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Abstract: Fluid–structure interaction (FSI) is a frequent and unstable inherent phenomenon in water
conveyance systems. Especially in a system with a surge chamber, valve closing and the subsequent
water level oscillation in the surge chamber are the excitation source of the hydraulic transient
process. Water-hammer-induced FSI has not been considered in preceding research, and the results
without FSI justify further investigations. In this study, an FSI eight-equation model is presented to
capture its influence. Both the elbow pipe and surge chamber are treated as boundary conditions,
and solved using the finite volume method (FVM). After verifying the feasibility of using FVM
to solve FSI, friction, Poisson, and junction couplings are discussed in detail to separately reveal
the influence of a surge chamber, tow elbows, and a valve on FSI. Results indicated that the major
mechanisms of coupling are junction coupling and Poisson coupling. The former occurs in the surge
chamber and elbows. Meanwhile, a stronger pressure pulsation is produced at the valve, resulting
in a more complex FSI response in the water conveyance system. Poisson coupling and junction
coupling are the main factors contributing to a large amount of local transilience emerging on the
dynamic pressure curves. Moreover, frictional coupling leads to the lower amplitudes of transilience.
These results indicate that the transilience is induced by the water hammer–structure interaction and
plays important roles in the orifice optimization in the surge chamber.

Keywords: fluid–structure interaction; pipe flow; finite volume method; water hammer; transient flow

1. Introduction

Pipes conveying fluid are prevalent in many fields, including marine, civil engineering, nuclear
power industries, petroleum, and water conservancy systems in daily life [1]. As an inherent
phenomenon, fluid–structure interaction (FSI) always occurs in water conveyance pipelines [2–4].
Because of the existence of FSI, those pipes with few supports or thin walls show poor robustness,
where the FSI of pipes is enhanced [5]. Therefore, the FSI responses must be considered when analyzing
the characteristics of water conveyance systems [6]. The types of coupling that occur between the
pipeline and fluid mainly include friction coupling, Poisson coupling, and junction coupling, among
which the former two coupling take place throughout the whole pipeline. However, the last one
only happens locally in pipes, including in elbows, branches, valves, boundaries, and variable cross
sections [7], where the system coupling is much stronger [8]. Amongst these three coupling forms,
friction coupling has the weakest response and shows changes in its magnitude over a long period [9].
Meanwhile, as the most important coupling form, junction coupling produces a pressure head larger
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than the classical water hammer, and greatly depends on the robustness of the system [10]. Poisson
coupling and friction coupling can greatly influence junction coupling, and, in turn, junction coupling
has a greater impact on the pipeline system than Poisson coupling [11,12], which is derived from the
findings of the study conducted at the University of Dundee. By extension, Forbes and Stephen [13,14]
studied the response of fixed straight, J–shaped, and complex pipes on both ends of a pipeline in
frequency domain, and experimentally verified the correctness of their findings. Davidson and
Smith [15] designed a single elbow with one fixed end and one free end. Their numerical results agree
well with the experimental ones. Thereafter, Lesmez et al. [16], separately, conducted a modal analysis
of a Davidson single bend pipe and a U–shaped pipe with fixed ends by using the transfer matrix
method, and their findings expanded the scope of pipeline research.

The above studies have examined different pipeline layouts, formed the FSI responses analysis
method and provided solid bases for FSI research. However, these studies only focus on pipe-free
affiliated buildings. As for a water delivery pipeline, it is characterised by huge flow, multiple
fluctuations, and long distance. To ensure the safe operation of these systems, several components
must be installed to relieve pulsations. Amongst them, the commonly used surge chamber reduces
the water hammer pressure along the diversion systems consisting of pressure tunnel and pressure
pipeline, and subsequently prevents the related damage [17]. Zhang et al. [18] studied the influence
of the throttled surge chamber located at the junction of the tunnel and pressure pipeline on the
water hammer in a pressure pipeline system. During the fluid exchange between the pipeline and
the surge chamber, the latter greatly influences the flow state in the pipeline [19]. The FSI responses
of a water delivery system with a surge chamber are more complex than those of a system without
a surge chamber. To completely reveal the effects of the surge chamber on a water delivery system,
the FSI responses of this system should be considered. This study was based on the analytical formulas
for the water level in surge chamber and dynamic pressure in pipe derived by Zhang and Niao [20].
Considering the axial and lateral couplings of a pipeline, each segment has eight variables that describe
the pipeline state at every period [21]. Therefore, the FSI eight–equation model was adopted for this
paper, while the finite volume method was applied to find the solution. Finally, the FSI responses of a
classical water delivery system with a surge chamber were analysed.

