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Abstract. Experimental laboratory testing of vortex-induced structural oscillations in flowing water is an ex-
pensive and time-consuming procedure, and the testing of high Reynolds number flow regimes is complicated due
to the requirement of either a large-scale or high-speed facility. In most cases, Reynolds number scaling effects
are unavoidable, and these uncertainties have to be accounted for, usually by means of empirical rules-of-thumb.
Instead of performing traditional hydrodynamic measurements, wind tunnel testing in an appropriately designed
experimental setup may provide an alternative and much simpler and cheaper framework for estimating the
structural behavior under water current and wave loading. Furthermore, the fluid velocities that can be obtained
in a wind tunnel are substantially higher than in a water testing facility, thus decreasing the uncertainty from
scaling effects.
In a series of measurements, wind tunnel testing has been used to investigate the static response characteristics
of a circular and a rectangular section model. Motivated by the wish to estimate the vortex-induced in-line vi-
bration characteristics of a neutrally buoyant submerged marine structure, additional measurements on extremely
lightweight, helium-filled circular section models were conducted in a dynamic setup. During the experiment
campaign, the mass of the model was varied in order to investigate how the mass ratio influences the vibration
amplitude. The results show good agreement with both aerodynamic and hydrodynamic experimental results
documented in the literature.

1 Introduction

Vortex-induced vibrations (VIV) of cylinders is a widely
studied phenomenon due to its relevance in numerous en-
gineering disciplines. Several reviews have been written on
the matter of VIV of circular cylinders [1–3], as well as
the more complicated cases of interference between two
closely separated cylinders [4] and the structural instabili-
ties of rectangular cylinders [5].

A series of wind tunnel test has been performed to in-
vestigate the response characteristics of different cylinder
cross sections. The objective of the tests is to provide nec-
essary key parameters for the initial design of a submerged
floating tube bridge (SFTB) under consideration for the
Bjørnafjord crossing south of Bergen, Norway. At the cur-
rent stage in the design process, the use of wind tunnel
testing, as opposed to hydrodynamic testing, is a great ad-
vantage.

Investigation of vortex-induced structural oscillations
in hydrodynamic laboratories is time-consuming and ex-
pensive. In addition, the results will have an inherent un-
certainty due to Reynolds number scaling effects. Similar-
ity in Reynolds number is exceedingly hard to achieve in a
water setup, as it requires either a large-scale setup or very
high fluid velocities. The latter situation will also induce
very large forces on the model structure. In a wind tun-
nel, these effects are less prominent, as the fluid velocities
that can be obtained are substantially higher than in a wa-
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ter testing facility and the inertial forces are much smaller.
Wind tunnel experiments allow Reynolds numbers in the
range of the resonance wind velocities (104 ≤ Re ≤ 106),
which also gives a good basis for predicting the behaviour
in full scale. This, along with the relative ease of the setup
and the reduction in cost, makes the use of wind tunnel
testing to determine hydrodynamic data an attractive alter-
native to water facility testing.

Wind tunnel facilities are widely used in the investi-
gation of vortex dynamics and the related structural is-
sues, and numerous studies of VIV and flow instabilities of
cylinders have been carried out in wind tunnels. What these
studies have in common, is that they operate with compar-
atively large mass ratios. For instance, a recent study [6]
of VIV on circular cylinders in the post-critical regime
refers to a mass ratio of 35 as ”quite low with respect
to tests in air”. A widely sited master’s thesis work [7]
employs a mass ratio of approximately 250 for wind tun-
nel experiments. However, for neutrally buoyant structures
submerged in water the mass ratio is typically of order 1,
and at such low mass ratios the scientific literature does not
seem to cover wind tunnel experiments characterising the
vortex-induced structural dynamics.

Mass and damping have a significant effect on VIV, and
in order to obtain a realistic result for the present study, this
must be taken into account. The effect of mass and damp-
ing on VIV for a circular cylinder has been investigated nu-
merically, and it was found that variations of the mass and
damping ratios have almost the same result on the system
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response. Increasing the mass ratio will reduce the max-
imum amplitude, and also the velocity range over which
lock-in occurs [8]. This corresponds to earlier findings [9],
where experiments with the same mass-damping parame-
ter were carried out in both air and water. In the present
investigation, lightweight helium-filled models have been
used for the dynamic tests, in order to get model mass ra-
tios that simulate neutral buoyancy in water.

2 Existing theories and methodologies

Vortex-induced vibrations are described mathematically by
a number of models of the physics behind vortex forma-
tion, the associated oscillating loads and the structural dy-
namics, incorporating the associated coupling of these phe-
nomena. The physical parameters and principles allow for
the formulation of response models used to establish gen-
eral design criteria primarily related to structural vibra-
tions.

2.1 Determining parameters and basic principles

A number of basic non-dimensional parameters have been
established to describe and characterise the main static and
dynamic behaviour of structures subjected to in-line and
cross-flow vortex-induced vibrations. These parameters de-
pend on relevant structural and flow-specific properties.

The specific unique ratio of inertial and viscous forces
is given by the Reynolds number, defined by the well-known
expression

Re =
UD
ν
, (1)

where U is the mean velocity of the undisturbed flow, D is
the cross-flow structural dimension and ν is the kinematic
viscosity of the fluid.

The ratio between the oscillating mass of the structure,
being in the model or full-scale configuration, and the mass
of the equivalent displaced fluid can be expressed by the
mass ratio

λ =
mosc,structure

mosc,fluid
. (2)

Note that this is a purely structural parameter. In this ex-
pression mosc,structure denotes the complete mass of all oscil-
lating parts. For both the numerator and the denominator,
the oscillating mass of the surrounding fluid is in this paper
approximated by the mass of the displaced fluid. For exam-
ple, a structure having the same density as the surrounding
fluid, will have a mass ratio of 1. A structure with twice the
density of the surrounding fluid, will have a mass ratio of
3/2, since the density of the oscillating surrounding fluid
reamins unchanged.

