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NOTATION

L Length between perpendiculars

B Ship beam

Cp Prismatic coefficient

Cw  Waterplane coefficient

Cx  Maximum section area coefficient

GM Metacentric height

KM Vertical location of metacenter above the baseline

LCF Longitudinal center of floatation expressed as percentage of L
aft of the forward perpendicular

p% p statistic (expected error, see page 3)

T Ship draft

VCG Vertical center of gravity

Displacement

V~V

v%

.......... . ...............



ABSTRACT

4This report describes a statistical analysis of ship

roll response as influenced by hull form parameters. A
data base of 17 ships is described and regression analyses
for the effect of hull form on roll angle are performed for
three values of ship heading to wave direction and the
maximum observed roll angle. Data for the ships that have
antiroll fins are also presented. -

ADMINISTRATIVE INFORMATION

Funding for this work was provided by the Ship Performance and Hydromechanics

Program under Program Element Number 62543N, Subj Project SF43-421. At the David W.

Taylor Naval Ship Research and Development Center it is identified as Work Unit

1506-120.

INTRODUCTION

The success of Balesl* in quantifying the relation between hull form parame-

ters and seakeeping performance in head seas has led to great interest in extending

this work to oblique seas. The most important additional motion introduced by this

extension is roll. rhe present work describes an investigation into the feasi-

bility of developing seakeeping performance estimates based on hull form parameters

for roll notion in a manner analogous to Bales' work for head seas.

HULL FORM AND ROLL MOTION DATA BASE

In order to investigate the roll response of surface combatants, a data base

of 17 ships was selected. These ships are frigates and destroyers and are a subset

of ships used by Bales I. Seven of the 17 ships are equipped with antiroll fins and

data is presented for these ships with and without antiroll fins.

The principal dimensions and hull form parameters are listed in Table 1.

ROLL MOTION ANALYSIS

Ship mtion calculations were carried out using the Navy's Standard Ship

Motion Program (SMP81)2 from which tabulated values of roll angles for long-crested

seas were obtained. Roll angle data for ship headings to the wave direction of

*A complete listing of references is given on page 5.
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60 (bow), 90 (beam), and 120 (quartering) degrees were extracted from the sMP81

output as well as the maximum observed roll angle.* In all cases, a Bretschneider

spectrum with a significant wave height of 3.5 meters and a ship speed of 30 knots

was used. These are conditions in which frigates are expected to be fully opera-

tional. Table 2 contains a sumary of the computed significant single amplitude

roll angles.

To analyze the data, several regressions using ship characteristics and roll

response were performed. These regressions were done using both multivariable

stepwise and single independent variable regression methods.

In order to maintain statistical confidence in a regression with a relatively

small sample size, a minimum number of independent variables should be used. To

achieve this, two sets of regression calculations were performed. The first set of

regressions uses a relatively large number of independent variables, while the

second set of regressions use a much smaller number of variables.

Selection of the variables for the first set of regressions was based on an

understanding of ship roll and previous analysis of the data used in this investi-

gation. Ship motion theory indicates that the primary factors that determine roll

response are functions of mass distribution (gyradius and the vertical center of

mass), hydrodynamic damping (bilge keel area for example), and excitation force

(governed by hull form, wave height and slope, and wave encounter frequency). One

goal of the study was to determine if roll response could be predicted given the

level of detail available at very early design stages. While vertical center of

gravity and thus metacentric height is usually not available, it was decided to

include metacentric height so that it would be possible to mke a comparison of the

regressions with and without the metacentric height included. Based on the

regressions performed previously, the geometric variables that are considered to be

of importance are ship length, beam, draft, prismatic coefficient, waterplane coef-

ficient, and displacement.

