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a  b  s  t  r  a  c  t

A  series  of experiments  on steady  current  induced  vibration  of  piggyback  pipelines  close  to a plane
seabed  were  conducted  with  a hydro-elastic  facility  in a conventional  water  flume.  The  effects  of the
mass-damping  parameter,  the  diameter  ratio,  the gap-to-diameter  ratio,  the  spacing-to-diameter  ratio
and  the  position  angle  on the  VIV  response  were  studied.  The  VIV  suppression  for  the  piggyback  pipeline
system  by  the  small  pipe  was investigated  based  on  the  analysis  of  the  vibration  amplitude  and  the  critical
reduced  velocity  for the  onset  of VIV. Comparison  with  the prediction  with  the modified  Griffin  plot  by
Govardhan  and  Williamson  (2006)  [10]  shows  that  the  peak  vibration  amplitude  of  near-wall  piggyback
ortex induced vibration
teady currents
IV suppression

pipelines  is  smaller  than  that  for a wall-free  single  pipe. The  configuration  parameters  of piggyback
pipelines  have  significant  effects  on the  VIV suppression.  For  the configuration  of  the  small  pipe  above
the  main  pipe  (�  = 90◦), the  minimum  peak  amplitude  and  the  maximum  critical  reduced  velocity  occur
at  the  spacing-to-diameter  ratio  of  G/D  ≈  0.25, indicating  that  VIV  is  suppressed  most  effectively  by  the
small  pipe  at this  value  of  G/D.  For  a constant  value  of G/D  = 0.25,  both  the minimum  peak  amplitude  and

uced
the  maximum  critical  red

. Introduction

Submarine pipelines are widely used in the offshore oil and gas engineering for
ransporting oil and gas products. For technical and economic reasons, a secondary
small) pipe is often bound to the primary (main) pipeline, forming the so-called
piggyback pipelines”. The flow around the piggyback pipelines is more complex
han that around a single pipeline. The vortex shedding from the pipeline system
n  flows could be suppressed due to the existence of the small pipe [1,2], which

ay  consequently suppress the vortex-induced vibration (VIV) of the piggyback
ipelines with certain configurations.

Elastically-mounted systems in wind tunnels or water flumes are very efficient
acilities for studies on VIV responses and the corresponding vortex shedding modes
f  a cylinder. One of the most famous experiments was  conducted by Feng [3]. In
is  work, the mass ratio is very high (�1) as the experiments were conducted in the
ir. The oscillation frequency was  found to be very close to the natural frequency of
he structure in the lock-in regime. However, for the cases of lower mass ratios (e.g.
n  the water), the oscillation frequency does not follow the natural frequency and
hows a compromise between the natural frequency and the Strouhal frequency
4,5]. Khalak and Williamson [5] found that the response regime of the reduced
elocity at low mass ratios is wider than that at high mass ratios. Some reviews on
he topic of VIV can be referenced in [6–9].

The combined mass-damping parameter has been an important parameter in
redicting the maximum amplitude of VIV over the last three decades, although
here was  still a large scatter in peak-amplitude versus the mass-damping param-

ter in the Griffin plot [9]. Govardhan and Williamson [10] conducted a systematic
tudy on the effects of system mass and damping on the peak vibration ampli-
ude with an accurately controlled-damping facility. Their work indicated that the
ombined mass-damping parameter does collapse peak-amplitude data very well

∗ Corresponding author. Tel.: +86 10 82544189; fax: +86 10 62561284.
E-mail address: fpgao@imech.ac.cn (F.-P. Gao).
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 velocity  occur  at the  position  angle  of �  ≈ 120◦.
©  2014  Elsevier  Ltd.  All rights  reserved.

for a given Reynolds number and Reynolds number has an important influence
on  the value of peak amplitude. Generally, the peak amplitude increases with the
increase of the Reynolds number for a given mass-damping parameter. In Klamo
et al. [11], it was  found that because of the influence of Reynolds number, the tra-
ditional labels of “high mass-damping” and “low mass-damping” are incomplete
with regard to predicting a large or small-amplitude response profile. Vandiver [12]
recently gave a brief historical review of mass-damping from 1955 to 2006, and
proposed an updated dimensionless damping parameter well-suited for predicting
the VIV response of flexible risers in sheared flows.

There were also many studies focused on VIV of two-cylinder system. The vibra-
tion  amplitude of two cylinders depends on their relative locations and the vibration
of  one cylinder can affect the vortex shedding and synchronization of the other
[13,14]. For free vibrations of two side-by-side cylinders in a cross-flow, the system
modal damping ratio and the natural frequency were found to be dependent on
the spacing ratio [15]. Assi et al. [16] investigated the mechanism of wake-induced
vibrations (WIV) of a pair of cylinders in a tandem arrangement. It was indicated
that, different from the typical VIV response, the WIV  response was characterized
by  a build-up of amplitude persisting to high reduced velocities.