The Strouhal number is defined by the well-established
relation

S t =
nsD
U

, (3)

where ns is the frequency of the lateral loads. A similar re-
lationship is defined in oscillatory flow, where the relative
orbital motion of fluid particles relative to the characteris-
tic length of the immersed object plays a crucial role. This
relationship is expressed by the Keulegan–Carpenter num-
ber [10].

For the present analysis, the structural susceptibility to
vortex-induced vibrations is characterised by the general
mass-damping parameter

S cG =
2δsme

ρLD
. (4)

In the formula above, δs is the structural damping quan-
tified by the logarithmic damping decrement in still fluid,
me is the equivalent mass per unit length corresponding to
the mode considered, ρ is the density of the surrounding
fluid, and L is the in-line structural dimension. The pre-
sented expression is a generalisation of the Scruton num-
ber, taking into account structures having a non-circular
cross-sectional geometry [11]. Note that in the case of a
structure exposed to vortex shedding along its complete ex-
tension, the mass-damping parameter is simply a damping
term multiplied by the ratio between the density of the os-
cillating structural mass and the density of the surrounding
fluid.

The structural response is described in terms of a fun-
damental relation between the reduced fluid velocity and
the reduced amplitude. The reduced fluid velocity is in re-
lation to in-line vibrations defined by

Ur =
U

neD
, (5)

where ne is the in-line natural frequency of the structure in
still fluid, and the reduced amplitude is defined by

Ar =
A
D
, (6)

where A is the amplitude of the in-line oscillation.
It should be noted that the use of the reduced velocity

as the parameter characterising the in-line vibrational re-
sponse may not be optimal, at least for very low mass ratio
structures. It seems reasonable that the forcing frequency
caused by vortex shedding is dependent on the actual oscil-
lation frequency and not the natural frequency of the struc-
ture in a still fluid. For cross-flow oscillations, the veloc-
ity normalised by the actual oscillation frequency has been
shown to give a better description of the experimental data
in some situations [12]. However, in the present paper, the
reduced velocity is used as the descriptive parameter, since
this is in accordance with the majority of the literature and
design codes related to in-line oscillations.

The basic physical principles of vortex shedding in-
duce an oscillating drag force which drive in-line structural
oscillatory vibrations. Two different scenarios can occur,
both corresponding to alternating low-pressure vortices on
the downstream side of the object. Normal vortex shed-
ding combined with a secondary, symmetric vortex shed-
ding, which occurs as a result of in-line structural motion
relative to the fluid, can create downstream pressure vari-
ations oscillating with a frequency of approximately three
times the Strouhal frequency. This mechanism is responsi-
ble for the first fluid instability causing in-line vibrations.
The second fluid instability causing in-line vibrations oc-
cur for slightly larger fluid velocities, where the forcing is
entirely due to normal vortex shedding. Since the shedding
is limited to low-pressure vortices on the downstream side
of the object, the forcing frequency in the in-line direction
is approximately twice the Strouhal frequency. It should
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also be mentioned, that since vortex-induced in-line vibra-
tions in steady flow occur at relatively low fluid velocities,
the oscillation amplitudes are in the order of one magni-
tude smaller than the corresponding cross-flow vibrations
usually experienced at larger flow velocities [10].

2.2 In-line amplitude response models

Structural vibrations caused by vortex-induced oscillating
loads can be described in a simplified fundamental mathe-
matical framework, based on theoretical and experimental
research in the oscillating fluid/structure interaction, com-
bined with general accepted experience from the construc-
tion and operation of different types of structures suscep-
tible to VIV. To a certain extent, experiments in fluid dy-
namic testing facilities has also helped to clarify and spec-
ify certain aspects of this description.

A fundamental description of the in-line reduced am-
plitude response for submerged cylindrical structures in
flowing water can be given in terms of the reduced fluid ve-
locity and a mass-damping parameter. Experiments, such
as those performed by King [13], have verified the pres-
ence of two fluid instability regions and in broad terms
defined the associated in-line response amplitude charac-
teristics.

Det Norske Veritas (DNV) has developed application-
based design criteria and recommendations for free-span
submarine pipelines which prescribe in-line response curves
based on the reduced velocity and a stability parameter
similar to the mass-damping parameter, but taking into ac-
count to total modal damping [14]. The in-line response
model covers both fluid instability regions, corresponding
to symmetric and regular, asymmetric vortex shedding for
a uniform mode shape. The DNV model is used as a refer-
ence guideline for the maximum in-line response of cylin-
drical low mass ratio structures submerged in steady flow-
ing water; thus, together with the wind tunnel measure-
ments it is used to compare the response characteristic mea-
sured for low mass ratio structures in steady air with those
expected for similar low mass ratio structures submerged
in steady flowing water.

In its general description, the maximum reduced in-line
amplitude response for neutrally buoyant cylindrical struc-
tures submerged in steady flowing water is similar to the
principal sketch in figure 1. In King’s laboratory testing
with an oscillation given by a free-end mode shape, the two
instability regions are clearly visible. The DNV specifica-
tions are similar, but more general and the response covers
are larger area, especially for Ur > 3. The DNV model
is in figure 1 presented for a stability parameter of 0.2. At
higher levels of total damping, the onset reduced velocity is
increased slightly and the maximum response is decreased.
The reduced velocity above which in-line vibrations are in-
significant is also lowered. Note that the response models
only describe the response caused by in-line VIV, and other
phenomena, such as galloping or torsional structural insta-
bilities, may change the actual response significantly.

The ultimate goal of the present analysis is to deter-
mine if the known dynamic behaviour of neutrally buoyant
structures in steady flowing water, expressed by the pre-
sented in-line response models, is similar to the dynamics
of neutrally buoyant model structures in air.

Figure 1: Principal sketch of the maximum reduced in-line
amplitude response as a function of the reduced fluid ve-
locity for low mass ratio cylindrical structures submerged
in steady flowing water. The presented general response
characteristics are based on published results from labora-
tory experiments in water for a free-end mode shape [13]
(Re = 6 × 104) and a response model from code speci-
fications for a uniform mode shape, assuming a stability
parameter of 0.2 [14].

