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Abstract—Vortex-Induced Vibrations (VIV) is a ubiquitous
phenomenon caused by shedding vortices behind bluff bodies. VIV
induced by ocean currents and waves generates fatigue damage in
riser systems. This disturbance creates a big challenge for
designing ocean exploration systems. A key feature in determining
VIV is the shape and size of the bluff bodies. Therefore, a new
design shape, riser section with buoyancy modules of low span to
diameter ratio (to serve as weight compensators), requires special
attention because hydrodynamic performance is extensively altered
in comparison with a bare riser section. A series of extensive forced
inline-crossflow VIV experiments on riser models with varying
buoyancy module setup were designed and carried out in the MIT
Towing Tank. These experiments formulated a new inline-crossflow
VIV hydrodynamic coefficient database for buoyancy module of
low span to diameter ratio, which can be included in semi-empirical
VIV prediction programs. Several key features of database,
including added mass coefficients, lift and drag force coefficients in
phase of velocity, etc., were systematically analyzed.
Keywords— VIV, Buoyancy Module, Experiment, Risers, Cross
flow, Inline

I. INTRODUCTION
Decades of research shows that vortex-induced vibrations
(VIV), if not accounted for, will cause considerable fatigue
damage, and deteriorate the structural integrity of a marine
cylindrical structure. Therefore, a large amount of effort has
been put into the understanding and prediction of VIV
occurrences, resulting in semi-empirical programs such as
Shear 7 (J. K. Vandiver, 1999)[1], VIVA (M. S. Triantafyllou,
1999)[2] and VIVANA (C. M. Larsen, 2000)[3]. These
programs, still used in academia and industrial today, were
developed using a database complied through extensive forced
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vibration experiments on rigid bare cylinders (T. Sarpkaya,
1978) [4].
The experiment for the first comprehensive hydrodynamic
database on only cross-flow(CF) forced vibration of a rigid
bare cylinder was constructed and carried out in the MIT
Towing Tank (R. Gopalkrishnan, 1993)[5].The database
included the drag force coefficient, lift coefficient in phase of
velocity and added mass coefficient at varying amplitudes and
reduced velocities. Subsequential evidence that in-line(IL)
motion causes a third harmonic force, resulted in the
development of the hydrodynamic database for coupled IL and
CF forced vibration on a rigid cylinder (J. Dahl, 2008; H.
Zheng, 2014)[6][7].
Apart from motion dependency, VIV, a complicated fluidstructure interaction phenomenon, is greatly affected by change
in structural characters. For example, buoyancy modules
attached to marine risers to avoid excessive force on the
floating platform, result in a slender body with segments of
varying diameters. High length-to-diameter-ratio (HLDR)
buoyancy modules are similar enough in VIV effect to use the
rigid bare cylinder database coefficients in modeling the
buoyancy module segments (M. S. Triantafyllou, 1999) [2].
However, his database is not applicable to the new design of
the low length-to-diameter-ratio (LLDR) buoyancy modules
because the hydrodynamics of the LLDR is significantly
altered (K. Javadi, 2014) [8].
Current research in the MIT Towing Tank, produced an
extensive set of IL & CF coupled forced vibration experiments,
performed on LLDR buoyancy module configurations. The
following coefficients were recorded: hydrodynamic
coefficient of mean drag Cd, IL added mass coefficient Cmx,

drag coefficient in phase of velocity Cdv, CF added mass
coefficient Cmy and lift coefficient in phase of velocity Clv.
Consequently, the first IL & CF coupled hydrodynamic
database for the LLDR buoyancy module section has been
compiled. Experiments show that the phase angle of the motion
plays a major role in determining VIV possible in nature.
Two types of experiments, central riser dominating
experiment and buoyancy module dominating experiment,
were conducted in the MIT Towing Tank. Based on this latest
research on risers with attached buoyancy modules, there have
been experimental findings on whether the central riser or
buoyancy modules dominate the VIV of riser structures.

usually twice as large
circular frequency of IL motion, with
is the maximum amplitude of CF motion and
is
as ;
the maximum amplitude of IL motion; is defined as the
phase angle between CF and IL motions. During tests, the
value of θ is valued from 0 to 7 /4 with steps of /4.
and
are applied to
Dimensionless parameters,
indicate physical amplitude of the model during testing in Eq.
(5),(6). D is defined as the diameter of the central riser in the
CRD experiment and d is defined as the diameter of the
buoyancy module. In both experiments, D is 2.5 times as d.

