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a b s t r a c t

The whirl and generated forces of rotating cylinders with different diameters placed in still water and in
flow are studied experimentally. For the rotating cylinders in still water, the Same Frequency Whirl (SFW)
and Different Frequency Whirl (DFW) have been identified and illustrated. The corresponding SFW and
DFW areas are divided. The Root Mean Square (RMS) values of the generated force coefficient dramat-
ically increase in the defined ranges of Resonance I and Resonance II. For the rotating cylinders in flow,
the hydrodynamics, SFW and DFW are illustrated. The hydrodynamic, SFW and DFW areas are divided.
The RMS values of the generated forces in the range of Resonance II are much smaller than those in still
water due to the generated lift forces. The discussion suggests that the frequency of the DFW may equal
multiple times or one-multiple times that of the rotating frequency: the whirl direction of the DFW with
multiple times the frequency of the rotating frequency is the same as the rotating direction. The whirl
direction of the DFW with one-multiple times frequency of the rotating frequency is opposite to the
rotating direction.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Flow-Induced Vibrations (FIVs) of flexibly mounted bluff bodies
are usually observed in ocean engineering fields, such as the vi-
brations of mooring lines and risers under the current conditions.
These vibrations can cause fatigue damage and decrease the lift of
engineering structures. Understanding the fluidestructure inter-
action mechanisms and clarifying the FIVs of bluff bodies are sig-
nificant for vibration reduction techniques. This fact has motivated
many studies that aim to illustrate the fluidestructure interaction
mechanisms and the relevant vibrations (Sarpkaya, 1979;
Govardhan and Williamson, 2000; Park et al., 2004).

Different from those of general flexibly mounted bluff bodies,
the fluidestructure interaction mechanisms and vibrations are

more complicated for drilling pipes. Except for the FIVs, the cen-
trifugal vibration of these drilling pipes is induced by the imposed
rotation (Kato, 2010; Inoue et al., 2013), which indicates, that in the
same state, the drilling pipes are under the interaction of the
centrifugal vibration and FIVs.

The present study introduces an experiment for cylinders with
imposed rotation in flow, thus representing, the mechanical
configuration of a drilling pipe immersed in ocean current. Un-
derstanding the behavior and clarifying the vibrations of rotating
cylinders in flow may enable behavioral prediction of similar me-
chanical systems, and give the possibility of enhancing or sup-
pressing the vibrations.

As the basic model of a drilling pipe, the rotating cylinder in flow
has been investigated by many researchers; Prandtl was one of the
earliest researchers who carried out an experiment of flow past a
rotating cylinder (Prandtl, 1925). He argued that the maximum

mean lift, Cl, is limited to 4p, and the diameter and end effect were
discussed in his research. Since then, many studies concerned with
a rotating cylinder in flow have been conducted, and several issues
have been extensively discussed.