2. Mathematical Model

2.1. Governing Equations

The in–plane coupled motion of a pipeline does not make torsion with the pipe and can be
decoupled from plane coupled motion [22]. When the in-plane coupled motion is considered, the axial
and transverse waves are assumed to be isolated in the straight pipe, whereas the axial and transverse
motions are assumed to affect each other only at the elbow [23]. Compared with the length of the
whole pipeline, the length of the elbow can be neglected. So the junction coupling at the elbow is
treated as the boundary condition. The coupling problem becomes much more complex considering
the interaction between axial coupling and lateral coupling at the elbow. Furthermore, the non-plane
coupled vibrations of the pipeline can be decoupled and analyzed individually [24].

The radial inertial force both in the liquid and in the pipe is neglected. When the radial motion
of the pipe is assumed to be quasi-static, the material of the pipe wall is homogeneous and isotropic,
and shows strong linear elasticity and a small deformation. Based on these assumptions, governing
equations of the system were formulated as follows, considering fluid viscous damping, Poisson
coupling, friction coupling, and junction coupling, as well as excluding gravity. In order to describe the
states of the water conveyance system, there were eight variables in each time step at each calculation
point. Thus, the FSI 8–equation model presented was suitable for this study.

According to Tijsseling and Vary [12], the axial governing equations of viscous fluid and pipe
system are:
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Fluid motion equation,
∂V
∂t

+
1
ρ f

∂P
∂z

+ R f V = 0 (1)
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−
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Axial pipe motion equation,
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−
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Stress–strain relationship of the pipe,
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−
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+
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= 0 (4)

According to the theory of Timoshenko beam, the FSI another four equations in plane were
obtained by using the Cowper method [18] and ignoring the effect of the migration item.
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∂z
+
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EIt

∂Mx

∂t
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More specifically, Equations (1) and (2) represent the water hammer equation of fluid. Equations
(3) and (4) represent the extended beam equations of the pipeline axial moving and Equations (5)–(8)
are the Timoshenko beam equations of the pipeline lateral moving. In these equations, P is fluid
pressure, V denotes fluid velocity, σz denotes axial pipeline stress, uz denotes axial pipeline velocity,
Qy denotes transverse shear force, uy denotes transverse pipeline velocity, Mx denotes the bending
moment of the pipeline, θx denotes angular velocity, E is the Young’s modulus of elasticity of pipe
materials, ν denotes Poisson’s ratio, e denotes wall thickness, At and Af represent the sectional area
of the pipe wall and internal sectional area of the pipeline, respectively, and ρt and ρf are density of
pipe and fluid respectively, shear modulus of elasticity of pipe materials is G = E/2 (1 + ν). Rf and Rt

are fluid damp coefficient and structure damp coefficient, separately, Rf = f|V|/4R, Rt= Rf ρt At/ρf Af.
In this study, f = F(Re), Re is Reynolds number, When Re < 2100, f = 16/Re, when 3000 < Re < 10000,
f = 0.079/Re0.25 When Re > 105, f = 0.046/Re0.2 [25,26] Here, Re = ρf |V|d/ν, v is Kinematic viscosity
of liquid.

2.2. Surge Chamber

In a surge chamber steup, the water conveyance pipeline is long, while the axial length occupied
by the surge chamber is relatively shorter. Therefore, the surge chamber can be equivalent to a particle
with the same function and quality [27]. A schematic of the surge chamber is presented in Figure 1.
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Figure 1. Schematic of a surge chamber (aF is transmitted wave and af is reflected wave).