2.3 Experiences and common practice when
designing submerged marine structures

Vortex-induced vibrations are a key issue in many disci-
plines of marine engineering design. Currently defined re-
sponse models, as those presented previously, are used to
give overall indications of the onset and intensity of both
in-line and cross-flow VIV. Certain structure-specific prop-
erties, such as the cross section geometry, inter-structural
spacing and the distance to any flow boundaries may, how-
ever, influence the response significantly [15]. Hydrody-
namical tests are as a natural consequence used to investi-
gate the possibility of structural behaviour not covered by
existing response models, such as for instance was the case
with the initial studies performed at the Norwegian Marine
Technology Research Institute (MARINTEK) in connec-
tion with the proposed Høgsfjord SFTB crossing and the
Ormen Lange pipeline project.

The motivation for the present study is to investigate
if one can use wind tunnel experiments, as an alternative
to hydrodynamic experiments, to obtain information of the
hydrodynamic behaviour of cross sections relevant for sub-
merged floating tube bridges. The procedure will also pro-
vide valuable indications of how to utilise wind tunnel ex-
periments to link the aerodynamic and hydrodynamic data
base closer together and describe a fundamental method-
ology for the transfer of certain aerodynamic actions to
equivalent hydrodynamic actions.

3 Experimental design and setup

The performed experimental testing includes measurements
of static and dynamic flow-induced model responses per-
formed in wind testing facilities at Svend Ole Hansen ApS,
Copenhagen, Denmark and SOH Wind Engineering LLC,
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Vermont, USA. In the following section, the experimental
methodologies of the static and dynamic measurements are
outlined and the geometric properties of the analysed cross
section models are presented.

3.1 Testing procedure

All conducted model tests are twofold: Tests in the static
rig provide data to estimate the drag coefficient CD, and the
lift and moment coefficients CL,CM , together with their
angular derivatives, which enable a description of fluid-
induced forces and the aeroelastic or hydroelastic char-
acteristics of the structure. Spectral analyses of the drag
and lift signals provide an additional insight into the os-
cillating flow mechanisms for the fixed structure. This is
described by the Strouhal number for cross-flow vortex-
induced oscillations. Tests in the dynamic rig provide data
used to predict the risk of flow-induced vibrations, espe-
cially vortex-induced in-line vibrations of the structure. Dif-
ferent degrees of spring stiffness are tested, giving reso-
nance wind velocities in the entire wind velocity range of
the wind tunnel.

The analysis considers the following two cross section
models:

– Circular cylindrical tube
– Rectangular 1:3 box

For the rectangular box model, the in-line dimension is
three times larger than the cross-flow dimension.

3.2 Static wind tunnel rig

To measure the static response in a wind tunnel, a force
transducer is placed on the upstream side of the model fa-
cilitating measurements of the drag force. Two force trans-
ducers are placed at the top to measure the wind-induced
lift force and moment. A relatively large mass of the model
ensures that the top wires achieve a sufficient pretension
such that a positive force is always measured on the top
force transducers. The setup is identical on the other side
of the wind tunnel, with a similar force transducer placed
on the upstream side of the model. A principal sketch of
the measurement setup used for static testing is depicted in
figure 2.

The output from the calibrated force transducers, knowl-
edge of the model geometry and measurements of the flow
velocity allow for the estimation of the static coefficients
on the fixed structure. These are defined by the following
expressions of the mean drag, lift and moment load per unit
length acting on a model

FD = qmDCD, FL = qmLCL, FM = qmL2CM , (7)

where qm is the mean wind velocity pressure.
Analysing the temporal drag and lift force readings on

the nominally non-vibrating model, reveals that the spec-
tral power of the two signals have excess power at certain
frequencies. For the lift, this corresponds to the oscillating
force caused by vortex shedding, expressed by the Strouhal
number for a fixed structure. All results from the static
measurements are presented in Sect. 4.1.

Figure 2: Principal sketch of the measurement setup used
for static testing, looking from the side of the wind tunnel.
The setup facilitates measurements of the wind-induced
drag and lift force and moment. The setup is identical on
the other side of the wind tunnel with a force transducer
also placed on the upstream side of the model.

3.3 Dynamic wind tunnel rig

To measure the dynamic response, a lightweight model is
mounted in the tunnel, constrained in the vertical direc-
tion, such that cross-flow deflections are restricted. Initial
testing provided evidence that in-line VIV were initialised
at wind velocities considerably below those where cross-
flow VIV are of relevance, thus the restriction in the ver-
tical direction is used only to provide a stable vertical po-
sition of the model in the low-turbulent wind tunnel flow.
Any resonant cross-flow forcing can easily be identified
by a corresponding loss of tension in the top wires, and
all measurements performed under such conditions have
been discarded. In the horizontal direction, the model is
positioned between springs to achieve a desired oscillation
frequency. One spring connects to a force transducer via a
string that allows the deflection to be read, by a calibration
done prior to beginning the experiment. Note that the US
wind tunnel is also equipped with lasers to enable direct
measurements of the model deflections. A principal sketch
of the measurement setup used for dynamic testing is pre-
sented in figure 3. The dynamic measurements allows for a
characterisation of the model-specific dynamic behaviour,
especially linked to vortex-induced in-line vibrations.

The wind tunnel is set to run at a series of wind veloc-
ities whilst measuring the output of the force transducers.
Between each measurement, an appropriate run-in time with
constant wind velocity ensures that the oscillations have
found a constant level. For each wind velocity, the standard
deviations of the measured displacements are determined
and by assuming a harmonic motion, the corresponding
amplitudes are determined by multiplication by the square
root of two.

