
Article 

Investigation on Dynamic Behavior of Ultra-Large 
Cold-water Pipe for Ocean Thermal Energy Conver-
sion 
Yanfang Zhang 1, Miaozi Zheng 2, Li Zhang 3, Chaofei Zhang 4 , Jian Tan 4 , Yulong Zhang 5  and 
Menglan Duan 4 

1. Offshore Oil Engineering Co., Ltd, Tianjin 300451 China; 
2. State Key Laboratory of Hydroscience and Engineering, Department of Hydraulic Engineering, Tsinghua 
University, Beijing 100084, China; 
3. Southern Marine Science and Engineering Guangdong Laboratory (Zhanjiang), Zhanjiang 524005 China; 
4. College of Safety and Ocean Engineering, China University of Petroleum-Beijing, Beijing 102249 China; 
5. Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190 China) 
* Corresponding author: mlduan@cup.edu.cn. 

Abstract: Ultra-large cold-water pipes (CWP) may present structural instability phenomenon under 
complex and variable operating conditions, and the current theoretical analysis rarely takes into 
account the influence of multiple key parameters at the same time, resulting in some errors between 
the prediction results and the actual deformation behavior of the pipe. Considering this issue, this 
paper establishes a computational analysis model of the mechanical performance of the CWP based 
on the Euler-Bernoulli beam theory, considering the effect of waves, the clump weight at the bottom, 
internal flow and sea current, and gives a time-dependent solution of the mechanical response of 
the pipe with the action of multiple key parameters using the differential quadrature method 
(DQM). Additionally, the correctness and validity of the theoretical model are well verified by com-
paring the numerical solution with the theoretical results. Finally, to study the effects of operating 
conditions on the mechanical response of the pipe, the effects of waves, the clump weight, internal 
flow and sea current on the lateral deflection and maximum bending moment of the pipeline are 
discussed based on numerical simulation and orthogonal experimental method. The results show 
that changing the wave strength and internal flow velocity has little effect on the lateral deflection 
of the CWP, and the clump weight at the bottom can effectively suppress the lateral deflection of 
the pipeline, but increasing the current velocity can significantly increase the lateral deflection of 
the pipeline, which can lead to the instability of the pipe. Nevertheless, the effects of waves, the 
clump weight, internal flow and sea current on the maximum bending moment of the pipeline are 
basically the same, all of them increase sharply at first, and then decrease gradually until they level 
off, and the differences in the effects are mainly reflected in the different locations of the pipe sec-
tions. This paper suggests the design guidance of CWP in aspect of dynamic response depending 
on the operating condition. 

Keywords: Ocean Thermal Energy Conversion; Ultra-large cold-water pipe; Mechanical properties; 
Numerical simulation; Sensitivity analysis; Orthogonal experimental method 
 

1. Introduction 

With petroleum resources production is peaking and demand increasing, humanity will 

face a steadily diminishing supply of fossil fuels. It seems sensible to consider ocean energy 

resources as some of the replacement “fuels” for the future energy technologies. Ocean ther-

mal resource as one of the three major ocean energy is always available while all other ocean 
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energy resources are intermittent. Ocean Thermal Energy Conversion (OTEC) is a process 

that can produce electricity by utilizing the temperature difference between deep cold water 

and surface warm water, as shown in Fig. 1 [1]. The cold-water pipe (CWP) is a novel and 

most challenging component of floating structures for OTEC, which is used to transport deep 

cold water to floating platforms [2]. For commercial-scale, the CWP is are large as 12m in 

diameter and up to 1000m in length [3]. Ultra-large cold-water pipe will be subjected to wind, 

waves, currents, collisions and platform movements in the complex marine environment. 

These internal and external factors can directly affect the dynamic response of CWP and the 

safety of in-situ operation. To ensure the safe and smooth operation of CWP, it is necessary 

to analyze the dynamic response of the pipe in the marine environment in order to obtain 

reliable prediction results. 

 

Fig. 1 Ocean Thermal Energy Conversion operating principle. 

Since the concept of chilled water pipe was first proposed to be applied in OTEC sys-

tems, the study of the dynamic performance of chilled water pipes has been a key research 

object in OTEC installations. As a typical marine riser, the design of cold-water pipe can be 

divided into three main issues [4]: strength analysis, which includes limit analysis and crush 

analysis; cold-water pipe-platform coupling analysis; and cold-water pipe vibration analysis, 

which includes internal flow excitation and vortex excitation vibration. When Kuiper et al [5] 

investigated the stability of suspended flow transfer pipes, they found errors between theo-

retical predictions and experiments, which were caused by the incorrect description of the 

negative pressure of the pipe Halkyard et al [6] summarized the research work on cold-water 

pipes in the past three decades (2014) and found that the research work mainly focused on 

the analysis of the dynamic performance of cold-water pipes under the action of waves, cur-

rents and platform motion, and little consideration was given to the effect of instream flow. 

