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ABSTRACT 
Vibrating elbows and Tee-junctions are primary 

sources of fluid-structure interaction (FSI) in 
liquid-filled pipe systems; they couple the dynamic 
behaviour of the liquid and pipes. This paper 
focuses on a laboratory system with one elbow and 
one Tee-junction. The stainless steel pipe system is 
horizontal, closed at its ends and filled with 
pressurised water. It is suspended on long steel 
wires to obviate the problem of unknown support 
conditions. The system is excited by external in-
plane impact. 

The principal aim of the research was to produce 
an accurate set of experimental data and the main 
purpose of this paper is to present and explain the 
data in a useful form. The measurements include 
pressures, strains and structural velocities. 
Representative experimental results are interpreted in 
detail by means of comparisons with numerical 
simulations obtained with proven theoretical 
packages. 

1. INTRODUCTION 
The underlying mechanisms of FSI in pipes are 

well understood and, in principle, the phenomenon 
can be analysed with good accuracy. This is highly 
dependent on the correctness of the input data 
defining the system, including geometric and 
physical properties of the pipes, valves, pumps, 
supports, etc. In reality, it is rare to be able to 
prescribe these with high accuracy in a practical 
application. In fact, it is even rare to be able to do so 
in controlled, laboratory experiments. 

This paper presents experimental data obtained at 
the University of Dundee. The Dundee laboratory 
has an excellent history of producing good quality 
data, with pipe systems purposely designed to 
obviate the problem of unknown support conditions. 
The system presently examined, and described in 
Section 2, uses components from previous 
configurations and in doing so is beginning to 
compile a database of related results that enables 
validation and development of FSI software. The 
step-wise expansion and development of the 

experimental apparatus, whilst maintaining as many 
original components as possible, makes it much 
easier to identify errors both in the measured data 
and in the simulating software. Section 3 outlines 
the theory, Section 4 presents the results and 
Section 5 gives the conclusions. 

2. EXPERIMENT 
The experiments were performed at the 

University of Dundee, using a variation of a system 
that began development in 1984. Originally 
designed as a suspended closed single straight pipe, 
in later stages an elbow and a Tee-junction (together 
with further pipe sections) have been added to the 
available components, thus enabling a variety of 
configurations to be examined. 

Previous configurations that have been examined 
include: single pipe (Vardy & Fan, 1989), single-
elbow system (Tijsseling et al, 1996), Tee-junction 
system (Vardy et al, 1996). The current 
configuration combines the elbow and Tee-junction 
system, as illustrated by Figure 2.1. 

The system is constructed using stainless steel 
pipes with an inner diameter of 52 mm and a wall 
thickness of 3.9 mm. Four pipe sections are used, 
one of length 4.5 m and three each of length 1.34 m. 
The two junctions consist of a rigid 90-degree 
elbow and a rigid Tee-piece. The pipe is closed at 
the ends and filled with pressurised tap water. 

It is suspended by four long (about 3.3 m) thin, 
vertical steel wires from the ceiling.  Two are along 
pipe 1, one on pipe 3 and one on pipe 4, so that the 
whole system can move freely in a practically 
horizontal plane. Great care (in using spirit level, 
surveying level and theodolite) is taken to ensure 
that each part of the system is in the same plane. 
The measured static deflection of the longest pipe 
caused by its own weight is less than 0.2 mm 
relative to the suspension points, which are situated 
about 0.95 m from the pipe ends. Transients are 
generated by the axial impact of a solid steel rod 
onto the closed end of the long pipe. The rod is 5 m 
long and is suspended in a movable frame by means 
of short steel wires. 

The apparatus is less complicated than the 



conventional reservoir-pipe-valve system, since 1) 
an initial steady-state pressure gradient is absent, 2) 
valve-closure characteristics are not needed and 3) 
the influence of pipe supports is negligible. Friction 
and gravity effects are unimportant due to the time 
scale (milliseconds) of the experiment. Cavitation is 
avoided by taking a sufficiently high static pressure 
of the water, usually 2-7 MPa.  

Figure 2.2: Cross-section through pipe illustrating 
positions of strain gauges. 

 

 
 
The pipe is extensively instrumented. 

Piezoelectric pressure transducers (Kistler 7031, 
701A) are mounted (with their diaphragms flush 
with the inner wall of the pipe) near to the impact 
end, at the remote ends and at six intermediate 
points, as indicated in Figure 2.1. The transducers 
are acceleration-compensated and have an observed 
rise time of 0.15 ms (Fan 1989, p. 20), or 0.2 
ms/MPa, and a natural frequency of 80 kHz. The 
connected amplifiers (Fylde FE428CA) have a cut-
off frequency of 50 kHz. Strain gauges (TML-FRA-
1-11) are attached to the pipe wall at four locations 
along the long pipe and at one location along each 
of the shorter pipes. At each location, four three-
way (axial, hoop, shear) strain gauges are 
equidistantly placed around the pipe circumference 
as sketched in Figure 2.2. The connected amplifiers 
(Fylde FE458AC) have a cut-off frequency of 70 
kHz. A laser-Doppler vibrometer (Dantec DISA 
55X) is used for non-contact measurements of one-
directional pipe wall velocities at one selected 
location. Furthermore it is used to determine the 
impact velocity of the rod. The connected amplifier 
(DISA 55N21, 55N11) has a cut-off frequency of 
26 kHz. The measured signals are fed into two data 
acquisition systems (with in total 22 channels) at 
sampling rates up to a maximum of 1 MHz per 
channel. 