In the dynamic rig, oscillations are measured as func-
tions of different mass ratios, mode shapes and thereby
different mass-damping parameters are simulated. Further-
more, decay tests are performed to measure the natural
frequency and the damping at zero wind velocities. These
data are relevant in the subsequent analysis of the dynamic
behaviour of the full-scale structures. Note that the oscil-



EFM 2015

Figure 3: Principal sketch of the measurement setup used
for dynamic testing, looking from the side of the wind tun-
nel. The setup facilitates measurements of an oscillating
wind-induced in-line force. The US wind tunnel is also
equipped with lasers to enable direct measurements of the
model deflections.

lating mass is very different in still air relative to when the
models are subjected to flow.

The results from the dynamic response measurements
are presented in Sect. 4.2. Furthermore, pressure variations
downstream to an in-line oscillating model have been cap-
tured using pitot tubes in the US wind tunnel for a single
model configurations. This allows for the identification of
the different fluid instability regions and therefore also the
different physical forcing mechanisms responsible for in-
line oscillations. These results are presented in Sect. 4.3.1.

3.4 Model design and construction

The measurements of the static load coefficients do not in-
troduce mass restrictions on the model and readily avail-
able robust high-density materials can be in the model con-
struction. In the dynamic wind tunnel rig, the section mod-
els are designed to be approximately neutrally buoyant.
This may be established by using a low-mass hollow model
construction, and replacing the air inside the model with a
low-density gas such as helium. The model including sus-
pension will hereby have a mass close to the mass of the
displaced air.

The construction of the low-density models required
significant engineering and experimentation to meet the
structural requirements. The cylindrical models are based
on helium-filled cylindrical containers, obtaining additional
structural stiffness in part by the internal pressure, but also
by using an appropriate chosen shell made by helically
wrapped paraffin paper or aluminised polyester. Circular
cylindrical models with diameters of 250 mm, 500 mm and
1000 mm have been used for the present analysis.

The rectangular model consists of a carbon fiber rod
structure, covered with a light-weight paper-type fabric.
Due to the sharp-edged geometry, the use of interior he-
lium filled containers, which attain a cylindrical or spheri-
cal shape when inflated, were not found to be convenient in
this case. A rectangular model with a cross-flow dimension
of 200 mm has been used for the present analysis.

The width of the wind tunnel models are 1.70 m or
2.40 m, using close to the full width of 1.75 m and 2.50 m
for the Copenhagen and Vermont wind tunnels, respec-
tively. The height of the wind tunnels are 1.50 m and 3.00 m,
respectively. Resonance wind velocities will occur at Rey-
nolds numbers of approximately 104 −106. The possibility
of covering both the subcritical and supercritical Reynolds
number regime gives a good basis for predicting the be-
haviour in full scale.

3.5 Blockage effects

A flow occurring in the atmospheric boundary layer or
open waters can only to some extent be recreated in an
experimental testing facility, due to the finite extent of the
generated stream. The spatial limitations may produce sev-
eral boundary effects which could significantly influence
the measurements, i.e. they do not resemble measurements
performed in flow conditions without boundary effects. In
that sense, it is usually important to consider boundary ef-
fects in order to provide a more accurate description of the
aerodynamic or hydrodynamic behaviour. However, there
is no single established method that takes account for a
combination of flow contraction and wall constraints, which
are often causing the main blockage effects. In this pa-
per, the data is therefore presented without any correction
for blockage, since applying a somewhat heuristic block-
age correction expression would produce a data set with
a significant level of uncertainty. Also, since most mea-
surements are based on similar model scales, the influence
from blockage effects are similar between the measure-
ment series, and the results using different model config-
urations are therefore often directly comparable. For the
1000 mm diameter circular cylindrical model, the block-
age is 33%.

Boundaries causing spatial limitations in the cross-flow
direction are known to reduce the amplitude of vortex-
induced cross-flow vibrations. This effect is not expected
to cause a similar reduction for in-line vibrations, since
similar spatial limitations do not exist in the main flow di-
rection.

4 Main results

The static load coefficients and dynamic properties of sev-
eral cylindrical models are documented in the following
section. These originate from a number of different wind
tunnel flow situations, where the in-line dynamics are eval-
uated exclusively for low mass ratio models. In this setting,
the physical flow characteristics causing the two in-line
vortex-induced fluid instability regions have been measured
and identified using recordings of spatial and temporal down-
stream fluid pressure variations. Additionally, the risk of
galloping and torsional structural instability have been as-
sessed by evaluating the static load coefficients for differ-
ent inclination angles.

4.1 Static load coefficients – nominally
non-vibrating models

Drag, lift and moment coefficients for a circular cylindri-
cal model without end plates have been measured in a wind
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Figure 4: Sign convention of static forces and moments,
here shown for the circular cross section. The flow is from
left to right.

Table 1: Calculated static load coefficients of the two sec-
tion models for a zero degree inclination of the approach-
ing flow in the listed Reynolds number regime.

Cross section CD CL CM S t Re

Circular 0.93 -0.07 -0.01 0.18 4 × 104

Rectangular 1.27 0.01 -0.02 0.05 1 × 105

environment corresponding to Re ≈ 4 × 104 in the Copen-
hagen wind tunnel. In the wind tunnel in Vermont, similar
measurements have been performed on the rectangular 1:3
cross section model in a flow corresponding to Re ≈ 1× 105.
The results are listed in table 1, where the static load co-
efficients are presented according to the definitions stated
in Sect. 3.2. The diameter of the circular cylindrical model
is 250 mm and the cross-flow and in-line dimensions are
500 mm and 1500 mm, respectively, for the rectangular
model. The sign convention of static forces and moments
is presented in figure 4.

The drag coefficient of a circular cylinder without free-
end flow in the relevant Reynolds number regime is spec-
ified to be CD,0 = 1.2 [16]. In the wind tunnel setup, free-
end flow exists, but is somewhat limited due to the close
proximity of the side walls. The measured drag coefficient
is approximately 20% smaller than this value, which is in
good agreement with the presence of a limited free-end
flow. Note that the drag coefficient of this section model
depends on the Reynolds number regime.

