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ABSTRACT
The present study investigates the fluid-structure interaction (FSI) of a highly flexible membranous hemisphere
immersed into a fully turbulent boundary layer flow. The experiments are carried out in a wind tunnel considering
three Reynolds numbers (50,000, 75,000 and 100,000) defined by the diameter of the hemisphere and the free-stream
velocity. A gauge pressure inside the hemisphere is used to stabilize the thin-walled structure against the outer wind
loads. This setup is comparable to air-inflated structures often used in civil engineering. A combination of mono
particle-image-velocimetry (PIV) measurements for the fluid field and three-dimensional digital-image correlation
(DIC) measurements for the structure deformation are used to evaluate the occurring FSI phenomena. Additionally,
a constant-temperature hot-wire probe is applied at specific locations in the flow field in order to link the
independently gathered PIV and DIC data. Furthermore, all measurements are compared with the results of a rigid
hemisphere leading to a characterization of the FSI between the turbulent flow field and the flexible structure.
Besides the analysis and investigation of the occurring FSI phenomena, the measurements build the basis for
validating complementary numerical high-fidelity simulations of the coupled problem.

1. Introduction
Multi-physical phenomena such as fluid-structure interaction are of increasing importance in
modern engineering. Thus, it is a must to understand the underlying physical mechanisms in a
holistic approach. Fortunately, the present computational resources and modern experimental
techniques are capable to provide deeper insight into this interesting subject.
The present study focuses on the fluid-structure interaction of a thin-walled membranous
hemisphere exposed to turbulent flow initially investigated by Newman et al. (1984). This setup
is motivated by modern civil engineering constructions with emphasis on light-weight
membrane structures. These structures have gained much attention over the past decades for
their unique characteristics: First, membranes can be easily brought into a customized shape
without large effort. Second, a rapid assembly and portability make these structures very
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attractive for temporal applications such as event centers or exhibition halls. Specific building
types are recognized as conical, hypar or arch tents and inflated structures as depicted in Fig. 1.

Fig. 1 Examples of membrane structures found in various fields of modern engineering¹,².

In its unconditioned state a membrane element does not exhibit any bending stiffness. In order
to build up resistance against significant outer loads, these structures have to be pre-stressed.
This can either be achieved by stiffening elements such as cables in case of tents (Fig. 1, left
image) or by a sufficiently high gauge pressure applied inside the sealed structure of inflatables
(Fig. 1, right image).
Membranous structures are often used in urban settings or rural environments. To ensure a safe
operation, some fundamental requirements have to be considered. An important aspect is the
excitation of the light-weight structure by unsteady wind loads such as turbulent boundary
layers or short transient wind gusts. These omnipresent effects have to be investigated carefully
before installing a larger membranous structure.
Accordingly, the present study examines the fluid-structure interaction of a wind tunnel model
made of silicone. This thin-walled structure is used to characterize the excitations caused by the
outer flow field, where especially the wake region and the impact of vortical structures on the
deformation of the membrane are studied. For this purpose, the model is clamped onto a plate in
a wind tunnel with an open test section. Customized turbulence generators are used generating
the desired turbulent boundary layer inflow profile. The fluid field is measured using a monoPIV setup focusing on the symmetry plane of the hemisphere. A stereoscopic high-speed camera
setup is applied measuring the unsteady three-dimensional structure deformations. Both
measurements are carried out separately due to their assigned specification range. In order to
link both, a constant-temperature (CTA) probe is used for additional measurements which allow
connecting the PIV and DIC measurements.
________________________
¹ http://img.archiexpo.fr/images_ae/photo-g/151879-10474482.jpg
² https://d15l97oqcgwsnl.cloudfront.net/wp-content/uploads/2015/06/Avant-Energy-e1442006676624-767x340.jpg?x81127
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Time-averaged and unsteady characteristics of the flow field and the structure deformation are
presented to discuss the complex fluid-structure interaction of the flexible hemisphere under
turbulent flow conditions.
The next section focuses on the definition of the test case stating all relevant parameters used to
describe the problem. Then, the experimental setup is explained in detail. The result section is
split in three parts, where first the response characteristics of the membrane are characterized.
Second, the coupled system is analyzed with respect to the time-averaged data. Third, the
instantaneous FSI phenomena are analyzed.
2. Description of the case
The investigated test case of the flexible hemisphere is depicted in Fig. 2. The hemisphere with a
diameter D = 150 mm is mounted onto a smooth wall. At a distance of x = -1.5 D the incoming
turbulent boundary layer has a thickness of δ = D/2.

