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Abstract  

With the development of hydraulic technology, hydraulic steering gears have been 

widely used on the ship. However, the fluid-borne noise of hydraulic steering gear sys-

tem is one of its fatal flaws, which not only affects working and resting environment of 

the crew, but also lead to various accidents. Water hammer which is caused by opening 

or closing the proportional directional valve abruptly is a vital noise source in the ship 

steering system, so reducing the effect of water hammer is important to improve work 

environment and the performance of the ship steering system. The wave equations of 

non-constant flowing of the pipeline of the ship steering system were established in the 

paper. The numerical simulate of the transient characteristics of water hammer which 

was caused by closing the proportional directional valve abruptly was done by the me-

thod of characteristics and finite difference method ((MOC-FDM) using Fortran lan-

guage. The simulation took into account not only the steady-state friction loss of the 

pipeline, but also the dynamic friction loss of the pipeline. The effects of reducing water 

hammer by using the single accumulator and multi-accumulator with different inflation 

pressures and nominal volumes were compared in the paper, too. The results show that 

the capacity to reduce the water hammer or hydraulic shock is related to the nature 

frequency and the ratio of damping of the system.  
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1. Introduction 

Water hammer (hydraulic shock or transient flow), is the term used to describe the 

pressure fluctuations in pipeline when the liquid is stared or stopped quickly. With the 

development of hydraulic technology, the mechanical steering gears is gradually re-

placed by the electro-hydraulic steering gears which include pump-control steering 

gears (PCSG) and valve-control steering gears (VCSG) in ships. The VCSG has been 

widely used in ships because of the low cost and simple compositions. However, water 

hammer caused by valve closure will reduce the servo precision of the system and 

generate great noise, which is a great challenge to the development of VCSG. 

The calculation methods of water hammer mainly include analytical method, graphical 

method, numerical simulation method. Water hammer is a complex phenomenon with 

non-constant fluctuations. The cavitation caused by negative pressure will change the 

original characteristics of the pressure wave fundamentally. So it is difficult to accurately 

describe the process of water hammer by the former two methods which must greatly 

simplify the problem. With the emergence of high-speed computers and the develop-

ment of numerical methods, a new age for water hammer analysis is dawning. Numer-

ical methods of water hammer mainly include method of characteristics (MOC), finite 

volume method (FV), plane wave method. The equations of water hammer are essen-

tially hyperbolic partial differential equations, which can be translated into ordinary dif-

ferential equations by MOC, which make it easy to simulate in computes and is the most 

widely used numerical method for water hammer problems. It is necessary all the 

components of the system have the same time step which usually use grid interpolation 

methods (GIM) in the simulation by MOC (Cai 1990). GIM are mainly include spatial 

interpolation methods and time interpolation methods (Trikha 1975 & Goldberg et-

al.1983). Time interpolation methods are include forward time interpolation and back-

ward time interpolation. The former can greatly reduce the time step without the limita-

tions of time, while the latter has well efficient and has advantages in solving non-linear 

problems. In addition, some scholars have proposed mixed-interpolation method (Lai, 

1989 & Karney et al. 1997). spline interpolation method (Sibertheros et al. 1991) and 

other new methods. 

The inertia and viscous properties of journal fluid of the pipeline has an important impact 

on the transient characteristics. As the oscillation of pressure wave is closely related to 

the inertia properties of fluid, while the friction in the pipeline is mainly caused by the 

viscous properties of fluid. The friction model of pipeline mainly include steady-state 

friction model (Streeter et al. 1985) experienced friction model (Brunone et al. 1991) and 



 

friction model based on physical properties (Vardy et al. 1995). 

Using accumulator to prevent pressure surge and valve vibration of the condensate 

pump system is a good method (Jiang, 2010). An accumulator of convenient size can 

reduce the duration and amplitude of the pressure fluctuations (Rabie, 2007). In the 

paper, the accurate model taking account to the characteristic of entrance of the ac-

cumulator is established. In addition, the models of single-accumulator and mul-

ti-accumulator suppressing the hydraulic shock are established respectively. The nu-

merical simulation of single-accumulator, multi-accumulator which use MOC-FDM take 

account to both steady-state friction and unsteady-state friction.  

