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Inverse Analysis of VIV Experiments 
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An inverse problem in science is the process of calculating from a set of observations the causal factors that produced them.
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VIV and Offshore Structures  

Fatigue damage 
Amplified drag force 

Background 

Figure from Baarholm 



Empirical VIV Prediction Models 

• Industrial tools: 
 

− VIVANA, Larsen 
− SHEAR7, Vandiver 
− VIVA, Triantafyllou 

 
 

• Hydrodynamic Force Model 
 

− Empirical hydrodynamic force 
coefficient database 

− Rigid cylinder VIV test 

Background 

Figure from Larsen 
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Hydrodynamic Force Coefficient Database 

Background 

Gopalkrishnan, 1993 

2D Rigid Cylinder VIV Test 
 
• Forced Harmonic Motions  
• Forces are directly measured 
• Excitation coefficient, Ce 
• Added mass coefficient, Ca 
 
Force coefficient database 
 
• Ce (𝒇𝒇�,A/D) 
• Ca (𝒇𝒇�,A/D) 
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IL and CF Interaction 

Aronsen, et al (2007) 

Rigid cylinder forced motion test 
Phase= 270 deg Phase= 90 deg 

Current 

There is still lack of a complete load 
interaction model 

Background 

CF 

IL 

Presenter
Presentation Notes
Combined IL and CF responses are normally observed. It is known that the IL response can have significant influence on the CF ones. One example is shown here. A rigid cylinder was tested with imposed motions. The two tested orbits are identical except for direction of the movement or the motion phase angle. The measured hydrodynamic forces are significantly different. However, the motion phase angle is not considered in most of the VIV prediction programs. It means that the program will give the same forces in this case. A lot of research on IL and CF interaction have been carried out recently, but there is still lack of understanding of such interaction of a flexible cylinder. This might be one of the reasons for the dispcrancy between the measurement and the prediction 



3D VIV Experiments with Flexible Cylinders 

Experiments (1997 - 2012) 
   Rotating Rig Tests 
   Hanøytangen Test 
   Ormen Lange Test 
   NDP High Mode VIV Test 
   MIAMI Tests 
   Shell VIV Tests 
   Other tests… 

 
Uniform or sheared flow 
With/without suppression devices 
Response frequency, amplitudes, and 
modal information are often analyzed 

 
No direct force measurements along the 
flexible cylinder 

 

Acceleration or/and 
bending strain 
measurements 

Background 

figure from Larsen 



3D VIV Experiments with Flexible Beams 

Background 

No direct force measurements along the flexible cylinder 

Top Bottom  38 m 



Research Objectives 

• Obtain a tool to identify hydrodynamic forces/coefficients from 
VIV experiments with flexible cylinders 
 
 

• Improve the existing force model/force coefficient database in 
empirical programs 
 
 

• Understand better VIV loading mechanism of flexible cylinders – 
IL and CF interaction 
 
 
 

 
 



Hydrodynamic Force Identification by 
Inverse Analysis 

 
 
 
 
 

      
      

Response 

Measurement 

RKrrCrM =++ 

Structural 
Mass 

Structural 
Damping 

Structural 
Stiffness 

Hydrodynamic 
forces 

Ill posed 
problem 

Identify hydrodynamic forces along the pipe 

The Dynamic Equilibrium Equation 

Method 1: Direct Inverse Analysis 
Method 2: Inverse Analysis based on Optimal Control Theory 

Methodology 
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Presentation Notes
the inverse problem tends to be ill posed, in the sense that small errors in the measurement data can lead to large erros in the identified forces. In addition, most inverse problems are considered to be underdetermined, meaning that we do not have unique solutions to the inverse problem.



Method 1: Direct Inverse Analysis 

 
 
 
 
 

      
      

Methodology 

Response 
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Method 2: Inverse Analysis Based on Optimal Control Theory 
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State Space Form of Dynamic Equilibrium Equation 

Cost Functions 

Solving Constrained Optimization 

Presenter
Presentation Notes
quadratic cost function is formulated for the problem: the cost is high if the estimated response does not corroborate
the measurements and if the identified external forces is large.  for each measurement taken over an element, the cost contribution is proportional to the square of the difference between measured and estimated value. For unknown external forces, the cost contribution is a quadratic function of F

Additionally, we usually know that our data has random variations caused by random noise, or worse yet coherent noise. In any case, errors in the observed data introduce errors in the recovered model parameters that we obtain by solving the inverse problem. To avoid these errors, we may want to constrain possible solutions to emphasize certain possible features in our models. This type of constraint is known as regularization. In order to give preference to a particular solution with desirable properties, a regularization term can be included in this minimization:Tikhonov regularization




Application of Inverse Analysis on VIV 
Experiments with Flexible Cylinders 

Acceleration or/and 
bending strain 
measurements Identify hydrodynamic forces/coefficients 

from VIV experiments with flexible cylinders 
 
• Rotating Rig Test, 1996, 2003 
• Hanøytangen Test, 1997 
• NDP High Mode VIV Test, 2003 
• Shell VIV Test, 2011 



Application – Force Identification 

Application 

• CF response 
measurements: 
 

22 accelerometers 
30 strain measurements 

 
 

 

38 m 

Shell VIV Test, 2011 U 



Application – VIVANA Prediction 

Application 

Correct response frequency 
 
Improvement in response prediction 

         Rotating Rig Test Shell VIV Test 



0 5 10 15 20 25 30 35 40
-50

0

50

100

150

200

250

300

350
Motion phase angle

Length (m): max. speed at the origin

Ph
as

e 
an

gle
 (d

eg
)

Motion Phase Angle 

Clockwise 

Anti-Clockwise 

Riser length (m) 
Ph

as
e 

an
gl

e 
(d

eg
) 

Application – IL and CF Interaction 

U 

Application 



Application – IL and CF Interaction 

• Zigzag phase variation + drift 
 

• Positive Ce for phase < 180 deg 
(excitation region) 

 
• Consistent with DNS simulation 
(Bourguet et al, 2011) 

 
• Wu et al, OMAE2014-24559 
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Application – IL and CF Interaction 
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Ce
A/D

• No zigzag variation due to stronger travelling waves 
 

• Positive Ce for phase < 180 deg (excitation region) 
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Application 



 
• Inverse analysis method is a valuable tool to obtain hydrodynamic 
forces/coefficients from VIV experiments with flexible cylinders 

 
 

• The identified hydrodynamic forces/coefficients can be used to 
improve existing load models 

 
 

• Phase between IL and CF displacements is a key parameter to 
understand the interaction and it is strongly coupled with force 
coefficients 

 
 
 

Conclusions 



 
 

Thank You! 
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