The physical dimensions and material properties 
of the pipe, water and rod are given in Table 2.1, 
together with the measuring positions of the 
pressure transducers (PT), strain gauges (SG) and 
laser-Doppler vibrometer (LDV). The method of 
measurement and the accuracy of the values in 
Table 2.1 are given in (Fan 1989, p. 28; Fan & 
Tijsseling 1992, p. 269). The masses m1, m2 and m3 
of the end plug and end caps, respectively, which 
close the pipe, are normally incorporated in the 
simulations. The dimensions of the end pieces and 
the mass of the attached instrumentation, given by 
Fan (1989, p. 29 and p. 16, respectively), are 
neglected. The influence of the inertia of the end 
pieces, which can be assessed from the empty-pipe 
measurements of Fan (1989, pp. 41-42), is neither 
negligible nor dominant.  

Figure 2.1: Water-filled elbow and Tee-junction 
pipe system (dimensions in mm) (not to scale). 

In the absence of cavitation, the underlying 
theory (given in Section 3) is linear. The pressures, 



velocities and strains are then linearly proportional 
to the impact velocity of the rod, so that 
measurements for one particular impact velocity are 
considered to be sufficient. 
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 (4) Water-filled 

pipe 
Position of 

instrumentation 
along each pipe 

Solid steel rod 

 L1 = 4.51 m 
 L2 = 1.34 m 
 L3 = 1.34 m 
 L4 = 1.34 m 
 R = 26.01 mm  
 e = 3.945 mm  
 γ = 0  
 K = 2.14 GPa  
 ρf = 999 kg/m3  
 E = 168 Gpa 
 G = 65.1 GPa 
 κ2 = 0.53 
 ρt = 7985 kg/m3 
 ν = 0.29  
 m1 = 1.30 kg  
 m2 = 0.32 kg  
 m3 = 0.32 kg 
 melbow = 0.88 kg 
 mTee  

Pipe 1: 
z(PT1) = 0.0195 m 
z(PT2) = 1.1265 m 
z(PT3) = 2.2510 m 
z(PT4) = 3.3760 m 
z(SGA) = 0.5740 m 
z(SGB) = 1.6880 m 
z(SGC) = 2.8140 m 
z(SGD) = 3.9440 m 
z(LDV) = 0.0465 m 
Pipe 2: 
z(PT5) = 0.125 m 
z(SGE) = 0.74 m 
Pipe 3: 
z(PT6) = 0.11 m 
z(PT9) = 1.34 m 
z(SGF) = 0.445 m  
Pipe 4: 
z(PT7) = 0.11 m 
z(PT8) = 1.34 m 
z(SGG) = 0.445 m 

Lr = 5.006 m  
Rr = 25.37 mm  
Er = 200 GPa  
ρr = 7848 kg/m3  
V0r = 0.3 m/s 
Except for 
Figure 4.5: 
V0r = 0.8 m/s 

  

 
in which 

( ) 













 −+=

Ee
R

K
c fF

211 22 νρ  (5) 

and 

t
t

Ec
ρ

=2     (6) 

 
are the squares of the fluid and solid wave speeds, 
respectively; and a 4-equation model for lateral pipe 
velocity , shear force Qyu& y , rotational pipe velocity 

xθ&  and bending moment Mx , governing lateral 
motion: 
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xθ&   (10) Table 2.1: Elbow and Tee-junction pipe experiment; 
input data for simulations. 
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The equations used to model FSI are well 

developed. An 8-equation model, as described by 
Wiggert et al (1987) and Wiggert & Tijsseling 
(2001), is used for the planar system under 
consideration. It includes a 4-equation model for the 
fluid velocity V, fluid pressure P, axial pipe velocity 

 and axial pipe stress , governing axial 
motion: 
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are the squares of the shear and bending wave-front 
speeds, respectively. 

Boundary conditions for unrestrained closed ends 
are given by:  
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For the impact end, during the period of contact 

between pipe and rod, condition (14) is replaced by 
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(16) 
where V0r is the velocity of the rod just before 
impact. At the elbow and the Tee-junction, local 
conditions prescribing continuity and equilibrium 
couple the axial equations (1)-(4) to the lateral 
equations (7)-(10).  

