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ABSTRACT
Vibrations of a slender U-profile in turbulent

cross-flow are studied with the aid of 2D-CFD sim-
ulations and wind tunnel experiments. The simu-
lations indicate that there are two different patterns
of the flow around the stationary U-profile. Vor-
tices form either towards the leeward flange of the
profile, or behind its windward flange. The latter
vortices move through the cavity of the profile and
lead to large fluctuations of the aerodynamic forces.
Thus, the flow patterns determine the vibration re-
sponse of the U-profile. By comparison with wind
tunnel experiments it is shown that aspects of either
flow pattern are present in the real flow field. Con-
trary to simulation results the real flow appears to
change between either flow pattern. At zero inclin-
ation neither flow pattern prevails. Inclining the pro-
file favours one or the other flow pattern. The im-
portance of the inclination angle and the flow pattern
becomes apparent when studying free vibrations of
a tensioned belt with U-shaped cross section. Posit-
ive inclination of the belt leads to more pronounced
vibrations than negative inclination.

Keywords: Vortex induced vibrations, Particle
Image Velocimetry, CFD Simulations, Free vibra-
tions

NOMENCLATURE
B [m] U-profile length
H [m] U-profile height
I [−] Turbulence intensity
U∗ [−] Reduced velocity
cD [−] Drag coefficient
cL [−] Lift coefficient
cM [−] Moment coefficient
fvs [Hz] Vortex shedding frequency
f0 [Hz] Eigenfrequency
sv [m/s] Flow velocity standard devi-

ation

t [s] Flow-time
u∞ [m/s] Far-field flow velocity
y [m] (Vertical) displacement
y+ [−] Wall distance (CFD)
δ [−] Logarithmic decrement
ν [m2/s] Kinematic viscosity (air)
ρ [−] Air density
ϕ [◦] Rotation angle
Re [−] Reynolds number
St [−] Strouhal number

Subscripts and Superscripts
(P) Quantity obtained by experiment
(R) Quantity under the U-flow pattern
(U) Quantity under the U-flow pattern
max Maximum of a (field) quantity
0 Constant value
¨ Second time derivative
ˆ Peak amplitude
˜ Dimensionless quantity

1. INTRODUCTION
Bluff bodies in cross-flow can be excited to vi-

brations through various mechanisms relevant in dif-
ferent parameter regimes. Among those, vortex in-
duced vibrations can be particularly challenging to
study. Vortex formation and decay, a very complex
process on its own, interacts with the motion of the
body. The intriguing complexity of the flow field
can be revealed by Computational Fluid Dynamics
(CFD) simulations. Yet, the accuracy of such sim-
ulations, especially when studying turbulent flows,
has to be questioned and verified by experiments.
The author’s research focus is to study cross-flow in-
duced vibrations of bluff bodies through CFD simu-
lations. Specifically, vibrations of a prismatic struc-
ture with U-shaped cross section with the aspect ratio
B/H = 4.65 (see Figure 1) are investigated. Such
structures are relevant in many industrial applica-
tions.
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Figure 1. Sketch of the U-profile

Previous two-dimensional (2D) CFD studies of
the flow around a statically inclined U-shaped profile
lead to the conclusion that there exist two distinct,
time-periodic patterns of the flow [1], called U-flow
pattern and R-flow pattern. Depending on the inclin-
ation angle of the structure different vortex forma-
tion patterns would occur. At some inclinations both
patterns could be observed through preparation of
the initial conditions. Both flow-pattern were meta-
stable in the sense that no spontaneous change of the
pattern would occur. Given the complexity of the
turbulent flow-field and the restrictive modelling as-
sumptions in the simulation methods a thorough veri-
fication of these findings by experiments is required.

The results of this verification are presented in
this paper. The investigation relies on the results
of 2D-CFD simulations, Particle Image Velocimetry
wind tunnel experiments and free vibration experi-
ments involving a tensioned belt with U-shaped cross
section. These approaches are detailed in section 2.
Comparison between simulated and measured flow
fields is given in section 3, wherein the profile is con-
sidered to be statically inclined, ϕ = const. It will
be shown that there are indeed different patterns of
the flow around the profile, and that the simulations
represent a simplified version of the real flow field.
The importance of the flow patterns is highlighted in
section 4 on the basis of free vibration tests of a ten-
sioned belt at different angles of inclination.

