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Mitigation of Vortex-Induced
Motion (VIM) on a Monocolumn
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A great deal of works has been developed on the spar vortex-induced motion (VIM) issue.

There are, however, very few published works concerning VIM of monocolumn platforms,
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partly due to the fact that the concept is fairly recent and the first unit was only installed
last year. In this context, a meticulous study on VIM for this type of platform concept is

presented here. Model test experiments were performed to check the influence of many
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factors on VIM, such as different headings, wave/current coexistence, different drafts,
suppression elements, and the presence of risers. The results of the experiments presented
here are motion amplitudes in both in-line and transverse directions, forces and added-
mass coefficients, ratios of actual oscillation and natural periods, and motions in the XY
plane. This is, therefore, a very extensive and important data set for comparisons and
validations of theoretical and numerical models for VIM prediction.
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1 Introduction

Monocolumn, as well as spar platforms, being structures of low
aspect ratio, are expected to sufficiently present 3D vortices-
emission patterns and a great susceptibility to appendages present
at the hull, particularly the fairleads. A brief overview about the
relevant aspects of VIM on spar and monocolumn platforms can
be found in Ref. [1].

Results indicating these characteristics of VIM on monocolumn
platforms have also been presented in works on MonoGoM plat-
form. Further information can be found, among others, in Refs.
[2,3].

On the other hand, results reported in this literature demonstrate
that these effects are particularly related to the geometry of each
unit; therefore, it is difficult to predict the behavior of a unit in a
general fashion.

Due to these facts and at the current level of knowledge and
development of numerical practices, it is almost imperative to
perform scale model tests in order to verify the effects caused by
the appendages on VIM of monocolumns.

Hence, the test matrix developed for the present work com-
prised a series of runs at a physical towing tank in which a
reduced-scale model was exposed to several current incidences
and VIM mitigation effects.

Section 2 presents, in detail, the experimental setup and tests
performed in each case. Section 3 presents the analysis method-
ology of the experimental results obtained. Section 4 presents the
results and their respective discussion. Finally, Sec. 5 presents the
conclusions about the extensive experimental work, besides sug-
gestions for further investigation to complement the works con-
ducted so far.

"This paper includes OMAE2009-79380: “Mitigation of Vortex-induced Motions
of a Monocolumn Platform,” presented in the 28th International Conference on
Ocean, Offshore and Arctic Engineering, 2009, Honolulu, HI, and new results about
forces due to the VIM.
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2 Experimental Setup

The experimental setup is characterized by a scale model of the
MonoBR floating unit, secured by a set of equivalent horizontal
moorings in the towing tank at the Institute of Technological Re-
search (IPT) in Sdo Paulo, Brazil.

The set is towed by the main car of the towing tank, together
with the instrumentation dedicated to real-time monitoring of the
important physical parameters for the VIM phenomenon, in this
case: displacement and accelerations on the XY plane (the same as
the free surface); forces in each of the four springs that compose
the equivalent horizontal mooring and the towing velocity.

2.1 Reduced-Scale Model. The definition of the reduced
scale was made based on the geometry of the test basin at the IPT
(4.0X6.6X280.0 m, respectively, depth X width X length). Be-
sides this geometry, the possible velocities that may be developed
by the main car of the towing tank were also a determinant factor
for the definition of the reduced-scale model. These two factors,
together, were important in defining the magnitude of the typical
periods of oscillation due to VIM and, therefore, to determine the
number of oscillation cycles registered. It is important to outline
that the reduced scale researched would have to allow for a
greater number of complete oscillation cycles due to VIM as a
way to characterize the monitored parameters as much as possible.

The ratio between the reduced-scale diameter and the width of
the model test basin was also considered in order to avoid scale
effects and mainly proximity with the side walls of the tank,
which could interfere with the results of interest.

The adopted scale was 1:200. The magnitude of the monitored
parameters was also taken into account in order to avoid an ex-
cessive reduction in the dimensions of the model.

The main dimensions of the MonoBR are presented in Table 1.
The detailed geometry of the platform, including the hydrody-
namical appendages for heave reductions, is presented in Fig. 1.
More information on the appendages can be seen in Ref. [4].

As presented in Fig. 2, the Reynolds numbers effectively used
in the experiments are within the range of 0.5 X 10° to 2.0 X 10°,
which do not represent the flow condition in real scale. In fact,
such compatibility would be impossible in the model test tank,
due to its dimensions and also because of the possible velocities
of the main car of the towing tank.

As a usual alternative, a strategy to induce postcritical flow
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Table 1 Main characteristics of the unit

Diameter at the bottom 138.60 m
Characteristic diameter 108.00 m
Depth 55.00 m
Low draft test 23.00 m
Full draft test 42.00 m

Displacement in low draft
Displacement in high draft

220,000 tons
372,000 tons

regime was adopted by the inclusion of controlled surface rough-
ness to the model. The definition of the roughness level was based
on the work of Allen and Henning [5], in which the behavior of
the drag coefficient was observed for each level of surface rough-
ness, all coefficients being a function of the Reynolds number.
According to the analysis conducted by Allen and Henning [5], by
means of monitoring the drag coefficient, a minimum level of
surface roughness can be defined so that the reduced scale pre-
sents a flow regime similar to the real condition, therefore,
postcritical.