Adiputra [2] focused on the effects of pipe material, top connection, and bottom support sys-

tem on the dynamic performance of cold-water pipe. Additionally, the self-induced vibration 

of the cold-water pipe was analyzed and solved numerically. The results showed that the 

critical flow velocity predicted in the time domain was on average 20% higher compared to 

the frequency domain, and the clump weight at the bottom under the lighter material had a 

more significant effect on the critical flow velocity compared to the relatively high-density 

material [3]. Shan [7] established an OTEC hull cold-water pipe coupling analysis and bench-

marked the cold-water pipe through a coupling analysis software program. Halkyard and 
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Associates [8] determined the dynamic strain imparted to the cold-water pipe due to waves 

and currents through simulations using the offshore dynamic analysis program HARP; this 

was verified by Makai Offshore using OrcaFlex software, which showed that the maximum 

pipe strain was within 25% of the HARP prediction. Xiang [9] based on a study of the cold-

water pipe vibration problem The dynamic response of the cold-water pipe to extreme con-

ditions was investigated, and vortex-induced vibration response and other design issues of 

the cold-water pipe were discussed. 

As typical conveying fluid riser, a lot of research work has been done by domestic and 

foreign scholars for the vibration problem of the pipe. Aitken [10] first experimentally illus-

trated the equilibrium between tension and centrifugal forces induced by motion in 1876, 

which was the earliest work to study the dynamics of pipes conveying fluids. In 1939, Bour-

rieres [11] studied the oscillatory instability of cantilevered pipes conveying fluids theoreti-

cally and experimentally, deriving the equations of motion of the pipes. Feodos'ev and Hous-

ner[12] found that the internal flow velocity significantly affects the pipe's buckling. Pous-

sins[13,14] demonstrated theoretically and experimentally that cantilevered pipes undergo os-

cillatory instability (chattering) at sufficiently high flow velocities. Benjamin [15] found that 

vertical cantilevered systems subjected to gravity are susceptible to buckling instability. 

Paidoussis et al. [16] used the micro-element method to establish the equations of motion of 

a suction pipe in still water. Based on the finite unit method, Guo [17] and Li [18] studied the 

static and dynamic characteristics of a riser containing internal flow. Based on the above-

related studies, it can be seen that a large number of scholars have done a lot of research work 

on the dynamic pipeline response problem, while the current research on the dynamic re-

sponse of the pipe has not considered the problem of the fluid inside the pipe. Meanwhile, 

the external flow field (sea current, waves) has not been explored in depth during the study 

of the fluid transfer pipe. Therefore, studying the dynamic response under the collective ex-

citation of internal flow, sea current, and waves must be studied in depth. 

Using analytical methods to predict the dynamic response behavior of cold-water pipe 

can provide a clearer insight into the nature of the problem. At the same time, the analytical 

method can accurately and quickly extract the influence of critical parameters on the struc-

tural dynamic behavior of chilled water pipes efficiently and rapidly, thus guiding the design 

of cold-water pipes. When using the analytical method to study the dynamic response of the 

pipe, it is usually desirable to consider the mechanical properties of the pipe comprehensively 

in the calculation. However, the difficulty of the calculation is always proportional to the 

comprehensiveness of the mechanical properties of the pipe. Therefore, in most cases, the 

analysis is focused on a single mechanical property of the pipe or a single boundary condi-

tion. The commonly used analytical methods in dealing with the relevant dynamic pipe re-

sponse problems are the Galerkin method[19-22], Finite Element Method (FEM)[23,24], Finite 

Difference Method (FDM)[25-28], Transfer (Matrix Method)[29,30]. However, the above meth-

ods have the disadvantages of computational limitations and complexity. 

This paper uses a semi-analytical method that can accurately and quickly solve high-

order nonlinear partial differential equations. Liang[31] et al. studied the effect of pipe end 

boundary conditions and geometric parameters on pipe displacements using the differential 
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product (DQM) method. The results showed that the displacement increases with the increase 

of pipe degrees of freedom increases with the increase of length-diameter ratio, and decreases 

with the increase of thickness-diameter ratio. An and Su[32,33] used the generalized integral 

transformation (GITT) method to derive a semi-analytical solution for the vibration of a flow 

transport pipe due to two-phase flow under solid-supported-solid-supported boundary condi-

tions and analyzed the effect of gas volume fraction and volume flow rate in two-phase flow 

on the dynamic behaviour of the pipe. Li[34] et al. used the GITT method to analyze the effect 

of different internal and external flow velocities and different soil stiffness on the dynamic 

response of a free-hanging span pipe. Li[35] applied the GITT method to study the effect of 

damping ratio on the dynamic behaviour of a pipe under simply-supported-simply-supported 

boundary conditions and verified it by comparing it with existing experimental results to 

obtain dimensionless structural parameters that can control the standardized stability enve-

lope of the pipe. Ni and Qian[36] studied the bifurcation and chaotic motion of fluid transport 

bends under nonlinear constraints based on the DQM method. The discrete form of the sys-

tem's equations of motion was established and solved numerically. 

In this paper, based on the Euler-Bernoulli beam theory and Morrison equation theory, 

we establish the lateral motion control equation of large diameter cold-water pipe based on 

the Euler-Bernoulli beam theory and Morrison equation theory, and consider the effect of 

internal flow, current and wave excitation comprehensively, and use DQM method to obtain 

its semi-analytical solution. By comparing with the finite element simulation results of Or-

caflex, the correctness of the semi-analytical solution is verified, and the effects of the wave, 

current velocity, internal flow velocity and the clump weight on the dynamic response char-

acteristics of the large diameter cold-water pipe are analyzed by combining with the orthog-

onal experimental method. The main parameter variables in the paper are shown in Table 1. 