The drag coefficient of a sharp-cornered rectangular
cross section without free-end flow is stated in the Eu-
rocode 1 specifications [17]. For a ratio of the cross-flow
and in-line dimension of 1:3 a drag coefficient of CD,0 =
1.36 is specified. The measured drag coefficient is approx-
imately 7% smaller than the specified value, which again
is in good agreement with the presence of a limited free-
end flow. Note that the drag coefficient for a sharp edged
section does not depend on the Reynolds number regime.

The lift and moment coefficients are theoretically both
zero due to the symmetry of the cross sections considered;
thus, the measured responses of negligible magnitudes are
entirely due to very small fluctuations in the wind flow,
model imperfections and minor measurement uncertain-
ties.

By analysing the spectral power density function, the
lift force signals are found to have distinct peaks caused by
vortex shedding. For each cross section model, this proce-
dure allows for the estimation of the Strouhal number for
the fixed structure, as listed in table 1.

Figure 5: Measured response of five model cylinders con-
figurations in steady air as function of the reduced wind
velocity for different model configurations oscillating in a
uniform mode shape. The flow conditions correspond to
1 × 104 ≤ Re ≤ 3 × 104.

4.2 Vortex-induced in-line vibrations in steady flow
– vibrating models

Vortex-induced in-line vibrations in steady flow have been
measured on several experiemental configurations, corre-
sponding to differences in model mass ratio, natural fre-
quency, mode shape and Reynolds number regime.

4.2.1 Circular cylindrical model - Mass ratio and
natural frequency

The dynamic in-line response has been measured on five
configurations of a 250 mm diameter cylinder model in
flow conditions corresponding to 1 × 104 ≤ Re ≤ 3 × 104,
see figure 5. For these experiments, the model was set to
oscillate in a uniform mode shape and the model was equipped
with end plates to limit the disturbance caused by end ef-
fects.

A precise estimation of the mass-damping parameter
is not possible, since the structural damping is not straight-
forward to determine. However, for these models the mass-
damping parameter scales with the mass ratio. Assuming a
structural damping of δs = 0.03, the mass-damping param-
eter is S cG ≈ 0.12 for λm = 1.1.

The onset of the first fluid instability region is located
at Ur ≈ 1.1 for all five configurations, while the maxi-
mum amplitude, being approximately 11% of the cylinder
diameter for the mass ratios λm = 1.1 and λm = 2.0, is only
slightly reduced for the larger mass ratio of λm = 4.2. The
shift between the first and second fluid instability seems to
depend on the mass ratio as well. For larger mass ratios,
corresponding to a larger stability parameter, the response
drops at slightly smaller reduced wind velocities, which is
in accordance with the DNV response model.

A change in the natural frequency of the model does
not seem to influence the characteristics of the response
in the first fluid instability region, justifying the use of
the reduced fluid velocity as a descriptive parameter. For
all configurations, the maximum response occurs in the
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range 2 < Ur < 3, which fits well with the previ-
ously presented in-line response models. Also, by increas-
ing the mass ratio, the maximum response seems to occur
at slightly smaller reduced wind velocities.

The second fluid instability responses for λm = 2.0 and
λm = 4.2 are similar, being slightly smaller in maximum
amplitude for λm = 4.2. For the models with a mass ratio
of λm = 1.1, the model begins to buckle and deform at
reduced wind velocities above Ur ≈ 3. When this happens,
the tests are stopped because the mode shapes are no longer
uniform. As a result, the second fluid instability region is
not fully characterised by the models with the lowest mass
ratio.

4.2.2 Circular cylindrical model - Mode shape

For a cylindrical 250 mm diameter model, the influence of
the mode shape on the in-line vibrations has been investi-
gated for two model configurations, see figure 6. In these
measurements, the flow conditions correspond to 1 × 104 ≤

Re ≤ 3 × 104.
The cylindrical model is oscillating with an amplitude

of around 15% of the cylinder diameter for a free-end mode
shape, somewhat larger than the amplitude found for mod-
els oscillating in a uniform mode shape, see figure 5. The
difference in the amplitude between the mode shapes can
likely be explained by a different scaling of positive and
negative fluid dynamic damping effects along the struc-
ture. This phenomenon is actually well-known for cross-
flow VIV [18].

Attaching additional mass to the free end of the cylin-
der increases the mass-damping parameter and decreases
the maximum amplitude of the oscillations to around 10%
of the cylinder diameter. Also, note that the second fluid
instability region (Ur ≈ 3) apparently does not give a dis-
tinct response in this mass-damping range for a free-end
mode shape. The fact that the mass is added to the free end
of the model implies that the mass-damping is increased
relatively more than the mass ratio listed in the legend on
figure 6. Assuming a structural damping of δs = 0.03, the
mass-damping parameters are S cG ≈ 0.17 and S cG ≈ 0.30
for the two presented model configurations.

4.2.3 Circular cylindrical model - Reynolds number

Dynamic response characteristics in flow conditions corre-
sponding to higher Reynolds numbers, can be obtained in a
wind tunnel by increasing the model dimensions or by in-
creasing the wind velocity. Both approaches imply consid-
erable challenges for the model structure. A larger model
dimension naturally implies increased sag and bending mo-
ments, and the present low mass ratio requirements would
often result in a model which is less likely to withstand
higher velocities without deformations or similar undesir-
able effects. Nevertheless, response measurements in even
higher Reynolds number regimes have been obtained us-
ing a large inflatable scale model, having a diameter of
1000 mm. The responses of four such configurations in
high Reynolds number regimes are presented in figure 7.
For these four configurations, the mass ratio is held ap-
proximately constant and the model was equipped with end
plates to limit the disturbance caused by end effects.

Figure 6: Measured in-line response of a cylindrical model
as function of the reduced wind velocity for two different
configurations oscillating in a free-end mode shape. The
maximum response depends on the mode shape (compare
to figure 5) and is reduced when a large mass is added. The
flow conditions correspond to 2 × 104 ≤ Re ≤ 4 × 104.

