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NOMENCLATURE

Physical Quantities

p density of water

L length (overall)

u ve loci ty

g gravitational constant

R radius of rotating arm

B drift ang le

$ roll ang le

o rudde r angle
r

r — nondimensional yaw rate

v ’ — -sin B nondimensional sway velocity

Nondimensional Body Axis Forces and Moments

K’ — 
K rofl moment coefficient

(p 12) L3U2

— 
N pitch moment coefficient

(P12) i3u2

N’ — 
N yaw moment coefficient

(~/2) i
3u2

X — 2 2 
axial force coefficient

(~,2) L U
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V latera l force coefficient
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U
2
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U
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ABSTRAC T

This report contains the results of model experiments on the horizonta l

plane chara cterist ics of a Small Wa terplane Area Twin Hull (SWATH) ship in

the Rotatin g Arm Facility of the David W . Taylor Naval Sh ip Research and

Develo pment Center (DTNSRDC). Speed , dr i f t  an q le , dr a f t , roll angle , yaw

rate , and rudder deflection angle were varied for three rudder configurations

including a novel forward foil . Nondimensional derivatives are reported

alon g with a comparison of rudder effectiveness for each of the rudder

confi gurations. The results provide a data base for simulation of craft

turn i no . -

ADMINISTRATIVE INFORMATION

This work was funded by the Advanced Naval Vehicle Concept Eva l uation

Task (ANVCE) under the direction of the SWATH Project Office ur~der Work
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INTRODUCTION

An extensive rotating arm experimenta l program was conducted on

a Small Waterplane Area Twin Hull (SWATH) ship represented by a 1/22.5

scale model (DTNSRDC Mode 5337), designated SWATH 6A. These

experiments were conducted to evaluate the horizontal p l ane  character-

istics of the SWATH 6A desi gn and to evaluate three rudder desi gns

incl uding a novel forward foil proposed for use on SWATH vessels. The

data from this experiment will be incorpora ted in a ma thematical model

that will be employed to predict turning capability , rudder size , and

rudder system design for SWATH ships .

Experiments were conducted at five nondimensional yaw rates , varyin g

from 0.093 to 0.441 on the Rotating Arm Facility at speeds correspondin g

to fu l l  scale speeds of 5, 7, 10 , 15 , 20 , 22 .5 , 25 and 28 knots. The

craft was completely captive with respect to the towing rio throughout the

exper i ment . Forces and moments were measured and recorded in all six

degrees of freedom , with the coordinate system and positive directi . .c

as indicated in Figure 1. This report includes a description of the model

and each of the rudder desi gns , a discussion of test procedures , an

anal ys i s of the data , an Interpretation of the results and pertinent

conclusions.

DESCRIPTION OF MODEL

The geometric characteristics of the model and the full-scale design

are given In Table 1. The model used in this experiment was fitted with
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two propellers (DTNSRDC Numbers 4416 and 4417). These were the same

propellers used to eva l uate the propulsive characteristics of the

design. Model power was provided by a 5.4 horsepower D.C. motor housed

in each demi-hu ll . The two demi -hulls were connected by a plywood

br i dg i no structure , to which the block gage assemblies were attached.

The forward and aft control fins were set to zero angle of attack and

are descr ibed in Table 1 .

Three different rudder designs were evaluated durino these experiments :

a strut rudder attached near the trailing edge of each strut; a spade

rud der placed between the strut and the propeller on each hull; and the

fixe d forward turnin g foil attached beneath the inboard hull forward of the

CG. A compar ison of the geometri c characteristics and a schematic of the

rudder placement can be found in Table 2 and Figure 2, res pect i vely .

Fi gure 3 shows photos of two of the rudders mounted on the model . Each

rudder design was evaluated separately.

A schematic of the strut rudder design Is shown in Fi gure 4. The

hinge axis was at the leading edge of the rudder , wh ich was therefore

unbalanced. The chord length was defined by the trailing edge of the

rudder and the hinge axis. The planform of this rudder was the same as

the planform of the strut in way of the rudder. This rudder was represen-

tative of the rudder designs previously used on SWATH designs. Figure 5

shows a photograph of the strut rudder deflected while the model was

being towed In the Rotating Arm Facility .

The profile and plane view of the spade rudders can be seen In Figure

6. Due to time constraints at the beginnin g of the experiment, existing

rudders were modifi ed to fit the model . The chord length was limi ted by

3
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‘I the need to provide sufficient clearance between the tra iling edge of

the strut and the leading edge of the rudder and between the trailin g

edqe of the rudder and the propeller . The availabilit y of existing

rudder models , therefore , defi ned the exact chord length and section

shape used. The hinge axis (rudder stock) was placed at the quarter

chord to provide a semi-balanced rudder. The spade rudders were

surface piercing and did not have ventilat ion fences. Both the spade

rudders and the strut rudders were limi ted to a deflection angle of

about 40 degrees by model construction. Duri ng the spade rudder

sect ion of the experiments , the s t rut  rudders were fixed at zero

degrees deflection to provide a continuous strut of the correct

len gth . Figure 7 shows the SWATH model being towed in the Rotating

Arm Facil ity wi th the spade rudders deflected.

The fixed forward turnin g foil was tested with two sizes , both

shown in Figure 8. This rudder design did not rotate as did the

other two desi gns. Instead , It was stored inside the hull and

activated by dropping it into the flow past the hull. This partic-

ular rudder configuration was designed to provide added control

force wh ile not increasing the power of the hydraulic actuator

systems in the design of a full-scale SWATH vessel . It also had to

meet the constraint of not projecting below the baseline of the

vessel when not in use . Only the starboard forward turning foil was

used , as only starboard turns were executed during the experiment.