Table 1 The main parameters of the CWP 

Nomenclature Description 
EI Bending stiffness (N/m2) 
L Pipe length (m) 
Mp Mass of the internal flow per unit length (kg/m) 
Mf Mass of the pipe per unit length (kg/m) 
T Axial equivalent tension (N) 
U Velocity of the internal flow (m/s) 

( , )x t  Transverse displacement of the pipe (m) 

Af Internal cross-sectional areas (m2) 
A0 External cross-sectional areas (m2) 

w  Density of the seawater (kg/m3) 
Ca Added mass coefficient 

iP  Internal pressure of the pipe 

0P  External pressure of the pipe 

Cd Adapted drag coefficient 
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2. Analytical simulation 

2.1 Governing general equation 

The analytical model of the cold-water pipe shown in Fig. 2 is established and simplified 

as an Euler-Bernoulli beam. The cold-water pipe is a vertical cantilevered pipe, which is 

restrained at the upper end by articulation and at the lower end by a counterweight block and 

carries deep cold water upward from a water depth of 1200 m. The top of the cold-water pipe 

is subjected to the top tension applied by lifting and sinking compensator-tensioner. Before 

analysing the cold-water pipe, reasonable assumptions[37] are required.  

 

Fig. 2 Schematic diagram of load of CWP system. 

(1) Assume that the cold-water pipe is composed of homogeneous, isotropic, viscoelas-

tic material, ignoring the effect of the connecting joint between the pipes. 

(2) Meet the Euler-Bernoulli theory model, ignoring the effect of axial shear. 

(3) The incompressible fluid inside and outside the pipe. 

The calculation of hydrodynamic loads is generally performed using Morrison equation, 

the rounding theory, and the Froude-Krylov assumption. Since the structures in this paper are 

slender marine structures, Morrison equation is used for the calculation. The basic idea of 

Morrison equation will divide the forces of waves and currents on the pipe into drag and 

inertia forces[38]. The use of Morrison equation for hydrodynamic load calculations requires 

reasonable assumptions. 

(4) The ratio of the diameter of the member to the wavelength is not greater than 0.2, 

i.e.  / 0.2D L  . 

(5) The member is rigid, has a smooth surface, and is perpendicular to the seafloor. 

According to the analysis of the engineering condition of the temperature difference 

energy cold-water pipe, the load acting on the pipe system includes two categories of envi-

ronmental and operational load. Environmental loads include: waves, currents and sea wind 
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loads; operational loads include: the gravity and buoyancy of the pipe itself, hydrodynamic 

loads, the gravity of counterweight blocks and internal fluid loads, etc. 

As shown in Fig 2, the length of the cold-water pipe for L uniform pipe, the internal 

perimeter S, the internal cross-sectional area of the pipe  fA , the external cross-sectional area 

of the pipe  oA , the mass of the fluid inhaled per unit length  fM , the mass of the pipe per 

unit length pM , the bending stiffness of the pipe EI, the intra-pipe flow rate of the fluid in the 

pipe  U , the uniform cross-section of the pipe. The pipe is in an equilibrium position along 

the  x -axis when no vibration occurs, and the effect of gravity is not negligible. The flow 

velocity may be affected by minor external disturbances, so generally  / 0dU dt  . Consid-

ering that the pipe is a slender structure, its lateral motion is small, and its wavelength is long 

relative to its diameter; therefore, the curvilinear coordinates s and  x  coordinates along the 

centerline of the pipe can be used interchangeably according to the previous discussion. Con-

sider both the fluid and the pipe microelements, as shown in Fig 3 and 4. 

As shown in Fig 3, the fluid micro-element is subjected to axial pressure (   ,P P x t

), and the internal hydrostatic pressure (  iP ) and external hydrostatic pressure (   oP ) on the 

cold-water pipe, respectively, the tangential fluid force tangential to the fluid micro-element 
(  qS x ), the average fluid force perpendicular to the fluid element (  F x ) (the reaction force 

of the pipe on the fluid), the axial, lateral, centrifugal, and kurtosis inertia forces of the fluid 

itself, and gravity ( fM x ). According to Newton's second law of motion and Euler-Bernoulli 

beam theory, the pipe is a slight deformation, neglecting the second-order term of accelera-

tion of the pipe in the  x direction, as well as transverse shear deformation and rotational iner-

tia, the fluid unit Axial direction force equilibrium equation is as follows. 

 
Fig. 3 Force analysis diagram of fluid elements. 

