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ABSTRACT

A full scale flexible prototype chimney is erected
on a natural site in order to study its excitation by
wind, especially by the alternate vortex shedding.
For the first time, unsteady wall pressure measure-
ments are performed on the chimney. This experi-
ment combines the two features that cannot be re-
produced simultaneously in wind tunnel: a high
Reynolds number and a turbulent boundary layer.

Preliminary results are presented, showing nota-
bly that the pressure distribution looks like the one
measured in wind tunnel in supercritical conditions,
with an additional turbulent noisy component.

1. INTRODUCTION

Vertical slender flexible structures are subject to
wind-induced vibrations involving complex inflow
conditions due to the atmospheric boundary layer.
Especially structures with circular, or mostly circu-
lar, shapes, such as chimneys, stacks and launch
vehicles, are responsive to alternate vortex shed-
ding. However, there are a number of difficulties for
studying such a phenomenon while respecting the
natural wind characteristics such as the velocity
gradient and the turbulence parameters. Moreover,
wind tunnel tests in such cases are performed on
scaled models, which do not respect the Reynolds
similarity and introduce an additional difficulty
then. For instance, numbers of authors add rough-
ness elements on the surface model in order to sim-
ulate the high Reynolds number flow (Barré &
Barnaud 1995) while the technique is not reliable
(Ellingsen et al. 2022b).

Despite their interest, there are very few field
studies of vortex-induced vibrations of chimneys
that can serve as validation test cases for the predic-
tion model, such as (Basu & Vickery 1983, Vickery
& Basu 1983). In (Sageau 1978) and (Christensen et
al. 1978) some wall pressure measurements were
performed on some existing chimneys. An interest-
ing experiment was presented in (Galemann &
Ruscheweh 1992 ; Ruscheweh & Galemann 1996)
where an experimental steel chimney of 28 m was

equipped with a number of sensors, including wall
pressure.

In all these experiments, only the time-averaged
wall pressures were measured while unsteady data
would be useful in the context of vortex shedding
understanding in real wind conditions.

In 2018 a project was started under a partnership
including the company Beirens, the CNES, the
CSTB and LadHyX. One of its components was the
erection of an experimental chimney on an observa-
tion site for which first results were presented in
(Ellingsen et al. 2022a). The goal of the current
paper is to present the preliminary results of the
wall pressure measurements performed during a
short term campaign in July 2021.

2. FIELD TEST PLATFORM

The observation site is located in Bouin (85,
Département of Vendée) in the western part of
France at about 2 km from the Atlantic seashore.
The environment is a marsh which makes the relief
very flat over a distance greater than 2 km around,
as it can be seen in the Figures 1 and 2.

Figure 1. Map of the chimney site



2.1. The experimental chimney

The chimney is a steel tube with 35.5 m high and
an external diameter of 1 m in the lower part from 0
to 12 m and 2 m in the upper part above 15 m. From
12 to 15 m the diameter linearly increases from 1 to
2 m (see Figure 3). It is clamped at the bottom in a
concrete mass.

The purpose of this particular shape is to obtain a
chimney with a low Scruton number and a first
bending mode at a low frequency in order to get a
lock-in with alternate vortex shedding at moderate
winds.

Figure 2. Photos of the chimney and the wind mast

The total mass of the chimney is 11276 kg in-
cluding all additional masses necessary for mount-
ing, maintenance and human access. The equivalent
mass m, per unit of height is computed using the
first mode shape 1 (z) which is obtained via a struc-
tural analysis (Simiu & Scanlan 1978; Eurocode
2005):
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A value of m, = 322.6 kg/m was obtained.
The Scruton number reads:
4ty m,
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#(1)

e

#(2)

The reduced structural damping referred to criti-
cal damping n was measured in situ in two normal
directions via the records of the chimney motion
after a manual release. It was found that n =
0.185 =+ 0.005 %. Using the air density p = 1.225
kg/m?® and the upper diameter d = 2 m of the chim-
ney, the Scruton number is Sc = 1.53.
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Figure 3. Detailed design of the chimney




The first bending frequency was measured in the
same way as the reduced damping. It was found that
f =0.868 +0.001 Hz.

The Strouhal number reads:

St = % #(3)

It is supposed to be 0.18 in (Eurocode 2005) but
potentially 0.21 (Ellingsen et al. 2022). Therefore
the lock-in mean velocity is expected to be in the
range U, =83 —9.6 m/s, a relatively moderate
wind frequently observed on the site.

Associated to the low Scruton number mentioned
above, high oscillation amplitudes at lock-in are
expected.

2.2. Wind mast

A mast of 40 meters high is erected at the dis-
tance 55 meters from the chimney in the west direc-
tion. It is equipped with 4 anemometers at 10 (cup) ,
18 (propeller), 25 (3D sonic) and 35 (propeller)
meters of height. Three wind vanes complement the
cup and the propeller anemometers. All these sen-
sors are shifted from the mast axis by 1.5 m in order
to limit the interactions.