The piggyback pipelines are a special system of two cylinders typically with
different diameters. Some existing investigations shown that, the existence of the
small pipe can bring a pronounced increase in the drag force upon the main pipe and
the maximum value of the mean drag force occurs in the side-by-side arrangement
[17]. The fluctuation of the lift coefficient is weak when the two cylinders are in a
tandem arrangement and strong in a side-by-side arrangement [18,19]. When the
piggyback pipes are in the proximity of a plane boundary (e.g. the seabed), both the
configuration and boundary effects are obvious on the suppression of the vortex
shedding from the structure [1,2].

Till now, there exist few studies on the VIV response of piggyback pipelines.

Zang et al. [2] measured the wake flow field around near-bed piggyback pipelines
with the PIV technique. The suppression of vortex shedding from the main pipe was
investigated with the swirling strength analysis and the result was  validated with
the  amplitude of transverse VIV at the reduced velocity of 6.0. In Rahmanian et al.
[20], the influence of the position of the small cylinder on the VIV response was

dx.doi.org/10.1016/j.apor.2014.02.004
http://www.sciencedirect.com/science/journal/01411187
http://www.elsevier.com/locate/apor
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hydro-elastic facility is updated from the one ever used by Gao et al.
[23]. The model pipes were attached to the supporting frame by
Z.-P. Zang, F.-P. Gao / Applied

tudied at the reduced velocity of 8.0. Zhou and Lalli [21] conducted experiments in
he  air at a mass ratio of about 245. It was found that the largest amplitude occurs
t  � = 90◦ and the smallest value occurs at � = 135◦ . The amplitude of VIV decreases
ith the increase of the spacing ratio for most of configurations, accompanied by a
ecreasing reduced velocity for peak amplitudes.

As aforementioned, the existing studies on the VIV of piggyback pipelines
ocused either on certain values of the reduced velocity or in air conditions with
igh mass ratios, the overall VIV responses of piggyback pipelines for the typical
ange of the reduced velocity under the field conditions have not been investi-
ated comprehensively. Det Norske Veritas (DNV) RP-F105 [22] similarly suggested
hat, particularly for VIV of special pipeline designs, including piggyback pipelines,
undled pipelines, with limited experience, experiments should be considered.

In  this study, the transverse VIV of piggyback pipelines close to a plane bound-
ry in a steady flow was  physically modeled with a hydro-elastic facility in a large
ater flume. Based on dimensional analyses, a series of tests have been conducted

o examine the configuration effects on VIV suppression for the piggyback pipelines.

. Dimensional analyses and experimental details

.1. Dimensional analyses

The VIV responses of submarine piggyback pipelines under the
ction of a steady current involve complex interactions between the
urrent, pipelines and the seabed. Based on dimensional analyses,
he vibration amplitude ratio (A/D), the vibration frequency ratio
f/fn), the critical reduced velocity for the onset of VIV (Vr,onset) and
he force coefficients (CD and CL) are mainly relative to the following
on-dimensional groups, respectively:

/D = �1(e/D, G/D, d/D, �, Vr, Re, ˛, . . .)  (1a)

/fn = �2(e/D, G/D, d/D, �, Vr, Re, ˛, . . .)  (1b)

r,onset = �3(e/D, G/D, d/D, �, Re, ˛, . . .) (1c)

D = �4(e/D, G/D, d/D, �, Vr, Re, ˛, . . .)  (1d)

L = �5(e/D, G/D, d/D, �, Vr, Re, ˛, . . .)  (1e)

here A is the vibration amplitude, i.e. A = (ymax − ymin)/2, in which
max and ymin are the maximum and the minimum displacement of
he pipe system in the transverse y-direction (perpendicular to the
ree stream), respectively; D is the outer diameter of the main pipe;

 is the gap between the main pipe and the bottom, and e/D denotes
he gap-to-diameter ratio; G is the spacing between two pipes, and
/D denotes the spacing-to-diameter ratio; d is the outer diameter
f the piggyback (small) pipe, and d/D denotes the diameter ratio;

 is the position angle of the piggyback pipe relative to the main
ipe; f is the oscillation frequency, fn is the natural frequency of the
ystem of piggyback pipes in the still water. The reduced velocity
r is defined as

r = U

Dfn
(2)

here U is the free-stream velocity.  ̨ is the combined mass-
amping parameter, i.e.

 = (m∗ + Ca) � (3)

n which the mass ratio m* of the piggyback pipes is defined as

∗ = 4m

��(D2 + d2)
(4)

here m is the total mass of the oscillating structure per unit length
nd � is the mass density of the water; Ca is the potential flow added
ass coefficient (Ca = 1.0 for a circular cylinder); � is the damping

actor of the system, the method for determining of which is given
n Section 2.2. Re (=UD/�) is the Reynolds number of the main pipe,

here � is the kinematic viscosity of the water.

