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10.1.3. FSI-PfS-3x (Three-dimensional geometry)

Similar to the flow around a cylinder the flow behind a single truncated cone exhibits a von

Kàrmàn vortex street. Several studies (Piccirillo and van Atta, 1993; Narasimhamurthy et al.,

2009; Jagadeesh, 2009) describe different vortex shedding frequencies along the cone axis ac-

cording to the three-dimensional geometry. This leads to a splitting of vorticies (or vortex

dislocation) in the wake behind the cone depicted in Fig. 159 and therefore to a complex and

fully three-dimensional flow.
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Figure 159: Vortex dislocation in the wake of a cone.

Furthermore, the size of the vorticies are directly depending on the local cone diameter. In the

present cases the flexible plate acts like a splitter plate (Anderson and Szewczyk, 1997) and

modifies the flow behavior in a significant way. The plate itself and its movement suppresses the

different vortex shedding frequencies along the cone leading to only one shedding frequency like

in the wake of a cylinder. Nevertheless, the influence of the linearly increasing cone diameter is

still present in the flow field. The three-dimensional flow with large vorticies behind the large

cone diameter and smaller vorticies on the other side, induces inhomogeneous pressure forces

on the flexible plate. Due to the periodic and alternating shedding of vorticies this effect is

also time-dependent and generates a quasi-periodic, wavelike three-dimensional deformation

of the rubber plate in both investigated test cases. The material used for the flexible plate

is an EPDM rubber (FSI-PfS-3a) or a para-rubber (FSI-PfS-3b) which are already applied in

FSI-PfS-1a and FSI-PfS-1c as well as in FSI-PfS-2x.

Owing to the three-dimensional deformation of the rubber material within the reference period

a more complex phase-averaging procedure (in comparison to the two-dimensional test cases

FSI-PfS-1x and 2x) has to be applied for both cone configurations. The first part of the

method is similar to the description in Section 7.4.1 (i.e., estimation of neutral points in the

y−displacement time series, period length detection, calculation of the mean period length,

phase-averaging of the x- and y-displacements based on the mean period length, re-sampling

of the phase-averaged structural results to 23 equidistant phase angles, sort of the flow field

measurements to their corresponding phase angle, phase averaging of the flow fields over equal

phase angles). While in the two-dimensional test cases the structural information only in one

plane are available, now structural data on the three xy-measuring planes (z/D)large = −2.72,
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(z/D)middle = 0 and (z/D)small = 2.72 and the yz-profiles along the line x/D = 3.13 are usable.

In both cases of FSI-PfS-3x the beginning and end of the reference period is defined by the

deflection of the rubber material (the rubber material passes the neutral point) at the large

cone diameter at (z/D)large = −2.72. Based on this definition all other structural and flow data

are arranged in the reference period. To visualize the three-dimensional shape of the deformed

rubber plate, a further post-processing step is necessary. By extra- and interpolating (second-

order accurate cubic spline extra- and interpolation method) the structural information (xy-

profiles and yz-profiles) the entire structure in its respective deformation state is approximated.

This procedure is only valid for deformations of the rubber plate in the first bending mode

(present in both test cases), since more complex structural deflections require more xy- and

yz-profiles to describe the entire structure. While in x- and y-direction enough data points

are delivered from the LLT sensor, in z-direction greater effort would be required to achieve

reasonable results for large and/or complex deformed structures17. For the present test cases

a sufficiently accurate representation of the structural deflection is achieved.

In the following paragraphs the results of the experimental investigations are presented.

FSI-PfS-3a - Structural results

The first test configuration attaches an EPDM rubber to the fixed cone and excites the struc-

ture by the flow with an inflow velocity of uinflow = 0.969 m/s. To quantify the structural

deformations of the flexible EPDM plate, three measurement points along the trailing edge

are chosen. The three points (see Fig. 160) are located at a distance of 2 mm (x/D = 3.13)

upstream of the extremity of the rubber plate and at (z/D)large = −2.72, (z/D)middle = 0 and

(z/D)small = 2.72 in z-direction, respectively.
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Figure 160: Measurement points of the structural deformations of FSI-PfS-3x.

17A stereoscopic measurement system based on high-speed camera recordings could meet the requirements.
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In Fig. 161 the average18 structural response of these three measurement points is presented as

a function of the linearly increasing inflow velocity uinflow. The start of the structural deflections

is visible at an inflow velocity of uinflow = 0.60 m/s. From the very beginning a strong three-

dimensional deformation of the structure is observed. The deflections at (z/D)large = −2.72

(downstream of the large cone diameter) are large, while the deflections behind the medium and

small cone diameters reach smaller maximum displacements. This trend is present over a wide

range of inflow velocities and responsible for the three-dimensional deformation of the rubber

plate. With increasing inflow velocities the deflections also increase till uinflow = 0.90 m/s

to values of (y/D)large = ±0.59, (y/D)middle = ±0.51 and (y/D)small = ±0.37. In the further

course the deflections at (z/D)large and (z/D)middle continuously increase till uinflow = 1.85 m/s

to values of (y/D)large = ±0.74 and (y/D)middle = ±0.66, while the displacements at (z/D)small

decrease to (y/D)small = ±0.30. A transition phase between uinflow = 1.85 m/s and uinflow =

2.10 m/s is characterized by highly fluctuating amplitudes of the maximum and minimum

structural displacements. At about uinflow = 2.10 m/s the previously symmetrical movement

turns into an asymmetric state. Here, the entire flexible structure is locked at one side behind

the cone and does not move back to the opposite side. Due to this state the oscillatory motion

is almost stopped. The investigations show that this process takes place arbitrarily on both

sides independent on the accelerating or decelerating inflow velocities.

Figure 161: FSI-PfS-3a: Averaged maximal/minimal structural deflections as a function of the
inflow velocity.

In addition to the displacement response (Fig. 161) to the inflow velocity, in Fig. 162 the cor-

responding frequency response is presented. The fluid-structure interaction starts at uinflow =

0.60 m/s with an oscillation frequency of f = 4.08 Hz (St = 0.15) and increases linearly

until the beginning of the irregular lockup effect at uinflow = 2.10 m/s with a frequency of

f = 11.51 Hz (St = 0.12) representing a frequency gradient of δf/δu = 4.95 Hz/(m s−1).

Similar to the displacements the fluctuation level of the frequency also increases with uinflow,

18Based on 10 measurement series.
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especially in the transition region beyond uinflow > 1.85 m/s. Since the first eigenfrequency of

the entire structure f3a,1st = 19.00 Hz (calculated in Section 8.3) is found to be much larger

than the measured swiveling frequencies, a resonance-induced mode transition does not take

place. In Fig. 163 several characteristic moments of the structural deformations at several

inflow velocities are illustrated. The snapshots depict the three-dimensional deformations of

the rubber plate.

Figure 162: FSI-PfS-3a: Averaged frequency and Strouhal number as a function of the inflow ve-
locity.

 inital           0.55 m/s   0.97 m/s      1.39 m/s         1.81 m/s   

Figure 163: FSI-PfS-3a: Characteristic moments of the structure deformation at several inflow
velocities.

The final inflow velocity of uinflow = 0.969 m/s for this test case is chosen owing to the moderate

quasi-periodic displacements at all three measurement planes and their corresponding low

fluctuation levels. In Fig. 164 the displacements of the structure within a time interval of one

second (raw data) are presented. The plot is based on the displacements of three measurement

points at the surface of the rubber plate introduced in Fig. 160.

The three time histories of the displacements reveal cycle-to-cycle variations regarding the

displacement amplitude and the swiveling frequency. Furthermore, the phase shift mentioned

above is clearly visible. The structure at the large cone diameter is leading the structural

motion. The structure in the middle of the domain follows with a phase shift of about 10
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Figure 164: FSI-PfS-3a: Experimental structural results: Time history of the structural deflections
(extract) for the three measurement points at x/D = 3.13 at the measurement planes
(z/D)large = −2.72, (z/D)middle = 0 and (z/D)small = 2.72.

degrees. Finally, the structure at the small diameter reaches the same state with a phase delay

of about 33 degrees with respect to the large diameter. That means that the deformation

velocity in spanwise direction is not constant. It can be assumed that the strong forces towards

the large cone diameter quickly overcome the deformation resistance of the rubber plate, while

the forces decrease towards the small cone diameter and the resulting deformation velocity

slows down.

In order to allow a quantitative comparison between the experimental results and numerical

data, all results are phase-averaged as explained in the introduction of this section. The results

for the structure are presented in Fig. 165 for the three measurement points and in Fig. 166

for the entire spanwise line along the extremity. Based on the phase-averaged period of the

deflections depicted in Fig. 165 the phase shift between the different planes is even more clearly

visible. As already mentioned the phase difference between the small and the middle diameter

is significantly larger than between the middle and the large diameter. Furthermore, also the

amplitudes visibly differ between the small and the middle diameter compared to the middle

and the large diameter.

The mean extrema of the displacements at the three measurement points along the truncated

cone are presented in Table 20. For each measuring point on the surface of the flexible plate

the displacements are nearly symmetric. The remaining deviations from symmetry are most

likely caused by the slightly anisotropic material behavior of the rubber and asymmetries in

the clamping of the flexible structure in the front body. The deflections are found to be large

at (z/D)large = −2.72 and decrease towards the small cone diameter, while their standard

deviations increase, respectively. The frequency of the FSI phenomenon, i.e., the frequency of

the y-displacements, is about f = 5.77 Hz, σ(f = 0.12 (2.08%)) which corresponds to Strouhal

numbers of Stlarge ≈ 0.20, Stmiddle ≈ 0.17 and Stsmall ≈ 0.13, respectively.

In Fig. 166 the phase-averaged deflections along the entire line at x/D = 3.13 close to the
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Figure 165: FSI-PfS-3a: Experimental structural results: Phase-averaged reference period of the
structural deflections at the three measurement points at x/D = 3.13.

(y/D)max (y/D)min (y/D)max (y/D)min (y/D)max (y/D)min

plane large large middle middle small small
y-displacement 0.538 −0.540 0.462 −0.459 0.227 −0.221
standard deviation σ 0.0387

(7.16%)
0.0378
(7.00%)

0.0283
(6.13%)

0.0305
(6.65%)

0.0275
(12.11%)

0.0330
(14.93%)

Table 20: FSI-PfS-3a: Measured mean y-displacements y/D and their corresponding standard de-
viations σ at the three measurement points at x/D = 3.13.

extremity illustrate the three-dimensional deformation of the rubber plate within the reference

period. At a phase angle of 16 degree the deflections are small all over the rubber plate. During

the further movement until 78 degree the displacements at the larger diameter nearly reach

their maximum, where in positive z/D-direction (small cone diameter) only small deflections

are noticeable. This part catches up at the phase angle shown for 141 degree, where the

displacements on the extremity are almost constant in z-direction. The following phase angles

depict similar states of the structure movement in the opposite direction.

FSI-PfS-3a - Flow field

In Fig. 167 the time-averaged flow fields at the three planes at z/D = −2.72, z/D = 0

and z/D = 2.72 are shown. In all three flow fields the characteristic physical phenomena

(a stagnation point in front of the cone, acceleration areas on the upper and lower side of

the structure, shear layers evolving out of the separated boundary layers, a recirculation area

downstream of the cone and a broad wake area behind the structure) are found. By comparing

all three planes to each other, it is noticeable that there is a tendency regarding the scales from

the large to the small side of the cone. This tendency is visible, i.e., for the acceleration areas

which are larger at the plane z/D = −2.72 than at the planes at z/D = 0 and z/D = 2.72.

The wake downstream of the structure has an y-expansion of about 4 · D at z/D = −2.72,
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Figure 166: FSI-PfS-3a: Phase-averaged structural results for the reference period; entire line close
to the extremity of the flexible structure at x/D = 3.13.

3 ·D at z/D = 0 and 1.5 ·D at z/D = 2.72, respectively. However, it can be assumed that flow

is not linearly distributed between the three measurement planes. In comparison to the mean

results of the rigid configuration (see Section 8.1.2) only minor deviations are found. That

means that the mean flow (including all mentioned phenomena) is rather unaffected by the

motion of the flexible plate. Compared to the two-dimensional test cases FSI-PfS-1x and 2x

the influence of the increased front body diameter is visible. Close to the small end of the cone

at z/D = 2.72 the ratio between the plate length and the front body cylinder is almost equal

to the cylindrical configuration (l/Dsmall = 2.45 for FSI-PfS-3a in comparison to l/D = 2.73

for FSI-PfS-1x and 2x). Here, the large differences in the time-averaged flow (reduced wake

expansion and acceleration areas) can be explained by the decreased inflow velocity of FSI-PfS-

3a. More similar to the mean velocity distribution of FSI-PfS-1x or 2x is the time-averaged

flow in the midplane of the channel at z/D = 0. Apparently, the increased front-body cylinder

(Dmiddle = 1.25 ·D) of FSI-PfS-3a compensate the lower inflow velocity.

A selection of phase-averaged flow fields is depicted in Figs. 168 and 169. These six states of

the mean period of the FSI problem illustrate the significant three-dimensional characteristics

of the flow. The shed vorticies are convected downstream leading to an alternating vortex

pattern in the wake of the structure. In the wake the characteristic recirculation areas are ob-

served. Finally, the shed vorticies leave the region of interest. All planes ((z/D)large = −2.72,

(z/D)middle = 0 and (z/D)small = 2.72) at a single phase angle show the distinctive behav-

ior of these vortical structures. Nevertheless, compared to each other the three planes differ

in the size of the vorticies and the area of the wake influenced. The shed vortex at the

plane (z/D)large = −2.72 is much larger in size and velocity magnitude than on the plane
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Figure 167: FSI-PfS-3a: Experimental flow and structural results, time-averaged over all measured
periods at the three measurement planes z/D = −2.72, 0 and 2.72.

(z/D)small = 2.72. Also the mentioned phase shift between the large and the small cone diam-

eter is visible due to the staggered location of the vortex centers.

In the first picture at a phase angle of 16 deg the EPDM rubber plate is nearly in its initial

position. The lateral sides of the plate appear slightly shifted since the small end is located

in the positive y-direction while the large end points are shifted in the negative y-direction.

At this phase angle the acceleration areas located in the positive y-direction have a large

expansion and strongly grow, while in the negative y-direction only small acceleration areas

and a previously shed vortex are observed. During the phase interval until the next picture

at 78 deg the entire rubber plate moves in the positive y-direction and reaches its maximal

deflection at the planes z/D = −2.72 and z/D = 0. Here, the deflections downstream of the

large cone diameter are larger than the deflections in the midplane at z/D = 0. Due to the

phase delay the extremity at z/D = 2.72 reaches its maxima about 33 deg later and the value

is significantly smaller. In the phase interval between 78 deg to 141 deg the structure moves
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back in the opposite (negative y-) direction and a vortex is shed from the cone in the positive

y-direction visible in the measurement planes z/D = −2.72 and z/D = 0, while at z/D = 2.72

the shed vortex is first visible at the picture of 203 deg. At the passage of the extremity at

z/D = −2.72 of the neutral line at y/D = 0 the first half of the phase-averaged period is

over. Within the following half period the flow including the pressure forces and the resulting

structural deformations are reversed with respect to the first half of the period. The presented

flow measurements indicate that a fully three-dimensional expanded vortex street is formed

downstream of the structure.

The volumetric flow results based on the V3V measurements support the assumption of a fully

three-dimensional flow. The spatial restriction of the V3V system allows an analyzable flow

volume of x/D = 3.20 to 9.40, y/D = −3.55 to 3.55 and z/D = −2.86 to 2.95. That means

the flow regions, in which the flexible structure oscillates and its lateral sides, are not included.

In Fig. 170 the phase-averaged result at the phase angle of φ = 313 deg is presented for

two different perspectives. The iso-surfaces depict the velocity magnitude at u/uinflow = 0.79

showing two shed vorticies downstream of the flexible plate. While in the two-dimensional test

cases the shed vorticies are almost equally expanded in z-direction, now a contraction from

the large cone to the small cone diameter can be observed. Furthermore, this effect increases

with the distance to the structure as the vortex near the structure is only slightly contracted,

while the vortex further downstream shows a significant three-dimensional expansion. It can

be assumed that the linearly increasing velocity distribution in z-direction is responsible for

this phenomenon. Furthermore, a vortex dislocation (refer to the explanation in Section 6.3.3)

as reported in the studies of Piccirillo and van Atta (1993), Narasimhamurthy et al. (2009)

and Jagadeesh (2009) is not observed downstream of the cone. It can assumed that the rubber

plate still acts like a splitter plate and alters the flow to an uniform vortex shedding frequency

in spanwise direction. That means the discrete steps in the vortex shedding frequency are

hindered and the generated vorticies are expanded but inclined all over the spanwise expansion

of the cone. An indication that the three-dimensional geometry still has an enormous effect

on the system is obvious from the phase delay in the structural motion and the fluid flow (i.e.,

the moment of the vortex shedding differs in time along the z-direction).

The POD analysis for this test case is carried out based on the PIV measurements in the

midplane (z/D = 0) of the channel. Figures 171a and b correspond to the kinetic energy of

the streamwise velocity u, while the cross-flow velocity component v is presented in Figs. 171c

and d. The analysis shows that the energy rises in the areas, where the vorticies detach from

the cone and form the antisymmetric pattern according to the alternating vortex shedding

at the bluff body. In comparison to the fixed configuration the kinetic energy is now more

concentrated in the vicinity of the moving plate. This is proved by the POD analysis based on

the vorticity (Figs. 171e and f). Here, the energy levels at all relevant flow structures rise due

to the increased disturbances of the FSI coupling.

The quantitative analysis of the POD reveals a strong decrease of the kinetic energy from

the large cone diameter to its small end. While the entire kinetic energy is calculated to

kabs,all,large = 934.30 m2/s2 (krel,all,large = 100%) at (z/D)large = −2.72, the kinetic energy at

(z/D)small = 2.72 yields only a sixth with kabs,all,small = 147.23 m2/s2 (krel,all,small = 100%).

In the midplane at (z/D)middle = 0 the kinetic energy amounts kabs,all,middle = 595.11 m2/s2
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(krel,all,middle = 100%). Similar to the two-dimensional test cases the first two POD modes

contain most of the kinetic energy. In the case of FSI-PfS-3a the first two modes stores together

72.37% ((z/D)large = −2.72), 59.62% ( (z/D)middle = 0) and 34.57% ((z/D)small = 2.72) of its

corresponding total energy content.
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Figure 168: FSI-PfS-3a: Experimental phase-averaged flow and structural results for the first
half of the reference period at three measurement planes at (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72.
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Figure 169: FSI-PfS-3a: Experimental phase-averaged flow and structural results for the sec-
ond half of the reference period at three measurement planes at (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72.
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Figure 170: FSI-PfS-3a: Experimental flow results (velocity magnitude) based on the V3V system
and the structural results (extra- and interpolated), phase-averaged data at the phase
angle of φ = 313 deg, iso-surfaces depict the velocity magnitude at u/uinflow = 0.79.
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Figure 171: FSI-PfS-3a: POD analysis of the two-dimensional flow fields in the midplane (z/D = 0):
a) velocity component u, first mode; b) velocity component u, second mode; c) velocity
component v, first mode; d) velocity component v, second mode; e) vorticity component
ωz, first mode; f) vorticity component ωz, second mode.
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FSI-PfS-3b - Structural results

In the second three-dimensional test case FSI-PfS-3b the soft para-rubber plate is attached to

the cone and the inflow velocity is reduced to 0.549 m/s, which will be motivated below.

In Fig. 172 the maximal and minimal deflections at (z/D)large = −2.72, (z/D)middle = 0 and

(z/D)small = 2.72 (all at x/D = 3.13, refer to Fig. 160) are plotted as a function of the

inflow velocity (averaged results based on a series of 10 single measurements). Beyond an

inflow velocity of uinflow = 0.15 m/s the interaction between the structure and the fluid starts

with tiny displacements all over the flexible plate. Till uinflow = 0.24 m/s a strong increase

in the peak deflections at all three points is noticeable. Even during this short initial phase

significant differences of the displacements between the three measurement positions are visible.

