- . , . Lo e - ~e S e e

- s
- e £ oM L onwer oy SR R %.fnﬁwﬁmwﬁ.ﬁﬂhg SRR TR AR R D T SR U RS TR P > e S

1%
¢

2130

&

S wt
1 G

e &
*
T
I

T ayom oy
g.u.: 20 %y

=

- .

. 8 i

v S i
o Peobl :
w, ) T : y
m (o

"{’ﬁq £

TN
PN V3 R LY

TR
d

sy
12

3

F2

R
&

"UTE

LETH L

R

v

cF
o
POMECHANICS 1A

T
i

RESTARTH AMD OEVELOP

*
-

B

L SR R

Lt
warve

€
k3

APPLIED
MATHEMATICS
o
ACOUSTICS ARD
VIRATION

N
&
¢
#u
F &
Hoe
IR RS BRER w'a.vta u:... & BRI WS SRS TR TR

Best Available Copy



A DIGITAL COMPUTER TECHNIQUE
FCOR

PREDICTION OF STANDARD MANEUVERS OF SURFACE SHIPS

by

J. Strom-Tejsen

Distribution of this Document
is Unlimitéd

December 1965

Report 2130



TALLE OF CONTENTS

AB STRAC’” . L * -* L L] ° * L] L L] L ] * L - @ E e -] e L L] . . < L] * L

A.l‘mm Smﬂﬂ momﬂ GR L] L . o * L ° L . L] L] ° L4 L] ° L] o -] G

E Immm OH * * . . L ] L] L] L] & L ] . * ® a L Ed 3 - . > & - ® L J <@

mm'lqm mEL L] -« L ] L] . L * - ® L] e L L] o L] . o L] € < L @ Ad
EQUATIONS OF MOTION FNR A SHIP HOVING IN THE RORIZOVIAL PLAKE
TAYLOR EXPANSION OF 0. 'ES AND MUMENIS o o o o o o o o s o o o

LYREAR MATHEMATICAL MODEL FOR STEERING ARD MANEZUVERILE .
RONLINEAR MATHEMATICAL MOBEL o o s o ¢ ¢ o 6 o o o s v «
PRIRCYPLES FOR SOLUTION OF MATREMATICAL KUDEL
USIKG DIGITAL COMPUTER « o o o o ¢ o ¢ ¢ 0 ¢ o 0 0 o ¢ »
¥ETHOD OF NUMERICAY. SOLUTION ¢ ¢ ¢ « o o o 5 8 ¢ « o ¢ o
CALCULATION PROCEDURE FOR PREDICTION OF TRAJECTORY . .
DIFINITION OF RUDDER DEFLECTIGY . ¢ o o o ¢ 0 o o o v =

CCEFFICIENTS IN MATHEMATICAL M™ .. 4 ¢ o o o o ¢ o o 8 o =
EXPERTMENTAL TECHNIQUBS FOR MBASUREMENWT OF CCEFFICIEBFTS
CALCTLATION OF COEPPICIENTS IN X-BQUATION . . . « « . »
SCALE EPFECTS o © « o ¢ o 2 6 o o o 5 o s o o o o o ¢ o
VARIATIONS OF COEPPICTENTS WITH SPEED .« o « o ¢ o o » «
REGUME OF COBFFICIENTS o o ¢  c 5 o o o o o ¢ 0 o ¢ o o

CIMPUTIER PROGHAM FOR PREDICTION OF STANDARD MANEUVERS . .
INPUT DATA + ¢ ¢ ¢ ¢ ¢ o ¢ ¢ 6 ¢ o ¢ 06 8 0 0 06 ¢ 0 0 0 s
Specification Dat® 5 o ¢ ¢ ¢ ¢ ¢ ¢ + o s 6 0 ¢ o ¢ &
Bhip DALBR . ¢ ¢ ¢ 2 ¢ ¢ ¢ 2 0 ¢« ¢ 6 0 0 ¢ 06 06 6 o s o
Prediction Report . ¢ o o ¢ ¢ o 2 ¢ 06 0 0 0 ¢ ¢ o 0 o
Charactron Microfilm Plotting of Marouwers « o - ¢ o o

RESULTS OF SAMPLS CGRICULATIONS +» o o o ¢ 0o o s © o 0 o « o

INFLUENCE OF TYPE O7 POWER PLANT UPON
THE SPEED LOSS IN MAMEDVERS . . o v o o o o o o 5 o & ¢

PEREDICTION OF ZIC-Z&C MANEUVERS FOR
Dlmv‘fﬂswmmgontaacooaac

it

L'

o

o

s

N

e

[a IR ]

12
i2

“p

14

)

17

19
20

22



PREDICTION OF LOOP FuERCMEMON IN SPIRAL MANEUVER . . .
SLOPED LOCP PHENOMENON IN SPIRAL MANEUVER .., . . . . . . . . . . 4O

CONCLUSIONS . . . . . . . . . ..
RECOMMENDATIONS . . . . . . ¢ 0 v 0t h et it e e e e e .. W2

ACKNOWLEBGZ@EN F 5% ® * % e s & 8 s a4 e B 4 T o e o s « e e . 7 & e L‘v\ 3

APPENDIX A - DATA FOTMS FOR PREPARATION O INPUT DATA . . . . . . . &1
AFPENDIX B - S/iMPLE OF CRMPUTER OUTFGT . . . o7
APPEMDIX C - FORYRAN LISTING OF COMPUTER FROGRAM . . . . . . . . . s
REFERENCES . . . . . . . . « .. .. 73

LIST OF FIGURES

Figure 1 - Exemple of Messurements of Force and Hement ag
Punctfon of Drift Angle . . . . . . . . . ¢« v v o v 4 . G4

FPigure 2 - Definitf{cn of Turaipg Circlo Pavemeters . . . . . . . . . &4
Figure 3 - Disgrammatic Definiticn of the Jig-2¢g Mansuwrr . . . . . 45

Figure 4 - Rogults from Spirel Mameuver Bhoulng Sicpe of r=§
Curve for Stebla, Marginslly Steble, eund UVasteble Shiepn . 43

Change of Propaller Ravelutls=s o Femsiiem of
Speed-Losa in Mancuvers for Diiisren: Types of
mr Plaﬂt ‘ 13 [ ] L] ¢ - L ] [ 2 [ ] £ “ -3 L) L'y . ] . @ - . " e Qf)

w
]

Fieure

Figure 6 - Velocity Turn Entry Treneieat for 23-Beg Ruddor
Computed for Different Typee of Pover Plantse . . . . . . GO

Pigure 7 - Time History cof Velscity in 2ig-lsg Haneuver
Computed for Difforent Types of Powar Pients . . . . .

Pigure 8 - Result from Spirsl Mgneuver 23 Izfiseuced by
the Asgumption of Power Plamt . . . . . . . . « « . . . . &7

Flgure 9 - Rssult from Spiral Mzpeuver CGalculotions Prosentod as
Reciprocal »f Turnimg Rediug Iin Stendy State Vero:s
R’Jdé@r Dﬂfz‘-’:ﬁcc im * * o » - - - - - £ L J » - L . - - [ - @ "6?

[ £
h
I



Page

Figure 10 - Prediction of Zig-Zag Maneuvers for Three Different
Values of Ship Mowent of Imertia I, . . . .+ o . . . . 48

Figure 11 - Results from Prediction of Spiral Maneuver for
Stable, Marginally Stable, and Unatable Hull Forms . . 49

Figure 12 - Resultg of Spiral Maneuvers Predicted for a

Stsble Ship Form Showing the Sloped Loop Phenomenon
in the Case of a Too Hasty Execution of the Manewver ., 50

LIST OF TABLES

Teble 1 - Summery of Coefficients in X<Equation . + « v . + ¢« 2 « « 25
Table 2 - Susmary of Coefficients in Y<Equatiom . « « + o+ o « o « . 26
Tsbie 3 - Summary of Coefficients in M-Equation . . « ¢« « ¢« ¢« « « « 27
Table 4 - Koa-Dimenzional Coefficients Governing the Criteria

for Dyasmic Stability for Stable, Marginally Stable,
lndmutlbltlull??om.‘.....-n......r.' 39

iy




NOTATION

The syastem of notation proposed in SNAME, Technical and Research

%
Bulletin No. 1-5, Refexence 1, is used in this report whereyer possible.