2. METHODS
The experiments were carried out at the Centre

of Excellence Telč in the Czech Republic. It has
a closed-loop wind tunnel with two closed test-
sections, the “aerodynamic” section and the “cli-
matic” section. The former has a cross-section of
1.9 m × 1.8 m and is equipped with honeycombs to
reduce the turbulence intensity to about I = 1%. The
latter has a cross-section of 2.5 m × 3.9 m but is not
equipped with honeycombs [2].

2.1. Particle Image Velocimetry (PIV)
The model for the PIV experiments was made

of 5 mm thick perspex and had the dimensions B =

300 mm and H = 60 mm. Its length was 600 mm. It
was mounted horizontally in cantilever fashion on an
auxiliary plate. The free end was open to not impede
the camera’s view of the flow-field. A vertical section
of the flow field, distanced 300 mm from the auxili-
ary plate, was illuminated by a LASER from above.

Special care was taken to reduce light reflections to a
minimum.

The flow field was recorded by a Dantec Flow
Sense EO camera with a resolution of 2048 × 2048
pixels and analysed with the Dantec DynamicStudio
version 3.31. Data presented in this paper was ob-
tained by applying the Adaptive Correlation method
with a final interrogation area size of 64 px × 64 px
overlap 0.5, followed by a 3 × 3 spatial moving aver-
age filter. The camera’s optical axis was pointing to-
wards the center of the horizontal plate of the model.
In the sample image in Figure 2 the model’s cross-
section is indicated (red). The regions indicated by
the blue rectangles contain shadows cast by the glued
edges of the model. Contrast there is low and the res-
ults are inaccurate. The blue rectangles are shown in
every figure showing a flow-field obtained by PIV.

Figure 2. Sample image acquired during the PIV
experiments.

Additionally the wake was studied with the help
of a CTA probe. The flow velocity magnitude was
several locations at the distance B behind the model.
These measurements were used to obtain the vortex
shedding frequency fvs which is in turn used to cal-
culate the Strouhal number St = fvsH/u∞.

2.2. Deformable belt
The experiments involving the tensioned belt

were carried out in the “climatic” section of the wind
tunnel because of its larger cross-sectional area. The
model was made of a rubber band, reinforced with
22 steel cables (diameter 2.9 mm). They were ten-
sioned with a hydraulic cylinder. The sidewalls of
the belt were made of non-reinforced rubber. The
cross-section of the belt had the same dimensions as
the PIV model (B = 300 mm, H = 65 mm). The
belt was 2.25 m long. The mass and torsional mo-
ment of inertia per unit length were 5.43 kg/m and
0.190 kg m2/m, respectively. The equilibrium angle
of inclination could be adjusted by rotating the belt’s
fixation on the frame. The acceleration of the belt
was recorded by two capacitive, uni-axial acceler-
ometers. They were placed at the half height on
either side of the model (see Figure 3). The accel-
eration signals ÿ1 and ÿ2 were integrated twice in



Fourier space to obtain the belt displacement y1 and
y2. Due to the non-existent honeycombs in the “cli-
matic” section of the wind tunnel, the turbulence in-
tensity reached levels of about I = 10 %.
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Figure 3. Sketch of the tensioned belt experiment

When the tensioning force 14.2 kN was applied,
the lowest eigenfrequencies of the belt were f0,y =

11.4 Hz and f0,ϕ = 10.8 Hz (pertaining to mode-1
heave and pitch motion). With this tensioning force
the logarithmic decrements pertaining to the heave
and pitch mode were δy = 0.021 and δϕ = 0.029,
respectively. The flow conditions in the experiment
will be characterised by the dimensionless, so-called
reduced velocity. It is the far-field flow velocity u∞
scaled with the product of the profile height H and
the pitch eigenfrequency f0,ϕ: U∗ = u∞/H f0,ϕ.

2.3. CFD Simulations

The 2D-CFD simulations were performed using
the commercial CFD software package Ansys Fluent,
version 14.5. The flow-field was calculated in a rect-
angular, two-dimensional computational domain and
unsteady RANS (URANS) models were used (spe-
cifically: the kω-SST model). The calculation mesh
contained approximately 57 ·103 quadrilateral cells,
22.8 ·103 of which are in a region of diameter 2.2B
centered around the profile. The velocity inlet was
placed at a distance 7.7B upstream of the profile, the
outflow boundary 16.9B downstream. Either sym-
metry boundary at the top and bottom of the do-
main had a vertical distance of 9.2B to the profile.
In the wall regions y+ ∼ 1 was achieved, implying
that low-Reynolds formulations of the wall functions
were used. Only second order discretisations were
used. At the inlet boundary a free-stream turbulence
intensity of I = 1 % and an eddy viscosity ratio of 1
were specified.

