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Abstract

This paper developed a generalised theory to model the dynamics of an integrated ship propulsion
unit-large hull-water interaction system. The engine shaft unit, the hull structure are considered as two
substructures and the water as a subdomain, of which the motions of each subsystem are governed by
the fundamental laws in continuum mechanics, and on their interfaces, kinematical and dynamical
conditions are satisfied. The integrated variational formulation is given, based on which the numerical
equation is derived by using the mode summation approach. The shaft frequency and deformation
factors are defined to study on its interactions with large hull and water in order to provide a mean for
safety propulsion unit design in large ships. An example is given to illustrate the applications of the
general theory presented in the paper. Some guidelines for dynamical designs of large ship hull —

propulsion system are suggested.

Key Words: Propulsion unit-hull-water interaction; Fluid-structure interaction; Sea wave excitations;

Shaft frequency / deformation factors; Natural vibration; Dynamic response.

1. Introduction
With fast development of ship sizes, dynamic interactions between ship hulls and engine propulsion
systems have been playing more and more roles for safety operations of ships. For the type of small

ships, the hull deformations excited by wave loads have no obvious effects on the operation of engine
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propulsion shaft systems. However, for large ships, especially with very big length, the deformation
of ship may seriously change the mounting position of its propulsion shaft system, so that it could not
normally work (Murawski, 2005; Shi et al, 2010; Shaft alignment, 2000). The statistical researches
reported that about 52.9% ship operation fails during 1998-2004 were caused by engine propulsion
system problems (Leontopoulos, 2006; The Swedish Club Highlights, 2005), of which some photos of
broken parts of main propulsion system can be read in (Dymarski, 2009; Fonte et al, 2009). Based on
this practical situation as well as very strong requirements of worldwide ocean transportations,
designers and scientists have to put much attention into dynamic interactions between ship hull and
main engine system (Moctar et al, 2005; Ogawa et al, 2011; Lu et al, 2010; Pouw, 2008) in order to
get the safety operations of large ships. Recently, a review paper (Yan et al, 2013) presents more
details on the dynamic interactions between the propulsion system and large ship structures. The
discussed problems involve the torsional vibration and its bearing arrangement (Murawski et al, 2015;
Tang et al, 2013; Roemen et al, 2009), the robust global sliding model controls (Li, 2015; Li, 2015; Li,
2013) and the modelling with simulations (Tian et al, 2014; Tu et al, 2014) of marine propulsion
system. The methods used to deal with the problems are mainly by numerical analysis, such as finite
element models and substructure approaches (Schulten, 2005; Jun, 1998) .

Ships move on the water, the integrated system is a fluid-structure interaction system (Newman,
1978), for which the water flows affect ship motions and its elastic deformation so that the
deformation of the engine propulsion system mounted in / on the ships. Reversely, the motions of
ships are also affecting water flows through wet interaction interfaces. Therefore, to predicate more
accurate deformation of engine shaft and hull structure and more safely to arrange the engine system,
investigations on an integrated water-hull-engine system interaction is necessary, for example, the
reported marine structures-water interactions (Newman, 1979; Bishop et al, 1986; Xing, 2009;
Deruieux, 2003), to cite but too more. Based on the developed fluid-structure interaction theory and
computer code (Xing, 1995; Xing, 1995) which has been used to simulate many dynamic problems in
marine engineering (Xing, 2006; Xiong, 2006; Tan, 2006; Xiong, 2006; Xing, 2007; Xing, 2008), this
paper intends to propose an integrated ship propulsion unit-large hull-water interaction model to

reveal dynamic effects of water-hull interactions on large ship engine propulsion system.
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2. Governing equations of integrated interaction system

Fig. 1 shows an integrated ship propulsion unit-large hull-water interaction system studied in this

paper. This system consists of a flexible hull structure of mass density p., body force Ifi and elastic

tensor E;,, within a domain € of boundary S =S; US,, WX with its unit normal vector v, the

~

sound speed of water C, body force f

and mass density p; in a domain €, of boundary
r=r,vur,ulr, VXU, with a unit normal vector; and a ship propulsion unit Qp mounted

on the hull by I journal bearings B,, (1 =1,2,---, f). Cartesian coordinate system 0 — X, X, X,, where

the gravitational acceleration g is along the negative direction of the coordinate axisO — X;, is chosen
as a reference frame to describe the dynamics of interaction system. A hull-Lagrange coordinate

systemO — X, X, X, of which the three coordinator vectors are parallel to the ones of the system
0— X, X,X,, is fixed at the mass centre O(X,,, X,0, X5,) Of the ship hull. A propulsion unit-Lagrange

coordinate system0—Y,Y,Y; is fixed at a suitable point chosen by users, such as its centre of mass

6(X 4, X5, X5,) Of the central line of the propulsion shaft. The relationship between the hull-
coordinate system O— X, X,X,and the system 0—Y,Y,Y, for the propulsion unit is defined by an
orthogonal transformation matrix B, of which the components 3; = cos(Y;, X ;) , here(Y;, X ;) denotes

the angle between axis O—Yi andO — X, . The system may be excited by external dynamical forces

A

Ifi, T, fi, p and ground acceleration W, . The Cartesian tensor notations (Fung, 1977) with

subscripts i, j, k and | (=1, 2, 3) obeying the summation convention are used in this paper. For

example, U;, V;, W;, €; and o represent the displacement, velocity, acceleration vectors, strain
and stress tensors in solid, respectively, p denotes the pressure in fluid, p,tt=52p/8t2,

U, =0u;/0x;, v, =U; =y, =au /at, W, =V, =U; =U, = 0°u; / 0t*and Kronecker delta J; etc.

Here one or double dots over the parameters represent their derivatives with respect to time t.
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Fig. 1. The integrated ship propulsion unit-large hull-water interaction system
As shown in Fig. 2, we consider the propulsion unit as a shaft system consisting of the propeller

Dp , supporting bearings B, |, (I=1,2,-~~,f), engine crack box D¢ and attached disks

D,, =12, j) , to represent flying wheels, connectors. The shaft system 0 —Y,Y,Y; is used to
study the motion of this propulsion unit, which undergoes a translation and a rotation in / about axis
0-Y,, two bending motions in the directions 6—-Y,and 0-Y,, respectively. We assume these motion

components are governed by the classical beam, rod or shaft theory and their couplings are neglected.

Therefore, the propulsion unit is represented by a shaft central line of mass density o per unit

volume, extension stiffness ES and rotation stiffness GJ, for axis 6—Y, as well as two bending
stiffnress EJ, in the plane Y,0Y, and EJ, the plane Y,0Y; , respectively. A typical disk

D,, J=12,--, j) , is fixed on the shaft line at point (Y,,,Y;, =0=Y,,), which has concentrated

mass M, , inertial moment |, for rotation about 6 —Y,, inertial moment 1, for bending in the plane

Y,6Y, and |, for bending the plane Y,0Y; .