The notation for second and third partial derivatives is taken from

Reference 2,

Stability criterion
Moments of inertia about x,y,x axes, respectively
Kolling, pitching, end yswing moments, respectively

Typical static wmoment derivative; derivative of a moment
component with respect to a velocity component dM/dv

Typical third partial derivative; partial derivative of a
moment with respsct to x w?:ity comporent and to an
angular velocity compoment ¥X/dvde?

Typical womant of imertia coefficient; derivative cf a
m’: cosponent with respect to an acceleration component

Ship leagth batween parpendioculars (used sa a charactaristic
longth of body for nondimensiomalining purpose)

Hass of body

mmr ravolutions per second 4t tiwe t and t,, respect-

Angular velocities of roll, pitch, snd yaw, respsctively
Angulsr accelerations of roll, pitch, and yaw, respectively
Rate of deflaction of vudder ¢ othsr comtrol surface
Rasistance

Propallsr thrust

Thrust deductiom coefficiemt

Time and time interval, respactively

*References sre listed ou page 78
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tlag Time lag in control suxface system

i Velocity of originm of body axes relative to fluid

u,V,w Longitudinal, tramnsverse, and normal components, respectively,
of the velccity of the origin of body axes relative to fluid

\ uy Velocity im initial equilibrium conditionm: straight shead

motion at constant gpeed with rudder amidships

Au u-uy

q,V,0 Lengitudinal, trameverse, and normal components, respectively
of the acceleration of the origin of body axes relative to
fluid

x,Y,2 Longitudinal, lateral, and normal cerponents, respectively,
of hydrodynamic force on body

Yr Typical rotary force derivative; derivative of a force conm-
ponent with respect to an anguler velocity component dY/dr

Yr 5 Typical third partial dexivdtive; partial derivative of a
force with respect to,an -ﬁﬁlar velocity component and to
& rudder deflection '63!13:'

Yx‘r Typlcal inextia coefficlent; derivative of a force component
with respect to an angular accelcration cowponent ¥V/dr

RV 2 Body axes fixed in ship: x, y, and 2 pogitive forward, star-

board, and downwards, respectively, Origin of axes systenm
rot necessarily at center of gravity

LD AR Coordinataa of center of mass relative to body axes
30,3’0*'9 Coordinates ralative to the £ix 1 carth axes

%.0Wo0'%p Coerdinstes of origin of body sxes relative to tho fixed

saxth axes

QE,Q% Propeller torque 4t a time t and t;» respectively

¢ Augle of drift

& Anguiar displacesent of & control gurface, normally the
rudder angle

é, 6,y Zugles of roll, pitch, and yaw, respectively

P Mags density
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61,6;,63 Roots of stability equation

A prime (') applied after the symbol of a quantity indicates the nondimen-
sional form of the quantity. The nondimensional expressions follow SNAME

nomariclature, Reference 1.
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ABSTRACT

This report presentes a computer program for the solution of a mathe-
matical model representing the motion of a surface ship, giving predictions
of steering and mareuvering qualities. The nonlinear mathematical model
based on a third-order Taylor expansion of forces and moments in the equa-
tions of motion is reviewed. The hydrodynamic force and moment deriva-
tives representing the input to the program can be obtained from present
captive model testing techniques. Any motion of a4 surface ship including
tight maneuvers and loop phenomenon recognized in the spiral maneuver for
a directionally unstable ship should be accurately predictable. The com-
puter program, which gives predictions for the "Standard Maneuvers," turnm-
ing circles, zig-zag, and spiral maneuver, is described, and results of
sample calculations are included. Instructions for preparation of input
data for the program, samples of the computer results, and the FORTRAN
Iisting of the computer program are also given,

ADMINISTRATIVE INFORMATION

The mathematical model and assoclated computer technique presente.
by the author should be considered as a proposal and not the current
standard for the David Taylor Model Basin.

INTRODUCTION

A continuous growth in speed and size of surface ships, an increasing
density of traffic on sea ri ates, and the development of sophisticated con-
trol systems for steering and maneuvering are some of the factors which
have stimulated the quest for precisely establishing controllability quali-
tico inherent in o surface ship design. As a result thie number of ships
for which model steering and maneuvering trials are requested and carried

out during full-scale trials is increasing.




The time has passed when a turning circle trial was considered suffi-
cient for a determination of handling qualities. Today it is generally
recognized that several types of maneuvers should be known in order to eval-
uate the different modes of performance of the ship such as eteering, maneu-
vering, and turning. A set of trials comsisting of a 35-deg turning circle,
the 20-20 deg 2ig-®rag, and the spirai maneuver have been proposed for this
purpose.3 These maneuvers are subsequently referred to as the "Standard
Maneuvers."

An adherence to these "Standard Maneuvers" in hoth model test and full~-
scale trials should make it feasible to establish criteria for steering,
maneuvering, and turning, awnd in the future to evaluate precisely these
qualities of ship designs. Another advantage of using "Standard Maneuvers"
as basis for criteria is that the evaluation of ship performances can be
based on a language that is common to operators as well as to designers aud
experimanters.

Different testing techriques are in use at wmodel basins for establish-
ing the steering and maneuvering qualities of a ship design. By far the
most instructive are based on free-running models, the performance of which
are obtained, for example, by a direct execution of the “Standard Maneuvers"
in model scale. Despite obvious advantages such a® direct wodeling of wmaneu-
vers, the free-running model technique may present difficulties because of
troublesome scaling lsws, which hardly can be taken iato avcount in this
technique,

The technique advocated in this zeport utilizes captive model testing

for the measurement of hydrodynamic derivatives with a successive



prediction of the "Standard Maneavers" obtaimed from a colution of the
equations of motion by meansg of a digital computer or am caalog co—puter
setup.

Captive model tests are perforred by meras of teot facilities ouch as
the rotating arm, cscillators, and the planor motionm wechandcm., They have
in the past been adopted privarily for the measurerant of the Iimear hydzo-
dyaamic force and mozant derivatives necessary for caotablishing the inherent
directional stability of a chip design. Furtherrore, the hydredynomic force
and moment derivatives have besen used in combination with the linearized
equations of moticn for aualyzing the turning ability of =stable chips in
the linear range. Houwever, the lizmecar theory vould not in gemeral be applic-
able for predictions of the "Standard Maacuvers", ag it fails to piedict
accurately the tipght rmmmeuversg thot mact chipo axe capable of perforning,
and it cammot predict the mancuvers of unstable ships.

T£ the loop phenezonen (rocegniced ia the cpiral marcwver for unstable
chips) or the charackeristico of tight cancuvers have to bo accurately re-
congtructed amalytically, it ig ncecocary to utilize cquations of motion
czpanded to imclude oigni€icort memlimcar toxms im the Taylor cmpanaion of
forceo and me—mmbp. Such a nonlinmour mathematical medel has rocently been
prescnted by Abkowitz."

Chiglett and Strcn-rcjcans’G have oadopted the menlincar wmathematical
wodel and propromsad the cquations for a digital cemputeor. Oz the bosic
of lincar and moalinear hydrodynmcaic derivatives obtained by plamar wotion
mochanism tests, they have computed predictions for the "Stamdard Mancuvers"

and demoagtrated the accuracy with vhich mancuvers cam be predicted in this

fasition,



The captive wodel testing technique hag an obvious digadventage in the
fact that no direct display of the ship mancuvers is obtained irom the model
test. If such a dieplay, however, can be cbtained accuracely using computer
prograns or analog satups, this Jdissdvancage is considered of minor impor-
tance. The advantszer in the technique are mumerous; in particular, it
allows the experimenter to take scaling laws into proper accouat and, in a
specific ship design, gives Lim & direct insight inte the factors which can
be blamed for particular periommance qualities.