4. RESULTS 
Experimental results obtained for the system 

described in Section 2 are compared with numerical 
simulations based on the theory in Section 3. The 
numerical results presented in this subsection were 
obtained with the ALT-code (in-house software 
developed by the first author) which automatically 
calculated the required computational grids (two for 
each pipe) using small adjustments in the mass 
densities to avoid the need for interpolation. 

The reproducibility of the experiments is 
examined in Figure 4.1, showing dynamic pressures 
measured at the impact end in two successive runs. 
This shows excellent reproducibility, with it being 
practically impossible to distinguish between the 
two sets. 

Figure 4.1: Reproducibility of elbow and Tee-piece 
system; pressure near impact end (PT1). 

Figures 4.2-4.7 compare experimental with 
numerical data. In each figure, experimental data 
are given by the solid/red line and numerical data 
by the dashed/blue line. The first 20 ms after impact 
are shown.  

Figures 4.2-4.4 show measured and calculated 
pressures near to the impact end (PT1), near to the 
elbow (PT5) and at one of the remote ends (PT9). In 

each figure, there is a good correlation (sufficient 
consistency) between experimental and numerical 
work. The arrivals of the main wave fronts can be 
recognised in the pressure traces. However, because 
the elbow and Tee-junctions give rise to lateral 
waves, the interpretation is difficult due to the 
dispersive character, and hence non-constant 
propagation speeds, of lateral wave trains. The 
impact of the rod creates a pressure wave in the 
liquid and a stress wave in the pipe wall. This initial 
jump can be seen as the first pressure rise in Figure 
4.2. The second pressure rise takes place at 
approximately 2 ms after the initial impact, the time 
required for the stress wave to travel along the long 
pipe to the elbow and be reflected back. The 
rounding of this pressure rise is because the axial 
motion of the long pipe is retarded at the elbow by 
lateral inertia forces in the second pipe. The results 
for a single straight pipe would show a much 
squarer response. The stress wave travels 3.4 times 
faster than the pressure wave, so that at the elbow 
the pressure is seen to fall (see Figure 4.3) due to 
the arrival of the stress wave pushing the elbow in 
the positive z(1)-direction. The axial stress wave in 
the solid causes a pressure change in the liquid 
(because of Poisson contraction). Because this 
travels in front of the main pressure wave, it is often 
referred to as a precursor wave. The arrival of the 
main pressure wave, some 2.4 ms later, signifies the 
pressure increase. Between these two events, 
fluctuations are due to reflected waves from the 
Tee-junction and lateral wave effects. Similarly, at 
the remote end (Figure 4.4), the first response seen 
is the arrival of a stress (precursor) wave at about 
1.3 ms after the initial impact, before the large 
pressure drop generated at the elbow arrives. This 
event, however, is less distinct due to the complex 
wave behaviour. During the following 4-5 ms, 
several pressure changes can be observed before the 
original pressure wave arrives causing the positive 
dynamic pressure. 

Figure 4.2: Measured () and calculated (- - -) 
dynamic pressure near impact end (PT1). 



 

 
Figure 4.5: Measured () and calculated (- - -) 

axial pipe wall velocity near impact end. 

 Figure 4.3: Measured () and calculated (- - -) 
dynamic pressure near elbow (PT5). 

 
 
Axial strains, measured and calculated at position 

A (0.57 m from the impact end) on the long pipe 
(see Fig. 2.1), are shown in figure 4.6. The large 
compression of about 2 ms duration at the 
beginning defines the period of energy transfer from 
the impact rod to the pipe system, the rod and pipe 
being in contact during these 2 ms. Rod-pipe 
separation occurs after the travelling axial stress 
wave in the long pipe has returned from the elbow. 

 
 
 

 

 

 

Figure 4.4: Measured () and calculated (- - -) 
dynamic pressure at remote end (PT9). 

 
 Figure 4.6: Measured () and calculated (- - -) 

dynamic axial strain at position A. 
 
Axial pipe wall velocities, measured and 

calculated near the impact end are shown in Figure 
4.5. Because these are so close to the closed end, 
where , they are also representative of the 
fluid velocity. The first few milliseconds closely 
resemble the traces given by the pressure 
measurements. This is due to the strong coupling 
between the fluid and solid at the pipe end and 
because of the Joukowsky relation: ∆P = ρ

zV u= &

f  cF ∆V. 

 
 
 
Figure 4.7 shows measured and calculated 

bending moments at position A. Measured bending 
moments are determined from the difference 
between axial strains measured on opposite faces of 
the pipe according to the formula: 
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where It is the second moment of area of the pipe 
cross-section about the x-axis (see Fig. 2.2). The 
figure nicely exhibits frequency dispersion; small, 



high frequency oscillations can be seen before the 
arrival of larger oscillations. Detailed discussion of 
events in these results is difficult due to the 
dispersive characteristic of lateral wave trains, as 
mentioned previously. Overall agreement between 
observed values and the predictions is reasonable. 
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