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Abstract. A considerable number of studies for vortex induced vibration (VIV) under uniform
flow have been performed. However, investigation of VIV under middle flow is scarce. An
experiment for VIV under middle flow was conducted in a deep-water offshore basin. Various
measurements were obtained by the fiber Bragg grating strain sensors placed on the riser, and VIV
under the effect of middle flow with was investigated. Results show that the riser vibrates at
different order natural frequencies along the water depth in the CF and IL directions appearing as
the multi-frequencies under middle flow. The variation vortex shedding frequencies along the riser
under middle flow may generate different wake modes and vibration modals as the corresponding
vortex shedding frequencies approach the riser natural frequencies. The dominant vibration
frequency of the entire riser is consistent, and determined by high order natural frequency and the
corresponding closing vortex shedding frequencies under the middle flow. Meanwhile, the
vibration modal under middle flow appears multi-modals and other lower modal have effect on
riser vibration. The VIV mechanism under middle flow possesses some aspects similar to those
of uniform flow and several unique features.

Keywords: vortex induced vibration, marine riser, middle flow, modal analysis, vibration
frequency.

1. Introduction

Marine risers are key equipment in deep-water drilling and production. These risers connect
the platform and subsea wellhead in sea water. Marine risers can be regarded as slender and
flexible strings in the ocean structure. Thus, when ocean currents flow across the marine risers,
vortices are easily formed. When the vortex shedding frequencies approach the natural frequencies
of the risers, lock-in phenomenon occurs. In this condition, the risers may vibrate significantly
both in the in-line (IL) and cross-flow (CF) directions under the influence of vortex-induced
forces. This phenomenon is called vortex-induced vibration (VIV). This occurrence may lead to
fatigue problems and damage to marine risers.

Several studies have focused on VIV over the past several decades. The following scholars
investigated and comprehensively introduced the VIV phenomenon. Feng [1] conducted a wind
tunnel experiment investigating the flow around circular cylinders and studied the relationship
among response frequency, displacement, and phase. Vandiver et al. [2-4] proposed a number of
theories and conducted experiments on long flexible cylinders, subsequently developing the
well-known VIV analysis software “SHEAR7”. Sarpkaya [5-7] presented many useful
coefficients under different Reynolds numbers and showed the hysteresis effect on VIV.
Williamson [8-11] performed numerous experiments on VIV and explored the influence of mass
and damping on the phenomenon under study. He also presented new vortex wake modes.
Chucheepsakul et al. [12-14] investigated a 3D model for the vibration of marine risers. Guo et al.
[15-17] developed a comprehensive theory and experimental study on the influence of internal
flow on VIV. Larsen et al. [18, 19] studied a model for VIV and riser fatigue and developed the
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VIV analysis software “VIVANA” with Marinetek. Abdelkefi [20] investigated energy harvesting
from vortex-induced vibrations and indicated that the nonlinearities result in a hardening behavior
for some values of the load resistance. Mehmood et al. [21] studied the effects of a non-linear
energy sink on VIV and found that multiple stable responses of the coupled system for different
mass ratios and damping coefficient of the sink depended on the initial conditions. Dai et al.
[22, 23] researched the effects of time-delay feedback control on the responses of an elastically
mounted circular cylinder subjected to vortex-induced vibrations. Many other studies contributed
to the knowledge on VIV under uniform flow.

However, ocean currents do not assume uniform flow, according to the Ekman drift current
theory. By contrast, they exhibit many flow types, including shear, oscillatory, and middle flow.
Therefore, investigating the VIV mechanism under the different flow types is necessary.