The turning foil In the port hull would normally remain stored for a

.~
4

— —  ,
- - -—- - ~ -~~---~~~‘ — - - --  •-

-
‘ ~~L~~ . --

V -
~~~~~~~

- :
~ - ~~~~~~~

- _ - - - -~~~ 5 - - -- - _ 



turn to starboard . A NACA 632
_ l5 Section was chosen to maximize the

lift coefficient for small angles of attack . The aspect ratio was

arbitraril y chosen at 2.0 for this study . The foil was arbitrarily

set at 5 degree angle of attack with respect to the centerlin e of the

model to provide the proper side force. The rudder used a cambered

sect ion to give increased force without increasing the angle of attack.

To determine the effect of foil area , two different sizes were tested ,

both with the same chord but different spans . The placement of the

rudder was limited by structural supports for the mountin g bracket and

the ability of the foil to fit inside the strut in the full-scale design .

Figure 9 shows a photograph of the large span fixed forward turning

fo i l at tached to the model .

EXPERIMENTAL EQUIPMENT AND PROCEDURES

The model was completely captive with respect to the tow rig (s ee

Figure 10) and was rig idly attached to a structura l channel through

spacer blocks at five points . Two gage assemblies were bolted to the

channel , each contain ing three modular force balances oriented along

the body axis to measure longitudinal , latera l , and norma l force

components. In addition , one modular force balance was mounted on the

port side of the bridging structure at the LCG to measure roll force at

a prescribed moment arm .

The three gage assemblies were connected to struts mounted on the

surface ship towing beam of the rotating arm towing carriage . Each strut

connection had a yaw , pitch , and roll pivot. In addition , each strut

5
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could be independently adjusted in the vertical direction to effect

changes in draft. This arrangement provided all force components at

each of the struts attached to the channel and allowed pitching and

~awing moments to be calculated about a re ference point half-way

between the two struts at the LCG . The moment arm for these

calculat ions was the distance from the reference point to the center

of the struts .

The rol l angle of the model was set by adjusting the hei gh t of

the stru t wh i ch was a ttache d to the rol l force block gage at the

edge of the bridging structure . This strut was adjusted each time

the roll angle was set to transmi t body axis vertical force only.

For each run at a non zero roll angle the gages were zeroed at

s t ands t i l l , cancelin g out the roll moment due to buoyancy . Yaw

angle was set by rotatin g the enti re apparatus from above . The

mode l was set at zero pitch angle throughout the experiments.

Rud der an gle was chan ged by a servo-actuator mounted on the model.

The force measurement outputs were integrated over a standard

time of 6 seconds and multiple samples were taken . All forces, an gle

settings and carriage speed were also stored on strlpchart .

Centripetal tares were calculated using the model mass and the

carriage rotational speed. Tares were removed and all forces and

moments calculated about the reference point by the computer program

described In the next section.

The design displacement was maintained at 250 kilograms (551 pounds)

throughout the experimental program. This corresponds to a design

draft of 36.11 centimeters (14.22 inches) model scale. A deep draft

6
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condit ion of 41.2 centerimeters (16.22 inches) was also tested for the

strut rudder and spade rudder configurations. The draft was set by

screw jacks and measured optically at the beginning of each condition ,

then checked periodically throughout the experimental program . The

water level war, carefully monitored and kept to the proper level .

Stan dsti l l measu remen ts in a i r on the i nert i a gear at various

roll and trim angles provided the actual CG position of the model which

were used in correcting the data .

The experimenta l program for the strut and spade rudder configurations

i nc lu ded var i a ti ons of dri ft angle , roll  an g l e , speed, draft , rudder

deflection angle, propeller RPM , an d radius . The fi xe d forward fo i l

con figuration phase of the experiments did not include variation of

rudder deflection angle or draft , but did include variation of foil size .

The forward foil was tested only at the design draft. The propeller RPM

was adjusted to provide model self-propulsion in the straight ahead

condition for each speed and varied to investiga te propulsion effects

on the data - All the variables were chosen to represent a range of realistic

operating conditions and to develop a data base for maneuvering predictions.

Combinations of variables were often examined and check points were obtained .

Radius was limi ted by the size of the Rotatin g Arm Facility and the need

to prevent interference and reflection from the beach.

ANALYSIS AND PRESENTATION OF DATA

The raw test data was In the form of voltages read off the modular force

balances. The signals were filtered and sent to stripcharts and the computer.

A set of computer programs was utlized to convert the data into nondimensiona l —
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coefficients and to correct for tares.

The on-carr iage Interdata computer program performed the following

ana lysis tasks.

1. Convert the voltages to engineering units

2. Correct the data for model CG location and centripedal

tares

3. Calcula te the resultant hydrodynamic forces and moments

about the reference point (full scale CG)

4. Print the raw data , alon g with the statistica l measures

of data consistency

5. Pr int the resultant forces and moments in Eng l i sfr~ and

metric units

6. Nondimensiona lize the results and print out the nondimensiona l

quanti ti tes.

A sample two page computer print out is shown in Figure 11 .

The program and printout were flexible enough to allow the identifi-

ca tion of bad data points. Errors in carriage speed and angle settings

were readily identified . The analysis of only part of a data record was

often of use on the carriage to salvage good data without repeating the

cond ition. The computer and the operating system on the arm were very

helpful in the efficient conduct of the test. Over 1000 good data points

were obta ined in less than 150 tota l hours of testing including rigging

an d frequent model changes.

The data was taken for a matrix of speeds , d r i f t  an gles , roll an gles

and yaw rates (radius). The coupling between a l l  the quant i t ies was

determi ned experimentally so that subsequent simulation would have

an empirical basis. The ranges of the variables were determined from

8
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the expected operating envelope of the ship in a turn including the low speed

ran ge for the ~Hne countermeasures application .

The nondi men~ionalized data for N’ , V’ an d IC was p lo t te d for each

~reed and rudder configuration in three series : agains t yaw rate for a

famfly of drift angles , aga inst rudder angle for a family of yaw ra tes and

against roll ang le  fo r a fam i ly of yaw rates. This data is contained in the

appendices. In addition the nondimensional axial force , X ’ , was p lotte d

against rudder angle for a family of speeds and is shown in the appendices.

The coupling of rudder ang le and dr i ft  an gle wa s foun d to be q u i te smal l  as

can be seen in Figure 12 where it is plotted for the strut rudder at deep

‘~raft for a f~i i scale speed of 25 knots . This effect was not generally

plotted bL~t is included in the simulation. In riqure 13 the drift angle /roll

angle effect on yaw~nq moment can be seen to be small ; therefore , it was not

plo tted for th ,~ o ther condi t ions . S im i l a r l y i n F i gure 14 the rudder

ang le/roll anqie effect is negli gib l~ and t h i s  cou p l i ng a lso  was no t n lotted

for other d ’~~~.

Fi gures ‘5 through 28 are summary figures showina the relationship between

the various rudder types and are described in the Discussion of Results section.

As sta ted earlier the objective of this experiment was to obtain simulation

data for manevuering predictions. The data compiled in the appendices 4s

being incorpora ted in such a program. The program is based on a table look-up

technique tha t includes nonlinea r effects but linearity in the data is of help

in implementing the math model .

The linear derivatives are useful in understanding the results and are

plotted in Figures 15 through 26. The derivatives are the slopes of straight

lines drawn through the data . The sway velocity derivatives (Y~,, N ,, and K~,)

were obta i ned from curves constructed from the intercepts of the yaw rate plots
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px~ rr~ olated to zero yaw rate . It should be pointed out that zero yaw

rate corresponds to the straig ht -line testin g technique (i .e. infinite

radii). Since this experi~ient was conducted without straiqht line

test ing, the results depend heavily on the extrapolation rrocesc . As

car be seen the linea rity of the data permitted a reliable extrapolati on ,

thus makin g it possible to obtain the turnin g inform ation without str~~qht

l i~’e experiments at a considerable savings in time Eld expense.

Appendix A conta i ns the data for the strut rudder at design draft .

Figures 29 to 48 present the yaw rate/drift angle effects at various

speeds for p
. ’
, Y ’  an d IC. In all these curves , linearity of the data

,~ithin the drift angle and yaw rate range of the experiment is apparent.

The zero drift angle data extrapolates to a zero va l ue of force or moment

as it should for a syrrt~etrica1 model with counter rotating propellers of

equa l RPM . The other extrapolation curves are parallel to the zero drift

a n gle case . There is some nonl ineari ty at the largest yaw rate (smallest

radius) for K’ in Fi gure 43. This yaw rate of 0.45 corresponds to a turn

diameter of fi ve ship ‘engths. It should be noted that rudder ang le an d

roll  an gle were held at zero for the data in the above figures .

Pigures 49 through 65 give the yaw rate/rudder angle effects for the

strut rudder at design draft . Rudder angles up to 40 degrees were

investigated. Yaw moment due to rudder usually peaked between 30 and 40

degrees of ru dder deflec t ion . With  the curve be i n g l i near ou t to about

20 degrees at all speeds . The effect of yaw rate on the yaw moment and side

force due to rudder Is small; that is , the l i nes are pa ra l l e l  at the

different yaw rates. This enables the determination of moments at zero

~aW rate from a parallel curve drawn through the orig in of the plot. —
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Figure 63 shOw’, that at 20 knots the roll moment curves exhibit some nonlinear

effec ts, especiall y when yaw rate is 0.305. Thi s yaw rate co rres ponds to a

turn diamete r of seven ship lengths which is tight for that speed range .

Some scatter in the data was noted at large rudder angles which is under-

standable as the flow was very dramatic in these conditions and some venting

mi c~’t have been occuring. The direction the rudder was driven did not affect

the steady force data in any way . For the most part the data was repeatable

and consistent. Drift angle and roll angle were zero for this series of runs.

Fi gures 66 throug h 82 show that the roll angle effect on the forces and

moments was quite small as might be expected by the wall -sided nature of the

~ LAT H design . Pull ang les up to six degrees were investi gated and for the

most part some consistent trends could be i dentified. The roll moment curves

show a great deal of scatter . It shou ld be noted that by the test technique

employed here the curves show the hydrodynamic effects . The hydrostatic

an d inertia (buoyancy ) effects were removed by zeroina the g~ges L~efore the

run . The rudde r angle and drift angle were held at zero for the data shown

in this set of curves .

Figures 83 shows the axial force as it varied with rudder angle. The

