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Abstract

In this paper effects of ice accretion on the aerodynamics of plain inclined circular cylinders
are examined. Aerodynamic force coefficients are found as a function of Reynolds number for
ice produced with varying temperature and yaw angle of the cylinder with respect to the flow.
The cylinders are produced from HDPE, as used for bridge stays. Variations in the accretion
parameters were chosen to generate the most common natural ice formations, which might also
be expected to produce bridge cable vibrations. A parallel paper deals with the case of circular
cylinders in cross flow.

1 Introduction

Ice accretions on long flexible structures have been known to generate undesirable wind-induced vi-
brations. Research on the ice-induced galloping of overhead power lines is long established (Farzaneh,
2008). The effects of icing on chimneys and masts are also well known. Although, there have been
reports of ice- and/or sleet-induced vibrations of bridge cables, little research has been undertaken to
fully understand the causes of these or to find the means of mitigating them.

Gjelstrup et al. (2012) found that large amplitude vibrations of the Storebælt Bridge in Denmark
were due to the accretion of a thin layer of ice on the hangers. To prove this, Gjelstrup and coauthors
performed static and dynamic wind-tunnel tests of vertical cylinders, using simulated ice accretion
shapes. The shapes were reproduced employing a rapid prototyping technique. The force coefficients
were measured from static wind tunnel tests.

Recently, Kollár & Farzaneh (2010) performed experiments on inclined cylinders in an icing wind
tunnel. They varied the angle of the cylinder with respect to the oncoming flow, about all the three
cylinder axes, and considered two meteorological conditions: in-cloud icing and freezing rain icing.
They concluded that the ice mass accreted on a unit length of a cylinder depends on the inclination of
the flow with respect to the cylinder. They measured the mass, the shape and profile of ice accretion,
but no aerodynamic force measurements were obtained.

The purpose of the research herewith is to establish the effect of actual ice accretion on the aero-
dynamics of an inclined circular cylinder that has a similar diameter and made of the same material as
a bridge stay cable. A parallel paper deals with the case of a cylinder in cross flow (Demartino et al. ,
2013).
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2 Wind tunnel tests

Tests were performed in the DTU/Force Technology Climatic Wind Tunnel (CWT) in Lyngby (DK)
described by Georgakis et al. (2009), using the spray system described by Demartino et al. (2013).

(a) (b)

Figure 1: Cable section model setup (β = 90◦): sketch (a) and photo (b).

The tested cylinder was the same described by Demartino et al. (2013). In order to obtain the
desired orientation in the space, the cardan joints connected to the cylinder were mounted on two rigid
links fixed on two rotatable arms, each supported by a roller and a hinge (Figure 1). The definition of
the angles of rotation of the cylinder is shown in Figure 2, where Θ is the inclination and β is the yaw.
The yaw angle was modified by turning the arms that were fixed in the correct position using the base
plate and the semi-circular arch on the ceiling. A series of holes on the plate and on the arch allowed
the variation of the yaw angle in the range of 0◦ to 180◦ at an interval of 10◦.

Figure 2: Cylinder geometry and forces conventions in the wind tunnel.

The tests were divided into two phases: ice accretion and aerodynamic force measurements.
The control variables in the ice accretion phase were the flow velocity, the temperature and the

yaw. The specific Climatic Conditions (CCs) employed for the ice accretion were: 1 hour exposure,
U = 11m/s and T = −1◦ and −5◦ Celsius. For these parameters, accretions were generated for a
cylinder inclination angle of 30◦ and yaw angles of 0◦, 90◦ and 180◦. The yaw and inclination angles
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Table 1: Tests and boundary condition during the ice accretion.

CC Yaw of accretion Temperature Mass accreted Max accretion
[◦] [◦C] [kg/m] [cm]

I1 - - - No ice
I2 0 -5 1.7 2.3
I3 0 -1 1.0 1.5
I6 90 -5 0.8 1.5
I10 180 -5 2.0 2.5
I12 180 -1 0.7 1.4

were fixed during each CC in the accretion phase. The spray bar was placed with an inclination with
respect to the horizontal plane:

φ = arctan(
tan Θ

sinβ
) (1)

The definition of the angle of rotation of the bar, φ, is shown in Figure 2. This configuration
ensured that the projection of the cylinder axis on the plane of rotation of the spray bar had the same
slope of the spray bar, and the centres of the cylinder and of the spray bar were aligned in the flow
direction. Moreover it ensured that the cylinder is reached uniformly by the water droplets. A sum-
mary of the tests performed is given in Table 1. The values of the water and air pressures were set as
in Demartino et al. (2013).