Vandiver [2,3] suggested shear parameters after considering several possibilities and presented
the measured response on a drilling riser in the North Sea. Newman and Karniadakis [24]
investigated VIVs of an infinitely long flexible cable at Reynolds numbers Re = 100 and
Re =200 and showed that a standing wave cable response produces an interwoven pattern of
vorticity while a travelling wave cable response produces oblique vortex shedding. Furnes [25]
employed the mathematical formulation to simulate the VIVs under arbitrary currents that vary
continuously with depth and time. Lucor et al. [26] provided the results of VIV subjected to linear
and exponential sheared flows and analyzed the corresponding force distributions. Tognarelli et
al. [27] studied the VIV for a long flexible cylinder in linearly sheared currents by the rotating test
and analyzed the amplitudes and frequency of the vibration. Chaplin et al. [28] measured the VIV
of a model of a vertical tension riser in a stepped current and provided reliable and
well-documented data to support the development of predictive models. Marcollo et al. [29]
designed experimental equipment to investigate the variation of VIV from single-mode to
multi-modal lock-in in a spatially sheared flow. Lie et al. [30] carried out large-scale VIV model
testing in linearly sheared flow and found that the riser response was irregular and the degree of
irregularity increased with the flow speed. Srinil [31] performed numerical simulations of VIV in
varying sheared flow profiles for variable-tension vertical risers. Huang et al. [32] studied a
vertical riser VIV under the influence of sheared current by a numerical method and conducted
comparisons with published experimental data. Zhao et al. [33] studied the VIV in combined
steady and oscillatory flow by solving the two-dimensional Reynolds-averaged Navier-Stokes
equations. The same scholar also investigated the effects of flow ratio on cylinder response. Mao
et al. [34-37] explored the VIV mechanism under shear flow in a deep-water basin and studied the
VIV mechanism under the same shear parameters. Wang et al. [37] studied the VIV mechanism
under oscillatory flow and discovered the VIV developing process, including the “building-up,”
“lock-in,” and “dying-out” phenomena in oscillatory flow.

Despite these studies, middle flow [38] is a special irregular ocean current with the maximum
flow velocity under several hundred meter depth in deep water for the variation of the temperature
and salinity, etc. It is usually found in the South China Sea and some other sea areas [39]. Middle
flow also can cause marine risers significantly vibrating in drilling and production conditions.
Hence, marine risers are at high risk because of VIV. However, research on the effect of middle
flow on the VIV for marine risers is scarce.

This study aims to investigate the influence of middle flow on the VIV mechanism by carrying
out an experiment in a deep-water basin. The instrumented marine riser was 8§ m long and
constructed from PVC. The riser was towed vertically in a deep-water basin under middle-flow
current generated from the current generation system, and the profile of the middle-flow current
was measured by an acoustic Doppler current profiler. Various measurements were obtained by
the fiber Bragg grating strain sensors placed on the riser, and the VIV under the effect of middle
flow was investigated. The results of this study may serve as a reference on VIV inhibition for
subsea engineers, product suppliers, and manufacturers in related industries.
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2. Experimental
2.1. Experimental detail

The experiment was carried out in a deep-water basin at the State Key Laboratory of Ocean
Engineering in Shanghai Jiao Tong University. The deep-water basin is 50 m long, 40 m wide,
and 10 m deep. The experimental setup contained current generation system, one marine riser
model, and data acquisition system. An overview of the whole experimental facility is shown in
Fig. 1. Test drilling riser model was made of PVC and its main physical properties are listed in
Table 1. The riser was towed vertically by the radial spherical plain bearings at the both sides of
the riser as shown in Fig. 1.

Three-component
force sensor

Radial spherical \
plain bearing Acoustic Doppler current profiler
Marine riser U

Three-component Current generation system
force sensor  —_|

Fig. 1. Overview of the whole experimental setup

The eigenfrequencies of the string with tension (T'), length (L) and mass (m) and without
bending stiffness (EI) can be described as follow:

i|lT
wi,st‘ring = E W! L= 1J2i31 ey (1)

where T is the pretension of the riser in experiment in N, L is the length of the riser in m, i is the
mode order, m is the mass per unit length in kg.

And eigenfrequencies of the beam with bending stiffness (ET), length (L) and mass (m) and
without tension (T') can be calculated as follows:

ni? |El
wi,beam = T W! L= 1;2’31 ey (2)

where EI is the bending stiffness of the riser in N-m?.

Experimental riser model can be regarded as a simply supported beam located in the vertical
plane with an axial force. Therefore, its natural frequency is determined by riser mass (m), axial
tension (T') and bending stiffness (EI), and the natural frequency of the riser in water can be
calculated by the follows [30, 34]:

— 2 2 -
w; = \/wi,string + Wipeamr L= 123, ... Q)
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Combining Egs. (1)-(3), the following equation can be obtained:

_<m>2 EL e T2 o123 )
Ci=\T) m Pr2El T

Pretensions were 25 N, 35 N in the experiment and were exerted on marine riser model before
the beginning of the experiment. The 1st natural frequency, 2nd natural frequency and 3rd natural
frequency in still water with different pretensions were calculated by Eq. (4) and were shown in
Table 2. Fiber Bragg grating (FBG) strain sensors placed on the riser are used to capture the VIV
response and the arrangements of the FBG strain sensors is depressed in Fig. 2.
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Fig. 2. Arrangements of the FBG strain sensors on marine riser model
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Fig. 3. The profile of the middle flow in the experiment

Distance form bottom to water surface(m)
S
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Middle flow was generated by current generation system in our experiment and the flow
velocity can be controlled by the power of the current generation system. Meanwhile, the profile
of the flow velocity was measured by the mechanical current meter and acoustic Doppler current
profiler in the basin. After varying the power of the current generation system, the experimental
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middle flow was generated and the profile of the experimental middle flow were shown in Fig. 3.
The speed at the water surface is 0.1 m/s and the maximum speed is 0.17 m/s at 2.5 m from water
surface to bottom.

