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Abstract. Flexible risers, widely used in offshore engineering, are long multilayer tubes designed to
carry fluid — such as oil and natural gas — from the seabed to the sea platforms. In this scenario, the
risers have to be able to withstand efforts ranging from their weight, water column pressure, to dynamic
loads resulting from sea currents. This study aims to evaluate the influence of sea currents on flexible
risers. For this interaction, the fluid passage was evaluated in a uniform flow around the cross-section of
the tube in a two-dimensional analysis. The seasonality and variation of sea currents over time make it
necessary to study different flow regimes. This phenomenon generates pressure variation on the surface
structure, causing dynamic efforts that can induce oscillations, increase drag force and cause structural
failure if the frequency of vortex shedding approaching one of the natural frequencies in a structure.
Therefore, the drag and lift coefficients and Strouhal for Reynolds numbers in the laminar and turbu-
lent regime are so important. They are obtained through modeling using computational fluid dynamics
software, ANSYS R© Fluent, and then compared with the results of other models in the literature. In the
case of the k − ω SST turbulence model simulations, it is used fixed turbulence intensity values for all
Reynolds numbers. This work intends to vary this parameter in order to verify its influence in some
aerodynamics coefficients, taking into account the Reynolds number.

Keywords: Vortex shedding, Flexible risers, Computational fluid dynamic, Turbulence intensity, Com-
putational methods.
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1 Introduction

Flexible risers, widely used in offshore engineering, are long multilayer tubes designed to carry
fluid — such as oil and natural gas — from the seabed to the sea platforms. In this scenario, the risers
have to be able to withstand efforts ranging from their weight, water column pressure, to dynamic loads
resulting from sea currents.

This study aims to evaluate the influence of sea currents on flexible risers. As for this interaction, the
fluid passage was evaluated in an uniform flow around a circular section, miming the cross-section of the
tube in a two-dimensional analysis. The motivation for this often comes from the cylindrical geometries
used as structures and fluid transport in the offshore industry, like risers that have circular cross-section.

Understanding the flow around a circular cylinder has historically been a fundamental challenge for
researchers, largely due to the complexity and transient nature of the wake [1]. That is, The study of a
flow around a cylinder has been the object of study for many researchers around the world. One can cite
the contribution from Tritton [2] and Dennis and Chang [3] in the middle of the last century. Currently,
most of the studies are done using computers, through computational fluid dynamic (CFD) techniques,
such as Stringer et al. [1], Abdulaziz [4], Ong et al. [5], Rosetti et al. [6], and many others.

One of the main concern in numerical analysis is to categorize the flow regime, which can range
from laminar to turbulent, according with the value of the Reynolds number Re. This important dimen-
sionless quantity express the ratio of inertial forces to viscous forces. In this problem, the boundary layer,
free-shear layers, and wake interact and the laminar-turbulent transition and boundary-layer separation
move as Reynolds number varies. Also, several instabilities associated with the shear layers play an
important role influencing the flow behavior in the different regimes [6].

A notably research from Zdravkovich [7] tried to delimiter the flow regime, according to Reynolds
number . A summary of the key stages in flow development is presented in Table 1.

Table 1. Flow regimes around circular cylinder [7]

Re range Flow regime

Re < 1 creeping flow

3− 5 < Re < 30− 40 Steady separation

30− 40 < Re < 150− 300 Laminar periodic shedding

150− 200 < Re < 1.4× 105 Subcritical

1.4× 105 < Re < 1× 106 Supercritical

5× 106 < Re < 8× 106 Transcritical

8× < Re Postcritical

CFD techniques require appropriate modeling of the wide range of turbulence scales since available
computer resources are not still able to simulate all of the scales involved in the problem. There are a
turbulence modelling strategies [8, 9] and the correct choice among all of them depends on the features
of each problem. In this scenario, in line with the objective of this research, the k-ω SST emanates
as a prominent model that deserve to be investigated. When setting turbulence parameters it is often
necessary to inform the freestream disturbance, which represents the turbulence intensity in the flow.

This use is particularly relevant due to the exploitation of new renewable energies, wind and ma-
rine energy technologies, many of which include cylindrical features that need to be assessed for their
structural loading caused by vortex shedding.