The roughness value of k/D=4.0X 1073 utilized in this experi-
ment was first suggested by van Dijk et al. [6], and used later in a
MonoGoM VIM study, from which a reasonable result was pre-
sented, as can be observed in Ref. [2].

Figure 3 shows a detailed picture of the surface roughness
added to the reduced-scale model. Also according to this figure,
the presence of the fairleads is noted and they are the only ap-
pendages with hydrodynamical importance; thus, they were main-
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Fig. 1 Sketch of the main dimensions of the unit
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Fig. 2 Plot presents the range of Reynolds numbers that were
tested
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Fig. 3 Roughness of the model in detail (k/D=4X107%)

tained in the modeling of the MonoBR platform in reduced scale.
Figure 4 presents a picture of the complete model of the platform.

2.2 Equivalent Mooring. In relation to the mooring system,
although its real configuration of the MonoBR platform is charac-
terized by the presence of three groups of moorings, this arrange-
ment showed a larger susceptibility to the nonlinear restoring
forces, mainly in large offset situations (typical in flows of large
velocity).

According to Gongalves et al. [3] the equivalent mooring with
four springs showed to be more linear than the equivalent mooring
with three springs, contributing to a more controlled motion of the
unit (a larger time in regime). The equivalent mooring with four
springs was adopted as it also showed to be more practical con-
cerning the exchange of heading and calibration of the stiffness
constant. A schematic drawing of the mooring system is presented
in Fig. 5.

Table 2 presents the geometry of the experiments in detail and
the spots where the lines are moored on the model and on the
towing car. The coordinates of the initial mooring point of spring
i are (xo;,Y0i,20;), the coordinates of the platform mooring point of
spring i at the initial instant (r=0) are (x;,y;,z;), and Z=0 repre-
sents the water line level.

2.3 Test Matrix. The purpose of this test was to complete the
studies of monocolumn VIM initiated in Ref. [2]. By making use
of published works in literature about the study of spar and mono-
column VIM, a battery of tests was performed so as to verify the
influence of certain characteristics. They are listed as follows.

* Heading. In spar, a large sensitivity of the VIM phenom-
enon was verified according to the direction of flow, as can
be observed in Refs. [7-9]. In monocolumn platforms, this
effect was only studied for two heading conditions, see Ref.
[3], which increases the importance of the tests on a larger
number of headings.

e External appendages of the hull. They can significantly

Fig. 4 Picture of the model made with polyvinyl chloride (PVC)
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Fig. 5 Sketch of the equivalent mooring system composed of
four lines

change the flow around the hull, as seen in Refs. [10,7,11].

*  Motion suppressor. The presence of a strake type motion
suppressor on a spar showed to be efficient, as can be seen
in Refs. [12,6,13]. The results of the use of suppressors
(spoiler plates) on monocolumn platforms also showed to be
efficient, according to Gongalves et al. [3]; therefore, it is
important to analyze other configurations of spoiler plates;

» Concomitant presence of wave and current. The spar works
performed by van Dijk et al. [31] and Irani and Finn [13]
showed the need to study VIM in the presence of waves.
The work of Finningan et al. [14] was the first to show the
results of VIM in the presence of waves, which makes the
study interesting for monocolumn platforms;

» External damping. The works performed by van Dijk et al.
[31] and Yung et al. [15] showed the importance of includ-
ing external damping—for example, due to risers—in the
tests. Therefore, a battery of tests studied this matter.

e Light weight condition. In the work of Fujarra et al. [16], the
results of VIM of the monocolumn platform SSP Piranema
were published and it was verified that they were very dif-
ferent from those of the MonoGoM in Ref. [2]. The reason
can be attributed to the difference between the immersed
portions of each unit; thus the need of analyzing different
drafts becomes evident.

Due to the concerns mentioned before, a test matrix capable of
including all these factors was elaborated. Hence the test matrix
includes the following.

» Five conditions of heading. Each heading with its respective
equivalent mooring. The equivalent mooring was deter-
mined as the procedure showed in Ref. [2], which consid-
ered each condition of ambiental incidence.

* One condition with the presence of spoiler plates.

Table 2 Configuration of the mooring for the full draft tests

Mooring Xoi Yoi 20 Xi Vi i

line ID (mm (mm) (mm) (mm) (mm) (mm)
1 3300 0 430 345.5 0 —185
2 —3300 0 430 —346.5 0 —185
3 0 1500 520 0 346.5 —185
4 0 —1500 520 0 346.5 —185
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Table 3 Test matrix

Heading
Test (deg) Draft Appendages Extras
0 Full  Fairleads and chains -
45 Full  Fairleads and chains -
Heading 135 Full  Fairleads and chains -
180 Full  Fairleads and chains -
315 Full Fairleads and chains -
Waves 0 Full  Fairleads and chains ~ With regular
waves
Spoiler plates 0 Full Fairleads, chains, -
and spoiler plates
External 0 Full  Fairleads and chains -
damping
Draft 0 Low  Fairleads and chains -

* One condition with external damping due to the presence of
risers.