We assume that the ship is in its stable equilibrium motion with a constant velocity on the water.
The propulsion shaft unit has been mounted on the hull in a good alignment state (Shaft alignment,
2000; Leontopoulos, 2006). We are interested in the dynamic responses added on the equilibrium
motion state of the system, which is caused by extra external forces, such as waves and earthquakes.

Therefore, the coordinate system 0 — X, X, X, is considered as an inertial system in association with the

4
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ship constant velocity, which could be ignored. For a first instance to explore these complex dynamic
interactions we consider the system is a linear system in which the hull motion is governed by linear
elastic theory and the motion of the propulsion unit follows the beam / shaft theory as mentioned
above. The water is compressible fluid with irrotational motions and a linear free surface wave
condition. The dynamic pressure of the water satisfies a wave equation in the water domain. To derive
the governing equations of the integrated interaction system, we have to model the dynamic
interactions of the propulsion unit with the hull and the water through the bearings, engine crack box
and the propeller, which is discussed and described by the corresponding equilibrium and geometrical
relationships as follows.

2.1 Propulsion unit-ship hull-water interactions

2.1.1 Bearings

For a representative bearing B, , of which the mass of moving parts is neglected, is fixed at a point
B, (Y,5,Y,5,Y,5) in the hull and a point A (Y,?,Y,5 =0=Y,3)on the central line of the shaft. The

coordinates of these two points in the hull system O— X, X,X,can be obtained from the following
coordinate transformation
X::Xio-’_ﬂtiA XI?:XiO_'_ﬂtiIjB'

Ij !

M)

The interaction dynamic force components f,iA and f”B at two ends of bearing B, in the shaft
coordinate system, between the shaft and the hull can be calculated by using the stiffness coefficient

k” (Bernhard Bettig, http://www.me.mtu.edu/~mdrl) but neglecting its dampingC,, shown in Fig. 2,

F”A ke k] Uiy F,iAS o F“A =)
fel [k ke JBu X[ (R Lfel 2)

of which a positive value implies a pulling interaction force between two points A, and B, . Due to

ie.

interactions, the forces f"* =—f" and " =—1f° are applied at the two corresponding points of

the shaft and the hull, respectively. Here subscript I =i is introduced to avoid summation for tensor

index. Here, U, denotes the shaft displacement in the system 0—Y,Y,Y; while U, represents the hull
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displacement in the hull system O — X, X,X,. Therefore, in Eq. (2), the hull displacement U is pre-

multiplied by the transformation tensor £, to obtain its corresponding components in the system

0-Y,Y,Y,. If the bearing parameter Kk, —> oo, it implies that the motion in direction 6-Y, is

restricted.

(@) (b)

Fig. 2. The propulsion unit: (a) journal bearing forces, stiffness and damping (but neglected in Eq. (2),
(b) the arrangement of shaft, propeller, bearings, disks as well as engine crack box.

2.1.2 Engine crack box

Similarly, the crank box D, of concentrated mass M and three inertial moments I, |.,and

I, , is fixed at point Bg(Ye,,Yey, Yes) in the hull and point A_ (YA, Y, Ye,) on the central line of

E1’

the shaft. Replacing the subscript | in Egs. (1) and (2) by subscript E to indicate the related
variables or parameters of the crank box, we obtain the following equations for crank box-hull

interactions,

Xé\i:XiO_'_ﬂtiE?’ xEBi:XiO_'_ﬂtiE?’ (3)

FE? _ kEf _kEf Ui(YE/}\) FE?S _ FE/? (f—i)
FE? - _kEf kEf IBijuj(XEBk)’ FE?h - FE? e (4)

As explained in Fig. 3, the engine moving parts produce a restoring moment rﬁE about point A to

restrict the shaft rotation, which can be calculated by a rotation stiffness k. of engine in the form
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fﬁE = kEel(YEAl)1 91(YEAi) = ﬂ3j[uj (XEBll) - uj(XEBi2 )1/(2d) = AgPsU,

m =d[1 1 fEE;l fEle _ 1 {kE _kEi| /BSjuj(XEBil) fEE;lh __ EEB;}
" fEBe,2 fEExaZ 4d* —ke ke 'BSJ'UJ'(XEBiZ fEBSZh fEBaz Q

I:ﬁlsz = _rﬁE =—KedgBou, 45 =[A(X; - xgl) —A(X; - XEB|2)] I(2d). B, = [ﬂSl B ﬂas]'
Here the two forces . corresponding to the moment My is added at the two hull points B, and B,

of distance 2d along direction 0 —Y,. The coordinates of these two points are given by

YEBil =Yg +5,,d, YEE:Z =Yg —6,,d,
XEBil = Xio +ﬂtiE?1’ XEBiZ = Xio +ﬂtiE?2' (6)

Ys Y,
" Y
G >M

V\J
1
BE
Ele liz
A\ fes
24

Fig. 3. The rotation angle &, and moment M., produced by the engine torsion stiffness, a moment

o

o
=h]

—mg is applied at point A of shaft. The hull provides a pair of forces fEBg = —f~EB§ parallel to

0 —Y, and applied at two engine points B, and B, of distance 2d along direction 0 -Y,.
2.1.3 Propeller

The propeller D, is fixed at point (Ypl,Ypz =0 :Yp3) and has concentrated mass M p and three

inertial moments 1, I, and |, defined as same as the ones for disk D, . Due to water-propeller

~

interactions, the dynamic water forces fpsi are added on the propeller shaft, which could be neglected

if it is compared with the forces applied to the hull wet surface.
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Fig. 4. The interaction forces between water and propeller shaft.

However, if it is to be considered, these forces are approximately estimated as follows. As shown in

Fig. 4, in Y, —0-Y, plane, the difference of water pressure between p, and p, along 6-Y, is
p, —p, = 52, so that the interaction force can be calculated through multiplying 'f)z by an effective
area A, = Dx L = A_;in the system the system 0 —Y,Y,Y, where the shaft diameter D and wet part

length L are used. Therefore, the three interaction force components are represented by

fpsi:_fpi’ fpizﬁApiz(pijr_pf_)Api’ Xoi = Xjo + Xjo + BiYors =i (7

Considering the propeller effect in direction 6-Y, , we introduce a coefficient o and take
A, =dA,,.
2.2 Ship hull

Using the interaction forces between the propulsion unit and the hull given in section 2.1, and linear
theory of elasticity, we can now derive the governing equations describing the hull dynamics in this
interaction system as follows.