2.2. Data analysis

The vibration modal and the displacement can be calculated from the experimental strain- time
history by modal analysis method. The dominant vibration frequencies and corresponding strain
amplitudes in the CF and IL directions can be determined from the strain-time history as obtained
through fast Fourier transform (FFT), and the variation of dominant vibration frequency with time
can be obtained by wavelet analysis of the strain-time history. Furthermore, static deformation
induced by initial drag force is eliminated by the averaging method.

2.2.1. Modal analysis method

The vibration displacement can be described as follows by modal superposition method
[30, 34]:

N
Y@t = ) w®ba(@, 7€ [0,1] )

where z is the axial coordination, t is the time, w,, (t) is the weight function, ¢,,(z) is the mode
function, n is the vibration mode order, L is the riser length, N is the mode number of the
vibration.

The mode function of the riser which can be regarded as the simply supported beam is
described as follows:

¢ (2) = sin#, z€[0,L]. (6)

The riser displacement and the corresponding second-order special derivatives can be
expressed as:

y(z,t) = Z Wn(t)sin%, z €]0,L]. 7
n=1
y'(z,t) = — Z; w,, () ("T”)2 sin%, z€[0,L]. (®)

The relation between the strain and curvature can be described as:

(=" ©)

where €(z, t) is the strain signal, R is the riser radius, k is the curvature.
By combining Egs. (8) and (9), the following equation can be obtained:

e(t D _ i) = an(t) sin—, z€[0,L] (10)

The riser vibration displacement can be expressed by mode superposition with the number of
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N. Thus, Eq. (10) can be described as follows:

aw =, (11)
nZ 2nz Nmz
smTl,Zzsm I L .. NZ2sin I !
T\ 2 nZy ., . 2WZ , . Nmz,
Q= (Z) sin—=, 2%sin [ Nosin— (12)
nZ Zné Nmz
_sinTM,Zzsin LM,...,N2 in LM
W =[w(t) wy(t).... wy (O], . (13)
e(t,z &(t, z &tz
0= [ ( 1) ( 2) ...... ( M)] ) (14)
R R R

where M is the number of the FBG.
Thus, the riser vibration displacement can be obtained by Egs. (5) and (11).

2.2.2. Fast Fourier transform wavelet analysis

The dominant vibration frequency can be obtained by fast Fourier transform and the equation
of the FFT is depicted as follows [36]:

F(w) = fmf(t)e-fwfdt, (15)

where f(t) is the original signal data, w is the vibration period, t is the time.

Wavelet analysis can be used to analyze the degree of the dominant frequency with variation
of time and the vibration severity between different orders. The equation for continuous wavelet
is defined as follows [40]:

W(a1) = a2 f_ " o (%) dt, (16)

where W (a, 7) is the function, f(t) is the coefficient after wavelet transform, a is the scale factor,
7 is the shift factor, Y (t) is the wavelet mother function.

Morlet continuous wavelet were selected as the wavelet mother function, and Morlet
continuous wavelet can be described as follows:

J .
Y (t) = 272927t - k)j, kez (17)
3. Results and discussion

Three main frequencies exist in VIVs: natural frequency of the riser, vortex shedding
frequency, and riser dominant vibration frequency. Riser dominant vibration frequency may be
determined by vortex shedding frequency and riser natural frequency. Riser natural frequency is
determined by riser structure size, physical properties, and riser tension as depicted in Eq. (4).
Vortex shedding frequency can be calculated from the well-known Strouhal relation as follows
[7,10]:

=5 as)
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where f; is the vortex shedding frequency in Hz; v is the flow velocity in m/s; S; is the Strouhal
number (= 0.18) [7, 10].