3. FLOW PATTERNS
The flow fields obtained by simulation will be

compared with PIV results. The simulations were
carried out at a Reynolds number Re = u∞B/ν =

2.45·105. In the PIV experiments Re = 4.3·104 could
be reached. The turbulence intensity of the oncom-
ing flow was I = 1 % in both cases. Neither the PIV
nor the simulations fully resolve the turbulent fluctu-
ations of the flow. In the simulation most fluctuations
are modelled through their contribution to the turbu-
lent kinetic energy. The PIV method does not resolve
structures smaller than the size of an interrogation
area.

The available data consists of the time-periodic
flow-fields under either flow patterns obtained by 2D-
CFD simulation, and flow-field snapshots obtained
by PIV. Meaningful comparison of this data requires
a careful approach and will be made in two steps.
First, the time-averaged flow fields will be compared.
Then snapshots of the flow field will be discussed.
Finally the influence of the inclination angle is dis-
cussed. The structure is at rest throughout this sec-
tion, y ≡ 0 and ϕ = const.

3.1. Time-averaged flow fields
As a first step the statistics of the flow-field are

analysed, i.e. the time-average and standard devi-
ation of the flow velocity. The flow fields obtained by
PIV experiments and 2D-CFD simulations are com-
pared. Flow field statistics from PIV data were ob-
tained using one complete series of captured flow
field snapshots, which includes estimated 9.5 flow
periods, i.e. the sampling time was 9.5 times the
vortex shedding frequency under the R-flow pattern,
ts = 9.5/ fvs. Statistics from simulations were calcu-
lated using only one flow period, since the simulated
flow is time-periodic.

In Figure 4 the flow-field is visualised by arrows
oriented in the direction of the time-averaged flow
velocity and scaled by the local velocity magnitude.
Additionally, an iso-line of the velocity magnitude
standard deviation at the value 0.5 sv,max is marked
(red), where sv,max is the maximal standard deviation
in the field. Areas of large velocity standard de-
viation indicate regions where the flow is strongly
time-dependent. Also note the regions in Fig. 4
where the PIV result is inaccurate (blue rectangles).
In the time-averaged flow-field in Fig. 4 a single vor-
tical structure rotating clockwise can be seen above
the leeward half of the cavity. However, this region is
also characterised by a large velocity standard devi-
ation, indicating a time-dependent and flow field. Be-
low, these regions will be further discussed by snap-
shots. Furthermore the evolution of the free shear
layer separating from the bottom windward corner of
the profile is strongly time-dependent and, naturally,
the wake behind the profile. The maximal value of
the flow velocity standard deviation, scaled with the
far-field flow velocity u∞ was s(P)

v,max/u∞ = 0.46.
Simulation results of either flow pattern are



Figure 4. Time-averaged flow field (arrows) with
an isoline of the velocity magnitude standard de-
viation (red), obtained by PIV.

shown in Figure 5. The time-averaged flow-field of
the U-flow pattern is characterised by a single, large
vortical structure in the cavity of the profile (Fig. 5a),
rotating clock-wise. This structure is part of a time-
dependent region of the flow-field, as indicated by
the red standard deviation contour at 0.5s(U)

v,max. In
fact, it encompasses the whole cavity, as well as the
wake of the profile. The maximal, non-dimensional
standard deviation was s(U)

v,max/u∞ = 0.94, including
the contribution from the turbulent kinetic energy.

Unlike the previously discussed flow fields the
time-averaged R-flow field (Fig. 5b) is characterised
by two vortical structures in the cavity of the profile.
One vortex in the leeward half of the cavity is rotat-
ing in clockwise direction while the other vortex in
the windward half of the cavity is rotating in counter-
clockwise direction. Note that the standard-deviation
iso-line at 0.5s(R)

v,max (where s(R)
v,max/u∞ = 0.57), which

already includes the contribution from the turbulent
kinetic energy, encompasses only the wake of the
profile and a small region in the free shear layer
above the cavity and not the two vortical structures.