2. Mathematical model 

2.1 Model of single-accumulator taking account to the characteristics of 

entrance  
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Figure 1: Suppressing water hammer with single-accumulator 
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Figure 2: Structure of the bladder accumulator 

The bladder accumulator, which mainly consist of bladder, shell, poppet valve and so on 

is widely used in suppressing the hydraulic shock as it is sensitive to the pressure fluc-

tuations. In practice, the pipeline L1 is usually used to connect the accumulator to the 

hydraulic system. The force balance equation of L1 follows: 

1 1 1 1 1 1(dQ / )m H m H mP P R Q L dt− = +   (1) 



 

The force balance equation of L2 follows: 

2 2 2 2 2 2(dQ / )m H HP P R Q L dt− = +   (2) 

The force balance equation of the fluid in the accumulator follows: 

2 a 2 2/acH acHP P L dQ dt R Q− = +   (3) 

Where iP = the pressure of the accumulator, iQ = the flow of the accumulator, 
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tion of the accumulator, μ = oil viscosity, ρ = oil density, il = the length of the pipeline 

iL , iA  is cross-sectional area of the pipeline iL , im = quality of the of the oil of pipeline 

iL , 1,2,i ac= . In the joint 1 2m m−  of the pipeline, the force equation follows: 

2
1m 2 1 / 2m mP P P vξρ− = Δ =   (4) 

Where ξ = local resistance coefficient, 1v = the flow velocity in the joint of the 

pipeline.Compared to the overall pressure drop, the pressure drop in the joint of the 

pipeline is very small, after ignoring the local resistance coefficient ξ , the equation (4) 

follows: 

1m 2= mP P   (5) 

The compressibility of the oil is very small compared with air, which has little effect on 

the system. After ignoring it: 

1 1 2 2m mQ Q Q Q= = =   (6) 

When the accumulator is considered as “gas spring-damper model”, the force balance 

equation follows: 

a
1a a

ac e a
ac ac

V dVP A K C
A dt A

= +   (7) 

Where eK = stiffness of gas spring, aC = gas damping coefficient. 

In the equation (7), the second term is very small compared to the first term in the right 

side of equality sign, which could be ignored. Unite equations (1)-(7): 
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Equation (8) can be rewritten after Laplace transformation as follows: 

2
1

2

( ) 1
( ) 2 1

a

nn

P s
P s s s

ww
ζ

=
+ +

  (9) 
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2.2. Model of multi-accumulator suppressing water hammer 
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Figure 3: Suppressing water hammer with multi-accumulator 

When there are lots of small accumulators before the proportional direction valve, the 

model of the system is following: 
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tors. 

3. Friction model 

When the axial velocity of the one-dimensional unsteady flow before valve is replaced 

by the average velocity V, taking the small fluid body which the thickness is xδ  for 

studying, the momentum equation of the flow is following: 

2 ( ) 0P Q Q Q f Q
x x A tA

ρ ρ∂ ∂ ∂+ + + =
∂ ∂ ∂

 (11) 

Where P=pressure of the pipeline, Q= flow of the pipeline. 

The continuity equation is following: 

2

0P Q P a Q
t A x A x

ρ∂ ∂ ∂+ + =
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  (12) 

Where 
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+ −
= propagation speed of the pressure wave, A= cross sec-

tional area of the pipeline, ( )f Q  = friction related to the flow Q, d is the diameter of the 

pipeline, E = elastic modulus of the pipe, B = pipe thickness, μ′ = poisson's ratio of the 

pipe. 

The wave equations (11) and (12) are all hyperbolic partial differential equations, which 

can be transformed to special ordinary differential equations by MOC as follows:  
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On the integral along the characteristic line, the ordinary differential equations can be 

transformed to finite difference equations which can be processed easily in the 

computer as follows: 

0 ( ) ( ( ) ( )) 0
2P A P A P A
a tZ Q Q P P f Q f QΔ− + − + + =   (15) 

0 ( ) ( ( ) ( )) 0
2P B P B P B
a tZ Q Q P P f Q f QΔ− − + + + =   (16) 



 

The viscosity of hydraulic oil is large compared to the air and water, so it is necessary to 

consider both steady friction and unsteady friction in the dynamical flow: 

( ( )) ( ( )) ( ( ))u sf Q t f Q t f Q t= +   (17) 

Where ))(( tQfd  is the unsteady friction as follows: 
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In the equation (18), 
t
tV

∂
∂ )( 1 is an unknown expression, which is difficult to calculate 

directly by integral method. After 
t
tV

∂
∂ )( 1  is replaced by the iterative expression 

( ( ) ( )) /Q t t Q t A+ Δ − , the equation (23) can be rewritten as follows: 
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Where im 、 in  could be calculated by the function which was proposed by Trikha as 

follows: 
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))(( tQfs  is the steady friction, which is as follows for laminar flow: 
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Where v  is the kinematic viscosity of hydraulic oil.  

