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ABSTRACT

Separated flow past arotating circular cylinder has been investigated by flow visualizations and velocity profile
measurements using the ultrasonic Doppler method. Experiments were performed in a free-surface water channel
with Rey = 800, a Reynolds number larger than the critical Reynolds number of the flow behind a circular cylinder,
within arotational speed ratio range of U; = 0to 6. Flow visualized images were obtained by the dye method and
captured with the digital video camera. Fluctuating velocity fields, v (y, t), measured by the UV P monitor were
represented in contour maps and analyzed with the POD. Wake patterns are divided into two main categoriesin
terms of the rotational speed ratio; (i) regular vortex street within the lower speed range and (ii) disordered vortex
structure within the higher range. There are three subcategories between two main-categories. It is shown that the
fluctuation energy within the wake shear layers, and the deflection amount and width of the shear layer are changed

with the rotational speed ratio.
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INTRODUCTION

It is an important engineering issue in relation to the occur-
rence of flow-induced vibration and/or airborne noise to illumi-
nate alarge-scal e structure formed behind a bluff body in a uni-
formflow [1-3]. When acircular cylinder isrotating around its
axis, the wake is accompanied by several characteristic phe-
nomenaand more complicated in comparison with a case where
the circular cylinder is not rotating. One reason for this differ-
ence is that the flow separation phenomenon occurs not from
the wall surface of the circular cylinder but from the inside of
the fluid [4]. Another reason is that the secondary flow isin-
duced by centrifugal instability [5]. These two phenomena ex-
ert a considerabl e influence on the location of the flow separa-
tion and the behavior of the separated shear layer, playing a
dominant role in the formation process of the flow structure in
the entire wake. One of the effectual parametersistheratio of
the rotational speed of the circular cylinder U, to the uniform
flow velocity Up, which isdenoted asU; = U,/ Uy. Flow struc-
tures in the wakes are expected to vary with U¢.

Glauert [6, 7] analyzed the two-dimensional flow passing by
acircular cylinder placed in a uniform flow as to a case where
separation phenomenon was not seen at a high rotational speed
ratio based on the boundary layer theory. Moore[8] also put a
flow field at a high rotational speed ratio to theoretical analysis.
M oore approached thisissue by utilizing small perturbation from
exact solution at the infinite rotational speed ratio. On the other
hand, Swanson [9] overviewed the studiesin Magnus force act-
ing on arotational body made by 1960. Koromilasand Telionis
[10] examined an unsteady laminar separation through the flow
visualization and with alaser Doppler velocimeter. In the nu-
merical study, including the discrete vortex smulation by Ingham
[11] and Cheng et al. [12], a number of research papers have
been presented since the latter half of the 1980s.

This study is designed to experimentally treat the flow be-
hind acircular cylinder rotating uniformly in auniform stream,
and identify the wake vortex structures by varying the rotational
speed ratio U¢ and classify them accordingly. Since the depen-
dency of thisflow field on Reynolds number is not negligible,
care should be directed to the selection of an experimental
Reynolds number. In thisstudy, experiment was conducted with
Rey = 800, a Reynolds number larger than the critical Reynolds
number of the flow behind a circular cylinder, within a rota-
tional speed ratio range of U; = 0t0 6. In order to observe and
identify the flow patterns, the flow fields were visualized by the
dye method, and then the flow velocity pattern visualization
was applied by using an ultrasonic vel ocity profile (UVP) moni-
tor [13]. Furthermore, the feature extraction of the velocity
variation pattern was conducted by using the proper orthogonal
decomposition, and thereby the variation in the wake vortex
structure according to the change of the rotational speed ratio
was examined.

EXPERIMENTAL PROCEDURE
Apparatus

The experiment was conducted in awater tunnel with an open
channel of 700 mm in width, 500 mm in depth and approx.
2000 mm in length to be used as a measurement part. The test
channel was provided with an acrylic resin window on both sides.
A uniform flow was driven by an inverter-controlled mixed flow
pump and settled by a straightener and screens. On the other
hand, the circular cylinder was rotated by an AC motor equipped
with reduction gear and atoothed belt, and the rotational speed
of the circular cylinder was obtained by counting the number of
signals detected by an electromagnetic pickup.