 0i
f f f

P U
A qS M g F M

x x t

  
     

  
 (1) 

The force balance equation in the z-axis direction of the fluid unit is as follows. 
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2

0f f i f

y U
F M U A P qS M

t x x x x t x

                           
 (2) 

The pipe micro-element is subjected to axial tension perpendicular to the pipe cross-

section (  T ), transverse shear force in the pipe (  Q ), bending moment (  M ), normal (   F x

) and tangential (  qS x ) forces of the fluid on the pipe, gravity (  pM x ) , hydrostatic pres-

sure of the fluid around the pipe in any direction , external fluid forces on the pipe (  fF ), 

forces generated by the additional mass of the pipe and surrounding fluid (  
2

2p aM M x
x

 




), and forces generated by friction-related damping (   k x
x

 


), according to Newton's sec-

ond law and Euler Bernoulli beam theory, the pipe is a slight deformation, ignoring the sec-

ond-order acceleration term in the direction of the pipe, as well as transverse shear defor-

mation and rotational inertia, for the pipe unit in the   x axial and   z axial directions respec-

tively, the force balance equations and moment balance equations, as shown in Fig. 4. 

 
Fig. 4 Pipe element force analysis diagram. 

The equation for the balance of forces in the   x  axial direction is as follows. 

 0p px

T
qS M g F F

x x

 
    

 


 (3) 

The equation for the balance of forces in the  z  axial direction is as follows. 

  
2

2
0f a pz f

Q y
F M M k T qS F F

x t t x x x

                       
 (4) 

The moment balance equation for the micro-element column is as follows. 

 

M
Q

x


 





 (5) 
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The pipe is a viscoelastic material subject to Kelvin-Voigt type internal dissipation and 

follows the following stress-strain relationship. 

 

*E E E aE
x x

            (6) 

Where E is the modulus of elasticity of the pipe material, *  E is the dissipation coeffi-
cient of the pipe material, and  a  is the viscoelastic coefficient of the pipe. From equation (6), 

the bending moment  M  can be expressed as follows. 

 
2

*
2

M E E I
x x

      
  (1) 

Substituting (7) into (5) yields. 

 
3

*
3

Q E E I
x x

       
 (2) 

Considering the fluid as incompressible and neglecting the temperature effect of the 

fluid, there is a simple linear relationship between the pressure in hydrostatic water and[39,40]. 

  o oL

x
P x P

L
  (3) 

It can therefore be concluded that. 

 0px pz o oF F P A
x x

       
，  (4) 

Taking equation (9) into (10) gives. 

 
2

2
o oL o oL

pz

A P A P x
F

L x L x

  
 

 
 (5) 

By adding up equations (1) and (3) and substituting into (10), we obtain 

     0i f f p f

U
T P A M M g M

x t

 
    

 
 (6) 

The additional axial force generated by the pressure on the fluid at the lowermost end 

of the pipe is  0 1 2LP  . The axial force     at the end of the pipe is equal to 1 when the 

pipe is restrained and 0 when it is free. Secondly, the axial force at the pipe is generated by 

the gravity of the counterweight minus its buoyancy, i.e. 

 bT M F   (7) 

Integrating (12) from to gives. 

        1 2i f oL f f p fx

U
T P A T P A M M g M L x

t

          
  (14) 

Subtracting from equations (2) and (4) gives 
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   

2 2

2

                                                   0

f f i f a

f pz f

Q
M U w T A P M M

x x x x x t

U
k M F F

t t x

 

 

                         
  

    
  

 (15) 

Taking (8), (10), (11) and (14) into the above equation yields. 

 

 

   

 

 

4
* 2

4

2

2

2

2

2

1 2

2

0

f oL f

o oL
f p f

o oL
f p f

f p a f

E E I M U T P A
x x

A P xU
M M g M L x

t L x

A P
M M g M U

L x t x

M M M k F
t t

 



 

 

         
            

          
 

     
 

 (16) 

According to the Morison[38] equation, the total drag force acting on the vertical column 

structure per unit length can be obtained as. 

 
1

2D D w OF C D V V  (17) 

Where  DF  is the horizontal drag force,   DC is the drag force coefficient. When the 

Reynolds number 5 3 10eR   ,  1.2DC  .  w is the seawater density,  OD is the riser outer 

diameter,  V is the current flow velocity. 

The inertial force acting on a vertical cylindrical structure per unit length can be ex-

pressed as. 

 
2 2 2

4 4 4I w a w m w

D V D V D V
F C C

t t t

      
  

  
 (18) 

Where   aC is the additional mass coefficient,  1.2aC  ,   mC is the inertia force coeffi-

cient (  1m aC C  ). 

Then the hydrodynamic load acting on the vertical cylindrical structure per unit length 

can be obtained as. 

 
21

2 4f D I D w O m w

D V
F F F C D V V C

t

  
   


 (19) 

In summary, combining Eqs. (16) and (19) yields the differential equations of motion 

for the pipeline under internal flow, sea current and wave excitation as. 
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 

   

 

 

4
* 2

4

2

2

2

22

2

1 2

2

1
0

2 4

f oL f

o oL
f p f

o oL
f p f

o
f p a D w o m w

E E I M U T P A
x x

A P xU
M M g M L x

t L x

A P
M M g M U

L x t x

D V
M M M k C D V V C

t t t

 



 

   

         
            

          
  

      
  

 (20) 

2.2 Boundary condition and general solutions 

Assuming that the pipe boundary conditions are simply supported at both ends, the ex-

pressions are. 