One of the issues is the maximum mean lift for a rotating
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cylinder in flow with an increase in the rotation rate (rate of the
cylinder surface velocity and flow velocity), a. After Prandtl argued
that the maximum of mean lift is 4p, Tokumaru and Dimotaki
studied a rotating cylinder in flow by an inviscid point-vortex
method, and the maximum of their results is more than 20%
larger than Prandtl's limit (Tokumaru and Dimotakis, 1993). The
standpoint that Prandtl's limit can be exceeded is similarly sup-
ported by Mittal and Kumar, Bourguet and Lo Jacono and Stojkovic
and Breuer (Stojkovic et al., 2002; Mittal and Kumar 2003;
Bourguet and Lo Jacono, 2014). Nevertheless, Chew and Cheng
agreed with Prandtl's limit, a maximum of mean lift coefficient of
9.1 was predicted at a rotation rate of 6 in their results (Chew et al.,
1995). Prandtl's limit is similarly agreed upon by Karabelas and
Koumroglou (Karabelas et al., 2012). In particular, Chen and Rheem
conducted an experiment with rotating cylinders in flow, and
estimated the maximum mean lift is larger than 4p (Chen and
Rheem, 2019). Another issue is whether the negative values of
mean drag appear with the increase in rotation rate. Stojkovic and
Breuer conducted the simulation of a rotating cylinder in laminar
flow, and their results indicate that the minus values appears at a
rotation rate between 4 and 5 (Stojkovic et al., 2002). However,
mean drag without negative values is supported by Bourguet and
Lo Jacono, Chew and Cheng, Karabelas and Koumroglou, Mittal and
Kumar and Chen and Rheem (Chew et al., 1995; Mittal and Kumar
2003; Karabelas et al., 2012; Bourguet and Lo Jacono, 2014; Chen
and Rheem, 2019). Similar to the mean lift and mean drag, the
wake structure, which causes fluctuations in the hydrodynamic
forces, of a rotating cylinder in flow has been investigated by many
researchers (Chan et al., 2011; Kumar et al., 2011a,b; Radi et al.,
2013; Rao et al., 2013; Bourguet and Lo Jacono, 2014; Zhao et al.,
2014; Kimura et al., 2015; Rao et al., 2015). Rao, Leontini et al.
conducted a simulation of a rotating cylinder in flow, and their
results show that the onset of unsteady flow is delayed to higher
Reynolds numbers and that vortex shedding is suppressed for a �
2:1 (Radi et al., 2013). Bourguet and Lo Jacono simulated a rotating
cylinder in flow at Reynolds number 100, and a new T þ S (a triplet
of vortices and a single vortex shed per cycle) wake pattern was
found (Bourguet and Lo Jacono, 2014). A recent numerical study
was conducted by Zhao and Cheng, and the P þ S (a pair of vortices
and a single vortex shed per cycle) and 2 S (two single vortices shed
per cycle) vortex shedding patterns are found with an increase in
the reduced velocity (Zhao et al., 2014).

Unlike investigations of the hydrodynamic forces and wake
structures for a rotating cylinder in flow (Chew et al., 1995;
Stojkovic et al., 2002; Mittal and Kumar 2003; Karabelas, 2010;
Panda and Chhabra, 2010; Chan et al., 2011; Kumar et al., 2011a,b;
Karabelas et al., 2012; Radi et al., 2013; Rao et al., 2013; Bourguet
and Lo Jacono, 2014; Zhao et al., 2014; Kimura et al., 2015; Pralits
et al., 2015; Rao et al., 2015; Rolfo and Revell, 2015), in-
vestigations of vibrations have received much less attention. For

FIVs, Bourguet and Lo Jacono found that the vibration amplitude
exhibits a bell-shaped evolution as a function of the reduced ve-
locity (inverse of the oscillator natural frequency) and reaches 1.9
diameters, and the cylinder is limited to moving in the cross-flow
direction (Bourguet and Lo Jacono, 2014). Seyed-Aghazadeh and
Modarres-Sadeghi experimentally studied the vortex-induced vi-
bration of a rotating cylinder under different rotation rates, and the
maximum oscillation amplitude increased with a nondimensional
rotation rate up to 2. Beyond this value, there was a sharp decrease
in amplitude. Similar to that of Bourguet and Lo Jacono (2014), the
experimental setup is limited to moving in the cross-flow direction
(Seyed-Aghazadeh and Modarres-Sadeghi, 2015). Without the
limitation in the in-line direction, Stansby and Rainey found that
the cylinder moves like a circle with a large oscillation under
rotation, and this kind of vibration is termed as “orbital motion” in
their research (Stansby and Rainey, 2001).

Unlike FIVs, centrifugal vibration (motion) has been found in
research on drilling strings in wellbores (without flow velocity);
Dunayevsky was the earliest researcher who found this kind of
motion and called it a “drilling string whirl” in his research
(Dunayevsky et al., 1993). Many studies have been conducted, and
themotion characteristics of the drilling string in thewellbore have
been extensively illustrated (Leine and Campen, 2005; Khulief
et al., 2007; Germay et al., 2009; Hakimi and Moradi, 2010;
Nandakumar and Wiercigroch, 2013; Ritto et al., 2013).

