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Abstract
This paper presents phase-resolved Particle-Image Velocimetry measurements on fluidstructure interactions in a water channel, performed at a Reynolds number of 30,470. The
structure model consists of a fixed rigid cylinder with a deformable polymer plate behind it
and is implemented into a vertical closed circuit tunnel at inlet velocities of 1.38 m/s.
Phase-resolved measurements triggered by a precise laser distance sensor were performed
to capture averaged velocity fields at several moments of the structure deflection, enabling
comparisons to numerical fluid-structure interaction simulations currently under investigation.
1. Introduction
Fluid–structure interactions (FSI) are induced by the coupling between an unsteady fluid flow
and the motion or deformation of a structure. Fluid–structure interactions can be found in
many industry–related applications, e.g. in the design of aircrafts, wind turbines or heart
valves. In present and future applications with complex multiphysics couplings, the numerical
prediction of FSI problems is an important and valuable engineering tool in the design, life
cycle analyses and prototyping.
Due to enhanced algorithms and the strong increase of the computational power in the last
decades, it is now feasible to simulate real–world FSI problems. Thus, a variety of numerical
models are currently developed to predict different FSI applications, see, e.g. [3]. To evaluate
and improve these complex non-linear computations, experimental studies are highly necessary.
In order to provide reliable data for the validation and evaluation of coupled Computational
Fluid Dynamics (CFD) and Computational Structure Dynamics (CSD) tools, experimental test
cases were developed. For that purpose a water channel which allows the implementation of
different test cases was constructed at LSTM Erlangen [5] and is now available at PfS Hamburg. With this channel it is possible to measure turbulent flow fields and the corresponding
structural deformations caused by the fluid.
At LSTM Erlangen a variety of FSI test cases in the laminar and turbulent regime were performed to validate numerical simulations within the DFG research unit FOR 493 [4, 5]. The
main test case consisted of a rotatable cylinder with a deformable thin metal sheet and an
additional mass mounted at the tail. Owing to the rotational degree of freedom and the very
thin flexible sheet combined with the rear mass, the resulting FSI test case was found to be

extremely challenging from the numerical point of view. Thus, in the present study a slightly
different configuration is considered to provide in a first step a less ambitious test case for
the comparison between predictions and measurements restricting the investigations solely
to the turbulent flow regime. For that purpose, a fixed cylinder with a thicker polymer tail and
without a rear mass is used.

2. Experimental Setup
2.1 Flow channel
Experiments for validating numerical models have to comply with clearly defined boundary
conditions. To provide reliable experimental data with well-defined boundary conditions for
the FSI test cases considered in DFG FOR 493, a water channel was constructed at LSTM
Erlangen [4, 5] especially dedicated to FSI applications. With this channel precise boundary
and working conditions can be established.
A 24 kW axial propeller pump conveys water (temperature: 20 °C, density: 998.2 kg/m³, kin.
viscosity: 1.002 . 10-6 m²/s) through the vertical closed circuit tunnel (see Fig. 1) and can
maintain inlet velocities in the test section up to 6 m/s. The test section measures 180 mm x
240 mm x 338 mm (L x H x D) and is optically accessible from three sides to allow laser
measuring techniques like Particle-Image Velocimetry (PIV) or Laser-Doppler-Velocimetry
(LDV).

Fig. 1: Layout of the water channel

On the rear wall of the test section different structures can be placed. The design of the
channel was chosen to align the gravity force to the main flow direction for avoiding any
asymmetries. Furthermore, in this configuration the gravity force acts as resetting force for
the structure.

2.2 Structure geometry
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Earlier FSI test cases like Gomes and Lienhart [4, 5] applied thin
metal tails with a rear mass to a rotatable cylinder to study FSI in
the laminar and turbulent flow regime. Corresponding numerical
simulations were found to be extremely challenging, especially in
the turbulent case. Thus, in the present study a fixed steel cylinder with a thicker polymer tail and without a rear mass is used.
The geometry of the structure is sketched in Fig. 2. The tail is 60
mm, 1 mm thick and nearly fills the entire test section in spanwise
direction except a small gap (z = 177 mm).
In order to avoid numerical difficulties with structural predictions
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of the extremely thin metal sheets and to reduce the complexity of
the grid deformation on the fluid side, the tail should be thicker Fig. 2: Structure geometry
but nevertheless deformable (similar to Turek and Hron [6]).
Therefore, polypropylene with a density of 907 kg/m³, a Young modulus of 1.42 GPa and a
Poisson’s ratio of 0.40 was chosen. Furthermore, the jumps in the thickness of the structure
owing to the rear mass in the previous studies could be avoided.
All these simplifications were possible, since the present investigation is restricted to the turbulent regime, for which oscillations of the structure are much easier to establish than in the
laminar flow case

2.3 Particle-Image Velocimetry
For comparing experimental and numerical results phase-resolved flow fields were captured
with a Particle-Image Velocimetry system (see measurement principle in Fig. 3). The system
consists of a 4MP TSI Powerview camera and a pulsed Litron NanoPIV Nd:YAG laser with a
wave length of 532 nm and a maximum output power of 200 mJ. The camera was located at
a distance of 810 mm away from the center of the cylinder resulting in a processing area of
225 mm x 290 mm.
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Fig. 3: Principle of a PIV measurement system