 
       
       

1 1

2 2

0 0 , 0 0

,

T

T

EI K EI K

EI L K L EI L K L

   

   

 



  

  

 

  
 (21) 

Where 1 2 ,K K  is the top and bottom linear spring stiffness, respectively, and 1 2,T TK K  

is the top and bottom torsional spring stiffness, respectively. In this paper, the boundary con-

ditions of the water pipe: the top is supported, i.e., the top displacement and bending moment 

are 0; the bottom is a constraint with a concentrated mass (   M ), i.e., the bottom bending 
moment is equal to 0. The mathematical formula can express the boundary conditions. 

 
     

   2

0 0 0, 0L

EI L M L

  

  

 

 

 
 (21) 

Where 1 K  , 1 0TK  , 2
2K M , 2 0TK  , and 

2
4 M

a
EI


 . 

The differential equation of motion of the cold-water pipe is simplified by introducing 

dimensionless coefficients, which are as follows. 

 

   
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2
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3 3

1 1 2 2 1 1 2 2
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,

f f

p

p f boL o
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p p
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p
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M Mx EI t
u UL

L L M L EI M

M M L M F LP A L
g

EI EI EI

P A L DI E
d

EI EM L L

M M L
v VL w w L

EI EI M

L L L L
k K k K k K k K

EI EI EI EI

    

 
  

  

  

   

   

 



 

 (23) 
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The primary consideration in this study is that the internal fluid is a constant flow, i.e., 

for the stability problem of self-excited vibration, so equation (20) is simplified to 

 
      '''' '''' 2 '

¨
' 2 2 2

Γ Π 1 2

1 1
2 0

2 4D m

u I

u rw d C dv C d v

         

       

         

     

 

  
 (24) 

The boundary conditions are simplified as. 

 
       
       

1 1

2 2

0 0 , 0 0

1 1 , 1 1

T

T

k k

k k

   

   





  

 

  

 
 (25) 

The Differential quadrature method is a standard numerical solution for solving ordinary 

and partial differential equations. The basic idea is to approximate the derivative of a partic-

ular point in the computational region concerning the spatial variables by a weighted sum of 

the function values of all points in the computational region. It is assumed that the solution 

of equation (24) is obtained in the form of as follows. 
 ( , ) ( ) exp( )        (26) 

Substituting equation (26) into equations (24) and (25) yields. 

 
2

2 2

(1 ) { (1 2 ) ( ) }

( 2 ) ( ) 0

u

u rw d

      

     

          

      
 (27) 

The boundary condition of the pipe. 

 1 1

2 2

(0) (0),   (0) (0)

(1) (1),   (1) (1)
T

T T

k k

k k

   
   
    
    

 (28) 

Then the DQM discrete format of the control equation for the lateral vibration motion 

of the cold-water pipe under the action of the internal and external flow is as follows. 

 

(4) 2 (2) (1)

1

(4) (1) 2 2

1

{ [ (1 2 ) ( ) ] ( ) }

[( 2 ) ] 0

N

ij i i ij ij j
j

N

ij ij j i
j

A u A A

A uA rw d

      

    





         

    



 
 (29) 

The DQM discrete format of the boundary conditions is as follows. 

 

(3) (2) (1)
1, 1 1 2, 1 2,

1 1 1

(3) (2) (1)
1, 2 1 , 2 ,

1 1 1

0,               0,

0,   0.

N N N

j j j T j j
j j j

N N N

N j j N N j j T N j j
j j j

A k A k A

A k A k A

  

   

  

 
  

   

   

  

  
 (30) 

Use the subscript b to denote the boundary and d to denote the non-boundary, i.e. 

 1 2 1 3 4 4 3{ , , , } ,    { , , , }T T
b N N d N N              (31) 

Substituting equation (31) into equations (29) and (30), respectively, the following ma-

trix form is obtained. 
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 2 ( ) ( ) 0     d db b dd d db b dd dI G G K G      (32) 

 0 bb b bd dK K   (33) 

Solving Eq. (33) by matrix operations and substituting the result into Eq. (32) yields 

 1
db bb bd ddG G K K G    (34) 

 1
db bb bd ddK K K K K    (35) 

Eq. (33) has a non-zero solution of sufficient necessary conditions for the determinant 

of the matrix 2I G K    to be zero so that the eigenvalues of the transverse vibration 
equation of the pipe can be solved, combined with Mathematica software to write the pro-

gram, and finite element software Ocraflex simulation, using the cold-water pipe parameters 

and fluid parameters as shown in Table 2, to analyze the characteristics of the dynamic re-

sponse of the pipe. 

Table.2 Physical properties of CWP 
Property Value 
Bending stiffness (Gpa) 30 
Inner diameter (m) 
Outer diameter (m) 

1.5 
1.6 

Density of the seawater (kg/m3) 
The density of the pipe (kg/m3) 

1025 
1760 

Pipe length (m) 1000 
Axial equivalent tension 0 
External flow velocity (m/s) 1.09 
Velocity of the internal flow (m/s) 5.0 
Top fluid pressure (Pa) 51.0 10  
Poisson's ratio 0.3 
Adapted drag coefficient 
Additional mass coefficient 

1.0 
1.0 

2.3. Convergence and accuracy 

To verify the effectiveness of the DQM method, the software Ocraflex was used to cal-

culate the transverse vibration amplitude of the cold-water pipe at water depths of 100m, 

300m, 500, 700m and 900m, and the results were compared with those solved by the DQM 

method, which are shown in Table 3 and as shown in Fig. 5. 

