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Figure 149: Characteristic moments of the structure deformation at several inflow velocities for
FSI-PfS-2b.

the first to the second mode is close to the second natural frequency f2b,2 = 5.15 Hz of the

structure (entire structure rotationally mounted). The transition phase to the second bending

mode is characterized by large variations of the swiveling frequencies as visible in Fig. 148 for

the inflow velocity between uinflow = 0.55 m/s and 0.90 m/s.

Remarkable is that the oscillation frequency f = 5.89 Hz at the end of the transition phase

uinflow = 0.95 m/s is close the third natural frequency of the structure with f2b,3 = 5.98 Hz.

After this phase the frequencies rise almost linearly to f = 9.36 Hz at uinflow = 1.65 m/s and

possess a relative low variation. With inflow velocities beyond uinflow = 1.65 m/s the structural

frequencies stronger fluctuate but still increase to f = 14.91 Hz at the end of the measurement

series at uinflow = 2.30 m/s.

Based on these investigations the final test case velocity uinflow = 1.385 m/s is chosen. The

time histories of the front body angle (extracted out of the measured structure profiles) and the

structural deflection for a point near the extremity of the attached steel weight (x/D = 3.13) are

shown in Fig. 150 for this inflow velocity. These time-dependent signals are quasi-periodic and

show only mild amplitude variations over several structure cycles. With an average maximum

peak (y/D)max = 0.895 and an average minimum peak (y/D)min = −0.891, the standard

deviations of all positive and negative peaks over all 1460 recorded periods are calculated to

be σmax = 0.029 (3.24%) and σmin = 0.032 (3.59%), respectively.

The mean swiveling frequency at this final inflow velocity is found to be favg = 8.16 Hz

(St = 0.130) and its standard deviation σf = 0.077 Hz (0.94%). The front angle variation is

represented by an average maximum deflection of φmax = 21.5 deg and an average minimum

deflection of φmin = −22.3 deg. The standard deviation of all positive and negative angular

peak deflections is calculated to be σφ,max = 1.04 (4.83%) and σφ,min = 0.99 (4.44%). Remark-

able is the almost constant phase difference of 80 deg between the angular motion of the front

cylinder and the deflection of the trailing edge at the steel weight (angle before displacement).

The phase-averaged structure results are presented in Figs. 151 and 152. The nearly sinusoidal

oscillation shown in Fig. 151 consists of 98 phase-averaged data points calculated out of the

recorded 1460 periods. Similar to FSI-PfS-2a the xy-path of the measurement point within the

reference period is characterized by the form of an ”8”. Covering the whole structure within

the mean time-phase interval, Fig. 152 illustrates the large deflections of the rubber plate in
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Figure 150: FSI-PfS-2b: Experimental structural results: Time history of the structural deflections
y/D (extract) for the measurement point at x/D = 3.13 at z/D = 0 and the angle of
rotation of the front cylinder.

Figure 151: FSI-PfS-2b: Experimental structural results: a) phase-averaged reference period for
the structural deflections y/D and the angle of rotation of the front cylinder and b)
phase-averaged xy-phase-plane of the structural deflections, both at the measurement
point x/D = 3.13 in the midplane of the channel at z/D = 0.

the second swiveling mode.



10 RESULTS AND DISCUSSION 193

Figure 152: FSI-PfS-2b: Structural results: Structure contour for the reference period.
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FSI-PfS-2b - Flow results

By averaging over all 1100 PIV measurements without applying a phase-reconstruction method

the flow is almost symmetric. The mean field in terms of the velocity magnitude is given in

Fig. 153a. Comparing the results of the FSI-PfS-2b configuration with the fixed configuration

(see Section 8.1.1, Fig. 76) the additional DOF of the front cylinder obviously has an enor-

mous effect on the mean flow. Now, the wake is increased to about five cylinder diameters in

y-direction as a consequence of the large area of influence of the structure. Similar to the other

test cases flow structures such as the acceleration areas, the shear layers and the stagnation

point are again visible in the time-averaged result. The influence of the rotational DOF of

the front cylinder is also noticeable in the mean Reynolds shear stress distribution depicted

in Fig. 153b. The motion of the whole structure generates strong unsteady flow effects in

its vicinity. In the far-wake area a V-shaped stress distribution is apparent. Here, the addi-

tional momentum related to the large structural deflections in y-direction results in additional

unsteady flow effects and correspondingly in a broaden wake area.

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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Figure 153: FSI-PfS-2b: Time-averaged PIV results of FSI-PfS-2b at z/D = 0 for a) dimensionless
velocity magnitude and b) Reynolds shear stress u′v′.