For a practical drilling pipe or rotating cylinder (without the
limitation of wellbore) in flow, the motion is complicated and un-
predictable, which may include the coupling of the FIVs and cen-
trifugal vibration (motion). Kato conducted an experiment to
investigate the vibration of a rotating pipe in flow (Kato, 2010),
which is different from that of the drilling-string whirl in the
wellbore, and the vibrations of the rotating pipe show distinctive
characteristics. As shown in Fig. 1, the vibrations have three com-
ponents, and the frequency of each component is the same as, twice
and thrice the rotating frequency. Then, Inoue and Rheem devel-
oped this experimental setup and conducted an improved experi-
ment for a longer drilling pipe; the “drill pipe whirl” is observed
and termed in his experiment. The coupling of the vortex induced
vibration and drill pipe whirl has been identified, which induces
the drill pipe into a more dangerous state (Inoue et al., 2013).
Nevertheless, the characteristics of the drill pipe whirl were not
thoroughly illustrated in that research.

In summary, most previous elaborate investigations have
focused on FIVs of rotating cylinders or pipes. Though the centrif-
ugal motion of the drilling pipe has been found, a detailed analysis
has not been conducted, and the characteristics of whirls have not
been illustrated. To clarify the vibrations and whirl characteristics
of rotating cylinders, experiments have been conducted for rotating
cylinders in still water and in flow, and the generated forces of the
rotating cylinders have been measured, which can reflect the

Fig. 1. Frequency analysis of amplitude in the CF (cross-flow) and IL (in-line) directions for a rotating pipe in flow at a rotating frequency of 1.5 Hz (vortex shedding frequency: fv ¼
1:7Hz, natural frequency: fn ¼ 2:7Hz) (Kato, 2010).
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existing vibrations or motions of these cylinders. Clarifying the
vibrations or motions of these rotating cylinders in flowmay enable
behavioral prediction of similar mechanical systems, such as the
ocean scientific riserless drilling pipe. This gives the possibility of
suppressing the vibrations for the drilling pipe, which may
dramatically improve the efficient for scientific drilling.

The paper is organized as follows: the experimental setup is
introduced in Section 2. The results of the whirl and generated
forces of a rotating cylinder in still water and in flow are presented
in Section 3. The diameter, flow velocity and variation of different
frequency whirls are discussed in Section 4. Finally, the conclusion
is summarized in Section 5.

2. Experimental setup

The experimental setup is from the experiment of Chen and
Rheem, (2019), as shown in Fig. 2(a) and Fig. 2(b). The present
experiment was conducted in the circulating water channel at the
University of Tokyo (length 25 m, width 1.8 m and maximum depth
approximately 2 m), and the water depth of the experimental area
was 1.075 m. The velocity of flow was controllable with a variation
of 0.3 m/s-1.0 m/s. Three replaceable cylinders with the same
length of L ¼ 0.59 m and different diameters (0.319 m, 0.216 m and
0.102 m) were used, the aspect ratios of which were 1.85, 2.21 and
5.78, respectively. The material of the cylinders was steel and the
thickness of the cylinders was 0.005 m. The cylinders were hollow,
and the inside of the cylinders was filled with water when the
cylinders were immersed in water. Two end plates were used to
weaken the end effect of the cylinders, and their diameter and