A surge chamber follows the basic equation [19],

Qs = QL −QR = A f (V − uz)L −A f (V − uz)R (9)

where QL denotes the flow at the upstream end adjacent to the surge chamber, QR denotes the flow
across the section shortly downstream the chamber and Qs denotes the exchanged flow between the
surge chamber and the pipeline. As a result of the FSI response, the velocity of the fluid in the surge
chamber is actually the one relative to the lateral vibration velocity of the surge chamber. The motion
and continuity equation of the surge chamber can be defined as in Equation (10) As

∂Hs
∂t = Qs

L
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∂Qs
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ρg −Hs −
|Qs

n
|

2φ2Az2 Qs
n (10)

where As and Hs, separately, denote the section area and dynamic water level of the surge chamber. In
consideration of the FSI, the velocities corresponding to QL and QR separately are taken as the relative
ones to the pipe vibration speed. The following equation is then obtained
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(11)

Considering the lateral coupling vibration of the pipeline, the water level in the surge chamber is
taken as the relative value of the piezometric head in the chamber compared to the lateral displacement
of the pipeline. As shown in Appendix A, the P at n + 1 time–step is obtained as follows.

Pi
n+1 = f

(
Vn+1

i , Vn+1
i+1 , (uz)

n+1
i , (uz)

n+1
i+1

)
(12)

The motion and equilibrium equations for lumped mass and inner fluid in the axial z
direction satisfy.

At(σz)
n+1
i −At(σz)

n+1
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(uz)
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i+1 − (uz)

n
i+1
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(13)

Meanwhile, the motion equation in plane Z–Y and the equilibrium equations satisfy

(Qy)
n+1
i − (Qy)

n+1
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n
i+1

∆t
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(Mx)
n+1
i − (Mx)

n+1
i+1 = J

(θx)
n+1
i+1 − (θx)

n
i+1

∆t
(15)

where subscript L denotes the pipe nearest to the end of the pipeline upstream the chamber, subscript
R denotes the computation node nearest to the head end of the pipeline downstream the chamber,
mV represents the mass of the surge chamber and J represents the rotating inertia of the lumped mass
block around the x–axis.

2.3. Elbow Tube

The fluid state forcibly changes at the elbow tube, and the local coupling taking place here
significantly influences the FSI response of the water conveyance system. The junction coupling at
elbows is illustrated in Figure 2.
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Figure 2. Definition sketch of the junction coupling in elbow.

At the elbow of the pipeline, the coupling is treated as a boundary condition [28] by ignoring the
local head loss. The pressure balance relationship at both ends of the elbow junction can be expressed
as [29]

P1 = P2 (16)

By ignoring the flow separation and considering the continuity of the water column, the equilibrium
equation of flow velocity and the velocity on the wall can be computed as

V1 − uz1 = V2 − uz2 (17)

Meanwhile, the motion equations are

Af P1 − As σz1 = (Af P2 − As σz2) cosα + Qy2 sinα (18)

Qy1 = (Af P2 − As σz2) sinα + Qy2 cosα (19)

Mx1 = Mx2 (20)
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2.4. Outlet and Inlet Boundary

Given that the cross–sectional area of the reservoir is much larger than that of the pipeline,
the water level in the tank can be treated as a constant [30]

P = P0 (21)

where P0 denotes the pressure provided by the water level in the reservoir. The pipeline is rigidly
connected to the water tank. When the inlet or outlet is connected rigidly, continuity equations of axial,
lateral, and bending directions are as follows [31]

uz = 0 (22)

uy = 0 (23)

θx = 0 (24)

If the outlet is free, then the pipeline vibrates. Considering the FSI response, its unit discharge
is taken as the relative value between the actual flow velocity in the pipeline and its axial velocity.
The flow equation then can be modelled as

Q = At(V − uz) (25)

With a free outlet, considering the mass of valve, the equilibrium equations of the axial, lateral,
and angular forces at the outlet of the pipeline are, respectively, obtained as

mv
∆uz

∆t
= A f (1− τ)P−Asσs (26)

mv
∆uy

∆t
= Qy (27)

J
∆θx

∆t
= Mx (28)

where ∆t denotes the time step length and ∆uz, ∆uy and ∆θx represent the variations in the axial and
lateral velocities at the outlet of pipeline and the variation in the turning angle during a time step,
respectively.

3. Solution Technique

3.1. Finite Volume Method

When the equations are expressed in a discrete form by the finite volume method (FVM),
the physical explanation of the each term can be obtained and the conservation property of the
discrete equation is satisfied. This numerical method has relatively high accuracy because it performs
integration in each control volume. Subsequently, the FSI with water hammer in the pipeline is
calculated. It achieves dispersion of the equations with the control volume integral and integrates the
continuous equation from t to t + ∆t [32,33]. From Equations (1)–(8), the continuity and momentum
equations of the water region and structure region can be written in the matrix form.

