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Abstract 13 

 14 
This paper developed a generalised theory to model the dynamics of an integrated ship propulsion 15 

unit-large hull-water interaction system. The engine shaft unit, the hull structure are considered as two 16 

substructures and the water as a subdomain, of which the motions of each subsystem are governed by 17 

the fundamental laws in continuum mechanics, and on their interfaces, kinematical and dynamical 18 

conditions are satisfied. The integrated variational formulation is given, based on which the numerical 19 

equation is derived by using the mode summation approach. The shaft frequency and deformation 20 

factors are defined to study on its interactions with large hull and water in order to provide a mean for 21 

safety propulsion unit design in large ships. An example is given to illustrate the applications of the 22 

general theory presented in the paper. Some guidelines for dynamical designs of large ship hull – 23 

propulsion system are suggested. 24 

 25 
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 28 

1. Introduction 29 

With fast development of ship sizes, dynamic interactions between ship hulls and engine propulsion 30 

systems have been playing more and more roles for safety operations of ships. For the type of small 31 

ships, the hull deformations excited by wave loads have no obvious effects on the operation of engine 32 

mailto:xpyan@whut.edu.cn
mailto:jtxing@soton.ac.uk
mailto:tianzhe@whut.edu.cn


2 
 

propulsion shaft systems. However, for large ships, especially with very big length, the deformation 33 

of ship may seriously change the mounting position of its propulsion shaft system, so that it could not 34 

normally work (Murawski, 2005; Shi et al, 2010; Shaft alignment, 2000). The statistical researches 35 

reported that about 52.9% ship operation fails during 1998-2004 were caused by engine propulsion 36 

system problems (Leontopoulos, 2006; The Swedish Club Highlights, 2005), of which some photos of 37 

broken parts of main propulsion system can be read in (Dymarski, 2009; Fonte et al, 2009). Based on 38 

this practical situation as well as very strong requirements of worldwide ocean transportations, 39 

designers and scientists have to put much attention into dynamic interactions between ship hull and 40 

main engine system (Moctar et al, 2005; Ogawa et al, 2011; Lu et al, 2010; Pouw, 2008) in order to 41 

get the safety operations of large ships. Recently, a review paper (Yan et al, 2013) presents more 42 

details on the dynamic interactions between the propulsion system and large ship structures. The 43 

discussed problems involve the torsional vibration and its bearing arrangement (Murawski et al, 2015; 44 

Tang et al, 2013; Roemen et al, 2009), the robust global sliding model controls (Li, 2015; Li, 2015; Li, 45 

2013) and the modelling with simulations (Tian et al, 2014; Tu et al, 2014) of marine propulsion 46 

system. The methods used to deal with the problems are mainly by numerical analysis, such as finite 47 

element models and substructure approaches (Schulten, 2005; Jun, 1998) .  48 

Ships move on the water, the integrated system is a fluid-structure interaction system (Newman, 49 

1978), for which the water flows affect ship motions and its elastic deformation so that the 50 

deformation of the engine propulsion system mounted in / on the ships. Reversely, the motions of 51 

ships are also affecting water flows through wet interaction interfaces. Therefore, to predicate more 52 

accurate deformation of engine shaft and hull structure and more safely to arrange the engine system, 53 

investigations on an integrated water-hull-engine system interaction is necessary, for example, the 54 

reported marine structures-water interactions (Newman, 1979; Bishop et al, 1986; Xing, 2009; 55 

Deruieux, 2003), to cite but too more. Based on the developed fluid-structure interaction theory and 56 

computer code (Xing, 1995; Xing, 1995) which has been used to simulate many dynamic problems in 57 

marine engineering (Xing, 2006; Xiong, 2006; Tan, 2006; Xiong, 2006; Xing, 2007; Xing, 2008), this 58 

paper intends to propose an integrated ship propulsion unit-large hull-water interaction model to 59 

reveal dynamic effects of water-hull interactions on large ship engine propulsion system.  60 
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 61 

2. Governing equations of integrated interaction system 62 

Fig. 1 shows an integrated ship propulsion unit-large hull-water interaction system studied in this 63 

paper. This system consists of a flexible hull structure of mass density  s , body force iF̂  and elastic 64 

tensor ijklE  within a domain s of boundary  wT SSS  with its unit normal vector  i , the 65 

sound speed of water c , body force if̂  and mass density f in a domain f of boundary 66 

 pwf  with a unit normal vector i  
and a ship propulsion unit p  mounted 67 

on the hull by Î  journal bearings IB , ).ˆ,,2,1( II   Cartesian coordinate system 321 xxxo  , where 68 

the gravitational acceleration g is along the negative direction of the coordinate axis 3xo  , is chosen 69 

as a reference frame to describe the dynamics of interaction system. A hull-Lagrange coordinate 70 

system 321 XXXO , of which the three coordinator vectors are parallel to the ones of the system71 

321 xxxo  , is fixed at the mass centre ),,( 302010 xxxO of the ship hull. A propulsion unit-Lagrange 72 

coordinate system 321
ˆ YYYo  is fixed at a suitable point chosen by users, such as its centre of mass 73 

),,(ˆ 302010 XXXo of the central line of the propulsion shaft. The relationship between the hull-74 

coordinate system 321 XXXO and the system 321
ˆ YYYo  for the propulsion unit is defined by an 75 

orthogonal transformation matrix ,β of which the components ),cos( jiij XY , here ),( ji XY denotes 76 

the angle between axis iYoˆ  and jXO  . The system may be excited by external dynamical forces77 

iF̂ ,  ,  , T f pi i and ground acceleration wi . The Cartesian tensor notations (Fung, 1977) with 78 

subscripts i, j, k and l (=1, 2, 3) obeying the summation convention are used in this paper. For 79 

example, u v w ei i i ij, , ,  and  ij  represent the displacement, velocity, acceleration vectors, strain 80 

and stress tensors in solid, respectively, p denotes the pressure in fluid, ,/ 22

, tpp tt   81 

,/, jiji xuu   ,/, tuuuv itiii    
22

, / tuuuvw ittiiii   and Kronecker delta ij etc. 82 

Here one or double dots over the parameters represent their derivatives with respect to time t. 83 
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 84 

Fig. 1. The integrated ship propulsion unit-large hull-water interaction system 85 

 86 
As shown in Fig. 2, we consider the propulsion unit as a shaft system consisting of the propeller87 

pD , supporting bearings IB , ),ˆ,,2,1( II   engine crack box 
ED and attached disks88 

)ˆ,,2,1(, JJDJ  , to represent flying wheels, connectors.  The shaft system 321
ˆ YYYo  is used to 89 

study the motion of this propulsion unit, which undergoes a translation and a rotation in / about axis90 

1
ˆ Yo , two bending motions in the directions 

2
ˆ Yo and 3

ˆ Yo  , respectively. We assume these motion 91 

components are governed by the classical beam, rod or shaft theory and their couplings are neglected. 92 