thickness were 0.5 m and 0.005 m, respectively. The clockwise
rotation of the cylinders was manipulated by an electric motor with
rotating speed of 0e500 rpm. When the rotation is exerted on a
cylinder, as shown in Fig. 3, the cylinder gradually deviates from its
original position andmoves like a circle around the shaft; this slight
centrifugal motion is whirl. The total forces acting on the cylinder in
the X and Y directions (the definition of the X and Y directions is in
Fig. 2(c)) were measured by a force sensor, which is installed in the
system through angular ball bearings connected with the rotating
shaft. A calibration experiment was conducted for the force sensor
in the system, as shown in Fig. 2(d), and the differences are 7.895%
and 8.168% in the X and Y directions, respectively. Force compen-
sation was conducted for all forces follows. Experiments of the
rotating cylinders were conducted in still water and at flow ve-
locities of 0.3 m/s, 0.5 m/s and 0.7 m/s (3:06$104 � Re � 2:23$105),
respectively. Impact experiments were conducted to obtain the
natural frequencies of the different cylinders in still water. The first-
order natural frequencies of the cylinders with diameters of
0.319 m, 0.216 m and 0.102 m are 2.44 Hz, 3.22 Hz and 4.73 Hz,
respectively.

For the experiment of rotating cylinders, as shown in Fig. 3, the
whirl force (centripetal force) is generated. In still water, the
generated force is the whirl force, and the generated force co-
efficients in the X and Y directions can be defined as follows:

Cx ¼ Fx
1
2 rDLðpfrDÞ2

(1)

Fig. 2. (a) Experimental setup, (b) schematics of the experimental setup, (c) definition of the X and Y directions and calibration of the force sensor in the X and Y directions.
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Cy ¼ Fy
1
2 rDLðpfrDÞ2

(2)

where Fx and Fy are the generated forces in the X and Y directions in
still water. r is the density of water. L and D are the length and
diameter of the cylinder, respectively. fr is the rotating frequency.

For the experiment of rotating cylinders in flow, hydrodynamic
force is generated on the cylinder due to the asymmetric surface
pressure, which indicates that themeasured force (generated force)
in flow includes the whirl force and hydrodynamic force. Fast
Fourier Transformation has been conducted for the measured force,
and the hydrodynamic and whirl components can be achieved
through the FFT filter technique. The generated force coefficients in
the X and Y directions in flow can be expressed as follows:

Cxf ¼
Fxf

1
2 rDLU

2
(3)

Cyf ¼
Fyf

1
2 rDLU

2
(4)

where Fxf and Fyf are the generated forces in the X and Y directions
in flow. U is the flow velocity.

3. Results

3.1. Whirl and generated forces of a rotating cylinder in still water

The rotating frequency for cylinders is from 0 Hz to 2.38 Hz in
still water, and the generated forces (whirl forces) in the X and Y
directions have been measured. Fig. 4 shows the time histories of
the generated force coefficients at the rotating frequency of 0.24 Hz
for the cylinder with a diameter of 0.319 m in still water. The pe-
riodical nature of Cx and Cy can be clearly obtained. A similar

frequency, similar amplitude and stable phase difference for Cx and
Cy can be obtained, which indicates that the whirl path at the
rotating frequency of 0.24 Hz is close to that of a round circle. The
mean values of Cx and Cy are approximately 0 due to the circular
whirl. The frequency of whirl forces is the same as the rotating
frequency.

Fig. 5 plots the time histories and frequency analysis of the
generated force coefficients for the cylinder with a diameter of
0.319 m under different rotating frequencies. At the rotating fre-
quency of 0.24 Hz, slight whirl is induced, and the whirl frequency
is the same as the rotating frequency, which is called “same fre-
quency whirl (SFW)”. As the rotating frequency is increased to
1.27 Hz, the whirl contains two components, as shown in Figs. 5(b)
and Fig. 6. One component is the same frequency whirl with a

Fig. 3. The whirl (centrifugal motion) of a rotating cylinder.

Fig. 4. Time histories of the generated force coefficients (whirl force coefficients) in
the X and Y directions for the cylinder with a diameter of 0.319 m at the rotating
frequency of 0.24 Hz in still water.