mode l was propelled at the sel f propulsion point so the axial force is close

to zero at zero rudder angle. At large rudder angles there is an increase

in drag that is very apparent as a negative axial force. The effect is

approximately quadratic with rudder angle but the simulation uses the

actual da ta rather than a quadratic fit. The force is nondimens fonalized

by speed squared and different speeds are plotted together. The effect

of changes in drift angle and rol l ang le on the axial force was inconsistent

and was small , especially when compared to the pronounced dependence of the

force on rudder angle. —
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Appendix B contains the data for the strut rudder at the deep

draft . Less data was obtained for this condition as the linear nature

of the results at the design draft justified making some assumptions

as to the behavior of the forces and moments. Figures 84 through 100

give the yaw rate drift angle effects and show linearity and minima l

scatter in all cases . The rudder angle effects in Figures 101 to 112

are well behaved with a linea r response extendin g to 20 degrees of

rudder deflection. Rudder stall is not as prononunced as in the design

draft , an d the yaw moment continues to increase out to 35 degrees though

some tapering off occurs in the slope . The large rudder angles at this

displacement could not be obtained by driv ing the rudder servo , thus

the rudder had to be deflected at zero speed and clamped. This gi ves

some indicat ion of the large torque required to deflect this type of

rudder in a full scale application . The roll variations in Figures

113 to 119 show a very small hydrodynamic contribution due to roll ing

the ship. Figure 120 gives the X ’ vs effects for this case .

Appendix C contains the data for the spade rudder at the design

displacement. The yaw rate drift angle variations with speed are g iven

in Figures 121 to 134. The data is linear and repeats well except for

the high speed roll moment data of Figure 134 where some scatter occurs .

Figure 123 , in particular , indicates how data obtained at various yaw

rates can be used to determine the va l ues at zero yaw through extrapolation ,

making the stra i ght line experiments unnecessary .

The rudder ang le yaw rate effects are qiven in Figures 135 to 152.

Figure 135 shows a h ig h degree of uncer ta int y i n slo pe due to a poss i ble

bad point at 20 degrees of rudder. In genera l the data at 5 knots full-scale —
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st eed was often unusable presumably because of low-Reynolds Number effects

and that night be true for this data as w ill be discussed later. The rest

of the data at higher speeds is linear out to 20 degrees of rudder

deflection . The stall phenomenan is very pronounced for this rudder

conf iguration , wit h no increase in force or moment beyond 30 degrees

rudder. Some scatter is apparent in the results beyond 30 degrees and the

mode l rudder was probably ventilating in these conditions .

The roll effects for the strut rudder at design draft are contained

in Fi gures 153 to 161 and show very little effect of roll an cile on the forces

and moments. Figure 162 gives the axial force , X ’ , as a function of rudder

ang le and shows a large effect. The added drag due to the addition of the

strut rudder to the model at zero rudder angle could not be accura tely

determined by this experiment and will have to be analytically determined .

Appendix D contains the results for the spade rudder at the deep draft .

The yaw rate drift angle effects are shown In Figures 163 to 174 and show

no unusual effects . It is interesting to note that in Figure 165 , for

example, the extrapolation to zero yaw ra te might be aided by the fact that

for a symetric model the condition of negative drift angle at positive yaw

rate corresponds to a positive drift angle at a negative yaw rate (that is

on the left side of the zero yaw rate axis). Thus the extrapolation to

zero yaw rate becomes an interpolation and the cross over point is wel l

specified. This fact is particularly useful if there are nonlinearities in

the data . rn this case, since the data was quite linear near zero yaw rate,

the curves could be easily extrapolated .
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The rudder angle/yaw rate effects are given in Figures 175 through

183. The rudder-dependent force and moment are linear out to beyond

20 degrees in most cases. Stall in the yaw moment occurs at 35 or 40

degrees of defl ection . It is apparent that the deeper draft tends to

postpone the stall angle and from the photographs it seems that the

deeper draft also leads to less ventilation effect. The propeller is

deeper as is the hull which partly explains this circumstance . Figure

183 summarizes the roll momen t rudder angle variation at different

speeds and illustrates that speed dependence is very marked for all

these forces and moments . -

Roll effects in Figures 184 to 189 are small but generally consistent.

Figure 190 shows the effect of rudder an gle on axial force.

The effects of the full size fixed forward turnin g foil are conta i ned

in Appendix E. The fixed foil produces an incrementa l force that acts in

all conditions so the data for yaw rate at zero drift angle will not extra-

polate to zero force and moment. Nonlinear effects will tend to complicate

the extrapolation since the mode l is no longer syni1~etric. The yaw moment

variations with yaw rate for various drift angles are conta ined in Figures

191 to 196 and show linearity with yaw rate with a definite effect due to

the foil. The side force curves in Figures 197 to 202 are less consistent.

Figure 197 at 5 knots ful l scale speed Is very inconsistent perhaps due

to the boundary layer flow not being fully turbulent. Figure 199 shows

nonlinearity with drift angle as the foil seems to be losing lift at the

positive drift angles as yaw rate increases. The higher speeds are more

consistent and it should be pointed out that it Is only at high speeds
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that such a device mi ght prove necessary because at low speed , differential

propulsion gives the SWATH design good turning properties. Figure 202 at

28 knots full scale also is inconsistent as conflict ing results are in

evidence . The roll moment curves , Figures 203 to 208 also show nonlinear

effects and can be directly related to the side force anomalies .

The short span fixed forward turning foil data is presented in

Appendix F. Data was taken at only two yaw rates but seems more consistent

than the large span foil results . Yaw rate effects at various speeds are

given in Figures 209 to 228. The Increment in moment due to this size foil

can be seen from the difference between zero moment and the extrapolated

va l ue at zero yaw rate for zero drift angle. This quanti ty can be seen to

be small in Figures 209 to 214 where yaw moment is plotted. One reason for

this mi ght be that the foil is mostly within the separated boundary l ayer on

the lower hull. The apparently small moment due to the foil might be inaccurate

if the trend of the nonlinearity at the higher yaw rate were tending to drive

the extrapolation close to zero moment. This can be determined by comparing

the results at r ’ 0.092 for conditions with and without the foil as is done

in the next section.

Generally, the data for the total program was quite well behaved and ,

as presented , it provides a vast matrix for determining turning conditions

through the use of the simulation program.
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DISC USSIO N OF RESUL TS

There was a grea t amount of da ta generated In this experiment , too

much to permi t consideration of each piece of da ta in detail. Estimated

turning circles and stability characteristics must await the simulation .

The linear derivatives obtained from the results do lead to some observations

on the turning characteristics of the various rudder configurations and the

effect of speed on the directional stability .

Before considering the linea r de ’ivatives , the linearity of the data

deserves some coment. The SWATH design is not hydrodynamicall y complex

because it consists of cylindrical hulls with more or less wall -sided flat

plates as struts . The propellers are in relatively clean flow when the

rudder is not defl ected . The flat plate struts give a weather-vane type of

directional stability that makes turning difficult so yaw rates and drift

ang les are low. A ll these factors lead to linea r and well beha ved hydro-

dynami c forces and moments . Only the addition of somethinq like a fixed

forward turning foil or a large rudder deflection disturbs the predictab ility

of the flow patterns. This linearit y is very convenient for modeling the

dynamics of the SWATH and has greatly simplified the development of the

turning simulation. For example , there Is no coupling between drift ang le

and yaw rate , which has been taken into account In prev i ous math models as

the second order terms Nvr or 
~
‘vr~ 

Similarly, all the roll angle related

terms are nearly zero. Rudder angle yaw rate and rudder angle/drift angle

coupling terms are also nearly negligible In all cases . All these facts

indicate that a relatively simple theory could be developed to predict

these forces and moments.
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A nonlinear consideration that cannot be neglected is related to speed.

The SWATH , unlike most traditional ships , opera tes in a Froude Number

range that has a strong infl uence on the flow patterns at high speeds

causing the directional stability and maneuvering to be speed dependent.

At a full scale speed of 20 knots the l evel of the flow across the strut

rudder corresponds to the zero speed waterline , while at 25 knots the

flow past the rudder has dipped considerably. If the pi tch fins were used

to maintain zero trim angle as was assumed in this experiment, the rudder

effectiveness at 25 knots would be much lower than at 20 knots because of

the flow on the rudder. In fact all the deri vatives (except the roll terms)

are highl y speed dependent , much like the air cushion vehicles. The data

in Reference 1 shows this effect and also presents good agreement between

rotating arm and straight line experiments .

The linear derivatives for the four basic conditions of strut rudder

and spade rudder each at two drafts are presented in Figures 15 to 26, where

they are plotted against full scale ship speed . The derivatives are described

in detail In Reference 2. The yaw mo nent-yaw rate dampin ci derivative Nr ’ ~

shown in Figure 15. Nr ’ is always negative and the more negative the term

the better the directional stability and consequently the larger the turn

circle. Nr
’ was most negative at the higher speeds with the deep draft

strut rudder showing the most directional stability . The 
~
‘r ’ derivative

given In Figure 16 is usually positive for convent ional ships and always

positive for SWATH . There Is little difference between the va l ues at the

various rudder configurations and the term does not vary appreciably with

speed . Kr ’ 1,, Figure 17 is negative and does not chan ge much with either

speed or rudder. —
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The coupling term N~’ given in Figure 18 is negative which is the usual

case for surface ships . A more negative va l ue for this term indicates

that the turn circle will be smaller. This implies a smaller turn circle

for the deep draft conditions as might be expected . The term increases by

5O~’ between 15 and 20 knots so it does show how the Froude Number Influences

the derivatives .

The Y,~’ directional stability term in Figure 19 has a large speed

dependence. The term is always negative as it should be but becomes much

less negative between 15 and 20 knots. This means there is a loss of

directional stabil ity at the 20 knot speed which indicates that the turn

diameter at 20 knots could be smaller than at 15 knots at least as far as

this term is concerned . The behavior of ‘