Figure 7: Measured in-line response of a 1000 mm diame-
ter model cylinder in steady air as a function of the reduced
wind velocity for different Reynold number flow regimes.

For Re = 3 × 105, the model is seen to have an in-line
response amplitude of up to 9% of the cylinder diameter
and two visible fluid instability regions. A single fluid in-
stability region with a much reduced response is observed
for Re = 4 × 105 and Re = 6 × 105, and for the latter
flow regime, non-uniform oscillations were observed for
reduced wind velocities larger than Ur ≈ 2.2. For the flow
regime corresponding to Re = 1 × 106, no clear indication
of in-line fluid instabilities is observed and the response
is just slowly increasing with wind velocity. The only ex-
ception is a single peak at Ur ≈ 2.3 corresponding to an
amplitude of around 1% of the cylinder diameter.

The maximum response, as well as the velocity interval
in which oscillations occur, are seen to be significantly re-
duced for increasing Reynolds numbers. This general trend
is most likely not entirely caused by the change in the flow
regime characteristics with the increasing Reynolds num-
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ber, but is also due to related side effects of the increased
wind velocity, such as an increased deformation force of
the wind tunnel model, and an associated increased energy
dissipation in the complete oscillating system. However, it
is reasonable to assume that no significant amplification of
the overall response would happen as a result of the change
in the flow regime for the Reynolds numbers considered.
Note also that, as stated previously, wind tunnel blockage
is not accounted for in the presented data; thus the reduced
wind velocities, and thereby also the Reynold numbers, are
slightly underestimated.

The physical mechanisms responsible for in-line vibra-
tions is a certain combination of forcing due to vortex-
shedding and a related change in the aerodynamic damp-
ing in the direction of the flow. Exactly the same phys-
ical mechanisms working in the cross-flow direction are
responsible for cross-flow VIV. In the latter case, a change
in aerodynamic damping is responsible for the transition
range at which the smaller deflections governed by lift forces
changes to larger deflections governed by motion-induced
forces. The location of the transition is described by the
aerodynamic damping factor for cross-flow amplitudes [11].
The presence of large cross-flow deflections governed by
motion-induced forces therefore depends on the aerody-
namic damping factor which in turn depends on Reynolds
number. Since the physical mechanisms responsible for vi-
brations are similar in the in-line and cross-flow directions,
it is expected that the maximum amplitudes of in-line os-
cillations show a similar dependence on the aerodynamic
damping through the Reynolds number. For cross-flow os-
cillations, the aerodynamic damping factor attains its min-
imum at Re ≈ 6 × 105 according to Eurocode 1 specifi-
cations [17], which implies that in this range only small
deflections governed by lift forces are to be expected. Ap-
parently, a similar tendency is true for in-line oscillations.

4.2.4 Rectangular model

In contrast to the previously tested cylindrical models, the
geometry of the rectangular cross section requires that the
model is constructed using a lightweight skeleton struc-
ture, since the sharp-edged geometry cannot be obtained
by pressurised balloons alone. This implies that a mass
ratio very close to one is very difficult, if not impossi-
ble, to obtain with the model dimension of D = 200 mm
related to the present wind tunnel testing. Therefore, the
smallest mass ratios considered for the rectangular sec-
tion model are larger than those related to the cylindri-
cal models. A plot of the measured normalised response
amplitudes as a function of the reduced wind velocity is
presented in figure 8. The flow conditions correspond to
Re ≈ 2 × 104. Again, for these models the mass-damping
parameter scales with the mass ratio. Assuming a struc-
tural damping of δs = 0.03, the mass-damping parameter
is S cG ≈ 0.20 for λm = 2.2.

The presented results show that the rectangular cross
section apparently is much less prone to in-line vortex-
induced oscillations than the cylindrical cross section. The
maximum amplitude is below 2% of the cross-flow dimen-
sion, and there is actually a slight increase in amplitude
with increasing mass ratio for the four presented model
configurations. Note that only a single fluid instability re-
gion is visible, located at approximately 3 ≤ Ur ≤ 4.

Figure 8: Reduced amplitudes of the rectangular section
model for different mass ratios. The largest amplitude is
below 2% of the cross-flow dimension. For all model con-
figurations, a clear in-line model response is only seen for
wind velocities corresponding to approximately 3 ≤ Ur ≤

4.

The aerodynamic damping for the rectangular cross sec-
tion is larger than for circular cross sections, simply due
to the larger drag coefficient and the fact that a higher re-
duced wind velocity is necessary to initialise the oscil-
lations. This effect is also relatively more pronounced at
small mass ratios at similar reduced wind velocities. It is
deemed that this effect is responsible for the limited in-
line response. The decrease in aerodynamic damping with
increasing model mass could also account for the slight in-
crease in maximum response for larger mass ratios.

The initialisation of the in-line vortex-induced forcing
is related to the Strouhal number for the fixed structure.
For the rectangular model and the cylindrical model, the
ratio of the measured Strouhal numbers for the fixed struc-
tures are approximately 3.6, see table 1, implying an onset
of the in-line forcing frequency relative to the structural
eigenfrequency at three to four times higher wind veloci-
ties for the rectangular model. This is in agreement with
the onset of the in-line vortex-induced forcing close to the
structural eigenfrequency at Ur ≈ 3, which is three times
larger than the onset found for the cylindrical models, see
Sect. 4.2.1.

As seen on figure 8, the in-line vibrational behaviour
was investigated for reduced wind velocities up to approx-
imately Ur = 5. For a similar 1:3 section model, torsional
vortex-induced oscillations in air have been reported to
have an onset near Ur = 6.5 [19]. This is approximately
twice the reduced velocity at which the in-line oscillations
were seen to attain the largest amplitudes, which suggests
that the in-line oscillations measured on the rectangular
section model are caused by a normal asymmetric vortex
shedding pattern.