The critical reduced velocity (Vr,onset) for the onset of VIV is

 crucial parameter for evaluating the allowable length to avoid
IV of the spanning pipeline. In the DNV RP-F105 [22], the refer-
nced value for Vr,onset is set as the one at which A/D is increased
Fig. 1. (a) Details of VIV modeling system and (b) configuration of piggyback
pipelines and arrangement of pressure transducers.

(from nil) up to 0.15 while increasing the flow velocity, i.e. Vr,onset =
Vr |A/D=0.15. In this study, the same criterion is adopted for the crit-
ical reduced velocity. The in-line drag force coefficient CD and the
transverse lift force coefficient CL are expressed as follows:

CD = FD

0.5�DU2
(5a)

CL = FL

0.5�DU2
(5b)

where FD and FL are the total in-line and transverse force per unit
length on the main pipe, respectively. The details for the measure-
ment method of these hydrodynamic forces are given in Section
2.2.

2.2. Experimental details

A hydro-elastic facility in conjunction with a water flume was
employed for physical modeling VIV responses of the piggyback
pipes (see Fig. 1). The water flume (52.0 m long, 1.0 m wide and
1.5 m deep) located at the Institute of Mechanics, Chinese Academy
of Sciences, is capable of generating steady flow with velocity up
to approximately 0.75 m/s  with the water depth set at 0.5 m.  The
two connecting poles, two sliding poles and two sets of springs.
The sliding poles can move along the four pulley bearings, which
are connected to the two localizers. In the present study, only trans-
verse vibration was  simulated with the hydro-elastic facility.
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The model of the main pipe is made of a plexiglass tube
D = 80 mm).  Four small pipe models made of a plexiglass rod with
arious diameters, i.e. d = 12 mm,  20 mm,  30 mm  and 40 mm were
sed, respectively. The length of the piggyback pipes is 980 mm.  As
hown in Fig. 1(a), a pair of semicircle-shaped plates was utilized at
he both ends to position the two model pipes, so that the position
ngle can be varied in the range of � = 0–180◦ and the spacing-to-
iameter ratio G/D = 0–0.5 (see Fig. 1(b)). The mass ratio m* can be
aried by adjusting the weight of the main pipe.

The oscillation of the piggyback pipes was measured with a
aser displacement transducer (LDT) mounted on the supporting
rame (see Fig. 1(a)). The natural frequency of the system of pig-
yback pipes fn was obtained by spectrum analyses of free-decay
ests in the still water. The damping factor � was determined with
he conventional free-decay testing method, i.e. applying a given
xcitation to the structure, then recording the vertical oscillation
ith the LDT. For slightly damped structures, the damping factor

an be estimated with � = ln(Ai/Ai+n)/(2�n), where Ai is the initial
mplitude of pipe vibrations, Ai+n is the amplitude after n cycles.
ote that the measured damping factor includes both structural
nd hydrodynamic sources.

An acoustic Doppler velocimetry (ADV) was placed at 3.0 m
pstream the pipes and 0.12 m above the flume bottom to mea-
ure the flow velocity (see Fig. 1(b)). The tests were conducted
y increasing the flow velocity gradually to reach steady states.
or the maximum value of the flow velocity (U ≈ 0.75 m/s), the
orresponding reduced velocity reached Vr ≈ 16 and the Reynolds
umber reached Re ≈ 6.0 × 104.

The hydrodynamic forces on the main pipe were measured with
 miniature pressure transducers, which were evenly distributed
long the circumference of the main pipe’s surface (see Fig. 1(b)).
he hydrodynamic force on a bluff body in flows includes two
omponents, i.e. the force due to pressure and the force due to fric-
ion. According to Achenbach [24], the contribution of the friction
s usually insignificant (<3%) compared with the contribution of
he pressure for Reynolds numbers greater than 104. In this study,
he total hydrodynamic forces on the main pipe per unit length
FD and FL) are calculated by integrating the pressure along the
ircumference of the cylinder:

D ≈
8∑

i=1

�

8
D(pi − pi0) cos ˛i (6a)

L ≈ −
8∑

i=1

�

8
D(pi − pi0) sin ˛i (6b)

here pi and pi0 denote the total transient pressure and the static
ressure measured by the ith pressure transducer, respectively; ˛i

s the position angle of the ith transducer. Submitting the values of
D and FL into (5a) and (5b), the drag force coefficient CD and the
ift force coefficient CL can be obtained.

Parametric study involving 23 tests in total has been made to
eveal the mechanism of VIV of the piggyback pipelines. The test
onditions and the main results for VIV responses of the piggyback
ipes are listed in Table 1.