Therefore, the propulsion unit is represented by a shaft central line of mass density   per unit 93 

volume, extension stiffness ES and rotation stiffness 
1GJ for axis

1
ˆ Yo as well as two bending 94 

stiffness 2EJ in the plane 
21

ˆYoY and 3EJ  the plane 31
ˆYoY , respectively. A typical disk95 

)ˆ,,2,1(, JJDJ  , is fixed on the shaft line at point )0,( 321 JJJ YYY  , which has concentrated 96 

mass JM , inertial moment 1JI for rotation about 
1

ˆ Yo , inertial moment 2JI for bending in the plane 97 

21
ˆYoY  and 3JI for bending the plane 31

ˆYoY .  98 

We assume that the ship is in its stable equilibrium motion with a constant velocity on the water. 99 

The propulsion shaft unit has been mounted on the hull in a good alignment state (Shaft alignment, 100 

2000; Leontopoulos, 2006). We are interested in the dynamic responses added on the equilibrium 101 

motion state of the system, which is caused by extra external forces, such as waves and earthquakes. 102 

Therefore, the coordinate system 321 xxxo  is considered as an inertial system in association with the 103 
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ship constant velocity, which could be ignored.  For a first instance to explore these complex dynamic 104 

interactions we consider the system is a linear system in which the hull motion is governed by linear 105 

elastic theory and the motion of the propulsion unit follows the beam / shaft theory as mentioned 106 

above. The water is compressible fluid with irrotational motions and a linear free surface wave 107 

condition. The dynamic pressure of the water satisfies a wave equation in the water domain. To derive 108 

the governing equations of the integrated interaction system, we have to model the dynamic 109 

interactions of the propulsion unit with the hull and the water through the bearings, engine crack box 110 

and the propeller, which is discussed and described by the corresponding equilibrium and geometrical 111 

relationships as follows. 112 

2.1 Propulsion unit-ship hull-water interactions 113 

 2.1.1 Bearings 114 

For a representative bearing IB , of which the mass of moving parts is neglected, is fixed at a point 115 

),,( 321

B

I

B

I

B

II YYYB  in the hull and a point )0,( 321

A

I

A

I

A

II YYYA  on the central line of the shaft. The 116 

coordinates of these two points in the hull system 321 XXXO can be obtained from the following 117 

coordinate transformation 118 

., 00

B

Ijjii

B

Ii

A

Ijjii

A

Ii YXXYXX  
                                        (1) 

119 

The interaction dynamic force components 
A

Iif
~

 and 
B

Iif
~

 at two ends of bearing IB in the shaft 120 

coordinate system, between the shaft and the hull can be calculated by using the stiffness coefficient121 

iI
k ˆ  (Bernhard Bettig, http://www.me.mtu.edu/~mdrl) but neglecting its damping Iic   shown in Fig. 2, 122 

i.e. 123 
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of which a positive value implies a pulling interaction force between two points IA  and IB . Due to 125 

interactions, the forces 
A

Ii

As

Ii ff
~~

  and 
B

Ii

Bh

Ii ff
~~

  are applied at the two corresponding points of 126 

the shaft and the hull, respectively. Here subscript ii ˆ  is introduced to avoid summation for tensor 127 

index. Here, iU  denotes the shaft displacement in the system 321
ˆ YYYo  while iu  represents the hull 128 
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displacement in the hull system 321 XXXO . Therefore, in Eq. (2), the hull displacement iu is pre-129 

multiplied by the transformation tensor ij  to obtain its corresponding components in the system 130 

321
ˆ YYYo . If the bearing parameter ,1 Ik  it implies that the motion in direction 

1
ˆ Yo  is 131 

restricted.  132 

 133 

(a)                                                                     (b) 134 
Fig. 2. The propulsion unit: (a) journal bearing forces, stiffness and damping (but neglected in Eq. (2), 135 

(b) the arrangement of shaft, propeller, bearings, disks as well as engine crack box. 136 

 2.1.2 Engine crack box 137 

Similarly, the crank box
ED , of concentrated mass EM  and three inertial moments ,1EI  2EI and138 

3EI  , is fixed at point ),,( 321

B

E

B
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B

EE YYYB  in the hull and point ),,( 111

A

E
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E

A

EE YYYA  on the central line of 139 

the shaft. Replacing the subscript I in Eqs. (1) and (2) by subscript E  to indicate the related 140 

variables or parameters of the crank box, we obtain the following equations for crank box-hull 141 

interactions, 142 
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144 

As explained in Fig. 3, the engine moving parts produce a restoring moment Em~  about point EA  to 145 

restrict the shaft rotation, which can be calculated by a rotation stiffness Ek  of engine in the form 146 
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Here the two forces
m

Ef 3

~
corresponding to the moment Em~ is added at the two hull points 

1B and
2B148 

of distance d2 along direction 3
ˆ Yo  . The coordinates of these two points are given by 149 
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 151 
Fig. 3. The rotation angle 1 and moment  

Em~ , produced by the engine torsion stiffness, a moment 152 

Em~  is applied at point EA  of  shaft. The hull provides a pair of forces 21

33

~~ B

E
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E ff   parallel to 153 

3
ˆ Yo   and applied at two engine points 1B  and 2B  of distance d2  along direction 3

ˆ Yo  . 154 
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The propeller pD  is fixed at point )0,( 321 ppp YYY   and has concentrated mass pM  and three 156 

inertial moments ,1pI  2pI  and 3pI  defined as same as the ones for disk JD . Due to water-propeller 157 

interactions, the dynamic water forces 
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                               160 

Fig. 4. The interaction forces between water and propeller shaft. 161 

 162 
However, if it is to be considered, these forces are approximately estimated as follows. As shown in 163 

Fig. 4, in 21
ˆ YoY  plane, the difference of water pressure between
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where () denotes Delta function. The forces
B

Ijf
~

,
B

Ejf
~

and
m

Ef 3

~
defined in the shaft system are 177 

transformed into the components in the hull system using the tensor ij , respectively.  178 

Strain-displacement  179 
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       (13-2) 194 

We can write this equation in a matrix form  195 

.ˆ)ˆ( wuβKβUKβFDuED sB

T

BE

TT  
                                     (14-1) 196 

The corresponding boundary conditions (12) in a matrix form are as follows 197 

given acceleration:               ,ŵw                                                                                 (14-2) 198 

given traction:                   .ˆˆ TDuEν                                                                             (14-3)  199 

2.3 Fluid domain 200 

The water motion is described by a dynamic pressure relative to the stationary travel state where 201 

this dynamic pressure vanishing. The wave equation and boundary conditions for water domain are 202 

given as follows (Xing, 1991). 203 

Dynamic equation 204 

iitt pcp ,

2

,  ,                           ).,(),( 21 tttx fi                  (15) 205 

Boundary conditions  206 

free surface wave:            ,/,, gpp ttii                   ],,[),( 21 tttx fi                  (16-1) 207 

given pressure:                 ,p̂p                             ],,[),( 21 tttx pi                     (16-2) 208 
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given acceleration:            ,ˆ
, iifii wp              ],,[),( 21 tttx wi                     (16-3) 209 

