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Abstract According to the results of conventional wind tunnel tests on rectangular cross
sections with side ratios of B/D=2-8 (B: along-wind length (m), D: cross-wind length
(m)), motion-induced vortex vibration was confirmed. The generation of motion-in-
duced vortex vibration is considered to be caused by the unification of separated vorti-
ces from the leading edge and secondary vortices at the trailing edge. Spring-supported
tests and smoke flow visualization tests for B/D=0.62, 0.75, 1.0, 1.18 and 1.50 were
conducted in a wind tunnel at Kyushu Institute of Technology. As a result, it was con-
sidered that the secondary vortices at the trailing edge are not always essential for the
generation of the motion-induced vortex vibration in heaving motion of each cross sec-
tion. In this study, smoke flow visualizations were performed for side ratios of B/D=2.0,
4.0, 6.0 in order to elucidate the role of secondary vortices at the trailing edge in motion-
induced vortex vibration in heaving motion. Spring-supported tests were also carried
out in order to obtain the response characteristics of the models.

Keywords: motion-induced vortex vibration - smoke flow visualizations - spring-sup-
ported tests - rectangular cross sections - side ratios

1 Introduction

According to Shiraishi and Matsumoto (1983), the vortices separated from rectangular
cross sections in wind tunnel tests are broadly classified into Karman vortices and
motion-induced vortices (vortices separated from the leading edge). Karman vortices
are accompanied by interference of the two separated shear layers at both the top and
bottom surfaces of the structures. Motion-induced vortices are shed separately from
the leading edges of the top and bottom surfaces, because the separated shear layers at
the top and bottom surfaces are excited alternately due to the vibration of the rectan-
gular cross section. The vibration caused by the latter vortices was found in past wind
tunnel tests by Novak (1971) and Otsuki et al. (1971). The vibration is known as either
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motion-induced vortex vibration (Shiraishi and Matsumoto (1983), Komatsu and Ko-
bayashi (1980)) or impinging-shear-layer instability (Rockwell and Naudascher
(1978), Nakamura et al. (1991), Ohya et al. (1992), Naudascher and Wang (1993)).
The onset wind speed of this vibration depends on the side ratio of the rectangular
cross section, and this relation has been schematically clarified by Shiraishi and
Matsumoto (1983), Naudascher and Wang (1993).The generation of motion-induced
vortex vibration is considered to be caused by the unification of separated vortices
from the leading edge and secondary vortices at the trailing edge. Motion-induced
vortex vibration was confirmed by conventional wind tunnel tests on rectangular cross
sections with side ratios of B/D=2-8. However, in order to clarify the relation between
the generation of motion-induced vortex in heaving motion and lower side ratios B/D,
a visualization test for the smoke flows around the cross section was performed by
providing a forced heaving oscillation on models of the rectangular cross sections of
B/D=0.62, 0.75, 1.0, 1.18 and 1.50 by Matsuda et al. (2016) and Matsuda et al. (2017).
As a result, it was considered that the secondary vortices at the trailing edge are not
always essential for the generation of the motion-induced vortex vibration in heaving
motion of each cross section.

The purpose of this study is to find out the role of the secondary vortex at trailing edge
in heaving motion-induced vortex vibration of rectangular cross sections with side ra-
tios of B/D=2.0, 4.0 and 6.0 by carried out smoke flow visualizations and spring-sup-
ported tests. Moreover, based on the results, this research aimed to verify whether or
not the secondary vortices at the trailing edge are essential for the generation of mo-
tion-induced vortex vibration in heaving motion.