Fig. 2 Definition of the test case considering a pressurized flexible hemisphere in turbulent flow.

The velocity distribution of the wall-bounded flow follows a 1/7 power law. With an average
thickness of about t

membrane

= 0.16 mm the wall-thickness of the hemisphere is low compared to its

global dimensions. That is required to fulfill membrane conditions. A certain gauge pressure ∆p
= p - p∞ is necessary to keep the hemisphere stabilized against the approaching flow and the
resulting wind loads (see Wood et al. 2018). This causes a certain strain distribution in the
membrane plane. The reference coordinate system is located at the center of the base area as
sketched in Fig. 2 with the corresponding displacements of the structure and the associated
velocity components: x = streamwise (∆x-displacement; u-component), y = spanwise (∆ydisplacement; v-component) and z = wall-normal (∆z-displacement; w-component).
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3. Experimental setup
Wind tunnel, inlet conditions and hemispherical models
The FSI measurements are carried out in a wind tunnel with an open test section of the
dimensions 800 mm × 500 mm × 375 mm (l × w × h). The free-stream turbulence intensity Tu =
u

u'/U∞ without any turbulence generators installed is about 0.002. In the present study the
hemisphere is immersed into a thick turbulent boundary layer artificially generated by
customized turbulence generators (Counihan, 1969). A schematic cross-sectional view of the
setup is depicted in Fig. 3, where a detailed description of the actual configuration can be found
in Wood et al. (2016).

Fig. 3 Schematic wind tunnel setup including the flexible hemisphere and turbulence generators.

The turbulent boundary layer at the inlet of the test section is generated for each investigated
Reynolds number with the identical setup of turbulence generators. There are only minor
deviations found in the time-averaged velocity profile in the region of z/D = 0.25. Furthermore,
the distribution and maximum levels of the turbulence intensity are comparable for the three
boundary layers. The inlet characteristics are given in Fig. 4 as presented by Wood and Breuer
(2017). The turbulent boundary layer was measured by a CTA probe (TSI model 1218-20)
especially designed for this application at a distance of x/D = -1.5. The spanwise deviations of the
inlet boundary layer are considerably low within an effective range -2 ≤ y/D ≤ 2.
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Fig. 4 Inflow characteristics of the test section for each Re number (Wood and Breuer, 2017).

The model of the flexible hemisphere is made of silicone in a self-designed casting process. For
this purpose, liquid silicone (Wacker Elastosil® E625 A/B RT) is transferred to a hemispherical
cavity and a hardener and inhibitor are added enabling the curing process. The manufacturing
process takes about 48 hours with a very good reproducibility. In addition to the flexible
hemisphere, an identically sized rigid hemisphere was manufactured out of a single aluminum
block. Both models are depicted in Fig. 5 (Wood et al., 2018).

Fig. 5 Models of the hemisphere: Rigid model (left) and flexible model (right) (Wood et al., 2018).