II. EXPERIMENTAL PARAMETERS AND MODEL SETUP
In the central riser dominating (CRD) experiment, 2 models
were fabricated and used in testing, including a riser attached
with buoyancy modules (Figure 1) and one bare cylinder riser
model for comparison. l is defined as the distance between
every two buoyancy modules while L is defined as the length
each buoyancy module.
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Where
is the series; 0, 0.15, 0.3, 0.5, 0.75 and 1;
is the series; 0, 0.05, 0.1, 0.15 and 0.3.

In the second experiment, buoyancy model dominating
(BMD) experiment, two models were tested, one riser with
buoyancy module model (Figure 1) and a bare cylinder riser as
control.

Figure 2: The amplitude conditions chosen in the CRD
experiments, as well as in BRD experiments.
is defined as reduced velocity, while U is the current
velocity; f is the frequency of forced vibration.
Figure 1: The top large model was the physical model applied
in the CRD experiment. The bottom model was applied in the
BMD experiment. This model is narrower than the model in
the central riser dominating experiment. The objective was to
complete more cycles of motion in the limited effective length
of the testing tank.
All the experiments were conducted in the MIT Towing
Tank, with an effective length of 1.5m, and a width of 0.9m.
The equations of motion of the risers in each test are Eq. (3)
and (4).
=
=
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Where y is defined as CF motion and x is defined as IL
is circular frequency of CF motion and
is
motion;
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is the series 6, 8, 10 for each experiment.

Based on above motion parameters, 1200 tests were
conducted on two models in the CRD / BRD experiments. We
recorded hydrodynamic forces in addition to the synchronized
motion data. Later, corresponding hydrodynamic coefficients
were calculated, including
Cd: Mean drag force coefficient
Clv: Lift force coefficient in velocity phase
Cdv: Drag force coefficient in velocity phase
Cmy: Added mass coefficient in CF motion
Cmx: Added mass coefficient in IL motion

III. RESULTS OF CENRAL RISER DOMAINATING EXPERIMENT
This section will describe and analyze the most significant
coefficients recorded; Cd, Clv, Cdv, Cmy, Cmx.
Fig. 3(a) reveals a specific case that shows that the larger
and
become, the larger the Cd value. This trend can
be seen more generally in Fig. 3(b), which shows all the trend
for Cd in all the CRD experiments.

(a)

(a)

(b)
=8， = /4 ) Clv Contour, 0-line is
Figure 4: (a) Clv (
highlighted by bold black line. (b) Clv This series of contours
illustrates all Clv values of riser model. The x-axis is defined as
and the y-axis is defined as
.

(b)

Figure 3: (a) Cd ( =6， = ) - Cd Contour shows that with
and
, mean drag coefficient Cd for
the increase of the
the CRD experiment increases. (b) Overall trend for the Cd.
Fig. 4(a), shows a specific case of Clv. This case shows that
is between [0, 0.6] while
is
Clv is positive when
between [0, 0.3]. Clv decreases with incremental values of CF
amplitude, while it initially increases with incremental values
of IL amplitude before beginning to decreases. This trend is
more generally seen in 4(b) which shows all the testing
conditions .
(a)

(b)
This series of curves clearly illustrate
Figure 5: (a) Clv . Each of the three rows shows plots
how Clv correlates to
series 6, 8, 10. The first row,
series 6,
for a value in the
is 8 or 10, Clv is
depicts the same trends as Fig. 4. When
. (b) Clv This series of
stable and has little relation to
curves clearly illustrates how Clv correlates with
. Each
series 6, 8, 10. Clv decrease in all
row plots a value in the
affects the rate of decrease. In the case
testing conditions.
valued at 6, Clv has the most dramatic decrease with
of
, infers that lower
is, the sharper Clv decreases.

(b)
=8， =0) - Cdv Contour, there is no
Figure 6: (a) Cdv (
positive value area. (b) Cdv ( =10， =0) - Cdv Contour, there
is a positively valued area at the right bottom corner where IL
amplitude is small.