On infinity boundary , the dynamic pressure can be set to zero since the disturbance cannot 210 

transmitted to infinity due to practical damping, or to Sommerfeld radiation condition implying waves 211 

transmitting to infinity without any reflections (Xing, 2007; Xing, 2008). This paper adopts the zero 212 

disturbance condition at a sufficiently far boundary from the ship. An incident wave excitation can be 213 

modelled by equation (16-2) where the dynamic pressure is given, or by equation (16-3) which gives 214 

the acceleration of the incident wave. 215 

2.4 Water-hull interaction interface 216 

kinematic:                         ,/ f

TT p ηνw                            ],,[),( 21 tttxi      (17-1) 217 

where    Txxx 321 ///  .  218 

equilibrium:                    ,ˆ
3ηηDuEν gup f                        ],[),( 21 tttxi  .      (17-2) 219 

2.5 Propulsion unit  220 

The motion of the propulsion unit is investigated in the shaft system 321
ˆ YYYo , which consists of an 221 

axial extension / compression displacement ),(1 tYU j , two bending displacements ),(2 tYU j  and 222 

),(3 tYU j  as well as a rotation about 
1

ˆ Yo  axis. We neglected the couplings between these four 223 

types of motions. Based on the classical theory of road, shaft and beam, using the second Newton’s 224 

law, we can derive the dynamic equations describing the dynamics of the propulsion unit as follows. 225 

Axial extension ),(1 tYU j  and Torsion ),( 11 tY  226 

,)(
~

)(
~

)(
~

1111

ˆ

1

111111

1

1

1

UYYfYYfYYf
Y

U
ES

Y

A

E
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E

I

I

A

I
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Ip

s

p
ΔM



















                   (18) 227 

,~
11

1

1
1

1


 ΔJ















 s

Em
Y

GJ
Y

                                           (19) 228 

Bending displacements ),(2 tYU j  and ),(3 tYU j  
229 
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ˆ
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


















 ΔJΔM

                                             (20) 230 
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~
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~
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~

2

1

3

2

33113

ˆ

1

1131132

1

3

2
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1

2
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YYfYYf
Y
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EJ

Y
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E
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I

A

I
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Ip

s

p




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


















 ΔJΔM

                                         (21) 231 

Eqs. (18)-(21) are rewritten in a matrix form 232 

.])(diag)
~

(diag[
~

)( 2
ULJΔΔMfuβKUKELUL  

pAEA

                        

(22) 233 

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

234 

and the water, respectively.  

235 

2.6 Propeller shaft-water interaction interface  236 

Assume that 
P
 denotes the interaction wet interface between the shaft and water, in which the 237 

points piipii xxYY  ,  are located, the averaged approximately coupling conditions may be 238 

represented as 239 

kinematic:              
 

p

dp f

T

sf

T ,/ ηFU
               

,, piipii xxYY                      (23-1) 240 

equilibrium:                          psfp

s

p

 Fff
~~

,         ., piipii xxYY 
                         

(23-2) 241 

3. Variational formulation 242 

In order to construct a numerical model for the coupling system, we need to establish a variational 243 

formulation of which the stationary conditions cover all of the governing equations presented above. 244 

Based on the generalised variational principles developed by Xing et al (Xing, 1995; Xing, 1996), we 245 

can construct the following functional,  246 



13 
 

 
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       (24) 247 

In this functional, the acceleration in solids and the pressure in fluids are taken as the variables. The 248 

functional is subject to the constraints given in Eqs. (9), (11), (14-2), (16-2) as well as the imposed 249 

variation constraints pvi   0  at the two time terminals t1 and t2 . The stationary conditions of the 250 

functional given in Eq. (24) are described in Eqs. (14), (15), (16-1,3), (17), (22) and (23).  251 

4. Substructures and their mode functions 252 

To establish a numerical model to investigate the dynamics of the integrated coupling system 253 

governed by the functional (24), we need to find some Ritz functions to represent the motion of the 254 

system. For this purpose, we divide the integrated system into two solid substructures (Xing, 1986; Xing, 255 

1986; Craig et al, 1986; Xing, 1983) (a hull and a shaft) and a fluid domain (Xing, 1996). We derive the 256 

natural frequencies and mode functions of each substructure / domain as follows. These mode functions 257 

will be chosen as Ritz functions to span a subspace in which the motion of substructure / domain is 258 

described. 259 

4.1 Hull substructure and its mode functions 260 

The free-free dry hull with no the shaft system is considered as the hull substructure of which the 261 

equation for the natural vibrations with no any external forces are derived from equation (14), i.e. 262 

.0ˆ

,)ˆ(





DuEν

uDuED 
s

T 
                                                                        

(25) 263 

This is an eigenvalue problem from which the I-th natural frequencies I and the corresponding 264 

mode function Iφ can be obtained. To do so, we assume that 265 
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,,
tj2tj II ee II

  φuφu  
                                            

(26) 266 

from which, when substituted into equation (25), it follows 267 

 .0ˆ

,)ˆ( 2





I

IsII

T

DφEν

φDφED 

                                                           
(27) 268 

Pre-multiplying equation (27) by 
T

Iφ and then integrating it over the volume of the hull as well as 269 

using Green theorem, we obtain 270 

./,,ˆ

,

ˆ)(ˆ)ˆ(

22

22

IIISIs

T

IIISI

TT

II

IISIs

T

II

ISI

TT

I
S

ISI

TT

I
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md

kddSd
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S
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





















φφDφEDφ

φφ

DφEDφDφEνDφEDφ

                

(28) 271 

Here, Ik  and Im  are called the generalised stiffness and mass of the I-th mode of the hull. For any 272 

two modes Iφ and Jφ with difference frequencies, the following orthogonal relationships are valid 273 

).(diag,
,

,0

),(diag,
,

,0
ˆ

I

I

SJs

T

I

I

I

SJ

TT

I

m
JIm

JI
d

k
JIk

JI
d

S

S





























mφφ

kDφEDφ



                              (28) 274 

Generally, the first n natural frequencies and modes can be solved by finite element method and 275 

corresponding computer code. Introducing the eigen-matrices of the hull 276 

 ,),,,,diag( 321n21 φφφφλ                                   (29) 277 

which is used as a generalised coordinate frame to describe the motion of the hull. We represent the 278 

displacement of the hull in the form 279 

  ,,,, 21

T

nqqq   qqφuqφuφqu               (30) 280 

where q  called as the generalised coordinate vector that is a time function. 281 

4.2 Propulsion unit substructure and its mode functions 282 

The free-free propulsion shaft with its attached disks, propeller and etc is considered as a substructure 283 

of which the equations for the natural vibrations with no any external forces are derived from Eq. (22), 284 
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i.e.
  