. Results and discussion

.1. Effect of mass-damping and Reynolds number: comparison with ‘modified
riffin plot’ [10]

The effect of the mass-damping parameter and Reynolds number on the VIV

esponses of piggyback pipes is investigated, including the critical reduced velocity
or  the onset of VIV, peak amplitude of VIV, etc. Three values of the mass-damping
arameters are chosen, i.e.  ̨ = 0.145, 0.161 and 0.182, with the Reynolds number
f  the maximum VIV amplitude Re|(A/D)max

= 3.8 × 104, 3.2 × 104, and 2.5 × 104,
espectively (see Table 1).
Fig. 2. VIV response of piggyback pipelines for different mass-damping param-
eters: (a) amplitude and (b) frequency (e/D = 1.0, G/D = 0.25, d/D = 0.25, � = 90◦ ,
Re = 2.5–3.8 × 104).

As aforementioned in Section 2.1, the critical reduced velocity (Vr,onset) is one of
the  most important parameters for the evaluation of VIV suppression. In Fig. 2(a),
the  line of A/D = 0.15 is provided to obtain the value of Vr,onset. It can be seen that
Vr,onset increases with the increase of ˛, indicating that increasing the mass-damping
parameter may  delay the onset of VIV, which reflects the role of the system mass-
damping in the VIV suppression. Moreover, the width of the lock-in range also
decreases with the increase of the mass damping parameter, which is coincident
with the previous observations for a single cylinder (e.g. [5,26]).

The  normalized frequency of VIV is plotted against Vr in Fig. 2(b). Lei et al. [25]
indicated that the Strouhal number of the vortex shedding from a circular cylinder
close to a plane boundary is about 0.19 at the gap-to-diameter ratio of e/D = 1.0 if
the  boundary layer thickness is greater than the cylinder diameter. Both the lines
of  f/fn = 0.19 Vr and f/fn = 1.0 are plotted on Fig. 2(b) for comparisons. The vibration
frequency shows a compromise between the natural frequency and the Strouhal
frequency. f/fn increases with the increase of Vr . The effect of the mass-damping
parameter on the response frequency is not obvious for these test cases.

As illustrated in Fig. 2(a), the value of A/D decreases with the increasing  ̨ in the
lock-in range. The peak amplitude (A/D)max of the VIV of piggyback pipes are plotted
against  ̨ in a modified Griffin plot [10], in which the influence of Reynolds number
is  taken into account (see Fig. 3). In Govardhan and Williamson [10], an empirical
formula was proposed to predict the peak amplitude of VIV for a wall-free single
cylinder:

(A/D)max = (1 − 1.12  ̨ + 0.30˛2)lg(0.41(Re|(A/D)max
)0.36) (7)

Generally, in the modified Griffin plot, (A/D)max decreases with the increase
of   ̨ for a fixed value of Re|(A/D)max

and increases with the increase of Re|(A/D)max
for a fixed value of ˛. In Fig. 3, the predicted values by Eq. (7) are plotted at
the  corresponding Reynolds numbers of the peak amplitudes of present tests, i.e.
Re|(A/D)max

= 2.5 × 104, 3.2 × 104 and 3.8 × 104. It is indicated that the present test

results for the piggyback pipes follow the same trends as predicted with the mod-

ified Griffin plot for the wall-free singe cylinder, with smaller values by about 25%.
For  the near-bed piggyback pipes, the presences of the secondary (small) pipe and
the boundary have obvious effect on the vibration suppression resulting from the
suppression of vortex shedding as observed in [2].
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Table  1
Test conditions and results for VIV of piggyback pipelines.

Test no. Test conditions Test results Section

d/D e/D G/D � (◦) m* fn (Hz) �  ̨ (A/D)max Vr,onset Re|(A/D)max
(×104)

1 0.25 1.0 0.25 90 1.17 0.62 0.067 0.145 0.84 4.2 3.8 3.1
2  – – – – 1.47 0.59 0.065 0.161 0.80 4.5 3.2
3  – – – – 1.92 0.52 0.062 0.182 0.76 4.9 2.5
4  0.15 1.0 0.25 90 1.47 0.60 0.066 0.162 0.82 4.1 2.6 3.2.1
5  0.38 – – – – 0.58 0.064 0.158 0.76 5.7 3.3
6  0.50 – – – – 0.56 0.062 0.153 0.73 7.2 2.6
7  0.25 0.1 0.25 90 1.47 0.62 0.064 0.158 0.62 10.2 4.2 3.2.2
8  – 0.3 – – – 0.60 0.063 0.155 0.70 9.6 3.7
9  – 0.5 – – – 0.58 0.061 0.151 0.78 5.2 3.2
10  0.25 1.0 0 90 1.47 0.58 0.067 0.165 0.97 3.9 2.6 3.2.3
11  – – 0.13 – – 0.58 0.065 0.161 0.88 4.1 2.1
12  – – 0.19 – – 0.58 0.065 0.161 0.85 4.3 2.3
13  – – 0.31 – – 0.58 0.062 0.153 0.81 4.3 2.6
14  – – 0.38 – – 0.58 0.064 0.158 0.81 4.2 2.3
15  – – 0.50 – – 0.58 0.063 0.155 0.81 4.1 2.5
16  / – (∞)  / – 0.58 0.066 0.164 0.82 4.0 2.2 (single)
17  0.25 1.0 0.25 0 1.47 0.57 0.066 0.163 0.92 3.2 4.6 3.2.4
18  – – – 30 – 0.57 0.065 0.161 0.57 3.8 1.8
19  – – – 45 – 0.57 0.064 0.158 0.65 3.5 2.3
20  – – – 60 – 0.57 0.065 0.161 0.95 3.7 2.2
21  – – – 120 – 0.57 0.066 0.163 0.50 5.4 2.2
22  – – – 150 – 0.57 0.066 0.163 0.65 5.1 1.9
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3.2.2. Effect of gap-to-diameter ratio e/D
The near-wall effect on VIV of piggyback pipelines is studied, by conducting

