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ABSTRACT 
Slender offshore structures such as risers experience 

vortex induced vibrations (VIV) when they are exposed to 
currents and accumulate significant fatigue damage through that 
process. VIV will depend on several structural properties of the 
riser and on the current profile that the structure is exposed to. 
In deep water regions, risers will be subject to intricate 
circulation systems that impose currents profiles which may 
vary in intensity, shear and direction throughout the water 
column. The increased complexity of currents will make the 
prediction of VIV more difficult and represents a clear 
challenge to the Oil and Gas Industry. The objective of this 
study is to investigate how selected properties of a current 
profile affect the development and excitation of VIV for a deep 
water tensioned riser. We employ a semi-empirical frequency-
domain program to perform a series of numerical sensitivity 
analyses where the riser model is subject to current profiles that 
vary in complexity and include uniform profiles, linearly-
sheared profiles and more realistic profiles that represent 
offshore boundary current regimes from SE Brazil. We address 
the sensitivity of the VIV response to current intensity, shear 
and directionality. Our results demonstrate that those properties 
of the current profile have significant influence on the range of 
VIV modes that are excited and on the VIV response. Overall, 
uniform profiles produced the largest responses and the 
linearly-sheared profiles demonstrated the large range of VIV 
modes that can be excited. The realistic profiles also excited a 
broad range of VIV modes and variations between the profiles 
produced changes in the VIV response. This study highlights 

the need to further understand how complex current profiles in 
the offshore region affect VIV development in comparison to 
simpler profiles that are recurrent in model test conditions. 

INTRODUCTION 
 
Vortex induced vibration (VIV) is a phenomenon that deep 

water risers (and other slender cylindrical structures) may 
experience due to interactions between the structure and 
ambient currents. Currents flowing around the structure may 
lead to flow separation and vortex shedding, depending on the 
Reynolds number of the flow-structure system. The vortex 
shedding will generate oscillating forces and lead to vibrations 
of the structure that are perpendicular (cross-flow, CF) and 
parallel to the flow (in-line, IL) direction. The riser response 
maybe dominated by standing waves, travelling waves or a 
combination of both (Lie et al., 2008). VIV will often be a 
significant contributor to the fatigue life of the riser system 
(Baarholm et al., 2006). 

Recent research programs in VIV, such as the Hanøytangen 
experimental program (Huse et al., 1998; Baarholm et al., 2006) 
and the Norwegian Deepwater program (NDP; Trim et al., 
2005) provided unique datasets which demonstrated that VIV 
has a stochastic nature. The dominating response frequency and 
mode may vary in time (Lie et al., 2008; Wu et al., 2010; Larsen 
et al., 2010, 2012). In particular for sheared flows where the 
vortex shedding frequency will vary along the riser, there will 
be a concert of participating frequencies and modes which will 
compete to dominate the response in a stochastic matter. The 
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stochastic behavior of VIV is at present a challenge to 
prediction tools, and there is a growing need to understand 
which mechanisms drive non-stationary VIV (Larsen et al., 
2012). 

The complexity of VIV will increase in the presence of 
more realistic flow conditions, thus enhancing the stochastic 
nature and making the prediction of VIV more difficult. As the 
Oil and Gas (O&G) Industry progressively moves to deeper 
waters (≥ 1000m), riser systems will be subject to more 
complex ambient currents. At depths of 1000m and beyond, the 
riser system may experience flow conditions that are part of 
boundary current systems. Those current systems may be 
composed of energetic upper currents (within the upper few 
hundreds of meters) that are stacked on top of multiple deep 
currents which flow in different directions. Boundary currents 
may also be characterized by intense mesoscale activity 
(meanders and eddies at horizontal scales of hundreds of km) 
which affects the surface-to-deep circulation. Therefore, risers 
in the offshore region will be subject to intricate current profiles 
with variable direction, speed and shear throughout the water 
column. 

The goal of this study is to investigate the development of 
VIV of a tensioned deepwater (1000m) riser subject to current 
profiles that represent offshore boundary current regimes. Our 
study case is the Brazil Current – Intermediate Western 
Boundary Current (BC-IWBC) system in the Campos and 
Santos basins, in Southeast (SE) Brazil. The BC is the dominant 
western boundary current (WBC) regime in the western South 
Atlantic (Evans and Signorini, 1985; Campos et al., 1995; Reid, 
1998; Stramma and England, 1999; Silveira et al., 2000, 2004, 
2008), and it has important implications for the Exploration and 
Production (E&P) activities in SE Brazil of the O&G Industry 
(Andrioni et al., 2012). 