As assumed the deflections at z/D = 2.72 (small cone diameter) are smaller than those present

at z/D = 0 and z/D = −2.72. The largest deflections are reached at z/D = −2.72 (large

cone diameter). This increasing deformation behavior along the z-elongation from the small

to the large cone diameter is typical for this test case. In the limited range of inflow velocities

up to uinflow = 0.83 m/s the maximal and minimal peaks increase continuously to values of

(y/D)small = ±0.29, (y/D)middle = ±0.57 and (y/D)large = ±0.71. Beyond uinflow = 0.83 m/s

the oscillation switches from a quasi-periodic to an irregular behavior characterized by chaotic

three-dimensional deformations of the rubber plate (see Fig. 174). While in the quasi-periodic

state until uinflow = 0.83 m/s a deformation of the rubber plate similar to the motion of

FSI-PfS-3a is present, in the irregular phase an uncorrelated deformation along the trailing

edge is observable. At an inflow velocity of uinflow = 1.25 m/s the structural deflections are

dominated by the flow. The deflections decrease to |(y/D)small| < 0.22, |(y/D)middle| < 0.39

and |(y/D)large| < 0.50 and are highly unsteady.

Figure 172: FSI-PfS-3b: Averaged maximal/minimal structural deflections as a function of the in-
flow velocity.

In Fig. 173 the oscillation frequency distribution over the inflow velocity range from uinflow =

0 m/s to 1.63 m/s is depicted. The fluid-structure interaction begins at an oscillation fre-
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quency of f = 1.15 Hz (St = 0.168) at uinflow = 0.15 m/s. Up to uinflow = 0.83 m/s the

frequency increases linearly with the velocity (δf/δu = 4.84 Hz/(m s−1). With the beginning

of the transition phase the frequency continues to increase linearly but higher fluctuations are

noticed. The transition to the irregular mode is visible at uinflow = 1.15 m/s. The frequency of

f = 5.48 Hz is followed by a large increase of the frequency accompanied by high fluctuations.

After the transition the frequencies are almost doubled (i.e., f = 13.07 Hz at uinflow = 1.36 m/s)

but the fluctuations remain on a high chaotic level. In contrast to FSI-PfS-3a the first eigenfre-

quency f3b,1st = 9.42 Hz (refer to Section 8.3) of the entire structure is reached in the transition

regime. Due to the high fluctuations there and in the following state, no proven statement

whether this transition is resonance-induced or just affected by the flow can be made.

Figure 173: FSI-PfS-3b: Averaged frequency and Strouhal number as a function of the inflow ve-
locity.

 inital           0.55 m/s   0.97 m/s      1.39 m/s         1.81 m/s   2.23 m/s

Figure 174: FSI-PfS-3b: Characteristic moments of the structure deformation at several inflow
velocities.

Based on these preliminary studies the final inflow velocity for this test case is set to uinflow =

0.549 m/s. Here, the FSI phenomenon is quasi-periodic but fully three-dimensional with large

structural deformations in negative z-direction (large cone diameter) and smaller deflections

in positive z-direction (small cone diameter). In Fig. 175 the displacements of the structure at

the three measurement points (x/D = 3.13) within a time interval of one second (raw data) are
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Figure 175: FSI-PfS-3b: Experimental structural results: Time history of the structural deflections
(extract) for the three measurement points at x/D = 3.13 at the measurement planes
(z/D)large = −2.72, (z/D)middle = 0 and (z/D)small = 2.72.

presented. The time histories of these three points reveal cycle-to-cycle variations regarding

the displacement amplitudes, the swiveling frequency and the phase shift between the three

measured deflections. Similar to FSI-PfS-3a the deformation of the structure at the large cone

diameter is dominating the structural motion. The structure in the middle of the domain

precedes the deflection downstream of the large cone with a phase shift of about 6 degrees,

while the deflection past the small diameter follows with a phase delay of about 7 degrees with

respect to the deflections in the midplane. That means that the swiveling motion present in

this test case differs from the swiveling mode in FSI-PfS-3a. While in the case 3a a wave-

like motion starts at the large cone diameter and moves through the flexible rubber material

until it reaches the small cone diameter, here the para-rubber plate first deflects in its middle

followed by its lateral sides, respectively. This kind of deflection is also observed in FSI-PfS-1a

with the difference that the phase delays are much shorter and the deformation is almost two-

dimensional (the lateral sides move almost simultaneously). In the present case the middle

of the rubber plate is followed by the plane downstream of the large cone diameter (larger

deflection extrema) and the plane at the small cone diameter even later (smaller deflection

extrema). This deflection behavior can be explained by the soft para-rubber material. While

in FSI-PfS-3a the stiff EPDM rubber possesses a strong deformation resistance and therefore

a large local dependence on the overall deflection of the entire structure, now the soft para-

rubber is locally more unconstrained. It can be assumed that the local integral pressure forces

have a crucial influence on the temporal deformation within the reference period.

The phase-averaged results for the structure are presented in Fig. 176 for the three planes and

in Fig. 177 for the entire line in z-direction along the extremity. The phase averaged values

of the peak deflections are (y/D)large ≈ ±0.66, (y/D)middle ≈ ±0.56 and (y/D)small ≈ ±0.33

(see Table 21). Similar to FSI-PfS-3a the tendency of the different scales as a function of

the local cone diameter is also present for the phase-averaged deflections in this test case.
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Figure 176: FSI-PfS-3b: Experimental structural results: Phase-averaged structural deflections
for the three measurement points at x/D = 3.13 at the three measurement planes
(z/D)large = −2.72, (z/D)middle = 0 and (z/D)small = 2.72.

While the displacements decrease towards the small cone diameter, the standard deviations

increase which again can be assigned to the uniform vortex shedding frequency in spanwise

direction which eventually generates increased flow fluctuations in the region downstream of

the small cone end. As already mentioned for the test case FSI-PfS-3a the plate motion forces

the system to an uniform vortex shedding frequency which may results in a sensitive coupling

of the structure and the fluid especially in the region behind the small cone diameter where

a much higher vortex shedding frequency would be present in the fixed case. The frequency

of the FSI phenomenon, i.e., the frequency of the y-displacements, is about f = 3.20 Hz with

σ(f) = 0.0928 (2.90%).

(y/D)max (y/D)min (y/D)max (y/D)min (y/D)max (y/D)min

plane large large middle middle small small
y-displacement 0.66 −0.66 0.57 −0.55 0.30 −0.30
standard deviation σ 0.0353

(5.30%)
0.0358
(5.46%)

0.0483
(8.50%)

0.0333
(6.02%)

0.0331
(10.82%)

0.0302
(9.93%)

Table 21: FSI-PfS-3b: Measured mean y-displacements y/D and their corresponding standard de-
viations σ at the three measurement points at x/D = 3.13.

The Strouhal numbers are calculated to Stlarge ≈ 0.16, Stmiddle ≈ 0.13 and Stsmall ≈ 0.10 related

to their individual cone diameter, respectively. As already mentioned Fig. 177 illustrates the

displacements of the entire line in z-direction measured along the extremity at x/D = 3.13.

This figure shows the short phase delay along the spanwise direction. Each section of the

flexible structure reaches its extrema within a phase interval of 13 deg.
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Figure 177: FSI-PfS-3b: Phase-averaged structural results for the reference period; entire line in
z-direction close to the extremity of the flexible structure at x/D = 3.13.

FSI-PfS-3b - Flow field

In Fig. 178 the averaged flow field of the three planes at (z/D)large = −2.72, (z/D)middle = 0

and (z/D)small = 2.72 are shown. In all three flow fields the characteristic physical phenomena

(a stagnation point in front of the cone, acceleration areas on the upper and lower side of the

structure, shear layers evolving from the cone, a recirculation area downstream of the cone and

a broad wake area behind the structure) are again observed. By comparing all three planes to

each other it is noticeable that there is a tendency regarding the scales from the large to the

small side of the cone. The acceleration areas as well as the wake area are larger in the plane

(z/D)large = −2.72 (large cone diameter) than at (z/D)middle = 0 and (z/D)small = 2.72 (small

cone diameter).

A selection of phase-averaged flow fields is depicted in Figs. 179 and 180. The phase-averaged

flow results are rather similar to the results of FSI-PfS-3a. The present variations mainly refer

to the lower vortex shedding frequency as a consequence of the decreased inflow velocity and

the shorter phase delay of the structural deformations in comparison to FSI-PfS-3a.

In the first picture at a phase angle of 16 deg the flexible plate is nearly in its initial position.

While the entire plate is moving in the positive y-direction, the acceleration areas at the upper

side of the cone strongly grow while at the opposite side only small acceleration areas and a

previously shed vortex are observed. During the phase interval until the next picture at 78 deg

this vortex is convected further downstream and the para-rubber plate reaches its maximal

deflection at all planes within ±10 deg. This short phase delay is also noticeable for the

present flow structures in the different planes. While in FSI-PfS-3a a significant temporal
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Figure 178: FSI-PfS-3b: Experimental flow and structural results, averaged over all measured
periods at the three measurement planes (z/D)large = −2.72, (z/D)middle = 0 and
(z/D)small = 2.72.

deviation between the large cone diameter and the small cone diameter is visible in the flow

fields, here a corresponding effect is not observed. This is obvious in the following picture

showing the phase angle of 141 deg, where the structure moves back in the opposite (negative

y-) direction and a vortex is shed from the cone almost simultaneously in all measurement

planes. The passage of the neutral line of the flexible structure downstream of the large cone

diameter marks the end of the first half of the phase-averaged period. In the second half period

the pressure forces and the resulting structural deformations are reversed with respect to its

first half.

Since the flow fields of both configurations of FSI-PfS-3x are found to be quite similar, the

POD analysis are alike, too. Again, the distributions of the kinetic energy referring to the

streamwise velocity u (Figs. 171a and b), the cross-flow velocity component v (Figs. 171c and

d) and the vorticity (Figs. 171e and f) are presented for the midplane at z/D = 0. Varia-
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tions in each field mainly correspond to the reduced vortex shedding frequency of FSI-PfS-3b

in comparison to 3a. Additionally, the lower inflow velocity in FSI-PfS-3b leads to decreased

fluctuations in the entire flow field. Therefore, the fluctuations caused by the movement of the

flexible structure due to the fluid become more distinct. Therefore, a rough estimation of the

structural deflections and its bending mode is visible in the POD analysis of the streamwise

velocity u and the vorticity.

Quantitatively, the POD analysis shows again the decline of the kinetic energy from the thicker

side to the smaller side of the cone. The entire kinetic energy is calculated to kabs,all,large =

469.25 m2/s2 (krel,all,large= 100%) at (z/D)large = −2.72, kabs,all,middle= 280.56 m2/s2 (krel,all,middle=

100%) at (z/D)middle = 0 and kabs,all,small= 103.62 m2/s2 (krel,all,small= 100%) at (z/D)small = 2.72,

respectively. Again, the relative energy distribution over the POD modes are similar to its

equivalent in FSI-PfS-3a. The summarized energy values of the first two modes are found to

be 53.13% ((z/D)large = −2.72), 55.77% ((z/D)middle = 0) and 38.53% ((z/D)small = 2.72) of

its corresponding total energy content.
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Figure 179: FSI-PfS-3b: Experimental phase-averaged flow and structural results for the first
half of the reference period at three measurement planes at (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72.
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Figure 180: FSI-PfS-3b: Experimental phase-averaged flow and structural results for the sec-
ond half of the reference period at three measurement planes at (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72.
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Figure 181: FSI-PfS-3b: POD analysis of the two-dimensional flow fields in the midplane (z/D = 0)
a) velocity component u, first mode; b) velocity component u, second mode; c) velocity
component v, first mode; d) velocity component v, second mode; e) vorticity component
ωz, first mode; f) vorticity component ωz, second mode.
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FSI-PfS-3x - Conclusion

In the third series of test cases FSI-PfS-3x a more complex front body geometry is applied

to set-up three-dimensional FSI test cases in terms of structural deflection and fluid flow. In

order to maintain most of the measures of the two-dimensional test cases FSI-PfS-1x and 2x,

the front cylinder is replaced by a cone (the small cone diameter is equal to the former cylin-

der diameter D while the large cone diameter measures 1.5 · D). According to the spanwise

enlargement of the cone, the flexible plate attached to it is adapted to the new geometry and

preserves the plate length of 60 mm. The two present configurations FSI-PfS-3a and 3b dif-

fer in the plate material (EPDM rubber and para-rubber) and the applied inflow velocities

(uinflow = 0.969 m/s and uinflow = 0.549 m/s).

Both test cases are limited to moderate structural deflections in one dominant swiveling mode.

A quasi-periodic state in the structural deformation and the fluid motion is reached in both

cases but by applying different inflow velocities. Due to the increased complexity of the flow

according to the three-dimensional geometry of the front body only one quasi-periodic oscilla-

tion state is noticed in contrast to the presence of two swiveling modes, e.g., in FSI-PfS-2x. In

the present state a fully three-dimensional deformation of the flexible structure appears within

the oscillation period. For FSI-PfS-3a a wave-like deformation in the plate propagates from

the large cone diameter to the small cone diameter with decreasing structural deflections. This

behavior is consistent with the assumption of higher fluid loads caused by the larger shed-

ding vorticies on the large side of the cone in contrast to its opposite side proven by the PIV

measurements at different planes. The stiff EPDM rubber supports or eventually enables this

wave-like deflection behavior. In FSI-PfS-3b a different deflection behavior is observed. Here,

the middle section of the plate reaches the extrema first followed by the parts downstream

the large and later the small cone diameter. It can be assumed that the soft para-rubber

decreases the deformation resistance in comparison with the EPDM rubber and therefore the

local characteristics of the entire structure deformation. However, in both cases the structural

deflections are limited to the dimension of the front body (similar to the two-dimensional test

cases without a steel weight FSI-PfS-1x) with mild variations towards the large end of the cone

and stronger fluctuations downstream of the small cone diameter (see Table 22).

As already mentioned the oscillation behavior is strongly affected by the applied material of

the rubber plate. Beside the three-dimensional deflection behavior, the low Young’s modulus

of the para-rubber plate (FSI-PfS-3b) also reduces the critical inflow velocity of the FSI onset.

As a consequence the destabilization of the quasi-periodic swiveling state commences earlier

compared to the EPDM rubber in FSI-PfS-3a. This is also represented by the bending stiffness

KB for FSI-PfS-3a with KB = 0.07023 which is almost doubled in comparison to the value

of KB = 0.03720 calculated for FSI-PfS-3b. In both cases the fluctuations of the deflections

increase towards the small cone diameter. This indicates that the flow works against the ”lock-

in” swiveling state of the system. More precise the vortex shedding frequency naturally rises

along the decreasing cone diameter while the attached flexible plate forces an uniform vortex

shedding frequency. It can be assumed that at the smaller end of the cone the physical cou-

pling between the flow and the structure is eventually more sensitive and leads to the increased

variations in the deflections there.
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Test case FSI-PfS-3a FSI-PfS-3b
behavior 3D 3D

bending modes 1st mode 1st mode
bending stiffness KB 0.07023 0.03720

uinflow [m/s] 0.969 m/s 0.549 m/s
symmetry X X
f [Hz] 5.77 3.20
σ(f) ±2.08% ±2.90%
St 0.131 0.128

(y/D)large ±0.54 ±0.66
σ(y/D)large ±7.08% ±5.38%
(y/D)middle ±0.460 ±0.56
σ(y/D)middle ±6.34% ±7.26%
(y/D)small ±0.224 ±0.30
σ(y/D)small ±13.52% ±10.38%

POD energy content kabs,all,large 934.30 m2/s2 469.25 m2/s2

POD energy content kabs,all,middle 595.11 m2/s2 280.56 m2/s2

POD energy content kabs,all,small 147.23 m2/s2 103.62 m2/s2

Table 22: Summary of FSI-PfS-3x.

The observation that this sensitive region does not affect the entire system coupling can be

explained by the POD analysis. The analysis at the different measurement planes reveals a

strong decrease of the kinetic flow energy from the large cone diameter to the small cone di-

ameter (see Fig. 182 for the case FSI-PfS-3a and Fig. 183 for the case 3b). That means that

only a small fraction of the kinetic energy is present towards the small end of the cone while

the large end with its great amount of flow energy dominates the coupled system. It can be

assumed that all unstable flow effects at the small side of the cone are suppressed by the flow

excitation coming from its large side.

Figure 182: FSI-PfS-3a: POD results

Since the mentioned flow effects are mainly the effect of the three-dimensional geometry of the
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Figure 183: FSI-PfS-3b: POD results

bluff body, the instability-induced excitation (IIE) is assumed to be responsible for the FSI

coupling. In both test configurations the structural motion is driven by the vortex shedding

instability. The limitation to the swiveling mode in main flow direction and the moderate

deflections in the range of the local cone diameter are not able to alter the system coupling.

Thus, the movement-induced excitation (MIE) state does not appear.
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10.1.4. FSI-PfS-4x (Application-based test cases)

The fourth set of test cases (FSI-PfS-4x) consists of an elastic circular polyethylene cylin-

der clamped at one channel wall and free at the opposite side (see test case definitions in

Section 6.3.4). The configurations FSI-PfS-4a and 4b differ concerning eight additional rigid

cylinders that build together with the flexible cylinder a 3 × 3 alignment in the case 4b. The

configurations FSI-PfS-4x are again geometrically simple and tend to an application-based

FSI test case scenario. Applications regarding these generic configurations are widespread.

Maritime structures such as tension risers (Yang and Xiao, 2014) applied in the offshore oil

extraction are a common example referring to the present configuration of FSI-PfS-4a. Tube

bundles in heat exchangers correspond to the more complex set-up of FSI-PfS-4b. Here, struc-

tural vibrations caused by a fluid-structure excitation may lead to significant damage scenarios

in several industrial applications (Weaver and Fitzpatrick, 1988; Päıdoussis and Li, 1992; Goy-

der, 2002; Päıdoussis, 2006; Shinde et al., 2014). Especially, the vortex-induced vibrations on

fuel rods in nuclear plants are seriously studied (Päıdoussis, 2006) in the last decades due to

its important safety aspects.

In the following paragraphs the experimental results of the two configurations FSI-PfS-4x are

discussed in terms of their structural deflections and their corresponding fluid flow. In contrast

to the previous test cases now all results are normalized by the small diameter of the flexible

cylinder d = 0.008 m and obtained at the measurement plane (z/d) = 20.63 in the vicinity of

the cylinder tip (see Fig. 184). Furthermore, the structural results are based on measurements

yielding the circular xy-cross-section of the flexible cylinder at this measurement plane. Out

of the circularly arranged points and the known cylinder diameter its center point is calculated

and referenced in the following results.

0 20.63 22.50 z/d

channel backplate

measurement plane channel front glass 

flexible cylinder

Figure 184: Measurement plane of FSI-PfS-4x.
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FSI-PfS-4a - Structural results

The stiff polyethylene cylinder fixed at the channel wall deflects with moderate deformations

in the range of the cylinder diameter but high oscillation frequencies. Figures 185 and 186

refer to the structural response as a function of the inflow velocity up to uinflow = 1.9 m/s.

In Fig. 185 the maximal and minimal amplitudes of the structural deformations are given.

The corresponding swiveling frequencies of the flexible cylinder are shown in Fig. 186. These

averaged results are based on a series of 10 single measurements in which the inflow velocity

of the water tunnel is continuously increased step by step.

y/d max peak x/d min peaky/d min peak x/d max peak

Figure 185: FSI-PfS-4a: Averaged maximal/minimal structural deflections as a function of the
inflow velocity.

The FSI coupling starts at an inflow velocity of about uinflow = 0.20 m/s with tiny and aperiodic

deformations until the velocity reaches a magnitude of 0.75 m/s. By reaching this critical inflow

velocity the amplitudes of the structural deformations start to rise slowly. Within the range of

inflow velocities of about uinflow = 0.75 to 1.15 m/s an increase of the deflections is observable

but it remains small. At about uinflow = 1.15 m/s an abrupt decrease of the deflections is

noticeable. This momentary structural response marks the further increase to larger structural

deflections up to maximal and minimal displacements of about y/d ≈ ±1 at uinflow = 1.9 m/s.

Similar to the y/d-deflections the x/d-coordinate of the center point shows large deflections up

to x/d ≈ 4. Due to the increasing inflow velocities the drag forces raise quadratically. This is

evident by the nearly quadratic increase of the x/d displacements. The high drag forces result

in a maximum of the tip deflection of the polymer cylinder of about x/d = 3.91 at the inflow

velocity of uinflow = 1.9 m/s. Remarkable is the range of the peak-to-peak x/d-displacements.

The cylinder tip swivels with about x/d = ±0.17 around x/d = 0.6 at uinflow = 1.17 m/s in

contrast to the increased oscillations at uinflow = 1.9 m/s with x/d = ±0.67 around x/d = 3.22.