4.3 Additional investigations

Several experiments have been performed in addition to
the investigations of model-specific static and dynamic load
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Figure 9: Sketch of the model setup capturing the down-
stream pressure variations due to vortex shedding. Two
downstream pitot tubes are used to capture the spatial in-
formation needed to distinguish between asymmetric and
symmetric vortex shedding.

characteristics. In this section some supplementary find-
ings are listed, which confirms or enlightens the previously
documented results linking in-line vortex-induced vibra-
tions to basic flow characteristics, and the fluid-dynamical
and structural parameters.

4.3.1 Identification of fluid instability regions

As mentioned in Sect. 2, the mechanism responsible for the
first fluid instability causing in-line oscillations is regular,
alternating vortex shedding combined with a secondary,
symmetric vortex shedding pattern which occurs as a re-
sult of in-line structural motion relative to the fluid. In
the second fluid instability region, the forcing is entirely
due to regular vortex shedding from alternating sides of
the cylinder. Therefore, the two types of in-line responses
are caused by downstream pressure variations oscillating
with three and two times the Strouhal frequency, respec-
tively. Measurements of the spatial and temporal down-
stream pressure variations could therefore be used to iden-
tify the forcing mechanism; thus, identifying the corre-
sponding fluid instability regions.

In the US wind tunnel, the downstream pressure vari-
ations have been captured using two pitot tubes located
approximately 750 mm behind a 500 mm diameter cylin-
drical model oscillating in the in-line direction, having an
eigenfrequency of ns ≈ 2.7 Hz. The pitot tubes are verti-
cally aligned with the model top and bottom, see figure 9.
The probes are 8 mm diameter NPL type pitot-static tubes
with ellipsoidal head complying with ISO 3966. The dy-
namic pressure sensors have a response time of less than
10 ms, and the setup can easily capture the generated pres-
sure fluctuations. Hot-wire anemometers which are often
used to capture high frequency flow fluctuations are there-
fore not required in the present case.

When model oscillations couple with vortex shedding,
the eigenfrequency of the model becomes visible in the
power spectra of the measured time series of pressure vari-
ations at the two downstream pitot tubes. Figures 10 and 11
illustrate such spectral power densities at Ur = 2.16 and
Ur = 3.26, respectively.

In the first fluid instability region, the vortex shedding
pattern is complex as it is a mix of both alternating and

Figure 10: Spectral power density of the top and bottom
pitot tube pressures at Ur = 2.16, in the first fluid insta-
bility region, indicating a clear peak at the models natural
frequency ns.

Figure 11: Spectral power density of the top and bottom
pitot tube pressures at Ur = 3.26, in the second fluid in-
stability region, indicating clear peaks at both the models
natural frequency ns and at ns/2.

symmetric vortex shedding. In general terms, it can be di-
vided in two sub-regions:

– For relatively low reduced wind velocities (Ur ≈ 1),
the cross-correlation of the two signals are dominated
by correlation peaks of a period T , here defined as the
inverse of the model eigenfrequency of approx. 2.7 Hz.
This indicates that symmetric vortices, which are highly
correlated in the wake, are shed with the motion of
the model. Concurrently, correlation at zero time lag
exists, but maximum correlation is not achieved here
due to the occasional alternating vortex pair. By low-
ering the wind velocity, the vortex shedding becomes
increasingly dominated by symmetric pairs, and the
model eigenfrequency becomes visible while half the
model eigenfrequency disappears from the spectra.
Depending of the model natural frequency, the regular
asymmetric vortex shedding on a fixed cylinder corre-
sponding to a Strouhal number of S t = 0.18 may be-
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Figure 12: The cross-correlation between top and bottom
pitot pressures at Ur = 2.16, indicating a mix of symmetric
and regular, asymmetric vortex shedding.

come apparent at reduced wind velocities below, and
in, the first part of the first fluid instability region where
very little or no response of the model is observed.

– At higher reduced wind velocities (Ur ≈ 2), the cross-
correlation is approximately sinusoidal, with some ir-
regularities and a slight decay of the peak correlations
for increased time lag, see figure 12. At Ur = 2.16, the
first peak of correlation occurs at t = T and reoccurs
with period 2T . This indicates that the vortex shedding
is predominantly alternating. The correlation also show
a smaller sinusoidal component, positive at t = 0 s with
period T , indicating symmetric vortex shedding. Half
the model eigenfrequency is not visible in the corre-
sponding spectra, distinguishing this region from the
second fluid instability region, see figures 10 and 11.

The second fluid instability region is due to vortex shed-
ding from alternating sides as is familiar on fixed cylinders.
This region is characterised by the appearance of peaks
in the spectrum at the model eigenfrequency and at half
the model eigenfrequency, see figure 11. This suggests that
vortices are shed once per model oscillation, as the spectral
footprint consists of the frequency by which each single
vortex is shed, and also the frequency corresponding to the
shedding of a full period of a pair of vortices. If the pitot
pressures are subtracted from each other the resulting spec-
trum reveals no significant contribution at the frequency
corresponding to the model eigenfrequency. If the signals
are added a clear peak at the model eigenfrequency oc-
curs in the corresponding spectrum. The cross-correlation
on figure 13 of this shedding type is approximately sinu-
soidal with periodic peaks of constant value indicating a
long time correlation. The period is 2T , twice the period
of the model oscillations, with the first peak correlation at
T consolidating the alternating nature of the shedding.

Between the two fluid instability regions, the cross-
correlation of the two pitot pressures remains sinusoidal
with a period of 2T , but the level of correlation decays
quickly. The model eigenfrequency leaves very little foot-
print in the frequency spectra while half the eigenfrequency
remains visible.

Measurements of the spatial and temporal downstream
pressure variations on an in-line oscillating cylindrical model

Figure 13: The cross-correlation between top and bottom
pitot pressures at Ur = 3.26, indicating regular, asymmet-
ric vortex shedding.

therefore allows for the identification of the first and sec-
ond fluid instability region; thus, identifying the correspond-
ing forcing mechanism causing in-line structural oscilla-
tions in stationary fluid flow. The investigation verifies that
the physical phenomena responsible for vortex-induced vi-
brations in air are similar as those reported in water [10].

