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ABSTRACT
The aim of the study is to investigate VIV effects, not only

on a test cylinder but also on the experimental rig being towed

under water at a prescribed depth and operating speeds. For

this purpose, a numerical Multi-Physics model was created using

one way coupled analysis simultaneously between the Mechan-

ical and Fluent solvers of ANSYS software package. A system

coupling was developed in order to communicate force data al-

ternately between the solvers with the help of automatic mapping

algorithms within millesimal time periods of a second. Numeri-

cal investigation into the dynamic characteristics of pressure and

velocity fields for turbulent viscous fluid flow along with struc-

tural responses of the system, stressed the significance of time

and space scales for convergence and accuracy of our Finite Vol-

ume (FV) CFD calculations.

INTRODUCTION

It is a known fact that, with the development of the oil

and gas industry to deeper waters and harsher environments,

engineering problems require more complex solutions with

predictable performances under the aforementioned conditions.

Due to the increasing complexity of today’s engineering solu-

tions the need for accuracy of numerical simulations has become

more significant. This concern necessitates the consideration of

more than one physical factor [1]. Moreover, with the increasing

∗Address all correspondence to this author.

significance of these factors’ influence on the response of the

system, fluid-structure interactions carry greater importance. In

consideration of modeling and computational calculations, FSI

problems can be the most challenging simulations. Due to the

complexity of the multi-physics problems it is generally chal-

lenging to solve them analytically. Thus, numerical simulations

or experiments are required to deal with these problems. In

addition, the choice of an appropriate solution method for an

FSI problem is crucial while developing a numerical model.

Monolithic approach aims to solve all flow and displacement

equations simultaneously. However, partitioned approach uses

the more specified and advanced solvers which were developed

only for structural or fluid simulations. FSI problems investi-

gates the structural and hydrodynamics effects along with their

close relations within the system. Due to shape dependency

of hydrodynamic forces of structures and the dependency of

structural deformations as a result of hydrodynamic loads,

current problems require exclusive analysis for each application.

Considering the wide use of cylindrical shaped structures such

as risers, moored and tethered structures along with sub sea

umbilicals and spar hulls, our study focuses on FSI investigation

of the assembly composed of a fixed flexible cylinder with

different material properties mounted on a test rig designed for

future experimental investigations. We have used a two way

coupled partitioned approach by the aid of ANSYS Workbench

environment using Mechanical and Fluent solvers. Since one

way coupled partitioned approach is based on the coupling of
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fluid and structural solvers in order to send only force values

within the solvers, this approach lacks displacement effects on

the hydrodynamic loads. It can only be used when the deforma-

tions of the system are small or can be neglected. On the other

hand, two way coupled method sends deformation values to the

fluid solvers by upgrading the mesh of fluid domain for every

desired time step. This method provides a more realistic and

advanced simulation of the physical problem especially when

the deformations are large and their effects on the hydrodynamic

loads are highly significant.

Experimental Rig

Designing an experiment for investigating a fluid-structure

interaction requires high precision and full system integrity. The

study was focused on a flexible cylinder mounted on an experi-

mental rig. Thus, it is crucial to have a reliable system for mea-

suring the flow forces around the cylinder with minimum vibra-

tions in order to avoid unintentional instabilities on the test sub-

ject. Given that, the structural endurance of the system oppos-

ing to the fluid forces is essential as well. The flow around the

cylinder should be isolated from reflecting flows and any kinds

of disturbances. For this purpose, we aimed to design an experi-

mental rig that will tow our test subject, a circular cylinder with

0.0015 m diameter and 0.60 m length, in different depths and

speeds. The cylinder was designed to be attached to a plate that

is 0.24 m long and 0.90 m wide in order to simulate the ocean

floor in different operating conditions. The plate was designed

to be attached to the carriage with a main support consisting of

a 0.1016 m diameter pipe and a fin that was used in order to de-

lay vortex formations around the main support. However, towing

a submerged large plate without being exposed to severe vibra-

tions under the speed of 4 m/s is a challenge resulting in the re-

quirement of a sturdy supporting system. Considering this, we

have placed two cylindrical front supports to the system in or-

der to provide more stability without disturbing the flow around

the cylinder . Finally, the plate was strengthened with a frame

stiffener system from the bottom of the plate. Taking these chal-

lenges into account, the design demonstrated in Figure 1 was

developed after several optimization trials.

NUMERICAL MODEL

Structural Model

A finite element model was created in order to investigate

structural responses of the experimental rig and the test subject

cylinder. Considering the difficulties of FEA on hyper elastic ma-

terials due to the large deformations and their ability to withstand

greater strains than conventional materials [2], default structural

steel model from ANSYS Material Database [3] was used as ma-

terial for the plate, support system and rigid cylinder. For the

FIGURE 1. DESIGNED THE EXPERIMENTAL RIG

flexible cylinder, structural steel model was modified by decreas-

ing its Young’s modulus providing a more stable flexible mate-

rial. For the purpose of simplifying the structural module, front

supports were introduced as fixed support condition onto the re-

gion of their attachment point with the plate. Due to the software

limitations and non-linear stresses the model was created using

solid elements. For this purpose, SOLID 186 and SOLID 187

type elements were used in ANSYS Mechanical. These elements

have 20 and 10 nodes respectively and both elements support

large deflections and large strain capabilities along with plastic-

ity, hyper elasticity, creep and stress stiffening [4].