W. Chen et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 531e540534



frequency of 1.27 Hz, and the frequency of the other is twice that of
the rotating frequency (2.54 Hz) and is defined as “different fre-
quency whirl (DFW)”. This kind of different frequency whirl has not
been found for the drill string whirl in wellbore (Germay et al.,
2009; Nandakumar and Wiercigroch, 2013). The whirl directions
of the SFW and DFW are the same as the rotating direction (the
whirl direction can be inferred from the time history of whirl force).
When the frequency of the DFW approaches the natural frequency
of the cylinder (2.44 Hz), resonance occurs. The energy of the DFW
has been dramatically increased, even larger than that of the SFW
(this can be inferred from the peaks of power spectrum analysis in
Fig. 5(b)). Nevertheless, when the frequency of the DFW is close
enough to the natural frequency of the cylinder, the frequency is
definitely twice that of the rotating frequency. This result is
different from the lock-in phenomenon of Feng and Parkinson
(Feng, 1968; Parkinson, 1974), in which the vortex shedding fre-
quency is locked by the natural frequency and is almost the same as
the natural frequency. As the rotating frequency continually
increased to 2.23 Hz, the DFW disappears and the SFW remains.

As the whirl at the rotating frequency of 1.27 Hz in Fig. 6 in-
dicates that, a coupling whirl (coupling of the SFW and DFW) is
generated when the rotating frequency is at a certain range. To

figure this out, the peak frequency ratios (the ratios of peak fre-
quencies of Cy and natural frequency), f *Cy

, of the force coefficient

components of the cylinder with a diameter of 0.319 m at different
rotating frequency ratios (the ratio of rotating frequency and nat-
ural frequency), f *r , are plotted in Fig. 7(a). The SFW starts from the
rotating frequency ratio of 0.098 (0.24 Hz). Then, the SFW changes
to a coupling whirl with increasing rotating frequency, and the
frequency of the SFW component is the same as the rotating fre-
quency. However, the frequency of the DFW component is multiple
times (two, three or four … times) that of the rotating frequency.
Based on the frequency characteristics of the two components, the
SFW and DFW areas are divided. When the multiplied frequencies
are close to the natural frequency of the cylinder, resonance occurs.
The RMS values of the generated force coefficients, Cf�RMS, may
dramatically increase, as those do at the rotating frequency ratios of
0.52 (1.27 Hz), 0.26 (0.64 Hz) and 0.13 (0.32 Hz) shown in Fig. 7(b).
Corresponding to these characteristics, the ranges of Resonance I
and Resonance III are defined, in which the first peak frequency
ratios of the generated forces jump around the SFWand DFWareas.
When the rotating frequency ratio exceeds 0.5, the DFW compo-
nent gradually weakens and disappears, and the coupling whirl
returns to the SFW. Once the rotating frequency ratio approaches
1.0 (the frequency of the SFW is close to the natural frequency), the
RMS values dramatically increase and the range of Resonance II is
defined.

3.2. Whirl and generated forces of a rotating cylinder in flow

When the rotating cylinders are in flow, hydrodynamics are
generated, which indicates that the generated forces include whirl
forces and hydrodynamics. Fig. 8(a) shows the time histories of
force coefficient components in the cross-flow direction (Y direc-
tion) for the cylinder with a diameter of 0.319m at a flow velocity of
0.3 m/s under a rotating frequency of 1.27 Hz. The mean lift coef-
ficient (hydrodynamic component) at the rotating frequency of
1.27 Hz is much larger than that in still water. The mean force co-
efficients of the SFW and DFW components are approximately 0,

Fig. 5. (a) Time histories and (b) power spectrum analysis of the generated force coefficients (whirl force coefficients) in the Y direction for the cylinder with a diameter of
0.319 m at rotating frequencies of 0.24 Hz, 1.27 Hz and 2.23 Hz (the circular arrow represents the whirl direction for different components).

Fig. 6. The whirl for the cylinder with a diameter of 0.319 m at the rotating frequency
of 1.27 Hz.
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which are the same as those in still water. For the frequency anal-
ysis of the generated force coefficients, as shown in Fig. 8(b), three
peaks can be obtained. The peak frequencies of 1.27 Hz and 2.54 Hz
are the same as those in still water, and the hydrodynamic
component with a peak frequency of 0.17 Hz can be obtained. The
amplitudes of the three peaks are relatively close to each other,
which indicates that the energy at the rotating frequency of 1.27 Hz
is spread relatively evenly on the three components.

