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Full-scale measurement of wind pressure on the surface of a
circular cylinder
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ABSTRACT: An experimental campaign was conducted to measure wind pressure acting on the
surface of a full-scale circular cylinder. The pressure measurements were used with measure-
ments of cylinder acceleration to investigate the interaction between the cylinder and turbulent
wind. Different characteristics of this interaction were revealed for different wind regimes.
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1 INTRODUCTION

Slender structural members with circular cross-sections are often susceptible to wind excitation.
For example, cables of cable-stayed bridges are known to vibrate at large amplitudes under the
excitation of wind with simultaneous occurrence of rainfall and, in certain situations, only wind
(e.g., [1]). Also, traffic signal support structures having mast arms with circular cross-sections
have exhibit problematic vibration (e.g., [2]). A number of full-scale studies (e.g., [1-4]) have
been conducted to understand the characteristics of the vibrations and their correlation with wind
and, in the case of cable vibration, with wind and rain. These studies revealed that large ampli-
tude vibrations can be induced both by vortex-shedding and by wind oblique to the cylinder with
reduced velocity that are much higher than those associated with classical vortex-induced circu-
lar cylinder vibration. As complements to full-scale studies, circular cylinders have been tested
in wind tunnels (e.g., [5-7]). In particular, a number of experiments were conducted to expressly
explore the potential inherent susceptibility of yawed or inclined dry circular cylinders to wind
excitation. The findings from these studies have varied, with some suggesting the importance of
an axial flow component in the wake of the cylinder in generating three-dimensional flow around
the cylinder and initiating large-amplitude vibration at high reduced velocity ([7, 8]), and the
others focusing on the potential of instability in the critical Reynolds number range (e.g., [6, 9]).
In addition to the experimental studies, numerical investigations based on computational fluid
dynamics (e.g., [10]) suggested that the three-dimensional nature of the flow can play a key role
in the excitation mechanism. This paper presents the outcome of a full-scale study conducted to
measure wind pressure on the surface of a circular cylinder. It facilitates a characterization of the
mean and fluctuating wind loading on an oscillating slender circular cylinder when it is subjected
to wind of various mean and turbulent characteristics.

2 EXPERIMENTAL CONFIGURATION

The specimen was a 7.62 m long circular pipe of 22.4 c¢cm in diameter and 0.8 cm in wall thick-
ness. It consisted of a 6.40 m long steel pipe and a 1.22 m long PVC pipe. As shown in Figure 1,
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the steel portion was rigidly mounted horizontally near the top of a tapered circular aluminum
pole, which was 30.5 and 36.8 cm in diameter at the top and the base, respectively, and had a
wall thickness of 1 cm. A ring of 32 pressure taps evenly spaced at 11.25° intervals, as depicted
in Figure 2, was installed at a cross-section that is 2.1 m from the free end of the cylinder; four
additional taps were installed on the sides of this ring at locations indicated in Figure 2. The taps
were connected to pressure transducers with a range of +1.245 kPa through tubings of 0.91 m in
length and 0.6 cm in diameter. With this configuration, the pressure taps were at least 8 diame-
ters and 23 diameters of the cylinder, respectively, from the free and fixed ends. To minimize
undesirable end effects on the flow near the pressure taps, a spherical cap was installed at the
free end. Besides pressure measurement, a tri-axial accelerometer with a range of +4 g was in-
stalled adjacent to the pressure tap ring to monitor vibration; an ultrasonic anemometer was in-
stalled at a height of 1.5 m above the centerline of the cylinder to monitor the wind, and tempera-
ture, relative humidity, and barometric pressure sensors were used to provide measurements for
calculation of air density. The data acquisition system recorded 10-minute records at 32 Hz. Two
additional 10-second records were sampled before and after each 10-minute record for calibra-
tion of the pressure transducers. Due to the inability of the pressure measurement system to func-
tion properly in rain, the taps were covered in advance when rainfall was anticipated.