Results for Cdv show that positive values do not
always occur, Fig 6(a). These positive values do appear,
is higher and IL
however, only in rare cases when
amplitude is smaller, such as Fig. 6(b). Additionally, Fig. 9
is between [0, 0.15], Cdv increases
shows that when
steeply along with expanding
and will reach a plateau.
Figure 7 shows the trends for all the data.

(a)

Figure 7: (a) Cdv This series of curves illustrates how Cdv
. The three rows plots
series 6, 8, 10
correlates to
separately. Cdv decreases under all testing conditions and
is 6, Clv deceases the
affects the rate of decrease. When
which infers that lower
results
most dramatically with
in a sharper decrease of Cdv. (b) Cdv - This series of contours
illustrates all Cdv values of riser model. The x-axis is defined as
while The y-axis is defined as
.

Cmy values for a specific case is seen in figure 8(a). Figure
8 (b) and (c) show the complied data from all the test
conditions.

(a)

Cmx values for a specific case is seen in figure 9(a). Figure
9 (b) and (c) show the complied data from all the test
conditions. The robustness of Cmx can be observed from the
figures due to its fixed values at [1.2, 2.5].

(a)

(b)
(b)

(c)
=6， = ) - When testing the riser
Figure 8: (a) Cmy (
model, Cmx value reaches 2.5. (b) Cmy - This series of contours
illustrate all Cmy values of riser model. The x-axis is defined as
while The y-axis is defined as
. From this figure, it is
difficult to summarize the trend. (c)
− (
= 8) Relation between
and phase angle.

(c)
Figure 9: (a) Cmx (Lr =1,
=6， = /2) (b) Cmx - This series
−
of contours illustrate all Cmx values of riser model. (c)
= 6) - There is an apparent correlation between
( = 1，
Cmx and phase angle.

IV. RESULTS OF BUOYANCY MODULE DOMAINATING
EXPERIMENT
This section with describe and analyze the most significant
coefficients recorded; Cd, Clv, Cdv, Cmy, Cmx.

(b)
Figure 11: (a) Clv ( =6， =3 /4) - This figure should be
compared to Fig. 6. (b) Clv - This series of contours illustrates
all Clv values of the riser model. The x-axis is defined as
.
while The y-axis is defined as
(a)

Fig. 12(a) is a specific case of Cdv. Comparing Fig. 12(b)
and Fig. 7(b), it can be inferred that the positive area is larger
in BMD then in CDR experiments, which means that VIV in IL
direction has more correlation with buoyancy module.

(b)
Figure 10. (a) Cd ( =6， = ) – shows a specific case of Cd
(b) Cd - shows the compiled graphs of all the data compiled.
In Fig. 11(a), the positive area is larger than in Fig. 4(a),
and the maximum value of Clv is 0.5 as opposed to a higher
value of 1.0 in Fig. 4(a). From Fig. 11(b) and Fig. 4(b), it can
be inferred that the positive area is larger in BMD then in CRD
experiments, which means risers with buoyancy modules will
more easily induce VIV.

(a)

(b)
Figure 12: (a) Cdv ( =10， = /2) - Cdv Contour, there is a
positive value area at the right bottom corner where the CF
amplitude is large and IL amplitude is small. Compared with
Fig. 7(b), the positive area is much larger. (b) Cdv - This series
(a)

of contours illustrate all Cdv values of the riser model. The xwhile The y-axis is defined as
.
axis is defined as
Comparing Fig. 13(b) with Fig. 8(b), the Cmy values are
relatively smaller in the BMD experiments.

(b)
Figure 14: (a) Cmx ( =8， =0) (b) Cmx. This figure depicts
all Cmx values of the riser model.
V. CONCLUSION
(a)

In this paper, VIV hydrodynamic databases are enhanced
by introducing the difference of apparent structure and shape. It
is the first time that several series of forced-vibration
experiments were conducted on risers with finite length
buoyancy modules and analyzed from an integral viewpoint.
This paper has established a complete hydrodynamic database
of Lr =1 riser model, with both central riser and buoyancy
module domination. Several key coefficients in the database,
including lift force coefficients, drag force coefficients and
added mass coefficients, are systematically recorded and
analyzed. This database can be applied in semi-empirical
programs, helping to precisely predict VIV buoyancy module
riser.
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