No conclusive evidence for either flow pattern
can be obtained by comparing the time-averaged flow
fields. The standard deviations as seen in the PIV
data indicate that the flow-field becomes instationary
well before the leeward corners of the profile (Fig. 4).
Yet, the instationary regions of the U-flow field be-
gins right after the windward flange of the profile.
The instationary regions of the R-flow field encom-
pass mainly the wake and it appears that the flow in
the cavity and above is almost stationary. The next
section discusses snapshots of the flow-field in the
light of the already gained insights.

3.2. Flow-field snapshots
First, snapshots of the R-flow pattern are dis-

cussed. Investigation of all snapshots during a flow
period shows that the two vortices in the cavity are
indeed stationary. The topology of the flow field in
the cavity does not change. Hence the temporal stat-
istics previously discussed show a very small flow
velocity standard deviation. A snapshot of the flow-
field under the U-flow pattern is shown in Figure 6.
Observe the similarity of the flow-field in the cav-

(a) U-flow pattern

(b) R-flow pattern

Figure 5. Time-averaged flow field (arrows) with
an isoline of the velocity magnitude standard de-
viation (red), obtained by CFD Simulation.

ity between this figure and Fig. 5b. Yet, the pro-
files of the horizontal flow velocity component sug-
gest that the free shear layer is sensitive to small per-
turbations by. Especially the local velocity profile at
x = −0.32B (blue, left profile in Fig. 6) resembles
that of the shear layer in a Kelvin-Helmholtz scen-
ario. Indeed, the large values of the turbulence in-
tensity I (estimated from the turbulent kinetic energy,
magenta line) indicate that many eddies are formed
in the free shear layer. These eddies are not resolved
in space and time, but accounted for through the tur-
bulent kinetic energy. Larger vortices, present in the
wake of the profile are resolved in space and time.
The clear distinction between the resolved and mod-
elled timescales is an implicit assumption of URANS
models. Critics of URANS methods argue that the
evolution of free shear layers may depend sensitively
on small eddies and that the implied separation of
timescales is not given in bluff body flows [3].

Recall, that the U-flow pattern revealed a
strongly time-dependent flow-field in the cavity
(Fig. 5a). Indeed, a snapshot of the flow-field shows
that unlike under the R-flow pattern, the average
flow-field has very little in common with a snapshot
(Figure 7). By the velocity profile (blue) it can be
seen that the free shear layer rolled up right behind
the windward flange of the profile to form a vor-
tex rotating in clockwise direction (the “cavity vor-
tex”). Inspection of flow field snapshots shows that
this vortex is not stationary. It grows, detaches from
the windward flange, travels through the cavity, and
is swept over the leeward flange into the wake. The



Figure 6. Snapshot of the simulated flow-field (R-
flow pattern) with two u-velocity profiles and a
turbulence intensity isoline, I = 15 %.

green arrow in Fig. 7 shows the approximate path of
the vortex core. The vortex at the tip of the arrow
was formed behind the windward flange (where the
green arrow begins) during the previous flow period
and has travelled towards the leeward flange. The
turbulence intensity is low where the cavity vortex
forms but large between the two vortical structures,
and also around the shear layer below the profile.

Figure 7. Snapshot of the simulated flow-field (U-
flow pattern) with a u-velocity profile and a tur-
bulence intensity isoline, I = 15 %.

Another often stated criticism of URANS meth-
ods, especially in two-dimensional computational
domains, is the slow decay of vortical structures as
they travel through the computational domain. The
large turbulence intensities around the second vortex
in Fig. 7 suggest that the (three-dimensional) decay
of the cavity vortex may be important in reality. Be-
fore the influence of the cavity vortices on the aero-
dynamic forces is discussed, a comparison with snap-
shots of the flow field obtained by the PIV experi-
ments is given, where evidence for the cavity vortices
will be given.

Some snapshots of the flow-field resemble the
aforementioned R-flow patterns in a way (see Fig-
ure 8). The shear-layer is curved weakly and reaches
over the cavity of the profile (green arrows). Vortices
can be seen in the wake behind the profile. The flow
in the cavity itself does not resemble the R-flow pat-
tern. Instead, the orientation of the arrows suggest a
three-dimensional flow-field. Despite this, the velo-
city profile (blue) is similar to the profile shown in
Fig. 6, locally resembling a Kelvin-Helmholtz Scen-

ario. In parallel shear-flows such a velocity profile
could be unstable by Fjørtoft’s criterion [4]. Indeed,
a vortex of considerable size can be seen in this snap-
shot to the right of the velocity profile (green arrows).
These vortices were modelled as a contribution to the
turbulent kinetic energy in the simulations under the
R-flow pattern (see Fig. 6). The question is whether
these vortices can take on the role of the cavity vor-
tex, which is observed in 2D-CFD simulations under
the U-flow pattern.