The swiveling frequencies f and the Strouhal number St (Fig. 186) related to the y/d-deflections

reveal strong fluctuations until the inflow velocities of uinflow = 0.9 m/s is reached. Here, the

structure oscillates at a frequency of f = 19.96 Hz (St = 0.178). A significant change of the
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Figure 186: FSI-PfS-4a: Averaged frequency and Strouhal number as a function of the inflow
velocity.

swiveling frequency is noticed at uinflow = 1.15 m/s (f = 22.40 Hz) corresponding to the struc-

tural displacements y/d and x/d mentioned in the previous paragraph. This structural response

is characterized by a short and abrupt increase in the frequency to f = 29.5 Hz (St = 0.196)

and represents the mode transition from the first swiveling mode (small deflections) to the sec-

ond swiveling mode (large deflections). In contrast to the other test cases this mode transition

is characterized by a short increase in the swiveling frequency and a corresponding decrease in

the structural deflections at the particular inflow velocity of about uinflow ≈ 1.15 m/s. After

the mode transition an oscillation frequency of about f = 23.0 Hz is present. In the following

the oscillation frequency rises almost linearly to a frequency of about 31.8 Hz (St = 0.133) at

uinflow = 1.9 m/s.

Figure 187: FSI-PfS-4a: Experimental structural results: Time history of the structural deflections
(extract) for the center of the flexible cylinder at the measurement plane (z/d) = 20.63.
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The final velocity of this test case is set to the inflow velocity of uinflow = 1.69 m/s (Re =

13, 520). In this state the deflections are large (the time histories are shown in Fig. 187) with

time-averaged peak y-displacements of about (y/d)max = 0.903 and (y/d)min = −0.895. Fur-

thermore, the fluctuations are characterized by the moderate standard deviations of σ((y/d)max)

= 0.0421 (4.66%) and σ((y/d)min) = 0.0495 (5.53%). In the x-direction the cylinder center

swivels with minimal values of (x/d)min = 2.84 and maximal values of (x/d)max = 3.85. Com-

pared to the values of the structural response in Fig. 185 a mismatch of the x-deflections is

measured. The reason for this mismatch is found in the excitation before attaining the specific

swiveling state. In the case of the measurement series related to the structural response the

inflow velocity and hence the load on the cylinder is continuously increased. For the measure-

ments at the fixed inflow velocity the load is kept constant at a high level. Related to this case

preliminary studies reveal that a settlement phase of approximately three minutes is necessary

till a quasi-periodic swiveling state of the flexible cylinder is achieved and the measurements

can be started. Especially the x-deflections are influenced by this settlement phase by bending

more and more in positive x-direction. It can be assumed that the integral load (mainly the

drag force) within the settlement phase is lower in the first measurement series (Fig. 185) than

in the second fixed velocity case. Therefore, the deflections in x-direction are larger in this

case. The mean swiveling frequency at the fixed inflow velocity of uinflow = 1.69 m/s is found

to be favg = 29.39 Hz (St = 0.139) with a low standard deviation of σ(f) = 0.62 Hz (2.11%).

Figure 188: FSI-PfS-4a: Experimental structural results: a) phase-averaged reference period of the
structure for the x/d- and y/d-deflections, b) xy-motion of the structural deflections,
both for the center of the cylinder at z/d = 20.63.

The phase-averaged structural results are presented in Fig. 188a. The oscillation period consists

of 31 phase-averaged data points calculated out of the recorded 4938 periods. While the x/d-

deflection is characterized by a sinusoidal behavior with a doubled frequency (compared to

the y/d-deflections), the y/d-displacements near the tip of the polyethylene beam are flattened

towards the maximal and minimal deflections. By reaching these peak deflections the cylinder

tip stays at its y/d-position for almost 50 degrees of the time-phase angles. Afterwards, the
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cylinder tip accelerates rapidly to attain the opposite extrema. The xy-motion path of the

cylinder tip describes a distorted eight ”8” and is plotted in Fig. 188b.

FSI-PfS-4a - Flow results

The result of the flow field time-averaged over all PIV measurements without applying a phase-

reconstruction method is depicted in Fig. 189a. Remarkable is the apparent influence of the

cylinder motion on the flow field. The stagnation point in front of the cylinder is not visible due

to the blurring effect by averaging a flow field containing a moving structure. The same effect

is responsible for the strongly reduced velocities in the wake of the structure compared to the

fixed cylinder case. That is clearly visible in the range (y/d ≈ 1.5), where the cylinder moves.

On the upper and lower sides of the cylinder the typical acceleration areas with decreasing

velocities towards the channel walls are noticed. Rearwards a congealing recirculation area

is present. Looking at the entire wake of the moving structure, its significant expansion of

about six cylinder diameters is observed. In comparison to the fixed configuration (refer to

Section 8.1.3) this is an increase of the wake from four to six cylinder diameters and only

related to the FSI coupling. Other changes related to the flexible cylinder are the acceleration

areas shifted in y-direction and the above mentioned blurred stagnation point in front of the

moving cylinder. The distribution of the Reynolds shear stress u′v′ depicted in Fig. 189b is

also changed from the fixed to the flexible FSI configuration of this test case. While in the

fixed configuration the maximal and minimal shear stresses are found in the wake of the fixed

cylinder and correspond to the vortex shedding, now the maximal positive and negative stresses

are observed in the vicinity of the moving cylinder. In the wake area only low shear stresses

are present in the FSI case.

0.10 0.23 0.37 0.50 0.63 0.77 0.90 1.03 1.17 1.30

dimensionless velocity magnitude: Reynolds stress u´v´ [m  s ]:
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/2 2

Figure 189: FSI-PfS-4a: Time-averaged flow results at the measurement plane z/d = 20.63 for a)
the dimensionless velocity magnitude and b) the Reynolds shear stress u′v′.

The combined phase-averaged flow and structural results are shown in Figs. 190 and 191 for

the six time phase angles 16, 78, 141, 204, 266 and 326 deg. In these six states the large

contrast to the time-averaged flow field in Fig 189 is visible. Several symmetric vortex centers

shedding from the moving cylinder surface are located in its wake. The positions of the vorticies
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indicate a 2P19 arrangement similar to observations related to elastically supported cylinders

by other authors (e.g., Blevins, 1990). That means that in each period a pair of two symmetric

vorticies are shed from the moving cylinder and convected downstream. Due to the motion

of the structure the stagnation point in front of the cylinder is not explicitly visible. The

coarse resolution of the PIV measurements, the temporal limitation of the LLT sensor and

the handicaps of the phase-averaging method (especially the resulting blurring effect) inhibit a

more detailed analysis of the flow field in terms of, for example, the movement of the separation

point on the moving cylinder and the collapse of the vorticies in the wake area. Changes in

the experimental set-up, e.g., the reduction of the measurement area brought only minimal

improvements to the present test configuration. Furthermore, the high oscillation frequency

of the flexible cylinder impedes the PIV measurements by the large velocity gradients in the

vicinity of the fast moving structure in comparison to the low fluid velocities in its wake.

192P - two vortex pairs are formed per period.
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Figure 190: FSI-PfS-4a: Experimental phase-averaged flow and structural results for the first half
of the reference period at the measurement plane z/d = 20.63.
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Figure 191: FSI-PfS-4a: Experimental phase-averaged flow and structural results for the second
half of the reference period at the measurement plane z/d = 20.63.

In the time series of the six time phase angles in Figs 190 and 191 the mean quasi-periodic FSI
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data of this test case are illustrated. In the first picture at a phase angle of 16 deg the cylinder

tip is slightly deflected in positive y/d-direction. The fast motion of the structure induces a

small acceleration area nearby. At the next phase angle of 78 deg the structure reaches its

maximum deflection in y/d- and x/d-direction. On the upper and lower side of the cylinder two

acceleration areas developed. At this phase angle the cylinder is almost motionless. At 141 deg

both vorticies are already shed and the cylinder moves in negative y/d-direction to the opposite

deflection extrema, repeating the whole process and forming the typical 2P vortex street. Since

the four shedding vorticies are not visible in the velocity magnitude distributions (Figs 190 and

191) Fig. 192 depicts the vorticity component ωz at the phase angle of 203 deg. In the direct

vicinity of the moving cylinder the four generated vorticies are observed. Due to the coarse

spatial and temporal resolution of the PIV system and the blurring of the phase-averaging, the

vorticies are not visible further downstream.

vorticity ω
z
:

-1      -0.5        0        0.5 1

Figure 192: FSI-PfS-4a: Experimental phase-averaged flow vorticity at the phase angle of 203 deg
at the measurement plane z/d = 20.63.

The three-dimensional flow results (analyzable flow volume of x/d = 1.1 to 17.7, y/d = −9.1

to 9.1 and z/d = 3.4 to 19.5) based on the V3V-measurements for this test case are depicted

in Fig. 193 for several perspectives. In contrast to the other three-dimensional flow results

depicted in this thesis, the present visualizations show the time-averaged flow field and its

corresponding mean cylinder deformation. The time-averaged results are chosen due to the

high velocity fluctuations present in the three-dimensional flow field. Therefore, not enough

data for the phase-averaging procedure are available to provide a sufficiently accurate quasi-

periodic 3D flow field.

The time-averaging over all 550 V3V measurements provide no smooth velocity iso-surfaces in

the wake of the deformed cylinder. Nevertheless, similar to the mean results based on the PIV

measurements the expansion of the wake is visible in Fig. 193.

The POD analysis for the first two POD modes of FSI-PfS-4a is presented in Fig. 194. The

influence of the characteristic 2P vortex street is obvious in the distributions of the kinetic

energy referring to the streamwise velocity u in Figs. 194a and b. Here, the four shedding

vorticies generated within an oscillation period are visible in the first and second POD mode. As
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Figure 193: FSI-PfS-4a: Experimental time-averaged flow results based on the V3V and the struc-
tural results, iso-surfaces depict the velocity magnitude at |u|/uinflow = 0.79.

expected, the highest kinetic flow energy for this velocity component is found in the vicinity of

the moving cylinder. In comparison to the fixed configuration of FSI-PfS-4a (see Section 8.1.3)

the strong impact of the FSI coupling on the flow field is clearly recognizable. While in the

rigid configuration only two vorticies are present side by side, in the FSI case four vorticies are

found. In contrast, the cross-flow velocity component v (depicted in Figs. 194c and d) seems

to be less affected by FSI. Similar to the fixed configuration broad areas of high kinetic energy

are distributed in the wake of the cylinder. Due to the moving cylinder these areas are much

more expanded in y-direction, since the y-momentum exchange in the wake region is increased

in the FSI case. Furthermore, the shape of the areas of high kinetic energy far downstream

of the flexible cylinder reveals a significant extension (buckle) in negative x-direction. This
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leads to the assumption that the inner vorticies are slightly slower convected downstream in

comparison to the lateral vorticies next to the fast bulk flow. The POD analysis of the vorticity

component ωz is shown in Figs. 194e and f. Again the mostly affected region of the kinetic

energy is found in the wake of the cylinder and in the regions where the vorticies are generated

and shed. Further downstream the expansion of the wake and the corresponding drift of the

vorticies apart are visible. This phenomenon is not visible in the vorticity-based POD analysis

of the fixed configuration, where the areas of high kinetic energy are smaller than in the FSI

case.

Despite the significant changes of the system characteristics (especially the vortex shedding

mode) the comparison of the total energy content of the fixed (kabs,all = 652.74 m2/s2, krel,all =

100%) and the flexible cylinder (kabs,all = 732.14 m2/s2, krel,all = 100%) configurations yield

only a small increase of the energy due to the FSI coupling. Since the vortex shedding frequency

is not measured in the fixed configuration case it only can be assumed that the vortex shedding

frequency is not significantly altered due to the FSI coupling while in the other studied test

cases FSI-PfS-1x, 2x and 3x a significant change in the frequency is observed. There, the

flexible plate behind the front cylinder acts like a splitter plate and a stronger influence on

the flow and the kinetic energy content is expected. Another indication that the FSI effect

in FSI-PfS-4a is not that eminent to the flow is given with the energy content of the first

and second POD modes which only contain 38% of the total kinetic energy of FSI-PfS-4a

with kabs,1st = 161.51 m2/s2 (krel,1st = 22.1%) and kabs,2nd = 116.17 m2/s2, (krel,2nd = 15.9%).

Nevertheless, in comparison the kinetic energy of the higher POD mode is significantly lower

(e.g., under 4% of the total kinetic energy for the third POD mode, see Fig. 204). That suggests

that the vortex shedding together with the impressed fluid motion due to the motion of the

cylinder is still energetically dominant compared to other (e.g., turbulent) flow phenomena.
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Figure 194: FSI-PfS-4a: POD analysis of the two-dimensional flow fields in the measurement plane
at z/d = 20.63, a) velocity component u, first mode; b) velocity component u, second
mode; c) velocity component v, first mode; d) velocity component v, second mode; e)
vorticity component ωz, first mode; f) vorticity component ωz, second mode.
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FSI-PfS-4b - Structural results

In the second test case FSI-PfS-4b the flexible cylinder (again fixed at the backplate, free

cylinder tip) is surrounded by eight rigid cylinders in a 3×3 arrangement. Again the structural

response as a function of the inflow velocity up to uinflow = 1.9 m/s is averaged over 10 single

measurements and presented in Fig. 195 for the displacements and in Fig. 196 for the swiveling

frequencies and Strouhal numbers.

Figure 195: FSI-PfS-4b: Averaged maximal/minimal structural deflections as a function of the
inflow velocity.

In contrast to FSI-PfS-4a the FSI coupling starts earlier for this case at an inflow velocity of

uinflow ≈ 0.4 m/s with tiny but almost periodic oscillations of the cylinder tip. The following

slow increase of the y/d-deflections is characterized by strong disturbances. Here, the cylinder

tip is deflected in an asymmetric and aperiodic way, exhibiting the influence of the surrounding

rigid cylinders. Especially the first row of these cylinders is assumed to generate strong flow

fluctuations in their wake. These flow structures hit the flexible cylinder and amplify or hinder

its deformation. At an inflow velocity of about uinflow = 1.2 m/s this progress leads to a local

extrema of the deflections (y/d ≈ ±0.95) and a slight decrease in the y/d-deflections is observed

for inflow velocities above this value. Here, the x/d-deflections range between x/d ≈ 0.3 and

x/d ≈ 0.8. By reaching an inflow velocity of uinflow = 1.35 m/s the y/d-deflections again start

to increase. Furthermore, the fluctuations in the structural response decrease. The increase

of the displacements (y/d and x/d) of the cylinder tip is characterized by large, symmetric

and periodic deformations in the measurement plane. The almost linear increase of the y/d-

deflections from y/d ≈ ±0.73 at uinflow = 1.35 m/s to y/d ≈ ±1.66 at uinflow = 1.9 m/s exhibit

a gradient of about (δ(y/d)/δu) = 1.69 1/(m s−1). In the same interval the x/d-deflections

are found to be (x/d)min = 0.36 to (x/d)max = 1.15 at uinflow = 1.35 m/s and (x/d)min = 2.20

to (x/d)max = 3.43 at uinflow = 1.9 m/s. In comparison to FSI-PfS-4a the y/d-deflections are

increased while the x/d-displacements are decreased in the case FSI-PfS-4b. This is reasonable

since the y/d-momentum is not impeded by the outer bulk flow (in contrast to FSI-PfS-4a)
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but moves through the wake of the first cylinder row, while the x/d-deflections are limited due

to the third cylinder row.

Figure 196: FSI-PfS-4b: Averaged frequency and Strouhal number as a function of the inflow
velocity.

The oscillation frequency of the structural response shows a similar pattern as the y/d-

deflection. The first phase is characterized by a linear rise of the frequencies from f = 13.3 Hz

at uinflow = 0.55 m/s to a maximal frequency of f = 29.49 Hz at uinflow = 1.27 m/s. With

the further increase of the velocity a slight decrease in the frequency to f = 24.33 Hz at

uinflow = 1.47 m/s is found. In the following interval the frequencies again increase linearly

to 28.85 Hz at uinflow = 1.9 m/s with minor fluctuations. In contrast to FSI-PfS-4a no sig-

nificant particular structural response (like the abrupt increase of the swiveling frequency in

FSI-PfS-4a) is noticed. Furthermore, the eigenfrequency of the structure (flexible cylinder,

without surrounding fluid) at f4x,1 = 35.66 Hz is not reached within the present inflow velocity

interval.

With uinflow = 1.69 m/s the same inflow velocity as in FSI-PfS-4a is chosen for the detailed

analysis of this test case. The time histories of the structural deflections are shown in Fig. 197

for the center of the cylinder near its tip at (z/d) = 20.63. This time-dependent signal is quasi-

periodic but exhibits large amplitude variations over several cycles. With a time-averaged

maximal peak (y/d)max = 1.25 and a time-averaged minimal peak (y/d)min = −1.27, the

standard deviations of all positive and negative peaks are calculated to be σ((y/d)max) = 0.103

(8.24%) and σ((y/d)min) = 0.099 (7.80%) over all 4990 recorded periods. In the x-direction

the cylinder center swivels with minimal values of (x/d)min = 2.32 and maximal values of

(x/d)max = 3.00. Again the mismatch to the measurement series of the structural response as

a function of the inflow velocity (Fig. 195) to the fixed velocity case is present similar to FSI-

PfS-4a. As already mentioned for FSI-PfS-4a the measurements for the fixed inflow velocity

are performed after a long settlement phase which is also necessary for FSI-PfS-4b. This phase

is characterized by the slow bending of the flexible cylinder until it reaches a quasi-periodic

swiveling state. Since the integral drag forces are assumed to be lower in the first measurement
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Figure 197: FSI-PfS-4b: Experimental structural results: Time history of the structural deflections
(extract) for the center of the flexible cylinder at the measurement plane (z/d) = 20.63.

series (Fig. 195) the x/d-deflections are smaller at the inflow velocity uinflow = 1.69 m/s. The

mean swiveling frequency at this inflow velocity is found to be f = 26.28 Hz (St = 0.124) and

its standard deviation σ(f) = 1.18 Hz (4.49%).

Figure 198: FSI-PfS-4b: Experimental structural results: a) phase-averaged reference period of the
structure for the x/d- and y/d-deflections, b) xy-motion of the structural deflections,
both for the center of the cylinder at z/d = 20.63.

The phase-averaged structural results are presented in Fig. 198a. The mean swiveling period

consists of 34 phase-averaged parts calculated out of the 4990 recorded periods. The y/d-

deflections show a nearly sinusoidal behavior around zero, while for the x/d-displacements the

frequency of the sinusoidal signal is doubled and the deflections are shifted to an offset of

x/d = 2.65. The motion path of the cylinder tip is characterized by an open ”C”-shape as

shown in Fig. 198b.
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FSI-PfS-4b - Flow results

The time-averaged flow around and within the cylinder array is presented in Fig. 199a for the

measurement plane z/d = 20.63 close to the channel wall. In front of the first cylinder row

(rigid) the stagnation points of each cylinder are visible. Due to the blockage of the channel

by the cylinders the flow on their upper and lower sides is accelerated. According to the

averaging over all measurements an almost symmetric velocity distribution to the line y/d = 0

is observed. In the second cylinder row lower velocities are found due to the wake of the first

row. Moreover, weaker acceleration regions are formed at the lateral cylinders. The flexible

cylinder is illustrated in its average x/d- and y/d-position. The large deflection in x-direction is

a consequence of the high fluid loads on the entire cylinder. Remarkable is an almost constant

mean velocity around the moving structure. Similar to the mean velocity distribution of the

first test case FSI-PfS-4a (Fig. 189) the range of the moving structure is assessable. The rigid

cylinder in the middle of the third row in the wake of the flexible cylinder is surrounded by a

region of small fluid velocities with respect to the mean values. Furthermore, the accelerating

flow areas in the third row are present only between the cylinders in contrast to the first row

where each cylinder possesses its own upper and lower acceleration region. Behind the cylinder

array a pronounced wake region is recognizable. At the backside of the cylinders lower mean

velocities are found, while higher velocities are obtained behind the cylinder gaps. At the far

end of the measurement area a large and almost uniform wake flow is present.

The time-averaged distribution of the Reynolds shear stress u′v′ is given in Fig. 199b. On

the upper and lower sides of each rigid cylinder the influence of the shear layers and the

wake behind these structures on the Reynolds stresses is clearly visible. In the vicinity of

the flexible cylinder the Reynolds shear stresses increase and are limited to the region of the

cylinder trajectory. This result indicates that the fluctuations increase due to the moving

cylinder tip and are highly correlated to it.

The comparison of the flow distributions of the FSI case to the rigid configuration (refer

to Section 8.1.3) reveals the influence of the flexible cylinder in the center of the 3 × 3

configuration to the mean flow field of the coupled system. In the rigid configuration the flow

around the central cylinder behaves as expected, while in the FSI case especially the center

region is affected by the moving structure. In contrast, the outer flow in the vicinity of the

lateral cylinders is less affected by the FSI coupling as well as the wake region of the central

cylinder.