A
∂Q
∂t

+ B
∂Q
∂z

= S (29)
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The discretization of partial differential terms is realized by using the Crank–Nicolson implicit
format with the Central difference of the time [34].∫

∆t

∫
∆z

A
∂Q
∂t

+ B
∂Q
∂z
− Sdtdz = 0, (30)

A
∫

∆z
∂Qdz + B

∫
∆t
∂Qdt + S

∫
∆z

∫
∆t

dzdt, (31)

A(Qn+1
i −Qn

i )∆z +
B
2
[(Qn+1

i+1 −Qn+1
i ) + (Qn

i+1 −Qn
i )]∆t = S∆t∆z (32)

The differential equation for staggered nodes can be obtained by following the same principle

AQn+1
i ∆z +

B
2
(Qn+1

i+1 −Qn+1
i )∆t = AQn

i ∆z−
B
2
(Qn

i+1 −Qn
i )∆t + S∆z∆t (33)

Q = [ P uz uy θx V σz Qy Mx ]
T

where A, B and S are the matrices decided by Equations (1)–(8), and they are the matrices composed by
constant. ∆t is used to calculate the time step, ∆z refers to the spacing between the calculation nodes of
adjacent pipelines, n refers to the nth time step and i refers to the number of pipes.

According to Equation (33), the iterative matrix between adjacent time steps for the water
conveyance system is built as follows:

A1 D1

B2 A2 D2

B3 A3 D3
. . . . . . . . .

BN−1 AN−1 DN−1

BN AN


8N×8N



Q1
Q2
Q3

...
QN−1
QN


8N×1

=



C1

C2

C3
...

CN−1

CN


8N×1

Bi =
1
2 B(

E4×4

04×4
), Di =

1
2 B(

04×4

E4×4
), Ci = AQn

i ∆z− B
2 (Q

n
i+1 −Qn

i )∆t + S∆z∆t

(34)

Vector Ci refers to the state vector of calculation node in the ith pipe at the nth time step.
When calculating the state vector at the (n + 1)th time step, Ci is a known parameter. Vector Qi denotes
the calculation node state vector at the (n + 1)th time step in the ith pipe as obtained from the iteration
of Equation (34) in the nth time step state, Qi is an unknown vector. In these equations, i = 1 to
N, where 1 and N refer to the calculation nodes at the inlet and outlet of the pipeline, respectively.
When the pipeline or fluid between adjacent pipe structure is discontinuous, then this pipeline or
fluid will be processed as an interior boundary condition. Ai and Ci are included in the boundary
condition’s equation.

3.2. Boundary Condition

If supports, elbows or additional hydraulic structures are present between the ith and (i + 1)th
pipe, then the pipeline or fluid is discontinuous. In this case, the discontinuity can be processed as
staggered boundary conditions. In other words, the outlet of the ith pipe is connected to the inlet of
the (i + 1)th pipe, and the following equilibrium equation can be used.

Disassemble Ai, Qi and Ci, then

Ai =

(
(A11)4×4 (A12)4×4
(A21)4×4 (A22)4×4

)
, Qi =


(
Qi,1

)
4×8(

Qi,2

)
4×8

, Ci =

(
(Ci,1)4×8
(Ci,2)4×8

)
(35)
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(
Ei A11

)( Qi,1
Qi,1

)
= (Ci,1) (36)

Expansion is obtained at the ith pipe, and the structure causes the system’s state to change
suddenly. Then, the motion equations are obtained as Equation (37) and Equation (38), separately.

EiQi−1 + A11Qi,1 = Ci,1 (37)

Qi,2 = T1Qi+1 + T2Ci (38)

Similarly, by decomposition of matrix Ci according to Equation (34), the following equation
is obtained.

Qi =

 T1Qi−1 + T2Ci

A−1
11

(
Ci,1 − EiQi+1

)  (39)

where T1 and T2 denote the coefficient matrices of the boundary condition’s equations at the inlet
and outlet, respectively. It is notable that Equation (34) is an iterative formula of a water conveyance
system without elbows, auxiliary buildings, or supports. In the method used in this study, elbows,
auxiliary buildings, or supports are taken as boundary conditions, and the relevant iterative formula is
obtained by substituting Equation (39) into Equation (34). The iterative formula is complex, especially
the first term of Equation (34). Thus, a computing code was programmed by the first author to perform
the complex matrix calculations.