Furthermore, a pedestal foot indicated by the red region was added to the flexible model. It is
used to fix the flexible model by means of a ring clamp into a designated cavity of the flat plate
so that only the hemispherical part is immersed into the flow field. The rigid hemisphere is
varnished in black to minimize laser reflections. This is not reasonable for the flexible model.
Here, a speckle pattern has to be sprayed onto the white silicone surface in order to generate a
sharp contrast for the applied DIC structure measurements. Randomly distributed black dots on
a white surface have proven to be the best solution to receive high quality results in high-speed
applications, where a large amount of light is necessary to illuminate the surface. The resulting
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pattern is used for the digital-image correlation between an arbitrary image and a chosen
reference image (= usually the undeformed structure) in order to calculate the displacements
and strains. In the present case an airbrush was used to generate the speckle pattern according to
the requirements of the DIC system.
Material properties of the silicone
A fundamental part of the research is concerned with the determination of the material
properties of the chosen silicone. Especially its elastic properties (Young's modulus and Poisson
ratio) and the damping behavior are of interest for complementary numerical FSI simulations
(De Nayer et al., 2018) in order to match all relevant influencing variables. A standardized tensile
test (EN ISO 527-2, ASTM D638) is carried out to determine the elastic behavior of the silicone as
given in Fig. 6 (Wood and Breuer, 2017 and Wood et al., 2018).

(a) Young's modulus

(b) Poisson ratio

Fig. 6 Elastic behavior of the silicone material used for the flexible hemisphere.

Most rubber materials have a non-linear strain-stress relation. However, a linearization in the
range

0 ≤ ε ≤ 0.1 leads to a Young's modulus of E

silicone

= 7 × 10 N/m (see Fig. 6 (a)). The estimated
5

2

range is justified by the relatively low strain rate (ε = 0.045) observed in the measurements of
max

the flexible hemisphere even at the largest Reynolds number of 100,000. Furthermore, a Poisson
ratio of about 0.45 (see Fig. 6 (b)) was measured, which is in good agreement with the literature
for comparable rubber materials.
More challenging is the measurement of the damping characteristics. For this purpose, several
different methods are applied to evaluate the correct damping parameters of the silicone
material. First, a standardized pendulum test (EN ISO 6721-2) using defined specimens is carried
out in order to determine the pure material damping. In this case the damping ratio b = Λ/2π,
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based on the logarithmic decrement Λ, leads to b

pendulum

≈ 2.5 %. This damping result is corrobated

by different setups. The second method uses two-dimensional circular membranes
manufactured in the thickness of the actual hemisphere (t

membrane

= 0.16 mm). These specimens are

clamped onto a specially designed table with clearly defined geometric dimensions. A rod with a
spherically shaped ending is used to generate a defined displacement of the membrane leading
to a pre-stress. An electromagnetic valve is applied to trigger a sudden release of the rod setting
the membrane into free oscillations. High-speed DIC measurements capture the dynamic decay
of the oscillation of the complete surface of the membrane with 1000 frames per second (fps). At
chosen monitoring points the same evaluation as used for the pendulum test is applied resulting
in a damping ratio of b

2d-membrane

≈ 3.0 %, which is in good agreement with the pendulum test. Finally,

the damping of the actually pressurized hemisphere installed in the wind tunnel setup but
without an outer flow was measured using a loud speaker setup (dynamic response) and an
additional striker test. Due to the gauge pressure ∆p acting on the inside of the flexible
hemisphere, the damping ratio slightly increases to b ≈ 5.0 %. A detailed analysis is outlined in
hemi