Figure 1 Circular cylinder subjected to study
5321 2 | 0.224m | 0224 m |
'S

274 xT | °
260 b8 33 2 34
250 59 / 3 /
241 plo | o

19 4% :
Figure 2 Configuration of pressure taps (not to scale)
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3 CHARACTERISTICS OF CYLINDER RESPONSE

To characterize the vibration of the cylinder, the acceleration measurements are numerically in-
tegrated to estimate the displacement at the location of the accelerometer. After each integration
process, a 5™ order high-pass Butterworth filter with a cut-off frequency of 0.2 Hz is applied to
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eliminate the spurious effect of low frequency noise. The displacement are then band-pass fil-
tered using a 5™ order Butterworth filter to estimate the response in the first two modes of the
structure in the in-plane and out-of-plane directions, whose frequencies are identified based on
the estimated power spectral density functions of acceleration records. The pass bands of the fil-
ter are 0.5 Hz frequency bands centered at the natural frequencies. Finally, the Hilbert transform
is applied to the modal displacement to assess the evolution of the amplitude and frequency. The
data suggested that during the measurement, the vibration of the cylinder is predominantly in the
first in-plane and out-of-plane modes at 2.44 Hz and 2.17 Hz, respectively.

Figure 3 shows the 10-minute mean displacement amplitudes in the first in-plane (4.) and out-
of-plane (4,) modes against mean speed of the wind component normal to the cylinder axis (V),).
It is seen that the cylinder exhibited significant vibration in the cross-wind direction over a re-
stricted range of wind speeds. This is a clear characteristic of classical vortex-induced vibration.
The figure also suggests that at higher wind speeds, the vibration amplitudes increased in both
directions with wind speed. This is typical for vibration due to buffeting. Figure 4 shows the
mean in-plane vibration amplitude against the reduced velocity (V,) and the longitudinal turbu-
lence intensity (/). The reduced velocity is computed as V,=V,/(fD), where fis the mean vibra-
tion frequency, and D is the cylinder diameter. It can be seen that vortex-induced vibration oc-
curred over a reduced velocity range centered at a value greater than 5, which is equivalent to the
nominal Strouhal number of 0.2 for circular cylinders normal to smooth flow. This can be pri-
marily attributed to two facts. Firstly, according to measurements by an adjacent meteorological
tower, the wind speed measured by the anemometer can be 1% to 10% higher than that at the
height of the cylinder, depending on the stability of the atmospheric boundary layer. Secondly,
according to previous wind tunnel tests [11], organized vortex shedding over circular cylinders
can occur over a broad range of Strouhal number, depending on the turbulence intensity of the
free stream wind. According to Figure 4, significant vortex-induced vibration did occur over a
broad range of longitudinal turbulence intensity.

5 w 5
~~ 4 ~~ 4—
E)/ 3 E 3k
<"2 ~*
1 o N .. 1y oo 8
() ot 3 RSOV :;*';_«:.‘ 8°e 0 a__awmbé@ i )
0 25 5 75 1 125 15 17.5 20 0 25 5 75 10 125 15 175 20

Vn (m/s) Vn (m/s)
Figure 3 Mean displacement amplitudes in the first in-plane and out-of-plane modes vs. mean wind speed
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Figure 4 Mean in-plane displacement amplitude vs. reduced velocity and along-wind turbulence intensity

4 INTERPRETATION OF PRESSURE MEASUREMETNS

Incorporation of the measurements by the pressure transducers and the accelerometer have re-
vealed some distinct characteristics of wind loading on the circular cylinder in different wind re-
gimes and different types of wind-structure interaction.
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Figure 5 shows the estimated mean drag (Cp) and lift (C;) coefficients of the cylinder against
mean wind speed (/) and the corresponding Reynolds number (Re) for a mean wind direction
range of 85° to 95° relative to the cylinder axis. Only records with wind direction variation not
exceeding 60° are used here. The Reynolds number is computed based on the mean wind speed,
an assumed kinematic viscosity value of 1.5x10” m*/s and the cylinder diameter as the reference
dimension. It can be seen that when wind is almost normal to the cylinder, the transition from the
subcritical to the critical Reynolds number range starts at mean wind speeds between 5 m/s and
7.5 m/s, corresponding to a Reynolds number range of 0.75x10° to 1.12x10°, which is much
lower than the Reynolds number (about 2x10°) at which the transition occurs in smooth flow.
Such shifting of critical Reynolds number range is due to the presence of turbulence in the free
stream flow, which has been well documented by previous wind tunnel studies (e.g., [11, 12]),
although the integral length scale of the wind in these studies were often much smaller than what
proper scaling requires for full-scale cylinders such as the one subjected to study herein. Figure 5
also suggests that when the flow is in the subcritical Reynolds number range, the mean lift coef-
ficients are close to zero and that in the critical Reynolds number range, the mean lift coeffi-
cients as a trend deviate more from zero. This is also consistent with previous reports (e.g., [9]).