4. Experimental Verification

To verify the suitability and rationality of the numerical model for the FSI of a water conveyance
system with a surge chamber, the experimental data were obtained and compared. The experimental
device was a reservoir–pipe(PVC)–valve system with a surge chamber, as shown in Figures 3 and 4.
Pipeline parameters are shown in Table 1.
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Table 1. Parameters of the experimental pipeline.

ν E L e D ρt

0.3 3.88 Gpa 11.1 m 0.005 m 0.05 m 1378.57 kg/m3

The model has few supports and shows a strong coupling response [31]. The experimental
phenomena were obvious. An HQ1000 pressure sensor was used to record the history of coupling
pressure pulsation in the Z–type pipeline. Pressure sensors with 1000 Hz sampling frequency were
installed near the valve end and at the bottom of the surge chamber. According to [19], the water
hammer wave velocity was computed as cf = 1128 m/s, the frequency is computed as f =cf /4 L =

25.41 Hz, the stress wave velocity was cs = 2557 m/s and the time cycle was f =cs/4 L = 53.19 Hz.
A data acquisition frequency of 200 Hz could reflect the stress and pressure waves. The pipeline
vibration frequency was far less than the calibration frequency of the pressure sensor and did not cause
resonance. Therefore, the pressure sensor in this experiment was considered to be suitable.

A water conveyance pipeline with a surge chamber has a complex coupled response. When the
valve is closed, a stress wave and pressure wave are produced, and they interact mutually. Afterwards,
a surge takes place in the surge chamber induced by pressure wave. From Equations (10) to (15),
considering FSI, the downstream of surge chamber has considerable discharge and there is an
in-negligible pipe–wall vibration near surge chamber. Meanwhile, a stress wave and a pressure wave
are produced. At the closed valve, the discharge changes suddenly, so the stress and pressure waves
are also induced.

Thus, the surge acts as an exciting source to cause pulsation waves at the closed valve. A long–term
surge leads to the durable FSI responses. But the energy of the pressure wave is greatly reduced due
to the reflecting function of surge chamber. In this study, it was assumed that the pressure wave
propagates only between surge chamber and valve. The frequency of the pressure wave fp = cf/4d =

72.63 Hz (d = 2 m) and the frequency of stress wave fs = cs/4 L = 38.37 Hz. The time domain of the FSI
response in the whole process is shown in Figure 5a,b. The results of fast Fourier transformation are
displayed in Figure 6a,b. The pressure fluctuation was composed of the stress wave, pressure wave,
and gravity wave (surge). A comparison of Figure 6a,b reveals that, for the pipe closer to the surge
chamber, the gravity wave contributed more to the pressure pulsation amplitude because energy losses
occur during the propagation of the stress and water hammer waves.
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Only the stiffness and axial friction coefficient of the pipeline support were estimated in this paper.
The downstream valve was still part of the water conveyance system (Figure 4), and the stress wave
propagated downward through the valve. However, this segment of pipeline is ignored in the current
computation model. This model was simplified and has less influence. The model was solved by FVM,
so numerical results are only approximate and differ from the actual values.

The water reservoir in a surge chamber setip has a small sectional area. Admittedly, after performing
a series of measurements, the water level in the tank had a weak fluctuation. The small inertia of the
tank and the pipeline vibration are likely to cause the water tank to vibrate. Given the uncertainty of
errors from the operators, the experimental environment and the pressure sensor, the numerical results
differed from the experimental data. However, the comparison of the experimental results with the
numerical results in Figures 5 and 6 revealed that these two sets of data were in good agreement with
each other, thereby validating the suitability and rationality of the proposed computational model.