~~~~

‘ shows that 20 knots may be a

speed where the ship turns well and that the spade rudder which has the

l owest magnitude of Y~ ’ should produce good turn performance at the higher

speeds . The turn circle is a function of all these terms aswel l as a

function of the rudder effectiveness, so a confi rmation of this conclusion

must await the simulation. The K
~

’ in Fi gure 20 i s pos i t ive which i mp l ies

that the ship will roll out of the turn , if roll is not counteracted

by fins.

The rudder effectiveness term, N6 
‘
, is ~ji ven in Figure 21. As

r
expected the deeper draft rudders produce more turning moment (more

negative N6
1 ) than the design draft rudders. The design draft spade

rudder is more effective than the deep draft strut rudder at the higher

speeds . The loss in rudder effectiveness at higher speeds is due to the

changing flow pattern over the rudder at those speeds . The side force 
—

due to rudder term, V6 
‘
, g i ven In Figure 22 is positive , as it should be,

r
and is larger for the design draft strut rudder , especial ly at l owe r
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speeds. The term is small for al l rudder configurations at the higher speeds.

The K ‘ term in Figure 23 Is always negative as expected , and tends to
r

decrease in magnitude slightly with speed. The effec ti veness of the

spade rudder is i l lustrated by the fact that at 25 knots full scale , N~ ‘ for

the spade rudder at deep draft is four times greater than for the stru t rud der

at design draft .