Re (x10°) Re (x10°)
120 037 075 112 1.49 187 224 2.61 2.99 0.0 037 075 112 149 1.87 224 261 2.99
1,
) 0.25
0.75¢ e, & , oGS0 900 oo o o
Q 0.5l E g aBmgo P | D’\] ok g@?@gogmo © @
0.25¢ ] 025
T 0.5 T
0 25 5 75 10 125 15 175 20 0 25 5 75 10 125 15 175 20
V (m/s) V (m/s)

Figure 5 Mean drag and lift coefficients associated winds approximately normal to cylinder axis

It is noteworthy that the mean force coefficients exhibit considerable scatter for low wind
speeds. This is partly due to the fact that at these wind speeds, the flow in the lower atmospheric
boundary layer is significantly affected by atmospheric stability. The stability state affects not
only the ratio of the mean measured wind speed to that at the height of the cylinder, therefore the
reference mean dynamic pressure of the wind used for computation of the pressure coefficients,
but also the level of shear in the free stream wind, hence the flow-cylinder interaction.

In the following, three representative records with 10-minute mean wind speed and direction
() as well as turbulence intensity (7,) listed in Table 1 will be used to illustrate the interaction
between the wind and the cylinder when the wind is close to normal to the cylinder.

Table 1 Characteristics of wind of example records with wind approximately normal to cylinder axis

Record Number | ¥ (m/s) L) 1,

1 3.70 93.40 0.055
2 5.00 89.42 0.140
3 12.22 93.06 0.148

Figure 6 shows the drag and lift coefficients of the cylinder estimated based on the wind and
pressure measurements in record 1 and the corresponding spectra. It is evident that the lift coef-
ficient is of narrow band and dominated by a frequency component at 2.43 Hz, indicating orga-
nized vortex shedding off the cylinder at this frequency. It also can be seen that the drag coeffi-
cient has a significant frequency component at 4.86 Hz, which is twice the dominant frequency
of the lift coefficient. This is expected for wind loading of circular cylinders in the along-wind
direction due to alternating shedding of vortices at the upper and lower surface of the cylinder. It
is of interest to notice, however, that the drag coefficient is also dominated by a frequency of
2.43 Hz. This would not have been expected for stationary circular cylinders.
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Figure 6 Drag and lift coefficients of the cylinder and the corresponding spectra: record 1

Figure 7 shows the acceleration of the cylinder due to wind loading shown in Figure 6 and the
corresponding power spectra. The primarily in-plane vibration ( a. and a,) is identified to be due
to vortex shedding locked-in with the vibration of the structure. It is noteworthy that, in addition
to the dominant frequency component at 2.43 Hz, the in-plane vibration also has a component at
4.86 Hz, which is twice the vortex-shedding frequency, despite the fact that this frequency is nei-
ther a natural frequency of the structure nor the vortex-shedding frequency. It is believed, there-
fore, that the in-plane vibration at 4.86Hz is due to a super-harmonic of the excitation at 2.43 Hz.
It is of interest to notice that, since the drag coefficient has a significant frequency component at
2.43 Hz, the insignificant along-wind, out-of-plane, vibration also consists of a component at this
frequency, which is not a natural frequency of the structure in this direction.
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Figure 7 Acceleration time histories and the corresponding spectra: record 1

