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The longitudinal vibration characteristics of the rim driven thruster (RDT) induced by the ingested
turbulence are numerically studied and compared with that of traditional shaft driven propeller
(SDP). The pressure spectrum acted on the blade surface is firstly computed using the correlation
method based on the strip theory and the statistical characteristics of isotropic turbulence. Applied
the computed pressure spectrum as excitation, the random vibration response of the whole im-
mersed thruster can be obtained by mode superposition method. The differences between the vi-
bration responses, especially the unsteady thrust transmission characteristics, of the two kinds of
propulsors that have the same blade geometry are discussed. The computational results show that
RDT has relatively lower hydrodynamic damping in the lower bending modes, but its amplifica-
tion effect on the unsteady thrust is still distinctly lower than that of SDP because it subjects to
lower modal excitation force. A potential merit of traditional SDP is that it has more prominent
attenuation effect on the unsteady thrust in the frequency band between the first and second bend-
ing mode of blades.
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1. Introduction

The fluctuating forces at propeller are an important cause of sound radiation from a submarine in
the low frequency range [1]. These unsteady forces consist of periodic force components and broad-
band force components [2, 3]. The periodic force components often occur at multiples of the blade
passage frequency and are considered to the result from the unsteady pressure distribution on the
propeller blades[4, 5]. The broadband force components often distribute from several to several hun-
dred hertz, with some ‘hump’ around the first and second blade rate frequencies [6, 7]. Among
which, the low frequency broadband forces are mainly due to the interaction of the inflow turbulence
with the propeller blades. The turbulence is generated by the boundary layer of hull and all the ap-
pendages upstream of the propeller, superposed on the ambient free-stream turbulence.

Compared with the traditional shaft driven propeller (SDP), the electric rim driven thruster (RDT)
is a relatively new marine propulsor that has been developed in recent years. It uses a permanent
magnet rotor built into a rim around the propeller [8]. The permanent magnetic rotor is embedded in
a rim around the tips of the blade as shown in Figure 1(a). The motor stator is mounted in the duct.
RDT has shown lots of advantages compared with SDP, such as less energy loss due to the vanish of
gap between blade and duct, more flexible installation due to the modular design and more prompt
steering [9-11]. But as a potential propulsor for the future ship, its vibration and acoustic characteris-
tics have seldom been studied. As can be seen, there is great difference between the blade configura-
tion of the RDT and traditional SDP. How does the blade configuration influences the total unsteady
thrust transmission is worth studying. In this paper, the multimodal vibration response caused by the
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ingested turbulence induced broadband excitation of RDT is numerically investigated. Meanwhile,
the response a corresponding SDP with the similar blade geometry is computed too. Our motivation
is to explore the possible stealth capability of RDT by comparing it with traditional SDP.

2. Theoretical approach

In order to calculate the characteristics of the fluctuating force over the blade surfaces, the blade is
divided into a number of strip elements along its radius. The time-dependent forces acting on various
strip elements are related by virtue of spatial and temporal correlation of the velocity fluctuations in
the approach stream as well as by virtue of the induced effects that take place between adjacent ele-
ments. In the following tensor equations, subscripts are used to denote the direction along the coor-
dinate axes, while superscripts are used to denote the blade element involved. For example, F“ (t,7)

denotes the hydrodynamic force acting on the « -th element in the direction i at the instant of time
t caused by a velocity fluctuation of unit magnitude in the direction j on of the g -th element at the

instant . With this convention, the hydrodynamic force acting on the « -th element at time t in the
direction i, If (t) due to the influence of velocity fluctuation at all elements g, and in all the direction

j,overall time ¢, is expressed as
j F7 (t7)u/ (r)dr  where i,j=123 «,f=12,..n (1)

Since |i“ is a random function of time in a turbulent flow, a statistical approach must be employed.
If the inflow turbulence is time-invariant, the correlation function of unsteady forces, ¢ becomes

o (r)=E[I* ()If (t+r)]
=lim= I J I D FR (z)u] (t—7,)up, (t+7 -7, )drdr,dt 2

TooT
—J. I Fe’ (7)) F (7)) Rin (t+7—7,)dz,d7,
where R is the velocity correlation function between fluid point in the turbulence
L »
Rknba(t"'f_fz):Tlm?jo ul (t—z)up (t+7—7,)dt 3)
The corresponding frequency spectrum of the correlated force fluctuations of the « -th element in

the direction i due to the g-th element in the direction j can be found by taking the Fourier trans-
form of the above correlation tensor:

