Sensitivity Analysis

As observed in Section 4, the parameters identified by R-MI/SO technique generate a response comparable with the experimental data.  In order to obtain an optimal range of system parameters, a sensitivity analysis is conducted.  Each system parameter identified using the technique is varied for a range in specific increments while keeping all the other identified parameters constant (Table 1b) and the surge and heave responses are simulated for each variation by solving Eqs.1, 3 and 4.  The results are compared against each other in both time and frequency domains.  The optimal range and most suitable value of system parameters are tabulated in Table 2.  The table shows that the best value for the system parameters remain the same for all the data, but MH has a restricted range compared to ML1 and ML2.  In general, a problem of numerical instability is observed for MH using the time step, 0.0625seconds, while solving the ordinary differential equations, Eqs.1, 3 and 4.  By reducing the time step by one-fourth and interpolating wave force at the intermediate points, a solution is obtained.    

The observations from the sensitivity analysis are summarized through spectral diagrams in the following paragraphs.  Since the data sets ML1 and ML2 exhibit similar behavior, the mean of the resulting spectra for each variation is obtained and used for the comparison.  The effects of varying a1 on heave and surge responses for ML and MH are presented in Fig.9.  The spectral density normalized with the variance of the corresponding wave data (Sxxn) is plotted against frequency for a1 from 4 to 15 lb/ft (58.0 to 217.4 N/m)or a1n (the ratio of instantaneous value of a1 to the best value of a1 as given in Table 2) from 0.33 to 1.25.  The heave response does not change significantly for ML, whereas in the secondary resonance region, response increases with the increase in a1 for MH.  From the surge response behavior, it can be observed from Fig.9b and d that there is a slight increase in the primary resonance energy as a1 increases.  The subharmonic resonance region shifts towards the right as a1 increases.  

When a2 is increased from 0 to 10 lb/ft2 (0 to 476.6 N/m2) or a2n=0 to 1.25, the response in the secondary resonance region for heave and surge increases slightly for ML as given in Fig.10a and b.  The effects are more pronounced for MH (Fig.10b and d).  The primary resonance region is not affected by changing a2.  Fig.11 shows that increasing a3 increases from 0 to 10 lb/ft3 (0 to 1568.1 N/m3) or a3n from 0 to 2.5, decreases the subharmonic response and the variation is more prominent for MH.  

The effects of varying b1 from 8 to 16 lb/ft (116.0 to 231.8 N/m) on the heave and surge responses for ML and MH are demonstrated in Fig.12.  The surge response appears unaffected for ML, whereas the response in the secondary resonance region decreases with increasing a1 for MH.  

For the heave response, it can be observed from Fig.12b and d that the response in the primary resonance region increases and the subharmonic resonance region shift towards the right with increases in a1.  When b3 is increased from 0 to 1.4 lb/ft3 (0 to 219.6 N/m3), the response in the secondary resonance region in heave and surge increases for ML and MH as given in Fig.13, where the effects are more pronounced for MH.  

From Figs.14 and 15, it can be observed that by varying the coupled restoring force coefficient c12 and c21, there is no significant effect on ML.  For MH as shown in Figs.14-15 c and d, the response in the primary resonance region is not affected, but the secondary subharmonic response increases with increase in the coefficients.  

By varying the linear structural damping coefficients (1 and (3 from 0 to 0.1, the subharmonic response decreases with increasing damping and the primary resonance region is not affected as demonstrated in Fig.17 and the effects are more noticeable for MH.  A similar trend of decreasing subharmonic response with the increase in coefficients can be observed for Cd1' and Cd3' as shown in Fig.18 and 19.  

Comparison of MDOF and SDOF System Behaviors

The surge response behavior of MDOF and SDOF systems described in Sections 3.5 and 6 are compared in this section.  Specifically, comparisons of the wave excitation and surge response time series, R-MI/SO technique application, identified parameters, results for the sensitivity analysis on surge system parameters, and the effect of hydrodynamic coefficients between SDOF and MDOF are presented and discussed in this section.