By comparing the lift coefficient time history shown in Figure 6 and the in-plane acceleration
time histories shown in Figure 7, it is apparent that although the response of the structure is quite
steady, the lift force acting on the cylinder at the pressure tap ring is not. This is further illustrat-
ed in Figure 8, in which can be seen that the lift force and the displacement at the location of the
pressure tap ring are only intermittently synchronized due to the interaction of the cylinder and
the turbulent wind.
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Figure 8 Cylinder displacement and lift coefficient at location of pressure tap ring: record 1
Figure 9 shows the cross-correlation coefficients of the pressures at 5 taps along two axial
lines of the cylinder over a time lag of 5 seconds. The subscripts indicate the tap numbers. The
measurement by tap number 36 is not used because this tap is determined to have malfunctioned.
The coefficients are clearly those of narrow band processes with the same center frequency.
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Figure 9 Cross-correlations of pressure measured along the axial direction of the cylinder: record 1

Figure 10 illustrates approximately one cycle of vibration at the pressure tap ring location and
the corresponding pressure distribution on the surface of the cylinder, when the vibration and the
lift force are nearly synchronized. It is apparent that the pressure distribution on the ring when
the cylinder is at symmetric positions during upward and downward movements can be quite dif-
ferent, indicating different vortex shedding patters from the upper and lower surface primarily
due to the existence of turbulence. Figure 11 illustrate the distribution of the mean pressure coef-
ficients (C,) over the 10-minute duration. It can be seen that for this particular record, the distri-
bution of the mean pressure is quite symmetric about the horizontal plane through the centerline
of the cylinder. It must be noted that, the pressure distributions illustrated in Figure 10 and Fig-
ure 11 might be biased by the reference pressure measured at the ground level and may be differ-
ent from the static pressure at the height of the cylinder in a stable boundary layer, which is quite
likely in this case as low turbulence intensity is a signature of stable boundary layers.
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Figure 11 Mean pressure distribution at the pressure tap ring: record 1

According to Figure 5, the mean wind speed over the duration of record 2 is in the subcritical
Reynolds number range. Figure 12 shows the drag and lift coefficients of the cylinder for this
record and the corresponding spectra. It can be seen that neither the drag force nor the lift force
acting at the location of the pressure tap ring have a dominant frequency component, but the lift
force does have considerable contribution from components over a frequency band centered be-
tween 4 Hz and 5 Hz. This frequency band represents that of unorganized vortex-shedding off
the surface of the cylinder. Figure 13 shows the acceleration response of the cylinder. It can be
seen that the vibrations in both the in-plane and the out-of-plane directions are at small ampli-
tudes, primarily in the first two modes in these directions.
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Figure 12 Drag and lift coefficients of the cylinder and the corresponding spectra: record 2
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Figure 13 Acceleration time histories and the corresponding spectra: record 2

Figure 14 shows the cross correlation coefficients of the pressures at 5 taps along two axial
lines along the cylinder over a time lag of 5 seconds. As expected, the pressures at the locations
of the taps are the most correlated when the time lag is zero. The ripples at small time lags indi-
cate the existence of the frequency band centered between 4 Hz and 5 Hz, which, as indicated by
the spectra of the lift coefficient shown in Figure 12, is due to unorganized vortex shedding.
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Figure 14 Cross-correlations of pressure measured along the axial direction of the cylinder: record 2

Figure 15 illustrate the distribution of the mean pressure coefficients for the duration of rec-
ord 2. The angular position is measured clockwise relative to the would-be stagnation point if the
cylinder were held stationary. An approximately symmetric pattern is again observed, indicating,
on average, approximate symmetric separation of the flow from the upper and lower part of the
cylinder during the duration of the record.
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Figure 15 Mean pressure distribution at the pressure tap ring: record 2

According to Figure 5, the mean wind speed over the duration of record 3 is in the critical
Reynolds number range. Figure 16 shows the drag and lift coefficients for this record and the
corresponding spectra. The spectra of the coefficients show no sign of vortex-shedding, suggest-
ing turbulent separation of the flow off the cylinder surface. Figure 17 shows the acceleration re-
sponse of the cylinder. It can be seen that the vibrations in both the in-plane and out-of-plane di-
rections are again dominated by the first two modes of the structure in these two directions.
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Figure 16 Drag and lift coefficients of the cylinder and the corresponding spectra: record 3
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Figure 17 Acceleration time histories and the corresponding spectra: record 3