Wood et al. (2018).
Measurement equipment for FSI
In order to investigate the present FSI problem, several measurement techniques are applied.
The main setup is based on modern imaging methods used for non-invasive flow and structure
measurements.
The flow field is captured by a mono-PIV setup consisting of a 29MP camera (TSI PowerView™)
suitable for high-spatial resolution images (6400 × 4400 pixels, 12 bits per pixel). At the highest
resolution the frame rate is restricted to 1.67 fps due to the large images that have to be
transmitted from the camera to the connected workstation. Furthermore, a pulsed laser (Litron
NanoPIV L, 200 mJ) is used to illuminate the flow by a thin light sheet. The data is processed via
the software TSI Insight4G (Version 11). The time interval between one image pair is set to ∆t =
50 %s. The spot dimensions for processing correspond to 24 × 24 pixels relating to a value of
1.518 mm × 1.518 mm. It is found to be appropriate in order to resolve also smaller vortical
structures that may contribute to the FSI phenomena. Furthermore, these spot dimensions follow
the recommendations of Lavoie et al. (2007) with an approximated Kolmogorov length scale
translating to 5 η × 5 η. Di-Ethyl-Hexyl-Sebacat (DEHS) droplets are used as tracer medium.
These are generated by an atomizer receiving an average droplet diameter of 0.5 %m optimized
for gas flows in wind tunnels.
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The dynamic structure response is measured by a high-speed camera system in a stereoscopic
setup. Both cameras focus on an overlapping area on the surface of the flexible hemisphere. The
actual measurements were executed at a spatial resolution of 1503 × 996 pixels per camera using
a frame rate of 250 fps. This value is chosen due to the assumption that the prominent vortexinduced vibrations occur in the range between 10 Hz ≤ f ≤ 120 Hz as observed in a preliminary
study of the rigid hemisphere at Re = 50,000 (Wood et al., 2016). Based on this setting each
camera is able to record 5611 images translating to a time span of 22.44 seconds.
Due to the specific requirements of each measurement technique a synchronization of both PIV
and DIC is presently not feasible. PIV measurements have to be carried out at a minimum of
background light to receive optimal droplet reflections. The opposite is the case for high-speed
DIC measurements, where high light intensity is required to satisfy the short shutter times of the
camera. Each measurement setup is schematically depicted in Fig. 7.

(a) Young's modulus

(b) Poisson ratio

Fig. 7 Main setup used for the FSI measurements: PIV (left) and DIC (right).

To surpass this shortcoming an additional CTA measurement was carried out at local points in
the wake close to the oscillating structure. It was assumed that strong oscillations of the
structure, especially at higher Reynolds numbers, may be tracked and later associated to a
specific FSI mechanism such as vortex shedding. These measurements focused on the near-wall
velocity spectra and are compared with the complementary DIC measurements. A schematic
map of the investigated monitoring points is given in Fig. 8.
The chosen points are located on the lee side of the hemisphere at angular increments of ∆φ =
15° in the symmetry plane. The wake region is assigned as east-side since the flow is considered
to pass from left to right (west to east). Additionally, the apex of the hemisphere is monitored.
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Fig. 8 Location of monitoring points on the lee side of the hemisphere for DIC-CTA comparison.

Finally, a high-precision gauge pressure transducer (WIKA SL-1) is applied to determine the
pressure inside the flexible hemisphere. In order to keep the interior constantly pressurized, an
air inlet and outlet drilling are inserted into the mounting plate (see Fig. 7). The pressure
transducer is able to resolve pressure fluctuations up to about 200 Hz provided that the
fluctuations are strong enough to be detected. This behavior of the pressure transducer was
tested using a loud speaker. The maximum resolution was detected at approximately 220 Hz.
Pressure settings for wind tunnel testing
An important parameter is the applied gauge pressure necessary to inflate the flexible
hemisphere and keeping it stabilized against the wind loads. The present FSI measurements
focus on small deformations and oscillations caused by the turbulent flow around the
hemisphere. This is mandatory in order to ensure comparable results with the rigid reference
case. Larger static deformations lead to increasing shape errors altering the fluid field
accordingly. These distortion effects are avoided by keeping the gauge pressure high enough to
minimize wrinkling or a collapse of the membranous structure.
In a preliminary step (Wood et al., 2018) a static pressure test was carried out to find the
optimum fit between the rigid reference case and the flexible setup. The optimum gauge
pressure was found at ∆p = 43 Pa. Unfortunately, based on this pressure setting, significant
cal

structural deformations can only be found at Re = 100,000. In order to study FSI phenomena also
for the lower Re cases, the gauge pressure was reduced to ∆p = 19 Pa for Re = 50,000 and ∆p =
Re1

Re2

34 Pa for Re = 75,000. Solely at Re = 100,000 the gauge pressure is set to ∆p = 43 Pa.
Re3
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4. Results and Discussion
Dynamic response characteristics of the flexible hemisphere without wind load
An important characteristic of the membranous structure is its natural response to outer loads.
This is especially important for the investigation of the structure oscillations during the wind
tunnel experiments in order to distinguish the occurring excitation mechanisms. For this
purpose, the natural frequency response characteristics of the air-inflated flexible hemisphere are
measured without an external flow.
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Fig. 9 Standardized dynamic response test and corresponding natural frequencies.