The speed of the experimental middle flow differs considerably from that of a uniform flow,
and the speed profile changes with water depth. Thus, vortex shedding frequency changes with
the variation of flow speed under middle flow. Vortex shedding frequencies along the axial
direction of the riser that are calculated with Eq. (18) are shown in Fig. 4. The vortex shedding
frequencies range from 0 Hz to 1.224 Hz under the experimental middle flow, as indicated in
Fig. 4.

Sixteen locations were selected to capture the VIV response under middle flow. The
experimental results at other locations are similar with those at locations #4, #9, and #15, which
are at the third, middle, and bottom parts of the riser, respectively. Thus, we present the results at
locations #4, #9, and #15 to analyze and discuss the VIV mechanism under middle flow. The
depths of locations #4, #9, and #15 are 2.148, 4.208, and 6.68 m, respectively, and the
corresponding flow speeds are 0.15, 0.065, and 0.005 m/s, respectively. Thus, the corresponding
vortex shedding frequencies are 1.08, 0.468, and 0.036 Hz, as shown in Fig. 4.
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Vortex shedding frequency (Hz)
Fig. 4. Vortex shedding frequencies along the riser axial direction calculated from Strouhal relation

3.1. Analysis of the dominant vibration frequency in the CF direction

Figs. 5-7 show the strain—time history curves and the corresponding FFT spectrum with a
pretension of 25 N. Fig. 8-10 indicate the strain—time history curves and the corresponding FFT
spectrum with a pretension of 35 N. According to a number of studies [7, 16], only one peak value
may exist in the FFT spectrum of the CF direction under the effect of uniform flow. However, in
the current work, two peak values are observed, and this result demonstrates that the dominant
frequencies in the CF direction are 0.63 and 1.18 Hz with a pretension of 25 N under middle flow
conditions, as presented in Figs. 5(b), 6(b), and 7(b).

Table 1 shows that the theory calculations for the riser natural frequencies in still water with a
pretension of 25 N for the first and second orders are 0.45 and 1.15 Hz, respectively. One of the
dominant frequencies (0.63 Hz) is extremely close to the first-order natural frequency (0.45 Hz).
Another dominant frequency (1.18 Hz) is extremely close to the second-order natural frequency
(1.15 Hz). These two dominant frequencies in the CF direction are only slightly larger than the
corresponding first- and second-order natural frequencies in still water.

Several studies [26, 35] showed that dominant frequencies may be greater than riser natural
frequencies. First, the current can induce an initial drag force in the IL direction, and static
deformation can be generated in the IL direction because of the influence of the initial drag force.
The effect of static deformation increases the tension of the riser [35]. The riser vibrates in both
the CF and IL directions on the basis of the static deformation during VIV, which also increases
the real-time riser tension during VIV. Riser natural frequency increases with riser tension [30].
Thus, these two dominant frequencies may be the real-time first- and second-order natural
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frequencies, and the riser may vibrate at first- and second-order natural frequencies during VIV in
our experimental middle flow.

Strain(pe)

Frequency (Hz)

N W S O DN 0 © O

(==Y

Item Value
Model length (m) 8
Thickness (m) 0.0025
Out diameter (m) 0.025
Slenderness ratio 320
Density in air (kg'm?) 1570
Bending stiffness (N-m?) 36
Mass per unit length in air (kg-m) 0.28
Mass per unit length in water (kg'm) | 0.59
Mass ratio 1.2

Table 1. Main physical properties of the marine riser model

Table 2. Natural frequency in still water with pretension of 25 N and 35 N

0

a) Are the strain-time history curves
in the IL and CF directions

(&)}

10

Pretension (N)
Frequency (Hz) 25 35
1st Natural frequency in water | 0.45 0.53
2nd Natural frequency in water | 1.15 1.23
3rd Natural frequency in water | 2.11 2.25
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Fig. 5. Strain responses at locations #4 with pretension of 25 N under the middle flow

Fig. 4 shows that vortex shedding frequencies range from 0 Hz to 1.224 Hz with varying flow
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velocities under the experimental middle flow. A previous study [7] showed that when the vortex
shedding frequency approaches the riser natural frequency, a “lock-in” phenomenon occurs.
Under the effect of the “lock-in” phenomenon, the riser significantly vibrates at its natural
frequency in the CF direction. The vortex shedding frequencies close to the area of location #4
(1.08 Hz) approach the second-order natural frequency, and the vortex shedding frequencies close
to the area of location #9 (0.468 Hz) approach the first-order natural frequency (Fig. 4). According
to a previous study [7], the “lock-in” phenomenon can occur at these areas. Therefore, the areas
close to location #4 significantly vibrate at the second-order natural frequency, and the areas close
to location #9 significantly vibrate at the first-order natural frequency in the CF direction.