Fig. 9(a) shows the frequency analysis of the generated force
coefficient (combination of the whirl force and hydrodynamic co-
efficients), f *Cyf

, in the cross-flow direction for the cylinder with a

diameter of 0.319 m at a flow velocity of 0.3 m/s under different
rotating frequency ratios. Different from those in still water, three
areas (SFW, DFW and hydrodynamic areas) have been divided to
describe the different components. In the hydrodynamic area, one,
two or three peaks can be obtained at a certain rotating frequency
due to irregular vortex shedding with different shedding fre-
quencies. In particular, at the rotating frequency ratio of 0.39
(0.95 Hz), no peaks in the hydrodynamic area can be obtained.
Energy spreads in a range instead of that at several peaks, which
indicates that the vortex shedding has varied to a steady wake at
this rotating frequency ratio. The SFW and DFW areas are similar to
those in still water. Nevertheless, in the DFW area, the force

components with multiple rotating frequencies at the low rotating
frequency have been restrained in flow. The reason is that the
cylinder is in a state of tension due to the generated lift force.

The RMS values of the force coefficient components are pre-
sented in Fig. 9(b); in the range of Resonance I, the main contri-
bution is from the combination of the hydrodynamic, SFW and
DFW components. The energy in this range spreads relatively
evenly in the three areas (this can also be confirmed from the
frequency analysis in Fig. 8(b)), which indicates, as shown in
Fig. 9(a), that the first peak at a certain rotating frequency in this
range jumps around the three areas. In the range of Resonance II,
the main contribution is from the SFW component. At the rotating
frequency ratio of 0.98 (2.39 Hz), the RMS value of the generated
force is approximately 35 N, which is much smaller than that (80 N)
in still water (the generated force can be calculated through Eq. (2)
and Eq. (4)). The generated mean lift is responsible for the observed
reduction.

4. Discussion

4.1. Effect of aspect ratio

Fig. 10(a) shows the peak frequency ratios of the generated force
coefficients (whirl force coefficients) for different cylinders in still

Fig. 7. (a) Peak frequency ratios, f *Cy
, of generated force coefficient and (b) RMS values

of the force coefficient, Cf�RMS , in the Y direction versus the rotating frequency ratio, f *r ,
of the cylinder with a diameter of 0.319 m in still water (the larger mark represents the
first peak at a certain rotating frequency ratio).

Fig. 8. (a) Time histories of the force coefficients and (b) frequency analysis of the
generated force coefficients (combination of the whirl force coefficient and hydrody-
namic coefficient) in the cross-flow direction (Y direction) for the cylinder with a
diameter of 0.319 m at the flow velocity of 0.3 m/s under the rotating frequency of
1.27 Hz.
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water. Similar to the cylinder with an aspect ratio of 1.85 shown in
Fig. 7(a), three ranges of resonance can be similarly obtained for the
other two cylinders. As shown in Fig. 10(b), similar to the cylinder
with an aspect ratio of 1.85 shown in Fig. 7(b), the RMS values of the
generated force coefficients, Cgf�RMS, in the ranges of Resonance I
and Resonance II dramatically increase for the other two cylinders.
Nevertheless, at the rotating frequency ratio of 0.5, the first peaks of
the generated force coefficient for the cylinders with aspect ratios
of 1.85 and 2.73 are observed in the DFW area. In contrast, for the
cylinder with an aspect ratio of 5.78, the first peak appears in the
SFWarea, which indicates that the energy at the rotating frequency
ratio of approximately 0.5 spreads relatively evenly in the two
areas. The first peak of the generated forces is possibly located in
each area.