Figure 8. Snapshot of the flow-field (PIV), visual-
ised by arrows and a u-velocity profile. The shear
layer is curved weakly.

There is evidence that vortices can form right be-
hind the windward flange of the profile (see Figure 9,
green arrows). By the u-velocity profile (blue) it can
be seen that a clockwise-rotating vortex is located at
this position. Under the R-flow pattern a counter-
clockwise rotating vortex would be present. This vor-
tex is not stationary, but travels through the cavity to-
wards the leeward flange. Also in Fig. 9 a second vor-
tex rotating in clockwise direction can be seen at this
position (green arrows). Subsequent snapshots show
the left vortex detaching from the windward flange
and travelling towards the leeward flange [5]. Fur-
thermore it can be observed that many vortical struc-
tures are located below the profile. These were also
modelled as a contribution to the turbulent kinetic en-
ergy in the simulations.

Figure 9. Snapshot of the flow-field (PIV), visual-
ised by arrows and a u-velocity profile. A cavity-
vortex has formed.

Thus, aspects of both flow patterns were ob-
served at the same angle of inclination in the PIV
experiments. The Figs 8 and 9 show only two out
of 44 recorded flow-field snapshots. These snap-



shots were analysed how closely they resemble either
the U-flow or the R-flow pattern. It was chosen to
count snapshots where vortices rotated in counter-
clockwise direction in the windward half of the cav-
ity as “R-flow frame”. Frames where clockwise ro-
tating vortices were located in the cavity of the pro-
file were considered an “U-flow frame”. All other
frames were counted as “undecidable”. Of 44 frames
spanning 19 flow periods, 13 frames resembled the
U-flow pattern by the above described criteria. Only
one was considered to represent the R-flow pattern.
The remaining 30 frames were deemed “undecid-
able”. These frames are mainly characterised by
small vortices forming in the free shear layer and a
possibly three-dimensional flow in the cavity (sim-
ilar to Fig. 8). The two almost stationary vortices
seen in 2D-CFD simulations under the R-flow pat-
tern (Fig. 5b) could be unstable in three dimensions.
Thus, the “undecidable” frames may resemble the R-
flow pattern. Then, the flow switches between two
bi-stable states corresponding to the flow patterns
observed in 2D-CFD simulations. The simulations
show no intermittent change between the flow pat-
terns. Change between flow patterns from U-flow
to R-flow and back again could only be achieved by
substantially varying the inclination angle during a
simulation run.

3.3. Aerodynamic forces

In this section the aerodynamic forces acting on
the U-profile will be discussed on the basis of sim-
ulation results. The drag and lift force and torsional
moment per unit length are given by cD|L

1
2ρu2

∞H and
cM

1
2ρu2

∞HB, respectively. They were obtained from
simulations at the same Reynolds-Number Re =

2.45 ·105 as in the flow-field snapshots above. Since
the flow is turbulent and considered to be periodic, a
time-series of aerodynamic forces obtained by UR-
ANS simulation can be thought of as the so-called
phase average. Note that the time-periodicity of the
flow is contradicted by the PIV experiments and that
the following figures are used to illustrate the influ-
ence of the cavity vortices only.

The time-series of the aerodynamic forces under
the R-flow pattern are almost sinusoidal (Figure 10).
The oscillation frequency equals the vortex shedding
frequency. Vortices are formed in the wake of the
profile (Fig. 6) and do not impinge upon any part of
the profile. The lift coefficient is always positive and
the coefficient of torsional moment oscillates with an
amplitude of ĉM = 0.13.