The nonlinear methesatical model presented by Abkowitzi" is outlined in
the text which follows. JThe equations have baen golved on a digital computer
programmed in FORIRAN for the IEN 7090 at TMB. It2 program gives a predic-
ticn of the "Standard Maneuvers" for surface sh’ps on the basis of hydro-
dynamic force and moment derivatives obtained from captive model teats., The
conputer program, designated as Applied Mathematics Laboratory (AML) Problem
XPMU, i8 outlined avd data preparation, result sheets, and graphs, etc. are
described in this report, Imcluded also are the results of some sample calw-
culations, vhich demcnstrate the usage of the computer program and its
ability to give detailed information with respect to¢ ship msneuvers. The
sample calculations are primarily based om hydrodynamic derivatives for the
MARINER hull form published in Reference 5.

The appendices include instructions for the preparation of input data
and the FORTRAN 1listing of the program.



MATHEMATICAL MODEL

The derivation of a nonlinear mathcmatical model representing the
gtcering and mancuvoring of a surface ship is given by Abkowit:z.4 A
similar formulation has becn uscd as the basis for the numerical computa-
tion in th¢ present computer program. For the sake of completeness of
presentétion, the development of the Abkowitz mathematical model is out-

lined hriefly; a detalled discussion can be found in Reference 4.

EQUATTONS OF MOTION FOR A SHIP MOVING IN THE HORIZONTAL PLANE

A general form of the equations of motion for a body, which is allowed
to wove in all the six degrees of freedom, is obtained with the coovdinate
axis system fixed in the body parallel with the principal axes of inertia,
but with an arbitrary origin not aecessarily at the center of gravity.

%
For this casc the equations are (sce, e.8., References 1 and 4)

Xem [6+qwrv-xe(q2+r2)+yc (pa-1)+x, (pred)]
¥ = [ hruepueyg (eap?)en (ar-p)exg (ape)]
Z=m [ﬂpv-quwzntpz-mﬁmg(rp~d>4~yc(rq+§>]
R = T $h(5,T Jarem [y (pv-qu)-ag (heruepn)] W
= Id+ (1T, )rp+m t‘G (rqu=rv) -x, (pv-qu)]
N = I8 (L I patm [ 2 (Wru-pw)-y; (brquorv)]
wacre the left-hand side represents the forces and woments along the coor-
dina:c axes aad the right hand side shows the corregponding dynemic re-

sponse terms.

*The cquations are developed agsuming the wass of the body as being conatant
in time, which can be considered true for most ships.

3
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Vhen dealing with stcoring and mancuvering of surface chips, the primary
rcobions ecan be coapidered to take place fm the horizontal plane, and vertiecal
wotions can be maplegted. TFurther, cheoging an axigc gyotem im the placo of
pyemotyy of the bedy and acocuming that the center of gravity lies in the
ceateriine plane and, thercfore, y.=0, thc cquations of wmotion for a ship

G
moving in the horizontal plane becoxe

X=m [ﬁ-—rv-xGrznspr]
Y = x [ruezgix i)
K= Ixﬁ-n-zc(%m)
X = I‘r‘a-n‘xe(ﬂru)
Ix the follcmixig treatment, rolling and heel of ¢ ¢ chip has been

reglocted, ocinco thoy are felt to have little influcnce op tteering and

nancuvaring, with the possoible crecption of faot warchipg, vhich heel

.

appreedobly in tuvna, Tho equations for stcoring and mancuvering of a
surface ship thus reduce to

X=m [ﬁ-tv-—zcrz]

Ywm [wmxci-]

N~ I.hm-xc(%ru)

TAYLOR EXPANSION OF FORCES AND MOMENTS

The forcas and moments on the left-hand side of the equationo of
rotion can bo capreseced as functions of propertics of the body, propertiee
of the fluid, and propertics of the wotion. When congidering a opecific

hull form and uging the gencrally cccepted scaling laws, the forcen and

.
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cozonts may be congldered as functions of the wmotion and orientation
paramsters only. UWhen dealing with steering and wancuvering, they are
aleo considered as functions of the deflection & of comtrol curfaces

(rudder):

il

Force Y
m,:ﬁ,,t } f(properties of motion, rudder deflection)

. e

f(xo: o’zo’ ’,e,V,“;Va‘ﬁp.q:t:‘:‘,\"ﬁ‘lgf’sﬁﬂ?s ) 36 » é » Btc.)

]

- > o wtf o

orientation motion parameters contxrol

parameters suxface
parametors

When considerimg cotion in an unrestricted horizontal planc, it is
clear that no forces or mo—ents arc exerted on the chip due to a change in
oricntation, and the foxrces and ro=ont will then only be funtkions of the
three degreceo of frecden wotion paramotors apd the rudder deflcetions

X

Y } = f(u.v,r.\'x&,i‘.ﬁ.é.é, eke.)
N

In the follouwing trontmont, it is further aneumad that tho control
forceo and mozanto produccd by a doflection of tho control surface (ruddex)
are duc te thoe doflection & only, vhile forcos and memont s produced on the
ship as a result of 6 and 6 are negligible
The functicao doceribing the forees and rmerontp can bo develeoped into
a ugeful foxrm for analyoic purpocos by the uee of the Taylor cxpausion of .

a function of coversl variaobles. Tho forees and momonts can thus be oxe

pzeoced to any desired degrec of unceuxrcey by considering sufficicnt terms

#The variobleos 6§ and § arc comoidercd megligible in the treatmont of ship
rotiong, but they arce mot mecccoarily mopgligible, i€ determining the forces
on the ruddox itcsif; c.g., the torgue cn the rudder stock during a mancuver.

- e - e . e 2 B LU BN LN v S N 550 2 W S e
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in tke expansion. If the cxpansion is limitced to the firgt order temms,
the well-known lincarized expansion will be cbtained.

If straight ahcad petion at constant gpeed with rudder caldships ie
chosen ax the initial equilibrivm coudigion, the limcarized cxpansion of

the forces and moment (Equation (4)) bocomes

X = Xat EM+XVv+Xrs X+ XKoo+ Xt 355 ()
whare Aux = (ueu 1), with similar expzessicns for Y and N.
Similarly, the Taylor expansicn,including terms up to third order,
becoms
X= x*-x-[xagxu«v- X¥+ X x4 Xl + Kb+ X2 4+ Xsél

1 2 2 22
+“2*'§{qu&?1 +X’w\f T asees X683 +

E‘Xw@“‘v + 2“3“‘?&“‘? T ceoas b 2.Xf'6 ia] (6
3

2
*%l [Ruuum + Fove?
3“%“““{.\“% @3‘%‘,#\‘2‘: & Ty L) 3'Xf88 i'62+
6% AV 4 6K dud + wiiee b 6K w:é]

)
* aseee +x55863 +

with similer expressions for ¥ amd N,

LINEAR MATHEMATICAL MODEL FOR STIEERING AND PAKCUVERIRG

Equating the livcarized expansion, Equation (5), with the dynamic
vesponso terms given on the rightehand gide of the cquatious of motion,
Equaticns (3), and neplecting dynamic responce of cocond-order smallness
in the same way as sccond-order torms have been megleeted in the force and
moment expansions, the lincarized cquations of wotion for steering and

maneuvering are obtained

8
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{1

By + Bfa+ Ev + X1+ Xf+ X0+ Kb+ X6

]

Y, + Y ou+ Y v+ R Yﬁﬁ % &’,;iv + Yi,i- + Y56 n(\‘ﬂ-rul-rxci') )