Table.3 Transverse vibration amplitude at different point of the pipe 

Pipe Section Location Numerical simulation method (m) DQM Method (m) 

0.1 0.8536 0.8934 
0.3 0.4952 0.4879 
0.5 0.3016 0.2991 
0.7 0.1954 0.2047 
0.9 0.1187 0.1152 

As seen from Table 3, the results of the finite element of transverse vibration amplitude 

at different locations of the pipe are very close to the theoretical solution, proving the 
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method's effectiveness and correctness. As seen in Fig. 5, the vibration response at the top of 

the pipe is the largest, and with the increase of water depth, the vibration response of the 

cold-water pipe keeps decreasing. 

 

Fig.5 Lateral vibration amplitudes at different water depths (Ocraflex) 

3. Results and discussion 

In the actual design process of the cold-water pipe project, three factors, waves, the 

clump weight, and internal flow velocity, respectively, significantly impact the lateral dis-

placement and maximum bending moment of the cold-water pipe. This section will detail the 

impact of the appeal parameters on the mechanical properties of the chilled water pipe. The 

parameters shown in Tables 2 and 4 are still used in the analysis process. 

Table.4 Environmental parameters of current and wave 
Periodicity (year) 1 10 100 

Wave 
Significant wave height (m) 4.8 5.8 6.5 

Max wave height (m) 8.3 10.0 11.3 
Period (s) 7.8 9.0 9.8 

3.1. Parameter sensitivity analysis 

3.1.1 Effects of waves 

The impact of waves on the cold-water pipe can be divided into two main aspects: one 

is the hydrodynamic load acting directly on the pipe; the other is the dynamic boundary con-

ditions at the top of the pipe changed by acting on the floating body platform, while the 

movement of the floating body platform will also cause a more significant impact on the 

offset and vibration response of the pipe. In order to investigate the effect of waves on the 

lateral deflection and maximum bending moment of the pipe, three sets of wave parameters 

are selected for comparison and analysis in this subsection: 1-year, 10-year and 100-year 

encounters. 
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(a)  lateral displacement (b)  Max bending moment

1 10 100 1 10 100

 
Fig. 6 The lateral displacement and max bending moment of the pipe with respect to differ-

ent wave intensities 

Fig. 6(a) shows the variation of lateral deflection with wave intensity at different pipe-

line locations. It can be seen that the hydrodynamic load generated by the waves on the pipe 

gradually accumulates with the water depth. Thus the lateral deflection of the pipe gradually 

increases, and its maximum can reach about 40m. The lateral displacement of the pipe is 

almost constant under the three wave intensities, mainly because the pipe is a large-scale 

structure and the wave parameters are not significantly different. The maximum bending mo-

ment development curve of the pipe considering only the wave strength is given in Fig. 6(b). 

It can be found that the wave strength has a more significant influence on the bending moment 

of the cold seawater pipe; when the wave strength is the same, with the increase of water 

depth, the bending moment of the pipe shows a trend of first increasing and then decreasing. 

The maximum bending moment appears in the upper part of the pipe, especially at the top, 

where the abrupt change of the maximum bending moment occurs. The larger the wave 

strength is, the more abrupt change slightly decreases. 

3.1.2 Effects of the clump weight 

This section focuses on the effect of the bottom counterweight block on the dynamic 

response of the cold seawater pipe. The counterweight weights of 900t, 1000t and 1100t are 

selected for comparative analysis, and other parameters are still selected from Table 4. Fig.7 

shows the curves of the development of the pipe's lateral deflection and maximum bending 

moment with water depth under different counterweight weights. 
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(a)   lateral displacement (b)  Max bending moment
 

Fig. 7 The transverse displacement and max bending moment of the pipe with respect to 

different clump weight at the bottom 

Fig. 7(a) gives a graph of the development of the lateral offset of the pipe with the water 

depth at the different weights of the bottom counterweight. It can be found that with the 

increase of water depth, the lateral offset of the pipe gradually increases, and the growth of 

the lateral offset of the pipe tends to level off at 900-1000m. With the increase in the weight 

of the bottom counterweight, the pipeline's lateral offset gradually decreases, indicating that 

the bottom counterweight can effectively reduce the lateral offset of the pipeline. According 

to Fig. 7(b), when the weight of the counterweight is 900t, the maximum bending moment of 

the pipe increases sharply with the increase of water depth and then decreases gradually and 

levels off at 500-1000m. When increasing the bottom counterweight's weight, the pipeline's 

maximum bending moment can be effectively reduced in the water depth range of 100-200m. 

3.1.3 Effects of internal flow velocity 

This section studies the effect of the internal flow velocity on the lateral deflection and 

maximum bending moment of the pipe. Three groups of internal flow velocities, 2m/s, 4m/s 

and 6m/s, are selected respectively for comparison and analysis, while other parameters are 

still selected from Table 4. Fig. 8 shows the curves of the development of lateral deflection 

and maximum bending moment of the pipe with water depth under different internal flow 

velocities. 