Table 2: Description of the ice accretion in the frontal and lateral regions, and maximum and minimum
values of the mean aerodynamic coefficients.

Frontal Rivulet Wind speed Maximum Minimum
CC accretion presence dependency Cx Cy CM Cx Cy CM

I1 - - 0◦ ÷ 180◦ 1.08 0.56 0.08 0.24 -0.66 -0.05
I2 High Low (Icicles) No 1.36 0.36 0.20 0.19 -0.16 -0.03
I3 Mid High (Icicles) No 1.19 0.58 0.15 0.17 -0.18 -0.03
I6 Mid No No 0.79 0.29 0.11 0.36 -0.28 -0.04
I10 High No 0◦ ÷ 150◦ 1.47 0.16 0.05 0.18 -1.65 -0.16
I12 Mid High (both side) No 1.07 0.02 0.04 0.21 -0.52 -0.08

In the measurement phase, the aerodynamic forces acting at different wind speeds and different
yaws on the ice-accreted cylinder were measured. Force measurements were performed for yaw angles
in the range of 0◦ to 180◦ at intervals of 10◦ and for wind speeds in the range of 8 to 29m/s, at intervals
of approximately 2m/s. The time window used in all measurements was 30 s and the sampling
frequency was 2048Hz. At the end of each measurement phase, the accreted ice shape was measured
in a plane perpendicular to the cylinder axis.

3 Results and Discussion

3.1 Ice accretion

The accretion can be divided in two parts, the windward accretion and the leeward accretion, as in the
case of a vertical cylinder (Demartino et al. , 2013). In the case on an inclined cylinder the direction
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(a) I2. (b) I3.

(c) I10. (d) I12.

Figure 3: Ice accretions and shapes for the CCs I2, I3, I10 and I12.
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Figure 4: Variation with the yaw angle of the mean and fluctuating along-wind and across-wind coef-
ficients and of the mean moment coefficient for wind speed of 8 to 30m/s, for CC I1.

of growth of the iced rivulets was different from the vertical case because gravity was not oriented
parallel to the cylinder axis. The ice accretions and the shapes are shown in Figure 3 for the CCs I2,
I3, I10 and I12.
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Figure 5: Variation with the yaw angle of the mean and fluctuating along-wind and across-wind coef-
ficients and of the mean moment coefficient for wind speed of 8 to 29m/s, for CC I2.

In CC I2 the windward accretion was dominated by a hard rime accretion. The water that couldn’t
freeze on contact with the surface fell from the cylinder, creating spikes of ice named icicles. The
direction of growth of these icicles was given by the combination of the aerodynamic and gravity
forces. A moderate development of icicles was observed in this CC. On the other hand, in CC I3 the
windward accretion was dominated by a glaze accretion, with a larger quantity of liquid water on the
surface generating a massive development of icicles.
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Figure 6: Variation with the yaw angle of the mean and fluctuating along-wind and across-wind coef-
ficients and of the mean moment coefficient for wind speed of 8 to 29m/s, for CC I3.

In CC I6 the windward accretion was again dominated by a hard rime accretion. At the stagnation
point less accretion was found as in the vertical case (Demartino et al. , 2013), and no lateral rivulets
were observed.

In CC I10 the windward accretion was dominated by a hard rime accretion, and no lateral rivulets
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Figure 7: Variation with the yaw angle of the mean and fluctuating along-wind and across-wind coef-
ficients and of the mean moment coefficient for wind speed of 8 to 29m/s, for CC I6.

were observed. Finally, in CC I12 the windward accretion was dominated by a glaze accretion, and
water moved along both sides of the cylinder forming a series of iced rivulets, which converged in a
single iced rivulet parallel to the cylinder axis. Some small icicles appeared on the latter rivulet. A
summary of the accretion result is given in Table 2.

3.2 Aerodynamic forces

In this paper sectional force coefficients are presented, evaluated with respect to the mean wind tunnel
speed. Cx is the along-wind force coefficient associated with the force component parallel to UN ,
the latter being the component of the mean wind speed perpendicular to the cable axis. Cy is the
across-wind force coefficient perpendicular to Cx (Figure 2). The mean and fluctuating aerodynamic
coefficients measured for each CC are shown in Figures 4 to 9, as a function of β. The vertical red
line shows the value of β at which accretion took place. The fluctuating moment coefficient is not
shown because its values were of the order of magnitude of 10−3, without significant variations. The
minimum and maximum values of the mean coefficients are also given in Table 2.