B+ N+ Ny + Nr+Na+ No+ 88 1566 = T fm, (Veruy)

The derivativos K?, 3‘}, xr, Xi’ and x5 arz all zero for any chip or
body with zyc—atrical ghepoe port cod ctarbeard.® Ag a censcquonce, Yu, ‘zﬁ,
Hv and Rﬁ wust also be zeroﬁ

tith the texos oa the righe-hornd scide of the cquations brousht over to
the left cide cnd codined with simdilar terms, the lincar mathormatical medel

for the cteering cnd concuvering of a surfeoee chip finally boeexos

(Xﬁ-m) & + X“é.u =0
(gmm) ¥ + TV &+ (Toomeo) of + (¥ e, ) or + '!66 = 0 (8)

(N mme) ¥ + NV + (NomT) ek + (N -mequ)r + 868 = 0
O0a the baoio of thoe lincar codel, Dguaticno (8), the well«knoun eritorion

for dyncmic ctability in otroight linc cotion con be ovaluated as
Ca Yv(Nr-uGul) - Hv('zr-nul) >0 (9)
Fezr a dyncalcolly otablo ehip, tho medel can furthermore be applicd
to predict mancuvors as leng ao enly cmall rudder deflections and cmoll
devidtions from the original otraight linc rotion are considercd. The

Timitations of the model are, howover, obviocus from the fact that no speed

loss is indicsted.

2This 1o onc of the advantapges by choosing axis systems in the plane of
symmetry of the body.
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NONLIKEAR MATAEMATIUAL MODEL .

To obtain recalistic preodictions of mamcuvers such ag tight turng for
large ruvdder angles and te predict the performance of a dynaaically unstable
ship, it becomos necessary to develop and golve a nonlimear mathematical

model, which includes hipgher order terms in the Taylor cxpanmsion of forces

and aoments.

The nonlincar mathematical wedel used as a basis for the computer progr:-.

nas been bascd onr a Taylor cxpansion of forces and wmomonts including terms of
up to third order; sec Equations £6). The inclusion ¢ tcrms higher thax
third oxder was not considered to inercase the accuracy of prediction sig-
nificantly. Furthermore, practical limitations of moasurement techniques
and the statec of refinemont of prosont theory did not justify the inclusion
of higher terums.

Symmotry considerations demonstrate that the X-cquation should be an
evon function of the parameters v, r, 8, Vv, and #; similarly, the Y- and
N-cquations are odd functions of tho sama paramoters. Conscquently, odd
torms In v, r, 8, ¥, and £ bave been eliminated from the Xecquation, and
cven terms in the same parameters from the Y- and N-cquations., An alteraae
tive solution would have been to introduce abgolute values of the parameters

v, 1, 6. v, and ¥ into the equations, but this was considered lces attrac-

tive.
As s further consequence of the body symmetry, Y, Y uu? Yuuu" Y\i
4 oy
and corresponding derivatives $a the mozent cquation Ny B e ? Nu s ? Nﬁ

arc all zero,

A - & ;“'_‘W DS o sm———cry, s e i
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An ungyr—atrical force (for imgtance, the side force from a single
propeller) hac been taken into account by conotant terms Y, and W, in the
Taylor cxrpansion. An unsym—otrical side force has been considercd a function
JRONWCIL PRI .
into the mathermatical codel to facilitate that changes of side force with

of speed, and teorms Y*u have counsequently been introduced
speed are taken into account.®

The nonlinear equations cam bz reoduged furthex by considering the
nature of the acceleraticn forceo., Abkowit: ntat:cs,4 that noe deeond of
higher order acccleration temms cam be expected. This is based on the ascump-
tion that therc isc no significant intercetion betucen vicecous and inertia
propertics of the £luid and that acceleration forecs calculated from poten-
tial theory give only lincar terms when applicd to submerged bodies.

Abkouitz further reaconc that teroo roprecoating croog-coupling be-
tveen acceleration and veloeity parcooaters arc nero or negligibly cmall
for reasons similar to those just given,

Tho validity of thomo basic considerations of Abhkowitz' has been
vorified by tho cuporicontal raocuzcmonts reperted in Reference 5.

Lquating the nonlincar Taylor cmpanoion, Dquationa (6), with dynamic
ragponoe tom, Equatiens (3), ond taking tho above conoiderations into

account, the nonlinnar cquations of motion £finally becomn

X-Equatfon: (m-X,)% = £ (u V,r,8)

Y-Equation: (m-Y.)¢ + (mx ~Y.)E = £ _(u,v,r,8) (10)
G 2

*1f an unoyc—atrical foxce chould turm out to be a function of other
parcmaterg than cpeed, thioc wncyr—atry could casily be introduced into
the precent cachematical codel. It would have been rore difficult to
do thig if absolute valucs of the paramcters has been applied.

“




N-Equation: (mx.-N.)V + (I_ N.}& = £, (u,v,r,§) (10)
G v £r 3 cont'd
wvhare

(u,v,ré)«x*-t-xmx-b;‘x Au +;xmmu +

1x v (;xrr*m" yro+ x666 ;x viAu + ;x r2Au + -;-x&u 8au +

(X, tm)ve + XVSV6 + xr6r6 + X VIAu + X VSUVSAu +Xs ur&Au

fz(u,v,r,s) = Y o+ Y*uAu + Y*uuAuz +

T v + %Ymvs-;- -%Yvrrvrz-&- 37,8 6v6 + Y, vAu + ;YwuvAuz-i-

(¥ ~ou)r  + %YrrrrST ;errv2+ éYrS 61'3 + Y rAu + %‘YruurAuzé-

%54 + BT5508 7 TpudV * Fhpree + Yp 00 + g, Sa"s ¥ gurd
£5(3,v,r,0) = Nx + R Avs- n*uumxz +

v + %ﬂwlya‘r %Nwrvr%n- -%stav& + N vAu + %ﬂw uvAu2+

(Nr-meu)r + —éﬂtrrr3+ %“m 2, -;-K 56:6 + N rAu + %—Nr a urAu2+

Né& + éﬂasaoﬁ- %ﬂ5w6v2+ —;-iléuérz-t- N‘S“GAu + -%iau“GAuz-» N, gvrd

PRINCIPLES FOR SOLUTIION OF MATHEMATICAL MODEL
USING DIGITAL COMPUTER

METHOD OF NUMERILCAL SOLUTION

The mathematical model, Equations (10), can be solved with vespect to
the accelerations u, 7, and #, which become
fl(u,v,r,S)

(I,-K.) £,(u,v,2,0) = (meg-¥.) £5(u,v,1,8) (1)

1]

v
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(N‘Y‘},) fa(“avaraa) - (mG«N\‘!) fz(u,v,r,ﬁ)

1
(m-¥g) (T, Ny = (mco=Np) (meo-Y,) ot

f 8

These solutions can be rewritten in the form
du 6
T = 8 [ £au®) v ,x(), 8ee) ]
N ERTORIORICNI5Y (12)
%E = 33 [ t:u(t) :‘?(t) ;t(t) ,6{3)}

It is seen that the mathematica. model has been reduced to a set of
three firgt-order differential equations. An approximate pumerical solu-
tion for this type of cquations is readily obtained on a digital computex.
The process in the nurerical solution is that the values of u, v, and r at
tice t4At are obtained from knowledge of the values of u, v, ©, and § at
time ¢t.

A simple first-order wothod has been applied in the computer pouz.am;
the valucs at time t+At are obtained simply by the first-order Taylor

scries expansion
ult+At) = ulh) + At-u(t)
v{t+At) = v(t) + At-v(t) (13)
r(t+At) = 2(t) + At-2(t)

Thioc mothod is feund to glve adequatce accuracy for the prescat type of
differcntial cquations, because of the fact that the accelerations &, v,

and © vary only slowly with time., This is duc to the large macc and inertia
of a ghip comparcd to the relatively small forces and woments produced by

its control'surfaces® .