the  tests at e/D = 0.1, 0.3, 0.5 and 1.0, respectively. The small pipe was  placed
above the main pipe (� = 90◦) with a spacing-to-diameter ratio of G/D = 0.25.
23  – – – 180 – 0.57 0.0

ote: – denotes “Same as above”; D = 80 mm for all cases; (A/D)max – the value of th
 the value of Reynolds number for occurrence of the maximum VIV amplitude.

.2. Effect of configuration parameters

.2.1. Effect of diameter ratio d/D
The effect of the diameter ratio on the VIV response of piggyback pipelines is

xamined at four values of the diameter ratio, i.e. d/D = 0.15, 0.25, 0.375 and 0.5.
s the specific gravity of the plexiglass (∼1.18) is very close that of the water, the

ncrease in the diameter of the small pipe has slight effect on the mass ratio of the
hole system (<5%). The mass ratio is kept at m* ≈ 1.47.

Fig. 4(a) gives the variations of the vibration amplitude with the reduced veloc-
ty.  The right boundary of the lock-in regime is greater than the maximum reduced
elocity that the water flume can generate. Judged by the trends of the curves, it
ppears that the right boundary reduced velocity of the lock-in regime at d/D = 0.15
s  the smallest and that at d/D = 0.5 is the largest.

The critical reduced velocity Vr,onset increases with the increase of d/D, indicating
hat  increasing the diameter of the small pipe may  delay the onset of VIV. The peak
mplitude of VIV also decreases with the increases of the diameter. The main reason
or  the decreasing amplitude is that an increase in the small pipe diameter effectively
eakens the vortex shedding from the main pipe [2]. The effect of Reynolds number

n the peak amplitude would be very small as Re|(A/Dmax varies in a narrow range

2.6 × 104–3.3 × 104) in these cases.

In  Fig. 4(b), the frequency of VIV increases with the increase of the reduced
elocity. The effect of the diameter ratio on the frequency is weak as Vr < 10. At
r > 10, the response frequency decreases with the increase of d/D.

ig. 3. Comparisons between peak amplitudes for near-wall piggyback pipelines
nd predicted values for a wall-free cylinder by modified Griffin plot.
0.161 0.72 3.9 2.6

imum amplitude; Vr,onset – the critical reduced velocity for onset of VIV; Re|(A/D)max
Fig. 4. VIV response of piggyback pipelines for different diameter ratios: (a) ampli-
tude and (b) frequency (e/D = 1.0, G/D = 0.25, � = 90◦ ,  ̨ ≈ 0.160, Re = 2.6–3.3 × 104).
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Fig. 5. VIV response of piggyback pipelines for different gap-to-diameter
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Fig. 6. VIV response of piggyback pipelines for different spacing-to-diameter
atios: (a) amplitude and (b) frequency (G/D = 1.0, d/D = 0.25, � = 90◦ ,  ̨ ≈ 0.156,
e  = 3.2–4.2 × 104).

he diameter ratio is set at d/D = 0.25 and the mass-damping parameter is
 ≈ 0.156.

In Fig. 5(a), it can be seen that the peak amplitude of VIV generally decreases
ith the decreasing e/D in the lock-in regime for near-wall piggyback pipelines, even

hough the Reynolds number of the peak amplitude is increasing. The same trend
as been found for a near-wall single pipe by Yang et al. [26]. This can be related to
he vortex shedding suppression on the main pipe by the bottom [2]. The amplitude
f  VIV at e/D = 1.0 is slightly larger than that at e/D = 0.5, which indicates that the
ffect of the bottom would be ignored if e/D is large enough. The data for VIV of a
ingle pipe at e/D = 1.0 is also shown in the figure for comparison. At the same gap-
o-diameter ratio e/D = 1.0, the maximum vibration amplitude of piggyback pipeline
s  smaller and the critical reduced velocity is larger than that of a single pipe, which
ndicates that the existence of the small pipe have much effect on VIV suppression.

The  critical reduced velocity Vr,onset increases with the decrease of e/D. The value
f Vr,onset at e/D = 0.1 is about 10, which is much larger than the value for a single pipe
Vr,onset = 6) at the same value of e/D [26]. This is mainly due to that the existence of
he  small pipe also contributes to the suppression of the vortex shedding, in addition
o  the effect of the bottom.