285 

  
.,,0)(,0

,])(diag)
~

(diag[)(

111

2

Ep YYY 



ELULELU

ULJΔΔMELUL 

                                    
(31) 286 

Also, this is an eigenvalue problem from which the I-th natural frequencies 
I and the corresponding 287 

mode function
I can be obtained. We assume that 288 

,,
tj2tj II ee III


 UU 

                                               
(32) 289 

from which, when substituted into equation (31), it follows 290 

 .,,0)(,0

,])(diag)
~

(diag[)(

111

2

EpII

III

YYY 



ELLEL

LJΔΔMELL

                                
(33) 291 

Pre-multiplying equation (33) by 
T

I and then integrating it over the length of the shaft as well as 292 

integrating it by parts we obtain 293 

 
1

1

1

1

.])(diag)
~

([diag,)(,2 E
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TT

IIIII dLMdLKMK LJΔLΔMELL

 

(34) 294 

Here, IK  and IM  are called the generalised stiffness and mass of the I-th mode of the shaft. For any 295 

two modes I and J with difference frequencies, the following orthogonal relationships are valid 296 
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         (35) 297 

Introducing the eigen-matrices of the first N natural frequencies and corresponding modes for shaft 298 

unit 299 

 ,),,,,diag( 2121 NN   ΦΛ                          (36) 300 

which is used as a generalised coordinate frame to describe the motion of the shaft. We represent the 301 

displacement of the shaft in the form 302 

  ,,,, 21

T

NQQQ   QQΦUQΦUΦQU              (37) 303 

where Q  called as the generalised coordinate vector that is a time function. 304 
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4.3 Water domain and its mode functions 305 

The water is considered as a subdomain of which the natural vibration is governed by the following 306 

equations derived from Eq. (15) and Eq. (16) by fixing its boundaries except free surface, that is 307 

].,[),(,0

],,[),(,/
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21,
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,
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

                                       (38) 308 

Here, we consider the incident wave is given by a boundary acceleration so that 0p . This set of 309 

equations constructs a fluid pressure eigenvalue problem, and to obtain its solution we assume that  310 

,~,
t~j2

,

t~j II epep IIttI

  
                                                 

(39) 311 

from which, when substituted into Eq. (38), it follows 312 

].,[),(,0

],,[),(,/~

),,(),(,~

21,

21

2

,

21,

22

tttx

tttxg

tttxc

wiiiI

fiIIiiI

fiiiIII













                                          
(40) 313 

Pre-multiplying Eq. (40) by 
12 )(  cf

T

I  and then integrating it over the water domain and using 314 

Green theorem, we obtain 315 
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(41) 316 

Here, Ik
~

 and Im~  are called the generalised stiffness and mass of the I-th mode of the fluid. For any 317 

two modes I and J with difference frequencies, the following orthogonal relationships are valid 318 
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(42) 319 

Introducing the eigen-matrices of the first n~ natural frequencies and corresponding modes fort the 320 
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water 321 

  ,),~,,~,~diag(
~

~21~21 nn   Ψλ                             (43) 322 

which is used as a generalised coordinate frame to describe the motion of the water. We represent the 323 

dynamics pressure of the water in the form 324 

  ,~~~~,~,~,~
~21,,

T

nttt qqqppp   qqΨqΨqΨ              (44) 325 

where q~  is a time function and called as the generalised coordinate vector of the fluid  326 

For practical complex ship structures and fluid domains, the mode functions can be derived using 327 

finite element methods (Bathe, 1983; Zienkiewicz, 1991). The developed computer code for fluid-328 

structure dynamic analysis can provide a mean to complete these calculations (Xing, 1995; Xing, 1995). 329 

5. Mode equation of the integrated coupling system 330 

Substituting Eqs. (30), (37) and (44) into the functional (24), we obtain that 331 
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into which, when Eqs. (28), (35) and (42) is substituted, it follows 333 
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Taking the variation of the functional (46), we obtain 337 

 

 

,)~~~~(

)ˆ~~~~~~~()ˆ)((

}{],,~[

2

1

2

1

2

1

2

1





























t

t

T

sw

T

sw

T

hw

TT

hw

T

t

t
w

TTT
t

t
h

T

g

TT

hhhs

shssTT
t

t

TT

sf

dt

dtdt

dtH

QKqqKQqKqqKq

FqqkqqmqFqqkkqqmq

q

Q

KK

KK
qQQKQQMQQqq
















               (48) 338 

from which, when integrating by parts and vanishing the two time terminal variations, it follows 339 
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Since the variations Q , q  and q~  are independent, from 0sfH  it follows 341 
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(50) 342 

This is the numerical equation describing the dynamics of the integrated system. The degree of 343 

freedom of the system depends on the retaining mode number of each substructure / subdomain, and 344 

generally it equals .~nNn   In this equation, the matrices M , m , m~ , K , k and k
~

are diagonal. In 345 

this equation, the force vector hF̂ is generated from the external forces applied to the hull structure and 346 

the force vector wF̂ is generated the external forces applied to the water, such as the incident wave 347 

acceleration. 348 
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Due to pressure-displacement model for this fluid-structure interactions, Eq. (50) is non-349 

symmetrical, which can be symmetrised by using one of symmetrisation methods (Xing, 1991; Xing, 350 

1996), we derive the following symmetrical equation 351 
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(52) 354 

6. Dynamic interaction analysis of the coupling system 355 

Based on the equations developed in section 5, we can now carry on a numerical analysis of the 356 

dynamic interaction of the integrated system. We are more interested in the effect of the hull motion 357 

on the propulsion system, so that we define some parameters to measure it. 358 

6.1 Natural vibrations and shaft frequency / deformation factors 359 

Natural vibrations. The natural frequencies and the corresponding modes of the coupling system are 360 

governed by equation 361 
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(53) 362 

derived by vanishing the left side force vector in Eq. (51). Mathematically, this is an eigenvalue 363 

problem, which can be solved using some well-designed software. There might exist zero frequency 364 

of this problem, therefore the frequency shift technique should be used to obtain the solutions (Xing, 365 

1991; Xing, 1996).  366 

Assume that the first N


natural frequencies I


 and corresponding natural modes
 I


are obtained, 367 

which are represented in a matrix form 368 

  ,),,,,diag( 2121 NN









 ΦΛ

                            
(54) 369 

which satisfy the orthogonal relationships 370 
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Shaft frequency factors. To obtain the shaft motion as smaller as possible, we need to avoid the 372 

natural frequency of the shaft substructure far from the natural frequencies of the integrated system. 373 

To measure this, we define the shaft frequency factors 374 
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(56) 375 

representing the ratio of the frequency J of the shaft substructure over the frequency I


of the 376 

integrated system. According to frequency rule for substructure methods (Li, 2013), we requires  377 
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(57) 378 

to avoid resonance between the substructure and the integrated system. This implies that the shaft 379 

frequency factors should be far from 1 to avoid any resonances. 380 

Shaft deformation factors. The mode shape I


 of the integrated coupling system defines the 381 

following vector 382 
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from which the corresponding components of each substructure / subdomain can be obtained using 384 