80 28
Location#9 | — CF ] —
o ‘ M men g e s s
\ Tl
40 _‘ H ‘]I ‘ “ 20 F
| ‘ \ ‘ =
20 ‘ \ “ ‘“ =2
— \ ‘ ‘ \‘ I H ‘ S 16
2l \ i “H\\HH“
.g | ‘ ‘ ‘ w HH H ‘ ‘ ‘ E 12
5 =H \ \ Uil H\
HILRRb L
\ ‘ V (L 1 | &
60 |- ' 4
-80 L L ol "“““JA«ML.AAWM I
0 5 10 m 20 25 30 3 4 5 6 7 8
Time(s) Frequency(Hz)
a) Are the strain—time history curves b) Are the corresponding FFT spectra
in the IL and CF directions in the IL and CF directions
10 10
9 9
8 8
-7 7
i 6 i 6
>
§ 5 g 5
2 3
g 4 § 4
2 2

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)

c) Is the time-frequency analysis in the CF direction d) Is the time-frequency analysis in the IL direction
Fig. 6. Strain responses at locations #9 with pretension of 25 N under the middle flow

Fig. 5(c) and (b) also depict that location #4 vibrates at the second-order natural frequency
(1.18 Hz) and that location #9 vibrates at the first-order natural frequency (0.63 Hz) with time
variations in the CF direction. However, 0.63 Hz also contributes to the vibration at location #4,
and 1.18 Hz contributes to the vibration at location #9. By contrast, the vortex shedding frequency
at other locations is far from the riser natural frequency. The lock-in phenomenon may not occur
at these locations. However, the riser at other locations also exhibits these two dominant
frequencies (0.63 and 1.18 Hz). The phenomenon may be attributed to the vibrations from the
“lock in” areas (areas close to locations #4 and #9) that generate separate effects on the area of the
riser and transfer to the entire riser. As a result, the other areas of the riser may vibrate at their
dominant frequencies. Consequently, two dominate frequencies are observed from the entire riser
in the CF direction.

Figs. 5(c) and 7(c) indicate that unlike at location #9, the vibration induced by the
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second-order natural frequency (1.18 Hz) is significantly higher than that induced by the
first-order natural frequency (0.63 Hz) at locations #4 and #15. However, the vibration induced
by the first-order natural frequency (0.63 Hz) is greater than that induced by the second-order
natural frequency at location #9, as shown in Fig. 6(c). These findings can be attributed to the
modal competition between the first-order modal and second-order modal.

120 60
100 Location #15 | —— ﬁ_F s 118 Location #15
80 ’ ' 50 | — L
|
60 45
N “f M M \ .M""M E:
— 20fl ‘ “\ \‘ ‘ ‘H! \‘!‘ 3 a5l
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9
8
7
¥ ¥
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e w
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2
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¢) Is the time-frequency analysis in the CF direction d) Is the time-frequency analysis in the IL direction
Fig. 7. Strain responses at locations #15 with pretension of 25 N under the middle flow

As mentioned previously, lock in occurs at locations #4 and #9 with different vibration modals,
and the first and second-order modals contribute to the riser’s vibration. These two modals may
interact with each other and exhibit the effect of modal competition [30, 36]. Modal competition
occurs when different models participate in the vibration. As the lift force increase with the
increasing flow velocity [7], the second order may exert an increased effect on the total riser
vibration after modal competition. Thus, the second-order modal is the dominant vibration modal
in the modal competition. The first-order modal contributes to the vibration at other locations but
only as the interaction frequency for locations #4 and #15. The influence of the first-order modal
on locations #4 and #15 is limited. However, the lock-in phenomenon occurs in the first-order
modal at location #9. The second-order modal is the dominant modal of the entire riser, but it
remains as the interaction modal for location #9. Accordingly, the second-order modal potentially
exerts a significant effect at location #9, but the effect is not less significant than the first-order
modal at location #9. From the above analysis, we can conclude that the dominant vibration
frequency of the entire riser is consistent, and determined by high order natural frequency and the
corresponding closing vortex shedding frequencies under the middle flow. Other lower vibration
modal may have influence on riser vibration as the interaction modal under the middle flow. In
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conclusion, the analysis above indicates that the variation of the shedding frequencies under
middle flow may approach the natural frequencies of varying orders at the different areas of the
riser. Moreover, the “lock-in” phenomenon occurs at the different areas of the riser with the
corresponding natural frequency. Accordingly, riser may vibrate at different order natural
frequencies along the water depth in the CF direction appearing as the multi-frequencies.