Furthermore, digital computers enable long repetitive calculations
to be made fast and accurately, and any desired accuracy of the solutions

can be obtained using small time intervals At.

CALCULATION PROCEDURE FOR PREDICTION OF TRAJECIORY

So far, the mathematical model has been developed in dimensional
form. The development has on the cther hand been completely general, ani
tae equations are equally valid in the nondimensional form.*

In the computer program, the mathematical model has beern adopted in
its nondimensional form. To describe the calculation of a'trajectory in
dimengional form on the basis of the nondimensional egquations, the non-
dimensionalized form of a given quantity will be indicated by the prime
of that quantity in the following discussion.

Assiming that a full gset of nondimensional hydrodynamic coefficients
(X)) X5 Y.} Ny etc.) is available and that the rudder deflection 9 is
defined as a function of time, the first step in the calculation of the
trajectory of a ship maneuver would be to define the initial comditionm,
i.e., set the nondimensional values

u(t)' = ult)/u(t)
v(t)t= v(t)/u(t)

CT(e)'= x(t)/(u(t)/IBE)
§(t)' = &(t)

at time t=0, Having dome this, the nondimensiomal accelerations 4', v',

(14)

and £' can be calculated from equations (11), and the corresponding

accelerations in dimensional form from

*The velocity used for nondimensionalization should be the velocity at
any time, t rather tham the initial velocity.

14



(e) = &e)- (u(t)>/LBP)
$(E) = WE)' (ult)’/LEPR) (15)
F(E) = HE)' (u(r)2/LBR?)

The new velocities in dimensional form at time t=At can be obtained £rom
Equations (13) and the corresponding nondimensional values from Equations
(14). The process is then repeated using the new values for u', v', r',
and §' in Equations (11), and so on. The values of the velocities at a

time t are thus obtained from

t=-At '
u(t) = u(0) + Z a(?) “At
t=-At
v(t) =

v(0) + ;;g('t) At (16)

t-AL
r(t) = r(0) + Z_'?‘_r;m At

where u(0), v(0), and r(0) are the values of u, v, and r at t=0, and 7
represents intermediate values of time (between time, 0 and t‘ime, t-At)
at which the accelerations G(t), v(t), and r(t) are determined.

The instantaneous coordinates of ihe path of the origin of the ship
X0 (t) and yoo(t) relative to the fixed earth axes, the instantaneous
radius of curvature R(t), angle of yaw y(t), etc., can be obtained

gsimilarly f£rom the velocities by using the formulas

t=At
Y = Yoy + ﬁm At

t=AlL
X 0 (E)= x4 (0)+ ; [v(‘z‘) scosf(T)+ (u(¥) -u(0)) - sin(?) ]oAt

an

1s



- 0 t-At
Yoo (t) = Yo(0), ;[(u(z)-u(o))-cos'}ﬁ('l") - V) -sinf(p) ] ac
h

u(t)+u(0)) %+ v(t)” an
r(t) cont 'd

R(t) =

The accuracy of the predicted trajectory can be controlled by
rumning the calculation with different values of the time interval At.
It is found that a high accuracy ils casily obtainable, and a time inter-

val of At = 1 sec haes been chosen as standard in the computer program,

DEFINITION OF RUDDER DEFLECTION

It is necessary in the calculation of a ship trajectory,as mentioned
above, to define the rudder éeflection as a function of time. This has
been accomplished in the computer program by assuming the rudder to move
with a certain constant rate of deflection and assuming a cértain timelag
between the instant the rudder deflection is ordered, and the instant the
rudder begins to move. A rudder deflection up to a certain given angle

§

would be executed in the program as indicated in the following

const
example:
NOE 6(::1) until £ > bkt
then §(t) = 6(2:1) + rate-(t-tl-tlag) until §(t) = 6const
then §(t) = 6con .t

A rudder function of this type gives a close approximation to the
actual time history of a ship's rudder when a certain maneuver is ordered

on the bridge, and almost any practical rudder sequence encountered when

16



considering ship maneuvers cam be built up. The zig-zag mancuver can, for

cxample, be bullt up as follows, using these principles:

§(t) = &¢xp) until t > tlagt 1
then €(t) = 6(&1) + rate-(tstlag-tl) “ntila(t):ééonst
~—then §(t) = 6const: until t = t, when y=6const
then §(t) = 6const until t > t1agt b2
then §(t) = 6cons£- rate.(t-tlag-tz) until §t)= ‘éLonst
A then §(t) =-6¢° st until t = t, whenylaéconst
then §(t) ='6Eonst sntili t > tlag + tq
then () ==8 onst™ rate.(t--tleg-t3) until §t)= 5const
L—then repeat.

COEFFICIENTS IN MATHEMATICAL MODEL

EXPERIMENTAL TECHNIQUES FOR MEASUREMENT OF COEFFICIENTS

To perform the computations of ship maneuvers, it is necessary to know
the various hydrodynamic derivatives (Xu, Yv’ var’ etc.) which appear in
the mathematical model, Equations (10) . These coefficients depend largely
upon the ship geometry and design, and in general they differ significantly
from one hull form to another. TFor most of the coefficients, it is necessary
to rely on model testing techniques of special nature in order to determine
the values for the particular ship form.

The coefficients are by definition partial derivatives of a force or
moment with respect &n onme or more of the motion parameters. To obtain the
different coefficients, it is necessary to let the model execute various

forced motions and to measure the forces and moments as functions of the

17



diffcerent wotion parameterp. An example might illustrate this principle.

For a wodel which has been towed at different gpecific drift angles, corres-

ponding forces Y and woments N have been meagured. Figure 1 shows the non-

dirensional values Y' and N' plotted &5 a function éf the nondimensional side
velocity v'=vfu. From these measurements, it is now possible to obtain the

derivatives with respect to the side velocity v, namely, Yv’ vav as well as
N& and Nﬁvv' The derivatives are related in a simple manmer to the coeffi-

cients in the third-order polynominals, which give the best curve fitting to

the experimental values. Thus, if the third-order polynomials fitted, e.g.,

by a least sguares procedure, are of the form:

‘ 3
¥'=a, + a,.v' + 8,v'

i

' ] ' L3
N b, + bl v + b3 v

0
then the derivatives would be directly ralated to the polynom-coefficients

as follows:

L |
v' 1 g tvv 3 (19)
—-— -, '=
Hv B bl G\vav bs.

Different testing facilities such ag votating arm, oscillators, and
pisunar motion mechanism are capéble of executing wodel tests with various
types of forced motions. The most versatile instrumentationm is probably
the planar motion mechanism because any type of motion with respect to which
derivatives are desired can be produced by this instrumentation. A detailed
discussion of a planar motion mechanicm and the technique for measuring the
different derivatives for a surface ship is presented in Reference 6. Here

it is sufficient to mention that measuring techniques are available, which

18



in model scale permit measuring the different derivatives appearing in the

mathematical model, Equations (10).

CALCULATION OF COEFFICIENIS IN X-EQUATION

Three of the coefficients in the X-equation, Xu, %xuu, and EX

6o uuu’® ¥

calculated in the computer program on the basis of the results from open-
water propeller test and the ship effective horsepower data.

When the ship is sailing straight ahead with constant velocity Uy
the propeller thrust working with the thrust deduction exactly equals the

resictance of the ship
X = T{l-t) - Rt = 0 {20)

This equilibrium condition defines the initial propeller thrust and
the correspondirg propeller torque and revolutions.