The outline of the flow field and its coordinate system are
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shownin Fig. 1. Thez-axisiscoincided with the circular cylin-
der axis, the x-axisis coincided with the uniform flow direction,
and the y-axis is taken at right angles to both the axes. The
circular cylinder isrotated in the direction as shown in the fig-
ure. At thistime, wheny > 0, the circular cylinder surface speed
isin the direction opposite to the direction of the main stream,
and when y < 0, the circular cylinder surface speed isin the
same direction as the direction of the main stream. The former
iscalled “pressure side” and thelatter “ suction side” in likening
to the air flow around awing. The diameter of the circular
cylinder used in this experiment was d = 20 mm, and the refer-
ence Reynolds number was Rey = Uy d / v =800 (uniform ve-
locity Ug = 40 mm/s). The rotational speed ratio of the circular
cylinder UZ = U,/ Uy = w(d/ 2) / Uywas varied within arange
of 0to 6 (rotational angular speed w= 0 - 24 rad/s).

Flow visualization technique

For the flow visualization, the electrolytic precipitation
method and the dye image method using Uranine were utilized.
Both the methods are the same in that the circular cylinder sur-
face is used as a dye source, while the | atter enables localized
visualization by means of sheet light illumination since Uranine
isafluorescent dye. Infact, since the three-dimensional nature
of theflow field, i.e., variation in the z-direction, was not negli-
gible, the laser light sheet technique was utilized in the dyeim-
age method to grab images visualized within the x-y plane. The
laser used was Ar-ion laser with an output of 500 mW. On the
other hand, the electrolytic precipitation method was utilized to
observe the three-dimensional nature of the flow in the span
direction, and the x-z plane was illuminated with a higher-out-
put straight tube type mercury lamp. However, the images cap-
tured by this method were omitted in the present paper.

The visualized imageswere grabbed with adigital video cam-
era (SONY TRV900) and recorded in a mini DV tape. The
captured imagesweretransferred fromaDV recorder (Panasonic
NV-DM1) to a PC, and processed on the PC. In reconstructing
the visualized images based on Taylor’s hypothesis, a necessary
range of pixels were cut out of 600 images with aframe rate of
30 fps, and connected in chronological order to obtain asingle
image.

UV P measurement method

Ultrasonic velocity profile (UVP) measurement is conducted
in such away that an ultrasonic beam is emitted into the water
and the ultrasonic Doppler-echoes from the seeding particles
withinthewater are detected and analyzed. For Met-Flow Model
X3-PS used in this experiment, the same ultrasonic transducer
is utilized both to send and to receive an ultrasonic wave, and
theinstantaneous vel ocity information vg on the ultrasonic beam
is measured as the function of the distance & in the beam direc-
tion. By repeating this procedure temporally, the time-series
data of velocity profile \75(5, t) is obtained.

In this experiment, an ultrasonic transducer with the basic
frequency of 4 MHz and 5 mm in diameter was used. The ultra-
sonic beam was directed in parallel with the x-direction and the
y-direction, and u (x, t) and v (y, t) were measured, respectively.
At thistime, as ultrasonic scattering particles, hydrogen bubbles
continuously generated from a platinum wire of 80 um in diam-
eter located in the upstream of the measurement position were
used. When it comes to the space and time sampling intervals
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Fig. 1 Flow field and coordinate system.

under the operating conditions of this experiment, thetimein-
terval was about 38 ms, and the spaceintervalswas 2.96 mmin
the x-direction profile and 2.22 mm in the y-direction profile.

In processing the velocity profile data, the space and time
profile ve(é, t) of theinstantaneous velocity component in the é-
direction is divided into the mean component and the fluctuat-
ing component, and expressed as Vg (&, t) = Vg (&) + vs (¢, 1).
Then, the fluctuating component profile is analyzed by using
Fourier transform and POD to examine the space and time vari-
able characteristics of the flow field. This procedure should be
referred to Inoue et al. [14].