Calculating the coupled fluid structure analysis includes the solu-

tion of the structural problem for each time step simultaneously.

Thus, using the best solver with the most efficient resources was

critical. Moreover, considering the need for stability and en-

durance of the experimental rig under designated loading con-

ditions, a mesh convergence study was conducted based on the

maximum von-Mises stress criteria in order to develop the most

accurate and computationally affordable numerical finite element

model.

Figure 2 shows the final mesh of the structural model for the

experimental rig including the plate, cylinder, cylinder cap and

the support system that contains 61375 elements with 265000

nodes.

FIGURE 2. FLUID DOMAIN SIDE VIEW
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One of the challenges of FSI problems is their demand for com-

putational resources. In order to obtain numerical results in the

desired time, solver performances of the both Mechanical mod-

ule and Fluent in ANSYS was critical. Even though the CFD por-

tion of the FSI problem requires more computational resources,

due to the size of the structural solution and the necessity for

repetition at the end of each coupling iteration, the performance

of the Mechanical solver was also crucial. A numerical bench-

mark test for comparison of solver type vs. calculation time was

conducted to choose the most robust solver for this particular

problem. Even though direct solver was more robust for static

structural analysis of the experimental rig’s responses, due to the

extensive output file sizes and non-linearities in the system, Pre-

conditioned Conjugate Gradient (PCG), an iterative solver, was

used due to efficiency and memory and storage usage. It was

also evident that for this specific solver the use of eight paral-

lel processors gave the most speed-up. Some of the governing

stress equations that mechanical solvers address can be shown as

follows [5]:

{σ}= [D]{ε} (1)

in the equation, [D] represents elastic stiffness matrix and [σ ]
represents stress vector which can also be written as:

{σ}= ⌊σxσyσzσxyσyzσxz⌋ (2)

{ε} stands for total strain vector which can also be written as:

{ε}= total strain vector = ⌊εxεyεzεxyεyzεxz⌋ (3)

εxy, εyz,εxz represent the shear strains. Shear strains can be ex-

pressed as follows by the aid of Shear modulus and stresses:

εxy =
σxy

Gxy

(4)

εyz =
σxy

Gxy

(5)

εxz =
σxy

Gxy

(6)

whereas shear modulus can be written as:

G =
E

2(1+ν)
(7)

Finally von-Mises Stresses can be found by the following for-

mula:

σe =
[ (σ1 −σ2)

2 +(σ2 −σ3)
2 +(σ3 −σ1)

2

2

]

(8)

Fluid Flow Model

A single phase fluid flow model was developed and Realiz-

able k-epsilon model was used to solve turbulent flow. Dimen-

sions of the fluid domain used for this study are shown in Figure

3 and 4.

FIGURE 3. FLUID DOMAIN SIDE VIEW

A velocity-inlet and pressure-outlet type boundary condition

was used for inlet and outlet of the fluid domain. The distance

between the inlet boundary and cylinder was 1.5 m where it is 4

m to the outlet. Flow specifications were defined as velocity (4

m/s) and direction. Furthermore, default values for turbulence in-

tensity and viscosity ratio were used. No slip wall boundary con-

ditions were used for bottom, top and side walls of the domain.

Figure 5 shows the CFD mesh of the fluid domain in different

perspectives along with the mesh around the cylinder. CFD mesh

consists of 2 million elements with an average of 0.04 skewness

and 0.98 orthogonal quality.
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FIGURE 4. FLUID DOMAIN TOP VIEW

FIGURE 5. CFD MESH

Turbulence Model

Turbulence is a phenomenon causing disturbances in the flow as

a relation of space and time due to the large velocity gradients. It

is known that there are still unresolved complications especially

with the high Reynolds number and Mach numbers. Reynolds

Averaged Navier-Stokes Equations can be shown as below [6]:

∂ui

∂ t
+u j

∂ui

∂x j

=−
1

ρ

∂ p

∂xi

+
∂

∂x j

(µ

ρ

∂ui

∂x j

)

(9)

Besides, today’s computational resources are inadequate to solve

the turbulence for engineering problems by using Direct Numer-

ical Simulations (DNS) due to excessive computational costs.

Consequently, averaging methods such as Reynolds averaging

have to be employed. On the other hand, there is no conventional

turbulence model that can be used for all flow scenarios while

simulating a turbulent flow. Thus, the preference of turbulence

model depends on the factors of available time, computational

power, physics of the flow and the desired accuracy level. There

are several turbulence models for numerical modelling such as,

zero equation (Prantls Mixing Length, Cebeci-Smith Model),

one-equation model (Spart-Allmaras), two-equation models (k-

ε , k-ω), second order closure (Reynolds stress) and algebraic

stress models. Reynolds Averaged Navier-Stokes (RANS) mod-

els are computationally the most economical ones that are also

widely used for simulating industrial flows due to their ability

to provide acceptable accuracy. These models solve the prob-

lem by the help of two additional transport equations and Eddy-

Viscosity to estimate Reynolds Stresses. In this study, k-ε model

with standard wall functions is used due to its robustness and

economy. Moreover, the mesh around the cylinder was refined in

order to provide a wall y+ value between 30 and 100.