For this analysis, the hemisphere is pressurized at ∆p = 43 Pa and excited at a defined point (see
cal

Fig. 9) by a trigger device forcing a freely damped oscillation of the structure as described in
detail by Wood et al. (2018). Again, high-speed DIC measurements at 1000 fps are carried out to
analyze the dynamic response of the flexible structure. All relevant natural frequencies f which
i
n

might be of importance for the later examination of the FSI mechanisms of the flexible structure
under constant wind loads are determined. The corresponding FFT and the resulting natural
frequencies of the underlying measurements are given in Fig. 9. The lowest natural frequency f
is found at about 22 Hz, whereas the strongest signal is found at f = 42 Hz.
2
n

0
n
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Time-averaged FSI characteristics
The time-averaged flow fields in the wake of the flexible and the rigid hemisphere are depicted
in Fig. 10 visualized by streamlines.

(a) flexible case

(b) rigid case

Fig. 10 Comparison of the streamlines in the wake at each Re number.

The flexible cases are shown in the left column, whereas the rigid counterparts are depicted on
the right. All three Reynolds numbers are considered to evaluate its effect. At Re = 50,000 no
significant differences are recognized between both cases. Due to the very small structure
oscillations occurring at this velocity, the flexible membrane behaves similar to the rigid
hemisphere. A deviation is visible at Re = 75,000 especially in the global shape of the
recirculation zone. The center of the recirculation is shifted further downstream in the flexible
case. Furthermore, the dividing streamline is oriented parallel to the ground throughout the
wake of the flexible hemisphere. This characteristic is not present in the rigid case, where the
streamlines approach the flat plate after passing the recirculation area. This trend is even more
prominent at Re = 100,000. Here, the recirculation behind the flexible hemisphere is even more
attenuated. In contrast to this behavior, the wake region of the rigid hemisphere moves closer to
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the lower corner with a diving streamline that reattaches at the ground further downstream. The
different flow characteristics are associated with the deformation and the vortex-induced

Fig. 11 Time-averaged displacements and standard deviations of the structure oscillations.

vibrations of the flexible structure. The suction pressure deforms the membrane deflecting the
apex region upwards. Furthermore, the separated shear layer excites the deformable structure
causing in total an altered time-averaged shape depicted in Fig. 11 (left) including the
corresponding standard deviations of the structure oscillations (right).
All diagrams focus on the symmetry plane in wake region of the flexible structure. The DIC
measurements are taken along a surface profile line beginning at the apex and ending at the
monitoring point E15 (see also Fig. 8). The mean deformations ∆x/D and ∆z/D are magnified by a
factor of a = 3 enhancing the comprehensibility of the data set. As expected, the largest
deformations and oscillations occur at Re = 100,000 due to the strong excitations by the fluid
flow present at this velocity. The region around the apex is exposed to high lift forces causing a
suction of the flexible structure upwards. Furthermore, the standard deviations in streamwise
(S /D) and wall-normal (S /D) direction are used to determine the region of the greatest structure
x

z

oscillations. The largest values of the standard deviation in streamwise direction S /D are found
x

near the ground. At this location the velocity vector of the structural movement points almost
parallel to the ground plate in the x-direction. Furthermore, a strong recirculation in the wake
including a corner vortex is causing these excitations. The large values of the standard deviation
in wall-normal direction S /D close to the position of the monitoring point E75 are induced by the
z
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separating shear layer. Especially in this region large vortices shed from the structure causing
the strongest impact on the structure in vertical direction. This trend is clearly visible at all
Reynolds numbers.
Unsteady FSI characteristics
Since the PIV measurements are restricted to 1.67 fps, the unsteady characteristics of the flow are
discussed using the DIC measurements of the structure excitations and additional CTA
measurements. Figure 12 depicts the dynamic structure oscillations of the symmetry line in the
wake of the flexible hemisphere at Re = 100,000.

Fig. 12 Characteristic unsteady structure excitation patterns at Re = 100,000.