¢ One condition with the presence of waves and current.

*  One condition with light draft.

The test matrix is presented in detail in Table 3. In previous
monocolumn tests, see Ref. [3], the range of the Vr, tests was
small and limited, most of the times to Vr,<12. The tests pre-
sented in this work were planned so as to include a range of 3
<Vr,<15 and with a discretization of at least 18 velocities.

3 Analysis Methodology

The standard procedure used for the analyses of the results was
proposed by Gongalves et al. [3], and the most important points
are rewritten in this section.

3.1 Nondimensional Motion Amplitudes. The value of
Ay/D is defined as the average of the 20% highest peaks of the
motion signal due to the reduced number of peaks, instead of the
usual 10% found in the vortex-induced vibration (VIV) literature.
Hence,

Ay/D=—— (1)

where Y; is the value of the ith peak amplitude, the peaks are
ordered from the highest to the lowest with Y, being the highest of
all peaks, and n representing the number of peaks of the motion
signal.

3.2 Hydrodynamic Forces. The linear rigid body motion
equations for a platform with two uncoupled degrees of freedom
(DOFs) are represented by Sarpkaya [17] as follows:

m¥ (1) + CY (1) + K, Y (1) = Fpyy (1) (2)

mX(1) + CX(t) + K. X(1) = Fp, (1) (3)

where m represents the platforms mass, C is the structural damp-
ing coefficient of the system, and Fy, and Fy, are the total hy-
drodynamic forces acting on the system in the x and y directions.

In the experiments, the total hydrodynamic forces in each given
direction are measured indirectly using these motion equations.
The total hydrodynamic force is the sum of the inertial, dissipa-
tive, and restoring forces of the system. Preliminarily, the struc-
tural dissipative force (structural damping) can be disregarded,
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considering it has a smaller magnitude value than the other forces
involved in the system dynamics. Therefore, the hydrodynamic
force is obtained by the sum of the restoring and inertial forces.

In this way, the force in the transverse direction to the flow (y,
transverse direction) is commonly represented in the form of the
nondimensional lift coefficient C;, as in

Fpy(t) = 5pSUC (1) )
_ 2Fy,(1)
Cy(t)= _LpSUZ ®)

where p is the fluid density, S is the submerged projected area of
the platform in relation to the transverse direction to the flow, and
U is the flow speed.

The force in the parallel direction to the flow (x, in-line direc-
tion) can be divided into two parts: one related to the average drag
force (static component) and a second one related to the dynamic
drag force (oscillatory component). Thus, the average part of the
drag can be described as

Fu,(1) = 3pSUC), (6)
_ ZFHx(t)
D~ pSUZ (7)

where Fp,(7) is the average total hydrodynamic force in the in-line
direction and Cp, is the average drag coefficient.
The oscillatory component can be described as

Fi(t) = (1) = 3pSUCpy(1) (8)

(ZFHX(Z) - FHx([))
pSU?
where Cp4(#) is the dynamic drag coefficient.

Therefore, assuming an approximately harmonic VIM response,

the total hydrodynamic force in the transverse direction can be
described, as presented in Refs. [18,17] as

Cpalt) = )

Fyy(1) = Fy sin(wt + @) = Fy cos @ sin ot + F sin () cos wt
(10)

where F is the total hydrodynamic force amplitude in the trans-
verse direction, w is the angular frequency of the motion, and @ is
the phase between force and motion.

This fluid-originated force can be divided into two components:
one in phase with the platform acceleration and the other in phase
with the platform velocity. In this way, the nondimensional lift
coefficient can be stated as

(11)

where C, is an “effective” added-mass coefficient that includes an
apparent effect due to the total transverse fluid force in phase with
the body acceleration, introduced by Khalak and Williamson [19]
and reviewed by Sarpkaya [17], and C,, is a damping that includes
the total transverse fluid force in phase with the body velocity
(e.g., hydrodynamic viscous damping and pressure force).

In a less susceptible manner to the monochromatic harmonic
character, Fujarra and Pesce [20] proposed a classical analysis on
the frequency domain for estimating the added-mass coefficient.

According to that analysis, the following relation can be stated:

HFHy(t)]
— — ~-m o)+
HY(1)]

where F[ | is the Fourier transform of the signal, m, is the added
mass, and C, is the viscous damping coefficient.
Therefore,

C() = C, sin wt = Cp, cos wt

iCDy(w) (12)

041102-4 / Vol. 132, NOVEMBER 2010

I 0
i (0)

m

G =C(w) = (13)
where fR[ ] is the real part of the complex number resulting from
the analysis through the Fourier transform.

In this case, the added-mass coefficient is calculated for each
motion frequency, allowing the identification only of the force
contribution on the frequency of interest (dominant on the regis-
try).