Fig. 8(a) shows the development curve of lateral deflection of the pipe under the effect 

of internal flow only. It can be seen that the effect of the internal flow velocity on the lateral 

offset of the cold seawater pipe is negligible. With the increase of the water depth, the lateral 

offset increases, and the maximum offset of the cold seawater pipe under the three internal 

flow velocities are about 40m, in line with the requirements of the actual project, the lateral 

offset of 40m is not more than 5% of the water depth of 1200m. Fig. 8(b) is the development 

curve of the maximum bending moment of the pipe with the water depth under different 

internal flow velocities, the maximum bending moment of the cold seawater pipe is not 
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significantly affected by the change of the internal flow velocity, and there is a sharp increase 

in the water depth of 30m. The overall trend is that the maximum bending moment decreases 

gradually with the increase of water depth. 

(b)  Max bending moment(a)   lateral displacement
 

Fig. 8 The transverse displacement and bending moment of the pipe with respect to the in-

ternal flow velocity 

3.1.4 Effects of current velocity 

In order to investigate the effect of sea current on the lateral deflection and maximum 

bending moment of the pipeline, three sets of sea current flow parameters of 1-year 1-inter-

val, 10-year 1-interval and 100-year 1-interval are selected for simulation in this section. 

Figure 9 shows the graphs of lateral deflection and maximum bending moment development 

of the pipeline under different sea current flow rates. 

(a)   lateral displacement (b)  Max bending moment

1 10 100 1 10 100

 

Fig. 9 The transverse displacement and max bending moment of the pipe with respect to the 

external flow velocity 
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From Fig. 9(a), it can be seen that the current velocity has a significant influence on the 

lateral offset of the cold-water pipe; with the increase of the current velocity, the lateral offset 

of the pipe increases; when the occasional 100-year one encounter sea current is encountered, 

the lateral offset reaches 80m, which exceeds 5% of the seawater depth of 1200m and is not 

in line with the engineering reality, so special attention needs to be paid to the influence of 

the change of the current sea velocity on the lateral offset of the pipe. It can be seen from Fig. 

9(b) that the effect of sea current velocity changes on the maximum bending moment of the 

cold-water pipe is mainly manifested in two aspects, one is the difference of the peak near 

the top of the cold seawater pipe, and the other is that the maximum bending moment of the 

pipe increases with the increase of current velocity, but its change trend is the same. The 

change in current velocity significantly impacts the maximum bending moment of the pipe. 

3.2. Orthogonal analysis of key parameters 

The analysis in the previous section shows that the four factors of the wave, the clump 

weight, internal flow velocity and current influence the mechanical properties of the pipe. In 

order to further analyze the degree of influence of the three influencing factors on the cold-

water pipe, this subsection, through the orthogonal test design, is for a comprehensive anal-

ysis of the degree of influence of cold-water pipe. 

3.2.1 Analysis of orthogonal experiments 

This multi-factor and multi-level analysis method of the number of simulation experi-

ments into a power increase, the use of this comprehensive experimental approach requires 

a large number of simulation experiments, the workload is quite large, resulting in tedious 

work. In this paper, the orthogonal experiment method is used, which is a feasible method to 

improve the efficiency of seeking the optimal level of combination and is widely used. 

Through the analysis of the three factors in the previous section to get the wave, the 

clump weight, internal flow velocity and sea current on the dynamic characteristics of the 

cold-water pipe more significant, therefore, the four factors to analyze the degree of influence 

on the dynamic response of the cold-water pipe. The orthogonal test matrix table with four 

factors and three levels was designed as shown in Table 5. 

Table.5 CWP orthogonal test matrix table 

Horizontal 
Factors 

Wave (m) Current (m/s) 
Internal flow ve-

locity (m/s) 
The clump weight 

(t) 

1 4.8 0.99 2 900 

2 5.8 1.09 4 1000 

3 6.5 1.42 6 1100 

In analysing the impact of different factors on the cold-water pipe, at the same time, 

consider each factor set several parameters. The orthogonal 34 orthogonal test form was used 
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to carry out the orthogonal test design, and the protocol was developed concerning the or-

thogonal form, as shown in Table 6. 

Table.6 Orthogonal test table of CWP 

Number Wave (m) Current (m/s) 
Internal flow ve-

locity (m/s) 
The clump 
weight (t) 

1 4.8 0.99 2 900 

2 4.8 1.09 4 1000 

3 4.8 1.42 6 1100 

4 5.8 0.99 4 1100 

5 5.8 1.09 6 900 

6 5.8 1.42 2 1000 

7 6.5 0.99 6 1000 

8 6.5 1.09 2 1100 

9 6.5 1.42 4 900 

3.2.2 Simulation date analysis 

In this subsection, the dynamic response analysis of the cold-water pipe was carried out 

using the finite element software Ocraflex simulation method, and nine numerical calcula-

tions were performed. The relevant data obtained are shown in Table 7. 