2 Experimental Setup

Smoke flow visualizations around the model during oscillating condition were con-
ducted in a small-sized wind tunnel (0.4 m highx0.4 m widex2.0 m long) at Kyushu
Institute of Technology. Figs. 1 and 2 show the schematic illustration of experimental
setup for smoke flow visualization and the forced oscillation system, respectively. It
was presumed that wind speeds of V=0.6-1.0 m/s in the wind tunnel were good for
visualization, so eventually V=0.8 m/s was selected as the onset wind speeds of mo-
tion-induced vortex vibration. Accordingly, the experimental Reynolds number was
Re=VD/v=1.1x103, where V: wind speed (m/s), D: cross-wind length (m), v: kinematic
viscosity (m?/s). For the forced-oscillating amplitude #, the non-dimensional double
amplitudes were set as 25#/D=0.02-0.20 (every 0.01 intervals). Because the onset re-
duced wind speeds of motion-induced vortex vibration and Karman vortex-induced
vibration come close to each other on the cross section at roughly B/D = 2.8-6.0, ac-
cording to Matsumoto et al. (1993a), smoke flow visualizations were conducted using
a splitter plate (hereinafter referred as “S.P.”) installed at the downstream side of the
rectangular cross section model with the gap length g for the purpose of weakening
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the Kéarman vortex, as shown in Fig. 3. Table 1shows the experimental conditions for
the smoke flow visualization tests. Spring-supported tests were also performed in or-
der to get the response characteristics of the models. Table 2 shows the experimental
conditions for the spring-supported tests. Laser displacement detectors were used for
measuring an amplitude of the models. The spring-supported tests were conducted in
a closed circuit wind tunnel (cross section: 1.8 m highx0.9 m wide) at Kyushu Institute
of Technology. All wind tunnel tests were carried out in a smooth flow.
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Fig. 1 Schematic illustration of experimental setup for smoke flow visualization
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Fig. 2 Forced oscillation system for smoke flow visualization
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Fig. 3 Rectangular cross section model and splitter plate



Table 1 Experimental conditions for smoke flow visualization

. Gap length - Forced- Non-dimensional
B Splitter between model Wind Reynoles oscillating Reduced Forced-oscillating
B/D (m) (m) Plate and splitter plate Speed Number Frequency Wind Speed Double Amplitude
(SP) g V(m/s) Re=VD/v f (H2) Vr=V/fD 20D
3.33
w/o - - 12.0 —167B/D 0.02-0.20
2 004 002 wio - - 0.8  1.1x10°
w/ 0.20D 0.10B 7.34 5.45 0.20
w/ 0.50D 0.25B
3.33
w/o - - 12.0 ~0.83B/D 0.02-0.18
w/o - - 0.8 1.1x10°
w/  0.40D 0.10B 9.32 4.29 0.20
4 008 0.02 w/ 125D 0.31B —
w/o - - 6.00 —167B/D 0.02-0.34
w/o - - 0.8  1.1x10°
w/ 0.40D 0.10B 4.8 8.31 0.20
w/ 125D 0.31B
5.0
w/o - - 8.00 ~0.83B/D 0.02-0.18
w/o - -
6 0.12 0.02 w 0.60D 0.10B 0.8 1.1x10° 7.43 5.38 0.20
w/  2.0D 0.33B
10.0
w/o - - 4.00 -1 67B/D 0.02-0.46
Table 2 Experimental conditions for spring-supported tests
Structural
. Gap length .
B Splitter between model ~ Air Density Mass per Dam?'“g_ Natural Sc
B/D ™ (m Plate and splitter plate Ka/m® Unit Length  (Logarithmic ~ Frequency B
(SP) Pg P p (kg/m’) m (kg/m) Decrement) f (Hz) =2m/pD
J
w/o - - 1.23 5.49 0.0043 5.22 4.7
2 009 0.18 w/  0.20D 0.10B 1.24 5.35 0.0044 5.15 4.7
w/  0.50D 0.25B 1.24 5.52 0.0048 5.20 5.2
w/o - - 1.25 3.82 0.0133 6.25 10.1
4 0.09 0.36 w/  0.40D 0.10B 1.24 3.69 0.0135 6.20 9.9
w/ 125D 0.31B 1.23 3.85 0.0130 6.23 10.1
w/o - - 1.22 4.55 0.0156 5.73 14.4
6 0.09 054 w/  0.60D 0.10B 1.23 4.44 0.0247 5.66 21.9
w/ 2.0D 0.33B 1.22 4.41 0.0162 5.67 14.4




3 Experimental Results and Discussion
3.1 B/D=2.0 Rectangular Cross Section

The results of the spring-supported test of B/D = 2.0 are shown in Fig. 4. The vortex-
induced vibrations occurring at approximately Vr = 3 were confirmed. These vortex-
induced vibrations are considered to be motion-induced vortex vibrations because they
are occurring at around Vern=1 = (1/n)1.67xB/D = 1.67 x 2.0 = 3.33 and there was no
change in onset reduced wind speed due to S.P. being installed. The result shows that
the nearer the S.P. was installed at the downstream side of the model, the lower the
response amplitude became. Furthermore, the occurrence of Karman vortex-induced
vibration and galloping could be confirmed in the high wind speed region. Because
the vibration occurred at the higher wind speed region in the two cases with S.P., rather
than that without S.P., it was confirmed that Karman vortices were weakened by S.P.
The result of the experiment of flow visualization under the condition that reduced
wind speed was Vr = 5.45, where the response amplitude becomes the maximum and
the forced-oscillating heaving amplitude set as 25/D=0.2 was compared with the re-
sults of three cases where no S.P. was installed and cases where it was installed at g =
0.10B and g = 0.25B. The results are shown in Fig. 5. It was confirmed that the devel-
opment of the integrated vortex of the separated vortex from the leading edge with the
secondary vortex at the trailing edge was inhibited by the existence of S.P. It is con-
sidered that this is the reason why the response amplitude of motion-induced vortex
vibration decreased when S.P. was installed.
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Fig. 4 Spring-supported test result of B/D=2.0