Coupling Fluid and Structural Solvers

Transferring data between solvers happens in every time step

if the solutions are converged or they reach to the maximum num-

ber of iterations. By considering the physics of our problem a

time step of 0.001 second was used. FSI regions were chosen

separately for cylinder, plate and support and data transfers was

created for each of the plate, support and cylinder surface regions

in order to send force data. Between the FSI regions of Mechan-

ical and CFD, %100 mapping were established within ANSYS

System Coupling. For 1 Way coupled analysis,Fluent solves the

equations for whole fluid domain and sends the results on the

cylinder, plate and support. This concludes a time step of calcu-

lation in case of convergence of the both solutions.

NUMERICAL RESULTS

The results of one way coupled FSI analysis with a single

phase turbulent flow around the experimental rig were presented.

Lift and drag coefficients around the test object, a circular cylin-

der, were plotted on Figure 6.

For the structural investigation of the rig’s response, deforma-

tions were plotted in a bigger scale of 5.5/1. Figure 7 and 8

present the deformations on the entire rig. It can be clearly seen

that at the initial condition of the flow, hydrostatic forces cause

0.006 m deformation on the plate.

For the CFD perspective of problem, the local values of the ve-

locity and pressure of the flow are shown by the aid of horizontal

and vertical planes. Results are presented for 0 to 3 seconds of
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flow time in Figures 9-16. Figure 9 shows the results from ini-

tial time to 0.55 seconds where the first vortex shedding occurs

around the cylinder. Figure 10 demonstrates the results between

0.75 to 1 seconds. Figure 11 and 12 present the velocity magni-

tude patterns of 1.65- 2 seconds and 2.5 to 3.0 seconds respec-

tively. The velocity magnitude plots that were created on the

horizontal and vertical planes demonstrate that the vortex shed-

ding for this case starts at 0.55 seconds. Furthermore, pressure

plots were shown in Figure 13 represent the values between 0 to

0.55 seconds. Figure 14, 15 and 16 demonstrates the pressure

plots at 0.75-1 s, 1-1.65 and 2.5-3 s respectively.

One way Coupled FSI results are shown in the Figures 17-20.

Velocity of the flow and the resulting hydrodynamic loads along

with their their effects on the structural model were shown as

von-Mises stresses. These results were investigated at 0 s, 0.5 s,

1 s and 1.5 s of the solution time.

CONCLUDING REMARKS

A turbulent flow regime past a circular cylinder attached to

an experimental rig was investigated. The focus of the study is to

understand structural responses of the experimental rig and flexi-

ble cylinder under a prescribed depth and speed along with the ef-

fects of flexibility of the cylinder on hydrodynamic loading con-

ditions. Results have shown that due to high drag and oscillating

lift forces and their effects on the rig, the simplifications within

structural numerical model have to be reconsidered. In the pro-

cess of developing the structural FE model stiffener frame was

not included. However, due to the exceeded predicted deforma-

tions which can cause vibrations on the test subject and decrease

the reliability of the experiments, the stiffener system should also

be taken into account. Moreover, in pursuance of more accurate

results for simulating the towing tank flow, open channel flow

with VOF method should be used. Finally, the prediction of the

experimental rig’s performance and the test subject’s structural

behaviour under hydrodynamic loads can be investigated with a

two way coupled analysis more accurately and realistically. For

this purpose, re-meshing and smoothing dynamic mesh methods

can be used.
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FIGURE 8. DEFORMATIONS ON THE EXPERIMENTAL RIG (1

s - 1.5 s)

FIGURE 9. VELOCITY PROFILE OF THE EXPERIMENTAL RIG

(0-0.55 SECONDS)

FIGURE 10. VELOCITY PROFILE OF THE EXPERIMENTAL

RIG (0.75-1.0 SECONDS)

FIGURE 11. VELOCITY PROFILE OF THE EXPERIMENTAL

RIG (1.0-1.65 SECONDS)
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FIGURE 12. VELOCITY PROFILE OF THE EXPERIMENTAL

RIG (2.5-3.0 SECONDS)

FIGURE 13. PRESSURE PROFILE OF THE EXPERIMENTAL

RIG (0-0.55 SECONDS)

FIGURE 14. PRESSURE PROFILE OF THE EXPERIMENTAL

RIG (0.75-1.0 SECONDS)

FIGURE 15. PRESSURE PROFILE OF THE EXPERIMENTAL

RIG (1.0-1.65 SECONDS)
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FIGURE 16. PRESSURE PROFILE OF THE EXPERIMENTAL

RIG (2.5-3.0 SECONDS)

FIGURE 17. 1WAY FSI T=0 SEC

FIGURE 18. 1WAY FSI T=0.5 SEC

FIGURE 19. 1WAY FSI T=1 SEC

FIGURE 20. 1WAY FSI T=1.5 SEC
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