As soon as a maneuver is initiated, this equilibrium conuition is dis-
turbed. The X-force, which represents the difference between the propeller
thrust and the ship resistance, will vary as a function of the speed.
Approximatﬁngrtye X-force by a third-order polynomial,

2 3
X0:) = ay + a,°Au + 8y Au” + a5.Au

where Au = (u-ul), the derivatives X, X i ? -%x au? -l-x can be obtained

6 uuu

directly from the coefficients of the polynomials as follows:

x*=a0~o; X = a '-I-X a,3 -l-x = a

u 1} % %2 6w O3

In the program the actual X-force is computed at the differemt speed
values for which the ship resistance is known from the ship effective horse-

pover data, The corresponding propeller thrust values are computed using

19
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different asoumptions that depend upon the type of engine and the engine get-
ting to be maintained during the maneuver.

The propeller thrust can thus be calculated, either assuming congtant
propeller revolucions or assuming the propeller torque to vary proportionally
to the revolutions in a certain power. If torque is assumed to vary inverse-
1y proportional to propeller revolutions, the ihrust values corresponding to
a turbi e power plant capable of maintaining a constant power output would
be obtaimed. If torque is asgumed to be constant during the maneuver, the

corresponding condition for a Diesel power plamt would be obtained.

SCALE EFFECTS

Most of the coefficients to be used in the mathematical model would
bte obtained from model tests, and in this comnection it is reasonable to
give some considerations to scale effects in the measurement of the
coefficients.

The model tests would be conducted according to Froude's law, hence
the Reynolds number would not be satisfied, and the possibility of Reynolds
number effects should be wecognized.

Tests with airfoils covering a wide range of Reynolds nmumbers indicate
that change of Reynolds number apparently hao no systematic effect on the
lift-curve slope, However, the variationm of weximum 1ift might be appreci-
able because separstion or flow breakdown occur earlier for the relatively
taicker boundary layer sround a model body at the lower Reynolds mumber.
These results from airvfoll testing can be applied in the pregent discussioa
of secale effecta, as most of the Y-forces and Ne-momznts would be due to

similar 1ift and circulation effects. Thus, according to the nature of the

20
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Reynolds number effect, scale effects should not be expected for any

of the first-order derivatives, e.g., Y

v’ Yr’ Ys, Nv, Nr, Né» etc., which

in general only represent lift slope characteristics. In the case of the
higher order deriva.ives, however, the possibility of scale effects should
be considered, as it is likely that these coefficients would be influenced
if separation or fiow breakdown occurred. Normally, higher oxder deriva-

tives of the motion parameters v and r, for imstance Y __, Yrr ete., are

T
determined for relatively small values of v and r corresponding to angles
of attack before any separation effect takes place. For this reason, scale
effects would probably be negligible also for these coefficiemts. This is
not true for the rudder, as the rudder deflection for which rudder character-
istics are measured also will cover the renge of rudder breakdown. For the
derivatives Y&éé and Naaa, in particular, a ratiomal correction for scale
effects should be considered.

The maximum 1ift is sensitive to surface roughhess, especially near
the leading edge. Thus, model rudders should be finished as smooth as
posuible in order to operate in a weil-defined condition and to obtain re-
peatable measurements. Similarly,the surface roughness of the full-scale
rudder should be taken into consideration and corrected for as part of
the above-mentioned correction of rudder derivatives Y588 and N5 for
Reynolds number effect.

Model tests should be carried out for propeller revolutions corres-
ponding to the ship propulsion point and not to the model propulsion point,
which, e.g., normally would have to be applied using free-running, self-

propelled models. The propeller slipstream can thus be correctly modeled.

This has been found to be very important, as it has a great effect not

21
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only upon the rudder derivatives ¥s and Ng, but also upon the hull deriva-
tives Y;, !}, Nv and Nr.

As outlined previously, the coefficients Xh, qu and X wu in this
computer program are calculated on the basis of the proper ship resistance
values and a power assumption corresponding to the engine setting which
would be attempted during an actual waneuwer. As these coefficients are
of prime importance inr obtaining the correct speed reduction during a maneu-
ver, it is found that a principal szale effect problem has thus been taken
properly into &ccouut. This procedure would be contrary to the free-running
wmodel techmique, where the difference between model and ship resistance
would be a serious problem and result in the measurement of a too small
speed reduction im model scale.

The foregoing discussicn of factors influencing scale effect should in-
dicate that it is possible to take scale effect problems into account in
the determination of the different coefficlents for the mathematical model.
Pregext experienée might be ingufficient to introduce a correction for
Reynolde number effect as suggested for the rudder derivatives Y568 and
Ng¢33s nevertheless, & correction is thought to be feasible. It is empha-
sized that this is in contrast to the free-running model technique, where
the scale effect problems caused by incorrect propulsion point, Reynolds
number effects, etc., would be completely mixed up in the model results,
leaving only very Little room for introduction of scale effuct corrections

based on a proper physical understanding of the problewm.

VARIATIONS OF COEFFICIENIS WITH SPEED
The computer program has been based on a solution of the mathematical

model in mondimensional ferm; consequently, the coefficilents used as input

e i - (R st i e e g e o "y "":E‘
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data to the program should be applied in their corresponding nondimensional
form.

The calculation of a full-scale trajectory of a ship maneuver is based
on dimensionalizing by the instantaneocus forward velocity u(t): see Equa-
tions (14) and (15). When a certain speed loss takes place during a maneuver,
forces and moments are thus basically considered as being proportional with
the instantaneous speed squared, and coefficients such as Y;u, Yvuu’ Yru’
Yru w’ Y&x’ Y(Suu’ etc., which represent the change of forces and moments with
speed, should only reflect the extent to which this proportionality does not
hold true.

Measurements of the nondimensional coefficients Yv', Yr', “v', and Nr'
carried out for various ship models at different speed values have indicated

that thege coefficients are largely independent of speed. Thug coefficients

,Y

] ] 1 ] 1 !
S Nvu ’ Nvuu ’ Nru » and Nruu s Which should represent

YQu" Y&uu" Yru'
the change with speed, are negligible. Consequently, at present it has been
found reasonable to eliminate these coefficients in the computer program.

For the rudder derivatives !3' and NS" a noteworthy effect has been
measured for a change in forward speed especially on ships where the rudder
is gituated in the propeller slipstream. Apparently, this is due to the
fact that the propeller slipstream is nearly constant even for a considerable
change of forward speed, because propeller revolutions are kept more or leas
constant during & maneuver. Thus, the velocity of the inflow te the rudder
is not dependent or forward speed alone; consequently, the nondimensional
cocfficicuts YS' and Ns' must vary as a function of forward speed. The

coefficients Ys“' and N&u" which represent the first order change of the

rudder derivatives with speed, are for this reason thought to be of
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considerable importance, apd they sheuld be included in an experimental
determination of the various coefficiemts.
t t i . P
The coefficients Yéuu’ NSuu' representing only the second-order change
of Yé’ and Ng' with speed, have nevertheless, been considered negligible and
eliminated in the program.
3 1 1 = t 1 - -
The coefficionts x‘ i xrm, X“m, am, xv&u" ad x&m im the X-equa

. 1 2 R 4 e 8
tion, which represent the chauge of XW, xn_, x&&’ X

v X“'s', and X Gr' with

forward speed; have similarly been omitted from the computer program as
they are thought be be of minor importance at least in comparison with the

dominaiing coefficients Xu » qu, and quu‘

RESUME OF COEFFICIENTS

The mathematical model developed in Equations (10) isclude 17 coeffi-
cients in the X~equation and 24 coefficients in each of the Y- 2nd N-equa-
tions. As mentiomed in the previous section, several of the coefficients
representing change of nondimensional forces and moments with forward speed
have been found negligible and are eliminated in the compuber program.