Dynamic equation

. -
o, +F +Z ijBh:BjiA(Xk - XI?()+ fE?h,BjiA(Xk - Xlgk)
=

B FEAX, —XE) + FE AKX, - X&) = pow,, (X, e x(t,t,), ©
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where A() denotes Delta function. The forces f~,jB , f~E? and f_; defined in the shaft system are

transformed into the components in the hull system using the tensor £

; » respectively.

Strain-displacement

& =%(ui1j +Uj;), (X;,t) e Q x(t,t,). 9)

Constitutive equation
o; = Eijk|ek|, (X, t) e Q x(t,t,). (10)

and we have

Vv, =U;q, W, =V, dij =€, :%(vi‘j +V;) - (11)

Boundary conditions
given acceleration: w, =W, (X,,t)eS, x[t,t,], (12-1)
given traction: oWV =T, (X, ,t) e S; x[t,t,]. (12-2)

For a moored ship, at the moored point, the acceleration V\A/I =0, while for a ship in motion there

exists no given acceleration boundary, so that S, =0.
Substituting Egs. (9) and (10) into Eqg. (8), we obtain the dynamic equations in its displacement
form. Using the following matrix notations with the elastic modulus E , shear modulus ¢ and Poison’s

ratio u of the material,

[0/0X, 0 0 1 7 » 000

0 alox, 0 y 1 00 0

. 0 0 010X, . E y » 1 0 00

010X, 01X, 0o | 2¢(1+4)|0 0 0 ¢ 0 O

0 o8loX, 8ldX, 0000 ¢ O

dloX, 0 aloX, | 0 000 0 ¢
u=[u u, u], v=u, w=i, g:(l_zﬂ), A (13-1)

2(1-p) —H

1
U=[U1 Uz Ua 91]T' V=U’ W:U: 5:[51 52 53]T’
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208

vi 0 0 v, 0 v,
v=|0 v, 0 v, v; 0] v=[v1 v, V3]T, ‘l:[771 n, 773]T,

0 0 v; 0 v, v
E=diag(ES EJ, EJ, GJ,), L =diag(0,a/dY,d/dY,0),
L =diag(0/Y,,0% 13YZ2, 0% 1avz,alavy), E=[E F, R],
M=[ps M, M, M, - M, M| M=[M" 3] 3] 3],
=l e 1 1) (=123), 3=[" 3] IT o[,
A=l A=Y, A -Y) A -Y,) e AL -Y) A, =Y
K, =diag (kyy Ky Kps), Ke = diag (Keg Ke Ke), Ay =AY, =Y =AY, =Y;7),

(o

Ky :IZ[k|A(Y1 Y DI+KAY, -Ye), Ky :{i[k|A(Xk - XI+keAX, = X2}

1=1 1=1

Fa=[a,A)7 of AL =[ALALALL, K2 =keA,, A, =diag(A, A,, A)

. K8 0| -, |KS 0 |-, |Ky O —, Ky O | = |B
ol el el fecfd 3]
E E 3
We can write this equation in a matrix form
D' (EDu)+F - B KA.U+B KiBu = pw.

The corresponding boundary conditions (12) in a matrix form are as follows

A~

given acceleration: w=W,

given traction: VEDU=T.

2.3 Fluid domain

(13-2)

(14-1)

(14-2)

(14-3)

The water motion is described by a dynamic pressure relative to the stationary travel state where

this dynamic pressure vanishing. The wave equation and boundary conditions for water domain are

given as follows (Xing, 1991).

Dynamic equation

P =c? P (% ,1) €y x(t,,1,).
Boundary conditions
free surface wave: P17 =—Py /0, (x,t) eI x[t,t,],
given pressure: p=p, (%, 1) el x[t,t],

(15)

(16-1)

(16-2)

10
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given acceleration: P =—piWp, (x;,t) e[, x[t,,t,], (16-3)

On infinity boundary I'_, the dynamic pressure can be set to zero since the disturbance cannot

transmitted to infinity due to practical damping, or to Sommerfeld radiation condition implying waves
transmitting to infinity without any reflections (Xing, 2007; Xing, 2008). This paper adopts the zero
disturbance condition at a sufficiently far boundary from the ship. An incident wave excitation can be
modelled by equation (16-2) where the dynamic pressure is given, or by equation (16-3) which gives
the acceleration of the incident wave.

2.4 Water-hull interaction interface

kinematic: w'v=VTpn/p;, (x,t)eX «[t,t,], (17-1)
where V=[0/0x, 0ldx, alox,] .

equilibrium: VEDU = pn— p, gu,n, (x,0)eX qt,t,].  (17-2)

2.5 Propulsion unit

The motion of the propulsion unit is investigated in the shaft system 0 =Y,Y,Y;, which consists of an
axial extension / compression displacement U, (Y;,t), two bending displacements U, (Y;,t) and
U,(Y;,t) as well as a rotation about 6—Y, axis. We neglected the couplings between these four

types of motions. Based on the classical theory of road, shaft and beam, using the second Newton’s

law, we can derive the dynamic equations describing the dynamics of the propulsion unit as follows.

Axial extension U, (Y;,t) and Torsion &,(Y,,t)

0 [LedU;) 7 L~ = S
aT(ES a_Yl] + fplA(Yl _Ypl) + Z f|/1.\ A(Yl _YIIIA) + fE/i A(Yl _YEAl) = MAUI’ (18)
1 1 1=1
a%(GJl 251 ] +m: =J,Ad, (19)
1 1

Bending displacements U, (Y;,t) and U,(Y;,t)

11
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0 (1 0U, ) = D e ’
2 E‘]z 8Y2 + prA(Yl_Yp1)+Z fl2 A(Yl_Yll)
1=1

oY.
' ' - (20)
+ TAAY, - YA) = -MAU, + 3,422
oY,
0’ U, = L~
W[EJs 5723] + fp3A(Yl _Ypl) + z flg\ A(Yl _Yllf)
1 1 1=1
. (21)
T As A YT 52U3
+ S A, —Ye) =-MAU, + J A—.
oY,
Egs. (18)-(21) are rewritten in a matrix form
~ L(ELU) + K2U — K pu+ f, =[diag(M4) —diag (J4)L*]U. (22)

In this equation, the third and fourth terms represent the interactions of propulsion unit with the hull

and the water, respectively.

2.6 Propeller shaft-water interaction interface

Assume that t, denotes the interaction wet interface between the shaft and water, in which the

points Y, :Ypi, X, =X, are located, the averaged approximately coupling conditions may be
represented as

Kinematic: UTF2 :-jf n'Vp/ p,dr, Yo=Y, %=X, (23-1)

equilibrium; £ =—fp :—FSAf p, Y=Y ., X=X_.