3.2. Analysis of the dominant vibration frequency in the IL direction and associated wake
mode

The dominant frequencies in the IL direction are 1.82 and 2.35 Hz with a pretension of 25 N,
as shown in Figs. 5(b), (d), 6(b), (d), and 7(b), (d). The frequency of 1.82 Hz is almost triple the
dominant frequencies in the CF direction (0.63 Hz). The frequency of 2.35 Hz is almost twice that
of another dominant frequency in the CF direction (1.18 Hz). The phenomenon occurs because of
the associated wake modes [10]. First, the riser vibrates because of the vortex-induced force. The
dominant frequencies of the riser in both the CF and IL directions are determined by the
frequencies of the lift force in the CF direction and the drag force in the IL direction acting on the
riser. The frequencies of the lift force in the CF direction are determined by the vortex shedding
frequency and natural frequency, as discussed above. The vibration frequency in the IL direction
is mainly determined by the wake mode. Several studies [7, 10, 32] reported that the vortex acts
on the riser in the CF direction once, whereas it acts on the riser in the IL direction twice for the
effect of the “2S” wake mode. Thus, the dominant frequency in the IL direction is twice that in
the CF direction under the “2S” wake mode. The experimental flow velocity at location #4 is
0.156 m/s. Thus, the calculated corresponding Reynolds number is 3,900. Give this value, the “2S”
wake mode may appear, as reported in many studies. According to previous studies [7, 10, 32],
the twice relationship between the CF (1.18 Hz) and IL directions (2.35 Hz) in our experimental
work is induced by the appearance of the “2S” wake mode.

However, the triple relationship between the CF (0.63 Hz) and IL directions (1.82 Hz) is also
concurrently achieved. The appearance of the triple relationship between the CF and IL directions
may be attributed to the formation of multivortex patterns in the wake [41]. The experimental flow
velocity at location #9 is 0.077 m/s. Thus, the calculated Reynolds number is 1,925. The mass
ratio of the experimental riser is 1.2, as shown in Table 1. According to previous studies [10, 41],
the third harmonics in the IL direction may appear at a low Reynolds number (e.g., 2,000) and
low mass ratio (< 3.5). Under this condition, the motions in the IL direction may be phased with
the motions in the CF direction, and the shed vortices can break into small vortices and the vortex
triplets generated in the wake [41]. The value of the drag force frequency is triple that of the lift
force frequency, and the dominant frequency in the IL direction is triple that in the CF direction
for the effect of the vortex triplets. Thus, the triple relationship between the CF and IL directions
emerges. However, the relationship between the CF (0.63 Hz) and IL directions (1.82 Hz) is not
a complete triple relationship. A slight difference exists between these variables. This
phenomenon occurs because the vortex shedding in the IL direction may lag behind that in the CF
direction for the formation of the vortex triplets in the wake during vortex shedding [41, 42].
Therefore, the vibration frequency in the IL direction at location #9 is almost triple that in the CF
direction, but the relationship is not completely triple. The analysis above indicates that the
vibration at location #9 also affects the entire riser, which leads to the triple relationship between
the CF and IL directions of the entire riser.

Both the twice and triple relationships between the CF and IL directions are observed for the
different wake modes induced by the variation of the flow velocity under middle flow. Thus, the
variation vortex shedding frequencies along the riser under middle flow may generate different
wake modes and vibration modals as the corresponding vortex shedding frequencies approach the
riser natural frequencies. These different vibration modals involve riser vibration and influence
the riser vibration frequency. The vibration frequencies produced in our experiment are not
sufficiently large because of the limited experimental facility. Nevertheless, our experimental
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results suggest the participation of different vibration modals in VIV under a high middle-flow
speed. Thus, VIV under middle flow appears in multiple frequencies.
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Fig. 8. Strain responses at locations #4 with pretension of 35 N under the middle flow

The same phenomenon occurs in variation frequencies with a pretension of 35 N, as shown in
Fig. 8-10. The dominant frequencies in the CF direction are 0.73 and 1.28 Hz, and the dominant
frequencies in the IL direction are 2.02 and 2.57 Hz with a pretension of 35 N, as shown in
Fig. 8-10. However, unlike the dominant vibration of the two pretensions, these changing
frequencies also indicate that the VIV frequencies under middle flow increase with riser
pretension. These results agree with those under uniform flow [7, 10]. They can be explained by
the fact that the lock-in phenomenon under middle flow also occurs near the natural frequency
and that the natural frequency increases with pretension. Increasing pretension can increase
dominant frequency under middle flow.