The hydrodynamic roll derivatives N~ ’ , Y~ ’ , and K
~

’ are given in Figures

24, 25 and 26. There is scatter in the terms and they are generally small ,

especially K~’ , when compared to the static roll stiffness of the design.

These Y v ’ and N
~

’ derivatives may be compa red with nondimensional results

from the straight-line tests of SSP model over a range of Froude numbers given

in Reference 3. The magnitude of the Nv ’ term is very close to that for the

SSP at design displacement while the 
~v

’ term for SWATH 6A is smaller (less

negative ) than for SSP at design draft and almost identical to SSP for light

draft . The lower directional stability implies that , everything else being

equa l, the SWATH 6A may turn better than the SSP design .

The collection of low speed data in this experiment was hampered by

difficulties in assuring a fully turbulent boundary l ayer on the model .

Results at 5 knots full scale speed were often misle adin q . The full scale

Reynolds number at 5 knots Is post-transition but the model scale Reynolds

Number is not. The nondimensiona lized derivatives below 15 knots full scale

should not vary with speed until near zero speed thus the 10 knot va l ues

should be sufficient to describe the turning characteristics in the low speed

range for the s imula tion.

It should be noted that rudder effectiveness as sumarized in Figure 21

only indicates the slope at zero defl ection , the stall characteristics of 
—
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the rudder are also important. The deep draft rudder experiments

indicated a postponement of the stall of 5 to 10 degrees (compared

with design draft) which can produce a significant increase in the

turning moment.

The effectiveness of the fixed forward turning foil will be

determined from the simulation results. The nonlinea r results will

be incorporated in the table of values for the math model . The foil

at both sizes did produce a positive increment in yaw moment which will

decrease the turn circle of the ship.

The relat ive effect of the foils can be seen in Figure 27 where yaw

moment is plotted against rudder angle. The fixed foil experiments

were conducted with the strut rudder and design draft configuration so

rudder data for that configuration is used for the comparison . It can

be seen that the fixed foil produces a larger positive yaw moment than

is produced by full defl ection of the rudder for this particular radius

cond ition. This is a good sign of foil effectiveness but it must be

cons idered for this radius only as the radius effects on foil performance

are nonlinear. The full size foil apparently could turn the ship alone

at tPiis radius which is equal to a turn diameter of 20 ship lengths as

the net yaw moment is zero.

The side force generated by the turning foil is opposite in sign to

that generated by a rudder as the foil is forward of the CG. This

effect should also help the turning as it gives a force directed toward

the center of the turn circle. Figure 28 shows the side force and

compares it to the side force generated by the strut rudder at design

draft . The full size foil generates more than twice the side force

produced by the half size foil as might be expected due to boundary

l ayer effects being equal for the two foil sizes.
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The fixed forward turning foil thus shows promise for application to

the SWATH design if draft limi tation probl ems can be overcome by de p lo y in g

it only in deep water. The foil design evaluated here with its camber and

5 degree angle of attack was generally designed to give maximum lift when

deployed. Such a foil would be useful in generating an angle of attack

on the ship and , in that way , improve the initial phases of the turn even if

performance degenerates at the hi gh yaw rates as indicated by the data .

By deploy ing the foil only on the inboa rd hull , the drag on the foil also

helps the turning performance while it does not add drag to the cruisinq

confi guration of the ship . The cambered foil may be prone to vortex shedding

and other phenomena tha t lead to nonl i nearities at the smaller radii. These

coupled effects might also be due to center of pressure shifts as the model

is towed at hi gher yaw rates . The foil could be p laced mo re forward on the

final ship desi gn to improve its effectiveness. A simpler foil plan form

might also be employed. The assumption that the forwa rd foil was not coupled

to the rudder forces was made in these experiments since the foil was below

the l ower hulls and the rudders were all above the l ower hulls. The

combination of soade rudder and fixed forward turning foil which holds great

promise will be eva l uated In the simulation. The simulation will also

consider drag flaps and other means of improving turning performance .

Overall the results Indicate that if the directiona l stability of this

SWATH is low enough so that the shi p can assume a drift angle of about two

degrees , the strut rudder should be able to generate a turn circle with

a diameter of less than 10 ship lengths at high speed . The use of deeper

draft, ‘ixed forward turning foil, or other device could give a high speed
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turn diameter on the other of the desired seven ship lengths. The strut

rudder does not show promise for producing the required turn unless

greatly increased in size , which mi ght be impractical for a ship design.

[l imination of the strut rudder from consideration however , should awai t

the simulation results.

The intent of this program of experiments was to provide a data base

extensive enough to allow for predicti ng maneuvers regardless of the

rudder fi nally chosen for the SWATH design , an d to determi ne the rudder

size required to meet the design criter ia for turning . Thus , it was

intended that the mathematical model to be based on the data include the

full range of experimentally determined nonlinearities and cross couplings

without restricting it to narrow curve-fit standard s reflected in two or

three term Taylor series.

CONCLUSIONS AND RECOMMENTATIONS

Thou gh the ana lys i s of SWATH turn i n g i s heav i ly dependent on the

simulation results some conclusions and reconriendations can be made .

1. The rotating arm experimental technique can be utilized to provide

all the static derivatives Invo l ved with the prediction of maneuvering per-

formance. This was accomplished in this case without straight line

experiments , thus saving time and expense, by extrapolating the results

to infinite radius. The rotating arm with the current computer programs

can be operated as an efficient and accurate experimenta l facility for

eva l uating turning performance of surface craft. This technique is more

stra i ght-forward than the horizontal planar -motion -mechanism approach

as it does not require the elimination of frequency effects, though 
—
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acceleration dependent derivatives must be obta i ned analytically.

2. The exper imental data from the rotating arm experiments for the

SWATH design are linear except ~t lar ge yaw rates. This eases the

extrapolation process and allows for the eli r ination of some matrix da ta

points. The linear ity implies that a theoretical formulation for the forces

and moments due to roll , drift and yaw rate coul d be devised . The forces

are very nonlinearl y dependent on speed as the flow patterns along the

hull change considerably with Froude Number.

3. The SWATH 6A desi gns for all rudder confiourations and drafts

evaluated in this experiment are statically stable in yaw with the linear

derivatives always possessing the sign expected from conventional disp lace-

ment-type ship work. The SWATH has less nondimensi ona l stiffness to drift

than was found for the SSP at design draft . The yaw rate damping

Nr ’ is greatest for the strut rudder at the deep draft . The term ‘

~~~
.

‘ is

smallest in magnitude for the spade rudder at desi gn draft.

4. The nondi mens iona lized rudder effectiveness for the SWATH decreased

with increasing speed as the level of the flow over the rudders fell . The

rudder effectiveness was greatest for the spade rudder at the deep draft.

The spade rudder at the design draft was slightly more effective than the

strut rudder at deep draft at the higher speeds , and the strut rudder at

design draft was the least effective configuration . The rudders all

tended to stall between 30 and 40 degrees though the deep draft rudders

usually stalled at higher rudder defl ections. There was no evidence of

a discrete rudder force hysteresis phenomenon.

23

\ - - - - - ----. ——---

~~~

• - - -

~~

-

V



5. A fi xe d forward turn i n g foil that was deployed from the inboard

r~ ll with camber and angle of ~~ ack was evaluated in this experiment.