The aerodynamic forces under the U-flow pat-
tern show much more features (Figure 11). Most im-
portantly, the U-flow pattern leads to a different fun-
damental frequency of the aerodynamic forces than
under the R-flow pattern (note the scale of the time-
axis in Figs. 10 and 11). Under the U-flow pattern,
the influence of the vortex formation in the wake is
much less important than the influence of the cav-
ity vortex. Inspection of snapshots of the flow-field
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Figure 10. Time-series of the aerodynamic force
coefficients under the R-flow pattern (simulation
at ϕ = 0◦)

leads to the following conclusions: The drag coef-
ficient is the greatest when a cavity vortex is swept
into the wake (t̃ ≈ 0.25). At the same time, the
lift coefficient is negative and almost assumes its
minimal value. The coefficient of torsional moment
also assumes its minimum then. Maximum lift oc-
curs when the cavity vortex has detached from the
windward flange and is in the middle of the cavity
(1.1 . t̃ . 1.7). The coefficient of torsional moment
is large in this interval and assumes its maximum
shortly before the cavity is swept into the wake. It
oscillates with an amplitude of ĉM = 0.63.
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Figure 11. Time-series of the aerodynamic force
coefficients under the U-flow pattern (simulation
at ϕ = 0◦)

Thus, the fundamental frequency of the aero-
dynamic forces is given by the speed at which the
vortex travels through the cavity of the profile. In
the simulations this travelling speed is rather slow
so that the flow period under the U-flow pattern is
almost twice as large as under the R-flow pattern,
St(R) ≈ 2St(U). Inspection of the PIV snapshots
yields that this timing is almost correct. In one in-
stance St(P,U) = 1.95(P,R) was obtained: St(P,U) was de-
termined from three successive frames showing cav-
ity vortices. St(P,R) was obtained from the frequency
spectrum of the velocity magnitude measured behind
the profile with a CTA probe. At this inclination,
St(P,U) could not be determined reliably from CTA



data. Cavity vortices form irregularly and are sub-
ject to three-dimensional decay.

3.4. Influence of the angle of inclination
The flow around statically inclined U-profiles

was also investigated by means of PIV measure-
ments. First, let the U-profile be positively inclined,
ϕ0 = 5◦. Application of the criteria described
above lead to the following results: Of 44 available
snapshots none resembled the R-flow pattern but 26
showed features of the U-flow pattern. The remain-
ing 18 snapshots were deemed undecidable. When
positively inclined, the leeward flange of the profile
is closer to the free shear layer and influences the
formation of cavity vortices such that they appear
more often. Inspection of the flow velocities in the
wake behind the U-profile by means of a CTA probe
showed that there is a band of frequencies present,
yielding 0.065 ≤ St(P,U) ≤ 0.083. These frequencies
correspond to the formation of cavity vortices. They
are lower than the Strouhal number attributed to the
“classical” vortex shedding St(P) = 0.133, obtained
at ϕ0 = 0◦, and also lower than the Strouhal num-
bers others observed in the flow around a rectangular
prisms with similar aspect ratio [6].

When the U-profile is negatively inclined, ϕ0 =

−5◦ none of the 44 available snapshots resemble
either U-flow or R-flow pattern. Instead, every frame
is “undecidable” by the above described criteria. The
snapshots are characterised by a very complex flow
in the cavity which appears to be non-periodic and
highly three-dimensional. The shear layer separat-
ing from the top windward corner of the profile is
still easily perturbed and forms vortices. Yet they
move above the leeward flange and do not influ-
ence the flow in the cavity much. Inspection of the
flow velocities in the wake yield a Strouhal number
St(P) = 0.133 which is numerically equal to the value
of St obtained at zero inclination ϕ0 = 0◦.

Changing the angle of inclination in the simula-
tions leads to similar results. At a positive inclination
ϕ0 = 5◦ or negative inclination ϕ0 = −5◦ vortices
form according to the U-flow pattern or the R-flow
pattern, respectively. The topology and character of
the flow at either angle is equal to the corresponding
pattern at zero inclination.

4. FLOW INDUCED VIBRATIONS
In this section the relevance and influence of the

cavity vortices for flow induced vibrations will be
shown by discussing the influence of the angle of in-
clination on the vibration amplitudes. The vibration
amplitudes in Figure 12 are given as the minimal and
maximal average peak amplitude: The values of ten
consecutive local maxima of the displacement sig-
nal were averaged to obtain one average peak amp-
litude. With an overlap of five consecutive max-
ima the next portion of the signal, again containing
ten consecutive local maxima, was analysed. The
minimal and maximal average peak amplitude was

stored and used to plot the bars in the figure. The
experiments described here were carried out with a
single belt eigenfrequency of f0,ϕ = 11.4 Hz. The
reduced velocity U∗ was varied by changing the far-
field flow velocity u∞. The Reynolds number range
was 2.0·105 < Re < 4.5·105 in these experiments.
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Figure 12. Dimensionless heave and pitch motion
at several reduced velocities and two base inclina-
tions ϕ0.