For all CCs an increase of Cx was observed in the range of β = 0◦ to 90◦, and a reduction in the
range of β = 90◦ to 180◦. The maximum of Cx was reached in all CCs at approximately β = 90◦.
The largest value of Cx was found in the CCs with position of accretion β = 0◦ and β = 180◦. For
these configurations the frontal accretion was placed rotated of ±90◦ respect to UN in the yaw angles
that experience the maximum. The maximum for all the CCs was found in the CC I10, where the
maximum accretion was found. The minimum of Cx was reached for approximately β = 0◦ and
β = 180◦. The largest value between the minimum of Cx was found in the CC I6, with position of
accretion of β = 90◦. For this CC, the frontal accretion was placed rotated of ±90◦ respect to UN

in the yaw angles that experienced the minimum of Cx. The maximum dependency of Cx on the
wind speed where found for the plain cylinder, and such dependency tended to reduce as the accretion
started governing separation. Indeed a strong dependency of the drag coefficient on wind speed was
found in the CC I10 in the range of β = 0◦ to 150◦, where the accretion shape was similar to the cross
flow case (Demartino et al. , 2013). In the other CCs a general independence was observed.

For the plain model, CC I1, Cy markedly depended on both the wind speed and β. At wind speeds
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Figure 8: Variation with the yaw angle of the mean and fluctuating along-wind and across-wind coef-
ficients and of the mean moment coefficient for wind speed of 8 to 29m/s, for CC I10.

of 26 and 28m/s, marked sign changes were observed in the range of β = 60◦ to 120◦. In CC1, the
sign changes in the mean across-wind coefficients was correlated to flow transitions due to the small
superficial imperfections of the cylinder (Matteoni & Georgakis, 2012). This behavior was inhibited
by the ice accretion in all the other CCs. The maximum of Cy were found in CCs I2 and I3, and it is
reasonable to suppose that this is due to the presence of icicles structures . As matter of fact, the higher
value of Cy occurred for CC I3 where the icicles were more developed. Instead, the minimum of Cy

was observed in CCs I10 and I12, in which the presence of lateral iced rivulets reduced the absolute
value of the minimum lift.
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Figure 9: Variation with the yaw angle of the mean and fluctuating along-wind and across-wind coef-
ficients and of the mean moment coefficient for wind speed of 8 to 29m/s, for CC I12.

The dependency of CM on β was influenced by the yaw of accretion. CCs with the same yaw of
accretion showed similar trend with respect to β and different values which depended on the dimension
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and shape of accretion. In CCs I2 and I3 the maximum and minimum CM occurred at approximately
β = 60◦ and 180◦, respectively. The largest value of CM was measured in CC I2. In CCs I6 the
maximum and minimum CM occurred approximately at β = 120◦ and 40◦, respectively, while in
CCs I10 and I12 the maximum and minimum CM occurred approximately at β = 40◦ and 130◦,
respectively. In CC I10, the lowest value of CM was found for the largest values of the wind speed.

The fluctuating coefficients were found to be generally larger for the plain cylinder (CC I1). An
increase of the fluctuating coefficients appeared correlated with variations of the mean coefficients
with respect to the wind speed. On the other hand in the CCs with accreted ice on the cylinder,
globally, a reduction of the fluctuating coefficients was observed. In all CCs the minimum of the
fluctuating coefficients were found for β = 0, 90, 180◦. In CC I10 at 100◦ and 22m/s a bistable
flow was detected; the time histories coming from one of the two flow configurations was used for
the curves in the Figure 8. The time histories coming from the other flow configuration were used to
calculate the aerodynamic coefficients plotted using a blue circle.

4 Conclusions

The aerodynamic force coefficients of an ice accreted cylinder with inclination of 30◦ placed in a wind
tunnel were measured simulating the inclined stays of a cable-stayed bridge, for different climatic
conditions and yaw angles of accretion. The aerodynamic force coefficients showed different trends,
depending on the yaw angle of accretion and temperature. As expected, the aerodynamic coefficients
were found to differ significantly from those for plain inclined circular cylinders reported in this paper.
The variations in the values of the coefficients seem to be justifiable based on the characteristics of the
accretion. The aerodynamic coefficients measured in the tests lend themselves to the implementation
of stability criteria.
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