In this work, a semi-empirical frequency-domain tool is 
used in a series of numerical simulations with the specific 
objective to investigate the sensitivity of VIV to shear, speed 
and directionality of current profiles. The stochastic behavior 
and main characteristics of the VIV (response frequencies and 
modes, displacements and stochastic nature) are investigated for 
a variety of current profiles that grow in complexity. The 
profiles range from theoretical profiles (uniform and linearly-
sheared from surface to bottom) to a parametric model of the 
BC-IWBC system and its variations. The effect of the degree of 
complexity of the current profiles is explored and its 
implications to the VIV stochastic nature are discussed. 

METHODOLOGY 
 

The methodology of this numerical study is to employ a 
finite element (FE) model of a riser for a deep water scenario 
and investigate the development of VIV for a variety of current 
profiles. The prediction tool that is used is VIVANA, a semi-
empirical frequency-domain program for the prediction of VIV 
(Larsen et al., 2001). A detailed description of VIVANA can be 
found in Larsen et al. (2009) and here we present the model 

briefly, with emphasis on the aspects that are relevant for this 
study. The description below follows recent presentations by 
Passano et al. (2010, 2012) and concentrates on recent 
developments discussed by Lie et al. (2008) and Larsen et al. 
(2010, 2012). 

 
The numerical model 

The purpose of the numerical model is to determine the 
response of slender structures that are excited by vortex-
shedding due to the action of ocean currents. CF and IL 
responses are computed in frequency domain and at discrete 
response frequencies, the latter being eigenfrequencies of the 
structure. The model depends on a predetermined dataset of 
VIV coefficients that are usually obtained from experimental 
studies, hence it is defined as a semi-empirical coefficient 
model. The main coefficients are the CF added mass, IL added 
mass, excitation force and damping coefficients. 

The structure is modeled in FE using beam (translational 
and rotational degrees of freedom, DoFs) or bar (translational 
DoFs only) elements. The FE structural model may have an 
arbitrary 3D geometry with varying cross-sectional properties 
(diameter, stiffness, among others). Nonlinearities associated 
with material composition, geometric stiffness and sea floor 
contact may be accounted for in the static analysis. The 
nonlinearities are linearized in the frequency domain VIV 
response analysis. 

The current profile may have variable speed and direction 
throughout the water column and/or vary from location to 
location. Prior to the VIV calculations, the static shape and 
equilibrium of the slender structure due to the current profile is 
estimated via a nonlinear static FE analysis. The resulting 
displacements, cross sectional forces, curvature and angles are 
later employed in the dynamic analysis. The normal flow 
velocity Un(s) will be determined as it is a fundamental input to 
the VIV calculations (s is the coordinate that follows the length 
of the structure in its deformed position). 

It is permitted to calculate response to CF loading only, 
response to pure IL loading (current velocities before the on-set 
of CF vibrations) or combined CF and IL loading. In the case of 
combined CF and IL loading, the approach is to (a) determine 
the possible CF response frequencies and (b) adjust the IL 
added mass to obtain an IL eigenfrequency that is two times the 
CF frequency (Passano et al., 2012). Therefore, only CF added 
mass coefficients are necessary for combined CF and IL 
loading. CF added mass coefficients from Gopalkrishnan 
(1993) are employed in the analysis. Although both CF and IL 
responses may be determined, at present it is assumed that there 
is no interaction between them. 

The step-by-step method for VIV analysis is the following. 
Firstly, a subset of n eigenfrequencies and eigenvectors of the 
structure is calculated for still water. In this step, it is assumed 
an added mass for a non-vibrating structure. A sufficient number 
of eigenfrequencies f01, f02, ..., f0n is found such that it includes 
all possible active VIV frequencies. 
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From the subset of eigenfrequencies that was previously 
computed, all possible response frequencies are identified. The 
parameter that controls this identification is the non-
dimensional frequency )(ˆ sf : 
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Here fosc is the frequency of oscillation and D(s) is the 

cylinder external diameter. In the case of vibrating structures, 
added mass will depend on )(ˆ sf . Therefore, an iteration 
procedure is necessary to have consistency between the 
response frequencies and added mass. 