The normalized frequency of VIV is plotted against Vr in Fig. 5(b). f/fn with the
ncrease of Vr for all the tested gap-to-diameter ratios. The normalized frequency of
IV  for piggyback pipelines decreases with the increase of e/D, which is similar to

he trend for a single pipeline close to a plane boundary [26].

.2.3. Effect of spacing-to-diameter ratio G/D
The effect of the spacing-to-diameter ratio on the VIV response of piggyback

ipelines is studied with G/D ranging in 0 ∼ 0.5. The position angle is set at � = 90◦ .
he  diameter ratio is d/D = 0.25. The mass-damping parameter is  ̨ ≈ 0.160.

In  Fig. 6(a), the vibration amplitudes of the piggyback pipelines are plotted
gainst the reduced velocity. It can be seen that the vibration amplitude and the
idth of the lock-in range are very dependent on G/D. With the increase of the flow
elocity (from nil), the amplitude of VIV jumps suddenly to a large value at the crit-
cal  reduced velocity. For G/D = 0 and 0.13, the width of the lock-in range is larger
han  that for other cases and the right boundary of the lock-in regime is beyond the

aximum reduced velocity that the facility can generate. There is slight difference
ratios: (a) amplitude and (b) frequency (e/D = 1.0, d/D = 0.25, � = 90◦ ,  ̨ ≈ 0.160,
Re  = 2.1–3.2 × 104).

in the vibration amplitude and the width of the lock-in range among G/D = 0.38, 0.50
and infinite (i.e. single pipe).

In  Fig. 6(b), the normalized frequencies (f/fn) generally increases with the
increase of Vr . When the reduced velocity is small (Vr < 6), f/fn basically follows
the Strouhal line, indicating that vortex shedding dominates the vibration of the
piggyback pipeline. f/fn is slightly greater than 1.0 and increases very slowly with
the increasing Vr at 6 < Vr < 9. It is likely that the response frequency lock-in with
the vortex shedding frequency in the range of 6 < Vr < 9, resulting in the maximum
amplitude as shown in Fig. 6(a).

Fig. 7(a) shows the normalized mean position of the vibration varying with
the increasing reduced velocity, where the normalized mean position is defined
as  (ymax + ymin)/2D. The mean position of the vibration is not a linear function of
G/D. For a single pipe (G/D ≈ ∞), the mean position is very close to the initial posi-
tion (zero) due to the symmetric configuration. The slight upward deflection likely
stems from the effect of the bottom. As for G/D = 0, the two pipes are in contact with
each other and can be approximated by a single pipe with a larger dimension in
the  cross-flow direction. The little difference between the mean position at G/D = 0
and  G/D ≈ ∞ is due to the existence of the small pipe. For G/D = 0.5, the two  pipes
are far separated from each other and the interference between their wake flows is
insignificant. Thus, the mean position is also small and close to the value for a single
pipe. The highest mean position occurs at a medium spacing of G/D = 0.25.

The mean drag and lift coefficients on the main pipe at fixed reduced velocity
of  Vr = 9 (Re = 3.4 × 104) are shown in Fig. 7(b). It can be seen that the mean value
of  CD decreases with the increase of G/D. When the small pipe contacts the main
pipe, the drag force on the main pipe has the maximum value. With the increase of
G/D, the effect of the small pipe becomes weak and the drag force on the main pipe
decreases to the value for a single pipe. It is indicated that the existence of the small
pipe increases the total drag on the pipeline system, which is consistent with the
conclusion by the published literature [17].

The mean value of CL increases with the increase of G/D until it reaches its max-
imum value at G/D ≈ 0.25. Then the mean value of CL decreases with the increasing

G/D  and converges to the value for a single pipe. This can be explained by that the
vortex shedding from the upper side of the main pipe is suppressed most effectively
by  the small pipe at G/D ≈ 0.25 [2] and the clockwise vortices shed from the lower
side of the cylinder lead to an upward (positive) lift force [27]. It is the main reason
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Fig. 8. (a) Variation of peak amplitude of VIV with spacing-to-diameter ratio and
(b)  variation of onset reduced velocity with spacing-to-diameter ratio (e/D = 1.0,
d/D  = 0.25, � = 90◦ ,  ̨ ≈ 0.160, Re = 2.1–3.2 × 104).
ig. 7. (a) Mean position of vibrating piggyback pipelines for different spacing-
o-diameter ratios and (b) variation of mean force coefficients of main pipe with
pacing-to-diameter ratio (e/D = 1.0, d/D = 0.25, � = 90◦ ,  ̨ ≈ 0.160, Re = 2.1–3.2 × 104).

f the piggyback pipelines raised from the initial position during vibration, as shown
n  Fig. 7(a).