The combined phase-averaged flow and structure results are shown in Figs. 200 and 201 for

six time phase angles (16, 78, 141, 204, 266 and 326 deg). The velocity distributions are very

similar to the time-averaged results in Fig. 199. A phase-dependent change of the velocity field

is visible owing to the alternating rise and fall of the acceleration regions between the cylinders

in the third row of the array. Furthermore, by the movement of the free cylinder the surrounding

fluid is accelerated or decelerated according to the phase angle of the period. Due to the high

fluctuations of the fluid velocities and the large structural velocities and accelerations within

one period, the spatial and temporal resolution of the phase-averaged results are decreased

(blurring). Therefore, no other significant changes in the flow fields are noticeable. Similar to

the phase-averaged result of FSI-PfS-4a more accurate measurement techniques (in time and
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Figure 199: FSI-PfS-4b: Time-averaged PIV results of at z/d = 20.63 for a) dimensionless velocity
magnitude and b) Reynolds shear stress u′v′.

space) and a larger amount of data points applied in the phase reconstruction would enhance

the flow results but require additional efforts in the acquisition and processing of the PIV

measurements.

In Fig. 202 the three-dimensional flow results in the flow volume of x/d = 4.2 to 23.3,

y/d = −9.9 to 9.9 and z/d = 1.4 to 16.5 are depicted. These time-averaged results are

based on the 550 single V3V-measurements for this test case. Similar to the three-dimensional

flow results of FSI-PfS-4a the time-averaging over all 550 V3V measurements yields no smooth

velocity distributions and iso-surfaces in the wake of the cylinder array. Again the increased

velocity fluctuations and the limited amount of flow data for the averaging are responsible for

the rough flow distribution. Clearly visible are the regions of higher velocities downstream the

cylinder gaps.

More remarkable are the results of the POD analysis for the first two POD modes of FSI-PfS-4b

depicted in Fig. 203. Although the phase-averaged flow results do not offer a clear insight into

the present flow situation, the POD analysis reveals that a correlated vortex shedding is also

present in this case. In Figs. 203a and b the distributions of the kinetic energy referring to the

streamwise velocity u are given.
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Figure 200: FSI-PfS-4b: Experimental phase-averaged flow and structural results for the first half
of the reference period.
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Figure 201: FSI-PfS-4b: Experimental phase-averaged flow and structural results for the second
half of the reference period.
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Figure 202: FSI-PfS-4b: Experimental time-averaged flow results based on the V3V measurements
and the structural results, iso-surfaces depict the velocity magnitude at |u|/uinflow =
0.79.
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In both modes an alternating pattern which is characteristic for a vortex street is present.

Especially downstream of the center of the cylinder array regions of high kinetic energy are

found. Further downstream past the array the expansion of the wake area is visible. In

this region signs of a 2P vortex shedding mode (in the wake the small inner areas of kinetic

energy correspond to the inner vorticies while the lateral areas are related to the larger lateral

vorticies) are present similar to the flow behavior found in FSI-PfS-4a. It remains unclear

whether this effect is caused by the middle cylinder in the third row or by the motion of

the flexible cylinder. The POD based on the cross-flow velocity component v is shown in

Figs. 203c and d. Here, large areas of kinetic energy are alternately expanding downstream

of the array. Again the unusual buckling shape of the region far downstream indicates the

presence of the 2P vortex shedding mode and a slightly lower convection velocity of the inner

vorticies compared to the lateral vorticies. Figures 203e and f refer to the POD analysis of the

vorticity component ωz. Since this flow quantity is directly related to the velocity gradients

present in the flow field, most of the flow disturbances are found close to the trajectory of the

flexible cylinder. Behind the cylinder array broad areas of high kinetic energy are observed

referring to the correlated vortex shedding from the moving cylinder. Outer regions (e.g.,

close to the lateral cylinders or the vorticies generated by the first cylinder row) seem to be

energetically less important for this system state. In comparison to the rigid configuration this

is a significant change. There, the energy is concentrated in the first two cylinder rows owing

to the vortex shedding, while in the FSI case the largest energy refers to the motion and the

vortex shedding from the moving cylinder. The observation that the FSI coupling has a strong

impact on the flow situation is supported by comparing the total energy content of the fixed

configuration (kabs,all = 2385.08 m2/s2, krel,all = 100%) to the FSI case (kabs,all = 3417.36 m2/s2,

krel,all = 100%). Here, an increase of the kinetic energy of about 43% for the FSI configuration

in relation to the fixed case confirms its impact on the flow. It can be assumed that this increase

is the consequence of the strong impact of the moving cylinder to the flow structures generated

at the rigid cylinders. Here, the vortex shedding is extensively disturbed coming along with

the increase of the velocity fluctuations. Furthermore, the first and second POD modes only

contain together 13% of the total kinetic energy with kabs,1st = 279.05 m2/s2 (krel,1st = 8.2%)

and kabs,2nd = 173.25 m2/s2, (krel,2nd = 5.1%). It can be assumed that large amounts of the

kinetic energy are stored in the dependent but uncorrelated flow fluctuations generated by the

cylinder array and the moving central cylinder.
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Figure 203: FSI-PfS-4b: POD analysis of the two-dimensional flow fields in the measurement plane
at z/d = 20.63 a) velocity component u, first mode; b) velocity component u, second
mode; c) velocity component v, first mode; d) velocity component v, second mode; e)
vorticity component ωz, first mode; f) vorticity component ωz, second mode.
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Conclusions - FSI-PfS-4x

These last test cases FSI-PfS-4x are developed with respect to an application-oriented FSI

benchmark. In the two cases the flexible structure is a long, thin polyethylene cylinder (bending

stiffness KB = 2.43) which is exposed to a free-stream flow (FSI-PfS-4a) and a disturbed flow

within a 3 × 3 arrangement (FSI-PfS-4b). Both configurations show a strong dependence

on the inflow velocity. Due to the different configurations both test cases show individual

structural responses to the increasing inflow velocities. FSI-PfS-4a is characterized by large

fluctuations in the structural deflections for low inflow velocities. By passing a critical inflow

velocity the structural motion gets more stable and its response (two pair (2P) vortex shedding

mode) is comparable to experimental investigations carried out on elastically mounted cylinders

(Blevins, 1990). In this mode the motion of the structure causes the shedding of four alternately

rotating vorticies within a period. In FSI-PfS-4a this 2P flow state is characterized by large

quasi-periodic deflections of the cylinder tip slightly smaller than one cylinder diameter in

y-direction and very large deflections in x-direction (2.8 < x/d < 3.9) and mild standard

deviations (≈ 5%). The swiveling frequency is high and in the order of 30 Hz.

Test case FSI-PfS-4a FSI-PfS-4b
behavior 3D 3D

bending modes 1st mode, 2nd mode 1st mode, 2nd mode
bending shapes ’8’ ’(’

bending stiffness KB 2.43 2.43
uinflow [m/s] 1.69 m/s 1.69 m/s
symmetry X X
f [Hz] 29.39 26.28
σ(f) ±2.11% ±4.49%
St 0.139 0.124

(x/d)max 3.85 3.00
(x/d)min 2.84 2.32
σ(x/d) ±5.10% ±4.38%

(y/d)max 0.903 1.25
(y/d)min −0.895 −1.27

POD energy content kabs,all 732.14 m2/s2 3417.36 m2/s2

Table 23: Summary of FSI-PfS-4x.

The same flexible cylinder applied in FSI-PfS-4a is surrounded by eight rigid cylinders in a

3×3 arrangement in the second test case FSI-PfS-4b. In comparison to the free-stream case of

FSI-PfS-4a the additional structures nearby reveal a strong influence on the structural behavior

of the elastic cylinder. Especially for higher inflow velocities the structural response is quasi-

periodic with large deflections in x- (2.3 < x/d < 3.0) and y-direction (−1.3 < x/d < 1.3).

For the detailed investigations at the inflow velocity uinflow = 1.69 m/s the motion path of the

cylinder tip is described by a distorted eight in FSI-PfS-4a, while the response in FSI-PfS-4b

forms an open ”C”. A summary of the mean values of the experimental results is given in

Table 23. According to the high oscillation frequencies of the cylinder in the order of 30 Hz

and the associated large accelerations and velocities in both physical domains and both test
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configurations, the phase-averaged flow field measurements provide only a limited insight into

the underlying physics of the system.

The classification into the excitation mechanisms according to Section 3 is rather difficult.

In Moretti (1993) the lock-in of the structural deflection to a vortex-shedding excitation is

observed near the reduced velocity of u∗ = uinflow/(fs d) = 5 for an elastically mounted rigid

cylinder. That means that first the EIE mechanism is present due to the velocity fluctuations

of the inflow. Near the reduced velocity u∗ ≈ 5 (Blevins, 1990; Moretti, 1993; Williamson and

Govardhan, 2004) the structural deflections lock-in to the vortex shedding frequency (fs = fvs)

and generate the 2P vortex shedding mode. In this state the vortex shedding at the cylinder

acts as a flow instability and refers to the IIE mode.

According to the present set-up of FSI-PfS-4a and the corresponding differences (present case:

self-excited oscillation of an one-sided fixed flexible cylinder; common literature case: forced

oscillation of an elastically mounted rigid cylinder) to the literature cases mentioned above,

this mode transition from EIE to IIE occurs at the reduced velocity of u∗ = 6.7 for FSI-PfS-4a

(inflow velocity of about uinflow = 1.15 m/s). With the increasing structural deflections the

flow is strongly influenced by the motion of the flexible cylinder (refer to the comparison of

the fixed to the FSI configuration) indicating the MIE mode. Therefore, it can be assumed

that a simultaneous excitation of IIE and MIE is present for higher inflow velocities (uinflow >

1.15 m/s). Since the eigenfrequency of the flexible cylinder f4x,1st = 35.66 Hz is not reached in

the measurements, no further insights to the excitation mode of FSI-PfS-4a can be given.

In FSI-PfS-4b the onset of FSI also refers to the EIE mode. In contrast to FSI-PfS-4a the

velocity fluctuations at the inflow are assumed to be less responsible for the weak structural

oscillations present for low inflow velocities (0.4 m/s> uinflow < 1.3 m/s). The extraneous

excitation due to the surrounding cylinders are assumed as the main excitation source in this

system state present over a broad inflow velocity range. The mode transition from EIE to IIE

takes place at a reduced velocity of u∗ ≈ 5.5 (uinflow ≈ 1.3 m/s) but not so distinguishable

as observed in FSI-PfS-4a. The presence of this transition is evident by the decrease of the

fluctuations of the structural deflections and the swiveling frequencies in the following system

state. That means that the influence of the irregular excitations caused by the surrounding

cylinders gets weaker, while the lock-in vortex shedding becomes the dominant excitation

source for inflow velocities over uinflow > 1.3 m/s. Similar to the conclusions for FSI-PfS-4a

the excitation modes IIE and MIE are assumed to be present simultaneously for these higher

inflow velocities. Again the comparisons between the fixed configuration and the FSI case

reveal strong changes in the flow field and support this assumption. Additionally, the POD

analysis reveals that only a small amount of the total kinetic energy corresponds to the motion

and the vortex shedding of the flexible cylinder (see Fig. 204). It can be assumed that the large

part of the kinetic energy refers to uncorrelated (to the cylinder deflection) flow phenomena

(e.g., turbulence, vortex shedding at the lateral cylinders). In contrast, most of the total kinetic

flow energy present in FSI-PfS-4a is rather concentrated to the cylinder motion and the vortex

shedding from this cylinder.
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Figure 204: FSI-PfS-4x: POD results.
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10.2. Numerical results

In the previous subsections the experimental results of the test cases developed in the present

thesis are presented and discussed. The following subsections show the corresponding numerical

results of each test case. All simulation results are obtained by the coupling of ANSYS R© CFX

14.0 for the flow solution and ANSYS R© Mechanical 14.0 for the structural predictions. The

coupling (in detail: the transfer of the structural deflections, the fluid loads and the related

mesh deformations) between both solvers is performed by ANSYS R© MFX 14.0. The simulations

are based on the boundary conditions and the numerical grids described in the numerical set-

up in Section 9 and the material properties (see Table 24) obtained by the structural tests

presented in Section 8.220.

material ρ [kg m−3] E [MPa] ν [-] test cases
EPDM rubber 1360 16 0.48 FSI-PfS-1a, 3a
Para-rubber 1090 3.25 0.48 FSI-PfS-1c, 2x and 3b
Polyamide 1425 580 0.40 FSI-PfS-1b

Polyethylene 930 800 0.42 FSI-PfS-4x
Steel 7850 2 ·105 0.30 FSI-PfS-2x

Table 24: Material properties applied in the numerical predictions.

Referring to each numerical prediction several preliminary studies in terms of mesh quality,

mesh deformation, coupling conditions, convergence behavior and result quality are performed

to achieve the most reasonable results under the requirement of low simulation costs (simulation

time and CPU usage). Since the simulation costs of the coupled predictions are high, only the

chosen inflow velocity of each test case is applied. Furthermore, in each case the unsteady

coupled prediction is started out of an unsteady uncoupled flow solution which again uses a

steady flow computation as its initial condition. This approach is common for FSI simulations,

since the procedure guarantees that the flow is already fully developed which reduces the

settlement phase of the coupled predictions.

For each test case the numerical results of the URANS predictions are compared with the

phase-averaged results of the experimental flow and structure data to evaluate the quality of

the predictions by the numerical model. Note that due to the URANS approach no phase-

averaging is required for the simulation data.

10.2.1. FSI-PfS-1x (Two-dimensional geometry without rear mass)

Based on the nearly two-dimensional behavior of the experimental structural and flow results

in all three test cases of FSI-PfS-1x, a two-dimensional numerical grid is chosen to predict

the interaction of both physical domains. According to each test case definition the three

configurations FSI-PfS-1a, b and c differ mainly in the applied materials (EPDM, polyamide

and para-rubber) of the flexible plate attached to the fixed circular cylinder.

20As already discussed in the numerical set-up in Section 9, in the applied numerical model no damping is
introduced. Therefore, the material damping coefficients are not considered here.
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FSI-PfS-1a

The coupled numerical prediction of FSI-PfS-1a (thick EPDM rubber plate attached to the

fixed rigid cylinder) reproduces a periodic and symmetric deflection of the structure in the

first swiveling mode. Figure 205a shows the time history of the deflections in y-direction

from the beginning of the FSI coupling till the simulation reaches a settled periodic motion.

The periodic oscillation of the flexible structure is reached after an initial settlement phase of

about 2.5 s. In the periodic state the deformations of the structure are characterized by the

first swiveling mode and the moderate peak deflections at the monitoring point at x/D = 3.13

of about (y/D)max = 0.404 and (y/D)min = −0.408. The slight asymmetry of the maximal and

minimal peak deflections are supposed to be an effect of the settlement phase. It is assumed

that a longer simulation time would produce a fully symmetrical structural deflection. The

oscillation frequency is predicted to fnum = 6.77 Hz (St = 0.107). The xy-plot in Fig. 205b

shows the motion path of the monitoring point at x/D = 3.1321 close to the far end of the

structure. The path describes a symmetric arc which is characteristic for the motion in the

first swiveling mode.

Figure 205: FSI-PfS-1a: Numerical structure results: a) Time history of the y/D displacements; b)
xy-displacements, both for the monitoring point at x/D = 3.13.

The comparison of the experimental data with the numerical data for the y/D-deflections at the

monitoring point (x/D = 3.13) is shown in Fig. 206a for the reference period and Fig. 206b

depicts the corresponding xy-motion path. The predictions (see Table 25) are in a good

agreement regarding the displacements (errors below 6%) and the swiveling frequency which

differs about 5%.

Similar to the structural results the predicted flow fields are also in good accordance to the

experimental results. Similar to the experimental data in Fig. 113, in Fig. 207 the six comple-

mentary flow fields of the numerical prediction within the last predicted period are depicted. All

21In the journal paper (De Nayer et al., 2014) and the QNET publication of FSI-PfS-1a a different measure-
ment point at x/D = 2.82 is applied.
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Figure 206: FSI-PfS-1a: Comparison of experimental and numerical structural results: a) Structural
deflections y/D; b) Structural xy-motion path, both for the characteristic period at
point at x/D = 3.13.

flow characteristics are well reproduced. Note that the applied RANS turbulence model only

predicts the major flow structures such as the vorticies shedding from the cylinder. Small-scale

turbulence effects are not covered by the applied modeling approach. Therefore, cycle-to-cycle

variations caused by the turbulent fluctuations are not observed here. Furthermore, an addi-

tional phase-averaging method such as applied in the experiments is not necessary since the

simulation reaches a periodic state. Due to the higher grid resolution of the computation (in

comparison to the coarse PIV grid) several flow features, e.g., the stagnation point in front of

the structure, the boundary layers on the cylinder surface and the wake near the flexible plate

are more clearly visible than in the measured data.
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Figure 207: FSI-PfS-1a: Predicted flow and structural results for the characteristic period.
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In Fig. 208 the predicted lift and drag coefficients (of the entire structure, e.g., the cylinder

and the rubber plate) are shown as a function of the simulation time. As already mentioned

in the introduction of this section, the FSI predictions are started out of an uncoupled flow

prediction in order to release the flexible structure in an almost developed fluid flow. Similar

to the preliminary experimental studies on the fixed configuration of each test case, now the

uncoupled flow solution can be compared with the coupled FSI prediction. In the uncoupled

CFD simulation the average drag coefficient on the entire structure is calculated to cD = 0.70

(fcD = 22.73 Hz, ∆cD = ±0.01). In contrast to the almost constant drag coefficient, the lift

coefficients of the front cylinder and the flexible structure show large oscillations. Due to the

already existing periodic vortex shedding from the cylinder, the lift oscillates around zero with

a value of cL,cylinder = ±0.17 and a frequency of fcL = 11.36 Hz which yield the half of fcD .

The lift coefficient cL,rigid structure on the entire interface follows cL,cylinder with a phase shift of

+319 deg, which is a result of the convection of the vortical structures. For the uncoupled case

a constant periodic oscillation (cL,CFD = ±0.78) and the same frequency fcL are found.

The coupled simulation with the flexible rubber plate starts at the simulation time t = 0 s.

After an initial phase the system again attains a periodic oscillation state. While the mean

drag coefficient remains almost constant, a large change in the acting lift forces appears. Both

lift coefficients (cL,cylinder = ±0.42, cL,flexible structure = ±0.24 are now in-phase to each other and

have a phase shift of 219 deg22 to the y/D-displacements of the point x/D = 3.13 at the end

of the rubber plate. Remarkable is the strong decrease of the lift forces on the FSI interface

due to the elasticity of the structure, while the force on the cylinder only slightly increases.

Furthermore, the lock-in frequency of the system is reduced to fcL = 6.77 Hz (decrease of

about 40% in comparison to the uncoupled vortex shedding frequency).

22The alternate phase shift of 141 deg would also be reasonable. In the present case and the following cases
the most reasonable physical interpretation is used. Since the lift forces at the cylinder are physically present
at first (in comparison to the lift and deflection of the flexible plate) it will be referenced.
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Figure 208: FSI-PfS-1a: Numerical results: Time histories of the drag coefficient cD on the entire
structure, the lift coefficients cL of the front cylinder and the flexible structure and the
y/D-deflections at x/D = 3.13 for the uncoupled and coupled solution.
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FSI-PfS-1b

Since the configuration of FSI-PfS-1b only differs in the applied material (polyamide instead

of EPDM rubber) and the thickness of the plate (0.8 mm instead of 2.1 mm), the predicted

results are close to the findings of FSI-PfS-1a. Again the computation results in a periodic

and symmetric deformation of the structure in the first swiveling mode due to the excitation

by the surrounding flow. Remarkable is the shorter settlement phase of 1.5 s in comparison to

FSI-PfS-1a. The deflections at the end of the polymer plate (x/D = 3.13) yield maximal and

minimal y-deflections of about (y/D)max = 0.412 and (y/D)min = −0.416 and an oscillation

frequency of fnum = 7.39 Hz (St = 0.117). Again, the slight asymmetry of the maximal and

minimal peak deflections are supposed to be an effect of the settlement phase. Similar to

FSI-PfS-1a it is assumed that a longer simulation time would produce a fully symmetrical

structural deflection. Figure 209a shows the time history of the deflections in the y-direction

from the beginning of the coupling till the simulation reaches a constant periodic motion. The

xy-phase plane in Fig. 209b shows the characteristic arc-shaped trajectory which is typical for

the first swiveling mode of the structure.