Figure 4. Photo of the wind mast

The cup anemometer at 10 m has an accuracy of
+0.1 m/s, while the propellers at 18 and 35 m have
and accuracy of 0.3 m/s. The vanes provide the
wind direction with an accuracy of £3°.

The 3D sonic anemometer has better characteris-
tics, with an accuracy of £0.05 m/s and +2°. It con-
tinuously records the wind velocity components at
the sampling frequency of 5 Hz.

The 3 others anemometers record only statistical
values (mean, RMS, maxima) of the velocity modu-
lus and its direction in degree, referred to magnetic
North, over sequences of 10 minutes.

2.3. Chimney measurement systems

Four single component accelerometers are
mounted for the chimney motion measurement
(type PCB 3741). They can measure in the frequen-
cy range [0-70 Hz] up to £2 g with an accuracy
better than +0.04 g. Accelerometers #1 and #2 are
fixed at 20.4 meters of height and #3 and #4 at the
top, ie 35.5 meters. The directions of measurements
are 45° (North-East) for accelerometers #1 and #3,
and 315° (North-West) for #2 and #4. The record is
continuous with a sampling frequency of 16 Hz.

Synchronized wall pressure measurements are
performed by using 32-channel pressure scanners
(32HD ESP pressure scanners from Pressure Sys-
tems Inc.) with multiplex frequency of 70 kHz. The
global accuracy is about £1 Pa, but difficulties in
setting the zero value (the no wind response of the
sensor) lead to much higher errors on the mean
component. The records have a sampling frequency
of 20 Hz and stored in sequences of 10 minutes
long. A number of taps have been mounted (see
Figure 3) but the most interesting ones are the 32
taps around the chimney at 26.75 meters of height.
They are uniformly distributed around the circum-
ference and spaced by 11.25° of the azimuth angle.

3. WIND CHARACTERISTICS

Due to the instrumentation complexity and the
necessity of having a proper weather, notably with-
out rain, observation and measurements of the wall
pressures occurred during two days, July 19-20
2021. Some interesting events have occurred during
these two days with a mean speed around 8-10 m/s
and a wind coming from North-East, typically 50-
70° referred to magnetic North.

Finally, four sequences have been selected for
detailed processing and investigation. The two first
from July the 19" are without motion of the chim-
ney, while the two others from July the 20™ are
recorded during chimney oscillations. These four
atmospheric boundary layers (ABL) are shown in
Figure 5 where the mean velocity and the turbu-



lence intensity are presented versus altitude. They
are compared with the Eurocode profiles for the
roughness type Il which is supposed to apply to the
present site.

In such case, the mean velocity is given by

U(z) = 019 T(10) In (Zi) #(4)
0
and the turbulence intensity by

1(2) =1/ In (%)

where the roughness height z, is 0.05 m (Eurocode
2005). One should note here that the mean speed at
10 m high is the reference speed for the type Il
roughness, so that every velocity profile should go
through that point.
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Figure 5. Measured ABL (blue square) compared
with Eurocode type Il ABL (red line, following Eqg.
5 & 6) for four sequences; top to bottom: July 19",

4:00 PM & 4:10 PM, and July 20", 12:40 PM &

12:50 PM

By looking at Figure 5, it appears that, while the
mean velocity gradient follows more or less well the
Eurocode profile, the measured turbulence intensity
is lower than the one furnished by Eurocode, ex-
cepted in one case, July 19th at 4:10 PM. Especially
the last sequence presents a very low measured
turbulence (10.5 % at 25 m), far from the value
which is expected by the standards (16 %). Up to
now, no explanation has been found to explain that
behavior.

Note that the sonic anemometer located at the al-
titude of 25 m is supposed to be more accurate for
the turbulence measurement, by comparison with
the other cup or propeller anemometers that have an
inertial effect.



The power spectral density (PSD) of the longitu-
dinal velocity is computed thanks to the time rec-
ords furnished by the sonic anemometer. It can be
compared to the Von Karman spectrum S, (f)
which reads (Simiu & Scanlan, 1978):

Su(f) _ 4 Ly

& U <1 +70.7 (%)3

where o, is the standard deviation of the velocity, f
the frequency and L, the integral scale of turbu-
lence of the longitudinal component. The latter is
determined by finding the best fit of the Von Kar-
man model #(6) with the measured PSD, as shown
in Figures 6 & 7 where S,,(f) is normalized with o2
as in Eq. (6).
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Figure 6. PSD of longitudinal velocity at 25 m,
U=849m/s, 0, =1.28m/s, L, =168 m
Direction 67°MN, July 19", 4:00 PM.
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Figure 7. PSD of longitudinal velocity at 25 m

U=9.72m/s,0,=1.03m/s, L, =50m
Direction 73°MN, July 20", 12:50 PM.

It turns out that although the two sequences cor-
respond to the same wind direction with some com-
parable mean speed, their turbulence characteristics
are found quite different. Especially the turbulence

intensity is 15.1% versus 10.6% while the longitu-
dinal turbulence scale is 168 m versus 50 m, leading
to different PSD shapes.