4.3.2 Structural instability phenomena

The angular dependence of the static load coefficients may
be used not only to predict fluid-induced forces, but also to
investigate if the cross section is susceptible to aeroelastic
or hydroelastic structural instability phenomena such as
galloping and flutter. For this, the Scruton number, of the
more general non-dimensional mass-damping parameter,
may be used in predictions of cross-flow galloping, assum-
ing a driving force proportional to the in-line dimension.
The rotational structural response can be modelled by a
one degree of freedom system with a torsional forcing de-
termined by the fluid-induced moment load. It is a stan-
dard approach to consider a linearisation argument to in-
dicate that two types of structural instabilities can occur;
one being torsional galloping and one being static diver-
gence [20].

Due to the geometrical symmetry, galloping and tor-
sional structural stability are not relevant for the circular
cross section model. For the rectangular cross section, a
negative slope of the aerodynamic lift was measured, im-
plying that cross-flow galloping vibrations might exist for
small inclinations of the flow due to unstable aerodynamic
loading conditions. The aerodynamic moment has a nega-
tive slope for small inclinations. This implies that the struc-
ture is stable towards flow-induced excessive twist. How-
ever, a negative slope is known to increase the risk of tor-
sional galloping, due to negative aerodynamic damping ef-
fects.

The slope of the moment coefficients for rectangular
sections rotating about the geometric center have previ-
ously been reported for 1:2 and 1:4 cross sections in the
literature, being -0.64 and -18, respectively, for αmeasured
in radians, but using the cross-flow dimension as the char-
acteristic dimension in the definition of the moment load
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per unit length [21]. For the analysed 1:3 cross section, the
measurements suggest dCM

dα |α=0 ≈ −1.1, corresponding to a
value of -9.9 using the cross-flow dimension as the charac-
teristic dimension.

5 Discussion

For free-span circular cross-section pipelines submerged
in water, the DNV in-line response model gives an empir-
ical description in current dominated full-scale conditions.
The presented results indicate that the maximum in-line re-
sponse of a close to neutrally buoyant circular cylindrical
model oscillating in a uniform mode shape in air is well-
described by the DNV model, both in terms of maximum
response and the reduced velocities at which in-line VIV
is relevant. The dependence on the stability parameter ex-
pressed in the DNV model cannot be confirmed based on
the conducted measurements, since a precise estimation of
the total damping, or in particular the aerodynamic damp-
ing, is not straightforward. However, the overall tendency
of a reduction in the maximum response occurring at a
lower reduced flow velocity when increasing the stability
parameter, or in the present case increasing the mass ratio,
is indeed observed in the measured responses.

In the performed dynamic testing, models with a mass
ratio in the range of, say, 1.0 – 2.0 of the surrounding fluid,
apparently produce a comparable maximum response for
a uniform mode shape. In other words, the related Scru-
ton curve has a small slope near zero. This observation can
be used as a guidance for future testing, since it implies
that maximum responses might be correctly estimated us-
ing models which are only close to being neutrally buoy-
ant.

Based on additional measurements in flow conditions
corresponding to 105 ≤ Re ≤ 106, it is reasonable to
assume that no significant amplification of the overall re-
sponse would happen as a result of the change in the flow
regime for the Reynolds numbers considered. A compen-
sation for the slightly lower Reynolds number in the wind
tunnel environment compared to full scale conditions, is
therefore likely not necessary to be included in the safety
requirements. Nevertheless, subsequent wind tunnel mea-
surements at even higher Reynolds numbers could poten-
tially provide additional insight into the importance of this
topic.

Measuring the spatial and temporal downstream pres-
sure variations on an in-line oscillating cylindrical model
allowed for the identification of the first- and second fluid
instability region, thus identifying the forcing mechanism
causing in-line structural oscillations in steady fluid flow.
The investigation verified that the physical phenomena re-
sponsible for vortex-induced vibrations in air are similar as
those reported in water [10].

The rectangular cross section is apparently much less
sensitive to in-line VIV than the cylindrical cross sections,
likely caused by a larger fluid-dynamic damping. The onset
of in-line VIV happens at larger reduced velocities, proba-
bly due to the smaller Strouhal number for the structure.

6 Conclusion

The presented results provide a preliminary insight into a
fundamental methodology for the transfer of certain aero-
dynamic actions to equivalent hydrodynamic actions, re-
lated to both static response characteristics and in-line vi-
brations caused by vortex shedding. A consistency between
the results obtained in the wind testing facilities at Svend
Ole Hansen ApS and SOH Wind Engineering LLC, and
results published by others were observed; thus, verifying
the understanding of the general dynamic properties of low
mass ratio structures and the type of physical phenomena
which are of relevance for the in-line structural oscillations
in steady fluid flow. This consistency was found on both
the qualitative and quantitative levels, giving a response
of similar magnitude for experimental configurations cor-
responding to comparable basic flow characteristics and
model parameters. In this sense, the wind tunnel testing
has turned out to be a very economical and powerful tool
for determining and verifying hydrodynamic data.

It is of fundamental interest that wind tunnel experi-
ments have shown that in-line VIV caused by steady winds
on model structures with a density comparable to air, and
the response prescribed on neutrally buoyant structures in
water are of very similar nature. As this is a very wide-
ranging field, the presented work cover basic principles
and demonstrates prevailing tendencies. The conversion of
model-scale results to full-scale predictions should there-
fore be assessed accordingly and the interpretation of the
presented model-scale data should focus on the fact that the
basic physical mechanism generating the in-line vibrations
in question are equivalent in model scale and full scale,
and in air and water. Nonetheless, the presented model
tests have provided clear indications of the static and dy-
namic properties of specific neutrally buoyant structures
and should form a basis for future systematic investiga-
tions providing in-depth descriptions on the flow-induced
structural behavior.
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