Table.7 Simulation data of nine groups CWP tests 

Numbers Max lateral displacement (m) Max bending moment (kN.m) 

1 41.46 1854.8 

2 46.8 1806.88 

3 72.33 1910.79 

4 34.73 1668.64 

5 51.57 1892.18 

6 78.35 1950.59 

7 37.96 1446.81 

8 42.88 1417.94 

9 86.16 1840.65 
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3.2.3 Extremum difference analysis 

In this subsection, four factors affecting the power response of the pipe and their three 

different levels are analyzed in an orthogonal simulation. In order to see the sensitivity of the 

different levels of different factors to the influence of the pipe dynamic response, the sensi-

tivity is analyzed by the polar difference method. The basic principle of the polar difference 

method is divided into two steps: (1) calculate the average value of the same level under the 

conditions of different factors; (2) calculate the fluctuation range of the average value of the 

same factor under the conditions of different levels, the value of the fluctuation range is the 

resulting polar difference. 

(1) The results of the maximum lateral displacement of the cold-water pipe obtained 

from the orthogonal experiment are post-processed to obtain the polar difference based on 

the maximum lateral displacement and plotted as shown in Fig. 10. It can be seen that: the 

order of importance affecting the lateral displacement of the cold-water pipe are: current, the 

clump weight, wave and internal flow; when the lateral offset of the cold-water pipe reaches 

the maximum, the parameters are: wave is 6.5m, current velocity is 1.42m/s, the internal flow 

velocity is 5m/s, and the clump weight is 900t. 

(2) The results of the maximum bending moment of the cold-water pipe obtained from 

the orthogonal experiment were post-processed to obtain the extreme difference based on the 

maximum bending moment and plotted as shown in Fig. 11. It can be seen that: the order of 

importance of the maximum bending moment affecting the cold-water pipe are: wave, sea 

current, the clump weight, and internal flow velocity; when the bending stress of the cold-

water pipe reaches the maximum, the parameters are: wave is 4.8m, sea current is 1.42m/s, 

the internal flow velocity is 5m/s, the clump weight is 900t. 

 
Fig. 10 Range analysis of max lateral deviation range of CWP 
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Fig. 11 Range analysis max bending stress of CWP 

Through the above extreme difference analysis of the lateral offset and maximum bend-

ing moment of the cold-water pipe, it is concluded that: the influence of wave order in the 

first place twice, which fully indicates that the change of wave has the most significant impact 

on the maximum bending moment of the cold-water pipe, which is the most critical factor 

affecting the dynamic response characteristics of the cold-water pipe; the change of the cur-

rent velocity has the most apparent impact on the lateral offset of the cold-water pipe; in 

summary, it can be seen that the wave, the current velocity and the clump weight at the bot-

tom have a significant impact on the dynamic response of the cold-water pipe, therefore, in 

the design and manufacture of the cold-water pipe and the installation and operation process 

need to pay attention to these three parameters. 

4. Conclusions 

In this paper, the mechanical properties of ultra-large cold-water pipe for Ocean Ther-

mal Energy Conversion is addressed. The lateral motion control equations of the pipe are 

derived based on the structural dynamics and semi-analytical solution methods, and the effect 

of the parameters of waves, the clump weight, internal flow and sea current are analyzed 

using finite element software, and the specific conclusion are as follows. 

(ⅰ). Based on the Euler-Bernoulli beam theory and differential quadrature method, the 

mechanical model of transverse vibration control of ultra-large cold-water pipe is established 

by comprehensively considering the effects of wave, sea current, internal flow and the clump 

weight, and the semi-analytical solution of the mechanical response of the pipe is derived, 

and the correctness of the theoretical model is verified by comparing with the numerical sim-

ulation results. 

(ⅱ). The wave strength, the clump weight, internal flow velocity and sea current velocity 

can gradually increase the lateral deflection of the cold-water pipe, but different wave 

strength and internal flow velocity have little effect on the lateral deflection of the pipe. 
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Increasing the clump weight at the bottom can effectively suppress the lateral deflection of 

the pipe, and the suppression effect is better near the location of the bottom counterweight; 

the larger the sea current velocity is, the larger the lateral deflection of the pipe is, which is 

likely to cause the cold-water pipe strength failure problem. 

(ⅲ). Wave strength, the clump weight, internal flow velocity and sea current velocity 

have a greater effect on the maximum bending moment of the pipe, and their effects are first 

sharply increased, and then gradually decreased until leveling off. However, the effect of the 

parameters is different in the location of the pipe section, at 100-200m, the greater the wave 

strength, the smaller the maximum bending moment, and at 600m, the maximum bending 

moment changes begin to level off. At 50m-150m, the clump weight at the bottom and the 

velocity of the current are larger, the maximum bending moment decreases gradually, and at 

600m, the maximum bending moment begins to level off. 

(ⅳ). Based on the orthogonal analysis of key parameters, the change of wave has the 

greatest influence on the maximum bending moment of cold seawater pipe, the change of sea 

current velocity has the most obvious influence on the lateral deflection of cold seawater 

pipe, and the clump weight at the bottom can effectively suppress the lateral deflection and 

maximum bending moment of pipe. 
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