For each response frequency candidate i (still-water 
eigenfrequency f0i), it is first assumed that fosc = f0i. The )(ˆ sf  
distribution will be used to determine CF added mass 
coefficients Cai(s) and a new added mass matrix is calculated. A 
new eigenfrequency f0i* is obtained for the new mass 
distribution and a convergence test between f0i and f0i* is 
performed. If the test fails, fosc = f0i* and )(ˆ sf  will be calculated 
iteratively until convergence is obtained. This procedure is done 
for all f0i and the outcome will be a consistent )(ˆ sfi

 and Cai(s) 
distribution for each f0i. 

The excitation of each response frequency candidate f0i 
will happen for 0.125 ≤ )(ˆ sfi

 ≤ 0.3 (Gopalkrishnan, 1993). 
Excitation zones Le,i along the structure will be defined for each 
f0i (Figure 1). These zones may overlap, meaning that VIV may 
happen at multiple frequencies at a single position on the 
structure. Experimental VIV campaigns support the assumption 
that there will be one dominating response frequency at a time 
at each single position. In order to find the dominating response 
frequency, each candidate response frequency candidate f0i is 
ranked according to an excitation parameter Ei: 
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Here ( ) 0=eCDA is the non-dimensional amplitude when the 
curves of the CF or IL excitation coefficient are zero (Larsen et 
al., 2009). The response frequency candidate f0i with the largest 
Ei is selected as the dominating one. 

Multi-frequency response may be treated in two different 
ways, the concurrent response frequency approach and the 
consecutive response frequency (“time-sharing”) approach 
(Larsen et al., 2010). In the first, simple rules based on Ei 
determine the dominant response frequencies in excitation 
zones that do not overlap. Therefore, the predicted response 
may consist of multiple concurrent response frequencies excited 
simultaneously in different excitation zones along the structure. 

The time-sharing approach assumes that there will be a 
single response frequency at a time for the structure. Although 

there are different excitation zones with different dominant 
response frequencies, only one frequency will be excited at a 
time (Larsen et al., 2010). Excitation zones are allowed to 
overlap but they are not simultaneously active (Figure 1). The 
different consecutive response frequencies compete to capture 
time windows, and the duration of the time window for each 
response frequency (Ti) is calculated based on Ei: 
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Here T is the whole time duration (of the model test 

experiment, say) and k is the total number of response 
frequencies. Ti is ranked according to Ei, and the frequency with 
the highest excitation parameter will be active for the longest 
period of time. The stochastic nature of VIV has been 
associated with the time-sharing concept, and time-sharing has 
been observed in studies with long slender beams in sheared 
current (Lie et al., 2008; Larsen et al., 2010, 2012). 

In the present VIV prediction model, all response 
frequencies that can be excited will participate in the time-
sharing. Reexamination of some experiments indicates that this 
may allow too many and too high response frequencies to 
participate (Larsen et al., 2012). 

 

 
Figure 1: Overlapping excitation zones (1 to 4), defined for 
a riser with constant D(s) and sheared Un(s). Extracted from 
Larsen et al. (2009). 

 
After the different response frequencies and the excitation 

zones are defined, the CF and IL excitation forces along the 
structure are determined based on CF excitation force 
coefficients according to Gopalkrishnan (1993) and on IL 
excitation force coefficients according to Soni (2008), 
respectively.  Damping is determined according to Venugopal 
(1996) and Gopalkrishnan (1993). For the case of sheared 
currents, damping will take place outside of the excitation 
zones, and the energy balance is obtained by making the energy 
input inside the zone equal to the energy output outside. Finally, 
the dynamic response of the structure is calculated with the 
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frequency response method, which allows for standing waves 
and travelling waves as responses (Larsen et al., 2004, 2009). 

An important observation is that we employ a default value 
of the Strouhal number (St) equal to 0.2, which is in reference to 
the experimental conditions and the VIV coefficients from 
Gopalkrishnan (1993). The Strouhal number is linked to the 
vortex shedding frequency and it is a function of the Reynolds 
number (Re). St = 0.2 represents conditions of subcritical flow 
regimes (300 < Re < 300000) where most VIV model-scale 
experiments take place. Conversely, full-scale set-ups will be 
subject to realistic currents and critical flow regimes (Re > 
300000) where St = 0.2 will be invalid. Currently, sufficient 
full-scale VIV data to determine VIV coefficients at a St range 
for critical flow regimes is not available, and the value of St = 
0.2 is employed here. 