In following section, the objectives of the research is presented. In Section 3 there is a summary of
the continuum mechanics equations. Numerical treatment is detailed in Section 4. Results, discussions
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and conclusions are drawn in Section 5 and 6.

2 Objectives

This study aims to use the computational fluid dynamic (CFD) in order to simulate flow around
circular cylinder with several Reynolds number, ranging from 104, in subcritical regime, to 106, in su-
percritical regime.

The turbulence model was the k-ωSST proposed by Menter [10], Menter et al. [11] implemented in
the free version of ANSYS R© software [12]. One of the crucial parameters, to set up the simulation, is the
specification of transported turbulence quantities quantified by the turbulence intensity 1. In this situation,
the research aims also to evaluate the influence of turbulent intensity variation on control parameters, like
drag and lift coefficients and Strouhal number.

We know that low Reynolds number, we have a greater influence of the pressure gradient, and with
this study, we want to know which range of Reynolds number has a greater or less influence of turbulence
intensity.

3 Theoretical formulation

3.1 Flow model

The flow is predicted by enforcing the conservation of mass and momentum, Eq. 1 and Eq. 2, for
viscous and incompressible flow.
• Mass conservation equation

∇.~v = 0 (1)

• Momentum conservation equation

ρ
∂~v

∂t
+ ρ∇.~v~v = −∇.p+∇. (¯̄τ) + ρ~g + ~F (2)

where ρ is the fluid density, p is the static pressure, ~v the velocity field, ¯̄τ = µ
[(
∇~v +∇~vT

)]
is the

stress tensor, µ is the viscosity, ρ~g and ~F are the gravitational body force and external body forces.

3.2 Turbulence modeling

Turbulence is normally present in real flow, and to accurately calculate the turbulent behavior would
be very time-consuming and costly, hence turbulence models are often used instead. The most known
and popular turbulence models are classified as Reynolds averaged Navier- Stokes (RANS). RANS uses
the Reynolds decomposition which says that the variable of interest consists of an average part and a
fluctuating part. Thus, the time average of the variable provides the main properties [8].

There are several models within RANS and the most popular family is the two-equation models,
namely k− ε and k−ω models. In those models, k represents the kinetic energy, ε their dissation and ω
the specific rate of dissipation. They all rely on Boussinesq’s approximation from 1877 where the stress
tensor is modeled in the viscous term of Navier-Stokes Eq. 2. Readers can find in the original references
the description of these most popular models [8, 9].

1The turbulence intensity relates the root mean square of the turbulent velocity fluctuation and the mean velocity.
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In the present work, the original version of k-ωSST turbulence model by Menter [10] is used, where
SST stands for shear stress transport. This eddy-viscosity two-equation turbulence model solves one
transport equation for the turbulent kinetic energy, k, and one transport equation for the dissipation per
unit kinetic energy, ω, also regarded as a turbulent frequency scale [8].

This model is considered to be satisfactory in the treatment of the viscous near-wall region and
streamwise pressure gradients, moderate separated flow and the corrections included by Menter [10]
resolve some issues of the original model regarding the free-stream flow, blending the best features of
the k-ε and the original k-ω.

4 Numerical method

In this section, a detailed account of the setup is given, including boundary, meshing strategy, solver
control, and post-processing. We also present some important equations for the withdrawal of data from
the simulations.

4.1 Boundary conditions

A sketch up of the computational domain and boundary conditions is presented in Fig. 1.

Figure 1. Schematic illustration for boundaries in turbulent flow

The domain width measures 20m and the cylinder is centralized, with a diameter equal to 0.5m. The
upstream distance since inlet until the center of cylinder is 8m and from there until the flow output has a
distance of 20m.

Also note that the 3rd dimension (z) was set to 1m. In order to ensure a two-dimensional analysis,
there is no flow in this direction.

A uniform flow is specified at the inlet, whose Reynolds number is given by Eq. (3), for flow velocity
U, where ρ is density of the fluid, D is diameter and µ is dynamic viscosity.

Re =
ρUD

µ
(3)

This condition, where a fluid is in direct contact with a solid and “sticks” onto the surface, is com-
monly known as the no-slip condition like Cengel and Cimbala [13]. That is, the cylinder will be set to
”no-slip condition”, where pressure is set to zero gradient and velocities are set to zero, Ux = Uy = 0.
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So, the upper and lower wall assigned as ”slip” boundaries, shown in Fig. 1, allow the fluid velocity
component parallel to the wall to be computed, while velocity normal to the wall is set to zero, Uy = 0.