In the time series of the six time phase angles (16, 78, 141, 204, 266, 326 deg) the phase-

averaged quasi-periodic FSI problem of this test case is illustrated in Fig. 154. In the first

picture at the phase angle of 16 deg the rubber plate is strongly deformed, while the trailing

edge is near the neutral axis of the structure. With a value of φ = 21.8 deg the angle of the

front cylinder is almost at its maximal excitation. The large vortex which is shedding on the

upper cylinder surface at about 60 deg before this state is convected downstream and leads

to increased pressure forces on the upper side of the rubber plate. At the next phase angle

of 78 deg the trailing edge reaches its maximum deflection within the period while the middle
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part of the plate already moves in the opposite direction. The angle of the front-body decreases

to φ = 9.0 deg. The vortex on the lower side of structure is shed shortly after this time phase

angle as visible in the next moment at 141 deg (front-body angle φ = −17.6 deg). In the

meantime another vortex on the upper side is formed and continuously grows in size. Parts of

the structure already have passed the neutral axis at y/D = 0 and deform further in negative

y-direction. Within the phase interval between 141 deg and 204 deg the entire structure passes

the zero-line y/D = 0 and reaches a similar but inverted state of the flow and structure motion

to the first half of the period. Meanwhile, the front cylinder reaches its minimal excitation and

starts to rotate again counterclockwise.

As already observed in FSI-PfS-2a a small secondary trailing-edge vortex is generated while

the structures moves through the wake area. This secondary vortex follows the larger front-

body vortex and is also convected downstream where both vorticies merge. This process is

hardly visible in the flow results because of the coarse resolution of the PIV-system and the

systematic error of the phase-averaging method producing a blurred uncertainty as already

discussed (see Section 10.1.1). In comparison to the other two-dimensional test cases the

coupling between the fluid and the structure in FSI-PfS-2b produces a strongly affected flow

field in terms of increased vortex sizes and broaden wake. Furthermore, the rotation of the

front cylinder produces an angular displacement of the stagnation point as a function of the

cylinder angle. Here, this angular displacement move contrariwise to the angular displacement

of the front cylinder within the reference period. That means that if the front cylinder angle is

on its maximum, the corresponding stagnation point is found on the opposite side of the front

cylinder.

The POD analysis for the first two POD modes is presented in Fig. 155. In comparison to

the previously discussed two-dimensional test cases the additional rotational degree of free-

dom results in a broaden energy distribution in the wake of the moving structure. Due to

the increased covered area of the swiveling structure also the energy distribution is strongly

influenced by the unsteady flow effects. While in the test cases without the additional rota-

tional degree of freedom of the front cylinder, the area influenced by the FSI coupling starts

approximately at x/D ≈ 1.5, now the area involved starts at x/D ≈ 0. Similar to FSI-PfS-2a

both POD modes (first mode: kabs,1st = 845.05 m2/s2, krel,1st = 36.55% and second mode:

kabs,2nd = 667.97 m2/s2, krel,2nd = 28.89%)(36.55%) are related to the unsteady effects espe-

cially to the vortex formation. Due to the deflected fluid mass the influenced area ranges far

beyond the maximum and minimum deflection of the structure. Remarkable is the fact that

the combined energy content of these two modes represent 65% of the entire kinetic energy

kabs,all = 2312.05 m2/s2 (krel,all = 100%) of this test case. In comparison to the energy levels

of FSI-PfS-1x (≈ 1000 m2/s2) and 2a (≈ 1450 m2/s2) this is an enormous increase (factor 2.3

and 1.6, respectively) in the unsteady flow energy which is directly related to the release of

the rotational degree of the front cylinder.
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Figure 154: FSI-PfS-2b: Experimental phase-averaged flow and structural results for the reference
period.
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Figure 155: FSI-PfS-2b: POD analysis of the two-dimensional flow fields in the midplane (z/D = 0)
of FSI-PfS-2b 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-2b - Comparison with FSI-PfS-2a

To illustrate the influence of the rotational DOF of the front cylinder in FSI-PfS-2b, the most

significant changes compared to the fixed configuration of FSI-PfS-2a are described in the fol-

lowing paragraph. In Fig. 156 the structural deflections of both test cases at the measurement

point x/D = 3.13 are compared. While the x/D-displacements are only shifted upstream by

about −0.25 from case 2a to case 2b, the extrema of the y/D-deflections are increased by about

+0.25 (+38%).

(FSI-PfS-2b)

(FSI-PfS-2b)

(FSI-PfS-2a)

(FSI-PfS-2a)

FSI-PfS-2b
FSI-PfS-2a

y/D
x/D

y/D
x/D

Figure 156: Comparison of the experimental structural results of FSI-PfS-2b (black) and FSI-PfS-2a
(red) at x/D = 3.13: a) phase-averaged reference period for the structural deflections
x/D and y/D and b) phase-averaged xy-phase-plane of the structural deflections.

This change is also evident in the comparison of the xy-trajectories presented in Fig. 156b.