 
The tensioned deep water riser model 

The riser model that is employed here is a simplified model 
of a vertical tensioned deep water (1000m) riser. The reasoning 
to employ this model is twofold: First, a depth equal to 1000m 
is chosen in order to impose a current profile that is 
representative of a WBC regime in the offshore region, more 
specifically the BC-IWBC system in the Santos and Campos 
Basins. Secondly, a tensioned-type riser is chosen in order to 
establish a comparison and validation with previous model-
scale experimental studies where tensioned models were 
employed (Trim et al., 2005; Chaplin et al., 2005; Lie and 
Kaasen, 2006). 

The riser is modeled with 200 beam elements and boundary 
conditions at the top and bottom nodes are the following: The 
top node is restricted from moving horizontally (X and Y dir.) 
and from rotating in the X -Y plane. The node is free to move in 
the vertical (Z) and to rotate in the X-Z and Y-Z planes. The 
bottom node may rotate in the X-Z and Y-Z planes and is 
restricted from moving horizontally, vertically and rotating in 
the X-Y plane. The value of top tension that we apply to the 
riser model was selected from a series of numerical simulations 
to determine the sensitivity of VIV to the choice of constant 
tension at the top end (those simulations are described in the 
next section). 

The riser model employs only one type of cross-section, 
meaning that all cross-section properties are constant along the 
riser. Those properties include the external diameter, stiffness 
(axial and bending), mass, drag coefficient and non-vibrating 
added mass. Table 1 shows the main characteristics of the 
model. 

 
Numerical simulations 

The first numerical simulations (hereafter simply referred 
as “simulations”) that are performed represent the sensitivity 
analysis of VIV to the choice of top tension. In order to 
understand the effect of top tension value over the development 
of VIV and to select a proper value, we performed a series of 
simulations where the riser is subject to a uniform current of 0.5 
m s-1 in the X-Z plane. The top tension ranges from a lower 

limit of 2200 kN to an upper limit of 4600 kN, every 200 kN. 
We selected that range based on the work of Rustad (2007). The 
upper limit was calculated as 40% of the tension which would 
cause the riser material to yield and the lower limit as a security 
coefficient (equal to 1.9) multiplied by the weight of the filled 
riser. We employ the method of CF responses only and the time-
sharing approach. 

 
Table 1: Main properties of the tensioned deep water 

riser model. 
Property Symbol Value 
Length L 1000 m 

External diameter De 0.50 m 
Internal diameter Di 0.47 m 

External area Ae 0.1963 m2 
Internal area Ai 0.1735 m2 

Steel specific mass ρs 7850 kg m-3 
Steel Young modulus E 206 GPa 
Steel yield strength σy 500 MPa 

Inertia moment I 6.727e-04 m4 
Steel bending stiffness EI 138.57 MN m 

Steel axial stiffness EA 4709.16 MN 
Internal fluid specific mass ρf 800 kg m-3 

Water specific mass ρm 1025 kg m-3 
Dry mass per unit length M 318.2 kg m-1 

Submerged weight per unit length W 1147 N m-1 
Non-vibrating added mass CA 1.00 
Quadratic drag coefficient CD 1.2 

 
After the sensitivity analysis and selection of top tension 

value, we performed several VIV simulations with different 
configurations for the current profile. The profile is also 
restricted to the X-Z plane (velocity v component is equal to 
zero). The following parameters are varied among the 
simulations: velocity u component, direction ϴ and shear du/dz. 
Two sets of simulations are performed: theoretical profiles and 
WBC profiles. 

The simulations of theoretical profiles employ current 
profiles that are similar to flow conditions from model test 
campaigns. Two groups of profiles are chosen: uniform and 
linearly-sheared profiles. Figure 2 summarizes the 
characteristics of each group and shows the parameter that is 
changed within the simulations for each group. 

For the uniform profiles, ϴ is constant and du/dz is equal to 
zero. u is constant throughout the water column and it varies 
from 0.01 m s-1 to 1.00 m s-1 among the simulations, every 0.01 
m s-1. For the linearly-sheared profiles, the parameters u, ϴ and 
du/dz change in connection to a shear rate S. u and S are related 
in the following fashion: 
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Where u0 is a reference velocity of 0.5 ms-1. The u profile 
is parameterized by S in a way that the kinetic energy of the 
profile is equivalent to the kinetic energy of a uniform profile 
with u(z) = u0, for any value of S. This is a method to ensure 
that all linearly-sheared profiles have the same kinetic energy. 
We vary S from 0 s-1 to 0.002 s-1, every 0.0005 s-1. Table 2 
presents reference values for each linearly-sheared profile. 

 

 
Figure 2: Schematics of the 2 groups of simulations with 
theoretical profiles. (a) uniform. (b) linearly-sheared 
profiles. The variables u, ϴ and S are described in the text. 
 