Fig. 11(a) shows the first peak frequency ratios of the generated
force coefficients (combination of the whirl force and hydrody-
namic coefficients), f **Cyf

, for the rotating cylinders at the flow ve-

locity of 0.3 m/s. Similar to that of the cylinder with an aspect ratio
of 1.85 shown in Fig. 9 (a), the first peak frequency ratios for the
other two cylinders are initially located in the hydrodynamic area,
and then are randomly located in the three areas and finally return
to the SFW area with an increase in the rotating frequency. In range
of Resonance I shown in Fig. 11(b), when the frequency of the DFW

is close to the natural frequency, the RMS values of the generated
forces dramatically increase. Similarly, the RMS values of the
generated forces dramatically increase in the range of Resonance II
due to the frequency of the SFW being close to the natural
frequency.

4.2. Effect of Reynolds number

Fig. 12(a) shows the first peak frequency ratios of the generated
force coefficients (combination of the whirl force and hydrody-
namics coefficients) for the cylinder with an aspect ratio of 1.85 at
different flow velocities. Similar to those at Re ¼ 9:57$104 (flow
velocity of 0.3 m/s) in Fig. 9(a), with the increase in rotating fre-
quency, the first peak frequency ratios at Re ¼ 1:6$105 and
Re ¼ 2:23$105 are initially located in hydrodynamic area, then are
randomly located in the three areas and finally return to the SFW
area.

As shown in Fig. 12(b), in the range of Resonance I, the dra-
matical increase still can be observed. In the range of Resonance I,
the RMS values of the generated forces in the range of Resonance II
at Re ¼ 9:57$104 are larger than those at Re ¼ 1:6$105 and Re ¼
2:23$105. The reason is that the main contribution in this range is
from the SFW, which is dramatically restrained at Re ¼ 1:6$105 and
Re ¼ 2:23$105 due to the generated mean life forces.

Fig. 9. (a) Peak frequency ratios, f *Cyf
, of generated force coefficient and (b) RMS values

of the force coefficient, Cf�RMS , versus the rotating frequency ratio, f *r , in the cross-flow
direction (Y direction) for the cylinder with a diameter of 0.319 m at a flow velocity of
0.3 m/s (the larger mark represents the first peak at a certain rotating frequency ratio).

Fig. 10. (a) Peak frequency ratios, f *Cy
, of generated forces and (b) RMS values of the

generated force coefficients (whirl force coefficients), Cgf�RMS , in the Y direction versus
the rotating frequency ratio, f *r , for different cylinders in still water (the three dashed
lines represent the maximums of the rotating frequency ratio for the different
cylinders.).
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4.3. Variation of different frequency whirl

The frequency of the DFW appears to be multiple times that of
the rotating frequency. Fig. 13 shows the frequency analysis of the
generated forces for the cylinder with a diameter of 0.102 m. At a
rotating frequency of 2.0 Hz, the frequency of the whirl (2.0 Hz) is
the same as the rotating frequency. However, at a rotating fre-
quency of 2.4 Hz, the whirl includes two components; the
component with a frequency of 2.4 Hz is the SFW, and the
component with a frequency of 1.2 Hz (half of 2.4 Hz) is the DFW.
The one-half frequency phenomenon of the rotating frequency is
similar to the results of Kato, (2010), as shown in Fig. 14, except that
in addition to the one-half frequency component, a one-fourth
frequency component has similarly been found in his results. All
of these results indicate that the frequency of the DFW may equal
multiple times or one-multiple times that of the rotating frequency.
In particular, the whirl direction (counterclockwise) of the different
frequency whirls with frequency equal to one-multiple times that
of the rotating frequency is opposite to the rotating direction
(clockwise), which is different from that of the SFW and of the
different frequency whirl with multiple times the frequency of the
rotating frequency. This phenomenon is similarly found in the

experiment of Inoue and Rheem (Inoue et al., 2013), in which the
drill pipe whirl is in the opposite direction and the amplitude of the
drill pipe whirl dramatically increases at the rotating frequency of
5 Hz.

5. Conclusions

A series of experiments have been conducted to study the whirl
and generated forces of rotating cylinders in still water and in flow.
The rotating frequency is from 0 Hz to 2.38 Hz, the whirl charac-
teristics and generated forces of the rotating cylinders have been
illustrated, and the principal findings are summarized.