Here, both test cases form an ”8”. However, the extrema in FSI-PfS-2a are positioned in neg-

ative x/D-direction from its neutral point (x/D = 3.06, y/D = 0), while they are located in

positive y/D-direction in FSI-PfS-2b (neutral point at x/D = 2.84, y/D = 0). Therefore, the

motion path of the case 2a forms a left-opened sickle-shaped ”8”, while case 2b is represented

by a slightly right-opened sickle-shaped ”8”. Furthermore, the swiveling frequency is altered

from 11.25 Hz in FSI-PfS-2a to 8.16 Hz in FSI-PfS-2b representing a change of about −27.5%.

The influence on the flow field is most obvious by comparing their mean flow fields in Fig. 142a

(FSI-PfS-2a) and Fig. 153a (FSI-PfS-2b). Here, the increased y-expansion of the wake (three to

five cylinder diameters) downstream of the structural configuration of FSI-PfS-2b is observable.

This change is also visible in the phase-averaged flow fields since the shed vorticies are larger

in size and are convected further into the bulk flow. Despite these differences both test cases

deflect in the second swiveling mode with only mild cycle-to-cycle fluctuations regarding the

deflections and the frequency.
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FSI-PfS-2b - Comparison with test case of Gomes and Lienhart

Referring to the literature review of this thesis in Section 1.2 the FSI-benchmarks of Gomes

(2012) and Gomes and Lienhart (2013) are mentioned. Since the configuration of FSI-PfS-2b

is quite similar to the set-up ”F2M-CH.C” of Gomes (2012) and Gomes and Lienhart (2013),

a direct comparison of both cases is carried out in the following paragraph. The set-up ”F2M-

CH.C” of Gomes and Lienhart (2013) is illustrated in Fig. 18 and consists of a rotationally

mounted front cylinder with an attached steel sheet and weight. The dimensions of both struc-

tures are equal concerning the length and width due to the usage of the same test facility.

However, the thickness of the flexible steel sheet in ”F2M-CH.C” measures only 0.04 mm, in

contrast to the 2 mm thick para-rubber plate in FSI-PfS-2b. While in ”F2M-CH.C” the inter-

section of the steel sheet with the steel weight forms a step, the intersection in FSI-PfS-2b is

smooth. The mount of the front cylinder, the attached steel weight, the applied fluid (water)

and the flow measurement technique are again almost identical. The test cases F2M-CH.C

and FSI-PfS-2b differ in the flexible plate material (steel to para-rubber), the plate thickness

(0.04 mm to 2 mm), the inflow velocity (0.680 m/s to 1.385 m/s), the resulting Reynolds

number (Re = 15, 400 to Re = 30, 470), the technique to measure the structural deformations

and the generation of the phase-averaged results.

In general, the structural deformations are similar since both cases deflect in the second swivel-

ing mode. Figure 157 presents the quantitative comparison of both test cases concerning the

deflections (measurement points: x/D = 3.22 for F2M-CH.C and x/D = 3.13 for FSI-PfS-2b)

and the angle of rotation of the front cylinder.

(FSI-PfS-2b)

(FSI-PfS-2b)

(Gomes 2013 - F2M.CH.C)

(Gomes 2013 - F2M.CH.C)

FSI-PfS-2b
Gomes 2013 (F2M.CH.C)

Figure 157: Comparison of the experimental structural results of FSI-PfS-2b (black) and F2M.CH.C
by Gomes (2012) and Gomes and Lienhart (2013) (red): a) phase-averaged reference
period for the structural deflections y/D and the angle of rotation of the front body
and b) phase-averaged xy-phase-plane of the structural deflections.
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The structural deflections y/D and the angular displacements are shown in Fig. 157a16. Both

corresponding curves show strong qualitative similarities despite their different set-ups. The

differences of ”F2M-CH.C” to FSI-PfS-2b are found in the extrema of the y-deflections (y/D ≈
±1.2 to y/D ≈ ±0.9) and the angular displacements (φ ≈ ±29.2 deg to φ ≈ ±22.0 deg). That

means that the present case FSI-PfS-2b reveals milder displacements than the case of Gomes

(2012) and Gomes and Lienhart (2013). The deviations in the xy-motion path (Fig. 157b) of

both test cases refer to these differences. Another distinction is the low swiveling frequency

of about 4.45 Hz in the case of ”F2M-CH.C” compared to the frequency of about 8.16 Hz

in FSI-PfS-2b. This difference refers mainly to the twice as fast inflow velocity of FSI-PfS-2b

in comparison to ”F2M-CH.C”. As expected, the Strouhal numbers are similar with about

St = 0.14 (F2M-CH.C) and St = 0.13 (FSI-PfS-2b), respectively. In the flow fields qualitatively

the same flow structures (as mentioned in the description of the flow results of FSI-PfS-2b) are

present in both cases. Due to the increased structural deflections in ”F2M-CH.C” the wake area

is further broadened to about seven cylinder diameters in contrast to the wake of FSI-PfS-2b

which extends about five cylinder diameters in y-direction. The effect of the angular displaced

stagnation point in front of the cylinder is also observed in ”F2M-CH.C”. Furthermore, the

small vortex generated by the rear-end of the structure is found in both benchmarks.