0 (23-2)
3. Variational formulation

In order to construct a numerical model for the coupling system, we need to establish a variational
formulation of which the stationary conditions cover all of the governing equations presented above.

Based on the generalised variational principles developed by Xing et al (Xing, 1995; Xing, 1996), we

can construct the following functional,

12
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H. [p,w, W] = [ { j:;l[%wTdiag(MA)vw%W}diag (AW, —%(UTU)EEU

D
BEI (VY uTBT{ EAA EAAE}[_U}—WTFS? pldL }dt
2 Ky K2 | Bu

t2 1 T 1l T aT\En TR T4 (24)
+L {LS[EIOSW W—E(u D )EDu-w F]dQS_.LTW TdS (dt

ty 1 1 T
w4, [, o7 Piba =5, PV VPKR, + J;

2 T p,t p,tdr - L pWT 'ldr
C g W

2p

1 :
- [.(pw'n+ 2 p gug)dr et

In this functional, the acceleration in solids and the pressure in fluids are taken as the variables. The

functional is subject to the constraints given in Egs. (9), (11), (14-2), (16-2) as well as the imposed
variation constraints dv; =0 = dp at the two time terminals t; and t,. The stationary conditions of the

functional given in Eq. (24) are described in Egs. (14), (15), (16-1,3), (17), (22) and (23).
4. Substructures and their mode functions
To establish a numerical model to investigate the dynamics of the integrated coupling system
governed by the functional (24), we need to find some Ritz functions to represent the motion of the
system. For this purpose, we divide the integrated system into two solid substructures (Xing, 1986; Xing,
1986; Craig et al, 1986; Xing, 1983) (a hull and a shaft) and a fluid domain (Xing, 1996). We derive the
natural frequencies and mode functions of each substructure / domain as follows. These mode functions
will be chosen as Ritz functions to span a subspace in which the motion of substructure / domain is
described.
4.1 Hull substructure and its mode functions
The free-free dry hull with no the shaft system is considered as the hull substructure of which the
equation for the natural vibrations with no any external forces are derived from equation (14), i.e.
Dj (EDu) = p,U, (25)
vEDu=0.

This is an eigenvalue problem from which the I-th natural frequencies w, and the corresponding

mode function ¢, can be obtained. To do so, we assume that

13
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u=¢,e”', lU=-0’pe™", (26)
from which, when substituted into equation (25), it follows

D' (EDg,) =-0p,0,,

. (27)
VEDg, =0.

Pre-multiplying equation (27) by (pT and then integrating it over the volume of the hull as well as

using Green theorem, we obtain

J,, 91 D" (EDg,)d0; = [ ¥EDg,ds —j (¢]D")EDg,dQ =—k

2

j a)I(Plps(pl m|1 (28)
K, =IQS¢|DTED¢,dQS, m, I o’ p.o,dQ, of =Kk, Im,.

Here, k, andm, are called the generalised stiffness and mass of the I-th mode of the hull. For any

two modes ¢, and @, with difference frequencies, the following orthogonal relationships are valid

T TA 0, 1=#J .
L%¢J)EDqﬂQS: o Ly k=dag(k)

(28)

0, 1I=#J .
: m =diag (m,).

T _
J.QS(plpS(deQS _{ml, | :J

Generally, the first n natural frequencies and modes can be solved by finite element method and
corresponding computer code. Introducing the eigen-matrices of the hull

A =diag( o, @,, -, @,), (P:[(Pl ¢, - ([)3]- (29)

which is used as a generalised coordinate frame to describe the motion of the hull. We represent the

displacement of the hull in the form
u=eq U=y U= q=[g q, - q], (30)
where q called as the generalised coordinate vector that is a time function.

4.2 Propulsion unit substructure and its mode functions
The free-free propulsion shaft with its attached disks, propeller and etc is considered as a substructure

of which the equations for the natural vibrations with no any external forces are derived from Eq. (22),
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— L(ELU) =[diag (MA) — diag (JA)L?]0,

_ (31)
ELU =0, L(ELU)=0, Y,=Y

Ye,-

oLy
Also, this is an eigenvalue problem from which the I-th natural frequencies €2, and the corresponding
mode function @, can be obtained. We assume that
U=, U=-QD e, (32)
from which, when substituted into equation (31), it follows

—L(EL®,) = —Q?[diag (MA) — diag (JA)L]®, ,

_ (33)
EL®, =0, L(EL®,)=0, Y, =Y, Y.,

pL!
Pre-multiplying equation (33) by ®; and then integrating it over the length of the shaft as well as

integrating it by parts we obtain

K, =QM,, K, = jYY “@]L)ELDdL, M, = jYY "] [diag (MA) + L diag QA)LI, dL. (34

Here, K, and M, are called the generalised stiffness and mass of the I-th mode of the shaft. For any

two modes @, and @, with difference frequencies, the following orthogonal relationships are valid

(JECN|

Ve Ty T O’ -
Ll(cpll_ )EL®,dL = . K=dig(K,),

K, 1=J

0, 1%J (35)

YYHCDI[diag(IC/IA)+Udiag(JA)E]CDJdL={M Iy M = diag (M, ).

X

Introducing the eigen-matrices of the first N natural frequencies and corresponding modes for shaft
unit

A=diag(Q,Q,,Q,), ®=|o, ®, - @] (36)

which is used as a generalised coordinate frame to describe the motion of the shaft. We represent the

displacement of the shaft in the form

U=®Q U=0Q, U=00, Q=[Q Q - QT (37)

where Q called as the generalised coordinate vector that is a time function.
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4.3 Water domain and its mode functions
The water is considered as a subdomain of which the natural vibration is governed by the following

equations derived from Eq. (15) and Eq. (16) by fixing its boundaries except free surface, that is

Py = c? Riis (% ,1) € Q x(t,,t,),
P =—Py/ 9, (%,t) e Iy x[t, 4], (38)
pm =0, (x,t) e[, UEx[t,,t,].

Here, we consider the incident wave is given by a boundary acceleration so thatI") = 0. This set of
equations constructs a fluid pressure eigenvalue problem, and to obtain its solution we assume that
p="¥e"", p.=-a¥,e™, (39)
from which, when substituted into Eq. (38), it follows
~ 0¥, =c’¥ (x,1) e Q x(t,1,),

L
Yo =Yg, (%) el x[t,t,], (40)
¥, m =0, (x,,t)el, UEx[t,1,].