Fig. 8(a) shows the variation of the peak amplitude (A/D)max with G/D. (A/D)max

ecreases with the increase of G/D when G/D < 0.25 and reaches its minimum
alue at G/D ≈ 0.25. Then (A/D)max slightly increases and keeps constant there-
fter with the increase of G/D. The Reynolds number at the peak amplitudes
aries in a narrow range (Re|(A/D)max

= 2.0–2.6 × 104), only except for G/D = 0.25

Re|(A/D)max
= 3.2 × 104). According to Govardhan and Williamson [10], the peak

mplitude increases with the increase of Re|(A/D)max
for a given ˛. However, in this

et of tests, the minimum peak amplitude occurs at the high Reynolds number, i.e.
/D = 0.25. This is mainly because of the most significant suppression effect of the
mall pipeline at this value of G/D, even though the effect of Reynolds number has
een  considered. Fig. 8(a) also indicates that the amplitude of VIV would be enhanced

f  the small pipe is too close to the main pipe by comparison with the value for a
ingle pipe.

Fig. 8(b) shows the variation of the critical reduced velocity (Vr,onset) with
he G/D. Vr,onset increases with the increase of G/D as G/D < 0.25 and decreases as
/D  > 0.25. Vr,onset at G/D = 0 is smaller than that for a single pipe (solid line), indicat-

ng  that the onset of VIV is more easily to occur than a single pipe when the small
ipe  is in contact with the main pipe. At G/D = 0.5, the small pipe has little effect on
he main pipe and the value of Vr,onset is close to that for a single pipe. The maximum
alue of Vr,onset occurs at G/D ≈ 0.25. The results of both the peak amplitude and the
ritical reduced velocity indicate that VIV is suppressed most effectively by the small
ipe at the spacing-to-diameter ratio of G/D ≈ 0.25 for � = 90◦ .

.2.4. Effect of position angle �
The position angle of the small pipe relative to the main pipe was  changed from

◦ to 180◦ to investigate its effect on the VIV response. The gap-to-diameter ratio is
et  at G/D = 0.25; the diameter ratio is d/D = 0.25 and the mass-damping parameter

 ≈ 0.160.
The vibration amplitudes versus the reduced velocity for different position
ngles are shown in Fig. 9(a). It can be seen that the behavior of piggyback pipelines
aries remarkably with the change in the position angle. For � = 0◦ , i.e. the small pipe
s  in front of the main pipe, the piggyback pipelines vibrate at high amplitudes and
he right boundary of the lock-in regime is beyond the maximum reduced velocity
hat the test facility can generate. For � = 30◦ , the resonance only occurs in a narrow

Fig. 9. VIV response of piggyback pipelines for different position angles: (a) ampli-
tude and (b) frequency (e/D = 1.0, G/D = 0.25, d/D = 0.25,  ̨ ≈ 0.160, Re = 1.8–4.6 × 104).
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Fig. 10. (a) Mean position of vibrating piggyback pipelines for different position
a
(

r
h
a
l
t

s
o
s
i
t
p
t
t
t
b
p

F
o
p
t

V
v
t
p
t
�
m

e
i
i
a
t

a
6

(1) Comparison with the prediction with the modified Griffin plot by Govardhan and
ngles and (b) variation of mean force coefficients of main pipe with position angle
e/D = 1.0, G/D = 0.25, d/D = 0.25,  ̨ ≈ 0.160, Re = 1.8–4.6 × 104).

ange of Vr and has small peak amplitudes. For � = 120◦ , the onset of VIV occurs at a
igher reduced velocity than at other position angles and the vibration amplitudes
re kept at small values. The curve for � = 0◦ has the highest amplitude and the widest
ock-in range among these position angles. For � = 90◦ and 180◦ , the vibration has
he medium amplitudes and “lock-in” ranges.

The normalized frequency (f/fn) of VIV varying with the reduced velocity is
hown in Fig. 9(b). f/fn generally increases with the increasing Vr . At the initial stage
f  VIV (Vr < 5), f/fn follows the Strouhal law (f/fn = 0.19Vr), indicating that the vortex
hedding dominates the vibration of the piggyback pipelines. As the reduced veloc-
ty  exceeds 5.0, the position angle has significant effect on f/fn . f/fn almost covers
he area between the Strouhal line and the line of f/fn = 1.0 because of the com-
lex interactions between the fluid and pipelines. For � = 120◦ ,  f/fn almost follows
he Strouhal line in the lock-in regime and has the highest vibration frequency due
o  the absolute control by the vortex shedding. For � = 180◦ , the value of f/fn has
he lowest vibrating frequency, which means that the vortex shedding is controlled
y  the vibrating structures, the inertia dominating the behavior of the piggyback
ipelines.

Fig. 10(a) shows the mean positions of the vibration for different position angles.
or  the tandem configurations of the two pipes (� = 0◦ and 180◦), the mean positions
f  vibration are very close to zero due to the symmetric configuration. For other
osition angles, all the mean positions are above the initial balance position, namely
he whole pipeline system is raised by the flow, especially for � = 30◦ .