Eqs. (30), (37) and (44), i.e. 385 
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 386 

Physically, these components represent the hull displacement, the shaft displacement and the water 387 

pressure for the I-th mode of the integrated system. 388 

Involving the propulsion shaft unit, we wish the deformation of the shaft relative to the hull motion 389 

would be small, so that the deformation of the shaft unit in the I-th mode of the integrated system is 390 

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

JJA Y391 
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and to the hull at point )( B

JJB Y , so that the displacement of point )( A

JJA Y relative to point )( B

JJB Y392 

in the I-th mode of the integrated system is )()( B

J

B

I

A

J

A

I YuYU  . Therefore we define a shaft relative 393 

motion factor for the I-th mode of the integrated system as the ratio of the averaged relative 394 

displacement of the shaft points )( A

JJA Y of all bearings over the corresponding averaged hull 395 

displacement at points )( B

JJB Y , that is 396 
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Considering all modes, we define the shaft relative motion factor vector 398 

  .ˆ21 N
 γ                                                         (61) 399 

To design a more suitable arrangement of the propulsion shat unit, we need to choose a smaller 400 

value of the shaft relative motion factor vector, i.e. 401 

.γγγ
T                                                                      (62) 402 

The smallest shaft relative motion factor vector cannot be zero, because the elastic shaft is 403 

supported by elastic bearings, so that the relative motion of the elastic shaft does not vanish. Eq. (56) 404 

and Eq. (62) provide two parameters to measure the dynamic coupling level of the shat unit and the 405 

hull structure from the natural vibrations. 406 

6.2 Dynamic responses 407 

Mode summation solution. The dynamic responses of the integrated can be calculated by solving Eq. 408 

(51). The mode summation method provides a fast way to obtain the solution of Eq. (51). We denote 409 

the dynamic response of the integrated system in a mode summation form 410 

,~ QΦ
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(63) 411 

from which, when substituted into Eq. (51) using the orthogonal relationships (55), it follows 412 
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which consists of  nNn ~  independent dynamic equations describing the dynamic responses of 414 

the integrated system excited by the external forces. To consider practical damping effect, we 415 

introduce the damping matrix as follows (Bathe, 1996) 416 
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where the coefficients  and  can be determined by using available practical experiment / 418 

experience data. The dynamic equation including damping effect is now written as 419 
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The equation for the I-th independent mode is written as 421 
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Generally, this equation can be solved using a time integration method (Bathe, 1983; Zienkiewicz, 423 

1991). If the external force is a sinusoidal force of frequency


, 
t

II efF 


-j , the solution of Eq. (67) 424 

has a form 
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426 

Physical dynamic responses. Obtaining the generalised coordinate vector Q


, we can calculate the 427 

corresponding generalised vectors ,Q q  and q~ for substructures from Eq. (63), so that the dynamic 428 

displacement / pressure responses at each point of substructures / subdomain: shaft, hull and water can 429 

be calculated from Eq. (37), (30) and (44), respectively. To investigate the effect of hull motion with 430 

water interaction on the propulsion unit, we can calculated the shaft relative motion factor to the 431 

excitation force frequency 


in a similar form as Eq. (60), i.e.  432 
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Also, we define a shaft twist factor 434 

)0()(max UU  A

JY                                                     (70) 
435 

Physically, Eq. (69) gives the ration of the averaged shaft displacement over the averaged hull 436 

displacement, and Eq. (70) represents the displacement at the shaft point 
A

JY of bearing J relative to 437 

the origin Ô of the shaft coordinate system which reflects the rotation of the shaft. Therefore, these 438 

two factors measure the motion and deformation of the shaft. For example, if Eq. (69) equals zero, it 439 

implies that the shaft undergoes a rigid translation with the hull base. Large values of these factors 440 

should be avoided for shaft safe operations.
 

441 

7. An example   442 

In this section, based on the generalised theory and analysis approach, we investigate a 2-443 

dimensional (2-D) simplified example. As shown in Fig. 5, we consider the ship hull as a 2-D beam of 444 

length 
hL  beam, mass density h , section area hS and bending stiffness hh JE  floating on the water 445 

of depth H and width wL . On the boundary w  of the water, there is an incident acceleration wave 446 

tHxw 


cos)/1(ˆ
31   in the 1x direction. This assumption case may be considered as the one in 447 

which a ship is moored in a port and subjected a sea wave excitation. The propulsion unit is another 448 

uniform 2-D beam (neglecting masses of propeller / disk) of length L , mass density  , section area449 

S  and bending stiffness EJ fixed at two points )( 111

BXB  and )( 212

BXB  on the ship hull by two 450 

bearings )( 111

AYA  and )( 212

AYA  of vertical stiffness 13k  and 23k , respectively. We aim to investigate 451 

the interactions of vertical bending motions of two beams, therefore only their bending deformation in 452 

the vertical direction is considered. For our convenience, we assume that the central line of the 453 

floating beam is on the static free surface plane and the coordinate system 321 xxxo  is fixed at the 454 

middle point o on the static equilibrium free surface, although it is located at a general point. We 455 
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choose two coordinate systems fixed on the mass centre ),0,0( 302010 xxxO   of hull beam and the 456 

mass centre ),,(ˆ 302010 XXXo  of shaft beam, respectively. Assume that the two beams are parallel 457 

each other, so that the coordinate transformation matrix .ijij    From Eq. (1), the coordinates of 458 

these points with up-index A and B under the hull reference system are given by 459 
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460 

 461 

Fig. 5. A 2-D water-shaft beam-hull beam interaction system with boundary conditions: 0p on 462 

 ; 0ˆ iw on 
1

w  of length wL and tHxw 


cos)/1(ˆ
31  on w  of height H . 463 

7.1. Mode functions of two beams 464 

To analyse this simplified model, we can use theoretical mode functions of free-free beam given as 465 

follows 466 
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where aX /  and a is the half length of beam and J  denote positive real roots of the eigenvalue 469 

equation 470 
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The orthogonal condition of these mode functions is given by  472 
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In these mode functions, physically, )(1 f and )(2 f are two rigid modes of zero frequency and 474 

function )(3 f is the first symmetrical bending mode of frequency   for hull and  for shaft. In the 475 

numerical works, the first five modes will be chosen to represent two beam motions. Following Eqs. 476 

(30), (37) and (47), now we can represent the vertical motions of hull / shaft beams respectively in the 477 

forms  478 
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Here, in Eq. (75-3), the integrations with respect to non-dimensional length   involve Delta functions 482 

to be non-dimensional, and therefore the resultant matrices have dimension of stiffness. 483 

7.2. Mode functions of 2-D water domain 484 

For the water domain, we consider it as 2-D incompressible fluid )( c of depth H and width wL .  485 

By using a separation method of variables, we obtain the mode functions of this 2-D water domain as 486 

follows. 487 
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 490 

            Mode 1 (n = 0)                           Mode 2 ( n = 1)                        Mode 3 ( n = 2) 491 