At positive inclination ϕ0 = 5◦ (Fig. 12a) vibra-
tion amplitudes stay small for reduced velocities up
to U∗ = 12. From there on the pitch amplitude in-
creases to values up to ϕ̂ − ϕ0 ≈ 5◦. The heave
amplitudes also increase, but appear to be less im-
portant than the pitch motion. Recall, that the peak
amplitude of the coefficient of torsional moment was
almost five times larger under the U-flow pattern than
under the R-flow pattern. The reduced velocity from
which on vibration amplitudes increase, U∗ = 14,
corresponds to the formation frequency of cavity vor-
tices observed in the simulations under the U-flow
pattern. Taking the inverse of the Strouhal numbers
at the constant, positive inclination ϕ = 5◦ leads to
an estimate of the critical velocity 12.0 ≤ U∗ ≤ 15.4.
Since vibration amplitudes increase until the largest
achieved reduced velocity, U∗ ≈ 18, the lock-in
range of the cavity vortices appears to be rather large,
or another instability mechanism is in effect.

At negative inclination ϕ0 = −5◦ (Fig. 12b) vi-
bration amplitudes stay small for all investigated re-
duced velocities, ϕ̂ − ϕ0 < 1◦. If there were vortex
induced vibrations at U∗ ≈ 7.5, the corresponding



lock-in range has to be rather small since vibration
amplitudes at U∗ ≈ 9.5 are minimal.

5. CONCLUSIONS AND OUTLOOK
Two time-periodic flow pattern were observed in

2D-CFD simulations of the flow around a profile with
U-shaped cross-section. By thorough comparison
with data obtained by PIV experiments it was con-
firmed that aspects of both flow patterns are present
in the flow-field. The intermittent change of flow pat-
terns, observed in the experiments, is not unique to
the flow around a U-profile. Such phenomena are
also reported by Tamura and Itoh in their study of
the flow around a short rectangular prism [7]. There,
the flow patterns are related to the either weak or
strong roll-up of a shear layer behind a short rect-
angular prism with B/H = 0.2. In the present case
the shear layer roll-up is also relevant, but it is the
formation of cavity vortices brought on by the strong
shear layer roll-up that is thought to be the defin-
ing aspect of the U-flow pattern. It was shown that
these cavity vortices have a tremendous influence on
the aerodynamic forces acting on the profile. Such
cavity vortices (or “surface travelling vortices”) were
observed by Kubo et al in their experimental study
of the flow around an H-shaped prism with an aspect
ratio of B/H = 10, [8]. Kubo et al also indicated that
the formation of cavity vortices can be influenced by
forcing the profile to move. This further underlines
the importance for vibration excitation by the cavity
vortices since it confirms that the vortex formation
synchronises to the profile motion. Furthermore, the
velocity spectra obtained by CTA measurements of
the wake behind the statically inclined profile show
that the formation of cavity vortices does not take
place at a single, well defined frequency but rather
in an interval of frequencies. This also indicates that
the formation frequency is not a given constant but
that it can change.

As a way to investigate the importance of the
cavity vortices for flow induced vibrations, vibra-
tions of a tensioned belt at different base inclinations
were studied. At negative base inclination vibration
amplitudes were very low in general. At positive in-
clination vibrations set in at a reduced velocity which
is be related to the cavity vortex formation frequency.
The importance of such vortices for flow induced vi-
brations is also highlighted by others [8, 9].

Comparison of simulated and calculated (PIV)
flow fields shows that the simulation methods need
more attention in future research. While the ap-
plied URANS methods are computationally feas-
ible, they yield “simplified” results. The flow pat-
terns are time-periodic and the intermittent change
cannot be predicted. Due to [3] there is consider-
able doubt that extending the computational domain
to three dimensions but using the same turbulence
model would lead to more accurate results. An es-
timate for the computational cost of an LES simu-
lation of the present case, based on grid resolutions

in [6], leads to the conclusion that pure LES is pro-
hibitively expensive. Scale Adaptive Simulations are
considered as option.

ACKNOWLEDGEMENTS
The support of the Czech-Taiwan re-
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