For the rotating cylinders in still water, the SFW with the same
frequency as the rotating frequency and the DFW with multiple
times the frequency of the rotating frequency are generated and
illustrated. The whirl directions of the SFW and DFW are the same
as the rotating direction. Based on the frequency characteristics, the
SFW and DFW areas have been divided. The range of Resonance I
has been defined, and the RMS values of the generated forces at the
rotating frequency of 1.27 Hz dramatically increase in this range. In
this range, energy may be spread relatively evenly on the SFW and

Fig. 11. (a) First peak frequency ratios, f **Cyf
, and (b) RMS values of the generated force

coefficients (combination of whirl force and hydrodynamic coefficients), Cgf�RMS , in the
cross-flow direction versus the rotating frequency ratio, f *r , for different cylinders at a
flow velocity of 0.3 m/s.

Fig. 12. (a) First peak frequency ratios, f **Cyf
, and (b) RMS values of the generated force

coefficients (combination of the whirl force and hydrodynamic coefficients), Cgf�RMS , in
the cross-flow direction versus the rotating frequency ratio, f *r , for a cylinder with a
diameter of 0.319 m at different Reynolds numbers.
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DFW components, and the first peak jumps around the SFW and
DFW areas. Similar to the range of Resonance I, the range of Reso-
nance II has been defined, and the RMS values of the generated
forces dramatically increase in this range (the maximum is
approximately 2.5 times that in the range of Resonance I).

For the rotating cylinders in flow, the hydrodynamic compo-
nents have been generated, and the mean lift increases with
increasing rotating frequency. Hydrodynamic, SFW and DFW areas
are divided and express different frequency characteristics. The
SFW and DFW areas are similar to those in still water, and a small
difference is that the DFW at low rotating frequency has been
restrained in flow due to the generated lift forces. The first peak in
the range of Resonance I jumps around the hydrodynamic, SFWand
DFW areas. The main contribution to the RMS values of the force
components in this range is from the combination of the hydro-
dynamic, SFW and DFW components. Nevertheless, the main
contribution to the RMS values of the generated forces in the range
of Resonance II is from the SFW, and the RMS values of the
generated forces in this range are much smaller than those in still
water due to the generated lift forces.

Finally, some issues have been discussed. For cylinders with
different aspect ratios, similar characteristics of the whirl and
generated forces can be obtained. For the cylinder at different
Reynolds numbers, the RMS values of the generated forces
dramatically increase in the range of Resonance I. In the range of
Resonance II, the RMS values of the generated forces at Re ¼ 9:57$
104 are larger. In particular, discussion of the variation in the DFW
has been conducted, and the evidence indicates that the frequency
of the DFWmay equal multiple times or one-multiple times that of
the rotating frequency. The whirl direction of the whirl with a
frequency equal to multiple times that of the rotating frequency is
the same as the rotating direction. The whirl direction of the whirl
with one-multiple times that of the rotating frequency is opposite
to the rotating direction.

Fig. 13. Frequency analysis of the generated force coefficient (combination of the whirl
force and hydrodynamics coefficients) in the cross-flow direction at rotating fre-
quencies of (a) 2.0 Hz and (b) 2.4 Hz for the cylinder with a diameter of 0.102 m at a
flow velocity of 0.5 m/s (the circular arrow represents the whirl direction for different
components. Compared with the whirl force component, the hydrodynamics are too
small, which explains why the hydrodynamic component cannot be observed clearly).

Fig. 14. Frequency analysis of amplitude in the CF (cross-flow) and IL (in-line) directions for a rotating pipe at the rotating frequencies of (a) 3.5 Hz (vortex shedding frequency: fv ¼
2:5Hz, natural frequency: fn ¼ 2:3Hz) and (b) 4.0 Hz in flow (vortex shedding frequency: fv ¼ 1:7Hz, natural frequency: fn ¼ 1:4Hz) (Kato, 2010).
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