:t was found to be effective in providing yaw moment and side force to

:)rove the turning performance of the design.

6. The resul ts lead to the p rovis ional  conc lus ions  tha t the st ru t

“~ 1der confi guration will be insufficient to turn the SWATH adequately

w ithin reasonable rudder size and rudder torque limi tations. The spade

~dder desi gn does hold promise of producing turn diameters of less than

10 sh ip lengths with a rudder of the size evaluated in this experiment.

The spade rudder can be balanced to minimize rudder actuator requirements.

The fixed turning foil employed in conjunction with the spade rudder could

reduce the turn diameter of the SWATH 6A to around seven ship lengths.

Th is turn diameter would be equivalent to five ship lengths for a destroyer

since the destroyer of the same displacement is longer than a SWATH . Refined

conclusions of turn performance will be available when the simulation is

operat ional
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TABLE 1

GEOMETRIC AND PHYSICAL CH /\RA CTER IST ICS OF
TH E ~,~~~4 T I  ~A rwclC N

Mode l r u l l  Scale

Linear ratio 22 .5

Length (overall) 3.25 m 73.15 m

Submerged length 3.25 m 73. 15 m

Strut length (including Strut Rudder) 2.33 m 52.5 m

Strut thickness 0.098 m 2.21 m

Maximum beam 1.22 rn 27.43 m

Transverse strut separation ,
(centerline to centerline) 1.02 m 22.86

Disphice ent , des i g n draft 0.246 M IFW 2900 MTSW

Di sp lacement , deep draft 0.257 MT~ w 3015 MTSW

Ve rtica l distance , b a s e l i ne to des i gn
~ia terl i ne 0.361 m 8.13 m

Vertica l distance , base line to deep
draf t wa te r l i n e  0 .412 m 9.27 rn

We tt ed s ur face area , desi gn d raft 5.624 rn’ 2847 m

Wet ted surface area , deep draft 6.10 m~ 3088 rn

Long it udinal distance , nose to
reference poi nt 1.562 m 35.14 m

Vertical distance , base l ine  to
refere nce point 0.46 1 m 10.36 m

Ca na rds , each :

C hord length 0.116 m 2.61 ni

Span 0.129 m 2.903 m

Aspec t ratio 1 . 1 1

Distance , t r a i l i n g  edge to hinge
axis 0.087 m 1.958 m
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TABLE I continued

L~~n~~i t ud i n a ! distance , re ference
poin t to hinge axis 0.819 m 18 . 428 m

T r a n s v e r s e  d i s t a n c e , reference
poin t to midspan 0.3~45 in 7.76 in

A~ t f lap,  each :

C hord 0.20 m 4.50 m

Span 0.222 m 5.00 in

Aspec t ratio 1 . 1 1

Dista nce , t r a i l i n i n g  edge to
h inge axis 0.149 m 3.35 in

Long i tudinal distance , reference
point to hinge axis 1.187 in .~6.7l m

Tra nsve rse distance , reference
point to mi dspan 0.306 m ~ .885 m

Pr opellers : Numbers 4416 - 4417

Diame ter 0.194 m 4.36 in

P itch 0.222 m 5.00 m

Expanded area ratio 0.634

Direc tion of rotation I nward

Verti cal distance , centerline of
propeller to waterl ine 0.25 m 5.80 in
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TABLE 2

COMPARISON OF RUDDER CHARACTERISTI CS

Model Full Scale
Strut Rudder , each :

Cho rd , tra i ing edge to hinge
ax is 0.254 m 5.72 in

Thickness 0.076 in 1 .71 m

Spa n 0.325 in 7.32 m

Span , to desi gn waterline 0.133 m 2.99 in

As pect ratio 0.525

Area , to design waterline 0.043 rn - 21.96 m2

Lo ng i tudina l distance , refere nce
point to hinge axis 0.881 m 19.92 m

Transverse  d is tan ce , reference
poin t to hinge axis 0.508 m 11 .14 2 in

Spade Rudder , each : Max i mum Thickness 30% Aft of
Lead i ng Edge

Cho rd 0.241 m 5.42 m

Span , at leading edge 0.481 in 10.82 m

Span to design waterline , at
le ading edge 0.171 m 3 .85 m

Aspect ratio 0.743

Area , to design waterline 0.043 m2 21.90 in2

Thickness/Chord ra tio 0.15

Dis tance , tr a i l i n g  edge to
hinge axis 0.183 m 4.12 m

Long itudina l distance , reference
poi nt to hinge axis 1 .351 m 30.40 m

Transverse dis tance , reference
point to hinge axis 0.508 m 1 1 .14 3 m 

—

Dis tance , trailing edge of strut
to leading edge of rudder 0.156 m 11 .43 m
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TABLE 2 con t inued

Distance , t railing edge of rudder
to p ropeller disk 0.146 m 3.2’~ m

Fixed Forward Turning Fo il :  NACA 632 - 615 S e c t i o n

Chord 0.155 m 3. 49 m

Span 0.310 m 6.98 in

Span , Half-Size 0.158 m 3.56 m

Aspect ratio 2.00

Area , 0.048 m 2 2~~. 3 4  m-

Area , Half-Si ze 0.0214 m2 12. 42 m 2

Thickness /Chord ratio 0.15

Distance , trai ling edge to hinge
axis 0.1 14 m 2.565 in

Longitud ina l d .stance , reference
point to hinge axis 0.819 in 18. 42 m

Transverse distance , reference
point to hinge axis 0.518 in l l . L43 in

Fixed angle of attack 50
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PHOTOGRAPH LAY-UP SHEET NDW-NSRDC - 10700 2

p. -

- -. ~~~~~~~~~~ -
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F igure  3 - Ph !~~~r~ ph ‘f f *  SWATH 6A ~od~ - 1 S how ng the Spa c e and
St rut n u i d o r s
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Hinge Axis

STR I’ T RUDDER

WL

Fi g ure 4 - S c H p ra t i c  o S t r u t  ‘udder
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Fi n ure 5 - Photograph of SWATH 6A M old with St r u t  Rudders Undergoing
x~~e r i  dri ;n - nt s on the ‘

~ t ~t i n~ ‘\m ~t a Fu ll Sca le  S oeed
of 2’) Knots
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Hinge  - \x i s

SPADE RUDDER

Maximum Thickness
lOT Aft of Leading
Edge

WL

Fig ure 6 - Schematic of Spade Rudder
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PHOTOGRA PH LAY-UP SHEET N OW - N S R D C  - 10700 2