5. Numerical Results and Discussion

In this section, water hammer with FSI in a water conveyance system with a surge chamber is
described. The pipeline system is composed by two horizontal pipes with lengths of 50 m and 160 m,
and they are connected by a 10 m vertical pipe. In this study, the deflection of the pipeline was ignored.
A reservoir was at the inlet of the system, a valve was at the outlet of the system. The inner diameter
and wall thickness of the pipeline ware 2 m and 0.05 m, respectively. The surge chamber was installed
near the elbow pipe, and this system had an initial flow rate and initial pressure of 1 m3/s and 0.4
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MPa, separately. The cross–section areas of the surge chamber and impedance hole were 11 m2 and
3 m2. The schematic of the water conveyance system is shown in Figure 7. The governing equation
was built by using a universal FVM. Given the very small frequencies of the stress and water hammer
waves, a relatively large calculation time step could be selected. However, to ensure the reliability of
the numerical results, the calculation time step could not be too large.
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The numerical results of maximum pressure vary with mesh size is given in Figure 8a. When ∆x
> 0.1 m, the differences of numerical results with different ∆x were nonignorable. And if ∆x < 0.1,
the differences were acceptable and ignorable, but they consumed more computing resources. With a
similar law, they consume more resources with smaller ∆t. When water hammer was induced by rapid
closing valve, the frequencies of the FSI response of the system were less than 200 Hz. So ∆t = 0.005 s
as shown in Figure 8b. Following a comprehensive consideration, the pipeline spacing and calculation
time step were set to 0.1 m and 0.005 s, respectively. 11 of 18 
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in the chamber. Considering FSI, the fluid was disturbed. The pressure wave and stress wave also 
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Figure 8. Verification of mesh independent.(a): verification of ∆x, (b): verification of ∆t

In this system, both valve closing and the subsequent water level oscillation in the surge tank were
the excitation of the transition process. The surge disturbed the fluid, resulting in a non–negligible
fluid velocity downstream the chamber (from Equation (12)), and junction coupling occurred at the
bottom of surge chamber. This velocity caused pressure pulsation and further induced FSI. The velocity
fluctuations shortly upstream and downstream the surge chamber are shown in Figure 9a,b, separately.
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At the bottom of the surge chamber, the dynamic pressure caused the vibration of the pipe,
resulting in junction coupling, and in turn a new pressure wave was produced by junction coupling
in the chamber. Considering FSI, the fluid was disturbed. The pressure wave and stress wave also
produced at the closed outlet, and they mutually interacted along the pipeline. The stress wave and
pressure wave produced by the surge and the closed valve were superimposed with each other. With
RfV and Rtuz in Equations (1) and (3), the original vibrations of pipe wall are shown in Figure 10. 12 of 18 
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fluctuation may be composed of a gravity wave, stress wave, pressure wave, and high frequency 
wave caused by elbows. Because of frictional coupling, the closer to the elbow the fluid is, the 
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Figure 10. Amplitude of original modes of axial displacement of pipe produced by surge and
closed valve.

Considering FSI, the modes of elbows vibration were agreed with the modes of fluid [35].
Theoretically, the modes of the pipe have higher frequency than fluid in a water conveyance system.
Thus, when elbows disturb the fluid, the pressure fluctuation with larger frequencies is produced, and it
propagates throughout the pipe. The dynamic pressure at the elbow, near the surge chamber, and at the
outlet are shown in Figure 11 in the time and frequency domains. Thus, the high-frequency pulsation
produced by elbows plays an important role. Thus, the pressure fluctuation may be composed of
a gravity wave, stress wave, pressure wave, and high frequency wave caused by elbows. Because
of frictional coupling, the closer to the elbow the fluid is, the stronger the high frequency energy is,
and the more important the high frequency plays.
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Considering frictional coupling, there are fluid viscous damping and structural damping in the 
water delivery system, which directly act on the fluid velocity and the axial vibration velocity of the 
pipe wall, as shown in terms of RfV and Rtuz in Equation (1) and Equation (3). Without fractional 
coupling, Rtuz equals zero. The numerical results of pressure with and without fractional coupling 
are shown as the red solid line and the black solid line respectively in Figure 13. With fractional 

Figure 11. Time history and frequency responses of dynamic pressure. (a,c,e) are time histories of
dynamic pressure near surge chamber, at the outlet and at the elbow. (b,d,f) are frequency responses of
dynamic pressure near surge chamber, at the outlet and at the elbow.

When ν = 0.3, Poisson coupling and junction coupling both exit in the system. When ν = 0, there is
no Poisson coupling, and all the boundary conditions may cause junction coupling. Because Poisson
coupling results in faster pipe expansion or contraction, each mode of fluid has a higher frequency
when ν = 0.3. The first three mode shapes and the first seven modal frequencies are shown in Figure 12
and Table 2, separately.
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Table 2. Modes of first–seven orders.