The variations of the mean drag and lift coefficients of the main pipe with � at
r = 9.0 (Re = 3.4 × 104) are plotted in Fig. 10(b). The mean drag coefficient has a larger
alue for � ranging in 60–120◦ than other position angles. This is likely because that
he project of the pipeline system in the transverse direction is increased when the
iggyback is installed above the main pipe (60◦ ≤ � ≤ 120◦). The blockage effect of
he  pipeline system on the flow is more significant than a single pipe. For � < 60◦ or

 > 120◦ , the project of the piggyback on the vertical plane is still within that of the
ain pipe, thus the blockage effect is not evident.

The mean lift coefficient has the maximum value at about � = 30◦ , which can well
xplain the maximum upward deflection of the pipeline system occurring at � = 30◦

n Fig. 10(a). The smallest values of mean CL occur at the two tandem configurations,
.e. � = 0◦ and 180◦ , which can be reflected by the lowest mean positions at these two
ngles. The mean lift forces for all the position angles are pointing upward due to

he  existence of the small pipe.

Fig. 11(a) shows the peak amplitude of VIV (A/D)max varying with the position
ngle. It can be seen that there are three peak values of (A/D)max occurring at � ≈ 0◦ ,
0◦ and 180◦ , respectively. The two  trough values of (A/D)max occur at � ≈ 30◦ and
Fig. 11. (a) Variation of peak amplitude of VIV with position angles and (b) varia-
tion of onset reduced velocity with position angle (e/D = 1.0, G/D = 0.25, d/D = 0.25,
˛  ≈ 0.160, Re = 1.8–4.6 × 104).

120◦ . Rahmanian et al. [20] numerical results for the 2DOF VIV of piggyback pipelines
at Vr = 8 shown the peak values of (A/D)max occur at � = 67.5◦ and 150◦ , and the trough
values of (A/D)max occur at 22.5◦ and 112.5◦ . The trends of (A/D)max varying with Vr

in both studies are generally similar. The different between the two sets of results
is  due to the fact that the study of Rahmanian et al. [20] is for uniform flow past two
cylinders, where there is no effects from the plane boundary. Apart of the influence
from the gap in this study, two other reasons may also contribute to the difference
between the two studies. One is the difference in diameter ratio and mass ratio; the
other is that the VIV responses in Rahmanian et al. [20] were simulated at a constant
reduced velocity, which may  not represent the maximum amplitude in the whole
lock-in regime. The Reynolds number of the peak amplitude for most cases varies
from 1.8 × 104 to 2.6 × 104 and it may  have slight influence on the value of the peak
amplitude.

Fig. 11(b) shows the variation of the critical reduced velocity with the position
angle. Vr,onset for a single pipe is shown by a solid line for comparison. It can be seen
that  the position angle has great effect on Vr,onset. Vr,onset generally increases with
the  increasing � when � < 120◦ and decreases when � > 120◦ . For � > 60◦ , the values
of Vr,onset are larger than that for a single pipe, indicating that the onset of VIV of
piggyback pipelines can be shifted to be delayed for the existence of the small pipe
when � > 60◦ . The maximum value of Vr,onset occurs at � ≈ 120◦ .

4. Conclusions

Transverse VIV of piggyback pipelines under the action of steady current was
physically modeled with a hydro-elastic facility in conjunction with a water flume.
The effects of the configuration parameters, including the mass-damping parameter
(˛), the diameter ratio (d/D), the gap-to-diameter ratio (e/D), the spacing-to-
diameter ratio (G/D) and the position angle (�), on the VIV response of piggyback
pipelines are investigated. The conclusions are drawn as follows:
Williamson [10] shows that the peak vibration amplitude of near-wall piggyback
pipelines is smaller than that for a wall-free single pipe by up to 25% in present
study, which indicates that the presences of the secondary pipe and the bottom
effectively suppress the vortex-induced vibration.
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2) The boundary effect on the VIV response is obvious for the near-bed piggyback
pipelines. The peak amplitude decreases with the decrease of e/D. The critical
reduced velocity and the vibration frequency increase with the decrease of e/D.

3) For the configuration of the small pipe above the main pipe (� = 90◦), the min-
imum peak amplitude and the maximum critical reduced velocity occur at
G/D ≈ 0.25, which indicates that VIV is suppressed significantly by the small
pipe at this spacing-to-diameter ratio.

4) For the constant value of G/D = 0.25, the vibration amplitude is suppressed most
effectively around � = 30◦ and 120◦ . The critical reduced velocity for � > 60◦ is
generally larger than that for a single pipe and the maximum value occurs at
�  ≈ 120◦ .

5) The existence of the small pipe can lead to an upward mean lift force on the
vibrating pipeline system, resulting in the rise of the pipeline system. The max-
imum mean lift force and the maximum deflection of displacement occur at
G/D ≈ 0.25 for � = 90◦ , and occur at � ≈ 30◦ for G/D = 0.25.
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