Pre-multiplying Eq. (40) by ‘{’,T (,ofcz)’l and then integrating it over the water domain and using

Green theorem, we obtain

Gil(p e’ [, W0 +(p ) [ W, TgdTT= (o))" [ W1 )dQ,
k| = (pf )_l_[Qf \PIT,i\PI,i)de , (5|2 = kl /rﬁ| , (41)

ml :(pfcz)_ljQf ‘PuT‘P. dQy, *’(,Ofg)_ljl_f lPrlP| dr,

Here, k, andm, are called the generalised stiffness and mass of the 1-th mode of the fluid. For any

two modes ¥, and ‘¥, with difference frequencies, the following orthogonal relationships are valid

g 0, I=#J ~ o~
(pf)lj‘QfLPIiT‘]'i)de:{El, 1= k =diag(k, ),
0, 1#J (42)
(pec®) ], /¥, 0Q, +(py @) [ I T ={ml’, [y  m=dag()

Introducing the eigen-matrices of the first n natural frequencies and corresponding modes fort the
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335

water

~

r=diag( @, @, @), P=[¥ W, - ¥ ] (43)

which is used as a generalised coordinate frame to describe the motion of the water. We represent the

dynamics pressure of the water in the form
p=¥q, p,=¥4 p.=¥d 4=[G G - GJ (44)
where  is a time function and called as the generalised coordinate vector of the fluid
For practical complex ship structures and fluid domains, the mode functions can be derived using
finite element methods (Bathe, 1983; Zienkiewicz, 1991). The developed computer code for fluid-
structure dynamic analysis can provide a mean to complete these calculations (Xing, 1995; Xing, 1995).

5. Mode equation of the integrated coupling system

Substituting Egs. (30), (37) and (44) into the functional (24), we obtain that
H,[6,0.Q1=] t { jYYT{%QTcpT [diag (MA) + L diag (JA) L]®Q —%QTCI)TU EL®Q
. T wA KA q) O ~ B _
— 1 [QT qT (I) TO_T EAA L(AAE - Q _ QT (I)T FSAf Tq}dL dt
2 0 o B J|-Kg K3 0 Bojq
t, 1. .1, - A o . -
+ It {L [5d"0" p.0d-20" (0" D"ED@)A-G"o" FIdQ, - LT qT(pTTdS}dt (45)

t; 1 - - 1 ~
+], {Lf[ : qT‘I‘T‘I’q—Z—qT‘I’}‘I‘Yiq]de}dt

2pC P

t M3 =T yTys ST T T ST T i LT T :
+L{rfmq PIPGAr - [ G ndr - [ @ 0+ 4 wapfgwsq)dr}dt,

into which, when Eqgs. (28), (35) and (42) is substituted, it follows

- t, 1 .. . 1. .o1Ts 1K K Q . _
H ., — "~ TM - TK _~lOT T ss sh _ TK dt
26.0.Q1= [ QMY —2Q'KQ-[Q q{Km KL} Q7K.
L 1. .1 L TR b lor~e 1oreae
+[ G mE-2aT (k+k)a—GTF)dt+ [ TCaT Mg - g7 ka)dt (46)

-[F @R KAt

where
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337

338

339

340

341

342

343

344

345

346

347

348

Ko Ka _J'Ysl o' 0 Ri _KiE ® 0 dL
Khs K Y| 0 (PTBT _RSE Rg 0 B(P ,

YEl
K., = YmcDT Fawdl, K, =[ e nwdr,

(47)
F = jQ @' FdQ, + L, ¢'TdS, F, = jr ¥ qdl,
ko =] 93P go,dr.
Taking the variation of the functional (46), we obtain
_ P LK, K¢
oM, [6,0.Q1= [{OTMO -&TKQ+[0T & "1 ot
£ K K] g
. .. . . TR T~ ~T "~ ~T 2
+[ @ ma - 08" (k+k ) - F)dt+ [ (5" M - o kg - oG F, )dt (48)
- [ TR A+ TR, G+ TG + 68T KL, Q)
from which, when integrating by parts and vanishing the two time terminal variations, it follows
- b y LIK, K, TQ
H,[3.0,Q1= [ {RQ'MQ +KQI+[5Q" o”qT{ }{ }}dt
4 Kns KiLa
+J‘:zé'q'T[ij+(k+kg)q—|A:h]dt—J':25'dT(ﬁ1§+Ea+liw)dt (49)
t2 .. . ~ . _ .
— ], (@K + &K, 8+ AQTK G + 48T K, Q)dt
Since the variations 6Q & and &q are independent, from oH = 0 it follows
M 0 0]Q| |[K+K, K, -K,, [Q 0
0 m 04|+ K, k+k,+K, -K,|al=|F (50)
KI, KI, m|q 0 0 kK ||g]| |-F,

This is the numerical equation describing the dynamics of the integrated system. The degree of

freedom of the system depends on the retaining mode number of each substructure / subdomain, and
generally it equals N+ N +n. In this equation, the matricesM, m ,m ,K , k andK are diagonal. In

this equation, the force vector IA:h is generated from the external forces applied to the hull structure and

the force vector Iiwis generated the external forces applied to the water, such as the incident wave

acceleration.
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Due to pressure-displacement model for this fluid-structure interactions, Eq. (50) is non-
symmetrical, which can be symmetrised by using one of symmetrisation methods (Xing, 1991; Xing,

1996), we derive the following symmetrical equation

K 0]Q KM'™K -KM'R |Q KM™F
~ | = | T"alle L TNl ~ |7 |F TV =R, (51)
0 mjq -R"M"K k+R' MR q f-R' M™F
where
NA M 0 W _ K+Kss Ksh 6_ Q
|0 m Ky ktk K| gl

(52)
R {Kw}, ﬁ{f’ } fof
Khw I:h

6. Dynamic interaction analysis of the coupling system

Based on the equations developed in section 5, we can now carry on a numerical analysis of the
dynamic interaction of the integrated system. We are more interested in the effect of the hull motion
on the propulsion system, so that we define some parameters to measure it.
6.1 Natural vibrations and shaft frequency / deformation factors
Natural vibrations. The natural frequencies and the corresponding modes of the coupling system are

governed by equation

HHH AN
0 m|g| [-R'TM'K k+R'™M'R|§

derived by vanishing the left side force vector in Eq. (51). Mathematically, this is an eigenvalue
problem, which can be solved using some well-designed software. There might exist zero frequency
of this problem, therefore the frequency shift technique should be used to obtain the solutions (Xing,
1991; Xing, 1996).