Some small amplitude frequencies that are greater than the third-order natural frequency also
appear in the FFT spectra, as indicated in Figs. 5(b)-7(b) and 8(b)-10(b). However, these
frequencies are not evident in the wavelet results shown in Figs. 5-7 and 8-10. Furthermore, these
frequencies with a pretension of 25 N are more significant than those with a pretension of 35 N,
as shown in Figs. 5(b)-7(b) and 8(b)-10(b). These frequencies may be attributed to the influence
of the turbulent flow in the experiment. Turbulence is easily generated when flow velocity varies
with water depth [36]. Some turbulences can cause high harmonics in experiments. However, the
vibration amplitude decreases with increasing pretension [7]. Thus, these frequencies with a
pretension of 25 N are more significant than those with a pretension of 35 N.
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Fig. 9. Strain responses at locations #9 with pretension of 35 N under the middle flow

3.3. Analysis of the strain-time history curves and interaction between the CF and IL
directions

Figs. 5(a)-7(a) and 8(a)-10(a) show that the strain-time history curves at location #4 is
smoother than those at locations #9 and #15 with pretensions of 25 and 35 N. This result is
achieved because multiple frequencies appear in the CF and IL directions. The analysis in 3.1
indicates that the lock-in phenomenon occurs at the second-order natural frequency at location #4,
whereas the lock-in phenomenon occurs at the first-order natural frequency at location #9. The
second-order modal is the dominant vibration modal, whereas the first-order modal induces the
vibration of the riser after modal competition. Therefore, the effect from the first- and
second-order natural frequencies at locations #9 and #15 is significant, and the effect from the
first-order natural frequencies at location #4 is limited. Thus, the multiple frequencies at location
#4 are not as evident as those at locations #9 and #15, as depicted in Figs. 5-10. Thus, the
strain-time history curves at location #4 is smoother than those at locations #9 and #15, as shown
in Figs. 5(a)-7(a) and 8(a)-10(a).

The vibration frequencies in the CF and IL directions appear at each other’s FFT spectra. The
wavelet results also indicate that the vibration frequencies between the CF and IL directions may
interact with each other, as shown in Figs. 5-7 and 8-10. The phenomenon is also reported by
many studies [32, 35, 42]. This phenomenon occurs because the vibration between the CF and IL
directions can induce the periodical variation of the riser tension and the vibration of the CF and
IL directions can interact with each other by periodically varying the riser tension [35]. Thus, the
vibration frequencies in the CF and IL directions appear at each other’s FFT spectra and the
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corresponding wavelet results.
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3.4. Analysis of the standard deviation of displacement

The dominant vibration modal of a riser during VIV can be obtained by the standard deviation
of displacement. The standard deviation of displacement can be calculated as follows [43]:

1 (T
Asrolam) = |- f [y ) — Tz D12, (19)
0

where z,, is the location, T; is the length of time during the experiment in s, y(z,,,t) is the
displacement of the riser at location z,, in m, and y(z,,, t) is the average displacement of the riser
at location z, in m.

The dominant vibration modal of the riser can be determined on the basis of the crest number
of the standard deviation of displacement. Fig. 11 shows the standard deviation of displacement
along the riser model with pretensions of 25 and 35 N under middle flow. Two crests are observed
in the CF direction, as shown in Fig. 11(a) and (b); these crests indicate that the vibration modal
in the CF direction is dominated by the two-order modals with the aforementioned pretensions.
These results are consistent with the dominant vibration frequencies in the CF direction, as
presented in Figs. 5-7 and 8-10. The lock-in phenomenon occurs at the second-order natural
frequency at location #4, and such phenomenon leads to the domination of the second-order
natural frequency in the entire riser, as depicted in Figs. 5-7 and 8-10. Thus, the second-order
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modal is the dominant modal in the CF direction with pretensions of 25 and 35 N under middle
flow.