4.2 Turbulence properties

In k − ω SST model the turbulence variables that need to be specified are turbulence intensity, I ,
and turbulent viscosity ratio, β. The turbulence intensity I is defined as the ratio of the root-mean-square
of the velocity fluctuations, u′, to the mean flow velocity, uavg.

I =
u′

uavg
(4)

In CFd is standard practice to select a turbulence intensity from which automatic values are cal-
culated. When setting boundary conditions for a CFD simulation it is often necessary to estimate the
turbulence intensity on the inlets. To do this accurately it is good to have some form of measurements
or previous experience to base the estimate on. A few examples of common estimations of the incoming
turbulence intensity is:2

• High-turbulence case: typically the turbulence intensity is between 5% and 20%.
• Medium-turbulence case: flow in not-so-complex devices like large pipes, ventilation flows etc. or

low speed flows (low Reynolds number). Typically the turbulence intensity is between 1% and 5%
• Low-turbulence case: flow originating from a fluid that stands still, like external flow across cars,

submarines and aircrafts. Very high-quality wind-tunnels can also reach really low turbulence
levels. Typically the turbulence intensity is very low, well below 1%.

By setting up the value of I , k and ω parameters are calculated according to the Eq. (5) and Eq. (6).

k =
3

2
(IU)2 (5)

ω =
0.09k

βν
(6)

Where ν is defined as the ratio between µ and ρ.

4.3 Meshing

The mesh is developed so that the aspect ratio will be higher near the external domain boundaries
and smaller near the cylinder. This arrangement is made since the flow is predicted to be a developed
flow on that region and is the region with a strong gradient pressure.

The mesh around the cylinder should be finer so that it can generate a more accurate result of
simulation.

The model consists of a body fitted hexahedral region surrounding the cylinder with unstructured
wedges filling the remaining far field domain.

The mesh/grid near the cylinder is refined by modifying the grading scale and element size in the
ANSYS R© mesh generator. The mesh can be seen in the Fig. 2. This mesh has 4220 nodes and 6295
elements.

2 https://www.cfd-online.com/Wiki/Turbulence intensity
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Figure 2. The visualization of the mesh

It is important to note that the lack of any symmetry is theoretically unimportant given sufficient
grid resolution, a positive aspect being that it aids the development of vortex shedding for example.

4.4 Solver control

Discretization in finite volume is essential so that all equation terms can be solved. In this work the
method of discretization used for gradient was least squares cell based and for the upwind scheme was
second order.

The solver that is chosen for turbulent flow simulation in ANSYS R© Fluent is explicit formulation.
The result is that a low Courant number is required to maintain numerical stability of which is given

in Eq. (7), where ∆t is the time step and ∆x is the minimum cell width. It was used Courant equal the
0.2 in all cases, since Reynolds number and mesh are same in all cases in this study.

Cr =
U∆t

∆x
(7)

4.5 Post-processing

According to Blazek [14], the force coefficients, such as drag (Cd) and lift (Cl) coefficients on
the cylinder, could be extracted from Eq. (8) and Eq. (9), where L is the length of the pipe that the 3rd
dimension (z), FD and FL are drag and lift force respectively.

Cd =
FD

0.5ρLDU2
(8)

Cl =
FL

0.5ρLDU2
(9)
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The mean drag coefficient, Cd can be obtained from Eq. (10)

Cd =
FD

0.5ρLDU2
(10)

And the lift coefficient amplitude or rms of Cl, C̈l can be obtained from Eq. (11), where n is the
total number of points.

C̈l =

√
F 2
L1

+F 2
L2

+...+F 2
Ln

n

0.5ρDU2
(11)

The Strouhal number could be extracted from Eq. (12), where fv is the vortex shedding frequency
in Hz.

St =
fvD

U
(12)

The visualization of the simulation results can be seen in the ANSYS R© and will be presented at the
next session. function

5 Results and discussion

This section presents the results obtained in this study. A comparison with the literature is first
performed in order to validate the proposed model. Next, a study of turbulent intensity effects in Strouhal
number, drag and lift coefficients for such Reynolds number is presented.

