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Abstract 

There continues to be uncertainty in the aerodynamic excitation mechanisms causing large amplitude 
vibration of dry inclined cables on cable-stayed bridges. It has been suggested by several authors that 
effects in the critical Reynolds number range may be a source of excitation. In this paper, measured 
drag and lift coefficients are presented for a cylinder in the critical Reynolds number range. It is found 
that the lift is significant and is a consistent function of the angle of attack, despite the cylinder being 
nominally smooth and circular. Hence the Den Hartog criterion implies that classical galloping would 
occur for wind speeds in the critical Reynolds number range. Ongoing dynamic experiments on a new 
forced vibration rig aim to test the validity of quasi-steady theory in this situation. 

1 Introduction 

There has been much interest in recent years in the aerodynamic behaviour of inclined or skewed 
circular cylinders with reference to the excitation mechanisms of cable vibrations on cable-stayed 
bridges. Wind tunnel tests have been conducted by a number of authors on static or elastically 
mounted models of inclined/skewed cables (e.g. Cheng et al. 2003, Larose et al. 2003, Flamand & 
Boujard 2009, Zuo & Jones 2009, Matsumoto et al 2010). However, there is still debate on the driving 
factors causing the dynamic excitation. Some authors suggest that the mechanism is driven by effects 
in the critical Reynolds number range (Cheng et al. 2003, Macdonald & Larose 2008, Flamand & 
Boujard 2009, Jakobsen et al. 2012, Nikitas et al. 2012), whereas others suggest that the mechanism is 
likely to be a vortex-induced type (Zuo & Jones 2009). Matsumoto et al. (2010) focus on the link 
between galloping and the mitigation of Kármán vortex shedding and they distinguish between 
divergent-type galloping and unsteady galloping. 

In order to shed new light on the excitation mechanism(s), a new dynamic rig is being built at the 
University of Bristol, using forced vibrations, in contrast to previous tests. An advantage of this 
approach is that the frequency of vibrations can be readily changed, enabling the reduced velocity to 
be changed independently of the Reynolds number, to distinguish the significance of these two 
parameters. This paper presents initial results from static tests and considers the potential for classical 
galloping of nominally smooth circular cylinders in the special case of winds in the critical Reynolds 
number range. 

2 Experimental setup 

The initial static experiments were conducted in the open jet wind tunnel at the University of Bristol 
(Figure 1), which has an upstream jet diameter of 1.1m and almost uniform flow over at least 0.9m 



6th European and African Conference on Wind Engineering 2 

 

 

 

diameter in the vicinity of the model with an estimated turbulence intensity of 1.5%. The model cable 
was made from 70mm diameter polycarbonate tube with an internal structural square hollow steel 
section, supported on a steel U-frame outside the jet, which could be skewed at any angle up to 55° 
either side of normal to the flow. The model could also be rotated through 360° about its axis to 
identify any effect of angle of attack. 

A measurement section of the tube, 420mm long, was supported only via a six axis force transducer, to 
enable the total loads on this section to be measured. This was complementary to previous studies, in 
which rings of pressure taps were used on similar cables (Larose et al. 2003, Flamand & Boujard 2009, 
Jakobsen et al. 2012, Nikitas et al. 2012). Whilst such tests gave details of the pressure distribution, it 
was found that each ring, even only two diameters apart, could exhibit very different behaviour. In 
contrast, the present method gives the total force on a representative length of the cylinder. The ends 
of the cable model were supported on linear electrical actuators which could be driven vertically 
(across-flow) with sinusoidal motions with various amplitudes and frequencies. 

The rig has subsequently been moved to a closed jet wind tunnel with better flow characteristics. 

 

 
Figure 1. Model in open jet wind tunnel 

3 Initial static tests 

A series of static tests was taken over a range of wind speeds around the critical Reynolds number, for 
different skew angles and angles of attack. 

It is now well appreciated that within the critical Reynolds number range non-zero lift can exist even 
on a smooth circular cylinder. This is because a laminar separation bubble forms on one side of the 
cylinder before the other (Schewe 1983). The most significant new finding from the static tests in this 
study was that this lift is a consistent function of the angle of attack. The cylinder was nominally 
smooth and circular, so the angle of attack would be expected to have no effect. However, Figure 2 
shows that, for two series of tests rotating the cylinder through 360°, the measurements of both the 
mean lift and drag coefficients were quite consistent as a function of angle of attack. A third series of 
static tests, centred on the position with the highest absolute lift (105°), was taken using a finer angle 
increment (1°), which again gave consistent results. This behaviour is presumably due to minor lack of 
roundness or imperfections on the cable surface tripping the boundary layer and causing laminar 
separation bubbles to form quite consistently, at least on average. 
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Figure 2. Static mean force coefficients versus angle of attack for cable normal to the flow, U = 

3.25m/s 

 

Similar results were obtained for cable-wind angles of 90° and 60° and for wind speeds between 
3.25m/s and 10m/s, although at 10m/s, in the super-critical Reynolds number range, the magnitude of 
the lift coefficient did not exceed 0.2. 

The consistent variation of the lift coefficient, sometimes with quite large negative gradients, raises the 
question as to whether Den Hartog galloping could occur. Based on the data in Figure 2, Figure 3 
shows the Den Hartog summation, given by: 
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(1) 

It is seen that there are three narrow ranges of α where H is negative, indicating that Den Hartog 
galloping would occur, if quasi-steady theory applies in this case (and if insufficient structural 
damping is provided to prevent it). The results for Test 3 (fine increments of α) show larger 
magnitudes of the extremes since the maximum local gradient of CL is larger in magnitude than the 
average gradient from the more coarse tests. 
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Figure 3. Den Hartog summation versus angle of attack for cable normal to the flow, U = 3.25m/s 
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4 Conclusions and ongoing experiments 

The results of static tests in the open jet wind tunnel show that in the critical Reynolds number range 
the mean static lift and drag coefficients vary as consistent functions of angle of attack, presumably 
due to minor lack of roundness of the section or surface imperfections causing asymmetry of the flow. 

Applying the Den Hartog galloping criterion, based on quasi-steady theory,  to the static data leads to 
the surprising result that classical galloping could occur for a nominally smooth circular cylinder, 
although only in the critical Reynolds number range, when the mean lift can be non-zero. 

The model has now been moved to a closed jet wind tunnel, with lower turbulence, to confirm whether 
the static test results are reproducible in different wind tunnel conditions. Furthermore, dynamic tests 
are proposed, which, by comparison with the static test results, aim to identify whether the quasi-
steady theory is valid in this situation and the relative roles of Reynolds number and reduced velocity 
in the behaviour. 
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