3.3 Reduced Velocities. The reduced velocity is defined for
each drift level, taking into account the eventual alteration on the
added mass and stiffness; thus

(14)

where T, is the natural period of the motion on the new drift
condition and flow speed, calculated as

(1+Cym
T,=2my| ——
K

y

(15)

This definition of Vr, shows to be more coherent with the pa-
rameters that dictate the system in a given fluid-structure interac-
tion, and therefore, it is more representative in relation to the VIM
phenomenon, as also noted in Ref. [13].

4 Results

In this section, some of the most important results of the analy-
sis on the phenomenon of VIM will be presented.

For the presentation of the results, nondimensional values were
always adopted, which is the usual practice in studies of the phe-
nomenon of fluid-structure interaction. Therefore, we have the
following.

e For the results of the response amplitude in the in-line di-
rection the nondimensional A,/D was adopted, where A,
refers to the amplitude motion in the in-line direction and D
refers to the characteristic diameter of the floating unit.

e Similarly, for the results of response amplitude in the trans-
verse direction, the nondimensional A,/D was adopted,
where A, refers to the motion amplitude in the transverse
direction of the incident flow.

e Referring to periodicity, for the ratios of oscillation periods
in each direction, in-line and transverse, and the natural pe-
riod in the transverse direction, the nondimensional values
T./T,, and T,/T,, were adopted.

e With regard to forces, the usual hydrodynamic nondimen-
sional quantities were adopted, thus, Cp for the medium
drag, Cp, for the dynamic drag superposed to the medium
drag, C; for the lift, and C, for the added mass.

e The results of combined motion on the XY plane are pre-
sented. These results are plotted in polar diagrams and rep-
resent what really occurred with the platform subjected to
VIM.

4.1 Tests With Change in Heading. The first tests aimed at
the verification of the influence of the hull appendages—
particularly the fairleads—on the response of the MonoBR VIM.

Parallel to this, it was useful to solidify the experimental pro-
cedures and, at the same time, determine an extreme behavior,
referred to as a base case, in which mitigation elements acted.

Therefore, the discussion of the results is initiated by presenting
nondimensional amplitudes as the function of reduced velocity for
the 0-deg incidence; see Fig. 6. It is possible to note that in both
in-line and transverse directions the results were rather repetitive.
In relation to the repeatability of results, it is important to outline
that maximum attention was paid to the apparatus and to the test
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Fig. 6 Variation of the nondimensional amplitudes as a func-
tion of the reduced velocities for the 0-deg incidence

procedures. Still in Fig. 6, it is possible to note that large motions
in Vr,>5, attaining A,/D=0.95 and A,/D=0.15 in around V7,
=14. It is important to note that large amplitudes of the motion in
the transverse direction come from the coexistence with the mo-
tion in the in-line direction, as widely discussed in literature; see
Refs. [21-23].

It is interesting to note as well that, when the motion in the
in-line direction seems to grow, i.e., as Vr,=11, the transverse
response seems to have a distinct branch (superupper branch as
denominated by Stappenbelt and Lalji [23]), possibly associated
with coexistence with the in-line oscillations. Such a fact can only
be confirmed by measuring the flow velocity around the body and,
therefore, identifying a distinct vortex emission pattern.

Continuing the discussion, Figs. 7-10 demonstrate the compari-
son between various tested incidences. In general, it is evident that
the change in the heading and, therefore, in the relative position of
the appendages, causes significant alterations on the motion in the
transverse direction for the large reduced velocities, Vr,>11.

The 45-deg, 135-deg, and 315-deg incidences show an evident
decrease in the motion in the transverse direction. This fact may
be related to the decrease in emission correlation and, therefore, a
weaker interaction between the motion in both in-line and trans-
verse directions.

Concerning the 0-deg and 180-deg incidences, in the range of
5<Vr,<l11, there is not a very large difference in terms of am-
plitudes. For Vr,>11, there is an abrupt decrease in the ampli-
tudes. This possibly happens due to the fact that the point where
the boundary layer separates it moves around the hull with the
increasing velocities and, when in reaches 60 deg from the bow of
the platform, the separation point is fixed in both fairleads. There-
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Fig. 7 Variation of the nondimensional amplitudes as a func-
tion of the reduced velocities for the 45-deg incidence
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0 degree
135degrees

Fig. 8 Variation of the nondimensional amplitudes as a func-
tion of the reduced velocities for the 135-deg incidence

fore, for Vr,>11, vortices are shed prematurely and the vortex
street is less uniform and correlated causing this decrease in mo-
tion amplitudes.

However, this is not true in the range of 5<Vr,<1l. In this
range, it is not possible to note a large influence of the heading on
the VIM response, which is of some concern, as it is the range of
the real current.