These data were captured at 500 fps. Afterwards, the data were analyzed and 15 successive
images covering a time span of ∆t = 0.03 seconds were extracted to illustrate the qualitative
behavior of the FSI mechanisms occurring during the wind tunnel experiments. The presented
unsteady deformations of the wake line are magnified by a factor of a = 5. To visualize the
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instantaneous characteristics, each time step is shifted by an offset of ∆x/D = 0.1. The analysis of
the data revealed two periodically repeating patterns omnipresent and instantly recognizable:
1. Small rapidly developing waves (see upper part of Fig. 12) as the usual excitation case of the
wake line. 2. These smaller oscillations are followed by subsequently appearing larger structural
waves connected to strong vortex shedding at the separation line visible in the lower part of Fig.
12. These excitations are visible as long waves forming at about E75 and then traveling towards
the ground. A temporally alternating behavior between both patterns is observed, where one
bigger excitation is following after several smaller waves occurred. It is important to state that
these observations covering only the symmetry plane offer a rather simplified and strongly
idealized view at the much more complex three-dimensional deformation patterns taking place
in the wake region. The vortices shedding from the lateral sides of the hemisphere certainly lead
to a distorted view of the symmetry wake line. The oscillating behavior is analyzed
quantitatively by processing the spectra of the structure oscillations at Re = 100,000 at each
monitoring point as presented in Fig. 13.

Fig. 13 Spectra of the occurring structure excitations (∆x, ∆z) in the wake at Re = 100,000.

Again, the analysis focuses on the oscillations in the streamwise ∆x and wall-normal direction
∆z. Based on the spectra a link between typical vortex-induced vibrations (VIV) and the natural
response characteristics is proposed. Some of these frequencies have been marked by blue
(associated with the fluid) and red (associated with the structure) lines in the diagram. Usually
the lower frequencies (here: 6 Hz, 9 Hz and 12 Hz) are connected to the separation of large
vortices. These are often considered as typical sources causing the instability-induced excitation
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(IIE) FSI mechanism as described by Naudascher and Rockwell (1994). This specific excitation is
strongly connected to the flow. Without the presence of the forces from the flow and the
corresponding vortex shedding, these excitations would not occur. The higher frequencies (here:
30 Hz, 42 Hz and 96 Hz) are connected to the excitations of natural frequencies of the flexible
hemisphere.
In order to connect the independent data sets of the fluid (PIV) and the structure (DIC)
measurements, additional CTA measurements are carried out at a distance of about 2 mm from
the oscillating structure and afterwards compared with the DIC data at the corresponding
location of the structure oscillations. The point E75 is chosen as the most promising location to
detect a link between the structure and the flow field at Re = 100,000. The results are depicted in
Fig. 14.

Fig. 14 Velocity spectra (CTA) and the structure oscillation spectra (DIC) at E75 at Re = 100,000.

By comparing the velocity spectra of the flow field (CTA) close to the vibrating surface with the
occurring