Obviously, coefficients are of varying importance with respect to the
accuracy of & prediction, &nd a classifjcation of the coefficients has
been attempted in the summary of the coefficients given in Tables 1-3,
pages 25-27, |

The tables also show the identifiers that have been ugsed for the
coefficiente in the computer program as well as nondimensional factors
and examples of the numerical values tsken from Reference 5. The planar
motion mechanism test technique, which could be used to measure the coeffi-

cients, ie mentioned briefly,
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Table 1 - Summary of Coefficients in X-Equation

Variatle] X«~kquotion Planar Notion Mechanism Test Technique
or
Tavlar Zfortifienrt Fordim. | Korii=m. | Relative Calzulation Nethod
rxpansion in Feetor chtg. Irportance
And Dyramis | FORTRAN 104 of
Rrgpanes Prorran fren Caeff.
Torms Exorple
) () )
s : 3
kY (n..x‘.‘) X vEDT :pl\“!‘ R20.0 I Eantirated from theory XﬁN-O.OS m
-
& xu } A iplﬁ?‘u ~1C0.0 b3 Calculated on the basis of ship
2
e % xuu b & kil iplIE* 45.0 I } EHP-date and results from cpen-
FOCEE RS SR B 0 P < % S T 1 J woter propeller test.
2 1 . . < 4
v 5 va e 2 FLEP ~853,8 ¥I Static drift angle teat
r? (% xrrysxc X R? 3 pLErd 19.0 334 Fure vaw {(angular motion) tast
b
8§ xg XID | $plEFu| -043 a1 Static drift angle test
? 1 . 2
val X, - FpLEF“/u
r‘nAu -:1; er : ? Ldelu
.2 1 <
& Au 7 Xéﬂu QPLEP u
v ( xvrfn )| X VR ¥ 9LE¥3 T9R.0 N Yax and drift anple test - m is known
vé X8 xvp | ppueffu | 932 X Static drift argle test
rd X X RD } pLEP Y 9.0 n Yaw and rudder angle test
vrau LA ¥ anPalu
vbau L 3 j pLER®
réau Xetu H 9LBP3
- Xx xo ppLefd| 0.0 K Static drift anele test

(1) The Fertran program does not include all terms in the mathematical model, Equations (10). Certain
coe ficients have bren left out, as thoy have been considered unimportant for the accurecy of the
predictions.

{2) The nordimensional codfficients have been taken from Reference 5.

(1) The coafficients have been divided into three grades mccording to their importance for the
accuracy of a prediction, The most importent coefficients are indicated by I; coefficients of
minor importance by ¥I; coefficients, which apparently are negligible, by N.

heal 4o
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Tabie 2 - Summary of Coefficients in Y-Equation

Yariable Y«EQquation Planar Motion Mechanism Test Tachnique
or
Taylor Identifier|{ Nondim. | Nondim. | Relative Calculation Method
Expansion in Pector Coeff. |Importance
And Dynamic | FORTRAN »10 of
Responee Program from Coeff.
Terns . Bxampis
(1) 1 @ (3)
& (m~Y§) Y vDOT ¥p 18P’ 1546.0 X Pure sway (transverse motion) test
* (me'Yi) Y RDOT 3 pLBP‘ -A,.6 I Pure yaw (angular motion) test \
- '
v Y, 'R $o1EP%u | -1160.4 1 Static drift angle test
v 1y Y v | $o1BP°/u| -8078.2 1 Static drift angle test
3 yvv Q
wi [ty o [y |iourpiu 0.0 n Yaw and drift angle test
v8? -}‘,-szé Y VDD 3 p 18P -3.8 N Static drift angle test
vau Y., Yo 18p?
vaue % Yo " yp LBPZ/ u
r ( Yr-mu) Y R i-pLBPau ~499.0 I Pure yaw (angular motion) test
r3 % Yrrr Y RRR ¥ pLBPE/u 0.0 N Pure yaw (angular motion) test
o | Ry, | vRw  |aoumeP/u 53560 1 Yaw and drift angle test
r62 %'Yréé ¢ RDL ¥p 18P 0.0 N Yaw and rudder angle test
3
rau L. } p LBP”
2 1 ' 3
rau % Yoo ¥ LBP /u
§ Y3 LD sorepfu?| 27709 | 1 Static drift angle test
8 | % v yoop | $pLBRPuf| ~90.0 NI Static drift snple test
5 | 3 Ve YOW | 3pLBP® | 1189.6 w1 Static drift angle test
6r2 % Yérr Y DRR ﬁ‘)LBP‘ 0.0 N Yaw and rudder angle test
2 Static drift angle test
dau Yéu ¥ oy ¥ pLBF v (0.0) i executed at various sreed values
2 1 2
§au 5 Y&m 3 o LBP
3 Yew and drift angle test
vrb Yvrb ¥ VRD 4 PLBP 0.0 N executed at various speed values
. Ye Yo sermfu?| 3.6 NI Static drift angle test
. 2 . Static drift angle test
au !*u Y ou *"LBP u (0.0}, X executed at various speed values
av? Yo § p LBP?
(1) The FORTRAN program does not incorporate all terms in the mathematical model, Egquations (10).

(2)

3

Certain coefficients have been left out, as they have been considersd without importance for the
accuracy of the predictions.

The nondimensional coesfficients have been taken from Reference 5 except values enclosed in

parenthesis, for which no data wers available,

The coefficients have been divided into three grades according to their importance for the
accuracy of a predictivn. The most important coefficients, which should be available in order
to obtain a prediction, are marked by I; coefficients of minor importance bv MI: coefficidnts

which apparently are negligible, by N.
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Table 3 - Summary of Coefficients in N-Equation

Variable R-Equation Planar Motion Mechanism Test Technique
H or
Taylor Jdentifier{ Nondim, Nondim. Relative Caleulation Methed
Expansion in Factor Coeff. Importance
And Dvnamic| FORTRAN +10° of
Response Program from Coeff.
Terms Example
(1) () )
v (me-Ne) N vDOT Yp LBP4 -22.7 I Pure swav (transverse motion) test
* (Iz_Ni‘ N RDOT §-9LBP5 82.9 I Pure yav (angular motion) test
v N, R yoLBPu | -263.5 1 Static drift angle test
v 2 %oy RV |3 pLEPY/u| 1636, I Static drift angle test
L N . N VRR ¥ o LBP /u 0.0 R Yaw and drift angle test
G I NVDD | }giBPhu 12.5 N Static drift angle test
: q
vau hvu % p LRP
2 1 3
vau z Hvuu ¥ p LBP /u
r ( ¥ -mxq) MR sty | -166.0 1 Pure vaw (angular motion) test
z~.4 % Nrrr N RRR ) pLBPslu 0.0 )] Pure vaw (angular motion) test
ol -;- LI N RVV 3 p1BE%/u | -5483.0 : . Yaw and drift angle test
,52 % Nréé N RDI 3 QLBPdu o0 R Yaw and rudder angzle test
4
rau Hru }oLBF
2 1 4
rau 5 Moo ¥ pLBP /u
8 g ND b 1BP? | -138.8 1 Static drift angle test
8 % gy NDDD | ppLBRW®| 5.0 NI Static drift sngle test
& | 3tg,, NV | $p1RP° | -489.0 w1 Static drift angle test
6r2 % Nérr N DRR by pLEPdu n,0 R Yaw and rudder angle test
3. Static drift angle test
dau “6u N DU 3 ¢ LBP"u (0.0) L executed at various speed values
2 1 3
Sau Z ¥ ou ¥ ¢ LBP
4 Yaw and drift anpgle test
vrd “vré H YRD 59 LEF 0.0 N executed for various speed values
- N %o io LBPBu2 2.8 M Static drift angle test
3 Static érift anpgle test
au Nmu K ov $pLlEPu (0.0) R executed &t various speed values
2 3 3
au Revu ¥ p LBP
(1) The FORTIAN prorram does not incorporate all texymn in the mathematical model, Equations (10).

(3

~—

~—

Certoin coefficients have tren left out, as thev have been considered without importance for the
accuracy of the predictions.

The nnndirensinnal coefficlents hove been taken from Refererce 5 except values enclosed in
parenthesia, for which no data were available.