Moreover, the standard deviation of displacement along the riser is not the standard sine curve.
The phenomenon is mainly attributed to the varying vortex shedding frequencies along the riser
under middle flow. The vortex shedding frequency lies between 0 and 1.224 Hz in the
experimental middle flow. Under this range, the vortex shedding frequency is close to the first-
order natural frequency. Thus, an area of the riser may vibrate at the first-order modal, as indicated
in Figs. 5-7 and 8-10, and this vibration can be an interaction vibration modal involved in the
vibration of the entire riser. We observe that the standard deviation of displacement along the riser
is not the standard sine curve resulting from the superimposed first- and second-order modal
vibrations. The vibration modal under middle flow appears multi-modals.
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Fig. 11. Standard deviation of displacement along riser model
with the pretension of 25 N, 35 N under the middle flow

Furthermore, three crests are detected in the IL direction, as shown in Figs. 11(a) and (b); these
crests indicate that the vibration modal in the IL direction is dominated by a third-order modal
with pretensions of 25 and 35 N, as shown in Fig. 11. This modal is also higher than the vibration
modal in the CF direction. The dominant frequencies with pretensions of 25 and 35 N are 2.35
and 2.57 Hz, respectively. Both frequencies are extremely close to the third-order natural
frequency, as indicated in Table 2. Thus, the lock-in phenomenon also occurs in the IL direction,
and the vibration modal in the IL direction is dominated by the third-order modal. As mentioned
previously, the same mechanism occurs in the vibration in the CF direction. Under the wake mode,
double and triple relationships are noted in the vortex shedding frequencies between the IL and
CF directions. As a result, the vortex shedding frequency can approach the high modal of the riser
natural frequency, and the lock-in phenomenon can occur at a high modal in the IL direction. Thus,
the vibration modal in the IL direction is higher than that in the CF direction.

The vibration amplitude in the CF direction is substantially larger than the vibration amplitude
in the IL direction, and amplitude decreases with increasing pretension. The phenomenon is
consistent with the findings of many studies under uniform flow [7, 10]. In conclusion, the VIV
mechanism under middle flow possesses some aspects that are similar to those under uniform flow
and exhibits several unique features.

3.5. Analysis of the motion trajectories
Fig. 12 depicts the motion trajectories at locations #4, #9 and #15 with pretensions of 25 and
35 N under middle flow. The dominant vibration frequency of the entire riser in the CF direction

is the second-order natural frequency, and a twice relationship exists between the IL and CF
directions. Thus, the distribution of the basic motion trajectories is symmetrical along the y-axis.
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Meanwhile, the motion trajectories can be also influenced by the phase angle between the IL and
CF displacements [44]. The phase angle can be derived as follows [44]:

x(t) = A,sin(Qwt + 6),

(20)
y(t) = Aysin(wt),

1)

where A, is the vibration amplitude in the CF direction, A, represents the vibration amplitude in
the IL direction, w is the dominant vibration frequency, and 6 is the phase angle.

w

Riser length (M)
i

a) Pretension of 25 N

Fig. 12. Motion trajectories at locations #4, #9 and #15
with the pretension of 25 N, 35 N under the middle flow

b) Pretension of 35 N

The calculated phase angle in our experiment is 55°. According to the motion trajectory map
depicted in the previous study [44], the motion trajectories exhibit crescent shapes in our
experiment, as shown in Fig. 12. However, these crescent shapes are not repeatable and thus differ
from the results under uniform flow. The motion trajectories at locations #9 and #15 are typically
erratic, particularly at location #9. The phenomenon occurs because multiple frequencies appear
in both the CF and IL directions and these multiple frequencies can affect the motion trajectories
of the riser. Multiple frequencies are considerably significant at locations #9 and 15, as presented

in Fig. 5-7 and 8-10. Thus, the motion trajectories are not repeatable, and the motion trajectories
at locations #9 and #15 are typically erratic.

4. Conclusions

1) Riser vibrates at different order natural frequencies along the water depth in the CF and IL
directions appearing as the multi-frequencies under middle flow.

2) The variation vortex shedding frequencies along the riser under middle flow may generate
different wake modes and vibration modals as the corresponding vortex shedding frequencies
approach the riser natural frequencies.

3) The dominant vibration frequency of the entire riser is consistent, and determined by high
order natural frequency and the corresponding closing vortex shedding frequencies under the
middle flow. Meanwhile, the vibration modal under middle flow appears multi-modals and other
lower modal have effect on riser vibration.

4) The VIV mechanism under middle flow possesses some aspects similar to those of uniform
flow and several unique features such as the vibration modal in the IL direction is higher than that
in the CF direction; Increasing pretension can increase dominate frequency and decrease the

vibration amplitude; The vibration amplitude in the CF direction is much larger than the vibration
amplitude in the IL direction, etc.
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