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1
INTRODUCTION

This paper presents a summary of an investigation into the effects of hull flexibility when deriving an equivalent service factor for a GLBC. The long term wave induced bending moment predicted using traditional 3D rigid body hydrodynamic methods is increased for the effects of springing and whipping, based on 2D hydroelasticity predictions. The analysis results were correlated with full scale measurements that are available for this ship. 

2 
THEORETICAL Background 

The background to the 2D hydroelasticity frequency domain analysis in regular waves and the time domain analysis (including slamming) in irregular waves, generated from prescribed wave spectra is given by Bishop and Price1. The long term vertical wave bending moment, in accordance with IACS Rec.342, gives a design value suitable for the North Atlantic and, hence, worldwide service. If the wave data2 is replaced by a comparable dataset for the required sea area, then the service factor (fsi) for this sea area can be derived as follows:
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To combine the service factors for different service areas to derive a composite service factor (fs), equation (2) may be used3, where Pi represents the probability of the ship operating in a particular sea area and ni is the number of sea areas. The final service factor incorporating hydroelastic effects is given by equation (3), A and B representing enhancement factors due to springing and whipping effects, respectively. 
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3 
FLUID-StRUCTURE INTERACTION Modelling 

2D hydroelastic and 3D hydrodynamic models were generated for a GLBC built in1978 for extended service to the Caribbean.  The principal particulars are: LOA = 222.51 m, B (moulded) =23.13m, D (moulded) = 14.18m, DWT = 35028 MT. Calculations were carried out for a highly trimmed ballast loading condition with: draught T = 7.775m, Trim = 4.6mAFT, Heel = 0.0deg., 
[image: image4.wmf]25979

=

Ñ

MT, LCG=8.018mAFT, LCB = 8.086m AFT, VCB = 3.035m. To incorporate a typical range of weather conditions en route a mean ship speed of 6 knots was assumed for all calculations.

For the 2D symmetric hydroelastic analysis, the hull was dicretised into 20 sections of equal length and relevant properties were obtained for the Timoshenko beam-strip theory model. The longitudinal mass distribution was derived on the basis of combining lightweight and deadweight mass distributions. The deck area in way of hatch end beams was considered to be longitudinally ineffective and 28% of the total cross-sectional area was considered to be effective in shear. Structural damping factors were based on Kumai’s formulation1 for a long slender mono-hull in a ballast loading condition. Four distortion modes were included in the analysis. To determine the effects of forebody slamming on the hydroelastic response, detailed descriptions of the hull profiles were assembled for slamming sections in way of 0.75, 0.8, 0.85, 0.9, 0.95 and 0.975 of the ship's length, measured from the stern. During time domain hydroelasticity analysis (including whipping) the position of the hull relative to the irregular wave profile is calculated in order to derive the forces due to bottom slamming impact according to the Stavovy-Chuang formulation1. The 3D hydrodynamic (rigid body) analysis was carried out using the PRECAL code4. The mean hull wetted surface was discretised by 205 hydro-panels. The analysis was carried out in regular waves and irregular seas. The vertical bending moments and shear forces were obtained by applying the hydrodynamic and inertia loads to a beam model, equivalent to that used in the 2D hydroelasticity analysis. 

4 
service factor ASSESSMENT

The prediction of service factors was carried out for a 12,620 miles transit route from Quebec to China via the Suez Canal and for the period between May and August5. Wave data was based on (a) uni-directional ISSC wave spectra with characteristic wave period T1=1.086 Tz (Tz = zero crossing period), (b) BMT Global Wave Statistics5 and (c) the proposed period of exposure (see Table 1). The service factors were derived for a one year return period due to the very limited exposure period of the ship in each sea area.
Calculations for the effects of springing and whipping were based on a maximum significant wave height of 7.1m (see Table 1) and for a range of characteristic wave periods (T1 = 7.0s to 13.0s in 1.0s intervals). The springing frequency domain calculations were carried out for headings ranging from 300 to 1800 in steps of 300. The time domain simulations were carried out in head seas (χ=180o) and irregular long-crested seaways only, using the same H1/3 and T1 values. The hydroelastic amidships vertical bending moment significant values (see Fig.1(a), Table 2) were compared with the corresponding 3D rigid body responses. With regards to springing, a maximum difference of 37% was obtained for head seas (χ=180o) in irregular seaways of H1/3=7.1m and T1=7.0s (see Table 2, Fig.1(a)). This difference reduces as the characteristic wave period increases. Including the effect of whipping due to bottom slamming marginally increases the maximum predicted wave bending moment in head seas by less than 2% (see Table 2). Hence, for this loading condition and for the sea states considered, whipping due to bottom slamming is not an important issue. 

The effect of springing on the significant vertical bending moment values with heading is a function of the wave energy content and the relative magnitudes of the bending moment response amplitude operator values around the peak of the bending moment response curve and two-node springing resonance regions. For headings ( ( 900, the peak vertical bending moment response amplitude operator values amidships remain reasonably constant as the heading varies from head to quartering seas ((=1350), before reducing rapidly in beam seas. The peak magnitude of the 2-node springing resonance reduces as the heading changes from head to beam seas. The ratio of the peak bending moment values at the 2-node and wave peak response regions also reduces as the heading decreases, until one approaches beam seas when it increases. As the heading decreases from head to beam seas, the 2-node wet resonance occurs at higher wave frequencies, with consequent less energy content and hence smaller bending moment spectral density values at the 2-node wet resonance frequency. In following seas the 2-node resonance occurs at higher wave frequencies due to the encounter frequency issue, thus reducing the relative importance of springing as the wave energy is less for higher frequencies. This results in the behaviour shown in Fig.1(a), where one can see sizable springing influences in head and beam waves only. 