‘P,”f = J. )dz'——j J. I R’ (z)do, P (7,)do,Ri (t+7—17,)dr

=[ i a) ] [Hjn’] 10} ]ka a)
where H;” (w) is the hydrodynamic frequency response function and G/ () is the Fourier trans-
form of the velocity correlation function. Once the unsteady forces due to inflow turbulence is com-
puted, the force spectrum between each strip of the propeller blade is also determined and can be fed
into the random vibration analysis program of the propeller.
The solution for a one-dimensional turbulent field yields the standard two-dimensional Sears func-
tion [5, 13], which relates the lift per unit span to the incident downwash amplitude

dL(k,)/dy, = 7p,CU_ 0, (k,, @) &(k,C/2)e™ (5)
where kC/2=wC/2U,. The Sears function gives the amplitude and phase [5, 14](relative to the
disturbance at the mid-chord)
(2i/7)(2/kC)

SC/D = E i cr2)hin® (ke 12) (©)
where H/? and H{® are cylindrical Hankel functions. The pressure difference between the upper
and lower surfaces has been given by a number of investigators in the form [13]

(4)
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The turbulent inflow where the practical thruster operates is very complex. But in this paper we
assume that the two point velocity correlations are invariant with translations in position, or in other
words, a spatially homogeneous turbulent flow. These assumptions allow the velocity correlations
between any two points to be written in terms of scalar longitudinal and transverse normalized auto-
correlation functions. With additional assumptions of a divergence-free flow field and exponentially
decaying normalized stream-wise velocity correlation function, givenas f (7)=e”*, the velocity cor-

relation tensor takes the following form given by Hinze [15]

2l 1 r 1)
R; =u {ﬂrirﬁ(l—ﬂj&ij}e A (8)
For blades rotating in a turbulent field with rotational speed Q, r(r) is
r(r)z\/(dx)z+rj+rl§—2rarp(¢9a (0)-6,(0)+Qr) 9)
Let the mean inflow to the propeller be denoted by @“, then the unsteady angle of attack becomes
uy uy
a(r)=tan” ol (10)

with u? =u” cosg, +uZ sing, . Based on the above definition of R, , correlation functions are nu-
merically evaluated at given o values as

G () = Rin (¢ "dr (11)
vl (@)=[H7 (0)] [HE (0)]Gin () (12)

Considering the complex geometry of marine propeller, the finite element method is used to com-
pute the random response of the immersed propulsor. Accounting for the fluid around, the discrete
linear dynamic system has the equilibrium equation

s S s ) e

where u(w) is structure displacement and p(w) is the pressure of the fluid (as acoustic element).
M,, K, C, are the mass matrix, stiffness matrix and damping matrix of the structure. F, (o) is the
external loads exerted on the structure. It is a matrix when the random loading is considered. M, , K,
and c, is the coefficient matrix related to the fluid. s, is the coupling item related to the fluid and
structure.

3. 3 Results and discussions

3.1 3.1 Thruster geometry and excitation spectrum

The geometry of the analyzed RDT is shown in the left of the Figure 1. The thruster has ten equally
spaced blades with the outer diameter being 2031.9 mm. It is so designed that it is can be conveniently
compared with an equivalent propeller. The corresponding propeller with the same blade configura-
tion is shown in the right of Figure 1. The propeller is a 10 scaled version of the propeller that has
been studied by Sevik [6] in 1970s. The prototype has a constant chord of 254.2 mm along the span
with no skew and square tips. A schematic of the rotor as well as profiles of the blade at its tip and
root can be seen in Figure 1. The blade pitch angle measured from the plane of the rotor varies non-
linearly from the root to the tip as indicated in [6]. The rotors operate at a design advance ratio of
1.19. The material of propeller blade is set as common steel with E, =210e9 Pa and the stiffness of

thrust bearing is set as k, =7.66e7 N-m. The material of the rim and the shaft is artificially increased
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in order to reduce the influence of the boundary and guarantee that the comparison between two
propulsors is reasonable.