Assume that the first N natural frequencies fl, and corresponding natural modes &), are obtained,

which are represented in a matrix form
A=diag(Q. 0, Q) @®=[®, ®, - D] (54)

N

which satisfy the orthogonal relationships
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384
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386

387

388

389

390

391

W Wil wna-1
cp{*g O}ih, @T{ KM7K — -KM'R }(i)=diag(fz,). (55)

m _R"M'K k+R"M'R

Shaft frequency factors. To obtain the shaft motion as smaller as possible, we need to avoid the
natural frequency of the shaft substructure far from the natural frequencies of the integrated system.

To measure this, we define the shaft frequency factors
M-0/0, (1=12--N; J=12.---,N), (56)
representing the ratio of the frequency €2, of the shaft substructure over the frequency f), of the

integrated system. According to frequency rule for substructure methods (Li, 2013), we requires

: - (1=12,---,N; J=12,---,N), (57)

o |S13~1/2, Q,<Q,
>2~3, Q, >Q,

to avoid resonance between the substructure and the integrated system. This implies that the shaft

frequency factors should be far from 1 to avoid any resonances.
Shaft deformation factors. The mode shape (i), of the integrated coupling system defines the
following vector

o - 7l-lo a ] (59)
from which the corresponding components of each substructure / subdomain can be obtained using

Egs. (30), (37) and (44), i.e.

0 =eq”,  a"=fg" ¢ - o],
0v-eQY,  QU-[gr @ - Q. -
A0 — W™, a(l):[al(l) g - aﬁ(l)F

Physically, these components represent the hull displacement, the shaft displacement and the water
pressure for the 1-th mode of the integrated system.
Involving the propulsion shaft unit, we wish the deformation of the shaft relative to the hull motion

would be small, so that the deformation of the shaft unit in the I-th mode of the integrated system is

small and the bearings can safety operation. The J-th bearing connected to the shaft at point A, (YJA)
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411

412

and to the hull at point B, (YY), so that the displacement of point A, (Y ') relative to point B, (Y?)

in the 1-th mode of the integrated system is U7 (Y]')—u? (Y}) . Therefore we define a shaft relative
motion factor for the I-th mode of the integrated system as the ratio of the averaged relative

displacement of the shaft points A, (YJA) of all bearings over the corresponding averaged hull

displacement at points B, (Y?') , that is

Y |UrYH)-u(ve)

Ylus(v?)

A

. 1=12,---,N. (60)

7\

Considering all modes, we define the shaft relative motion factor vector

7:[71 Vo o 7,\]] (61)
To design a more suitable arrangement of the propulsion shat unit, we need to choose a smaller

value of the shaft relative motion factor vector, i.e.

=477 (62)

The smallest shaft relative motion factor vector cannot be zero, because the elastic shaft is
supported by elastic bearings, so that the relative motion of the elastic shaft does not vanish. Eq. (56)
and Eq. (62) provide two parameters to measure the dynamic coupling level of the shat unit and the
hull structure from the natural vibrations.

6.2 Dynamic responses

Mode summation solution. The dynamic responses of the integrated can be calculated by solving Eq.
(51). The mode summation method provides a fast way to obtain the solution of Eg. (51). We denote
the dynamic response of the integrated system in a mode summation form

m -0, (63)
q

from which, when substituted into Eq. (51) using the orthogonal relationships (55), it follows
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414
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417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

(64)

2 S - | KMT'F
+diag (Q*)Q =F, F=®| _ |

which consists of n+ N +n independent dynamic equations describing the dynamic responses of
the integrated system excited by the external forces. To consider practical damping effect, we
introduce the damping matrix as follows (Bathe, 1996)
oK o] K ]
0 -RT™M'K k+R'M™'R
C=®"C® = al + fdiag (Q?) = diag (C,),

(65)

where the coefficients « and S can be determined by using available practical experiment /
experience data. The dynamic equation including damping effect is now written as
Q +diag (C,)Q + diag (?)Q =F. (66)
The equation for the I-th independent mode is written as
Q, +C,Q, + 0%, =F,. (67)
Generally, this equation can be solved using a time integration method (Bathe, 1983; Zienkiewicz,

1991). If the external force is a sinusoidal force of frequency @, F, = f, €™ the solution of Eq. (67)
has a form Q, = g,e’™ , so that

@-7t-2im)a, = 19L  #=alQ, ¢ =Cl2Q),

_ f, 1Q?

ql = -2 .~
A-n —2jn,)

_ £ 102 9 -

:|ql |e*J(a')t-¢|)’ |q||= fi /€Y ’ = tan 277|v2 _ (68)
Ja-a7y +4i) 1-7

Physical dynamic responses. Obtaining the generalised coordinate vectorQ , we can calculate the

corresponding generalised vectors Q, q and q for substructures from Eq. (63), so that the dynamic

displacement / pressure responses at each point of substructures / subdomain: shaft, hull and water can
be calculated from Eq. (37), (30) and (44), respectively. To investigate the effect of hull motion with

water interaction on the propulsion unit, we can calculated the shaft relative motion factor to the

excitation force frequency @ in a similar form as Eq. (60), i.e.
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S|uAvs)—utv?)

f (69)
>lus v

7/(0

Also, we define a shaft twist factor
a,, = max|U(Y,") - U(0) (70)

Physically, Eqg. (69) gives the ration of the averaged shaft displacement over the averaged hull
displacement, and Eq. (70) represents the displacement at the shaft point YJA of bearing J relative to
the originéof the shaft coordinate system which reflects the rotation of the shaft. Therefore, these
two factors measure the motion and deformation of the shaft. For example, if Eq. (69) equals zero, it
implies that the shaft undergoes a rigid translation with the hull base. Large values of these factors
should be avoided for shaft safe operations.
7. An example

In this section, based on the generalised theory and analysis approach, we investigate a 2-

dimensional (2-D) simplified example. As shown in Fig. 5, we consider the ship hull as a 2-D beam of

length L, beam, mass density o, , section area S, and bending stiffness E, J, floating on the water
of depth H and width L, . On the boundary I',, of the water, there is an incident acceleration wave
W, = (1+ X,/ H)cosat in the X, direction. This assumption case may be considered as the one in
which a ship is moored in a port and subjected a sea wave excitation. The propulsion unit is another
uniform 2-D beam (neglecting masses of propeller / disk) of length L, mass density o, section area
S and bending stiffness EJ fixed at two points B (X,}) and B,(X) on the ship hull by two

bearings A (Y,2) and A, (Y,}) of vertical stiffness K,, and K., respectively. We aim to investigate

the interactions of vertical bending motions of two beams, therefore only their bending deformation in

the vertical direction is considered. For our convenience, we assume that the central line of the
floating beam is on the static free surface plane and the coordinate system 0 — X X,X,is fixed at the

middle point o on the static equilibrium free surface, although it is located at a general point. We
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choose two coordinate systems fixed on the mass centre O(X;, =0, X,, =0, X5,) of hull beam and the

mass centre 0(X,,, X, X5,) Of shaft beam, respectively. Assume that the two beams are parallel

each other, so that the coordinate transformation matrix ,Bij :5”-. From Eq. (1), the coordinates of

these points with up-index A and B under the hull reference system are given by

Xlli-\ :Xio‘|'YA

X|? :Xi0+YB

Kf\ = k13A(Y1 _Y1/f) + k23A(Y1 _Yzli)v
Kg = k13A(X1 - XlBl) + k23A(X1 - Xfl)v

I =12,

(71)