4. Numerical simulations 

4.1 With single-accumulator 

When the proportional direction valve is closed abruptly, the flow before the valve 6Q  

will have a step change. As 6 0=-
4
dQ vπΔ , the equation can be rewritten after Laplace 

transformation as follows: 
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Where d = diameter of the pipe, 0v = flow velocity before the valve. 

In general, the performance indicators of transient response of the second-order system 

include peak time tP maximum overshoot MP, adjustment time st ,which can be found in 

Hu, S. S. (2001) and Yang, S. Z. & Yang, K. C. (2001). 

The time when the response curve reach maximum value is defined as peak time,  
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When st t≥ , ( ) ( ) ( )o o oP t P PΔ− ∞ ≤ ⋅ ∞ , in which st is defined as adjustment time and Δ  is 

the ratio of allowable amplitude of pressure fluctuations to the pressure of system. 

When Δ =0.02, the expression of st follows:  
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Maximum overshoot is defined as follows： 
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United equations (24) and (26), the equation (14) can be rewritten as follows: 

2/ 1
PM e ζπ ζ− −=   (27) 
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Figure 4: Trend of Mp with the change of ζ  
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Figure 5: with single-accumulator before the proportional direction valve 

The accumulators with nominal volume 1.6L and 2.5L were used in the paper respec-

tively, which have the same size except the total length. The length of connecting pipe is 

66mm, the length of neck pipe is 34mm, the diameter of neck pipe is 42mm, the di-

ameter of the accumulator body is 152mm. 
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Figure 6: Pressure fluctuations without accumulator 

As the figure 6 shows, when the proportional direction valve is closed abruptly, the ki-

netic energy of the fluid is transformed to the pressure energy. The maximum pressure 

is 15.94MPa , while the minimum pressure is 4.41MPa . The period of the pressure 

fluctuations is 0.094s. After the time about 3 second, the pressure fluctuations ampli-

tude gradually trend to steady state because of the oil viscosity and pipeline friction. The 

simulation is consistent with the theoretical results, which the maximum value of the 

pressure is 15.95MPa , and minimum value is 4.05MPa , and the period of the pressure 

wave is 0.094s. 
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with accumulator 1.6L/5MPa

with accumulator 1.6L/6MPa

 

Figure 7: Simulation results with single accumulator 1.6L/5MPa and 1.6L/6MPa sup-

pressing water hammer 
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with accumulator 2.5L/7MPa

with accumulator 2.5L/8MPa

 

Figure 8: Simulation results with single accumulator 2.5L/7MPa and 2.5L/8MPa sup-

pressing water hammer 

Note: /s sV P =the nominal volume and the inflation pressure of the accumulator. 

As is shown in the figure 7 and 8, the pressure with accumulator has reduced obviously 

by contrast to the results in the figure 7 without accumulator. The maximum pressure is 

15.57MPa , the minimum pressure is 5.57MPa  with accumulator 1.6L/5MPa, while the 

maximum pressure is 14.66MPa , the minimum pressure is 6.39MPa  with accumulator 

1.6L/6MPa. The maximum pressure is 13.34MPa , the minimum pressure is 7.16MPa  

with accumulator 2.5L/7MPa, while the maximum pressure is 12.30MPa , the minimum 

pressure is 8.09MPa  with accumulator 2.5L/8MPa. 

With the increasing of the inflation pressure under the conditions of the same nominal 

volume, the natural frequency become small and the ratio of damping become large, 

which caused the capacity to suppressing pressure surge become large.  
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with accumulator 1.6L/10MPa
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Figure 9: Simulation results with single accumulator 1.6L/10MPa and 2.5L/10MPa 

suppressing water hammer 

As is shown in the figure 9, the pressure surge with accumulator has reduced greatly by 

contrast to the results in the figure 7 without accumulator. The maximum pressure is 

10.80MPa , the minimum pressure is 9.24MPa  with accumulator 1.6L/10MPa, while the 

maximum pressure is 10.70MPa , the minimum pressure is 9.48MPa  with accumulator 

2.5L/10MPa.  