—a— Sevik Experiment - —— Prototype
- - - Correlation method (Rotation not considered) NN - - - .10 scaled
—— Correlation method (Rotation considered 04 N
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Figure 2 (a) Comparison of correlation method with experiment; (b) Force spectrum comparison of 10
scaled propeller and its proptotype with the same advance ratio and ingested turbulence condition

T T
400 500 600
Frequency (Hz)

Sevik’s experiment [6] is used to demonstrates the accuracy of the correlation method. The ex-
periment was conducted in the 1.22 m diameter water tunnel. The propeller has ten blades with con-
stant chord length of 25.4 mm and a radius of 101.6 mm. The tunnel speed equals 4.56 m/s and the
advance ratio was 1.22. The turbulence level is about 3% with integral length scale being 4 cm. Power
spectral density of the propeller thrust is compared in Figure 2(a). Good agreement can be achieved
with the theoretical method except that measured spectra shows more significant humps at the first
blade frequency. It is perhaps because that the isotropic turbulence hypothesis is not entirely con-
sistent with the practical inflow characteristics. In Figure 2(b), the thrust spectrum of the 10-scaled
version propeller is compared with that of the prototype. As a comparison, the inflow condition and
the advance ratio is the same for both propeller. The hump occurs about 19Hz for the 10-scaled pro-
peller.

Figure 3 gives the frequencies and corresponding modal shapes of the lowest fifty-one modes of
the RDT and SDP. The modal frequency distribution of both models is almost the same. The corre-
sponding modal shapes of the two models are similar too, except the deformation direction. These
results guarantee that the following comparison is meaningful. For both models, the first mode at
f, =19Hz is the longitudinal rigid motion of rotor with the rim (shaft) mass. The elastic deformation

of the propeller itself is not prominent. The subsequent modes occur in groups. In each group, ten
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modes almost have the same frequency. It is attributed to the blade cycle-symmetry of the both pro-
pulsors. In group 1 at f, ~38 Hz, the mode shape is the first bending mode of cantilever blade. In

group 2 at f,=175Hz, the one-node bending mode occurs. The pure torsional mode occurs at
f ~ 286 Hz ingroup 3. Ingroup 4 and 5, two-node and three-node bending modes occur at f,, =310 Hz
and f,, =610 Hz respectively.

—us— Rim driven thruster
700 4 = Shaft driven propeller
f =610 Hz
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Figure 3 The mode frequencies and mode shapes of the propeller-shaft system
3.2 The random response characteristics of RDT

A typical case is firstly computed when considering the elasticity of both thruster and bearing with
f,=19Hz and f, =38 Hz. The analyzing frequency is ranged from 1 Hz to 350 Hz with 51 orders of

modes being considered. In order to understand the response mechanism of the whole thruster, the
vibration spectrum at three typical locations on the thruster is extracted and plotted in Figure 4. The
locations of the three points are marked in a contour. In general, the amplification effect of the elastic
thruster can be distinctly observed in both the rim and the blade except the torsional modes around
f . The contour on the root mean square of the velocity on the whole thruster within 350 Hz is also
shown in Figure 4 but the detailed discussion will be made in the next section. The vibration level at
blade tip is distinctly higher than that at the rim except at frequency f,. At this frequency, the vibra-
tion level on the whole disk is almost the same as the vibration level is mainly controlled by the
system response of the whole rim and bearing. The discrepancy between Tipl and Tip2 should be
attributed to the torsional vibration of the propeller blades.

Figure 5 compares the transmitted thrust spectrum when both the elasticity of thruster and bearing
is considered or not. Three cases have been considered: rigid thruster and bearing with f,, — o, f, >0,

elastic thruster and rigid bearing f, —>38Hz, f,—>o , elastic thruster and elastic bearing
f, —>38Hz, f, >19 Hz. It can be seen that the force transmitted to the foundation can be greatly

changed by the system elasticity. Firstly, when only the elasticity of the thruster itself is considered,
the unsteady thrust almost has the same level with the rigid case except the amplification effect of
bending modes and the attenuation effect between two neighboring natural frequencies. But when the
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elasticity of bearing is considered, the unsteady thrust is greatly attenuated for the filtering effect of
the global mode at f,. At this condition, the resonance response of the global mode of the thruster-
bearing system at f, is very prominent. The high amplitude of the response is attributed to the low
damping of the bearing (only mechanical damping) and high excitation force in the low frequency
band. Totally speaking, both the elasticity of thruster and the thrust bearing need to be considered
when we compute the practical thrust spectrum acted on the foundation.
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Figure 4 The velocity spectrum at the blade tip and the center of hub with f, =19 and f, =38 Hz

