underwater is lower than that in a vacuum.

Comparing the frequency response curves of the
hull and whole submarine, as shown in Fig. 7 and
Fig. 10, it can be seen that, except for 355 Hz, the
vibration and sound radiation characteristics of the
hull are basically in accordance with those of the
whole submarine, especially in the frequency re-
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sponse curves of radiated acoustic power level. This
is because the contribution of the whole subma-
rine's wet-surface to the radiated acoustic power is
not large due to its small area, despite the large vi-
bration amplitude of the propeller. When the modal
shape type of the propeller is 01011, the vibration
and sound radiation of its wet-surface are unusually
obvious, and the frequency response curves of the
mean-square normal velocity level and radiated
acoustic power level show large peaks. Although
the wet-surface area of the propeller is relatively
small, its influence on the vibration and acoustic ra-
diation of the wet-surface of the whole submarine is
very obvious, resulting in obvious spectral peaks in
the stage frequency response curves.

115

— hull structure
propeller+hull -
structure

110 |
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L_/dB
©
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T

100 150 200 250 300 350 400
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0 50

Fig.10 Frequency response comparison of radiated acoustic
power level of hull and whole submarine's wet-surface

Based on the above analysis, the effect of the pro-
peller on the vibration and acoustic radiation of the
whole submarine is mainly related to the modal fre-
quency of the propeller and the single propeller
blade cross-vibration mode. When the single propel-
ler blade cross-vibration mode appears, the relevant
transfer function of the propeller and whole subma-
rine will show anobvious spectrum peak, and the
peak frequency of the spectrum will correspond to
the modal frequency.At this time, if the contribution
to vibration and acoustic radiation of the wet-sur-
face of the propeller is ignored, and the vibration
and acoustic radiation characteristics of the whole
submarine are analyzed only in terms of the hull in-
stead of the whole submarine, the peak frequency
associated with the propeller will be lost. In other
frequency bands, the ATF of the wet-surface of the
hull basically dominates the vibration and acoustic
radiation characteristics of the whole submarine.

6 Conclusion

In this paper, the ATF of a SUBOFF submarine is
established using the unsteady excitation force of

the propeller as the input, and the outer wet-surface
vibration and radiated noise of the propeller, hull
and whole submarine as outputs. The three ATFs of
the above-mentioned wet-surfaces are then com-
pared with the spectral peaks and the modal fre-
quency and mode shape of the propeller, and the ef-
fect analysis of propeller blade vibration on structur-
al vibration and acoustic radiation under vertical ex-
citation is highlighted. The following conclusions
are drawn:

1) The effects of the propeller on the vibration
and acoustic radiation of the whole submarine are
mainly related to the propeller blades' modal fre-
quencies and the single blade cross-vibration mode.
The frequency response curves of the mean-square
normal velocity level and radiated acoustic power
of the propeller's wet-surface are plumped up at the
single blade cross-vibration modal frequencies, as
are the curves of the full submarine's wet-surface,
but those of the hull's wet-surface show the oppo-
site effect.

2) At other frequency bands, the ATF of the hull's
wet-surface dominates the vibration and acoustic ra-
diation characteristics of the whole submarine.

These results provide valuable references for the
acoustic design of submarine propellers, while of-
fering new insights into the analysis and identifica-

tion of noise sources.
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