Figure 209: FSI-PfS-1b: Numerical structure results: a) Time history of the y/D displacements b)
xy-displacements, both for the monitoring point at x/D = 3.13.

The comparison of the experimental data and the numerical data for the structural deflections

is depicted in Fig. 210 for the characteristic period. With an error below 9% for the y-

displacements and an error below 8% for the frequency, the predictions show a reasonable

agreement with the experimental data (see Table 25).

In Fig. 211 the predicted flow fields for the six time phase angles 16, 78, 141, 204, 266 and

326 deg are presented. Again the predictions are in a good accordance with the experimental

results (Fig. 124). The higher swiveling frequency of the flexible structure in the experiments

causes a slightly different flow distribution in comparison to the flow fields found in the nu-

merical solution. Once again the numerical prediction provides more and sharper distributed

flow details due to the higher grid resolution and the absence of cycle-to-cycle variations.
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Figure 210: FSI-PfS-1b: Comparison of experimental and numerical structural results: a) Structural
deflections y/D; b) Structural xy-motion path, both for the characteristic period at
point at x/D = 3.13.

The predictions of the force coefficients are presented in Fig. 212. Similar to the uncoupled

solution of FSI-PfS-1a the average drag coefficient on the entire rigid structure is calculated

to cD = 0.72 with a frequency of fcD = 22.73 Hz and an amplitude of ∆cD = ±0.01. The lift

coefficient on the front cylinder oscillates around zero with a value of cL,cylinder = ±0.19 and

a frequency of fcL = 11.36 Hz. Again the lift coefficient cL,rigid structure on the entire interface

follows cL,cylinder with a phase shift of +319 deg. A constant periodic oscillation (cL,CFD =

±0.85) and the same frequency fcL are found. For FSI-PfS-1b the coupled simulation starts at

the time t = 0 s. After an initial phase the system reaches again a periodic oscillation state. The

mean drag coefficient remains constant but oscillates now with a larger amplitude ∆cD = ±0.03

around cD = 0.71 with a reduced frequency of fcD = 15.15 Hz. Due to the FSI coupling both

lift coefficients are altered leading to values of cL,cylinder = ±0.45 and cL,flexible structure = ±0.24

and a lock-in oscillation frequency of about fcL = 7.58 Hz for the deflections. Furthermore,

between the lift forces there is a phase shift of about 300 deg. That means the lift on the

FSI interface follows the lift on the cylinder. In relation to the lift on the cylinder the y/D

displacements at the end of the rubber plate is following with a phase shift of 240 deg. This is

a remarkable result since the swiveling mode and the deflection levels are quite similar to the

results of FSI-PfS-1a, but a significantly different force history is predicted. It can be assumed

that the stiff polyamide material is responsible for this behavior retarding its deformation.

Thus, a different phase delay is present in FSI-PfS-1b compared to FSI-PfS-1a.
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Figure 211: FSI-PfS-1b: Predicted flow and structural results for the characteristic period.



10.2 Numerical results264

Figure 212: FSI-PfS-1b: Numerical results: Time histories of the drag coefficient cD on the entire
structure, the lift coefficients cL of the front cylinder and the flexible structure and the
y/D-deflections at x/D = 3.13 for the uncoupled and coupled solution.
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FSI-PfS-1c

In contrast to FSI-PfS-1a and b the computation of FSI-PfS-1c (thick flexible para-rubber plate

attached to a fixed rigid cylinder) delivers a periodic and symmetric deflection of the structure

in the second swiveling mode. After a very short initial settlement phase of only 0.5 s the

structure reaches a periodic oscillation in this more complex swiveling motion (Fig. 213a).

The mean peak y-deflections reach values of (y/D)max = 0.422 and (y/D)min = −0.423. The

oscillation frequency is predicted to fnum = 11.90 Hz (St = 0.222). The xy-trajectory of the

monitoring point at x/D = 3.13 is given in Fig. 213b. The path describes a symmetric ”8”

which is characteristic for the motion in the second oscillation mode.

Figure 213: FSI-PfS-1c: Numerical structure results: a) Time history of the y/D displacements b)
xy-displacements, both for the monitoring point at x/D = 3.13.

Since an almost equal trajectory is also obtained in the experiments, the experimental data

and the numerical data almost coincide. The corresponding comparisons of the structural

deflections are presented in Fig. 214 for the characteristic period. The errors of the prediction

are below 6% for the y-deflections and the frequency differs by about 5%.

The predicted flow fields in Fig. 215 are in a good accordance with the experimental results

(Fig. 133). Due to the almost doubled oscillation frequency in comparison to FSI-PfS-1a and

1b, three successive counter-rotating vortex centers are visible in the wake of the structure.
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Figure 214: FSI-PfS-1c: Comparison of experimental and numerical structural results: a) Structural
deflections y/D; b) Structural xy-motion path, both for the characteristic period at
point at x/D = 3.13.

In Fig. 216 the predicted fluid forces on the structure are plotted as a function of the simulation

time. In the uncoupled CFD simulation the average drag coefficient on the entire structure

is calculated to cD = 0.75 (fcD = 19.23 Hz, ∆cD = 0.01). In contrast to the almost constant

drag coefficient, the lift coefficients on the front cylinder and the FSI interface show large

oscillations. Due to the existing periodic vortex shedding from the cylinder, the lift oscillates

around zero with a value of cL,cylinder = ±0.21 and a frequency of fcL = 9.62 Hz. With a

phase shift of 319 deg the lift coefficient cL,rigid structure on the entire interface follows cL,cylinder

with a constant periodic oscillation (cL,CFD = ±0.92 and the same frequency fcL . The coupled

simulation with the soft para-rubber plate starts at the time of t = 0 s. As already mentioned

the settlement phase of the system to reattain a periodic oscillation state is very short. The

mean drag coefficient is slightly increased to cD = 0.77 and oscillates about ∆cD = ±0.04 with

a frequency of fcD = 23.81 Hz. The lift coefficients of the front cylinder cL,cylinder = ±0.19 and

the rubber plate cL,flexible structure = ±0.37 are phase-shifted by about 120 deg to each other.

The lift coefficient of the front cylinder cL,cylinder is followed by the y/D-displacements at the

end of the rubber plate with a phase shift of 43 deg and the lift coefficient of the flexible plate

cL,flexible structure by 197 deg, respectively. Furthermore, the lock-in frequency of the system is

now increased to fcL = 11.91 Hz.
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Figure 215: FSI-PfS-1c: Predicted flow and structural results for the characteristic period.
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Figure 216: FSI-PfS-1c: Numerical results: Time histories of the drag coefficient cD on the entire
structure, the lift coefficients cL of the front cylinder and the flexible structure and the
y/D-deflections at x/D = 3.13 for the uncoupled and coupled solution.
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FSI-PfS-1x - Conclusions

The first set of FSI test cases (FSI-PfS-1x) focuses on simple two-dimensional geometries and

moderate structural deflections depending on the plate material. Based on the experimental

set-up and the structural testings for the material properties, the computations of the three

configurations with ANSYS R©-CFX 14.0 yield satisfactory results. The general findings derived

from the experiments (see Section 10.1.1) on the system coupling depending on the chosen

flexible material are confirmed by the computations. In comparison to the experiments the

predictions produces errors between 3% and 8% for the y-displacements and errors between

5% and 8% for the swiveling frequency. A summary of the comparisons is listed in Table 25.

test case FSI-PfS-1a FSI-PfS-1b FSI-PfS-1c
simulation successful successful successful

swiveling mode 1st mode 1st mode 2nd mode
bending shape flat ’)’ flat ’)’ flat ’8’
uinflow [m/s] 1.385 m/s 1.385 m/s 1.179 m/s
symmetry ≈ ≈ X
fnum [Hz] 6.77 7.39 11.90
fexp [Hz] 7.11 8.02 11.39
error(f) −4.78% −7.86% +4.48%

Stnum 0.107 0.117 0.222
Stexp 0.113 0.127 0.213

(y/D)num,max 0.404 0.412 0.422
(y/D)exp,max 0.439 0.380 0.398
(y/D)num,min −0.408 −0.416 −0.423
(y/D)exp,min −0.440 −0.393 −0.410

error((y/D)max) −7.97% +8.42% +6.03%
error((y/D)min) −7.27% +5.85% +2.93%

validation successful successful successful

Table 25: Comparison of the numerical data with the experimental results of FSI-PfS-1x.

The comparison of the predicted lift and drag forces on the structures between the three test

cases reveal the dependency of the acting forces on the swiveling mode of the system. While

FSI-PfS-1a and 1b oscillate in the first mode and the lift on the cylinder is larger than the lift on

the FSI interface, FSI-PfS-1c swivels in the second mode and the lift on the cylinder is smaller

than the lift on the FSI interface. The influence of the swiveling mode is also observable in

the modulation of the system frequencies between the pure fluid and the coupled simulation.

The system frequencies in FSI-PfS-1a and 1b decrease in the coupled FSI predictions while

the frequency in FSI-PfS-1c increases. For the drag forces no significant change due to the

elasticity of the structure is noticed. Despite the slightly asymmetric structural deflections

(probably a settlement phase effect) the predictions of all three cases are successful and are

confirmed by the experimental data.

In the journal paper (De Nayer et al., 2014) and the QNET publication an additional detailed

comparison to coupled LES predictions of FSI-PfS-1a is carried out.
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10.2.2. FSI-PfS-2x (Two-dimensional geometry with rear mass)

According to the attachment of the rigid steel weight at the end of the flexible para-rubber

plate and based on the experimental results of FSI-PfS-2x, the usage of a two-dimensional

mesh for the numerical predictions is justified. With respect to the experimental studies large

structural deflections are expected for both test configurations FSI-PfS-2a and 2b. Especially

the free rotational degree of freedom of the front cylinder in FSI-PfS-2b enlarges the structural

deflections in such a manner that special concerns on the mesh deformation and their distri-

bution are necessary. In the following paragraphs the computational results of both test cases

FSI-PfS-2x and the comparisons with the experimental data are described.

FSI-PfS-2a

Similar to the experimental results the coupled numerical prediction shows a periodic deflection

of the structure in the second swiveling mode. The monitoring point near the tail at x/D = 3.13

reaches deflections of (y/D)max = 0.637 and (y/D)min = −0.639 in the second swiveling mode

which are very close to the experimentally observed values. The predicted oscillation frequency

of 11.91 Hz is slightly higher than the experimental value of 11.25 Hz. Figure 217a shows the

time histories of the structural deflections in x- and y-direction from the start of the coupling

till the simulation reaches a constant periodic motion. The xy-plot in Fig. 217b depicts the

motion path of the monitored point at x/D = 3.13 close to the end of the steel weight. The

path is nearly symmetric due to the symmetric motion of the predicted structure deformation.

The slight asymmetry of the structural deflections is probably again a settlement effect. It

can be assumed that a longer simulation time will produce fully symmetrical deflections. The

comparison between the experimental data and the numerical data is shown in Fig. 218. The

predictions of the structural displacements are quite similar to the experimental results.

Figure 217: FSI-PfS-2a: Numerical structure results: a) Time history of the y/D displacements b)
xy-displacements, both for the monitoring point at x/D = 3.13.

The predicted flow fields including the deformed structure for the same six states within a

period as depicted for the experimental results in Fig. 143 are shown in Fig. 219. In contrast
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Figure 218: FSI-PfS-2a: Comparison of experimental and numerical structural results: a) Structural
deflections y/D; b) Structural xy-motion path, both for the characteristic period at
point at x/D = 3.13.

to the experimental data these results are not phase-averaged as explained above. Due to the

statistical RANS turbulence model only the dominating vorticies shedding from the cylinder

are predicted. The overall flow structure for all six phase angles depicted in Fig. 219 is in close

agreement with the corresponding plots in Fig. 143 showing the measured data. The shed

vorticies are convected downstream leading to an alternating vortex pattern in the wake of the

structure. Finally, these vorticies leave the region of interest. In contrast to the PIV results the

stagnation point in front of the cylinder is clearly visible. Due to the higher resolution of the

computation compared to the PIV resolution more details are generally recognizable. At the

end of the structure the formation of a second smaller vortex is identified which merges shortly

after the detachment of the tail with the large eddy convecting downstream. This secondary

vortex is also observed in the test cases of Gomes and Lienhart (2013) and appears especially

in the second swiveling mode. As already mentioned this oscillation state is characterized by

large deformations and high swiveling frequencies. Both lead to significant and fast structural

motions through the fluid which allows the vortex formation at the tip of the structure.
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Figure 219: FSI-PfS-2a: Predicted flow and structural results for the characteristic period.
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In Fig. 220 the predicted fluid forces on the structure are plotted as a function of the simulation

time. Since the initialization of this numerical solution of FSI-PfS-2a is the same as in FSI-

PfS-1a the same fluid forces and corresponding frequencies (cD = 0.70, fcD = 22.73 Hz,

∆cD = ±0.01, cL,Cylinder = ±0.17, cL,CFD = ±0.78, fcL = 11.36 Hz, phase delay between

cL,cylinder and cL,rigid structure equals 319 deg) appear. The coupled simulation with the flexible

para-rubber plate starts at the time t = 0 s. After an initial phase the system again reaches the

periodic second swiveling mode. The drag coefficient starts to oscillate around its increased

mean value of cD = 0.88 with ∆cD = ±0.18 and a frequency of fcD = 22.81 Hz. The lift

coefficients on the cylinder and the FSI interface act acyclic to each other and possesses almost

equal values with cL,Cylinder = ±0.59 and cL,flexible structure = ±0.56. With a phase shift of about

9 deg with respect to the lift force on the cylinder the y/D displacements at the end of the

rubber plate are nearly in phase. Consequently, the lift on the FSI interface acts almost acyclic

to this deflection (phase shift: 189 deg). Similar to FSI-PfS-1c the lock-in frequency of the

system is slightly increased to fcL = 11.91 Hz.

Figure 220: FSI-PfS-2a: Numerical results: Time histories of the drag coefficient cD on the entire
structure, the lift coefficients cL of the front cylinder and the flexible structure and the
y/D-deflections at x/D = 3.13 for the uncoupled and coupled solution.

FSI-PfS-2b

The computation of FSI-PfS-2b (released rotational degree of freedom) predicts a periodic and

symmetric deflection of the structure in the second swiveling mode with exceedingly large

deflections depicted in Fig. 221. After an initial settlement phase of only 1 s the structure

reaches a periodic oscillation in a very complex oscillation mode. Due to the released rotational

DOF of the front cylinder, the deflections at x/D = 3.13 reach values of (y/D)max = 0.983

and (y/D)min = −0.992 in the range of the cylinder diameter. The oscillation frequency is

predicted to fnum = 8.62 Hz (St = 0.137). Fig. 221a shows the time history of the deflections

in y-direction from the beginning of the coupling till the simulation reaches a constant periodic

motion. The xy-plot in Fig. 221b displays the characteristic phase plane of the monitored point



10.2 Numerical results274

at x/D = 3.13 close to the far end of the structure.

Figure 221: FSI-PfS-2b: Numerical structure results: a) Time histories of the y/D displacements
b) xy-displacements, both for the monitoring point at x/D = 3.13.

The front angle motion is represented by a maximal deflection of φmax = 24.83 deg and a

minimal deflection of φmin = −24.13 deg within the characteristic period. In Fig. 222 a

constant phase difference of about 80 deg between the angular motion of the front cylinder

and the deflection of the trailing edge is observed similar to the experimental results. The

numerical prediction of the front-body angle almost follows the experimental data but reveals

differences in the structural deflections. The comparison between the experimental and the

numerical data for the structural deflections at x/D = 3.13 presents large aberrations of about

11%. One possible reason for this large error is the friction present in the ball bearings of the

front cylinder which is neglected in the numerical model. Despite these large deviations the

predicted frequency only differs by about 5%.

The predicted flow fields at the six time phase angles (16, 78, 141, 204, 266 and 326 deg)

in Fig. 223 are quite similar to the phase-averaged PIV results shown in Fig. 154. In all six

states the relevant flow features (e.g., the acceleration areas, the shed vorticies in the wake and

the angular displacement of the stagnation point in front of the structure) and the deflected

structure agree quite well with the position, the appearance and the size of the experimentally

determined data. Due to the better spatial resolution of the numerical prediction compared

to the PIV data, smaller details in the flow field are observable. Especially in the regions of

high velocity gradients now more precise flow information are available. For instance the small

secondary trailing-edge vortex (generated while the structures moves through the wake area) is

hardly visible in the experimental results, but is now clearly accessible in the numerical data.
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a)

Figure 222: FSI-PfS-2b: Comparison of experimental and numerical structural results: a) Structural
deflections y/D and front body angle; b) Structural xy-motion path, both for the
characteristic period at point at x/D = 3.13 .

The time histories of the predicted fluid forces on the structure are depicted in Fig. 224. Again

the flow initialization of the numerical FSI solution of FSI-PfS-2b is the same as in FSI-PfS-1a

and 2a. Thus equal fluid forces (cD = 0.70, fcD = 22.73 Hz, ∆cD = ±0.01, cL,Cylinder = ±0.17,

cL,CFD = ±0.78, fcL = 11.36 Hz, phase delay between cL,cylinder and cL,rigid structure equals

319 deg) are present. The coupled simulation with the rotatable bearing of the front cylinder

and the flexible para-rubber plate starts at the time t = 0 s. After an initial phase the system

reaches the periodic second swiveling mode with large structural deflections. Similar to FSI-

PfS-2a the drag coefficient starts to oscillate, but in the present case it increases strongly to

a mean value of cD = 1.20 with ∆cD = ±0.17 and a frequency of fcD = 17.24 Hz. The lift

coefficients on the cylinder and the FSI interface act with a phase shift of 96 deg to each other

with cL,Cylinder = ±1.92 and cL,flexible structure = ±0.76. The y/D-displacements at the end of

the rubber plate follows the lift on the cylinder with a phase shift of 292 deg. Consequently,

the lift on the FSI interface follows the deflection with a phase delay of 174 deg. The lock-

in frequency of the system decreases to fcL = 8.62 Hz in comparison to the uncoupled flow

simulation. In comparison to the numerical results of FSI-PfS-2a an increase of the mean drag

coefficient from cD,2a = 0.88 to cD,2b = 1.20 in FSI-PfS-2b shows the additional blockage of the

channel due to the rotational DOF of the front cylinder. Connected to this effect is the strong

increase of the lift coefficient at the front cylinder from cL,Cylinder,2a = ±0.59 in FSI-PfS-2a to

cL,Cylinder,2b = ±1.92 in FSI-PfS-2b, while the lift coefficient at the FSI interface is only slightly

increased (cL,FSI,2a = ±0.56 to cL,FSI,2b = ±0.76).

FSI-PfS-2x - Conclusions

The second set of FSI test cases (FSI-PfS-2x) focuses on simple two-dimensional geometries and

large structural deflections. The case FSI-PfS-2b differs form the previous cases concerning the

release of the rotational DOF of the front cylinder. Similar to the satisfactory comparison of the
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Figure 223: FSI-PfS-2b: Predicted flow and structural results for the characteristic period.

numerical and the experimental data of FSI-PfS-1c (which uses the same para-rubber material

for the flexible plate) the agreement of the numerical predictions with the experimental data
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Figure 224: FSI-PfS-2b: Numerical results: Time histories of the drag coefficient cD on the entire
structure, the lift coefficients cL of the front cylinder and the flexible structure and the
y/D-deflections at x/D = 3.13 for the uncoupled and coupled solution.

is reasonable. Despite the increased complexity of both test cases (e.g., the large deflections

and the additional rotational degree of freedom for FSI-PfS-2b) both computations agree quite

well with the experiments with errors between 1% and 11% for the y-displacements and errors

of about 5% for the swiveling frequencies. A summary of the comparisons is listed in Table 26.

test case FSI-PfS-2a FSI-PfS-2b
simulation successful successful

swiveling modes 2nd mode 2nd mode
bending shape ’8’ ’8’
uinflow [m/s] 1.385 m/s 1.385 m/s
symmetry ≈ ≈
fnum [Hz] 11.91 8.62
fexp [Hz] 11.25 8.16
error(f) +5.60% +5.64%

Stnum 0.189 0.137
Stexp 0.179 0.130

(y/D)num,max 0.637 0.983
(y/D)exp,max 0.667 0.895
(y/D)num,min −0.639 −0.992
(y/D)exp,min −0.630 −0.891

error(y/Dmax) −4.49% +9.83%
error(y/Dmin) +1.43% +11.34%

validation successful successful

Table 26: Comparison of the numerical data with the experimental results of FSI-PfS-2x.