The first set of regressions uses GM/B, KM/B, B/T, Cp, Cw and the squares of

these variables. Additionally, displacement-length ratio and bilge keel area

divided by length square are included. Table 3 shows the results of the single

variable regressions for ship headings of 60, 90, and 120 degrees. Table 4 shows

*The convention used in SMP81 is 0 degrees for head seas and 180 degrees for

following seas.
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the same regression results for the maximum observed roll angle. Results of the

multivariable regression for the first selection of variables are not given because

the number of variables used in the regression was close to the number of obser-

vations, leading to statistical uncertainty in the numeric results. The order in

which variables were selected in each step of the regression was, however, used to

determine the relative importance of each variable, since selection order is based

on the sum of the squares reduced by the addition of a variable in the regression

equation.

From the first set of regression results, the coefficient of determination for

the single variable regressions and the order of selection for the multivariable

regressions are used to reduce the number of variables. For the cases of ship

headings of 60, 90, and 120 degrees, the variables that had the highest coefficient

of determination and early selection were the same: GM/B, (KM/B)2 , (B/T)2 , and

Cp. Plots of these coefficients versus roll angle at the three headings can be

found in Figures 1 through 4. Figure 5 shows the cumulative proportion of the sum

square reduced at each step in the multiple regression for beam seas. It can be

seen that when GM/B is available, it gives the largest contribution. When GM/B is

not used, (KM/B)2 gives the largest contribution, but the fit result is never as

good as when GM/B is used. In the case of the maximum observed roll angle, a dif-

ferent set of variables was found to be significant, i.e., (C p)2 A/(L/1O0) 3 , Cw2

and (B/T)2 . Figure 6 shows prismatic coefficient versus maximum expected roll

angle. These two sets of variables then become the variables for the second set of

regressions.

Tables 5 and 6 give the results for the second set of regressions. Table 5

gives the results for the multivariable regressions with and without GM/B for 60,

90, and 120 degree ship headings. Table 6 gives the results of the regression on

the maximum observed roll angle. The coefficient of each variable in the

regression equation is the slope of the regression plane in that dimension while

the constant is the intercept of the regression plane with the roll angle axis.

The standard deviation of the regression will give the range of error of the

regression when multiplied by the square root of the number of independent

variables. The p% statistic is an indication of the expected error of the standard

deviation as compared to the entire population and depends on the number of

variables in the regression and the sample size 3 ,4.

• ;" '/'"-' """ """ ""'i 3



Table 7 shows the roll angles for the ships in the data base separated into

groups of three GM/B ranges. The average roll angle for each range is plotted

against ship heading in Figure 7. As the ship's heading goes from head to beam and

then following seas, the influence of GM/B reverses. This can also be seen in the

coefficients of the regression planes shown in Table 5. This agrees with trends

shown by Schmitke5.

Figures 8 and 9 show the roll reduction obtained by using antiroll fins in

beam seas and for the heading of maximum roll angle. The average reduction in roll

is 64 percent for beam and 66 percent for the heading of maximum roll. Since the

primary factors that control roll reduction with fins are the controller system and

fin size, no correlation between hull form and roll reduction was observed.

Figure 10 shows the increase in operability for a destroyer hull form due to

the addition of antiroll fins. Operability in this case is defined as the percen-

tage of the time that the ship can operate in the winter North Atlantic without

exceeding 8 degrees of roll, 3 degrees of pitch, 30 deck wetnesses per hour, 20

slams per hour, and 0.4g vertical acceleration at the bridge.

CONCLUSIONS

'It has been shown that the dominant influence on roll response is metacentric

height. This makes the estimation of roll response at very early design stages

difficult since the location of the VCG is not available. Further, it is not

possible to provide guidance on parameters other than GM because change in these

parameters can have positive or negative influence on roll motion depending on the

value of GM. Since it has been shown in a recent investigation for the Naval

Studies Board, that adequately sized antiroll fins can reduce roll to the point

where it is not the limiting motion, the recommended procedure for Navy combatants

is to develop hull forms to reduce pitch and heave related responses and to provide

adequate fins and bilge keels to reduce roll.

14
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Roll Variation With Heading And GM/B
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