The comparison of both configurations shows that the present test case FSI-PfS-2b reveals

strong similarities to ”F2M-CH.C” concerning the structural deflections and the resulting flow

fields. Nevertheless, it is clear that the numerical computation of FSI-PfS-2b is rather easier

than for the case ”F2M-CH.C”. The reasons are as follows: First, the significantly thicker

rubber plate instead of the steel sheet avoids the step in the structure at the bond of the flexible

plate with the steel weight. That strongly simplifies the grid generation of this case. Second,

the very thin steel sheet had turned out to be a critical issue for the FEM simulation. Third,

due to the milder displacements of the structure in the case of FSI-PfS-2b, the adjustments

of the moving grid are much simpler than for the case ”F2M-CH.C”. However, the additional

rotational DOF of the front cylinder complicates the simulation in both cases. But for this

purpose this thesis also includes the case FSI-PfS-2a, which operates with a fixed front cylinder.

Thus also this difficulty can be avoided if required.

16As a consequence of the applied structural measurement techniques in each case, slightly different measure-
ment points are used. By recalculating the measurement data of Gomes and Lienhart (2013) at x/D = 3.22 to
the same point as used in the present thesis at x/D = 3.13, both results should rather align.
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FSI-PfS-2x - Conclusions

Contrary to FSI-PfS-1x 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 focused

on different elastic materials to examine their influence on the FSI coupling, the second test

case series FSI-PfS-2x employs the same material and an additional steel weight attached to

the 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 examined.

The detailed measurements concerning the finally chosen inflow velocity for both benchmark

cases revealed quasi-periodic and nearly symmetric structural deflections for both test cases.

Due to the restriction to two-dimensional structural deformations owing to the steel weight

and despite the turbulent flow, the cycle-to-cycle fluctuations of the deflections are only mild

similar to the benchmark cases presented by Gomes and Lienhart (2013). In general, the

deflections of both configurations are large (0.65 < y/D < 1) compared to the first set of

test cases FSI-PfS-1x. Here, 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.

The release of the rotational DOF of the front cylinder in FSI-PfS-2b 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 corre-

sponding swiveling frequency of the structure in both test cases. The resulting frequency after

the transition phase exceeds also the second eigenfrequency of the structure. A summary of

the integral measurement results is given in Table 19.

Referring to the FSI excitation sources (see Section 3) it is assumed that the instability-

induced excitation (IIE) is responsible for the excitations in the first swiveling mode for low

inflow velocities. With increased inflow velocities, i.e., the investigation at the final inflow

velocity of uinflow = 1.385 m/s, the flow excitation is 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

frequencies are above the first and second eigenfrequencies of the structure. Furthermore,

the POD analysis indicates a strongly coupled system with a large influence of the structural

motion on the surrounding flow field. Again, the first and second POD modes contain 51%

(2a) or 65% (2b) of the entire unsteady flow energy. Remarkable is the absolute energy content

including all POD modes for both test cases (Fig. 158). While the kinetic energy stored

in FSI-PfS-2a is calculated to 1451.67 m2/s2, the value of FSI-PfS-2b is much higher with

2312.05 m2/s2. Since this quantity is only an indication for the energy content in the midplane

and furthermore directly depending on the amount of used vectors, it only offers a qualitative

insight. Despite this issue the indication is obvious that the release of the rotational DOF
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Test case FSI-PfS-2a FSI-PfS-2b
behavior 2D 2D

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

bending stiffness KB 0.00878 0.00878
uinflow [m/s] 1.385 m/s 1.385 m/s
symmetry X X
f [Hz] 11.25 8.16
σ(f) ±1.60% ±0.94%
St 0.179 0.130

(y/D)max 0.667 0.895
(y/D)min −0.630 −0.891
σ(y/D)max ±3.45% ±3.24%
σ(y/D)min ±6.35% ±3.59%

POD energy content 1451.67 m2/s2 2312.05 m2/s2

Table 19: Summary of FSI-PfS-2x.

changes the coupling between the fluid and structure in a strong manner. In comparison to

FSI-PfS-2a the structural motion of FSI-PfS-2b with its increased area of influence involves

much more kinetic energy. This energy transfer from the bulk flow to the unsteady flow in the

wake of the structure correspondingly results in much larger energy-containing areas or major

flow structures (i.e., bigger shed vorticies).

Figure 158: FSI-PfS-2x: POD results.