Fig. 6. The first three modes of the 2-D incompressible water domain of depth 100H in direction492 

3xy  and width 100wL  in direction 1xx  . The position of coordinate 321 xxxo is given in mode 493 

3, which are neglected for other two modes. 494 

The first three modes for the water domain 100H  and 100wL  are shown in Fig. 6 in which the 495 

first one is a constant pressure mode with zero frequency, the second one plays a slash form while the 496 

third one characterizes an cosine wave pattern.  To model the water pressure, we will use it first 5 modes 497 

for mode summation, so that from (42-47) it follows  498 
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Therefore, Eq. (50) for this example respectively takes the form 501 
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7.3. Non-dimensional equations 503 

To derive a non-dimensional equation, we choose 
1 , hL  and m as the units to measure time, 504 

length and mass, respectively, as well as define the following parameters, 505 
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from which Eq. (78) can be represented in the following non-dimensional form 507 
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This equation has the following symmetrical form  509 
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(79-4) 512 

Eq. (79-3) is a matrix equation with 15 degrees of freedom, of which the numerical solution gives the 513 

natural vibrations and the dynamic response of the system excited by the incident wave. For the 514 

numerical simulations, according to a practical ship configuration, we choose the following physical 515 

parameters and calculate the first 5 natural frequencies of the hull, shaft and the water domain, as 516 
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follows. 517 

  Hull: m,320hL ,kgm10086.17820 16  hh S ,Nm1006.2 211 hE ,m10535.1 43J  518 

              )010.40660.10590.1300(diag2 λ .  519 

  Shaft: m,4.14L m,4.0r ,2rS  ,kgm39307820 1 S ,GNm1006.2 211 E  520 

              ,Nm100.1 19

2313

 kk   ,m0201.0 4I    m,511 Y   m,521 Y   m,15911 X  521 

             , m14921 X    
32 10)21.7961.2071.200(diag Λ . 522 

  Water: .ms8.9m,200,7,kgm1000 23   gHLL hwf  523 

                 
22 10)19.3539.2657.1732.80(diag

~ λ . 524 

7.4. Natural vibration 525 

Based on the above parameters, we obtain the natural frequencies and the corresponding natural 526 

modes of the system and the shaft deformation factors as listed in Table 1. In these modes, the first 527 

one with a zero frequency is a constant pressure mode of the water for the interaction system. As 528 

indicated by the data above, in the frequencies of three subsystems: water, hull and shaft, the 529 

frequencies of the water domain are lowest and the shaft ones are highest, while the hull ones are in 530 

the middle. Therefore, in the frequencies of the integrated interaction system given in Table 1, the first 531 

5, middle 5 and last 5 ones are near to the ones of water domain, hull and shaft substructures, 532 

respectively. As shown in Fig. 7, the mode 8 of non-dimensional frequency 1.0106 corresponds to the 533 

hull first elastic mode while the mode 11 of frequency 10.2291 is near to the shaft first elastic bending 534 

mode for which the corresponding  the shaft frequency factors are calculated in Table 1. For the mode 535 

11, the shaft frequency factor is 1.365 near to the frequency of integrated mode 11, and the 536 

corresponding shaft relative motion factor also takes a big value, which results that in this integrated 537 

mode of the system, there exists very large deformation of the shaft. It is also shown the big values of 538 

shaft relative motion factors for modes 12~15 but the frequency factors are very low, so that the shaft 539 

deformation is not large. Since the natural frequency is higher than 37, the base motions are quite low 540 

as indicated in Fig. 8. 541 
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Table 1. Non-dimensional natural frequencies, shaft deformation factors and shaft first elastic 542 

frequency factors 543 

Mode number 

I 

Natural frequency 

I


 

Shaft relative motion     

factor 
I  

Shaft frequency 

factor 
1 / I


 

1 0.0000 1.86e-15   

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 

544 
(a)                                                                      (b) 545 

Fig. 7. The 8-th natural mode of 0106.18 f  (a) where the hull is in its first elastic bending form 546 

and the 11-th natural mode of 2291.1011 f  (b) where the shaft is in its first elastic bending 547 

deformation. 548 
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7.5. Dynamic response 549 

The main energy of sea waves is located in frequency range lower than 10 Hz [24, 25]. To 550 

investigate the dynamic response of the integrated system, we consider the sea wave frequency 551 

)Hz10~5.0(2  


for the dynamic response analysis. To investigate the dynamic response 552 

characteristics affected by the wave frequency and the bearing stiffness, we define the following non-553 

dimensional parameters 554 

Wave frequency                                /


f ,                                                  (80-1) 555 

Bearing stiffness parameter               /bb  ,                                                (80-2) 556 

where b denotes the frequency of the rigid shaft supported by the two baring springs. Taking dB 557 

values referencing to 
1210

 we obtain the following figures to characterise the dynamic behaviour of 558 

the system. Fig. 8 shows the dynamic response surface of the shaft base motion with respect to non-559 

dimensional wave frequency f  and bearing stiffness parameter b , while Fig. 9 provides the 560 

corresponding dynamic response surface of shaft relative motion factor in Eq. (69). From these 561 

surfaces, it is observed that with varying of bearing stiffness parameter there are different dynamic 562 

response peaks. To observe these peaks more clearly, Figs. 10 and 11 respectively shows the curves of 563 

shaft relative motion factor (69) and twist factor (70) for the case of bearing stiffness parameter564 

9.0b . Fig. 10 shows the maximum peak of the shaft relative motion is 10.23 corresponding the 565 

shat first bending deformation, mode 11 in Table 1 and its mode shape shown by the right figure in 566 

Fig. 7. Fig. 11 shows the shaft twist peaks at frequencies 1.011 and 10.23, which correspond to the 567 

hull first bending mode and the shaft first bending mode shown in Fig. 7, respectively. The calculated 568 

results demonstrate that the defined shaft motion parameters can provide useful information for safety 569 

shaft design in huge ships. 570 
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 571 

Fig. 8.  The dynamic response surface of shaft base motion with respect to bearing stiffness parameter 572 

and wave excitation frequency.  573 

 574 

Fig. 9. The dynamic response surface of shaft relative motion factor (69) with respect to bearing 575 

stiffness parameter and wave excitation frequency.  576 
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 577 

Fig. 10. The dynamic response curve of shaft relative motion factor (69) in the case of 9.0b . 578 

 579 

Fig. 11. The dynamic response curve of shaft twist factor (70) in the case of 9.0b . 580 

8. Conclusion & discussion 581 

The developed integrated theory and the corresponding numerical model can provide a useful mean 582 

for large ship – propulsion system designs considering the engine safety operations. As an example, a 583 