Table 2: Reference values for each linearly-sheared 
profile.  

S (s-1) u (z = 0m) 
(m s-1) 

u (z=-1000m) 
(m s-1) 

Reversal depth 
(m) 

0 0.50 0.50 - 
0.0005 0.65 0.32 - 
0.0010 0.86 0 - 
0.0015 1 -0.5 667 
0.0020 0.86 -0.86 501 

 
The simulations of WBC profiles employ current profiles 

where u, du/dz and ϴ are more representative of WBC regimes. 
Our study case is the BC-IWBC system, the dominant boundary 
current regime offshore of eastern Brazil, between 20°S and 
28°S. The BC flows southward adjacent to the continental shelf, 
and it is confined to the upper 400-500m of the water column in 
the Campos Basin and extends down to 750m in the Santos 
Basin (Evans and Signorini, 1985; Campos et al., 1995). The 
core is located close to the surface (~50 m of depth) and 
velocities as large as 0.5 m s-1 have been observed in the 
Campos Basin (Evans and Signorini, 1985). Underneath the 

BC, the IWBC flows northward and spans beyond 1200m 
(Schmitz, 1995; Silveira et al., 2004). The IWBC core is 
centered at 800-900m and speeds may reach 0.3 m s-1 (Silveira 
et al., 2004, 2008). An extended oceanographic description of 
the BC-IWBC system is beyond the scope of this study and the 
reader is referred to the references mentioned above.  

The WBC current profiles encompass a profile 
representative of the BC-IWBC system and variations from that 
profile such that we can understand the effect of certain 
characteristics over the development of VIV. 

The current profile representative of the BC-IWBC system 
is elaborated according to Schmidt et al. (2007), who presented 
a parametric-analytic model for the velocity and density 
structure of the BC-IWBC system. The velocity formulation is 
such that it preserves the average properties of the flow 
conditions (width, magnitude, transport, etc) and, together with 
the density formulation, represents a dynamic basic state that is 
in geostrophic balance (Pedlosky, 1987). Here, we employ the 
parametric model by Schmidt et al. (2007) for the BC-IWBC 
system in the southern Campos Basin and we follow their 
representation of the BC-IWBC system at 23°S. That 
representation is based on hydrographic measurements made 
during the “Dynamics of the Coastal Ecosystem of the Western 
South Atlantic – DEPROAS” Experiment (Silveira et al., 2004). 
We use reference values of core velocity, position and decay 
rates for the BC and IWBC from Schmidt et al. (2007) and we 
refer the reader to their work for a detailed description of the 
parametric-analytic model. Figure 3 shows the velocity structure 
of the BC-IWBC system and the location of tensioned riser at 
1000m. 
 

 
Figure 3: Basic state of the geostrophic velocity structure of 
the Brazil Current – Intermediate Western Boundary 
Current (BC-IWBC) system at 23°S, according to Schmidt 
et al. (2007). Blue (yellow) tones show the location of the BC 
(IWBC) flowing S-SW (N-NE). Velocity contours are shown 
in black and every 0.1 m s-1. The vertical thick black line 
shows the location of the tensioned riser. 
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The BC-IWBC current profile at the riser location is shown 
in Figure 4a. One can observe the exponential decay of the BC 
down to ~ 500m of depth and the opposing IWBC with depth. 
Because the core of the IWBC is next to the bottom slope and 
the parametric profile does not reproduce the bottom boundary 
layer, the velocity is different than zero at the bottom.  

Figure 4b shows variations of the BC-IWBC profile that 
are explored in this study. We explore variations that have 
stronger BC-IWBC (p2), weaker BC-IWBC (p3) and cases 
where we have a progressively stronger and deeper BC (p4 and 
p5). Our last case represents a state of a very strong and deep 
BC without the IWBC (p6). Those variations are not related to 
observational measurements and are rather arbitrary to address 
the effect of stronger and deeper upper boundary current over 
the development of VIV. Table 3 summarizes reference values 
for all BC-IWBC profiles. 
 

 
Figure 4 (a): BC-IWBC current profile extracted at the 
position of the riser model in Figure 3. Reference values are 
highlighted with gray dots. (b): Variations of the BC-IWBC 
profile (p1) that are investigated in this study (p2 to p6). 