5.1 Validation

To validate the model in ANSYS R©, was chosen the case of a turbulent flow on a cylinder for the
Reynolds number of 104, 105 and 106. The turbulence parameter was I = 2.5% and β = 0.075.

The force coefficients, Cl and Cd as a function of Reynolds number were obtained as result of the
simulations.

Figures 3 to Fig. 5 show the average value of the Cd signal, the variation of the rms of Cl signal
and the Strouhal number, respectively, with Reynolds number. A comparison with the literature is also
provided [1, 7, 15, 16].
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Figure 3. Cd as function of Re

Figure 4. C̈l as function of Re

Figure 5. Strouhal number as function of Re

There is a reasonable agreement between the present results with the literature. The behavior of the
curves allows some remarks.
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• Some authors identified the range 1 × 103 < Re < 2 × 105 as shear-layer transition regime [6].
In this subcritical regime, the base function increase and the mean recirculation region decreases.
These trends are caused by the developing instability of the separating shear layers with an in-
crease in drag, while the point of laminar-turbulent transition in the separating shear layers moves
upstream as Re increases [6].
In the critical transition regime, approximately 2×105 < Re < 5×105, base function and drag de-
crease sharply, mainly associated with the separation-reattachment buble, thus making it separate
much further downstream and causing a narrower wake than there was so far. This phenomenon
is commonly known as drag crisis. At this point, most of the shear layer is turbulent, while the
boundary layer is still laminar [6].
These informations are consistent with present results depicted in Fig. 3 and concise with those
presented in Table 1.
• As seem, the rms lift force in Fig. 4 in subcritical regime are widely spread with highly overpre-

dicted values. In the critical region, there is an approach between the results.
Readers should keep in mind that fluctuating lift is dominated by the actions from the periodic
phenomenon called vortex shedding, the principal source of cross-stream flow-induced vibration.
However, such modelling needs to take into proper account the supposedly subtle aspects of inher-
ently three-dimensional, transitional and lift-related flow features present in the near-wake [17].

The horizontal velocity profile is presented in Fig. 6 for Re=104 and I=2.5%. The velocity profiles
will not be presented for all studied cases, since they follow the same trend.

Figure 6. The visualization of horizontal velocity profile for Re=104 and I=2.5%

5.2 Turbulence Intensity

This section intends to analyze the influence of turbulence intensity in the aerodynamic parameters.
All the features of the simulation were the same from the base case, except the turbulence intensity level.
As described in Subsection 4.2, this parameter represents a free stream disturbance in the flow.

Simulations were then performed with Intensity turbulence values of 0.005%, 0.025%, 0.05%, 0.1%,
2.5%, 5% and 10% for each Reynolds numbers of interest, 104, 105 and 106, thus resulting in 21 com-
puter simulations. Simulation results can be seen in Table 2.
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Table 2. Simulations result

Re I(%) Cd C̈l St

104 0.005 0.9996 1.0097 0.24

104 0.025 0.997 0.9909 0.24

104 0.05 1.0002 0.9986 0.245

104 0.1 1.005 1.0309 0.245

104 2.5 1.0025 1.0035 0.245

104 5 0.9976 0.9977 0.24

104 10 0.9932 1.0028 0.238

105 0.005 0.4899 0.3117 0.272

105 0.025 0.49 0.303 0.268

105 0.05 0.4917 0.3331 0.269

105 0.1 0.4659 0.3527 0.269

105 2.5 0.4942 0.3439 0.2717

105 5 0.4932 0.3454 0.2717

105 10 0.4927 0.3471 0.2717

106 0.005 0.3911 0.2676 0.29

106 0.025 0.3951 0.2885 0.29

106 0.05 0.397 0.2893 0.2907

106 0.1 0.3987 0.2988 0.2907

106 2.5 0.3993 0.3298 0.2907

106 5 0.4019 0.3175 0.2907

106 10 0.4009 0.31 0.2907

From the Fig. 7 and Fig. 8 the variation in coefficients caused by the modification of turbulence
intensity is not fully evident. However, it is possible to highlight some comments about the results:
• Cd behavior

– There is a slight variation of this parameter. Its variation can be quantified by the standard
deviation, which was kept in the order of 10−3. This parameter is related with the mean flow
and is weakly influenced by freestream disturbance.