To assure a uniform illumination in front of and especially behind the structure, it was necessary to light up the flow field from both sides. The simultaneous illumination was realized by
splitting the laser beam as shown in Fig. 4. Most of the flow field is illuminated through the
first beam which is directly coupled into a light sheet optic. The second beam is redirected
through three specific laser mirrors on the other side of the test section forming a second
light sheet on the backward region.
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Fig. 4: Laser alignment to avoid shadow regions behind the structure

Due to their good refraction silver coated hollow glass spheres were chosen as seeding particles. With a diameter of 10 µm, a density of 1400 kg/m³ and the applied flow velocities in
water, they demonstrate a good follow behavior.
The cross correlation of the reflection fields is done by TSI Insight 3G creating a velocity field
of 225 x 290 mm divided into 56 x 73 subfields.
2.4 Phase-resolved measurements
Investigations of periodic FSI applications often have difficulties with cycle to cycle variations
due to turbulent fluctuations. As a result of these variations the motion/deflection of the deformable polymer plate is not completely harmonic (sinusoidal) but the frequency is slightly
varying. With phase-resolved measurements such variations and data acquisition failures
were eliminated through averaging over 50 measurements at a precisely defined instant in
time of the plate deformation with an accuracy of 1 mm. A laser distance sensor (ALLSENS
AM200-500, 1 mW, 660 nm, 2 kHz) was applied to detect the plate position at one point (see
Fig. 5). Reaching a certain position the sensor causes a trigger impulse which started a single PIV measurement. A disadvantage of this method is that unsteady turbulent fluctuations
are also filtered out. A comparison with highly resolved numerical simulations (e.g. LES) is
solely possible based on phase-averaged data.
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Fig. 5: Sketch of the laser triangulation system

For the plate displacement two measurement approaches are possible. The first approach
uses the laser distance sensor to receive the displacement at one single point of the plate
with a high resolution of ±167 µm and data rate of 2 kHz (see Fig. 5). The second approach

to obtain the displacement is to extract the thin structure of the plate out of the reflection
fields taken by the PIV camera. The resulting simple structure is manually implemented with
a polyline into the velocity fields for each moment of a period.

3. Results
The measurements were performed with an inlet velocity of 1.385 m/s which represents a
Reynolds number of 30,500 calculated with the cylinder diameter of d = 22 mm. The deflection of the polymer plate measured close to the tail (Fig. 6) has a period of T = 112 ms with a
frequency of f = 8.92 Hz resulting in Strouhal number of 0.141. The deviations of the deflection amplitude are caused by the mentioned cycle to cycle variation of the structure motion.
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Fig. 6: Structure displacement at y/d = -3 for 2 s

With the phase-resolved data acquisition the plate motion was splitted up into 23 PIV measurement series each 5 ms long. In Fig. 7 a full period of the structure motion is presented.
The following velocity fields were taken in the middle of the test section (z = 90 mm).
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Fig. 7: Contour plot of the velocity magnitude of a full period of the plate motion

In Fig. 7 a), b) and c) the structure is moving to the right and in d), e) and f) it is going back to
the left. Despite the polymer plate mounted behind the cylinder acting as a splitter plate [1],
periodic vortex shedding occurs. The shed vortices move downstream and start to interact
with the flexible structure leading to an oscillating quasi-periodic motion.
In contrast to the FSI test cases with a rotatable cylinder, the present setup only allows two
structure swiveling modes (first mode at low fluid velocities, higher mode at velocities higher
than 2.5 m/s) due to the limitations of the DOFs of the structure motion. The deflections in
the higher swiveling mode are too small for a reliable examination, thus only the first mode
was analyzed.
Another difference to earlier studies is the non-two-dimensional displacement behavior of the
structure. The recorded images confirm visual observations of a three-dimensional deformation state of the structure, which require further investigations.
The linear dependence of increasing frequencies of the deformable structure with rising inlet
velocities found in [4, 5] also remains in the present setup. The reproducibility failure for the
structure deflection was determined with 3 %.
4. Conclusions and Outlook
Complementing previous experimental investigations on FSI test cases, the present study
delivers measurement data of a simplified FSI benchmark in the turbulent regime. These
experimental results will allow a validation of numerical FSI-LES (coupling of Fastest-3D,
Carat++ and CoMA; Breuer et al. 2011 [2]) and FSI-RANS (coupling of ANSYS CFX and
ANSYS mechanical) simulations, currently performed with similar boundary and operating
conditions at PfS Hamburg.
To acquire more detailed information about the turbulent fluctuations behind the structure, a
high speed camera will be used to have a closer look on eddy formation and decay. This
camera is also considered to take time-resolved pictures of the structure deflection. To examine the three-dimensional deformations another high speed laser-distance measurement
system will be used to record the displacement of the structure on a line with up to 640
measurement points and a data rate of 2 kHz. Also a stereoscopic PIV setup is considered to
deliver data about the third velocity component on several planes of the test section.
Furthermore the implementation of a truncated cone (Fig. 8, middle) instead of the cylinder
should create a fully three-dimensional FSI test case which will be the next step for model
validation. In addition to these test cases, a more industry-orientated FSI application was
developed to study flow induced deflections in heat exchangers (Fig. 8, right).

Fig. 8: FSI test cases: cylinder (left), truncated cone (middle), model heat exchanger (right)
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