In order to be conservative, the service factors derived using traditional 3D hydrodynamic analysis were adjusted by 37% to account for hydroelastic effects including springing due to wave excitation of the hull girder and whipping due to forebody bottom slamming to give a design service factor for the voyage of 0.83 (i.e. A+B=0.37, in equation 3, see Table 1). 

The predicted bending moments were compared with values derived from 1990 long base strain gauge measurements on the strength deck near amidships, when the ship was in ballast and a wave heading of 1800 was recorded. Based on the ship’s log and local wave buoy data, a range of significant wave heights between 2m and 4m and a mean zero crossing period of Tz=7.1s (T1=5.5s) was considered appropriate. The agreement between measurements and predictions, when using an ISSC wave spectrum with H1/3=4m and T1=5.8s, is good both in the ship-wave matching region and the 2-node wet resonance (3.92 rad/s) associated with springing (see Fig. 1(b)). In these calculations, the structural damping factors used are three times those of Kumai1. These values will affect the magnitude of the bending moment spectral density function at the resonances associated with distortions. The predictions are quite sensitive to significant wave height and wave period; hence, there are uncertainties involved in such measurements (see Fig.1(b)). It should also be noted that the seastate information is estimated from the information available at the time of taking the measurements. 

5
conclusions 

The combined effects of springing and whipping responses on the wave induced vertical bending moment results of a GLBC was predicted to increase the design vertical bending moment and consequently the service factors by up to 37%. This prediction, although conservative, was considered necessary to ensure a suitable design margin for the possible sea states that might be expected. Comparisons against full scale measurement data showed that achieving good agreement between predictions and measurements depend on the parameters of the wave spectra and any uncertainties involved in measuring such data. 
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Figure 1: (a) % enhancement of significant values of amidships Wave Vertical Bending Moment of a GLBC due to springing (1800 denotes head sea, U = 6knots, H1/3 = 7.1m); (b) Comparison of amidships vertical bending moment response spectra (kNm)2s predicted by 2D Hydroelasticity analysis against full scale measurements for a GLBC (H1/3 significant wave height and T1 characteristic wave period).
	Sea Area
	No
	Days
	Season
	H1/3
	Tz 
	Tw
	fsi
	fs
	Fs

	
	
	
	
	(m)
	(s)
	(s)
	Notes 1,2
	Note 2

	NW Atlantic
	15B
	7
	May - July
	7.0
	6.9
	7.8
	0.73
	0.61
	0.83

	Eastern Atlantic
	25B
	12
	June - Aug
	5.5
	6.5
	6.9
	0.60
	
	

	Mediterranean
	27B
	10
	June - Aug
	4.6
	5.3
	n/a
	0.43
	
	

	NW Indian Ocean
	60B
	10
	May - Sept
	7.0
	7.5
	9.5
	0.73
	
	

	NE Indian Ocean
	61B
	10
	May - Sept
	5.6
	7.2
	8.7
	0.62
	
	

	South China Sea 
	62B
	6
	June - Aug
	4.7
	5.4
	7.0
	0.48
	
	

	South China Sea
	40A
	8
	June - Aug
	7.1
	5.9
	7.1
	0.60
	
	

	South China Sea
	40B
	8
	March - May
	7.1
	5.9
	7.1
	0.69
	
	

	Note 1: Factor based on 1 year return period ignoring the effects of  hydroelasticity.

Note 2: The calculation does not account for tropical storms and severe weather.


Table 1: Westerly Passage for a GLBC sailing from Canadian Great Lakes to China via Suez Canal5 (Tz = mean zero crossing period of all waves, Tw = mean zero crossing period of all waves > 5m, fsi = service factors from 3D hydrodynamic analysis, fs = composite service factor based on 3D hydrodynamic analysis, Fs = design service factor incorporating the effects of springing and whipping, based on 2D hydroelasticity analysis).

	T1
	WVBM (1/3)
	Increase due to springing 
%
	WVBM (1/3)
	Increase due to whipping 
%
	Increase due to whipping 

& springing 
%

	(s)
	(kNm) ×105
	
	(kNm) ×105
	
	

	
	3D Rigid Body
	2D Hydroelasticity (incl. Springing only)
	
	2D Hydroelasticity (incl. Springing & Whipping)
	
	

	7
	4.99
	7.92
	37.0
	7.97
	0.7
	37.7

	8
	6.54
	8.07
	19.0
	8.12
	0.6
	19.6

	9
	7.38
	8.27
	10.8
	8.34
	0.8
	11.6

	10
	7.64
	8.22
	7.1
	8.34
	1.4
	8.5

	11
	7.51
	7.95
	5.5
	8.10
	1.8
	7.4

	12
	7.18
	7.51
	4.4
	7.64
	1.7
	6.1

	13
	6.75
	6.99
	3.4
	7.10
	1.6
	5.0


Table 2: Predicted enhancement to the significant value of Rigid Body Wave Vertical Bending Moment (VWBM(1/3)) amidships for a GLBC due to Springing and Whipping (U= 6knots, χ= 180deg, H1/3=7.1m, T1 = 7 to 13s, ISSC uni-directional wave spectra). 
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