2-D numerical model gives the numerical results to illustrate the applications of the proposed 584 

numerical approach, which can be extended to the complex case for practical designs.   585 
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Based on the example results, the following guidelines for practical designs may be suggested. For 586 

the natural vibrations of the integrated system, the shaft frequency factor given by Eq. (56) should be 587 

far from 1, and the shaft deformation factor given by Eq. (60) should be small to avoid large shaft 588 

motion and deformation in each integrated mode. The first bending frequency of the hull and the shaft 589 

may play important role in dynamic designs. For the large ships, its first bending frequency will be 590 

small which may not be avoided. It would be beneficial to reduce the shaft dynamic response if 591 

designing a higher shaft bending frequency. The suggested dynamic design may take the three steps: 1) 592 

initial design using a 2-D model as example to choose initial parameters; 2) middle design using the 593 

designed data based on the first step to undergo 3-D analysis using the proposed model to modify the 594 

design data; 3) final check and modification by the analysis of natural vibrations and dynamic 595 

responses. 596 

The proposed model has not very detailed considered the effects of ships with its moving speed, 597 

although it is assumed as a stationary motion on which disturbance vibrations are interested in this 598 

paper. A further investigation on this case to explore some effect may be carried on in future.  599 

Acknowledgements 600 

Authors acknowledge NSFC to support this research by a key project: No. 51139005. Thanks are 601 

also given to WHUT for supporting J.T. Xing as a visiting professor to engage the joint research in 602 

WHUT  and for awarding a studentship (WUT: 2014-JL-006) for Z. Tian to study in the University of 603 

Southampton to carry on this collaboration research for one year. 604 

References 605 

Bishop, R.E.D. and Price, W.G. Hydroelasticity of ships. Cambridge University Press, London, 1979. 606 

Bishop, R.E.D., Price, W.G. and Wu, Y., 1986. A general linear hydroelasticity theory of floating 607 

structures moving in a seaway. Phil. Trans. R. Soc. Lond. A. 316, 375-426.  608 

Bernhard B.   Rotordynamics: Unit 4 - Modeling Journal Bearings, Mech. Des. Res. Lab, Mech. Eng. 609 

– Eng. Mech. Dept., Michigan Technol. Univ.  Web site: http://www.me.mtu.edu/~mdrl. 610 

Bathe K.J. Finite Element Procedures in Engineering Analysis, Prentice-Hall, New Jersey, 1996.  611 

Craig, R.R. and Bampton, M.C.C.,1968. Coupling of substructures for dynamical analysis. AIAA. Jl. 612 

6(7), 1313-1319. 613 



34 
 

Dymarski, C., 2009.  Analysis of ship shaft line coupling bolts failure, J. Pol. Cimac. 4, 33-40. 614 

Deruieux,  A. Fluid-Structure Interaction, Kogan Page Limited, London, 2003. 615 

Fonte, M., Freitas, M., 2009. Marine main engine crankshaft failure analysis: A case study. Eng. Fail. 616 

Anal. 16, 1940–1947.  617 

Fung, Y.C.  A First Course in Continuum Mechanics. 1977. 618 

Jun, M., Kazunobu, F., Kazuhide, O., Kazuyuki, A., Koji, K., 1998. Study on Dynamic Interaction 619 

between Ship Hull and Main Engine Structure (in Japanese). J. Soc. Naval Archit. Japan. 184, 393-620 

400  621 

Leontopoulos, C., 2006. Shaft alignment and powertrain vibration. ABS. 622 

Li, Z. X., Yan, X. P., Qin, L., Chen K. and Xing, J. T., 2015. Robust global sliding model control for 623 

water-hull-propulsion unit interaction systems Part 1: system boundary identification. Tehnicki 624 

Vjesnik-Tech. Gazette. 22, (2), 465-473. 625 

 Li, Z. X., Yan, X. P., Qin, L., Chen K. and Xing, J. T., 2015. Robust global sliding model control for 626 

water-hull propulsion unit interaction systems Part 2: model validation. Tehnicki Vjesnik-Tech. 627 

Gazette. 22(1), 209-215. 628 

Li, Z.X. Investigation on the Dynamics Modelling and Condition Monitoring of the Propulsion System 629 

in Large Scale Ships (Ph. D Thesis).  Wuhan Univ. Technol., 2013. 630 

Lu J., 2010. The effects of wave loads on ship propulsion systems, J. Shanghai Jiaotong Univ. 44, 409-631 

1413. 632 

Li, S., 2009. A progress review on VIRTUE planed research. J. Ship Mech. 13, 662-675. 633 

Murawski, L., 2005. Shaft line alignment analysis taking ship construction flexibility and 634 

deformations into consideration. Mar. Struct. 18, 62–84.   635 

Moctar O.EI., Junglewitz A., 2005. New attitudes needed for giant container ships. Naval Archit.  4-9. 636 

Murawski, L., Charchalis, A., 2015. An estimation method for the torsional vibration of the marine 637 

propulsion system. Solid State Phenom. 220-221, 71-80. 638 

Morand, H.J.P. and Ohayon, R.  Fluid structure interaction. John Wiley and Sons, Chichester,  1995. 639 

Newman, J.N., 1978.  The Theory of Ship Motions. ADV APPL MECH. 18, 221-283. 640 

http://sciencelinks.jp/j-east/result.php?field1=author&keyword1=FUJITA%20KAZUNOBU&combine=phrase&search=SEARCH
http://sciencelinks.jp/j-east/result.php?field1=author&keyword1=OTA%20KAZUHIDE&combine=phrase&search=SEARCH
http://sciencelinks.jp/j-east/result.php?field1=author&keyword1=ARAKI%20KAZUYUKI&combine=phrase&search=SEARCH
http://sciencelinks.jp/j-east/result.php?field1=author&keyword1=KAGAWA%20KOJI&combine=phrase&search=SEARCH
http://emuch.net/bbs/journal.php?view=detail&jid=223


35 
 

Ogawa Y., 2011.  A whole ship finite element analysis with the input of nonlinear wave loads in the 641 

irregular and multi-directional waves. ASME 2011 30th International Conference on Ocean, 642 

Offshore and Arctic Engineering, 19-24  June. Netherlands.  643 

Pouw, C.P., 2008. Development of a multi-objective design optimization procedure for marine 644 

propellers (Master Thesis). Delft Univ. Technol. 645 

Roemen, R., Grevink, J., 2009. An advanced approach to the design of shaft-lines and bearing 646 

arrangements for fast ferries. Wartsilia Tech. J. 1, 47-53. 647 

Shi, L., 2010. Research on shafting alignment considering ship hull deformations. Mar. Struct. 23, 648 

103–114.  649 

Shaft alignment: rigid shafting and flexible hulls, 2000.  The Motor Ship 650 

Schulten P., 2005. The Interaction between diesel engine, ship and propeller during manoeuvring. 651 

Delft Univ. Technol. 652 

The Swedish Club Highlights, 2005. 653 

Tang, B., Brennan, M. J., 2013. On the influence of the mode-shapes of a marine propulsion shafting 654 

system on the prediction of torsional stresses. J.  Mar. Sci. Technol. 2, 209-214. 655 