Figure 5 The transmitted unsteady thurst spectrum for three different cases
3.3 3.3 Comparison between two kinds of thrusters

As a comparison, the vibration response of the corresponding SDP is also computed using the
same excitation. As stated in section 3.2, there is great difference between the modal shape and the
modal damping (mainly the hydrodynamic damping) of the two kinds of thrusters. Two factors can
be investigated respectively. Firstly, the influence of modal force is studied by neglecting the hydro-
dynamic damping while keep only mechanical and radiation damping. Therefore, the corresponding
loss factors of both models are the same in each mode. For the purpose of comparison, the influence
of the bearing stiffness is ruled out by setting f, — . The vibration spectrum of both kinds of pro-
pulsors when all the damping mechanisms are considered is compared in Figure 6(a) and (b). This
time, the difference between the RDT and SDP is greatly reduced for the loss factor in the lower
modes of SDP is much higher than that RDT as indicated in Figure 6 (b). But still, the response of
RDT is smaller than that of SDP, though the difference is greatly discounted.

(a) (b)

Figure 6 The concour on the root mean square value of velocity (integrated from 1 Hz to 350 Hz) of (a)
RDT and (b) SDP with the hydrodanymic damping being considered: f, -« and f,, =38 Hz
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Figure 7 The transmitted unseady thrust comparison between the RDT and SDP when (a) the
hydrodynamic damping is not considered and (b) the hydrodynamic damping is considered: f, — «
and f,, =38 Hz

The transmitted unsteady thrust for two different cases are compared in Figure 7(a) and (b). When
the hydrodynamic damping is neglected, the amplification effect of the SDP is greatly higher. The
difference can reach about 15 dB at the first bending frequency f,, and 20 dB at the third bending
frequency f,,. But when the hydrodynamic damping is considered, the difference of at the first bend-
ing frequency f,, is greatly reduced, though the thrust of the SDP is still higher than that of RDT. On
the other hand, the difference at the third bending frequency f,, is nearly not changed. This should
be attributed to the low hydrodynamic damping in the high frequency band. Therefore, the resonance
response at these frequencies is manly controlled by the mechanical damping, not by the hydrody-
namic damping. A merit of traditional SDP can be found is that is has better attenuation effect than
RDT in the frequency band between f, and f,,.
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Figure 8 The transmitted unseady thrust comparison between the RDT and SDP with f, =19 Hz and
f,, =38 Hz ; Figure 9 The transmitted unseady thrust comparison between the RDT and SDP with
f,~38Hz and f, ~38 Hz

The unsteady thrust transmission characteristics of the two types of thrusters are also compared
when both the elasticity of blade and the bearing are considered. Three typical cases are analyzed
with f, =19 Hz, f,=38Hz and f, =57 Hz while keeping f,, =38 Hz. Figure 8 compares the unsteady
thrust transmitted to the foundation when f, =19 Hz . Under the condition f, < f,, , the base line of the
transmitted thrust spectrum is mainly determined by the global mode of the thruster-bearing system
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at f,. The resonance response of SDP at the natural frequencies of the rotor itself is still higher than

that of RDT, though the responses of both thruster have been filtered. ; Figure 9 compares the re-
sponses of the two types of thruster when both f, and f, approaches 38Hz. In fact, the completely

equal cannot be achieved because of the coupling between the two modes. As can be seen, the
resonance response induced by the mutually reinforcing of SDP is very distinct. The resonse peak of
the RDT is 6dB lower than that of SDP.

4. Conclusion

The elastic vibration characteristics of a ten-bladed rim driven thruster induced by the ingested
turbulence are numerically investigated and compared with a traditional shaft driven propeller which
has the same blade configuration. The longitudinal vibration and the unsteady thrust transmission
characteristics of both types of thruster are compared. The following conclusions can be drawn: (i)
Both the bending modes and the torsional mode of the blade are responsive to the random loads
induced by the inflow turbulence, but only the bending modes (especially the first order) can amplify
the transmitted thrust; (ii) Compared with the traditional SDP, the vibration response of RDT is much
lower for the poor coincidence between its modal shape with the spatial distribution of the random
loads; (iii) The hydrodynamic loss factor of the RDT of the lower mode, especially the first cantilever
beam mode, is much lower than that of the SDP. (iv) When f, approaches f,, the resonance response

of RDT is much lower than that of SDP.
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