– For Re = 104 and I 0.1% (midium turbulence level), this parameter reach his maximum.
As increasing Re number, the maximum approach the value of maximum I . May be, for
low Reynolds of 104, flows are more influenced by shear stress layers than by turbulence
intensity.
Norberg [18] also reported the same observation in his text. This author conduct an exper-
imental campaign seeking to evaluate the influence of Reynolds number and turbulence in-
tensity in Strouhal number. According with this authors, ” The high sensitivity to freestream
disturbances in this range is reflected in the curve for I = 0.1%.”.

• C̈l behavior
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– The most remarkable influence of I was observed in the fluctuation od Cl. The standard de-
viation increases as Reynolds increases, and was 0.8% , 1.5% and 1.62% forRe 104, 105 and
106, respectively. Ths behavior can be related with the fact that, in general, turbulence mod-
els like RANS is worried about modeling the fluctuation of the flow, as a result of Reynolds
decomposition.

– Again, for elevates Re the highest values were observed for high turbulence intensity.
• Strouhal number is associated with the periodicity of Cl signal. Results shown that, for Re 104,

this value is higher for low I and decreases as I increases. As advancing in Re number, there is a
tendency to uniformize this value in a constant value. In others words, for Reynolds number at 104

and 105 there is a greater variation of Strouhal number when compared to the Reynolds number of
106.
Again, another agreement with Norberg [18] results. Theses researchers reported that in subcritical
regime the Strouhal number is dependent on the turbulence intensity.

Data from Table 2 are represented graphically in Fig. 7 to Fig. 15. Variations of the aerodynamic
parameters with Reynolds, for all range of I , are shown in Fig. 7 to Fig. 9. Variations of the aerodynamic
parameters with I for each Reynolds number are represented in Fig. 10 to Fig. 15.

Figure 7. Cd as function of Re for each turbulence intensity level.

Figure 8. C̈l as function of Re for each turbulence intensity level.
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Figure 9. Strouhal number as function of Re for each turbulence intensity level.

In order to better visualize the influence of this parameter on each Reynolds number studied, the
following in Fig. 10 to Fig. 12 were generated for Reynolds number of 104, 105 and 106 respectively.

Figure 10. Cd and C̈l as function turbulence intensity for Re=104
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Figure 11. Cd and C̈l as function turbulence intensity for Re=105

Figure 12. Cd and C̈l as function turbulence intensity for Re=106

The graphs in relation to the Strouhal as function turbulence intensity are presented in Fig. 13 to
Fig. 15 respectively for Reynolds number of 104, 105 and 106, although it was observed low interference
of the turbulence intensity for all studied Reynolds numbers.
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Figure 13. Strouhal number as function turbulence intensity for Re=104

Figure 14. Strouhal number as function turbulence intensity for Re=105

Figure 15. Strouhal number as function turbulence intensity for Re=106
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6 Conclusions

The objective of this work was satisfactorily achieved. First, the values of Cd, C̈l and St for the
base case converse well with some experimental cases in the literature, as well as with other numerical
cases in past studies.

In this way, the modeling done on ANSYS R© fluent could be considered as good when compared to
other applied numerical methods in previous research and other software.

After that, we conclude that there is an influence of turbulence intensity in the studied parameters,
but that influence increases proportionally to the increase in the Reynolds number of the simulation. Like
explained in detail in the previous section.

In general, it can be concluded that there is a considerable influence of turbulence intensity in lift
coefficient and Strouhal number. For drag coefficient, this influence is very low for every Reynolds
number interval studied.

Thus, it is known which coefficients are most influenced by the parameter studied here. And with
this, it will be possible to arrive at modeling closer to real cases of the offshore industry, like risers for
example. Over the course of the studies, it will become increasingly evident and relevant to analyze the
parameters studied here when executing a project involving risers.

This study contributes by identifying which of the studied parameters (Strouhal number, drag and
lift coefficient) have a greater or lesser influence on the variation of turbulence intensity.

As future works, and as a way to improve the work in question, we will try to make a comparison
of this model with other turbulence models and computational methods or other geometries as an object
of study.
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