In terms of the ratio between the periods of oscillation, inde-
pendently of the incidence, it is possible to note that, in the ranges
of important oscillations, Vr,>11, the values are not altered with
the change in the heading. Such behavior is seen in Figs. 11-14,

O 0degree
#0180 degree

Fig. 9 Variation of the nondimensional amplitudes as a func-
tion of the reduced velocities for the 180-deg incidence
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Fig. 10 Variation of the nondimensional amplitudes as a func-
tion of reduced velocities for the 315-deg incidence
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Fig. 11 Variation of the nondimensional periods as a function
of the reduced velocities for the 45-deg incidence

where nondimensional periods of oscillation are presented.

On the other hand, in the range of 5<<Vr,<<11, dispersion in
the values of in-line period ratios can be seen, 7'/T,,<<1.5. This
is related to the fact that, in this range, the amplitudes of motion in
the in-line direction present small values, in such a way that it
becomes difficult to characterize the typical periodicity.

In general, whenever simultaneous motions in the in-line and
transverse directions were present, it was possible to identify
T,/T,,=10and T,/T,,=0.5. In fact, this behavior implies a re-
markable feature of motion trajectories seen on the XY plane. An
interesting way to visualize the periodicity discussed before is
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Fig. 12 Variation of the nondimensional periods as a function
of the reduced velocities for the 135-deg incidence
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Fig. 13 Variation of the nondimensional periods as a function
of the reduced velocities for the 180-deg incidence
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Fig. 14 Variation of the nondimensional periods as a function
of the reduced velocities for the 315-deg incidence

presented in Fig. 15, which presents the typical motion trajectories
and the flow velocity. Together with the increase in velocity, the
motions in the transverse direction increase. From Vr,=11, it is
possible to observe that the motion in the in-line direction rises,
originating eight-shaped trajectories. Other examples of the eight-
shaped trajectory can be found in Refs. [21,24]. The black circle
in the center of the plot indicates the platform with the relative
positions of the fairleads (square marks). Furthermore, each of the
trajectories has its dynamic equilibrium point correctly spaced
from the zero in-line equilibrium point (center point of the
diagram).

In Figs. 16 and 17, the trajectories for the other incidences are
presented. Note that, according to Figs. 7-10, the other headings
present smaller maximum amplitudes than for the 0-deg inci-
dence. In some cases, the eight-shaped trajectory is even nonsym-
metric (see, e.g., 135-deg incidence in Fig. 17(b)).

Figure 18 presents the results of the drag coefficients for the
0-deg incidence. According to these results, Cp,=0.7 for Vr,
<11; and, for Vr,> 11, the presence of dynamic amplification of
drag is verified. In this region, the value of the medium drag
coefficient is higher, Cp=0.9, which corresponds to the increase
in nondimensional amplitudes due the simultaneous presence of

a0

1500

270

Fig. 15 Motion on the XY plane for the 0-deg incidence
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(b) =0

Fig. 16 Motion on the XY plane for the (a) 45-deg and (b) 135-deg incidences

motions in both transverse and in-line directions.

Regarding the dynamic drag, it is verified that values of Cp,
=0.05 for the range of 5<Vr,<11 were obtained, as well as
Cpys=0.10 outside this range. The larger motion in the in-line
direction is responsible for this change (dynamic amplification).

Figures 19-22 present the results of the drag coefficients for the
45-deg, 135-deg, 180-deg, and 315-deg incidences, respectively.
In particular, the results for Cp, and Cp, are higher for the 180-deg
incidence. The reason is the larger nondimensional amplitude of
oscillation in the range 11 <Vr, <13, and the dynamic amplifica-
tion of drag is present again in this case. No significant modifica-
tions are found in the other incidences.

Figure 23 presents the results for the lift C; and for the added
mass C, coefficients for the 0-deg incidence. According to these
results, the value for C; increases up to Vr,=11 and decreases

210

e

(a) =0

gradually above this reduced velocity. The result confirms that the
large motion in the transverse direction for Vr,>11 is not asso-
ciated with the continuous increase in the lift coefficient acting
under the platform, but it is associated with the coexistence of the
motion in both directions, characterized by the eight-shaped
figure.

It is interesting to note that the C, has a constant value C,
=1.2, up to Vr,=10, and the value decreases quickly from this
reduced velocity, when there is coexistence of the motion in both
directions.

The C; for the other incidences, Figs. 24-27 (45-deg, 135-deg,
180-deg, and 315-deg, respectively), is not possible to identify a
distinct behavior compared with the results for 0-deg incidence.
The important point is the value of C; =0.4 for the maximum lift
at all incidences, in Vr,=10.

(b) =0

Fig. 17 Motion on the XY plane for the (a) 180-deg and (b) 315-deg incidences
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Fig. 18 Variation of drag coefficients as a function of reduced
velocities for the 0-deg incidence

As to C,, the results for the 45-deg, 135-deg, and 180-deg
incidences do not present decreasing values in the range Vr,
>10. The behavior is possibly related to low motion amplitudes
found in these cases. The increase in the motion in the transverse
direction is associated with the decrease in the added inertial force
contribution; see, for example, Refs. [25,17].