structure

oscillation

spectra

(DIC),

significant

correlations

between

both

measurements are found. Lower frequencies in the range 11 Hz ≤ f ≤ 30 Hz are connected to the
flow field causing vortex-induced vibrations (VIV). Typical frequencies correspond to certain
Strouhal numbers that do not significantly change within the investigated Reynolds number
range. For example, the frequency f = 11 Hz is linked to St = f D/Uꝏ = 0.16 associated with the
periodically alternating von Kármán vortex shedding type (Manhart 1998, Wood et al., 2016,
Wood and Breuer 2016, Wood et al. 2018). In the present case another interesting flow
phenomenon can be found at about St ≈ 0.4 (f ≈ 30 Hz) present at all three Reynolds numbers.
This particular St number is assumed to have its cause in strong vortices forming predominantly
in the recirculation area. These vortical structures induce large structure oscillations especially in
the region of E75, where the shear layer roll-up occurs matching with the largest values of the
standard deviations in wall-normal direction. Furthermore, a wide range of natural frequencies
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of the flexible hemisphere can be found in the CTA measurements. Note that the analysis is still
not finished since in the next step also the complementary numerical data are additionally taken
into account to complete the insight into these highly complex coupled phenomena.
5. Conclusions and Outlook
To measure coupled fluid-structure interaction phenomena is a challenging task due to several
circumstances. First, the relevant quantities of both disciplines involved have to be determined,
i.e., the deformation of the structure and the fluid field. The fact that the optical non-invasive
measurement techniques used (here PIV and DIC) have contradictory requirements regarding
the illumination does not make the task easier. Second, since the phenomena of interest are
highly instantaneous, time-resolved measurements are appreciated. In the present study these
challenges are tackled in the following manner:
The investigation focused at a pressurized and highly flexible membranous hemisphere made of
silicone subjected to a turbulent flow. For this purpose, the material properties of the applied
silicone (elasticity and damping) used for the wind tunnel model were measured. This included
the characterization of the static deflection and dynamic response of the pressurized hemisphere
without external loads. Based on these investigations, the necessary setting for the gauge
pressure to receive the optimum hemispherical shape and the natural frequency response of the
structure are determined. The latter are especially useful for the analysis of the actual
measurements of the instantaneous fluid-structure interaction.
Subsequently, the flow field is measured by high-spatial resolution mono-PIV measurements in
the symmetry plane. The data are used to analyze the time-averaged flow field especially in the
wake of the hemisphere at three Reynolds numbers (50,000, 75,000 and 100,000). Additionally,
the results of the flexible hemisphere are compared with a rigid hemisphere to characterize the
differences caused by the fluid-structure interaction. The streamlines in the wake of the flexible
hemisphere show remarkable differences compared to the rigid reference, where the deviations
increase with increasing Reynolds number. Due to the change in shape and the strongly
oscillating flexible structure the flow is altered resulting in a different wake regime.
To support and extend the results of the flow field, complementary DIC measurements are
carried out to investigate the dynamic behavior of the flexible structure focusing on the wake.
Attention is paid to the time-averaged deformations of the symmetry line in the wake and the
corresponding standard deviations in streamwise S /D and wall-normal S /D direction used as a
x

z

measure for the structure oscillations. As expected, the largest mean deformations occur at Re =
100,000 including the highest values of the standard deviations. Especially in wall-normal
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direction, shortly behind the flow separation, the shear layer instability causes the largest
vibrations. The streamwise standard deviations increase towards the base of the hemisphere.
This effect is connected to the alignment of the general flow direction with the streamwise
displacements of the flexible structure making the standard deviation S /D more sensitive in this
x

region.
Furthermore, the DIC data are used to determine the unsteady characteristics of the flexible
structure at specific monitoring points located on the wake symmetry line. The spectra of the
structure vibrations are derived from the instantaneous data. Afterwards, the associated
structural frequencies caused by the fluid due to vortex-induced vibrations and the natural
structure response of the hemisphere are identified by comparing each phenomenon with the
appropriate reference data and the former dynamic response test.
Additionally, CTA measurements are carried out at points close to the surface of the hemisphere
in order to link the independently gathered data of PIV and DIC measurements. The best
correlation between DIC and CTA measurements is found close to the location of the largest
structure oscillations. Here, significant peaks in the velocity spectra of the fluid fluctuations are
found linked to the occurring vortex shedding (St = 0.16 and 0.22) with additional smaller peaks
connected to the natural frequencies of the flexible hemisphere.
Finally, the collected data are used to validate a parallel running numerical simulation (Breuer et
al., 2016, De Nayer et al., 2018) based on a large-eddy simulation including synthetically
generated turbulence (Schmidt and Breuer, 2017, De Nayer et al., 2018) in connection with a
specialized finite-element solver for membrane structures. Numerical simulations are of
increasing importance moving beyond the role of a complementary data source. In order to
understand complex FSI mechanisms, highly resolved spatio-temporal data are of great
advantage. Future applications shall also investigate the influence of highly transient flows such
as wind gusts and their impact on a deformable structure since these events are critical cases for
the determination of the safe operation of a membranous structure.
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