The numerical predictions of both cases FSI-PfS-2x confirm the experimental observations that

the rotational DOF of the front cylinder has a massive impact on the system coupling between

the fluid flow and the structural deflections. This is also evident by the strong increase on



10.2 Numerical results278

the lift forces at the front cylinder in the case of FSI-PfS-2b and the shift of the phase delays

of the y-displacements of the trailing edge to the lift forces on the front cylinder and the FSI

interface. While in FSI-PfS-2a the lift forces act almost in-phase (lift on the front cylinder)

or acyclic (lift at the FSI interface) to the y-displacements, in FSI-PfS-2b the phase delays

are changed especially for the y/D-displacements which now follows the lift force on the front

cylinder by about 292 deg. The lift force at the FSI interface remains almost acyclic with

the y-deflections at the trailing edge of the cylinder. Noticeable is the strong increase of the

drag force in FSI-PfS-2b by about 325% compared to FSI-PfS-2a, which refers to the increased

structural deflections and the rotation of the front cylinder.

In the journal paper (De Nayer and Breuer, 2014) and the QNET publication an additional

detailed comparison to coupled LES predictions of FSI-PfS-2a is carried out.
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10.2.3. FSI-PfS-3x (Three-dimensional geometry)

In the experiments the test cases FSI-PfS-3a (fixed cone with attached EPDM rubber plate) and

FSI-PfS-3b (fixed cone with attached para-rubber plate) reveal significant three-dimensional

effects in the flow and the structural deformations. To take these spatial phenomena into

account, in both configurations a three-dimensional mesh is used in the computations. Again,

the coupled FSI simulations are carried out using ANSYS R© CFX 14.0 and ANSYS R© Mechanical

14.0 (details of the numerical set-up are given in Section 9.2). Due to the limitation in the

element number of the fluid domain, only qualitative results are expected. In the following

paragraphs the numerical results are presented and compared with the experimental results.

FSI-PfS-3a

FSI-PfS-3a consists of the tapered cylinder with an attached EPDM rubber plate. The inflow

velocity is set to uinflow = 0.97 m/s which corresponds to a Reynolds number of Re = 32, 000

(related to the small cone diameter D = 0.022 m). As visible in Fig. 225 the numerical

simulation reaches a periodic symmetric oscillation state within 2.0 s after releasing the flexible

structure. The periodic state is characterized by large deflections with (y/D)large = ±0.494

behind the large cone diameter at (z/D)large = −2.72 and smaller displacements behind the

middle ((y/D)middle = ±0.191) and small cone diameter ((y/D)small = ±0.194) at (z/D)middle =

0 and (z/D)small = 2.72, respectively. While the deflections behind the large and middle

diameter are almost in-phase to each other, the deflection downstream the small cone diameter

has an almost acyclic behavior to them. That means that the plate deformation is driven by

the large vorticies generated at the larger side of the cone, while the plate at the small end of

the cone is streaked. Thus, the fluid forces at the smaller end of the cone are much smaller than

on the larger parts. Surprisingly the displacements at the middle and the small cone diameter

are almost equal and much smaller than the deflections downstream of the large cone. The fact

that the smallest deflections are reached in the mid-plane and the non-existing phase difference

in the deflections between the large and the middle plane suggests an unphysical prediction of

this case referring to the corresponding experimental structural results.

The comparison of the numerical data with the phase-averaged experimental results of the

deflections are presented in Fig. 226. Obviously, a wave-like deformation of the plate is present

for the chosen inflow velocity in the experiments (characterized by decreasing displacements

with decreasing diameter and reasonable phase differences). This behavior is not observed

in the numerical data. The predicted swiveling frequency is calculated to f3a,num = 6.29 Hz

and differs significantly from the experimentally measured value (f3a,exp = 5.77 Hz) by about

9.91%.

The predicted flow fields including the deformed structure at the three different planes are

shown in Fig. 227 for the phase angle of 266 deg. In comparison to the experimental flow data

for this test case in Figs. 168 and 169 no significant disagreements in the flow fields in terms of

the flow phenomena present are noticeable. Acceleration areas, vortex sizes and positions are

in a good agreement to the measured data. Variations correspond to the different structural

deformation especially to the unphysical phase delay and its impact on the flow. Since the

structural deflections are small towards the small cone diameter, its influence on the flow is
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Figure 225: FSI-PfS-3a: Numerical structure results: a) Time histories of the y/D displacements
at the three planes (z/D)large = −2.72, (z/D)middle = 0 and (z/D)small = 2.72 for the
monitoring point at x/D = 3.13.

Figure 226: FSI-PfS-3a: Comparison of experimental and numerical structural results: Charac-
teristic period of the y/D displacements at the three planes (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72 for the monitoring point at x/D = 3.13.

also rather small. It can be assumed that the inertia of structural deformation lead by at

the large cone diameter is more significant than on the pressure forces induced by the vortex

shedding at the small cone diameter. That means that the vortex shedding is generated in a

”normal” manner and not significantly altered by the structural deflections downstream the

small cone diameter and roughly matches the measured data. Due to the large deviations of

the predicted structural motion to the measured data, it can be assumed that the simulation

produces an unphysical solution of the system (including the applied model, computational

grid or boundary conditions). Furthermore, it is assumed that the coarse resolution of the
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numerical grid results in an imprecise prediction of this test case.
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Figure 227: FSI-PfS-3a: Predicted flow and structure results at the three planes (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72 for the time phase angle of 266 deg.

A possible explanation for the deviations is as follows. The numerical model of this test case

neglects the small gaps between the flexible plate and the channel walls. In the experiments the

edges of the plate are fully free. That means that displacements of the plate tips in positive

or negative z-direction are possible and take place during the three-dimensional structure

deformations. During the wave-like motion of the flexible plate observed in the experiment,

the plate tips tend to its center and leave their initial z-plane near the lateral channel walls. In

the experiments this motion is unproblematic, while the boundary conditions for the structure

in the numerical simulation can not handle this effect. Since the gaps between the walls

and the structure are not discretized in the fluid model, a dislocation of the grid nodes on

the lateral sides of the flexible plate would lead to an undefined space in the coupled FSI

model. On the contrary, the boundary conditions of the structural model describe the lateral

sides of the plate by a frictionless support. Here, motions in x- and y-directions are allowed

while z-displacements are forbidden, which means that the plate is bounded at the sides of

the computational domain. Consequently, every three-dimensional deformation of the plate

induces a stress which acts against the deformation. That also means that an added artificial
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stiffness of the flexible plate is introduced by the improper boundary conditions. Implications

of this effect are the wrongly predicted structural deformations and their impact on the flow.

To reduce the influence of this out-of-plane deformation, several rows of elements on the lateral

sides of the plate are replaced by artificial, more elastic elements in the structural model. These

elements with a reduced Young’s modulus are supposed to compensate the z-displacements by

stretching or compressing the artificial material. Different approaches (isotropic or anisotropic

materials, different Young’s moduli ranging from E ≈ 10−4 to 10−1 MPa) are tested but

failed for miscellaneous reasons. For elements with a higher Young’s modulus (towards E ≈
10−1 MPa) the influence on the structural deformation remains present. Simulations with

elements with a lower Young’s modulus (towards E ≈ 10−4MPa) are faced with problems

of convergence and negative volumes. For the last case, the stiffer rubber material penetrates

the softer artificial material and the simulation fails, too. Thus no reasonable solution to this

problem was found.
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FSI-PfS-3b

In the experiments the data of the flow and the structure of FSI-PfS-3b (para-rubber plate

instead of EPDM rubber plate) appears in similar ranges as the measured results of FSI-PfS-

3a. Nevertheless, a different deflection behavior is observed. While in FSI-PfS-3a a wave-like

behavior is observed, the mid-plane of the structure in FSI-PfS-3b reaches the extrema first

followed by the parts downstream the large and later the small cone diameter.

Since changes in the simulation set-up are made only concerning the material characteristics

and the inflow velocity, no large differences to the results mentioned in the previous paragraph

are expected. However, despite the almost equal set-up of FSI-PfS-3b compared to FSI-PfS-3a,

the computation reveals another oscillation state.

As shown in Fig. 228 the simulation reaches a periodic and symmetric swiveling state about

2.5 s after the release of the flexible para-rubber plate. After the initial phase the deformations

downstream the large and small cone diameter are large and almost equal (both y/D = ±0.49)

but phase-shifted by about 100 deg to each other. The deflections in the mid-plane are smaller

with only y/D = ±0.36. They reach their extrema nearly in the middle between the large

and the small plane (the phase delay at the plane (z/D)middle = 0 is +55 deg and at the plane

(z/D)small = 2.72 it is +100 deg with respect to the plane at (z/D)large = −2.72).

Figure 228: FSI-PfS-3b: Numerical structure results: a) Time histories of the y/D displacements
at the three planes (z/D)large = −2.72, (z/D)middle = 0 and (z/D)small = 2.72 for the
monitoring point at x/D = 3.13.

In the prediction a wave-like deflection of the flexible plate is observed. That means that first

the plane at the large cone diameter reaches its extrema after the mid-plane and finally the

plane at the small cone diameter. In the experiments, however, a different order is noticed.

Here, the mid-plane reaches at first its deflection extrema followed by the large plane and

the small plane. Furthermore, in the experiments the phase delays between the planes are

significantly shorter than in the predictions. In contrast to the numerical results of FSI-

PfS-3a no acyclic deformations in the mid-plane are present. The predicted maximal and

minimal y/D-deflections itself do not match the experimentally measured values. While the
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Figure 229: FSI-PfS-3b: Comparison of experimental and numerical structural results: Charac-
teristic period of the y/D displacements at the three planes (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72 for the monitoring point at x/D = 3.13.

displacements downstream of the large and the middle cone diameter are under-predicted,

the deflections at the small cone diameter are over-predicted. The oscillation frequency is

predicted to f3b,num = 3.39 Hz and differs by about 5.94% from the measured frequency of

f3b,exp = 3.20 Hz.

Comparing the experimentally measured flow fields (see Figs. 179 and 180) with the predicted

flow (Fig. 230) at a phase angle of 266 deg, a reasonable agreement is visible. Similar to the

flow prediction of FSI-PfS-3a all major flow features are well predicted in size and appearance

(variations are caused by the influences of the wrongly predicted structural deflections and the

phase delays). It is assumed that the same problem of artificially induced stresses caused by

the inappropriate boundary conditions for the three-dimensional deformations as present in

the predictions of FSI-PfS-3a are responsible for the failure of the simulations of FSI-PfS-3b.

FSI-PfS-3x - Conclusions

The predictions of the three-dimensional test cases FSI-PfS-3x reveal major problems in the

modeling of the coupled system. According to the experimental results a three-dimensional

deformation behavior of the flexible plate is present in both test cases. That means that the

lateral sides of the rubber plate tend to its center and leave their initial z-plane. However, in

the predictions the lateral sides of the rubber plate are bound to a fixed geometry of the struc-

tural domain. Therefore, a displacement in z-direction may generate an unphysical/undefined

space in the fluid domain. Since this issue could not be solved in the present work, a large

mismatch to the structural results of the experiments is found. Here, mismatches regarding the

displacements, the swiveling mode and the corresponding phase delays of the flexible plate are

observed. A quantitative comparison of both test cases with the corresponding experimental

results is given in Table 27.

The analysis of the predicted flow fields show that all relevant flow effects are nevertheless
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Figure 230: FSI-PfS-3b: Predicted flow and structure results at the three planes (z/D)large = −2.72,
(z/D)middle = 0 and (z/D)small = 2.72 for the time phase angle of 266 deg.

reasonably predicted even if the quality of the results is questionable due to the coarse res-

olution of the numerical grid applied in both cases. This fact supports the thesis that the

inappropriate structural model or in detail its false lateral boundary conditions are responsible

for the failure of the coupled computations.
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test case FSI-PfS-3a FSI-PfS-3b
simulation failed failed
behavior 3D 3D

uinflow [m/s] 0.969 m/s 0.549 m/s
symmetry X X
fnum [Hz] 6.29 3.39
fexp [Hz] 5.77 3.20
error(f) +9.91% +5.94%
Stnum 0.143 0.136
Stexp 0.131 0.128

(y/D)num,large ±0.49 ±0.49
(y/D)exp,large ±0.54 ±0.66

error(y/D)large ±9.26% ±25.76%
(y/D)num,middle ±0.19 ±0.36
(y/D)exp,middle ±0.46 ±0.56

error(y/D)middle ±58.70% ±35.71%
(y/D)num,small ±0.19 ±0.49
(y/D)exp,small ±0.22 ±0.30

error(y/D)small ±13.64% ±63.33%
validation failed failed

Table 27: Comparison of the numerical data with the experimental results of FSI-PfS-3x.
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10.2.4. FSI-PfS-4x (Application-based test cases)

The application-based test cases FSI-PfS-4x uses three-dimensional computational grids to in-

vestigate the vortex-induced vibrations of the flexible cylinder beam without any surrounding

structures (FSI-PfS-4a) or in an arrangement of 3 × 3 rigid cylinders (FSI-PfS-4b), where the

central cylinder is flexible. Both simulations are performed with the usage of the FSI environ-

ment of ANSYS R© Mechanical 14.0 and ANSYS R© CFX 14.0 (refer to the detailed description

of the computational set-up in Section 9.3).

FSI-PfS-4a

The time history of the x/d- and y/d-displacements of the cylinder tip at the plane z/d = 20.63

are shown in Fig. 231. Within 0.6 s a quasi-periodic oscillation state of the cylinder tip is

reached. During the development the y/d-deflections obtain this swiveling state faster than

the x/d bending. After the initial phase, the deflections reach y/d-values of ±1.30 and x/d

bends between (x/d)num,min = 1.30 and (x/d)num,max = 2.45. The oscillation frequency is

calculated to 27.03 Hz (St = 0.128).

Figure 231: FSI-PfS-4a: Numerical structure results: Time histories of the x/d- and y/d displace-
ments of the center of the cylinder at the monitoring plane z/D = 20.63.

The lock-in state is plotted in Fig. 232a and compared with the measured data of the phase-

averaged reference period. In Fig. 232b the xy-trajectory of the cylinder tip at z/d = 20.63 is

illustrated and reveals large disagreements between the simulation and the experimental data.

The predicted motion path is slightly asymmetric due to unknown reasons. The path describes

a distorted ”8” which resembles the measured motion path concerning its form but differs

in its range. While the cylinder tip is more bended (about one cylinder diameter) in x/d-

direction in the experiments, the y/d-deflections are strongly over-predicted by the simulations.

Several reasons are conceivable for the large discrepancy. The most probable reason is the

insufficient spatial resolution of the three-dimensional computational grid. It is assumed, that

this issue has a strong influence on the results especially on the load distribution of the flow
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Figure 232: FSI-PfS-4a: Comparison of experimental and numerical structural results: a) Structural
deflections x/d and y/d; b) Structural xy-motion path, both for the characteristic period
at the center of the cylinder at the monitoring plane z/d = 20.63.

onto the structure. Since the flow in the tip region is assumed to be highly unsteady and

three-dimensional, the coarse grid resolution and the URANS turbulence model are not able

to reproduce the complex physical process, there. Another explanation for the disagreements

may be found in the structural predictions. The high frequency of the cylinder motion implies

large deformation velocities. As a consequence the applied material model can not represent the

velocity-related structural effects of softening or hardening (Kästner et al., 2012) and under- or

overpredicts the structural deformations. Furthermore, the long settlement phase of the x/d-

deflections observed in the experiments indicate a problematic structural deformation behavior

(slowly increasing bending of the free end of cylinder in x-direction) which is not reproduced by

the present numerical model. Unsteady material testings of the polyethylene material applied

for the flexible cylinder may lead to further insights to the unsteady deformation behavior and

explain the disagreements between the simulations and the experiments.

Figure 233a illustrates the predicted flow in the plane near the cylinder tip (z/d = 20.63)

at the time phase angle of 78 deg. At this phase angle the structure reaches its maximum

deflection in x- and y-directions. On the upper side of the cylinder a large acceleration region

is formed. On the lower and backward side of the cylinder tip a wake area is present caused by

its prior fast motion through the flow field. Similar to the measured flow fields the broad wake

in the range of the cylinder motion and the two pairs of shedding vorticies downstream of it

are noticeable (Fig. 233b). Although these phenomena are also visible in the experimental flow

results, a more detailed insight into the major three-dimensional flow structures is possible in

the predictions. While the shed vorticies in case of a rigid cylinder are almost two-dimensional,

due to the bending in the coupled case the vorticies get a three-dimensional shape (Fig. 234).

The motion of the cylinder tip produces high vorticity and transfers energy into those flow

regions which are only weakly influenced (towards the clamping).
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Figure 233: FSI-PfS-4a: Predicted flow and structural results: a) Velocity magnitude; b) Vorticity
component ωz both at the phase angle of 78 deg and the monitoring plane z/d = 20.63.
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Figure 234: FSI-PfS-4a: Predicted flow and structural results: Vorticity magnitude at the phase
angle of 204 deg and four monitoring planes at z/d = 1, z/d = 7.5, z/d = 15 and
z/d = 20.63, respectively.
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FSI-PfS-4b

Unfortunately, the numerical prediction of the test case FSI-PfS-4b failed for various attempts.

Similar to the previous test cases the first coupled simulations are initialized by an unsteady

prediction without the FSI coupling. After releasing the flexible cylinder in the center of the

3 × 3 arrangement a strong overshoot of its structural deflections in streamwise x-direction

is predicted. In Fig. 235 the result of this FSI computation from an unsteady developed

flow is depicted. Remarkable is the strong increase of the x/d-deflections within the first

time steps. Only due to the simultaneously appearing large deflections in x- and y-direction,

no contact of the flexible cylinder with the rigid cylinders downstream occurs. Despite the

small decrease of the structural deflection of the cylinder tip within the following time steps

after 0.107 s, the over-prediction of the deformation leads to a fatal contact of the flexible

cylinder with the rigid cylinder further downstream. Since the numerical model does not

consider structural contacts, the computation is aborted and failed. Since the large drag forces

are assumed to be responsible for the structural over-predictions, several computations with

changed initial conditions (e.g., quiescent fluid at the FSI release) are performed to solve this

issue. Unfortunately, no configuration is able to avoid the over-prediction, and all failed due

to the same reason. It is assumed that the coarse computational grid has a large impact

on this simulation failure. In the experiments a highly unsteady three-dimensional flow field

inside and behind the cylinder array is detected. Due to the coarse grid the predictions can

not reproduce the high fluctuations present in flow field leading to a unstable computation.

This is also evident by the corresponding convergence behavior of the simulation. In every

configuration a disproportionally large number of coupling iterations (≈ 100) are necessary to

compute a single time step. Due to the large efforts and the expected low prediction quality

on the present coarse numerical grid, no additional tests are performed.

Figure 235: FSI-PfS-4b: Numerical structural results: a) Time histories of the x/d- and y/d-
displacements of the center of the cylinder at the monitoring plane z/d = 20.63, b)
illustration of the structural geometry at the last time step of the failed computation.
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FSI-PfS-4x - Conclusions

In the computations of FSI-PfS-4x several major problems appear leading to an unsuccessful

validation of FSI-PfS-4a and a completely failed prediction of FSI-PfS-4b. In the case of the

single cylinder in FSI-PfS-4a a qualitative agreement with the experimental results is achieved

for the cylinder trajectory (distorted ”8”). However, large quantitative disagreements are

found in the structural deflection of the cylinder tip. Here, the y-deflections are strongly over-

predicted (+44%) while the x-deflections are strongly under-predicted (−36%). Several reasons

are assumed to be responsible for the mismatch (see Table 28). The largest influence is assigned

to the coarse computational grid applied in the predictions. Furthermore, velocity-related

material effects like softening or hardening are not considered in the present material model.

These effects are present in FSI-PfS-4x as indicated by the experimental results discussed in

Section 10.1.3.