Time Series, Phase Diagrams and Wave Spectra

From the Table 3.1a and 3a, it can be found that the wave excitation characteristics of MH and SM3 closely matches each other, and hence suitable for comparisons.  The time series and spectra of the input and output of these two tests are presented in Fig.3.28 and the phase diagrams in Fig.3.29. It can be observed from the wave spectra in Fig.3.28 that the wave amplitude matches closely, however, there is a slight difference in the wave period.  Comparing surge response time series and spectra from Fig.3.28c and d, the SM3 response amplitude is smaller in magnitude than MH.  This can be attributed to the friction between the rod and the sphere that might have reduced the sphere movement for the SDOF system.  The phase diagrams given in Fig.3.29 exhibit a similar behavior between SDOF and MDOF surge data with stable equilibrium point at (0,0).

Reverse Multiple-Input/Single-Output (R- MI/SO) Technique Application

The R-MI/SO technique is applied to identify the linear and nonlinear parameters of both the SDOF and MDOF systems.  Several alternative MI/SO models have been derived for the SDOF system based on the how each term in the equation is treated either as a mathematical input or output and also depending upon the equation used to represent the hydrodynamic force.  The NSND model has been found to be the most appropriate representation of the SDOF experimental system and has been extended to MDOF system in this chapter.  Both models identify system parameters that generate a matching response with that of the experimental data.  The formulation of the computational technique is straightforward, simple and efficient.  The standard multiple-input/single-output procedures are incorporated in MATLAB 5.2 (MathWorks, Inc.) and once the program developed for SDOF model, it can easily be extended to systems with arbitrary degrees of freedom. 

Identified System Parameters

By equating the heave response, x3 = 0, the governing equations (1-9) given for the surge-heave model is reduced to surge motion only and the identified parameters in surge for SDOF and MDOF system tabulated in Table 1b and 2b are compared.  In general, it can be observed that the parameters of the MDOF system are larger in magnitude compared to those of the SDOF system.  The average natural frequency of the system, fn1 identified using the MDOF data is 0.28 Hz and that of the SDOF system is 0.23 Hz.  The nonlinear structural damping coefficient, Cd1', varies among the three groups of SDOF data, SL, SM and SH and as mentioned in Section 3.7.2, this could be due to the presence of rod in the SDOF system, which affects the “Coulomb” type damping not included in the modeling.

Sensitivity Analysis

Based on the sensitivity analysis presented in Section 3.6.2 and 3.7.2, it can be observed that varying the surge system parameters (a1, a2, a3, (1 and Cd1') have similar effects on the SDOF and MDOF systems.  Similar to the MDOF tests where there are two categories of data (depending on low or high wave excitation amplitude) which exhibit similar behaviors within each category, the SDOF tests are grouped into three categories.  However, there are more experimental tests for the SDOF system available to confirm the surge response behavior.

Effects of KC and Re on Hydrodynamic Coefficients

Application of the R-MI/SO technique on SDOF and MDOF, NSND models require the knowledge of Cd and Cm for the evaluation of hydrodynamic force on the sphere.  Dependence of the inertia coefficient, Cm on Reynolds number (ReF) and Keulegan-Carpenter number (KCF) for the MDOF and SDOF systems are demonstrated in Fig.30.  Both systems display a similar trend with Cm decreasing with the increase in ReF and KCF and vary between 1.4-1.1 for 1.34 x 105 ( ReF ( 5.21 x 105 and 1.19 ( KCF ( 4.  Wave tank tests on a vertical cylinder (Chakrabarti 1987) shows that Cm decreases from 2.4 to 2 with the increase of KCF from 1 to 6 and also decreases with increase in ReF and the above results for sphere also show the same pattern with the lower range of magnitude.  From numerical simulations, it is found that the predicted response is insensitive to variations in Cd within the range of 0.1 to 1.1.  Based on the water depth to wavelength (h/L) and diameter to wave height (D/H) ratios (Nath and Harleman 1970), the inertia effects dominate the total forces for both MDOF and SDOF systems.  Hence it is not possible to accurately determine the exact value of Cd.