;k

Fkure 7 - Photograph of the SWATH 6A Model wi t 1i SpdUe Rudders
Undergoing Ex perimen ts on the Putating Arm at a Fufl
Sca l e Speed of 20 Knots
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FIXED FORWARD
TURNI1~1G FOIL

NACA 6 3 - — 6 1 5

Half—Size

Figure 8 - Schematic of Full and Half-Sized
Fixed Forward Turning Foi l

38

V

id



PHOTOGRAPH LAY ~UP SHEET M 0 V - N S R DC  - 10700 2

-

-
~~ 

_

L fl

~ 
g 

_ _ _

L 

-

F i g u re i - Photo- ,i-ap h of the SWATH GA Model w i t h  F ixed
For v~ard Turning F o i l
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Fi gure 10 - Photon raph of the SWATH 6A ~nce l Undergoing Exper iments
on the Rotating Ar n~ Shc-w i ng the Pr i d g ing Structure
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Appendix B

(Figures 84 to 120)
Nondimensio nal Data Curves for

the Strut ~udder at Deep Draft
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(Figures 121 to 162)
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~londimensiona 1 Yaw Rate for a Series of Drift
Angles at a Fu ll Scale Speed of 25 Knots
for the Spade Rudder at Design Draft
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Figure 130 - Variation of Nond imens iona l Side Force with
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Angles at a Full Scale Speed of 28 Knots for
the Spade Rudder at Design Draft
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of 0.093 at a Full Scale Speed of 5 Knots for
the Spade Rudder at Design Draft
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Figure 136 - Var iation of Nondlmenslona l Yaw Moment wi th
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at a Full Scale Speed of 10 Knots for the
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Yaw Rates at a Full Scale Speed of 15 Knots
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171

;~ ~~
.

~~i~~: ~~~~~~~~



1.2 Nondimenslonal
Yaw Rate , r ’

____ ____ ____ ____ ____ ____ ____ 
0 0.093

~ 0.143
o 0.20 1

0 . 8  
____ _____ _____ _____ ____ _____ 

Q 0.305

C’-4
C

0.4
z

_ _  0 _ _  _ _  _ _  _ _  _ _  _ _

4$ 

—

~~~~

0.0 _ _ _  -1 
_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _

-4 
1 ’  

~ ~~~~~~~~ ~~~•i. _ _ _

~ 
-
~~ -~ 

—
~~
-— ___

-0. 4 ‘

~~~~~~~~~III_ _

—0.8

—1.2
— 40 — 20 0 20 40

Rudder Angle , 
~r ’ in degrees

Figure 138 - Variation of Nondimens iona l Yaw Moment with
Rudde r Ang le for a Series of Nondimensional
Yaw Rates at a Full Scale Speed of 20 Knots
for the Spade Rudder at Design Draft

172

— -.~——— ~
- —- ‘— ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

V ~~~~~~~~~~ .~~~~..
~~~~~~~~ 

. F L ... .. r ~~~~~~~~~ . ;.- ‘~



1.2 1 Nond lmensi onal
Yaw Rate , r ’

0 0.09 3
0 0.201

0.8 — -—.—
~~~~~~

— .-- —
~~~

.—--  - --
~~~~~~ 

____  ____  ____

- 1 - ~~~~~~~~~~~~~~
_ -

0.4 II~~ L i _

-0.4 

~~~~~~~~~~~~~~~~~~~~~~ 

- 

_ -.-J__
_ - ~~ 

—1.2
—40 —20 0 20 40

Rudder Angle , 6 r ’ in degrees

Figure 139 — Variation of Nondimens l ona l Yaw Moment with
Rudde r Ang le for  Two Nond ime ns i ona l Yaw Ra tes
at a Full Scale Speed of 25 Knots for the
Spade Rudder a t Des ign Draf t

173

_ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _



-

-

~~ I
0.4 _ _  .

~~~~
. . 4

4 4

0.0 4 — 4 —

C

-0.4 

C 

-—- -.-

\ _ 
_  H

-0.8 - -_ _ _ _

I

_ _ _

_ __

~ 
-1.2—

~.-t \~~ 
-1.6 —— 

-20 0 20 40

Rudder Angle , 
~r ’ 

in degrees

Figure 340 - Variation of Nond i mensiona l Yaw Moment with
Rudder Angle for a Nondimensiona l Yaw Rate
of 0.093 at a Full Scale Speed of 28 Knots
for the Spade Rudder at Design Draft

174

• . ~~~~ 



1.2 

1 1 
_____ _____-.-- . - -

~~~~~~

-

~~~~~~~~~~ 

.-

~~~

- _ _

0.8 -- - -  
~~4

.

~~~~~~~~~~~~~~

_ _ ~1 _ _ _

_ 

-11 _  _J -0.4 _ _  _ _  _ _  _ _  _ _  _ _

-0.8 --- - -.-.
~~~- . .---- -- -- --. - _ __ _ _

—40 —20 0 20 40

Rudder Angle , 
~r’ 

in degrees

Fi gure 1 1 +1 - Variatio n of Nondimensional Side Force with
Rudder Angl e for a Nondimensio na l Yaw Rate
of 0.093 at a Full Scale S~,eed of 5 Kno ts
for the Spade Rudder at Design ~)raft

175

~~~~ ~~~~~~~~~~~ i.• ~~~ .~~~~~ ~ -~ ~~~~ %. ~
. - 



1.2,
Nondimensional

Yaw Rate , r ’
____ —— 0 0.093

o 0.201

0.8 
~~~~~~~~~~~~~~~~~~~~~~~~~~

c’J I

0.4 _ —  ~~H_/ 
/ 

_ _  _

0.0 _  

_  

_  

_  _

— 1 .2
—40 —20 0 20 40

Rudder Angle , 6 r ’ in degrees

Fi gure 142 - Varia tion of Nondimensional Side Force with
Rudde r Angle for Two Nondimens iona l Yaw Rates
at a Fu ll Scale Speed of 1 0 Knots for the
Spade Rudder at Design Draft

4,

1 76



1.2
Nond imenslonal
Yaw Rate , r’

__________ ____ _____ _____ _____ _____ o 0.091
o 0.201
9 0.305

0.8 - 

1

• _

0.0 _  _  _  _

-0.4 
~ 

_ _ _ _ _ _ _

-0.8

— 1.2
—40 —20 0 20 40

Rudder Angle, 6 r ’ in degrees

Figure 143 - Variation of Noridimenslona l Side Force with
Rudder Ang le for a Series of Nondimensiona l
Yaw Rates at a Full Scale Speed of 15 Knots
for the Spade Rudder at Design Draft

177

V . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



r - -

1.2 —
Nond imensioual
Yaw Rate , r ’

____ ____ ____ ____ ____ ____ ____ 0 0.093

/ 0 0.201

0. 8 —-- /_ 
9 0.305

0.4 

/ /~~~~/
_ _

__

~~ 

/. 

_ _ _ __ _0.0 c. 
/ __ _ _ _

0
—0.4 C

C 
_______ _______ _______ _______ _______ _______ _______ _______ _______

—0.8

— 1 . 2
— 40 —20 0 20 40

Rudder Angle , 5 , in deg rees
r

Fi gure 144 - Variation of Nondimensiona l Side Force w ith
Rudder Angle for a Series of Nond i mensio na l
Yaw Rates at a Full Scale Speed of 20 Knots
for the Spade Rudder at Design Draft

4

178

\— ______ 
_ _ _ _

- -~~~~~~~~~~~~~~~~~~~~~~~~~ “‘‘ “~‘~~~~~~~‘~~‘~~ ~~~~‘~~ -

4 ‘
~
•_

~4 .~ - V



1.2

- -_ _.-

0.8 1I~ tii 
~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~

•