RESULTSAND DISCUSSION
Flow visualizations by the dye images

The dye pattern emitted from the Uranine coated over the
circular cylinder was illuminated with alaser light sheet posi-
tioned in parallel with the x-y plane. The images captured in
this method are shown in Fig. 2. Therotational speed ratios of
the shown images were U; =0, 1.0, 1.85, 2.0, 3.0, 4.0 and 5.0.
Asevident from the figure, changes in the wake pattern due to
the rotational speed ratio U are significant. At U =0, avor-
tex street subjected to aternative shedding due to the roll-up of
the separated shear layer is observed. Also at U = 1.0, the
shear layer separated on the pressure side and suction side was
rolled up, respectively, composing avortex street similar to that
at U = 0. However, differences from the flow field at U; = 0
liein that the cylindrical vortex formation region is closer to the
circular cylinder and that the center axis of the vortex street is
deviated upwards from the x-axis.

Here, it should be noted in this visualization method that the
dye is emitted from the circular cylinder surface but the flow
Separation points are not existent on the circular cylinder sur-
face except for the case at U = 0. Since the dye supply to the
separated shear layer isnot so reliable as seen at U = 0, thereis
no choice but to reply on other dye transport mechanism. That
is, the dyeis carried out of the surface through the boundary
layer adhered to the circular cylinder surface and rotating to-
gether, and carried away to the downstream by the flow in the
outer layer. In the photo of the case at U; = 1.0, the separated
shear layer from the pressure sideisvisualized asalayer with a
high dye concentration, while no such layer is seen on the suc-
tion side. AtU; =1.85and 2.0, the layer with a high dye con-
centration is not observed on the pressure side or the suction
side, and avery narrow dead water areais seen behind the cir-
cular cylinder. Thereislittle dye pattern appeared showing the
vortex street in the wake, but only dye streaks have feebly or-
dered features.

When the rotational speed isfaster, the flow in the boundary
layer isunder astrong centrifugal instability, and avortex struc-
ture similar to Taylor vortex around the circular cylinder [13].
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This vortex receives a supply of dye from the circular cylinder
surface, forming a banded area with a high dye concentration.
This vortex area breaks away from the circular cylinder under
theinfluence of the flow in the outer layer. These behaviorsare
clearly seen in the photos of U¢ = 3.0 and 4.0. The complicat-
edly winding dye patternsfill in the broad layer aimost disor-
derly. Atahigher rotational speed ratio of U{ = 5.0, the bound-
ary layer on the circular cylinder appears turbulent, and dye
patterns of various scales, like turbulent eddies, can be seenin
the wake shear layer.

Contrast with the dyeimages and velocity contour maps

In this section, the contrast between the dye patterns shown
inFig. 2 and the flow field is considered at alocation compara-
tively near to the circular cylinder, x/ d = 3. For this purpose,
the visualized images are reconstructed based on Taylor’s hy-
pothesis and shown in Fig. 3. Theflow field is obtained from
the y-direction UV P measurement at x / d = 3, and shown as a
contour map of the fluctuating velocity v (y, t) in Fig. 4. Inthe
figure, the solid line represents the positive fluctuating vel ocity
contour and the broken line the negative fluctuating velocity
contour. The results are shown as to the cases with the rota-
tional speed ratios U, =0, 1.0, 1.85, 3.0 and 5.0, respectively.

In contrast of dye patterns between the flow fieldswith U¢ =
0 and 1.0, there is a difference in dye concentration, there is
agreement in the fundamental structure that the cylindrical vor-
tex areas are arranged aternately with the center axis between
them and these two areas are connected staggeringly. Thereisa
good agreement in fluctuating velocity contour between these
rotational speed ratios, representing the y-direction vel ocity field
induced to the cylindrical vortices of the staggered arrangement.
At U/ = 1.85, thereis no dye pattern corresponding to the well-
organized cylindrical vortices, but rather the dye pattern like
zigzagged linesisdominant. In correspondence with the weak-
ening of the cylindrical vortices, there is no longer the orderli-
ness in the v-fluctuation pattern, and the fluctuation amplitude
is considerably weakened in comparison with that at U = 0 and
1.0.