RESULTS 
 
Sensitivity of VIV to top tension 

Figure 5 presents the static position of the riser and the 
standard deviation of stress (Τstd) for the different values of top 
tension and for a uniform current profile equal to 0.5 m s-1. We 
use Τstd in this study because it is a relevant metric for fatigue 
assessment, and large Τstd can lead to large fatigue of the riser. 
The static position and Τstd are presented in pipe coordinates 
where “0” means bottom part of the riser (close to the sea floor) 
and “1000” means the top part of the riser (close to the sea 

surface). As the top tension decreases, the deflection of the riser 
increases (Figure 5a). The maximum displacement (Dmax) 
increases from ~2m for 4600 kN to ~6m for 2200kN. 
 

Table 3: Main characteristics of the BC-IWBC profiles.  
Profile BC core 

(m s-1) 
IWBC core 

(m s-1) 
Reversal depth 

(m) 
p1 -0.58 0.26 515 
p2 -0.87 0.39 515 
p3 -0.29 0.13 515 
p4 -0.87 0.12 638 
p5 -1.01 0.04 739 
p6 -1.01 0 - 

 
Overall, the same pattern is observed for Τstd (Figure 5b), 

in particular for the peak near the sea floor. The somewhat 
“irregular” variation of Τstd along the riser demonstrates the 
existence of multiple CF response frequencies and modes 
during different times and highlights the stochastic nature of 
VIV. 

 

 
Figure 5 (a): Static position of the riser for different values 
of top tension and for a uniform current profile equal to 
0.5m s-1. The top tension lower and upper limits are 
highlighted. (b): Same as (a), but for the standard deviation 
of stress. 
 

Figure 6 presents the changes in the acting CF modes for 
the different values of top tension. We observe changes in the 
oscillation frequency for each CF mode that is excited (Figure 
6a). For the same CF mode, the oscillation frequency increases 
as the top tension increases. For modes 10 and higher, 
excitation stops at a threshold tension level. As the mode 
increases, excitation ceases for lower top tension values. We 
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also note changes in Ti, the duration of the time window for 
each response frequency (Figure 6b). Ti does not necessarily 
vary monotonically with the top tension and we note that for all 
choices of top tension, the dominant CF mode is in the 5 to 7 
range. Based on the results above, we opted to use a constant 
top tension equal to 3000 kN in the remainder of our VIV 
numerical simulations. 
 

 
Figure 6 (a): Oscillation frequency for each CF mode for 
different values of top tension and for a uniform current 
profile equal to 0.5 m s-1. (b): Same as (b), but for Ti. 
 
Simulations of theoretical profiles 

Figure 7 presents the static behavior of the tensioned riser 
for selected uniform profiles. As expected, the static 
displacement of the riser increases with increasing velocity u 
(Figure 7a). For u = 1.00 m s-1, Dmax is ~16m and represents a 
very large increase compared to the case with u = 0.20 m s-1. 
Τstd also increases with increasing velocity u (Figure 7b). Τstd 
presents the same pattern for irregular variation along the riser 
that was observed in Figure 5b. Those variations increase for 
increasing u, meaning that higher CF modes are excited at 
higher velocities. Also, there is a considerable increase in Τstd 
from u = 0.20 m s-1 to u = 1.00 m s-1. 

The CF response for a selected range of uniform velocity 
profiles is presented in Figure 8a as a function of the reduced 
velocity ur = u/(f0*D). Following the expected behavior from 
model test experiments (Passano et al., 2012), excited CF 
modes increase in number with increasing velocity, going from 
mode 1 to mode 8 for the range that is presented. 

Figure 8b presents the response standard deviation 
(normalized by D) and one can observe a relationship between 
the changes in the CF mode and the variability in the standard 

deviation. For each new CF mode, the CF response 
approximately starts at a low standard deviation and rises with 
increasing current velocity to a maximum value. At that 
threshold, the CF response falls before the next CF mode 
dominates. This behavior is in agreement with model test results 
from Passano et al. (2012) and our results demonstrate that our 
riser model is responding correctly to VIV excitation. 

 

 
Figure 7 (a): Static position of the riser for selected profiles 
of uniform current. (b): Same as (a), but for the standard 
deviation of stress. 
 

The riser response for linearly-sheared profiles is 
presented in Figure 9. The static response demonstrates that 
Dmax decreases for increasing shear rate S(Figure 9a) and that 
the bulge is pushed closer to the top part of the riser. At S = 
0.0020 s-1, the riser presents two bulges in opposite directions 
and Dmax decreases considerably in comparison to S = 0 s-1 
(uniform profile). Τstd does not increase for increasing S and 
there is a large superposition of values for all choices of S. 