With the increasing of the nominal volume under the conditions of the same inflation 

pressure, the natural frequency become small and the ratio of damping become large, 

which caused the capacity to suppressing the surge pressure become large, too.  

4.2 With multi-accumulator 
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Figure 10: With multi-accumulator before the proportional direction valve 

As is shown in the figure 10, the muffler is equivalent to lots of parallel accumulators 

from the structure and the mechanism to suppressing water hammer. However, it is 

impossible to install numbers of accumulators in the ships in the limitation of the cost 

and space of installation. So the case of multi-accumulator is replaced by the muffler 

both in simulation and experiment. In the paper, the length of hydraulic muffler is 0.4m, 

the inner diameter is 28mm, the outer diameter is 94mm, the length of the hole is 1.5mm, 

the diameter of the holes is 0.8mm, and the number of the holes are 368. 
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with muffler Ps=8MP
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Figure 11: Simulation results of hydraulic mufflers with different inflation pressure 
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with muffler Vs=0.013L
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Figure 12: Simulation results of hydraulic mufflers with different nominal volume 

As is shown in figure 11, with the increasing of the inflation pressure under the condi-

tions of the same nominal volume, the capacity of suppressing pressure surge become 

large. As is shown in figure 12, with the increasing of the nominal volume under the 

conditions of the same inflation pressure, the capacity of suppressing pressure surge 

become large, too.  

As the model of hydraulic muffler is second order system, too. The Mp is proportional to 

the natural frequency and is inversely proportional to the ratio of damping, while the 

inflation pressure and the nominal volume are all inversely proportional to the natural 

frequency of the system and proportional to the ratio of damping of the system.    

5. Conclusions and discussions 

The precise mathematical models of single accumulator and multi-accumulator were 

established in the paper. The systems with single accumulator and multi-accumulator 

are all second-order systems which the natural frequency and the ratio of damping are 

important parameters. The simulation presented that choosing hydraulic accumulators 

of convenient nominal volume and inflation pressure is important to suppressing pres-



 

sure surge. The study showed that the effect to reduce the amplitude of pressure surge 

using accumulator is related to the nature frequency and ratio of damping of accumu-

lators.  
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7. Symbols 

1A  Cross-sectional area of pipeline connected to accumulator 2m  

2A  Cross-sectional area of the neck of accumulator 2m  

acA  Cross-sectional area of the body of accumulator 2m  

a  Speed of pressure wave /m s  

B  Pipe thickness m  

eB  Equivalent damping coefficient of the system with single accumulator  

eB′  Equivalent damping coefficient of the system of multi-accumulator  

aC  Gas damping coefficient.  

d  Diameter of the pipeline m  

E  Elastic modulus of the pipe 2/N m  

k  Air polytropic exponent  

eK  Stiffness of gas spring in system with single accumulator /N m  

eK ′  Stiffness of gas spring in system with multi-accumulator /N m  

L  Fluid induction m  

1l  Length of pipeline connecting to accumulato m  

2l  Length of the neck of accumulator m  

acl  Length of body of accumulator  

1m  Mass of the liquid of pipeline connecting to accumulator Kg  

2m  Mass of the liquid of the neck of accumulator Kg  

acm  Mass of the liquid in the body of accumulator Kg  

em  Effective mass of the system with single accumulator Kg  

em′  Effective mass of the system with multi-accumulator Kg  

pM  Maximum overshoot  

N  Number of accumulators  

ρ  Oil density  



 

P  Pressure of the pipeline Pa  

Q  Flow of the pipeline 3 /m s  

R  Fluid resistance  

pt  Peak time s  

st  Adjustment time s  

0v  Flow velocity before the valve. /m s  

1v  Flow velocity in the joint of the pipeline /m s  

v  Kinematic viscosity of hydraulic oil 2 /m s  

nw  Natural frequency with single accumulator /rad s

nw′  Natural frequency with multi-accumulator /rad s

Y  Oscillation frequency  

ζ  Damping ratio of the system with single accumulator  

ζ ′  Damping ratio of the system with multi-accumulator  

ξ    Local resistance coefficient  

μ  Dynamical viscosity of hydraulic oil Pa s  

μ′  Poisson's ratio of the pipe  

 

 

 

 

 

 

 