~~~ I

_

~~~~~~~~ 

±
i ~~~~~~~~~~~~

--

_ _  _ _  

_ 
--_ _

—-4 
_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _

0
“-4

~ -0. 4
E“.4
0

0z

—0.8

— 1.2
40 20 0 20 40

Rudder Angle , 
~~~~~

, in deg rees

Fi gure 145 — Variation of Nondimens i ona l Side Force with
Rudder Angle for a Nondim ensional Yaw Rate
of 0.093 at a Full Scale Speed of 25 Knots
for the Spade Rudder at Design Draft

4,

1 79

- 

~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~ 

.~ . . ; . .

V



~‘ 4

0.8_-- -

~~~~~~ 

---t---- - -- - _  _

0.4 -—— - -- ——— ---— — -  ____

-40 -20 0 20 40

Rudde r Angle , 6 , in degrees

Figure 11.6 - Variation of Nondimen siona l Side Force with
Rudder Angle for a Nondimens lona l Yaw Rate
of 0.093 at a Full Scale Speed of 28 Knots
fo r th e Spade Rudder at Des i gn Draf t

180

• .~ .. ~~~•.. - .. , •~ ~~~~~ ,—.-—. .

. .
.

-

~ 

-

, ~ - - !



I . .  ____  ___  ____  ____  ____  ____  ____  ____  ____  ___

0.8 — _ __ . _. ._ . 
~~~~~~~~~~~~~~~~~

-4

0.’~ _ _ _ _ _ _ _  _ _ _  _ _ _  _ _ _  .
~~~~~~~

. - -

--
~~~\0 0

-0 .4 _ 
__ _

_

— 0 . 8  ____ ____ ____ ____ ____ ____ ___ ___ -

-1.2 
-40 -20 0 20 40

Rudder Angle , 6r’ in degrees

Fi gure 147 - Variation of Nondimensiona l Roll Momei~t w i t h
Rudder Angle for a Nond i mensiona l Yaw rate of

- 0.093 at a Full Scale Speed of 5 Knots for the
Spade Rudder at Design Draft

0~

181

~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I’ 1.2 —
Nond imensional
Yaw Rate , r ’

-- .- —— 0 0.093
0 0.201

0.8 — — _ 
. ____ ____ ____ ____ ____

C

LI HI’H2:~~~ ~~~~~~~~
Rudder Angle , 6r’ 

in degrees

Figur e 148 - Variation of Nond i mensional Roll Moment with
Rudder Ang ie for Two Nondimens l ona ) Yaw Rates
at a Full Scale Speed of 10 Knots for the
Spade Rudder a t Des i gn Draft

V

182

‘ 
~~~~~~~~~~~~~~~~~~~

V ,~ .4



1.2
No ndimensio nal
Yaw Rate , r’

0 0.093
o 0.201
9 0.305

0.8 —— ____ ____ ____

C
-4

- 0.4 ——  _____ ____ ____

C -___ ___  ___  ___  _ _ _ _  ___  ___

~~~~~~0.0

__ __ _ _ __ _

J 
-0.4 _ _ _  _  _

-0.8 _  _  --
~~~~~~
_--_

-1.2 
-40 -20 0 20 40

Rudder Angle, 6r’ 
in degrees

Fi gure 149 Var ia t ion  of Nondimens iona l Roll Moment w i t h
Rudder Angle for a Series of Nondimensiona l
Yaw Rates at a Full Scale Speed of 15 Knots
for the Spade Rudder at Desi gn D raf t

183

~~~ ~~~
,. -.,, . . — —.-- -

— 
_ _



Nond imens lonal
Yaw Rate , r ’
0 0.093

0.4 —— — — - - --— ———- 0 0.201
9 0.305

p 0~~~~~

-0.4 _ _  -_ _  _ _  _ _  _ _ _
- 
_ _- _ _  _ _

- 0 8  

_

~ -1.2 ___ — ___ ___ ___  ___  ___  ___

— 1 . 6  _____ — _____ _____ _____ _____ _____ _____

— 40 —20 0 20 40
Rudder Angle , 6r’ in degrees

Fi gure 150 - V ariation of Nondimenslona l Roll Moment with
Rudder Angle for a Series of Nondimens ional
Yaw Rates at a Full Scale Speed of 20 Knots
for the Spade Rudder at Design Draft

4,

184

xJ  ~
¶ ~ 

V 4 4



1.2
Nondimenslonal
Yaw Rate , r’

0 0.093
0 0.201

0.8

en
C
-4

- 0 . 4

C

-~ ~~~ o~a~ ~~
~Th L~~~

-0 .4  _  _ _ _

- 

-0 . 8  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _

—1.2

—40 —20 0 20 40

Rudder Angle, 
~r’ 

in degrees
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Appendix E

(F igures 191 to 203)
Nond i mens ional Data Curves for

the Fixed Forward Turni ng F o i l
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of Drift Angles at a Full Scale Speed of
20 Knots for the Half—Size Fixed Forward
Turning Fo i l
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Figure 225 - Vari ation of Nondimens iona l Roll Moment
with Nondimensiona ? Yaw Rate for a Series
of Drif t Angles at a Fu l l Scale Speed of
25 Knots for the Half-Size Fixed Forward
Turning Foi l
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Figure 226 - Variation of Nondimens i ona l Roll Moment
with Nondimensiona l Yaw Rate for a Series
of Drif t Angles at a Full Sca l e Speed of
28 Knots for the Half-Size Fixed Forward
Turning Foil
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Figure 227 - Variation of Nondimensional Yaw Moment
with Drift Angle for a Series of Full
Scaie Speeds at a Nondimensiona l Yaw
Rate of 0.093 for the Half-Size Fixed
Forward Turnin g Foil
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Figure 228 - Variation of Nondimensiona l Side Force with
Dri ft An g le for a Ser i es of Fu ll Sca l e Speeds
at a Hondimens i ona l Yaw Rate of 0.093 for
the Half-Size Fixed Forward Turning Foil
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