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ABSTRACT

Fluid-structure interaction in non-rigid pipeline systems is modelled by water hammer theory for the
fluid coupled with beam theory for the pipe. Two different beam theories and two different solution
methods in the time domain are studied and compared. In the first method, the fluid equations are
solved by the method of characteristics and the pipe equations are solved by the finite element method
in combination with a direct time integration scheme. In the second method, all basic equations (fluid
and pipe) are solved by the method of characteristics. The solution methods are applied to a straight
pipeline system subjected to a lateral impact load and to a one-elbow pipeline system subjected to a
rapid valve closure. In comparing the beam theories, the effects of rotatory inertia and shear
deformation are investigated. The significance of fluid-structure interaction is demonstrated.

NOMENCLATURE

Ay = cross-sectional discharge area A, = cross-sectional pipe wall area
c, = 1-dimensional compressive wave speed ¢ = bending wave speed

¢ = pressure wave speed 3 = shear wave speed

D = internal diameter of the pipe E = Young’s modulus

e = pipe wall thickness f = Darcy Weisbach friction factor
G = shear modulus g = gravitational acceleration

H = fluid pressure head 1 = second moment of area

K = fluid bulk modulus K = shear coefficient

M, = bending moment P = fluid pressure

Qy = shear force t = time

u, = lateral pipe displacement u, = axial pipe displacement

v = fluid velocity | A = fluid velocity relative to axial
xy = lateral coordinates pipe velocity

2z = axial coordinate ¥ = pipe elevation angle

v = Poisson’s ratio oy = fluid density

o, = pipe wall material density o, = axial pipe wall stress

1 INTRODUCTION

Transients in fluid-filled pipeline systems are governed by wave propagation phenomena both in the
fluid and in the pipe wall. Pressure waves in the fluid, also known as water hammer, interact with
axial, bending, shear and torsional stress waves in the pipe wall. The interaction between axial stress
waves and fluid pressure waves takes place via the radial expansion and contraction of the pipe wall.
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At junctions (elbows, diameter changes) interactive couplings between all mentioned types of waves
may occur.

The commercial FLUSTRIN (FLUid-STRucture INteraction) computer code, written by the first
author, enables the user to numerically simulate the aforementioned phenomena in serial pipeline
systems The code is based on (extended) water hammer theory describing the behaviour of the fluid
in combination with beam theories describing the behaviour of the pipes. Two options for the beam
theory have been adopted, the first according to Bernoulli-Euler and the second according to
Timoshenko. The latter is assumed to yield more accurate results in case of impact loads and the
accompanying high frequencies. All relevant interaction mechanisms [4] are implemented in the
computer code.

The fluid equations are solved using the method of characteristics (MOC) involving an
analytical time integration scheme. The structural equations are solved by the finite element method
(FEM) with a direct time integration scheme. In each computational time step the fluid and pipe
solutions are brought to compatibility by an iteration process which takes care of the fluid-structure
interaction. This solution process will be referred to as the MOC-FEM procedure.

An alternative is provided by utilising the MOC also for the solution of the structural equations.
This with respect to structural dynamics somewhat unconventional approach, which has been
implemented by the second author, has the ability to accurately describe the wave phenomena
encountered in impact problems. This numerical scheme will be referred to as MOC-MOC procedure.

In the present paper numerical solutions obtained with the two different beam theories
mentioned above and with the two different solution procedures are mutually compared and analysed
in order to investigate their performance. The test problem consists of a straight liquid-filled
cantilever pipe. The pipe is subjected to a bending moment step-load at the free end.

Furthermore, the transient behaviour of a practical pipeline system with one elbow, excited by
a closing valve, is numerically simulated with both the MOC-FEM and the MOC-MOC procedures.
Fluid pressures and displacements are compared. The obtained agreement is excellent.

2 BASIC EQUATIONS
2.1 Assumptions

The classical water hammer theory has been adopted to model the fluid [7]. The pipe is assumed to be
thin-walled and linearly elastic. Radial inertia of liquid and pipe wall is neglected.