Fi=0, Kg=K5=Kg, Ki=K;=Kj.
A
A GT 3 A, Y, o _T
) i Ll = E > ; —> X
e ——e—e—e—_———— 1
Bl BZ
r, Q L,
1—‘vlv’v,vi FW’WI

Fig. 5. A 2-D water-shaft beam-hull beam interaction system with boundary conditions: p=0on

I_; W, =0on I of length L,and W, =(1+X,/H)cosaton T, of height H .

7.1. Mode functions of two beams

To analyse this simplified model, we can use theoretical mode functions of free-free beam given as

follows

fJ(g):

f5 (g)

3

1
2

Y2

cosh(gy,) , cos(gu, )

J=1

{

cosh COS 4,

\/§g/2

sinh( grty) , sin(gpy)
sinh 4, sin

J=2

} J=46....

} J=35,..

(72-1)

(72-2)
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where ¢ = X /a and ais the half length of beam and 2, denote positive real roots of the eigenvalue

equation
tan g, +tanh ;=0 J =135,... 73)
tan g, —tanh u; =0 J =246,...
The orthogonal condition of these mode functions is given by
1 0 1=
nenere=ly, 7] 4

In these mode functions, physically, f,(s)and f,(s)are two rigid modes of zero frequency and
function f,(¢) is the first symmetrical bending mode of frequency @ for hull and €2 for shaft. In the
numerical works, the first five modes will be chosen to represent two beam motions. Following Egs.
(30), (37) and (47), now we can represent the vertical motions of hull / shaft beams respectively in the
forms

U; = ¢q, (P:[fl fs]’ q:[(h Q5]T1 ¢=X,/a, a=L,/2

) , , (75-1)
m=p,S,L,/4, m=ml, k =m\~, 1" =diag (0,0, »%),

U3=(I)Q, P [fl 2 f3], Q:[Ql Qs]T’ §:Y1/av a=L/2
M=pSL/4,  M=MI, K=MA?  A?=diag(0,0,Q?),

Kss Ksh =J'1 q)T 0 Ki _Ki ® 0 dg
Kis  Kin 20 (I’T - Ké Ké 0 o
Kss =@’ (Ylf)klsq)(Ylf) +@' (Yzﬁ)kzsq)(Yzli)l (75-3)

K = —0' (Y1/f)k13(P(X1‘31) -’ (Yzli)kzs(l)(xfl) =K
K = (PT (XlB:L)k13(P(X181) + (PT (XzBl)kzs(P(XzBl)-

(75-2)

Here, in Eq. (75-3), the integrations with respect to non-dimensional length ¢ involve Delta functions

to be non-dimensional, and therefore the resultant matrices have dimension of stiffness.

7.2. Mode functions of 2-D water domain
For the water domain, we consider it as 2-D incompressible fluid (¢ — ) of depth H and width L, .

By using a separation method of variables, we obtain the mode functions of this 2-D water domain as

follows.
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ol =0, nl_—ﬂgtanhm, | =n+1,
1//2, n=0, (76-1)
\Pl = \Pn+1 =1 COS nﬂ:Xl OSh nﬂ.(X3 - H) 1 n= 2141“"
I_W LW
sin ™4 cosh n7(x+H) , n=135,-
LW LW
1 T 3 0, 1=J ST 5n-la-2
p_fJ.QflPI,i\PJ,i)de _{IZI 1=y k =diag (k, ), [M°N7S™],
1 T 0 =l ~ e _—
EL ¥, dr —{m oy m=diag(m,),  [m°N7], (76-2)
f |
~ L.b e : N
m, = —*—cosh? N7 ,  b=1 unit thickness in x, direction .
2pfg LW
X, 4
— X
Mode 1 (n=0) Mode2 (n=1) Mode 3 (n=2)

Fig. 6. The first three modes of the 2-D incompressible water domain of depth H =100in direction
y = X;and width L, =100 in direction X = X, . The position of coordinate 0 — X;X,X, is given in mode
3, which are neglected for other two modes.

The first three modes for the water domain H =100 and L, =100 are shown in Fig. 6 in which the

first one is a constant pressure mode with zero frequency, the second one plays a slash form while the
third one characterizes an cosine wave pattern. To model the water pressure, we will use it first 5 modes

for mode summation, so that from (42-47) it follows

X:diag(E)l,---,E)s), ‘P:[\Pl \Ps]; ﬁ=[ql qs]Tv n=5. (717-1)

26



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

Kw=0, Ky=["

_Lh

07X, %]

77-2
A a LN — (M 3a-2 ( )
F, =0, F. =.L ¥ w,dx, :costh'O ¥ (1+ X,/ H)dxs, [m°S™].
Therefore, Eq. (50) for this example respectively takes the form
MI 0 0]Q| [MA?Z+K, K, 0 [Q 0
0 ml 04§+ K, mi?+k, +K,, —Ky, lal=l 0 | (78)
0 KI, m|g 0 0 k |dl| |-F,

7.3. Non-dimensional equations
To derive a non-dimensional equation, we choose @', L, and m as the units to measure time,

length and mass, respectively, as well as define the following parameters,

-2 ~-1 W -2 A1 W -2 .~-1
K=0o"mK, Ki=0"mK,, Kipp=0"mK,,

Ku=L'Kn,  Q=Q/L, g=d/L, §=0d/p, F,=m'e’p’'F,

_ _ - - (79-1)
M=o\, A=A’ MV =02 p=meo’/L,, Hm=p/L,
m=m/m, M=M/m, Kk, =o’mk,.
from which Eg. (78) can be represented in the following non-dimensional form
MIi 0 0]Q| [MA2+K, K. o [Q] [ o
0 1 o0|qgl+ K, Mk, +Ky, -K lgl=| 0 | (79-2)
0 K., m|g 0 0 mxr | a| |-F.
This equation has the following symmetrical form
K 0]g| [ KM'K -KM'R [Q] [0
~ =t Tlie =a . pThip = | I_F | (79-3)
0 mj g -RM"K mi+R' M7R| g -F,

where

Y _ [MA?+K K ~ |Q 0
mo (MO g (MATRKL Ke 591 ol O] (o
0 1 K A +kg+Khh q K b

Eqg. (79-3) is a matrix equation with 15 degrees of freedom, of which the numerical solution gives the
natural vibrations and the dynamic response of the system excited by the incident wave. For the
numerical simulations, according to a practical ship configuration, we choose the following physical

parameters and calculate the first 5 natural frequencies of the hull, shaft and the water domain, as
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follows.