Figure 18 shows the cross-correlation correlations of the pressures at 5 taps along two axial
lines of the cylinder over a time lag of 5 seconds. These are typical of the cross-correlations of
correlated broadband processes.
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Figure 18 Cross-correlations of pressure measured along the axial direction of the cylinder: record 3
Figure 19 shows the distribution of the mean pressure coefficients for the duration of record
3. It is apparent that the mean pressures acting on the upper and lower parts of the cylinder are
not symmetric. This indicates, on average, asymmetric separation of the flow from the oscillating
cylinder in the critical Reynolds number range although the wind is approximately perpendicular
to the cylinder axis.
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Figure 19 Mean pressure distribution at the pressure tap ring: record 3

The data show that the loading induced by wind oblique to the cylinder can have different char-
acteristics from those of the loading by wind normal to the cylinder. As an illustration, Figure 20
shows the mean drag and lift coefficients against mean wind speed and the corresponding Reyn-
olds number for a mean wind direction range of 55° to 65° relative to the cylinder. Both the force
coefficients and the Reynolds number are computed based on the mean free-stream wind speed.
The force coefficients show large scatter for low wind speeds. The reason for this scatter has not
been positively identified and will be subjected to further investigation. The data does show,
however, that the drag coefficient as a trend decrease consistently with wind speed when wind
speed is higher than about 7.5 m/s, indicating that the critical Reynolds number range started at
about this wind speed, which corresponds to a Reynolds number of 1.12x10°.
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Figure 20 Mean drag and lift coefficients associated oblique to cylinder axis
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In the following, a record with V= 11.27 m/s, f=64.5° and 1,=0.171, which is designated rec-
ord 4, will be used to illustrate the interaction between the cylinder and oblique wind approach-
ing from this direction. Figure 21 shows the time histories and the spectra of the drag and lift co-
efficients at the pressure tap ring. The spectra indicate that, in this case, the separation of the
flow is also turbulent without regular vortex shedding. Figure 22 shows the acceleration response
of the cylinder at the pressure tap ring. It can be seen that the low-amplitude response is domi-
nated by the two lowest modes of the structure in the in-plane and out-of-plane directions.
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Figure 21 Drag and lift coefficients of the cylinder and the corresponding spectra: Record 4
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Figure 22 Acceleration time histories of and the corresponding spectra: record 4

Figure 23 shows the cross-correlation coefficients of the pressures at 5 taps along two axial
lines of the cylinder over a time lag of 5 seconds. It is evident that the pressures at taps 33, 2 and
34 are the most correlated for zero time lag, indicating no apparent organized flow structure
along these three taps. The figure also shows, however, that the maximum correlation between
the pressures at taps 35 and 4 occurred for a time lag of £0.125 second. This indicates the poten-
tial existence of an axial flow component along this line.
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Figure 23 Cross-correlations of pressure measured along the axial direction of the cylinder: record 4
Figure 24 shows the distribution of the mean pressure for the duration of record 4. In this
case, the mean pressures acting on the upper part and the lower part of the cylinder are not sym-
metric, indicating, on average, asymmetric separation of the flow from the oscillating circular
cylinder when the oblique wind had mean wind speed in the critical Reynolds number range.
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Figure 24 Mean pressure distribution at the pressure tap ring: record 4
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5 CONCLUSIONS

A full-scale measurement campaign was conducted to study the dynamic interaction between
wind and a circular cylinder. It is revealed that for wind both normal and oblique to the cylinder
axis, the presence of turbulence in the free-stream wind shifts the transition from subcritical to
critical Reynolds number range toward much lower Reynolds number than that at which the
transition occurs in smooth flow. It was observed that when subjected to turbulent wind in the
critical Reynolds number range, vortex-shedding does not occur and that in this Reynolds num-
ber range, the average flow separation lines on the upper and lower part of the circular cylinder
surface are asymmetric about the horizontal plane through the centerline of the cylinder. The da-
ta also indicates the potential existence of an axial flow component in the wake of the cylinder
when the wind is oblique to the cylinder axis.
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