On the other hand, the dye pattern at U; = 3.0 formsawid-
ening layer of streaky, high-dye-concentration area originated
in Taylor vortex, and its coherenceislow. Thisisalso clearly
seen in the v-fluctuation contour map. Furthermore, the fluc-
tuation energy within the layer is considerably low. Lastly, in
theflow field at U, = 5.0, likein the flow field at U, = 3.0, the
visualized pattern is seen with dye lumpsfilled in the wide layer.
In comparison with these two flow fields, the layer at U; = 5.0
isconsiderably wider, theindividual dyelumpsare of more com-
plicated shape and of more minute segmentation, and the dye
concentration islower. However, thereisan organized velocity
fluctuation area seen in the v-fluctuation contour map. This
implies the generation of an organized motion whose image is
different from that of the flow at U; < 3.0.

Lateral fluctuating velocity field

In order to quantitatively discuss the variation in the flow
structure according to the rotational speed ratio considered un-
til the preceding section, the y-direction UV P measurement data
isanalyzed statistically. Figure 5 shows the total energy of the
v-fluctuation within the wake shear layer, E,, in relation to the
rotational speed ratio. Here, E, isdefined by the following equa-

(@ Us =0

(b) U, =10

(¢) U, =1.85

(d) U =20

(e U, =30

(f) Us =40

Fig. 2 Plan views of wakes behind the rotating circular cylinder
visualized with athin laser light sheet.

tion:

E=— [ v = [Py, M

It is evident from the figure that the high fluctuation energy
held at U < 1 sharply decreases along with the increase in the
rotational speed ratio within arange of 1 < U; < 1.7, and fur-
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Fig. 3 Dyeimages based on the Taylor’s hypothesis

ther slowly decreases within arange of 1.7 < U, < 3. E, re-
mains little changed within arange of 3< U{ < 4, and increases
againwhen U > 5.

Next, the lateral-direction fluctuation characteristics of the
shear layer are analyzed by the POD method, and the spatial
mode of the v-fluctuation profileisidentified firstly. The eigen-
values, A" and the empirical eigenvectors, @™ are shownin
Figs. 6 and 7, respectively. Here, nisan integer representing
the mode, and only the results of n =1 and 2 are shown in these
figures. The eigenvalues, i.e., the ratio of contribution from
each mode to the total energy, are as high as 75 to 80% at U; <
1.25 only in the 1st mode. Then, the contribution ratio sharply
decreases along with the increase in the rotational speed ratio
within arange of 1.25 < U, < 3.5 down to the minimum ratio of
25% at U; = 3.5. The contribution ratio A,\? increases along
with the rotational speed ratio within arange of 3.5<U; <5 up
to over approx. 40% at U; = 5. On the other hand, the contribu-
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Fig. 4 Contour maps of velocity fluctuation in the y-direction.

tion ratio A, remains lower than the contribution ratio A,%. It
takes the maximum value of 12% at U; = 2.25, and shows al-
most constant value within arange of 3 < U, < 4, and reaches
approx. 15% at U; = 5.0. It is evident from these results that
there is a distinguished mode in the v-fluctuation profile of the
wake in the vicinity of the rotating circular cylinder, and that,
except for the rotational speed ratio range of 3 < U{ < 4, the
spatial fluctuationsin the 1st and 2nd modes make the energy
contribution of 50 % or more.

In Fig. 7, the eigenvectors of these modes are normalized by
using the maximum value of @), and also the y-coordinate is
normalized by using the position y, in which the @* is the
maximum value and the half-value width bq 5 of the @ pro-
file. From this scaling, the eigenvectors have similar distribu-
tionsat al rotational speed ratios within the experimental range.
It is evident from this that the spatial mode with dominant v-
fluctuation receives ailmost no influence of the rotational speed
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Fig. 6 Eigenvaluesin the 1st and 2nd mode.
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Fig. 8 Center position and width of the shear layer.

ratio. Furthermore, it isinterpreted that the 1st mode represent-
ing the bell-shaped distribution shows the y-direction funda-
mental oscillation of the shear layer and that the 2nd mode,
which is an odd function, shows the expansion and compres-
sion around the center axis of the shear layer.