Hull: L, =320m, p, = 7820S, =1.086x10°kgm?, E, = 2.06 x10"*Nm2, J =1.535x10°m?,
A% =diag(0 0 13.90 105.60 406.100).

Shaft: L=14.4m, r =0.4m, S = zr?, p = 7820S = 3930kgm™, E =2.06 x10"GNm?,
Kis =Ky =1.0x10°Nm™, 1=0.0201m*, Y, =-5m, Y, =5m X, =-159m,
X, =-149m, A’=diag(0 0 271 20.61 79.21)x10°.

Water: p, =1000kgm=3, L, =7L,, H=200m ¢=29.8ms>.

22 =diag(0 8.32 17.57 26.39 35.19)x107.

7.4. Natural vibration

Based on the above parameters, we obtain the natural frequencies and the corresponding natural
modes of the system and the shaft deformation factors as listed in Table 1. In these modes, the first
one with a zero frequency is a constant pressure mode of the water for the interaction system. As
indicated by the data above, in the frequencies of three subsystems: water, hull and shaft, the
frequencies of the water domain are lowest and the shaft ones are highest, while the hull ones are in
the middle. Therefore, in the frequencies of the integrated interaction system given in Table 1, the first
5, middle 5 and last 5 ones are near to the ones of water domain, hull and shaft substructures,
respectively. As shown in Fig. 7, the mode 8 of non-dimensional frequency 1.0106 corresponds to the
hull first elastic mode while the mode 11 of frequency 10.2291 is near to the shaft first elastic bending
mode for which the corresponding the shaft frequency factors are calculated in Table 1. For the mode
11, the shaft frequency factor is 1.365 near to the frequency of integrated mode 11, and the
corresponding shaft relative motion factor also takes a big value, which results that in this integrated
mode of the system, there exists very large deformation of the shaft. It is also shown the big values of
shaft relative motion factors for modes 12~15 but the frequency factors are very low, so that the shaft
deformation is not large. Since the natural frequency is higher than 37, the base motions are quite low

as indicated in Fig. 8.
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542  Table 1. Non-dimensional natural frequencies, shaft deformation factors and shaft first elastic

543  frequency factors

Mode number Natural frequency Shaft relative motion Shaft frequency
I Q, factor ¥, factor Q,/Q,
1 0.0000 1.86e-15 00
2 0.0062 2.23e-08 2252
3 0.0900 4.65e-06 155.1
4 0.1073 6.60e-06 130.1
5 0.1324 1.00e-05 105.5
6 0.2691 4.15e-05 51.89
7 0.4858 1.35e-04 28.74
8 1.0106 5.89e-04 13.82
9 2.7567 4.50e-03 5.065
10 5.4032 2.00e-02 2.584
11 10.2291 2.21e+01 1.365
12 37.8349 1.86e+03 0.369
13 53.9887 1.01e+03 0.259
14 56.0603 2.96e+03 0.249
15 79.7987 1.453+03 0.175
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546  Fig. 7. The 8-th natural mode of f, =1.0106 (a) where the hull is in its first elastic bending form

547  and the 11-th natural mode of f,; =10.2291 (b) where the shaft is in its first elastic bending

548 deformation.
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7.5. Dynamic response

The main energy of sea waves is located in frequency range lower than 10 Hz [24, 25]. To
investigate the dynamic response of the integrated system, we consider the sea wave frequency
@ =27 x(0.5~10Hz) for the dynamic response analysis. To investigate the dynamic response
characteristics affected by the wave frequency and the bearing stiffness, we define the following non-
dimensional parameters

Wave frequency n, =olo, (80-1)
Bearing stiffness parameter n,=o,lo, (80-2)
where @, denotes the frequency of the rigid shaft supported by the two baring springs. Taking dB

values referencing to 107 we obtain the following figures to characterise the dynamic behaviour of

the system. Fig. 8 shows the dynamic response surface of the shaft base motion with respect to non-

dimensional wave frequency 7, and bearing stiffness parameter 77, , while Fig. 9 provides the

corresponding dynamic response surface of shaft relative motion factor in Eq. (69). From these
surfaces, it is observed that with varying of bearing stiffness parameter there are different dynamic
response peaks. To observe these peaks more clearly, Figs. 10 and 11 respectively shows the curves of
shaft relative motion factor (69) and twist factor (70) for the case of bearing stiffness parameter

1, =0.9. Fig. 10 shows the maximum peak of the shaft relative motion is 10.23 corresponding the

shat first bending deformation, mode 11 in Table 1 and its mode shape shown by the right figure in
Fig. 7. Fig. 11 shows the shaft twist peaks at frequencies 1.011 and 10.23, which correspond to the
hull first bending mode and the shaft first bending mode shown in Fig. 7, respectively. The calculated
results demonstrate that the defined shaft motion parameters can provide useful information for safety

shaft design in huge ships.
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Fig. 11. The dynamic response curve of shaft twist factor (70) in the case of 77, =0.9.

8. Conclusion & discussion

The developed integrated theory and the corresponding numerical model can provide a useful mean
for large ship — propulsion system designs considering the engine safety operations. As an example, a
2-D numerical model gives the numerical results to illustrate the applications of the proposed

numerical approach, which can be extended to the complex case for practical designs.
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Based on the example results, the following guidelines for practical designs may be suggested. For
the natural vibrations of the integrated system, the shaft frequency factor given by Eqg. (56) should be
far from 1, and the shaft deformation factor given by Eq. (60) should be small to avoid large shaft
motion and deformation in each integrated mode. The first bending frequency of the hull and the shaft
may play important role in dynamic designs. For the large ships, its first bending frequency will be
small which may not be avoided. It would be beneficial to reduce the shaft dynamic response if
designing a higher shaft bending frequency. The suggested dynamic design may take the three steps: 1)
initial design using a 2-D model as example to choose initial parameters; 2) middle design using the
designed data based on the first step to undergo 3-D analysis using the proposed model to modify the
design data; 3) final check and modification by the analysis of natural vibrations and dynamic
responses.

The proposed model has not very detailed considered the effects of ships with its moving speed,
although it is assumed as a stationary motion on which disturbance vibrations are interested in this
paper. A further investigation on this case to explore some effect may be carried on in future.
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