The variations of Τstd along the riser length are larger in 
comparison to Figure 7b, which suggests that more CF modes 
are being excited in comparison to the cases for uniform 
velocity. Moreover, one can observe that a linear shear, even 
with a large surface velocity (like the case for S = 0.0020 s-1), 
induces less displacements and stress on the riser than a uniform 
profile with similar velocity (u = 0.8 m s-1, Figure 7b). 

Figure 10 shows all CF modes that are excited for each 
linearly-sheared profile, together with Ti for each CF mode. For 
S = 0 s-1, we observe the occurrence of modes 3 to 11 and a 
dominant mode 6. Such distribution of Ti corroborates with the 
previous discussion about multiple modes being excited for 
uniform profiles too. As S increases, the number of excited CF 
modes increases together with the number of the dominant 
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mode. For S = 0.0020 s-1, up to 22 CF modes are excited and 
mode 12 dominates. This behavior is in agreement with results 
from large-scale model tests of a tensioned riser and numerical 
predictions by Larsen et al. (2010). 

 

 
Figure 8 (a): CF response mode numbers for each profile of 
uniform velocity. (b): Same as (a), but for maximum CF 
response standard deviation. 

 
Figure 9 (a): Static position of the riser for different profiles 
of linearly-sheared current. (b): Same as (a), but for the 
standard deviation of stress. 

 
Figure 10: Distribution of Ti for each CF mode excited in 
each linearly-sheared current profile. The peak value of 
each line represents the dominant CF mode for each profile. 
 

A comparison between the CF response standard deviation 
from uniform profiles and from linearly-sheared profiles (Figure 
11) highlights that, overall, uniform profiles present larger 
standard deviation of the CF response. This finding is in 
qualitative agreement with VIV simulations by Srinil (2011), 
who demonstrated that modal amplitudes increase when the 
current become less sheared, and with experimental results by 
Trim et al. (2005). Specifically for uniform profiles (Figure 
11a), the standard deviation becomes more irregular along the 
riser with increasing velocity. For linearly-sheared profiles, the 
standard deviation along the riser varies less towards larger 
values of S and Ti distributions with bigger percentages of high 
CF modes. 
 

 
Figure 11 (a): CF response standard deviation for selected 
profiles of uniform current. (b): Same as (a), but for 
different profiles of linearly-sheared currents. 
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Simulations of WBC profiles 
The simulations of WBC profiles give interesting results 

with respect to the different BC-IWBC profiles and in 
comparison to the simulations with theoretical profiles. The 
static response of the riser to the BC-IWBC profile from the 
parametric model shows a double-bulge displacement that is 
associated with the BC and IWBC cores (p1, Figure 12a). 
Although the BC core is stronger than the IWBC core, the 
IWBC produces a larger displacement. Still, displacements 
caused by the parametric BC-IWBC profile are rather small 
(Dmax less than 0.5m). Accordingly, a stronger/weaker BC-
IWBC system produces larger/smaller displacements (p2 and 
p3). As we intensify the BC and weaken the IWBC, the 
displacement increases and changes to a single bulge (p4 to p6) 
and Dmax is ~1m for intense BC cases. 

 

 
Figure 12 (a): Static position of the riser for different BC-
IWBC profiles. (b): Same as (a), but for standard deviation 
of stress. 
 

The parametric BC-IWBC profile (p1) promotes rather 
small Τstd when we compare to linearly-sheared and uniform 
profiles (Figure 12b). The variability of Τstd among all 
simulations of WBC profiles follows the pattern discussed 
above for the static displacement. The profiles with very strong 
BC (p5 and p6) produce the largest Τstd and are the ones with 
most irregular variation of Τstd along the riser length. 

Figure 13 shows the CF modes that are excited by each 
BC-IWBC profile and their Ti distributions. CF mode 6 is the 
dominant mode for the parametric BC-IWBC profile (p1) 
among modes 1 to 12. The intensification of the BC-IWBC 
profile (p2) excites modes up to CF mode 12 while the 
weakening of the BC-IWBC profile (p3) restricts excitation to 

CF modes 1 to 5. As expected, making the BC stronger excites 
more CF modes and pushes the dominant mode to higher levels. 
For the intense BC case without a IWBC (p6), 22 CF modes are 
excited with a dominant mode 12. 
 

 
Figure 13: Same as Figure 10, but for all BC-IWBC 
profiles. 
 