2.2 Fluid Equations

The fluid behaviour is described by one-dimensional equations of momentum and mass conservation:
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The pressure wave speed Cyis defined as:
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2.3 Structural Equations
2.3.1 Axial Motion
The axial motion of a straight liquid-filled pipe is described by:
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2.3.2 Lateral Motion

The equation for the free lateral motion (omitting loading terms) of a straight liquid-filled pipe is
adopted from Timoshenko and Young [6]:

*u u o*u

EI y+(pA+pA) Y —pl1 Yo+
az* SRRREACirY- " 87202 )
El @& ed
" eca, o | o +pfAf)_] k2G4, o7 [(p’A’+pfAf)—]

The first two terms describe the bending stiffness and the transverse inertia. Omitting all other terms
leads to the Bernoulli-Euler formulation.
Analysis of wave dispersion based on equation (5) yields the following limits for the wave speeds [1]:

b =VE/o, ; ¢, = kG4, [(o,Arp,4) ©),(7)

3 SOLUTION PROCEDURES

3.1 MOC-MOC Procedure

In this procedure the structural equations are formulated as first-order partial differential equations.
Together with the water hammer equations this results in a set of eight equations which can be
arranged into two uncoupled sets of four equations. One set contains the water hammer and the axial
structural equations, the other set consists of the four equations for the lateral motion replacing
eqation (5).

By choosing rational numbers for c¢/c, (c, = {/Elp, ) and ¢, /c, it is possible to devise a
computational grid in which interpolations are avoided [3]. The axial equations are weakly coupled
and lead to nearly exact solutions even with course grids. The lateral equations suffer from the strong
coupling between the shear and bending waves and require a fine mesh to obtain convergence. After
having done so, however, the results are of high resolution and accuracy.

3.2 MOC-FEM Procedure

In this procedure the water hammer equations (1) and (2) are solved by the MOC. The structural
equations (4) and (5) are solved by the FEM with 12 degree-of-freedom beam elements (torsion
included). Both methods are standard in their field of application. The fluid pressures from the water
hammer computation act as distributed and concentrated loads in the structural-dynamics computation.
In its turn the computed motion of the structure influences the distributed (Poisson effect) and
concentrated (junction effect) storage terms in the water hammer computation. This coupling is taken
care of by an iteration process during each time step.

The stiffness and mass matrices corresponding to the Timoshenko beam theory can be found in
[5]. Optionally, a Rayleigh damping matrix may be activated in the solution procedure. In the
material presented the damping has been set to zero. The direct time-integration scheme is the
Newmark § = % method.

4 NUMERICAL RESULTS
4.1 The Influence of Shear Deformation and Rotatory Inertia
The test problem consists of a liquid-filled cantilever pipe with length 20 m, D =

mm, p, = 7900 kg/m3, E = 210 GPa, » = 0.3, & = 0.53, pr= 1220kg/m K =
free end a bending moment of 200 kNm is applied as a step load

797 m, e = 8

0.797 e
2.1 GPa. At the
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In figure 1 spatial distributions are plotted of bending moment M, and shear force Q, at 1.29
ms after application of the step moment load as computed with the MOC-FEM procedure employing
the Timoshenko theory and the Bernoulli-Euler theory. The number of elements is 2000, but only
every tenth (201 in total) node is plotted.

0.3

Timoshenko (N=2000,48t=0.0108ms)
————m——— Bernoul | i-Euler (N=2000,4At=0.0108ms)

My (MNm) —

A
A - h Y AY .
0.0 n’/ll‘."’\ l‘\ '.'\‘. '.'\ f"‘ .’\\ FiY
. W |", tH \‘I R - \\[ ARV

N
m
3
()

.25

Q, (MN) ——
o

z (m) —»

Fig. 1. Bending and shear waves according to the Bernoulli-Euler beam theory versus the Timoshenko
beam theory

According to the equations (6) and (7) the shear and bending wave speeds are 1062 m/s and
5156 m/s respectively. After 1.29 ms the shear and bending waves have consequently travelled a
distance of 1.37 m and 6.65 m respectively.

The Bernoulli-Euler model leads to far too high wave speeds and very inaccurate amplitudes for
the higher frequencies and is therefore inadequate for the problem under consideration. This is to be
expected since the Bernoulli-Euler equations are parabolic.