4. PRESSURE DISTRIBUTION

4.1. Results with the motionless chimney

The wall pressures measured on the chimney at
26.75 m are presented. This altitude is at a distance
8.75 m (4.3 D) below the top and 11.75 m (5.9 D)
upper the beginning of the diameter restriction.
Therefore, one expects pressure distributions that
should be close to those obtained with a 2D cylinder
in a wind tunnel for high Reynolds flow regimes
(Ellingsen et al. 2022c).

The time averaged pressure coefficients and the
corresponding standard deviation are shown in Fig-
ure 8 for the first sequence.
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Figure 8. Time averaged (a) & standard deviation
(b) of wall pressure coefficients distribution around
the chimney at 26.75 m, July 19™ 4:00 PM.

The pressure coefficient is defined as
0,t)— re
Cp(6,1) = "CP= w(7)
2PU*
where P(6,t) is the instantaneous measured pres-
sure at the azimuth angle 8. The reference pressure



Py.5 is the mean static pressure inside the chimney
and p is the air density corrected by atmospheric
pressure and air temperature.

The azimuth angle 6=0° is referred to the wind
direction as in a wind tunnel test section, so the
present data in natural wind have been rotated in
order to reach a “symmetrical” result which is of
course imperfect due to the natural scatter of these
observations. Note also that the spacing between
taps is larger in the field experiments (11.25 °) than
in the wind tunnel tests (6°).

Despite all, the results are satisfactory because
the main characteristics of the pressure distribution
can be detected, particularly the location and the
value of the Cp,,;,. By comparison with wind tun-
nel data in smooth flow (Ellingsen et al. 2022c), it
shows that the flow regime is clearly supercritical
despite the disturbance generated by the atmospher-
ic turbulence and shear.

Concerning the standard deviations, the two
peaks around 100-110° observed in wind tunnel are
also present in the field experiments. The high level
of fluctuations in front of the chimney is due to the
upstream turbulence which was, in contrast, very
low in the wind tunnel.

4.2. Results with the oscillating chimney

In the sequence of July 20™ at 12:45PM the
chimney encountered oscillations which were visi-
ble to the naked eye. The motion was measured
with the top accelerometers leading to a standard
deviation o, = 2.09 m/s® and a peak to peak value
of +3.62 m/s®. The PSD shown in Figure 9 present
clearly a peak of the oscillation frequency at 0.848
Hz, slightly lower than the first natural frequency
measured during the manual excitation (0.868 Hz,
see section 2.1).
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Figure 9. PSD of acceleration at the top,
motion direction 43°MN o, = 2.09 m/s?
July 20™ 12:45 PM
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W: 270°

E: 90°

155°
S: 180°

Figure 10. View in Magnetic North coordinate of
the data from July 20" 12:45 PM.

From these data, the motion amplitude is estimat-
ed to be = 0.128 m, which makes a peak to peak non
dimensional amplitude of 0.128 D at the top. The
direction of the motion, almost on a single axis, was
measured and shown in the Figure 10. It appears
that, in contrast to what could have been expected,
the oscillations are not exactly normal to the mean
wind direction, with an angle of 64° instead of the
expected 90°. It might be the consequence of a
memory effect of the flow or/and an inertial effect
of the oscillating chimney from the past minutes
prior the current observation.

The wall pressure distribution is presented in
Figure 11. While it looks noisier, both mean values
and fluctuating values are similar to the distribution
observed the day before on the motionless chimney.
It seems that the motion, which is after all not so
large here, has no visible effect.

But more analysis and signal processing, such as
bi-orthogonal decomposition (Hémon & Santi
2003), will be carried out in the near future.

Pressure taps along a vertical axis of the chimney
are also available. Their angular position is 155°
referred to magnetic North (see Figure 10) which is
almost on the lateral right side relative to the wind
direction. The correlation coefficient along this axis
is shown Figure 12 for the two sequences of July
the 19" on a motionless chimney and the 20" during
oscillations. The reference location is taken at the
top of the chimney. When the chimney is motion-
less, the correlation is surprisingly quite high, being
still 0.24 at the distance 8.50 m (4.25 D). On the
contrary, when the chimney oscillates, the correla-
tion decreases more rapidly, down to 0.065 for the
same distance.
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Figure 11. Time averaged (a) & standard deviation
(b) of wall pressure coefficients distribution around
the chimney at 26.75 m, July 20™ 12:50 PM.
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Figure 12. Correlation coefficient from the top
(35.25 m) for pressure taps along the vertical axis
at 155°MN, static chimney (July 19™) and
oscillating (July 20™).

5. CONCLUSION

Unsteady wall pressure measurements have been
performed on a full scale prototype chimney in nat-
ural wind. This experiment combines the two fea-

tures that cannot be reproduced simultaneously in
wind tunnel: a high Reynolds number and a turbu-
lent boundary layer. Preliminary results have been
presented, showing notably that the pressure distri-
bution looks like the one measured in wind tunnel
in supercritical conditions, with an additional turbu-
lent noisy component.

More investigation are planned in the near future,
especially signal processing using bi-orthogonal
decomposition and Fourier analysis in order to bet-
ter highlight the alternate vortex shedding in natural
conditions.
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