Mode ν = 0.3 ν = 0

1 2.1 Hz 2.1 Hz
2 5.8 Hz 5.6 Hz
3 9.3 Hz 9.0 Hz
4 13.1 Hz 12.7 Hz
5 17.0 Hz 16.1 Hz
6 20.5 Hz 19.7 Hz
7 21.2 Hz 23.1 Hz

Considering frictional coupling, there are fluid viscous damping and structural damping in the
water delivery system, which directly act on the fluid velocity and the axial vibration velocity of the
pipe wall, as shown in terms of RfV and Rtuz in Equations (1) and (3). Without fractional coupling,
Rtuz equals zero. The numerical results of pressure with and without fractional coupling are shown
as the red solid line and the black solid line respectively in Figure 13. With fractional coupling,
the disturbance mainly comes from lower axial displacement. So the fluid fluctuations with frequencies
of stress wave and pressure wave have a smaller amplitude.
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As for Poisson coupling, its influence on the water conveyance system is represented by 2ν/E in
Equation (2) and νR/Ee in Equation (4), respectively. Considering Poisson coupling, the amplitude of
local transiliences of the dynamic pressure curve are increased, as shown in Figure 14.
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6. Conclusions

The fact that this study takes the water-hammer-structure interaction into account distinguishes
it from the existing literature about water conveyance systems with a surge chamber. In this study,
the water pipeline system was in a plane, and it is appropriate that the couplings in the plane were
decoupled with the couplings out of the plane. Considering the axial and lateral motion of the pipe in
the plane, the system state was described by eight variables. So, this paper presented the FSI eight
equation model. Bends and the surge chamber were taken as boundary conditions, and they were
numerically solved by FVM. The numerical results were in good agreement with the experimental ones.
It was proved that FVM is suitable for generating numerical solutions and that the model is reasonable.

The excitations considered in this paper are water level oscillation in the surge chamber and valve
closing. When the valve is closed, surge emerges in the system and lasts for a long time. Considering
FSI, junction coupling produced by surge at the bottom of surge chamber will cause a notable change
of discharge downstream the surge chamber and a non-negligible axial stress wave. This wave in turn
causes a new pressure wave. At the closed valve, the discharge changes suddenly, and a stress wave
and a pressure wave are also induced. Pressure fluctuation is the superposition of surge, stress wave,
and pressure wave.

Considering FSI, the fluid pulsation in the system is composed of stress waves, pressure waves,
gravity waves, and some high-frequency waves produced by elbows. Because frequencies of others are
much higher than the gravity wave, there are multiple local mutations on the pressure dynamic curve.
FSI can be divided into three types: friction coupling, Poisson coupling, and junction coupling. Junction
coupling occurs at the bottom of surge chamber, elbow, and valve, causing pressure waves and stress
waves, and further inducing Poisson coupling. In the long–term transition process, friction coupling is
an important mechanism of FSI, affecting the amplitude of transiliences on the pressure curve.

From these results, firstly, local transiliences emerging in the numerical pressure signal may be
induced by water–hammer–structure interaction, not by false hydraulic vibration; secondly, considering
FSI, the numerical results are more authentic and the peak is larger. Thus, they play important roles in
the orifice optimization of the surge chamber.

In this paper, it was considered that the structure inertia of surge tank is large enough without
influence of the changing water level. In the future, surge chambers made of light materials could
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be studied, and the inertia varying with the water level in the chamber could also be considered.
Considering the dynamic inertia of the surge chamber, some interesting results will be obtained.
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a =
(

L
gA f ∆t +

|Qn
s |

4φ2Az2 −
∆t

4As

)
[
(Vn
− uz

n) −
(
Vi+1

n
− (uz)i+1

n
)]
+ Pn

2ρg −Hn
s

(A5)

Pn+1 = f
(
Vn+1, Vn+1

i+1 , (uz)
n+1, (uz)

n+1
i+1

)
=

(
2ρL
∆t +

gρA f
∣∣∣Qn

s
∣∣∣

2φ2Az2 +
gρA f ∆t

4As

)
[(

Vn+1
− uz

n+1
)
−

(
Vi+1

n+1
− (uz)i+1

n+1
)]
− 2gρa

(A6)
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