4.2 Tests With Spoiler Plates. When the tests of the
MonoGoM were performed in 2005, a new class of suppressor of
innovative geometry was tested aiming to attenuate VIM effects.
At the time, spoiler plates, fixed on the side walls of the model
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Fig. 19 Variation of drag coefficients as a function of reduced
velocities for the 45-deg incidence
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Fig. 20 Variation of drag coefficients as a function of reduced
velocities for the 135-deg incidence
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Fig. 21 Variation of drag coefficients as a function of reduced
velocities for the 180-deg incidence

placed in three helicoids in the direction of the bottom, showed to
be much more efficient in mitigating VIM amplitude. More details
can be found in, e.g., Ref. [2].

Following the same investigative direction in the present test
campaign, similar geometry was also tested, now with the
MonoBR. Figure 28 illustrates this configuration. Albeit similar,
the new geometry was altered due to the different shapes of the
MonoBR, as compared with the MonoGoM. This, in a way, pro-
vided substantially different results presented ahead in this work.

In a preliminary way, Figs. 29 and 30 allow verifying two as-
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Fig. 22 Variation of drag coefficients as a function of reduced
velocities for the 315-deg incidence
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Fig. 23 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
0-deg incidence
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Fig. 24 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
45-deg incidence

pects of the presence of spoiler plates. Following the intentions
established at first, it is possible to note that the presence of such
elements causes the reduction in the VIM intensity, mainly in high
current values, Vr,>10. However, in the range of 5<Vr,<10,
the motions in the transverse direction present a small increase in
amplitude, possibly related to a simultaneous increase in the mo-
tion in the in-line direction. Besides this aspect, it is clear that the
ratio of periods of oscillation and the natural cross-flow period
present a unitary value differently to the usual ratio of 7,/T,,

O 0degree
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00 % 1I0 1I5 20
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Fig. 25 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
135-deg incidence
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Fig. 26 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
180-deg incidence
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Fig. 27 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
315-deg incidence

=0.5.

An important difference between the behavior of the MonoBR
without the spoiler plates and with them concerns the trajectories
on the XY plane. According to Fig. 31, it is possible to note that
suppressor elements placed in double helicoids along the depth
account for rather nonsymmetric trajectories. Furthermore, it is
evident that the presence of suppressor elements causes the trajec-
tories to be less coordinated, clearly corresponding to the effect
imposed on the wake, which is possibly more influenced by tridi-

Fig. 28 Sketch of the distribution of the spoiler plates at the
monocolumn
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Fig. 29 Variation in the nondimensional amplitudes as a func-
tion of the reduced velocity for the 0-deg incidence in the pres-
ence of spoiler plates
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Fig. 30 Variation in the nondimensional periods as a function
of the reduced velocity for the 0-deg incidence in the presence
of spoiler plates

mensional effects.

The results for Cp and Cp, in the presence of the spoiler plates,
Fig. 32, are not very different if compared with these of the plat-
form without the spoiler plates. The values of C; in the presence
of the spoiler plates, Fig. 33, are smaller than the values without
the presence of spoiler plates; it is consistent with the small mo-
tion amplitudes observed for Vr,> 10 in this case. The C, behav-
ior is similar in both cases (with and without the presence of
spoiler plates).

4.3 Tests With the Increase in the Damping. The simulta-
neous presence of risers is surely another aspect, which interferes
with VIM response. It is, therefore, a subject that deserves further
investigation, particularly, under two points of view. The first con-
cerns the change in the emission pattern near the platform, hence
the change in the hydrodynamic forces. The second refers to the
inevitable drag increase, which has an important effect on the
damping imposed on the structure.

A structural set of risers was built in the model in a similar way
to that of a MonoBR (in diameter and positions); however, with
only enough length to guarantee the following:

(a)

Fig. 31
spoiler plates
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Fig. 32 Variation of drag coefficients as a function of reduced
velocities for the 0-deg incidence in the presence of the spoiler
plates

* maintenance of coherence in the emission pattern near the
platform

* a known increase in damping, however, not aiming at scal-
ing the real values; see Fig. 34

From Table 4, it can be verified that the quadratic drag coeffi-
cient doubles in the configuration with risers, when compared
with the value for the hull without it. The quadratic damping
coefficient was obtained as proposed in Ref. [26]. This difference
represents the increase in damping due to the use of risers. This
result is coherent and shows that an increase in the exposed area
actually results in an increase in quadratic damping of viscous
origin.

Figures 35 and 36 present the VIM response (in terms of non-
dimensional amplitudes and periods) of the platform in a 0-deg
incidence. It also compares the base case with that with the risers.
According to this figure, dissipative forces cause a considerable
decrease in the motions in the in-line and transverse directions.

It is possible, however, that an increase in dissipation is not the
only cause of this behavior. One can speculate that part of such an

(b)

Motions on the XY plane (in-line and cross-flow) for the 0-deg incidence; (a) with and (b) without presence of
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Fig. 33 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
0-deg incidence in the presence of the spoiler plates

effect caused by the presence of the risers is related to the change
in the flow in the surroundings of the platform, which may have
been more influenced by tridimensional effects. The loss in corre-
lation may have occurred along the longitudinal dimension of the
body. Given the low aspect ratio, the unit becomes extremely
susceptible to tridimensional effects (fact observed in a light draft
configuration). Hence, a nonhomogeneous distribution of forces
along the length causes a smaller resultant force and, therefore, a
smaller motion.