(a)without S.P. (b) with S.P. of g=0.10B (c) with S.P. of g=0.25B
Fig. 5 Flow visualization test results of forced-oscillating model of B/D=2.0 at the bottom displace-
ment in 27/D=0.20 at Vr=5.45

3.2 B/D=4.0 Rectangular Cross Section

The result of the spring-supported test of the case of B/D = 4.0 is shown in Fig. 6. The
vortex-induced vibrations occurring at roughly Vr = 3 and Vr = 7 were confirmed.
They are considered to be motion-induced vortex vibrations because these vortex-in-
duced vibrations were occurring at Vern=2=(1/n)1.67xB/D=(1/2)1.67x4.0= 3.33 and
Vern=1=(1/n)1.67xB/D=1.67x4.0=6.67, and there was no change in onset reduced wind
speed when S.P. was installed. The result obtained was that when S.P. was installed at
g = 0.10B, the response decreased. This result corresponds to those of previous re-
search of Matsumoto et al. (2008). Meanwhile, the result obtained was that when S.P.
was installed at g = 0.31B, the response increased. This result also corresponds to the
results of previous research of Matsumoto et al. (1993b).

The results of the flow visualization experiment under the condition that reduced wind
speeds were Vr = 4.29 and Vr = 8.31, where response becomes the maximum, and the
forced-oscillating heaving amplitude was set as 2#/D = 0.2 were compared with the
results of three cases where no S.P. was installed and cases where it was installed at g
=0.10B or g =0.31B. The results are shown in Fig. 7 and Fig. 8, respectively. In either
case of reduced wind speed of Vr = 4.29 or Vr = 8.31, when no S.P. was installed, it
can be confirmed that the secondary vortex at the trailing edge generated almost con-
stantly separating from the trailing edge. From the fact that when S.P. was installed at
g = 0.10B, the generation of the integrated vortex of the separated vortex from the
leading edge with the secondary vortex at the trailing edge was inhibited by S.P., it is
supposed that the exciting force acting on the model decreased and as a result, the
response of motion-induced vortex vibration decreased. It was confirmed when S.P.
was installed at g = 0.31B, the integrated vortex can enter the gap strongly between
S.P. and the model. In other words, it is considered that the K&rméan vortex was not
only weakened by the installation of S.P. and separated vortices from leading edge
were elicited, but the entrainment of the integrated vortex into the gap between the
model and S.P. had a tendency to become strong. As the result, the exciting force
acting on the model became large, and the response also became large.



Splitter Plate, |

@E = t=0.15D
B=4D g‘ L=20D ‘T

—e—without S.P., Sc=10.1
|| =—with S.P., g=1.25D=0.31B, Sc=10.1

©
[N

o
o
®

o

Non-dimensional Double Amplitude 2, /D
o
o
Y

Reduced Wind Speed Vr=V/fD

Fig. 6 Spring-supported test result of B/D=4.0

(a)without S.P. (b) with S.P. of g=0.10B (c) with S.P. of g= 0.31B
Fig. 7 Flow visualization test results of forced-oscillating model of B/D=4.0 at the bottom displace-
ment in 2/D=0.20 at Vr=4.29

(a)without S.P. (b) with S.P. of g=0.10B (c) with S.P. of g=0.31B
Fig. 8 Flow visualization test results of forced-oscillating model of B/D=4.0 at the bottom displace-
ment in 2/D=0.20 at Vr=8.31
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3.3 B/D=6.0 Rectangular Cross Section

The result of the spring-supported test in the case of B/D = 6 is shown in Fig. 9. The
vortex-induced vibrations occurring from approximately Vr = 5 were confirmed.
These vortex-induced vibrations are considered to be motion-induced vortex vibra-
tions because they were occurring at Vern=2=(1/n)1.67xB/D=(1/2)1.67%6.0=5.0 and
there was no change in onset reduced wind speed when S.P. was installed. The result
was obtained that although the case was the same as that of B/D = 4.0, when S.P. was
installed at g = 0.10B, the response of motion-induced vortex vibration decreased;
however, the response increased when S.P. was installed at g = 0.33B. Meanwhile,
motion-induced vortex vibration was not confirmed, which is considered to occur
from approximately Vern=1=(1/n)1.67xB/D=(1/1)1.67xB/D=1.67%6.0=10.0.