The results of the hyperbolic Timoshenko model concerning the wave speeds appear to be very
good. The bending wave front has covered a distance of approximately 6.85 m and the shear wave
front (the large peak) has covered a distance of 1.38 m. The bending wave is accompanied with a
weak shear wave travelling ahead of the main shear wave.

4.2 The influence of the Method of Solution

In figure 2 spatial distributions are plotted of bending moment and shear force at 3.87 ms after
application of the step moment load as computed with the MOC-MOC and with the MOC-FEM
method utilising the Timoshenko theory. The point in time has been chosen such that the bending
wave just reaches the fixed end of the pipe for the first time.

The coincidence between the results of the two solution procedures is good except for the sharp
peak at the front of the bending wave. This peak is computed reasonably well by the MOC-MOC
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Fig. 2. Bending and shear waves according to the Timoshenko beam theory, computed with both the

MOC-MOC and the MOC-FEM procedures

procedure but is entirely missed by the MOC-FEM approach. It is apparently too sharp to be
described by the FEM mesh resolution. However the dispersive behaviour and the behaviour of the
shear waves are in excellent agreement. The MOC-FEM solution exhibits some high speed vibrations
around the MOC-MOC solution. These vibrations were observed to be mesh dependent by the
researchers and tend to diminish while refining the grid. The shape of the bending wave corresponds
very well to the analytical solutions provided by Fliigge and Zajac [2].

4.3 Fluid-Structure Interaction in a Practical System with an Elbow

In figure 3 the system analysed is sketched. The sys-
tem consists of two pipes with lengths of 310 m and
20 m, a diameter of 0.2064 m and a wall thickness
of 6.35 mm. The other pipe data are the same as
those in the previous section. The fluid data are:
py = 880 kg/m?, K = 1.55 GPa.

A fixed head reservoir is located at the
upstream end, a rigidly mounted ball valve at the
downstream end. At the reservoir and at the valve
the pipeline system is rigidly supported. Along the
pipe every 10 m a support is located such that verti-
cal motions are restrained and horizontal motions
are not restrained.

Fig. 3. The pipeline system analysed

Hydraulic transients are generated by closing the valve in 0.5 s.
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In figure 4 the time histories of the dynamic fluid
pressure at the valve and two dynamic displacement
components at the elbow are given. The two sol-
ution methods MOC-MOC and MOC-FEM have
been applied. For the MOC-FEM procedure two
computations have been carried out: one with and
one without fluid-structure interaction (FSI). Due to
the substantial motion of the elbow in z-direction
(away from the reservoir) the pressure-time behav-
iour differs significantly from the classical water
hammer signal (no FSI). The motion in y-direction
(towards the valve) is less prominent and can be
regarded a quasi-static indicator of the pressure,
following more or less the pressure at the elbow.
The signals with FSI as produced by the two sol-
ution methods agree excellently: they cannot be
distinguished from each other. Without FSI the
classical water hammer pressure-time behaviour is
calculated. Due to FSI fluid pressures are larger
than their classical counterparts. The displacement
amplitudes, however, are smaller as a result of FSI.

5 CONCLUSIONS

Two items which are of importance in the numerical
simulation of FSI phenomena in liquid-filled pipes
are discussed. The first item concerns the choice
(Bernoulli-Euler or Timoshenko) of the governing
equations for lateral pipe motion, the second item
concerns the choice (MOC-MOC or MOC-FEM) of
the method of solution. One test problem (a straight
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Fig. 4. Pressure- and displacement-time
histories

pipe under extreme load conditions) is presented in which Bernoulli-Euler theory fails, and in which
the two solution methods predict slightly different pipe responses. A second, more practical, test
problem (non-instantaneous valve closure in a pipeline system with one non-restrained elbow) shows
excellent agreement between results obtained with 1) the two different beam models and 2) the two
different methods of solution. These observations correspond to the experiences of the authors:
Bernoulli-Euler beam theory in combination with a MOC-FEM solution procedure is adequate for the
computation of FSI occurrences in practical pipeline systems.
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