Concerning the nondimensional periods, the effects of the pres-
ence of risers are noted because of the loss of the ratio 7,/T,,
=0.5. The absence of the double period ratio has a clear effect
over the trajectories. The eight-shaped trajectory is no longer
present. Figure 37 illustrates this fact and also allows noting that
larger offsets occur. This is coherent with this increase in the
quadratic damping coefficient. In this case, contrary to the results
from the MonoBR with the spoiler plates, the symmetry of the
trajectories was kept.

The results for the drag coefficients, Fig. 38, were affected by
the presence of risers. The presence of the risers caused an in-
crease in the value for Cp, as expected, and the low values for
Cpg» in the range of V,>11, were due to the absence of the
motion in the in-line direction.

The results for C;, Fig. 39, followed the expected behavior, i.e.,
smaller values than the base case, whereas the motion amplitudes
were smaller. Also, the results for C,, Fig. 39, were very different

Table 4 Quadratic drag coefficient in the in-line and cross-
flow directions for the 0-deg incidence: comparison between
the different mitigation propositions

1,60
1,40 - —
1,20 —
1,00 ‘ —
0,80 ‘ —
0,60 | L
0,40 : —
0,20 ‘ —
0,00

Cpq

(b)

Fig. 34 Complementary distribution of the risers incorporated
to the MonoBR, with (a) only the risers and (b) with the entire
set

if compared with the base case, presenting a great dispersion of
results. This occurs because high 3D effects are promoted by the
device utilized to simulate the external damping.

4.4 Tests With Simultaneous Presence of Waves. The 0-deg
incidence was selected as a basis for comparison due to the fact
that it is the most responsive condition. In order to better under-
stand the phenomenon (and the mitigation of VIM), regular state
sea was chosen, which means that the excitation will be mono-
chromatic. Three regular waves were selected.

The waves were selected according to their importance in real

O base case

08H a4 Withexdemnal
damping

A D

Fig. 35 Variation of the nondimensional amplitudes as a func-
tion of the reduced velocity for the 0-deg incidence with exter-
nal damping
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Fig. 36 Variation of the nondimensional periods as a function
of the reduced velocity for the 0-deg incidence with external
damping
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Fig. 37 Motions on the XY plane (in-line and cross-flow) for the 0-deg incidence; (a) without and (b) with the presence of

external damping (risers)

scale and to the capacity of the IPT basin to generate these waves,
as well as to the linearity of the waves (steepness of 4%, at most).
The selected waves are presented in Table 5.The periods were
corrected in order to match the target value, as there is a target
velocity between the wave front and the model.

Figures 40 and 41 present nondimensional amplitudes and pe-
riods as a function of reduced velocity. If the coexistence with
waves seems to indicate a contribution to VIM mitigation, it also
shows that it happens only under severe heave motions (see Fig.
42). This is another result that deserves further investigation,
mainly by using a larger wave spectrum, including irregular
conditions.

In terms of T,/T,, and T,/T,y, it is noted that, even in the
presence of waves, it is possible to identify values proportional to
the natural period in the transverse direction in still waters. An
exception is made for motions in the in-line direction for Vr,
<10, where the presence of waves causes response periods due to
the VIM in the range of 0.5<7,/T,,<1.0.

Another interesting aspect comes from the comparison between
the XY plane trajectories. Therefore, comparing the results in Fig.

=]
Q
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Fig. 38 Variation of drag coefficients as a function of reduced
velocities for the 0-deg incidence with external damping
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15 (without the incidence of waves) with the results in Fig. 43
(with waves and current), it is possible to identify the mitigation
effect of this environmental agent.

Figure 44 shows the drag coefficient results for tests with the
coexistence of waves and current. The drag forces (medium and
dynamic) increase due to the effect of a complementary dissipa-
tion force as the wave periods approximate the heave motion natu-
ral period.

The results of C; with simultaneous wave presence, Fig. 45,

04 ! 1 ;
: H : O base case
A Wwith external

03

o 02

Fig. 39 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
0-deg incidence with external damping

Table 5 Regular waves selected for simultaneous VIM-wave
presence (real scale)

Period, T Height, H
Regular waves (s) (m)
Wave 1 14 4.00
Wave 2 16 5.22
Wave 3 18 6.88
Transactions of the ASME
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Fig. 40 Variation of the nondimensional amplitudes as a func-
tion of reduced velocity for the 0-deg incidence with simulta-
neous waves present

display a consistent behavior, presenting smaller values than the
tests without waves; the simultaneous waves and currents are thus
a mitigation effect of the VIM phenomenon.