The result of the experiment of flow visualization under the condition that reduced
wind speed was Vr =5.38, where response amplitude becomes the maximum, and the
forced-oscillating heaving amplitude was set as 2,/D=0.2 was compared with the re-
sults of three cases when no S.P. was installed and cases where it was installed at g =
0.10B and g =0.33B. The results are shown in Fig. 10. It can be seen that the generation
patterns of secondary vortex at trailing edge in all three cases have the same tendency
as those in the case of B/D = 4.0. Therefore, it is considered that the response of mo-
tion-induced vortex decreased when S.P. was installed at g = 0.10B and it increased
when S. P. was installed at g = 0.33B, compared with the response without S.P., just
as the same as in the case of B/D = 4.0.
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Fig. 9 Spring-supported test result of B/D=6.0



(a)without S.P. (b) with S.P. of g=0.10B (c) with S.P. of g=0.33B
Fig. 10 Flow visualization test results of forced-oscillating model of B/D=6.0 at the bottom displace-
ment in 27/D=0.20 at Vr=5.38

3.4 Generation probability for secondary vortex at the trailing edge

When the model is photographed for 10 cycles while it is forced-oscillated at reduced
wind speed Vern=2=(1/n)1.67xB/D=(1/2)1.67xB/D=0.83xB/D or V¢rn=1=(1/n)1.67x
B/D=(1/1)1.67xB/D=1.67xB/D, 20 secondary vortices at the trailing edge are gener-
ated at maximum. The generation probability was defined as (the number of genera-
tion times/20) x100 (%), and it was used as an index showing the ratio of contribution
of secondary vortex at trailing edge to motion-induced vortex vibration. The results
are shown in Fig. 11. The generation probability of the secondary vortices at the trail-
ing edge tends to become higher as the forced-oscillating heaving amplitude 2#/D in-
creases as the same as the case of B/D=0.62-1.50 shown in Fig. 12 of Matsuda et al.
(2017). However, the forced-oscillating amplitude becomes larger for the generation
probability to reach 100% in the case of B/D=4.0 and 6.0 at Vern=1=(1/n)1.67%
B/D=1.67x B/D than that in the case of B/D=2.0. This cause is considered to be the
interference between motion-induced vortices and Karman vortices due to the fact that
the onset reduced wind speeds of motion-induced vortex vibration and Karman vortex-
induced vibration come close to each other on the cross section at roughly B/D = 2.8-
6.0. As a result of the comparisons of Fig. 11 with Fig. 4, Fig. 6 and Fig. 9, which are
the results of spring-supported tests of the rectangular cross sections of B/D = 2.0, 4.0
and 6.0, respectively, motion-induced vortex vibration is occurring with the ampli-
tudes smaller than the forced-oscillating amplitude with which the secondary vortex
at the trailing edge can fully generate; therefore, it is considered that the secondary
vortex at trailing edge does not fully contribute to the onset of motion-induced vortex
vibration. Therefore, it is suggested that the secondary vortex at the trailing edge is
not always necessary for the onset of motion-induced vortex vibration of the rectan-
gular cross sections of B/D = 2, 4 and 6, as the same as the case of cross section of
B/D=0.62-1.50, which are the results of previous research of Matsuda et al. (2017) .
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Fig. 11 Generation probability for secondary vortex at the trailing edge (B/D=2.0, 4.0, 6.0)
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al., 2017)
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4 Conclusions

Smoke flow visualizations and spring-supported tests were performed for side ratios
of B/D=2.0, 4.0, 6.0 in order to elucidate the role of secondary vortices at the trailing
edge in motion-induced vortex vibration. The findings obtained from this research are
as follows:

1. Thesecondary vortex at the trailing edge is not always necessary for the onset
of motion-induced vortex vibration in heaving motion with B/D = 2.0, 4.0
and 6.0 as the same as the results of our previous research targeting of rec-
tangular cross section with the side ratio of B/D = 0.62-1.50.

2. It was suggested that the extent of the exciting force of motion-induced vor-
tex vibration in heaving motion of the cross section with the side ratio of B/D
= 2.0, 4.0 and 6.0 is dependent on the existence of a secondary vortex at the
trailing edge.
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