Tian, Z., Yan, X.P., Li Z.X. and Zhang C., 2014. Dynamic interaction analysis of a 2D propulsion 656 

shaft-ship hull system subjected by sea wave. Proceedings of the International Conference on 657 

Offshore Mechanics and Arctic Engineering , 6-8 July. USA, v 4A. 658 

Tu, H. and Chen H., 2014. Modeling and simulation of a large marine diesel propulsion system. 659 

Shipbuild. China. 55, 158-167. 660 

Tan, M., Xiong, Y.P., Xing, J.T. and Toyoda, M.., 2006 A numerical investigation of natural 661 

characteristics of a partially filled tank using a substructure method. In Proceedings of 662 

Hydroelasticity 2006: Hydroelasticity in Marine Technology.  pp. 181-190. 663 

Xing, J.T. and Price, W.G., 1991. A mixed finite element method for the dynamic analysis of coupled 664 

fluid-solid interaction problems. Proc. R. Soc. Lond. A. 433, 235-255.  665 

Xing, J.T., Price, W.G. and Du, Q.H., 1996. Mixed finite element substructure-subdomain methods for 666 

the dynamical analysis of coupled fluid-solid interaction problems. Phil. Trans. R. S. Lond. A. 354, 667 

259-295. 668 



36 
 

Xing, J.T., Xiong, Y.P. and Tan, M., 2009. Developments of a mixed finite element substructure–669 

subdomain method for fluid–structure interaction dynamics with applications in maritime 670 

engineering. P I MECH ENG M-J ENG. 223 (3), 399-418.  671 

Xing, J.T. Theoretical manual of fluid-structure interaction analysis program-FSIAP. Univ. Soton.  672 

1995. 673 

Xing, J.T. User manual fluid-structure interaction analysis program-FSIAP. Univ. Soton.  1995. 674 

Xing, J.T., Price, W.G. and Wang, A., 1997. Transient analysis of the ship-water interaction system 675 

excited by a pressure water wave. Mar. Struct. 10(5), 305-321. 676 

Xing, J.T. Xiong, Y.P., Tan, M. and Toyota, M., 2006. Vibration problem of a spherical tank 677 

containing jet propellant: numerical simulations. Ship Science Report No. 141, ISSN0140-3818. 678 

Xiong, Y.P., Xing, J.T. and Tan, M., 2006. Transient dynamic responses of an internal liquid-LNG 679 

tank-sea water interaction system excited by waves and earthquake loads, In Proceedings of the 680 

14th International Congress on Sound and Vibration, July. Cairns, Australia, Paper number 566, 681 

pp.1-8. 682 

Xiong, Y.P., Xing, J.T. and Price, W.G., 2006. The interactive dynamic behaviour of an air-liquid-683 

elastic spherical tank system. In Proceedings of 2006 ASME Pressure Vessels and Piping Division 684 

Conference, Vancouver, 23-27 July. BC, Canada, pp. 1-8. 685 

Xing, J.T., Xiong, Y.P. and Tan, M., 2007. The natural vibration characteristics of a water-shell tank 686 

interaction system. In Advancements in Marine Structures, Proceedings of Marstruct 2007, 1st 687 

International Conference on Marine Structures, 12-14 March. Glasgow, UK, pp. 305-312.  688 

Xing, J.T., Xiong, Y.P. and Tan, M., 2007. The dynamic analysis of a building structure – acoustic 689 

volume interaction system excited by human footfall impacts, In Proceedings of Fourteenth 690 

International Congress on Sound and Vibration, 9-12 July.  Cairns, Australia, Paper number 147. 691 

Xiong, Y.P. and Xing, J.T., 2007. Natural dynamic characteristics of an integrated liquid – LNG tank 692 

– water interaction system. In Advancements in Marine Structures,  Proceedings of Marstruct 2007, 693 

1st International Conference on Marine Structures, 12-14 March. Glasgow, UK, pp. 313-321. 694 

http://eprints.soton.ac.uk/67255/
http://eprints.soton.ac.uk/67255/
http://eprints.soton.ac.uk/67255/
http://emuch.net/bbs/journal.php?view=detail&jid=8300


37 
 

Xing, J.T. and Xiong, Y.P., 2008. Numerical simulations of a building-acoustic volume interaction 695 

system excited by multiple human footfall impacts. In Proceedings of 2008 ASME Pressure 696 

Vessels and Piping Division Conference, July 27-31. Chicago, Illinois, PVP2008-61813, pp. 1-10. 697 

Xing, J.T. and Xiong, Y.P. Mixed finite element method and applications to dynamic analysis of fluid-698 

structure interaction systems subject to earthquake, explosion and impact loads. In Proceedings of 699 

ISMA 2008 International Conference on Noise and Vibration Engineering,15-17 September, 2008. 700 

Leuven, Belgium, Paper ID-562, pp.1-15. 701 

Xiong, Y.P. and Xing, J.T., 2008. Dynamic analysis and design of LNG tanks considering fluid 702 

structure interactions, In Proceedings of 27th international conference on offshore mechanics and 703 

arctic engineering, 15-20 June.  Estoril, Portugal, OMAE2008-57937, pp. 1-8. 704 

Xiong, Y.P. and Xing, J.T., 2008. Transient dynamic responses of an integrated air-liquid-elastic tank 705 

interaction system subject to earthquake excitations. In 2008 ASME Pressure Vessels and Piping 706 

Division Conference-PVP2008, 27-31 July. Chicago, Illinois, PVP2008-61815, pp.1-10.  707 

Xing, J.T., 2007. Natural vibration of two-dimensional slender structure-water interaction systems 708 

subject to Sommerfeld radiation condition.  J. Sound Vib. 308, 67-79. 709 

Xing, J.T., 2008. An investigation into natural vibrations of fluid-structure interaction systems subject 710 

to Sommerfeld radiation condition.  Acta Mech Sin. 24, 69-82. 711 

Xing, J.T., 1986. A study on finite element method and substructure-subdomain technique for dynamic 712 

analysis of coupled fluid-solid interaction problems. Acta Mechanica Solida Sinica. 4, 329-337. 713 

Xing, J.T., 1986. Mode synthesis method with displacement compatibility for dynamic analysis of 714 

fluid-solid interaction problems. Acta Mech. Solida Sin. 7, 148-156. 715 

Xing, J.T. and Zheng, Z.C.,1983. A study upon mode synthesis methods based on variational 716 

principles for elastodynamics. Acta Mech. Solida Sin. 2, 250-257.  717 

Yan, X.P., Li, Z.X., Liu, Z.L., Yang, P., Zhu, H.H., Yang, Z.M., 2013. Study on coupling dynamical 718 

theory for interaction of propulsion system and hull of large ships: a review. J. Ship Mech. 4, 439-719 

449. 720 

Zienkiewicz, O.C. and Taylor, R.L. The Finite Element Method. McGraw-Hill, New York. 4th edition, 721 

1991.  722 