Another important finding, which might be the key to the miti-
gation mechanism due to waves, is the increase in added mass
when the period of the waves is near the heave natural period.
There is, however, a large dispersion in the added-mass coefficient
results, which may be due to the indirect measurement process (a
difficult procedure under such conditions).

4.5 Tests With a Change in the Draft. Within all investi-
gated aspects, this is the most effective in attenuating VIM. The
results compare the MonoBR in operational draft (L/D=0.39) and

B g T RN oo 1
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T=14005|]
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! T=1800
i H=668
___________________________________ Mg
>
- R .
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Fig. 41 Variation of the nondimensional periods as a function
of the reduced velocity for the 0-deg incidence with simulta-
neous waves present

in light weight draft (L/D=0.21). Figures 46 and 47 show nondi-
mensional motion amplitudes and periods, respectively, both for
0-deg incidence. A complete attenuation of VIM is noted in the
results. The XY plane trajectory, Fig. 48, corroborates the above.

Concerning the forces, Figs. 49 and 50 show the absence of
motions, where all the coefficients are coherent: C,=0.75, Cp,
=0, C,=0, and C,=1.

5 General Conclusions

The following conclusions can be drawn based on the results
presented previously.

1. The heading showed to be decisive in the VIM response of
the platform. The 0-deg incidence, characterized by having
one fairlead in front of the model, showed to be the critical
situation, with the largest motion amplitudes. The 180-deg
incidence, characterized by two fairleads in front of the
model, was the second largest in motion amplitudes.

2. The 45-deg, 135-deg, and 315-deg incidences indicated to
be less severely responsive, presenting occasional lack of
symmetry. Such conditions are, however, still capable of
damaging risers and mooring lines; see, for example, Ref.
[27] that presented the importance of the VIM for studying
fatigue analysis in risers.

3. Coexistence with waves proved to be very important in at-
tenuating VIM, mainly in cases in which characteristic peri-
ods of the waves were close to the natural heave period of
the MonoBR. Complementary studies with other regular
waves and also sea conditions are necessary to strengthen
this conclusion.

4. Albeit very efficient in experimental works previously con-
ducted with the MonoGoM platform, see Ref. [3], the
spoiler plates did not perform as well as expected in sup-
pressing VIM on the MonoBR. Such behavior may be re-
lated to the need of a more detailed study concerning the
placement geometry of the plates, motivating complemen-
tary studies with computational fluid dynamics (CFD).

5. Within all the aspects studied, the decrease in draft was the
aspect that most contributed to the mitigation of VIM on the
MonoBR. It is, therefore, important to take this into account
the risers’ and mooring lines’ designs for systems subjected
to VIM. Further tests using other drafts are suggested to
consolidate this conclusion and, eventually, to define an
emergency VIM draft.

6. The tests with risers showed that, besides modification of the
emission pattern, their presence implies an increase in damp-
ing. Even though the added damping due to risers had not
been scaled from the real system, studies demonstrated that
their presence is very important for VIM.

As aforementioned, this work may serve as a database for cali-
brating numerical models for VIM prediction, as in Refs. [28-30].

3 ; T T : ; :
' : ! ! ! [ ==Numerical
25f------- == e e toooo-e- bemmees feene- # T=1400s H=4.00m [
: : : : ! ! * T=1600s H=522m
= 2peeeeees Ponenne- pomeeee- pomeeees r epeneese- roese- ® T=18.00s H=668m |
£l SRS SO SHSROR SN, NN SSRSRUNS SORSONS SSS SO
= S A S S (— S (EE= —— e ;
P — SR S SRS SR SRR SR SSRSRORE SO
g i Ha— i i i i I i
0 5 10 15 20 25 30 35 40 45 50
Time [x]

Fig. 42 Comparison between the heave response amplitude operator
(RAO), numerically obtained and the experimental values obtained in the

tests
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Fig. 44 Variation of drag coefficients as a function of reduced
velocities for the 0-deg incidence with simultaneous waves
present
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Fig. 46 Variation of the nondimensional amplitudes as a func-
tion of the reduced velocity for the 0-deg incidence varying
draft
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Fig. 45 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
0-deg incidence with simultaneous waves present
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Fig. 47 Variation of the nondimensional periods as a function
of the reduced velocity for the 0-deg incidence varying draft
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Fig. 48 Motions on the XY plane (in-line and cross-flow) for the 0-deg incidence; in two drafts: (a) operational and (b) light

weight
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Fig. 50 Variation of the lift coefficient (C,) above, and the
added (C,) below, as a function of the reduced velocity for the
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Fig. 49 Variation of drag coefficients as a function of reduced
velocities for the 0-deg incidence varying draft
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Xo; = x position of the initial mooring point of the
spring i
x; = x position of the mooring point of the spring i
at initial instant
Y = Y position of the center of gravity of the
platform
Yoi = y position of the initial mooring point of the
spring i
y; = y position of the mooring point of the spring i
at initial instant
Z = Z position of the center of gravity of the
platform
Zo; = z position of the initial mooring point of the
spring i
z; = z position of the mooring point of the spring i
at initial instant
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