Related to the same issues the computation of the flexible cylinder within the 3 × 3 cylinder

arrangement in FSI-PfS-4b failed completely. Here, the coarse computational grid and the

improper material behavior lead to a strong over-prediction of the structural deflections of the

cylinder tip. This results in a contact of the flexible cylinder with the rigid cylinder located

downstream of it and aborted the computation.

test case FSI-PfS-4a FSI-PfS-4b
simulation successful failed
behavior 3D 3D

bending shape ’8’ ’(’
uinflow [m/s] 1.69 m/s 1.69 m/s
symmetry X −
fnum [Hz] 27.03 −
fexp [Hz] 29.39 26.28
error(f) −8.03% −

Stnum 0.128 −
Stexp 0.139 0.124

(y/d)num 1.30 −
(y/d)exp 0.90 1.27

error(y/d) +44.44% −
(x/d)num,max 2.45 −
(x/d)exp,max 3.85 3.00

error(x/d)max −36.36% −
(x/d)num,min 1.30 −
(x/d)exp,min 2.84 2.32

error(x/d)min −54.22% −
validation failed failed

Table 28: Comparison of the numerical data with the experimental results of FSI-PfS-4x.
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11. Conclusions and Outlook

The interaction of a flowing medium and a solid structure is a common physical phenomenon in

various technical applications. The better knowledge due to the going research on those multi-

physical processes enables their usage and optimization. Common examples for fluid-structure

interactions in terms of industrial applications are blade vibrations at turbines, aerodynamic

flutter of airfoils or vibrations in tube bundles applied in heat exchangers. Since many appli-

cations are a part of complex technical facilities, the precise understanding of FSI phenomena

is also a safety issue. A common example is the unexpected vibration of a tube bundle caused

by a flow-induced excitation that leads to a fatal and expensive failure of the heat exchanger.

Therefore, the prediction of fluid-structure interactions is an increasingly important issue in

the design of technical applications. Since the research on FSI phenomena is ongoing for a

long time, several methods were developed for their estimation or prediction. Owing to the

increase in computational power over the last two decades the numerical prediction of complex

multi-physical systems is possible. While various coupling approaches were developed, a lack

of fundamental data for their evaluation exists. To fully validate and optimize a coupling ap-

proach, the comparison to experimental data is indispensable. Therefore, experiments under

clearly defined operating conditions are necessary to develop proven test configurations called

test cases or benchmarks.

In the last decade several different FSI test configurations were developed to validate FSI pre-

dictions. Very common is the comparison or validation of numerical FSI approaches with other

numerical predictions (e.g., the widely-used laminar benchmark of Turek and Hron (2006)).

Application-oriented benchmarks (e.g., tension riser studies related to offshore oil exploration)

were carried out and provide experimental data but often not comprehensively enough for an

extensive validation process of simulation approaches. Since vortex-induced-vibrations (VIV)

on cylinders have been a common issue in many industry-relevant applications (e.g., the heat

exchanger already mentioned), a lot of test scenarios related to cylinder flows were published.

Here, primarily elastically mounted rigid cylinders were exposed to streamwise flows or cross-

flows to study the mechanisms of VIV. Since these investigations are well-documented and

provide a proven knowledge of the physical coupling between the flow and the structure, also

several FSI benchmarks are related to these configurations. Nevertheless, most of these test

cases include no structural deformations and therefore no complete data on bidirectional fluid-

structure interactions. A comprehensive data base (experimental data of the flow and structural

motion) is provided by the studies of Gomes et al. (2010) and Gomes and Lienhart (2013).

These studies delivered reliable experimental data on several bidirectionally coupled FSI test

cases in the laminar and turbulent flow regime. In Gomes and Lienhart (2013) the structure

consists of a rigid rotatable circular cylinder with a thin steel plate attached to it. At the

trailing edge of the thin sheet a rectangular mass is attached. Despite the extensive experi-

mental data available for this test case not many successful predictions are published up to

now. Several difficulties related to this test case (e.g., the thin geometry and the rotational

mount) are reported to impede the predictions.

In summary, the benchmarks available are not sufficient to offer a complete, reliable and compu-

tationally feasible data basis for FSI validations in the turbulent regime. Therefore, this thesis
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describes and analyzes several newly developed self-exciting multi-DOF (degrees of freedom)

FSI test cases based on experimental and numerical methods. These test cases are developed

with reference to previous studies and are modified regarding the geometry, material proper-

ties and working conditions. The coupled flow and structure responses of the different test

cases investigated are chosen with respect to the predictability of the corresponding numerical

simulations, the requirements of well-defined and controllable boundary conditions, the repro-

ducibility of the results and the feasibility of precise fluid and structure measurements. By

providing an extensive experimental data base reliable measurement data for the validation

of FSI methods are available to fill the gap in the literature. A further investigation of the

FSI coupling mechanisms analyzes the different geometrical and structural dependencies on

the FSI phenomenon. Based on corresponding numerical simulations of each test case their

predictability is examined and comparisons between the measurements and calculations are

performed.

11.1. Conclusions

Investigated system

The experiments are performed in a water channel (Göttingen type) which was designed and

built at LSTM Erlangen by Gomes and Lienhart (2006, 2010, 2013) within the DFG research

unit FOR 493 (Bungartz et al., 2010). The channel has a rectangular flow path and includes

several rectifiers and straighteners to guarantee an uniform inflow into the test section. The

water is put in motion by an axial pump generating inflow velocities up to 6 m/s in the test

section (block profile, low turbulence level Tuinflow = 0.022). The fluid flows from the top to

the bottom and is aligned with the gravitational acceleration. Furthermore, the test section

possesses windows on three sides to allow optical measurement systems such as particle-image

velocimetry and laser line triangulation. The structures investigated are attached at the back-

plate at the test section and additionally fixed at the front glass plate if necessary.

In the present thesis four different sets of test cases are studied. Every set has its own spe-

cific intended purpose of investigation and additionally provides a comprehensive data base

for the comparison with numerical data. The first set of test cases FSI-PfS-1x (Re ≈ 26, 000

to 30, 500) applies a fixed circular cylinder with an attached flexible plate (uinflow = 1.18 to

1.39 m/s). Three different materials are investigated to study their influence on the coupling

between fluid and structure. FSI-PfS-1a uses a stiff EPDM rubber for the flexible tail while

FSI-PfS-1b applies an even stiffer polyamide plate. In the test configuration of FSI-PfS-1c a

soft para-rubber plate is attached to the front cylinder.

The second test case series FSI-PfS-2x (uinflow = 1.39 m/s, Re ≈ 30, 500) is inspired by the

work of Gomes and Lienhart (2010, 2013). Again a circular front cylinder with an attached

flexible structure is applied. Similar to the configuration of Gomes and Lienhart (2010, 2013)

an additional steel weight is attached at the end of a para-rubber plate. This steel weight

ensures a two-dimensional deformation behavior and adds inertia to the coupled system for

larger structural deflections. The difference between the two included configurations FSI-PfS-

2a and 2b is found in the mount of the front cylinder. While the front cylinder in FSI-PfS-2a is

fixed on the backplate of the flow channel, in FSI-PfS-2b the cylinder is rotationally mounted
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(similar to the configurations of Gomes and Lienhart (2010, 2013)).

Technical processes which contain FSI phenomena are usually of three-dimensional kind. To

take this into account, the test cases FSI-PfS-3x (uinflow = 0.55 to 0.97 m/s, Re ≈ 18, 000

to 32, 00) is developed. Here, the three-dimensional geometry of a tapered front cylinder is

suggested to create a three-dimensional flow in its wake inducing three-dimensional structural

deformations of the attached rubber plate. FSI-PfS-3x contains two different configurations

which differ in the flexible material and the inflow velocities. FSI-PfS-3a uses the stiff EDPM

rubber and a high inflow velocity, while FSI-PfS-3b applies the soft para-rubber material and

a lower inflow velocity.

The last set of test cases FSI-PfS-4x (uinflow = 1.69 m/s, Re ≈ 13, 500) is application-oriented.

As already mentioned, vortex-induced vibrations are common in many technical processes.

The configuration of FSI-PfS-4x exposes a single flexible cylinder to a cross-flow (similar to

heat exchanger bundles or nuclear fuel rods). One end of the flexible cylinder is fixed at the

backplate of the test section, while the opposite end is free to move. The difference between

the two configurations FSI-PfS-4a and 4b is that in case of FSI-PfS-4b the flexible cylinder is

additionally surrounded by eight rigid cylinders in a 3 × 3 arrangement.

All cases have in common that the flow around the bluff body is in the subcritical regime.

Consequently, the boundary layers at the surface are still laminar, but transition to turbulence

takes place in the free shear layers evolving from the separated boundary layers behind the

apex of the front body. The flexible structures in FSI-PfS-1x, 2x and 3x are located in the

direct wake of the bluff body. There, the common phenomenon of shedding vorticies takes

place and creates a von Kàrmàn vortex street. Due to the oscillating behavior of this flow

phenomenon also the pressure forces at the interface between the fluid and flexible structure

oscillate. Based on this excitation the structure starts to swivel and a self-induced bidirectional

fluid-structure interaction takes place. Since all test cases presented in this thesis belong to

the turbulent flow regime, the occurring turbulent fluctuations result in cycle-to-cycle varia-

tions of the structural deformations (also known as fluctuation-induced excitation mechanism,

FIE). Depending on the inflow velocity, the corresponding Reynolds number and the structural

properties, several different system excitation mechanisms are possible. As a first case, the ex-

traneously induced excitation (EIE) is the result of fluctuations in the field variables (velocity

or pressure) itself (e.g., turbulence). The instability-induced excitations (IIE) are caused by

flow instabilities such as interface instabilities, impinging shear layers or vortex shedding. For

the instability-induced excitation a fluid resonance appears if the properties of the flow and

structure correlate (e.g., the material properties of the structure allows a swiveling motion

close to the characteristic frequency of the flow). In this case the system coupling generates

a quasi-periodic state (lock-in), where the frequency of the flow instability (here the vortex

shedding) and the structure response reach a similar level. Closely connected to IIE is the

movement-induced excitation (MIE). Here, the motion of the structure and the thereby occur-

ring forces on their surface amplifies the structural response and thus are again self-induced. In

contrast to IIE, MIE is inherently linked to the body movement and disappears if the structure

comes to rest. MIE is characterized by large periodic structural motions and is highly affected

by the surrounding flow. Both, IIE and MIE enormously influence the flow.
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Applied investigation methods

All test cases are investigated using precise measuring techniques and coupled numerical pre-

dictions. The experimental investigations of a FSI problem have to describe both, the structure

and the fluid coupled in time. Since the turbulent flow causes cycle-to-cycle variations and sig-

nificant three-dimensional deformations of the structure appears in several test cases, a precise

and flexible measuring technique is necessary to determine the structural deflections and the

fluid motion.

In all test cases a 2D particle-image velocimetry (PIV) setup is applied to measure the velocity

fields of the flow in the xy-plane around the moving structure. The PIV method is a contact-

less standard technique in experimental fluid mechanics for measuring planar flow fields. A

single CCD camera measures the two components of the fluid velocity within the planar section

illuminated by a laser light sheet. The fluid is laden by small particles, which are following the

flow and reflect the laser light. By taking two images of the reflection fields in a short time

interval, a cross-correlation technique can estimate the displacement of the particles using an

equidistant grid. Using these displacements and the time interval ∆t, the velocity field in the

illuminated plane can be calculated.

The structural deformations are measured using a laser line triangulation sensor (LLT). Here,

the laser triangulation method is applied. A laser line projected on the surface of the object to

be measured is detected by a high-speed line camera which precisely determines small struc-

tural displacements. Based on the orientation of the LLT sensor, profiles of the structural

deflections in the xy- and the yz-plane can be measured with a high spatial and temporal

resolution.

Both, the LLT technique for detecting the structural deflections and the PIV technique for

the measurement of the planar flow fields are coupled to cover a complete measurement of

the state of the coupled system. As already mentioned, cycle-to-cycle fluctuations are present

in the fluid flow and the structural deformations representing a quasi-periodic FSI system.

In order to be able to compare numerical results and experimental measurements, the irreg-

ular fluctuations are averaged out by using a phase-averaging procedure. In this procedure

the single flow and structure measurements are assigned to their specific temporal instant in

the swiveling period. Afterwards, similar measurements assigned to the same phase angle are

appointed and averaged to reconstruct a mean period of the specific FSI problem. In this

phase-averaged result the irregular cycle-to-cycle variations are eliminated and a comparison

with numerical predictions is feasible.

In addition to the planar PIV flow measurements, three-dimensional flow measurements with

a volumetric particle tracking system (V3V R©) developed by TSI R© are performed to investigate

the behavior of the flow in all spatial directions. Similar to the PIV method particles in the

flow are illuminated by a laser light source. Instead of a thin light sheet (PIV) a cubical laser

light volume (V3V) is applied. To enable the three-dimensional particle tracking of individual

particles, their spatial position is determined by a precise calibration process and the usage of

three single CCD cameras defocussed on the flow volume to be investigated. A disadvantage
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of this flow measurement technique is the small measurement volume and the reduced spatial

resolution compared to the PIV recordings. Therefore, this method is primarily applied to

analyze qualitatively the three-dimensional behavior of the flow.

The numerical predictions are carried out by the commercial multi-physics simulation environ-

ment of ANSYS R© applying the Reynolds-averaged Navier-Stokes equations and the statistical

RANS turbulence model (SST) on two- and three-dimensional block-structured grids. The FSI

solution procedure is based on an implicit coupling algorithm between the flow solver ANSYS R©

CFX 14.0 and the structural solver ANSYS R© Mechanical 14.0 exchanging the fluid loads at

the FSI interface and the resulting structural displacements.

To determine the properties (Young’s modulus, the Poisson’s ratio and the damping prop-

erties) of the elastic materials, several preliminary structural tests are performed. In detail,

experimental studies regarding the static, the dynamic and the decay behavior of the materials

are performed. The static and the dynamic tests are reproduced by ANSYS R© Mechanical 14.0

to evaluate the material properties applied in the coupled numerical FSI predictions. Out of

the decay tests further analytical findings on the damping behavior of the materials (EPDM,

para-rubber and polyamide) are provided.

For all test cases the structural deflections (maximum and minimum deflections, swiveling fre-

quency and Strouhal number) are determined as a function of the inflow velocity. Here, the

individual characteristics of each test configuration are visible and the results are comparable

to each other.

Results of FSI-PfS-1x

For FSI-PfS-1x the structural responses of the configurations 1a and 1b to the inflow veloc-

ity are quite similar, while the structural response of 1c reveals large deviations compared

with the cases 1a and 1b. In FSI-PfS-1a and 1b only one quasi-periodic swiveling mode is

observed. Here, the maximum and minimum deflections increase with the inflow velocity until

the surrounding flow and the stiff material used for the flexible plate impedes larger structural

deflections. The structural response at the finally chosen inflow velocity is characterized by

mild deformations in the first swiveling mode (one bending node at the clamping of the flexible

plate at the cylinder). The deflections of the flexible plate are smaller than half of the cylinder

diameter (y/D ≈ ±0.44) and possess a swiveling frequency of about 7.11 Hz. The additional

qualitative three-dimensional flow measurements indicate an almost two-dimensional defor-

mation behavior of the EPDM rubber plate for the phase-averaged reference period. Similar

structural deflections are measured for FSI-PfS-1b with peak deflections of about y/D ≈ ±0.39

and a swiveling frequency of about 8.02 Hz. By changing the material of the flexible structure

to the soft para-rubber in the case FSI-PfS-1c, the swiveling behavior is significantly changed.

The first difference to the cases 1a and 1b is the FSI onset which starts at lower inflow veloci-

ties. During the further development with increasing inflow velocities the first swiveling mode

(similar appearance as observed in FSI-PfS-1a and 1b) is achieved with large deflections in the

order of y/D ≈ ±0.6. In contrast to the other two cases FSI-PfS-1c changes the swiveling
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mode at a particular inflow velocity. During this transition the swiveling frequency is almost

doubled to a value of about 11.39 Hz and the structural deflections are surprisingly decreased

to y/D ≈ ±0.41. Nevertheless, in this mode the deformations become more complex. While

in the first swiveling mode only one bending node is located at the clamping of the flexible

plate and the front cylinder, in the second swiveling mode an additional bending node at ap-

proximately two thirds of the plate length is observed. The flow measurements at the chosen

inflow velocity confirm the doubled swiveling frequency by a larger number of shedding vorti-

cies observed in the wake of the structure. Furthermore, the large deformation velocity of the

moving structure affects the flow by generating a secondary trailing-edge vortex. This effect is

not visible in the flow fields measured for FSI-PfS-1a and 1b.

In general, the system coupling in FSI-PfS-1a and 1b is assumed to be rather weak. That

means that the flow is not strongly affected by the mild structural deformations and the

medium swiveling frequencies present in both cases. The excitation of the system is identified

to be driven by the instability of the vortex shedding present at the front cylinder. Since the

vortex shedding frequency is reduced compared to the rigid configuration, it can be assumed

that the stiff materials applied for the flexible plate impedes the vortex shedding like a splitter

plate. Despite this frequency reduction the velocity distribution of the flow fields is rather un-

affected which indicates the presence of an instability-induced excitation. In the configuration

of FSI-PfS-1c the FSI coupling not only alters the lock-in frequency of the system. It also

strongly affects the flow by generating the secondary trailing-edge vorticies. This indicates

that the movement-induced excitation mode is found for this test configuration. The coupled

two-dimensional flow and structure measurements of the benchmarks FSI-PfS-1a and 1b are

reported in Breuer and Kalmbach (2011). Further contributions related to FSI-PfS-1a with

extensive comparisons to numerical predictions are presented in De Nayer et al. (2012, 2014)

and published at the ERCOFTAC/QNET website (http://qnet-ercoftac.cfms.org.uk).

Results of FSI-PfS-2x

The second set of FSI test cases (FSI-PfS-2x) is focused on large two-dimensional structural

deformations. While the first series of test cases FSI-PfS-1x is concerned with different elastic

materials to examine their influence on the FSI coupling, the second series FSI-PfS-2x employs

the same material and an additional steel weight attached to the para-rubber plate. However,

by applying two different test case configurations, the influence of the rotational DOF of the

front body on the structural response is also examined.

The detailed measurements concerning the finally chosen inflow velocity for both bench-

mark cases revealed quasi-periodic and nearly symmetric structural deflections for both test

cases. In general, the deflections of both configurations are large (FSI-PfS-2a: y/D ≈ ±0.65,

f = 11.25 Hz; FSI-PfS-2b: y/D ≈ ±0.9, f = 8.16 Hz) compared to the first set of test cases

FSI-PfS-1x. The additional steel weight at the end of the structure increases the inertia of the

system that leads to larger deflections and the modified swiveling behavior (second swiveling

mode). The assumption that the steel weight forces the system to a two-dimensional flow

and structure response is proven by the additional qualitative three-dimensional flow measure-
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ments. The release of the rotational DOF of the front cylinder in FSI-PfS-2b further increases

once more the structural deflections due to its expanded range of influence. Furthermore, the

special configuration of FSI-PfS-2b allows a rigid-body motion (i.e. a front cylinder rotation

with a nearly rigid plate attached) for the lowest inflow velocities. The first swiveling mode is

also present for low inflow velocities and the corresponding excitation frequencies are smaller

than the second natural frequency of the structure. Nevertheless, the second swiveling mode

of the structure is dominant in both test cases. The transition between the first and second

mode again comes along with a doubling of the vortex shedding frequency of the fluid and the

corresponding swiveling frequency of the structure in both test cases. The resulting frequency

after the transition phase exceeds also the second eigenfrequency of the structure.

Referring to the FSI excitation sources, it is assumed that the instability-induced excita-

tion (IIE) is responsible for the excitations in the first swiveling mode for low inflow ve-

locities. With increasing inflow velocities, i.e., the investigation at the final inflow velocity of

uinflow = 1.385 m/s, the flow excitations are large enough to modify the whole system state

and indicate a movement-induced excitation mode (MIE). This statement is supported by the

eigenfrequency analysis of both test cases. For the chosen inflow velocity the swiveling frequen-

cies are higher than the first and second eigenfrequencies of the structure. The investigation

of the test case FSI-PfS-2a with coupled two- and three-dimensional flow and structure mea-

surements is published in Kalmbach and Breuer (2012, 2013b) and at the ERCOFTAC/QNET

website (http://qnet-ercoftac.cfms.org.uk).

Results of FSI-PfS-3x

In the third series of test cases FSI-PfS-3x a more complex front body geometry is applied

to set-up three-dimensional FSI test cases in terms of structural deflections and fluid flow. In

order to maintain most of the measures of the two-dimensional test cases FSI-PfS-1x and 2x,

the front cylinder is replaced by a cone (the small cone diameter is equal to the former cylinder

diameter D, while the large cone diameter measures 1.5·D). According to the spanwise enlarge-

ment of the cone, the flexible plate attached to it is adapted to the new geometry. Both test

cases FSI-PfS-3a and 3b are limited to moderate structural deflections in one dominant swivel-

ing mode. A quasi-periodic state of the structural deformations and the fluid flow is reached in

both cases but by applying different inflow velocities. Due to the increased complexity of the

flow according to the three-dimensional geometry of the front body, only one quasi-periodic

oscillation state (first swiveling mode) is noticed in contrast to the presence of two swiveling

modes, e.g., in FSI-PfS-2x. In the present state a fully three-dimensional deformation of the

flexible structure appears within the oscillation period. For FSI-PfS-3a a wave-like deformation

of the plate propagates from the large cone diameter to the small cone diameter with decreas-

ing structural deflections ((y/D)large ≈ ±0.54, (y/D)middle ≈ ±0.46, (y/D)small ≈ ±0.22) and

a swiveling frequency of about f = 5.77 Hz. This behavior is consistent with the assumption

of higher fluid loads caused by the larger shedding vorticies on the large side of the cone in

contrast to its opposite side proven by the PIV measurements at different planes. The stiff

EPDM rubber supports or eventually enables this wave-like deflection behavior. In FSI-PfS-3b
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a different deflection behavior is observed. Here, the middle section of the plate reaches the

extrema first followed by the parts downstream the large and later the small cone diameter.