The relation of y, and by s, which characterize the spatial
scale of the wake shear layer, to the rotational speed ratio are
shown in Fig. 8. The coordinates, y, can be interpreted as the

(b)

Fig. 7 Distributions of the eigenfunction at the first two
POD modes.
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Fig. 9 Power spectrum of the random coefficient of v-fluctuation in
the first POD mode at x/ d = 3.

center of the shear layer, that is, the magnitude of the wake
deflection due to the rotation of the circular cylinder can be
estimated. On the other hand, by 5 indicates the y-direction scale
of the shear layer. From Fig. 8(a), it is seen that y, increases
almost linearly at U, < 1.25. It reaches the relative maximum
of 0.51d at U{ = 1.25, then increases monotonously from the
minimum value of 0.35d at U; = 1.75upto2.4d at U = 5.0,
and then almost flattens out at U = 5. In contrast, it is seen
from Fig. 8(b) that the half-value width by 5 shows almost a
constant value of 1.3 d, then, in arange of 1.25 < U{ < 3, de-
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creases monotonously along with the increase in the rotational
speed ratio, then in arange of 3< U, < 4, shows approx. 0.7 d
with little change, then, at U; > 4, increases sharply, and then
reaches2.1d at U; =6.0.

Spectra of therandom coefficient

Lastly, the spectrum obtained as aresult of Fourier transform
of the velocity fluctuation is described. According to the analy-
sis by the POD method of the v-fluctuation distributions de-
scribed in the preceding section, the space mode of the fluctua-
tion isidentified, and the information in the time direction is
obtained by projecting the fluctuation data set to each spatial
mode. Thisis called “random coefficient” and defined by the
following equation:

v (6) = [v(r,t) 4 () dy &)

By obtaining the spectrum of this coefficient, the occurrence
state of each spatial mode can be examined in the frequency
space. Inthisflow field, as shown in Fig. 6, since the fluctua-
tion of the 1st mode is distinguished, the power spectrum of this
1st mode aloneis shownin Fig. 9. At U{ < 1.5, aspectral peak
with the dimensionless frequency f d / Uy = 0.21 in the center is
seen. This peak frequency increases slightly along with thein-
crease in the rotational speed ratio. At U; = 1.85, broadband
spectrum having high-energy humpisseeninarangeof fd/ Uy
=0.2-0.4. AtU{ = 3, the spectrum monotonously lowers the
energy density toward the high-frequency zone, showing the
profile similar to turbulent spectrum.

CONCLUSIONS

Resultsin the present study are put together, thisflow field is
classified, and the boundary values of the rotational speed ra-
tios are shown in approximate numerical values as follows:

(i) 0sU, <125 : Theflow structureisthat the stag-
gered arrangement of the cylindrical vortex is domi-
nant, and the deflection amount of the center coordi-
nates of the vortex street increaseslinearly along with
the rotational steed ratio.

(i) 1.25< U, < 1.85 : Thewidth of the wake shear layer is
narrower in comparison with the lower rotational
speed ratio, and the deflection amount of the wake
center coordinates decreases due to the increase in
the rotational speed ratio.

(iii) 1.85< U, <3 : Thewidth of the shear layer and the
fluctuation energy contained in the shear layer de-
crease, together with the lowering of the coherence of
fluid motions, a ong with the increase in the rotational
speed ratio.

(iv) 3<U,. <4 : The flow in the shear layer isinac-
tive, and the width of the shear layer and the fluctua-
tion energy also take the minimum value, but only the
deflection amount of the flow in the shear layer in-
Ccreases.

(v) Us =5 : The disordered vortex structure like
turbulent eddy is dominant, and the width of the shear
layer and the fluctuation energy increase again.
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