The overall pattern for Ti distribution from the simulations 
of WBC profiles is similar to the one from the simulations with 
linearly-sheared profiles (Figure 10), where the case with the 
strongest surface velocity (S = 0.0015 s-1) produced a Ti 
distribution similar to the case with the strongest BC (p6), 
regardless the type of shear (linear decay or exponential). 

An interesting result is the calculation of the standard 
deviation of the CF response along the riser for all WBC 
profiles (Figure 14). The standard deviation caused by the 
current profiles that produced a double bulge displacement of 
the riser (p1 to p3) is clearly different than the standard 
deviation caused by the current profiles that displaced the riser 
in a single direction (p4 to p6). It is suggested that this is related 
to the tension and stiffness along the riser, which is larger for 
profiles p4 to p6 and therefore limits the amplitude and 
variability of the CF response. Moreover, more sheared profiles 
(p4 to p6) excite more and higher response frequencies, which 
leads to more travelling waves in the response and thus a 
smeared out semi-constant response along the riser. Further 
analyses are necessary to investigate this hypothesis.  

 

 
Figure 14: Standard deviation of the CF response for 
different BC-IWBC profiles.  
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DISCUSSION AND CONCLUDING REMARKS 
 
The results from this sensitivity study present interesting 

changes in the excitation and stochastic nature of VIV that are 
related to the type of current profile that a tensioned deep water 
riser is exposed to. We observe that uniform profiles, in 
particular the ones with high velocities, generate the largest 
structural (Dmax and Τstd) and VIV response (CF mode  number 
and number of modes excited) of the riser. Although this result 
was somewhat expected, the comparison with the riser response 
for linearly-sheared and WBC profiles highlight how shear 
du/dz, velocity u and direction ϴ may change the riser VIV 
response. 

In general, we observed that the imposition of a linear 
shear on the current profile, even for cases with large top and 
bottom velocities, significantly reduces Dmax and Τstd (Figures 7 
and 9) and significantly increases the number of participating 
response frequencies (Figure 10). For cases with equal surface 
velocity but different shear rates S (S = 0.0010 s-1 and 
S=0.0020 s-1), we note that a stronger linear shear produces a 
significant change in the static response of the riser (Figure 9a) 
but not in the VIV response (Figures 10 and 11b). Our results 
suggest that the intensity of shear did not play a major role in 
the VIV response, but rather the values of velocity that the riser 
is exposed to.  

A similar observation can be made for the WBC profiles. 
Taking cases p5 and p6 and in comparison to cases S = 0.0010 
s-1 and S=0.0020 s-1, the existence of nonlinear and exponential 
variations of the velocity along the current profile did not make 
a large difference in the range of CF modes that were excited. 
Τstd is also similar among those 4 cases except that it is smaller 
for p5 and p6. 

The simulations of WBC profiles explored current profiles 
that resemble the offshore flow conditions in SE Brazil. 
Overall, we notice that the structural and VIV responses of the 
riser are weaker for those profiles since most of the actual 
velocity values are smaller. In spite of that, a large range of CF 
modes are excited by the WBC profiles and rather simple 
changes in the velocity structure (stronger/weaker cores, deeper 
reversal depth) lead to noticeable changes in the VIV response 
(Figures 13 and 14). 

Changes in the core intensity, BC depth, direction and 
intensity of deep flows may be induced by the natural large-
scale and meso-scale variability of the BC-IWBC system. As 
demonstrated by Andrioni et al. (2012), meso-scale eddies can 
generate large variability in current profiles in SE Brazil and 
may induce extreme surface velocities of more than 1 m s-1. One 
may also expect changes in the vertical variability of the current 
profile that are related to baroclinic and barotropic states of the 
BC-IWBC system (Silveira et al., 2004, 2008) and how uniform 
the current profile will be. Therefore, we can expect large range 
of VIV patterns for risers installed in SE Brasil. It is important 
to highlight that VIV patterns will also heavily depend on the 
type of riser and its structural properties. VIV will develop 

differently for production risers, steel catenary risers, hybrid 
risers, and so forth. 

In conclusion, our study demonstrates that several 
properties of the current profile such as shear du/dz, velocity u 
and direction ϴ had an important effect on the development of 
VIV for our riser model.  In particular, more complex profiles 
like the BC-IWBC system have a noticeable effect on the 
properties and stochastic nature of VIV. Further analyses with 
other types of risers and current profiles which represent 
additional major current systems will be performed to continue 
investigating the role of complex ocean currents over the 
development of VIV in comparison to simpler current profiles 
from model test conditions. 
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