The structural deflections of the phase-averaged period are determined to (y/D)large ≈ ±0.66,

(y/D)middle ≈ ±0.56, (y/D)small ≈ ±0.30 and a swiveling frequency of about f = 3.20 Hz. It

is assumed that the soft para-rubber decreases the deformation resistance in comparison with

the EPDM rubber and therefore the local characteristics of the entire structure deformation.

However, in both cases the structural deflections are limited to the dimension of the front

body (similar to the two-dimensional test cases without a steel weight FSI-PfS-1x) with mild

variations towards the large end of the cone and stronger fluctuations downstream of the small

cone diameter. Thus, the swiveling behavior of the flexible plate is strongly affected by the

applied material of the rubber plate. Beside the three-dimensional deflection behavior, the

low Young’s modulus of the para-rubber plate (FSI-PfS-3b) also reduces the critical inflow

velocity of the FSI onset. As a consequence the destabilization of the quasi-periodic swiveling

state commences earlier compared with the EPDM rubber in FSI-PfS-3a. In both test cases

the fluctuations of the deflections increase towards the small cone diameter. This indicates

that the flow works against the ”lock-in” swiveling state of the system. More precisely the vor-

tex shedding frequency naturally rises along the decreasing cone diameter while the attached

flexible plate forces an uniform vortex shedding frequency. It is assumed that at the smaller

end of the cone the physical coupling between the flow and the structure is eventually more

sensitive and leads to the increased variations in the deflections there.

Since the three-dimensional vorticies (existence proven by three-dimensional flow measure-

ments) are generated by the effect of the three-dimensional geometry of the bluff body, the

instability-induced excitation (IIE) is assumed to be responsible for the FSI coupling in both

configurations. The main instability source is determined to be the vortex shedding. The

limitation to the first swiveling mode and the moderate deflections in the range of the local

cone diameter are not able to alter the system coupling. Thus, the movement-induced excita-

tion (MIE) state does not appear. The investigations concerning FSI-PfS-3a are published in

Kalmbach et al. (2013).

Results of FSI-PfS-4x

The last test cases FSI-PfS-4x are developed with respect to an application-oriented FSI bench-

mark. In the two cases considered the flexible structure is a long, thin polyethylene cylinder

which is exposed to a free-stream flow (FSI-PfS-4a) and a disturbed flow within a 3 × 3

cylinder arrangement (FSI-PfS-4b). Both configurations show a strong dependence on the in-

flow velocity. Due to the different configurations both test cases show individual structural

responses to the increasing inflow velocities. FSI-PfS-4a is characterized by large fluctuations

of the structural deflections for low inflow velocities. By passing a critical inflow velocity the

structural motion gets more stable and its response (two pair (2P) vortex shedding mode) is

comparable to experimental investigations carried out in the literature referring to elastically

mounted cylinders. In this mode the motion of the structure causes the shedding of four alter-

nately rotating vorticies within a period. In FSI-PfS-4a this 2P flow state is characterized by
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large quasi-periodic deflections of the cylinder tip slightly smaller than one cylinder diameter

in y-direction (y/d ≈ ±0.9) and very large deflections in x-direction (2.8 < x/d < 3.9) while

the swiveling frequency is of the order of 30 Hz.

The same flexible cylinder applied in FSI-PfS-4a is surrounded by eight rigid cylinders in a

3×3 arrangement in the second test case FSI-PfS-4b. In comparison to the free-stream case of

FSI-PfS-4a the additional structures nearby reveal a strong influence on the structural behavior

of the elastic cylinder. Especially for higher inflow velocities the structural response is quasi-

periodic with large deflections in x- (2.3 < x/d < 3.0) and y-direction (−1.3 < x/d < 1.3) with

a swiveling frequency of about 26 Hz. For the detailed investigations at the inflow velocity

uinflow = 1.69 m/s the motion path of the cylinder tip is described by a distorted eight in FSI-

PfS-4a, while the response in FSI-PfS-4b forms an open ”C”. According to the high oscillation

frequencies of the cylinder in the order of 30 Hz and the associated large accelerations and

velocities in both physical domains and both test configurations, the phase-averaged flow field

measurements provide only a limited insight into the underlying physics of the system.

The classification into the excitation mechanisms is rather difficult. For lower inflow velocities

the EIE and the IIE modes are assumed to be present. The EIE is characterized by a broad

frequency spectrum and tiny deflections related to the low turbulent fluctuations present in

the inflow. At higher inflow velocities the structural deformation increases and the mode tran-

sition from EIE to IIE takes place. Here, the flow is strongly influenced by the motion of the

flexible cylinder indicating the MIE mode. However, the instability of the vortex shedding is

still present and mainly controls the swiveling behavior of the system. Therefore, it can be

assumed that a simultaneous excitation of IIE and MIE is present for higher inflow velocities.

In FSI-PfS-4b the onset of FSI also refers to the EIE mode. In contrast to FSI-PfS-4a the

velocity fluctuations at the inflow are assumed to be less responsible for the weak structural

oscillations present for low inflow velocities. Here, the extraneous excitation due to the sur-

rounding cylinders causing stronger flow fluctuations are assumed as the main excitation source

in this system state present over a broad range of inflow velocities. Similar to FSI-PfS-4a a

mode transition from EIE to IIE takes place. For a further increase of the inflow velocities the

excitation modes IIE and MIE are assumed to be present simultaneously.

Results of the coupled CFD/CSD predictions

The numerical predictions using ANSYS R© lead to satisfactory results for the two-dimensional

test cases (FSI-PfS-1x and 2x) and less reasonable results for the three-dimensional test con-

figurations (FSI-PfS-3x and 4x). The predictions reproduce the experiments with minor errors

(errors between 3% and 8% for the y-displacements and errors between 5% and 8% for the

swiveling frequency) of each test case of FSI-PfS-1x. Both, the structural deformations and

the flow field (including the characteristic flow phenomena, i.e., the acceleration areas on the

upper and lower side of the cylinder, the stagnation point in front of the cylinder, the wake

area past the cylinder and the shear layers on both sides of the structure) are well predicted

in size and location compared with the experimental results. Similar findings are observed for

the predictions of FSI-PfS-2x. Since the different configuration of FSI-PfS-2x compared to
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FSI-PfS-1x allows large structural deflections, a special concern is put on the deformation of

the two-dimensional block-structured mesh. For FSI-PfS-2a only minor errors lower than 6%

for the structural deflections and the swiveling frequency compared to the experimental data

are found. In the case of FSI-PfS-2b the additional rotational degree of freedom of the front

cylinder increases the complexity of the prediction. Once again the large deflections require

an effective mesh deformation and a special concern on the coupling conditions. Here, a larger

number of coupling iterations is necessary to converge the solution taking the more complex

physics of this test case into account. Compared to the experimental data an error of 11% for

the y-displacements and an error of 6% for the swiveling frequency is achieved.

The predictions of the three-dimensional test cases FSI-PfS-3x reveal major problems in the

modeling of the coupled system. According to the experimental results a three-dimensional

deformation behavior of the flexible plate is present in both test cases. That means that the

lateral sides of the rubber plate tend to its center and leave their initial z-plane. However, in

the predictions the lateral sides of the rubber plate are bound to a fixed geometry of the struc-

tural domain. Therefore, a displacement in z-direction may generate an unphysical/undefined

space in the fluid domain. Since this issue could not be solved in the present work, a large

mismatch to the structural results of the experiments is found. Here, mismatches regarding

the displacements, the swiveling mode and the corresponding phase delays of the flexible plate

are observed.

In the computations of FSI-PfS-4x several major problems appear leading to an unsuccess-

ful validation of FSI-PfS-4a and a completely failed prediction of FSI-PfS-4b. In the case

of the single cylinder in FSI-PfS-4a a qualitative agreement with the experimental results is

achieved for the cylinder trajectory (distorted ”8”). However, large quantitative disagreements

are found in the structural deflection of the cylinder tip. Here, the y-deflections are strongly

over-predicted (+44%) while the x-deflections are strongly under-predicted (−36%). Several

reasons are assumed to be responsible for the mismatch (see Table 28). The largest influence

is assigned to the coarse computational grid applied in the predictions. Furthermore, velocity-

related material effects like softening or hardening are not considered in the present material

model. These effects are present in FSI-PfS-4x as indicated by the experimental results dis-

cussed in Section 10.1.3.

Related to the same issues the computation of the flow around the flexible cylinder within the

3 × 3 cylinder arrangement in FSI-PfS-4b failed completely. Here, the coarse computational

grid and the improper material behavior lead to a strong over-prediction of the structural

deflections of the cylinder tip. This results in a contact of the flexible cylinder with the rigid

cylinder located downstream and aborted the computation.

In summary, this thesis carried out an extensive experimental investigation concerning several

FSI-benchmark configurations in the turbulent flow regime. While the first test cases FSI-PfS-

1x are rather simple to predict, the simulations of the test cases FSI-PfS-2x, 3x and 4x are

more difficult due to their increased physical complexity. Despite, the failed numerical pre-

dictions of the three-dimensional test cases, the main objectives of this thesis are accomplished.
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11.2. Outlook

The problems regarding the predictions of the three-dimensional test cases would be a rea-

sonable topic for further numerical studies. Especially, the issues of the artificially introduced

strains caused by the applied problematic boundary conditions concerning the test cases FSI-

PfS-3x require a deeper analysis. Since in this thesis a rather classical implicit coupling algo-

rithm based on the finite-volume method is applied, a further reproduction using other FSI

approaches like the immersed boundary method or the Lattice Boltzmann method are consider-

able. Maybe these approaches help to decrease the high computational costs of FSI predictions

by reducing the time for remeshing or by distributing the FSI computations to a large amount

of processing units (e.g, GPUs23).

Regarding the test cases itself several other variations of the presented configurations are pos-

sible. Since FSI simulations become more and more popular for industrial applications, more

application-oriented test cases are reasonable. Especially, the offshore industry developing

offshore wind turbines are highly interested in computational methods for predicting the in-

teraction of oscillating flows (e.g., periodic waves or tidal conditions) and the fundament of

offshore structures.

While application-based test cases often are not of simple geometry, eventually other mea-

surement techniques have to be applied. For a higher precision regarding three-dimensional

structural deformations a stereoscopic high-speed camera system would provide an enormous

benefit in spatial and temporal resolution in comparison to the LLT measurement technique

applied in this thesis. However, measurement techniques with high temporal resolution are

always limited concerning the recording time and often very expensive. Here, further enhance-

ments in data storage and the increasing demand of high-speed action cameras in the customer

market will more easily allow the scientific usage of this technique in the future. Similar ap-

proaches are considerable for the flow measurement techniques, especially for three-dimensional

systems like the V3V system.

23GPU, graphical processing unit, provides strong abilities in parallel processing by using large numbers of
processing cores (often > 100).
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Bungartz, H.-J., Schäfer, M. (Eds.), 2006. Fluid-Structure Interaction: Modeling, Simulation,

Optimization. Vol. 53 of Lecture Notes in Computational Science and Engineering, LNCSE.

Springer, Heidelberg.

Bunge, U., Gurr, A., Thiele, F., 2003. Numerical aspects of simulating the flow-induced oscil-

lations of a rectangular bluff body. Journal of Fluids and Structures 18 (34), 405 – 424.

Cadafalch, J., Oliva, A., Perez-Segarra, C., Costa, M., Salom, J., 1999. Comparative study

of conservative and nonconservative interpolation schemes for the domain decomposition

method on laminar incompressible flows. Numerical Heat Transfer, Part B: Fundamentals

35 (1), 65–84.

Cantwell, B., Coles, D., 1983. An experimental study of entrainment and transport in the

turbulent near wake of a circular cylinder. Journal of Fluid Mechanics 136 (1), 321–374.

Castigliano, C., 1879. Thorie de l’quilibre des systmes lastiques et ses applications.

Chang, C., Kumar, R., Bernitsas, M., 2011. VIV and galloping of single circular cylinder with

surface roughness. Ocean Engineering 38 (16), 1713 – 1732.



REFERENCES306

Chaplin, J. R., Bearman, P. W., Cheng, Y., Fontaine, E., Graham, J. M. R., Herfjord, K.,

Huera Huarte, F. J., Isherwood, M., Lambrakos, K., Larsen, C. M., Menegheni, J. R., Moe,

G., Pattenden, R. J., Triantafyllou, M. S., Willden, R. H. J., 2005a. Blind predictions of

laboratory measurements of vortex-induced vibrations of a tension riser. Journal of Fluids

and Structures 21, 25–40.

Chaplin, J. R., Bearman, P. W., Huera Huarte, F. J., Pattenden, R. J., 2005b. Laboratory

measurements of vortex-induced vibrations of a vertical tension riser in a stepped current.

Journal of Fluids and Structures 21, 3–24.
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Hübner, B., Seidel, U., 2007. Partitioned solution to strongly coupled hydroelastic systems

arising in hydro turbine design. In: 2nd IAHR Int. Meeting of the Workgroup on Cavitation

and Dynamic Problems in Hydraulic Machinery and Systems, Timisoara, Romania, October

24–26, 2007.

Hübner, B., Walhorn, E., Dinkler, D., 2004. A monolithic approach to fluid-structure in-

teraction using space-time finite elements. Computer Methods in Applied Mechanics and

Engineering 193 (23-26), 2087–2104.

Ikenouchi, M., Kakuno, T., Inoue, H., Sato, T., 1982. Fundamental investigation on wind

resistant design of bridges. Mitsui Zosen Technical Review 116, 31–38.

Jagadeesh, C., 2009. Dynamics of vortex shedding from slender cones. Ph.D. thesis, Queen

Mary University of London.

Jansen, K., Shakib, F., Hughes, T., 1992. Fast projection algorithm for unstructured meshes.

In: Atluri, S. (Ed.), Computational Nonlinear Mechanics in Aerospace Engineering. AIAA.

AIAA.

Jeong, J., Hussain, F., 1995. On the identification of a vortex. Journal of Fluid Mechanics 285,

69–94.

Jones, W. P., Launder, B. E., 1972. The prediction of laminarization with a two-equation

model of turbulence. International Journal of Heat and Mass Transfer 15 (2), 301–314.

Kabinejadian, F., Leo, H., Danpinid, A., Cui, F., Zhang, Z., Ho, P., 2013. Particle image

velocimetry (PIV) flow measurements of carotid artery bifurcation with application to a

novel covered carotid stent design. In: Long, M. (Ed.), World Congress on Medical Physics

and Biomedical Engineering May 26-31, 2012, Beijing, China. Vol. 39 of IFMBE Proceedings.

Springer Berlin Heidelberg, pp. 1441–1444.

Kalmbach, A., Breuer, M., 2012. Investigations on fluid-structure interactions using volumetric

particle-image velocimetry. In: Proc. of 16th Int. Symp. on Applications of Laser Techniques

to Fluid Mechanics, July. 9–12, 2012, Lisbon, Portugal.

Kalmbach, A., Breuer, M., 2013a. Complementary experimental and numerical investigations

on a new vortex-induced fluid-structure interaction benchmark (FSI-PfS-2a). In: Proc. of

ANSYS Conference and CADFEM Users Meeting (ACUM 2013), Mannheim, Germany 19–

21 June.



REFERENCES310

Kalmbach, A., Breuer, M., 2013b. Experimental PIV/V3V measurements of vortex-induced

fluid-structure interaction in turbulent flow - A new benchmark FSI-PfS-2a. Journal of Fluids

and Structures 42, 369–387.

Kalmbach, A., De Nayer, G., Breuer, M., 2013. A new turbulent three-dimensional FSI bench-

mark FSI-PfS-3a: Definition and measurements. In: Proc. of 5th Conf. on Computational

Methods in Marine Engineering (MARINE 2013), Hamburg, Germany, 29–31 May.

Kaminsky, R., Dumont, K., Weber, H., Schroll, M., Verdonck, P., 2007. PIV validation of

blood-heart valve leaflet interaction modelling. Int. J. Artif. Organs 30 (7), 640–648.
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Schäfer, M., Turek, S., Durst, F., Krause, E., Rannacher, R., 1996. Benchmark compu-

tations of laminar flow around a cylinder. In: Hirschel, E. (Ed.), Flow Simulation with

High-Performance Computers II. Vol. 48 of Notes on Numerical Fluid Mechanics (NNFM).

Vieweg+Teubner Verlag, pp. 547–566.

Schildhauer, M., 2011. Simulation von Fluid-Struktur-Interaktion mit ANSYS-CFX. Master’s

thesis, Fakultät Maschinen- und Energietechnik, Hochschule für Technik, Wirtschaft und

Kultur Leipzig, Germany.

Schlichting, H., Gersten, K., 2004. Boundary-Layer Theory, 8th Edition. Springer, Berlin,

Heidelberg.

Shinde, V., Marcel, T., Hoarau, Y., Deloze, T., Harran, G., Baj, F., Cardolaccia, J., Magnaud,

J., Longatte, E., Braza, M., 2014. Numerical simulation of the fluid-structure interaction in

a tube array under cross-flow at moderate and high Reynolds number. Journal of Fluids and

Structures 47 (0), 99 – 113.

Shinohara, K., Sugii, Y., Aota, A., Hibara, A., Tokeshi, M., Kitamori, T., Okamoto, K., 2004.

High-speed micro-PIV measurements of transient flow in microfluidic devices. Measurement

Science and Technology 15 (10), 1965–1970.

Sieber, G., 2001. Numerical simulation of fluid-structure interaction using loose coupling meth-

ods. Ph.D. thesis, Department of numerical methods in mechanical engineering, Technical

University Darmstadt, Germany.



REFERENCES314

Siegel, S., Cohen, K., Seidel, J., McLaughlin, T., 2007. State estimation of transient flow

fields using double proper orthogonal decomposition (DPOD). In: King, R. (Ed.), Active

Flow Control. Vol. 95 of Notes on Numerical Fluid Mechanics and Multidisciplinary Design

(NNFM). Springer Berlin Heidelberg, pp. 105–118.

Sirovich, L., 1987. Turbulence and the dynamics of coherent structures. I - Coherent structures.

II - Symmetries and transformations. III - Dynamics and scaling. Quart. Appl. Math 45 (1),

561590.

Su, Y., Evans, A. G. R., Brunnschweiler, A., Ensell, G., 2002. Characterization of a highly

sensitive ultra-thin piezoresistive silicon cantilever probe and its application in gas flow

velocity sensing. Journal of Micromechanics and Microengineering 12 (6), 780.

Teixeira, P., Awruch, A., 2005. Numerical simulation of fluid-structure interaction using the

finite-element method. Computers & Fluids 34 (2), 249–273.

Thomas, P., 1992. On the influence of the Basset history force on the motion of a particle

through a fluid. Physics of Fluids 4, 2090.

Troolin, D., Longmire, E., 2008. Volumetric 3-component velocity measurements of vortex

rings from inclined exits. In: 14th Int. Symp. on Appl. Laser Techniques to Fluid Mechanics,

Lisbon, Portugal, July 7–10, 2008.

Tropea, C., Yarin, A., Foss, J., 2007. Handbook of Experimental Fluid Mechanics. Springer

Verlag, Berlin / Heidelberg.

TSI, 2007. V3V System - Volumetric 3-Component Flow Measurement and Visualization -

Users Guide. Vol. A.

Tucker, P. G., Rumsey, C. L., Spalart, P. R., Bartels, R. B., Biedron, R. T., 2005. Computations

of wall distances based on differential equations. AIAA Journal 43 (3), 539–549.

Turek, S., Hron, J., 2006. Proposal for numerical benchmarking of fluid-structure interaction

between an elastic object and laminar incompressible flow. In: Bungartz, H.-J., Schäfer, M.
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action II – Modeling, Simulation, Optimization. Vol. 73 of Lecture Notes in Computational

Science and Engineering, LNCSE. Springer, Heidelberg, pp. 83–102.



REFERENCES 315
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