Tho enofficients kave teen divided into three rrades according to their importance for the

accuracy of & yredictisn. The most important coefficients, which should bte aveilahle in order
to obtain a prediction, are marked by I; coefficients of minor importance by MI; coefficients,
which agparently ore nerlierible, bty N.
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COMPUTER PROGRAM FOR PREDICTION OF STANDARD MANEUVERS

The solution of the mathematical wodel for steering and maneuvering
has been programmed in the FORTRAN II language available for the IBM 7090
computer at TMB. The program is designated AML Problem XPMC, The FORTRAN

Iisting of the computer program is included in Appendix C of this report.

INPUT DATA

Data forms have been worked out to help in the accurate preparation of
input data for the computer program. An example of the data forms is given
in Appendix A, and the following discussion of the input data refers to thic
example.

The input data consist of two parts; (1) Specification data, page 52

and (2) Ship data, pages 53-56 .

Specification Data
The especification data describe the maneuvers which should be predictec
at the execution of the program. Four different types of calculations cun
be specified and carried out by the program:

1. Calculation of the turning circle parameters as defined in Figure
2. The parameters are calculated for a series of different rudder
deflectiong, which ghould be specified inm the data form.

2, Calculation of the turning ciicle trajectory for a certain rudder
deflection. Farameters such as advance, tramsfer, speed, heading
angle, angular veloclty, and drift angle are presented.on a time
basis for each 10 sec until a 450-deg turn has been executed. The
turning circle calculation can be specified for several rudder

deflections &t each execution of the program.
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3. Calculation of the zig-zag maneuver as defined diagrammc:ically
in Figure 3. The same parameters as mentioned above for the
turning circle calculation are presented on the basis of a time
interval of 10 sec. The calculation of the zig-zag maneuver can
be repeated for different limits of the rudder and heading angle
at each execution of the program if this is desired.

4, Calculation of spiral maneuver. This maneuver is executed as
usual starting with a specified positive rudder deflection, step-
wise reducing the rudder angle to a specified negative rudder
deflection and vice versa. To obtain an accurate determination
of a possible loop phenomencn, a smaller difference betwezen con-
secutive rudder positions can be specified in the range around
zero rudder deflection (sée figure on data form, page52).

Port or left rudder is considered a positive rudder deflection in
the program. Similarly, starboard or right rudder corresponds to a nega-
tive deflection. The rudder deflections should be specified accordingly
in the data forms.

The 35-deg turning circle, 20-20 deg zig-zag, and spiral maneuvers
are referred to as the "Standard Maneuvers" which are used to evaluate
performance qualities of a surface ship. The maneuvers, which have been
specified on the example of the data form in Appendix A, actually corres-
pond to those "Standard Maneuvers."

A graphic display of the computer results, that is, turning circle
trajectery, zig-zag, and spiral maneuver can be cbtained directly from

the TMB computer by means of the on-line Charactron plotting equipment.
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Such a plotting of the results can be specified on the datua form as a part

of the specification data.

Ship Data

The ship data have been divided into three groups: (1) Principle
ship data, page 53, (2) EHP-data and open-wsater propeller characteristics,
pages 54-55 , and (3) nondimensional coefficients, page 56.

The principle ship data include particulars such as ship length, beaa,
draft, displacement, propeller dimensions, wake coefficient, thrust deduc~-
tion coefficient, etc. This group of data, furthermore, incorporates
values for the rudder system, such as rudder rate and timelag discussed
previously in the section "Definition of Rudder Deflection,” page 16.

The ship effective horsepower data and open-water characteristics
for the propeller (Data Group 2) together with data for approach speed,
wake coefficient, thrust deduction coefficient, and infcrmation abour zhe
type of the ship propulsion plent ‘(Data Group 1) are the basis for calcu-
lating the coefficients xu, xuu, and xuuu’ as discussed in the section
"Calculation of Coefficients in X-Equation," page 19. The ship effectlve
horsepower data should be given for a range of speed values covering the
values to be encountered during the maneuvers. The roughness or extra-
polation allowance used in the preparation of these data should correspond
to the condition of the ghip hull roughness for which the maneuvering pre-
dictione are desired., Similarly, the wake and thrust deduction coeffi-
cients should be actusal ship values; for instance, those cbtained from
model tests and corrected for possible scale effects.

The calculation of the xu, qu, and xﬁuu coefficients can be based

either on the assumption that propeller revolutions will be kept constant

“ s
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during the maneuvers or on the assumption that prupeller torque will vary
proportionally to propeller revolutions in a certain power. In the first
mentioned case, the input value named TYPE on the data form should be
chosenasa value smaller than -5.0, whereas in other cases TYPE represent
the power factor in the propeller torque equation:

TYPE

Q./Q, = (a/n ) (23)
"%y £’y

Tk proper value of the power factor depends upon the type of power plant
and should be estimated from information about the actual ship under con-
sideration. If TYPE=0, Iquation (23) would represent the case vhere torque

remains constant during a maneuver since Qt = Q_ . This would largely

1
correspond to the conditions of a Diesel engine, which would develop a

t

constant torque indeperndent of speed and propeller revolutions so long

as the engine setting is kept constant, 1If TYPE=-1.0, Equation (23) would
change to Qt-nt= Qtlautl, which actually would correspond to a turbine cap-
able of maintaining a congtant power output (which, for instance, would be
the case for a turbine with semi-automatic throttle control).

The nondimensional coefficients to be stated as the last group of the
ship data (Data Group 3) are those coefficients obtaimed from captive
model testing, previously discussed in the Chapter "Coefficienis in Mathe-
matical Model," page 17. Tables 1, 2, and 3, pages 25-27, show the re-
lationship between the hydfodynamic derivatives in the mathematical model,
Equation (10), and the corresponding identifiers used in the program, and

on the data form. The tables also give the nondimengionalizing factors,

to be used in the data preparatioﬁl
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The data forms in Appendix A give, as an example, values of the various
ship data corresponding to a cargo chip. Except for coefficients YSu and
N&u’ these data have been taken from the data and coefficients publighed in
Reference 5 for the MARINER hull form. The coefficients Y5, and Ny, are
thought to be of some importamce for the accuracy of the predictions, but
they have been put equal to zero in the data forms as no model tests are
available at present.

The data forms are, in gemeral, thought to be self-explanatory. They
contain the FORMAY specifications which necessarily must be known for the

preparation of the punched cards.

OUTEUT FORM

The output from the computer program is pregented in the form of a
printed "prediction report" and, if desired, as graphs plotted by means of
the Charactron Microfilm Recorder. An example of both types of output is
given in Appendix B, which presents the results corresponding to the input
data shown in the data forms, Appendix A. The following discussion of the

output refers to the example in Appendix B.

Prediction Report
The first pages of the prediction report define precisely the input
data on the basis of which the prediction has been cagried out, OnPAGE 1
it gives the principal ship dats; on PAGE 2, the.EHP-data and open-water
propeller curves; and on PAGE 3, the nondimensional hydrodynamic coeffi-
cients; see pages 58-60.
PAGE 2 of the output shows the calculation of the coefficients X,

qu, and quu, which in this case has been carried out under the assumption
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of a constant power output from the turbine (this means that propeller
torque multiplied by propeller revolutions has been kept comnstant for the
different values of speed)., It is seen that this power assumption gives a
slight variation of the propeller revolutions, varying from 68.6 rpm at the
15-knot approach speed to 55.5 at a speed of 7.0 knots.

To facilitate a straightforward evaluation of the inherent dynamic
stability of the ship, the output includes on PAGE 3 values for the non-
dimersional stability criterion and stability roots as well as the slope
of the r-& curve in sec'l. These quantities have been computed on the basis
of the linear tteoury according to which the criteria for dynamic stability

as mentioned in Equation (9) become:

C = Yv(Nr-mxcul) - NV(Yf-mul) >0 (%)
The stability roots, which all should be negative for a steble ghip, are,

in accordance with Reference 3, defined by

61}5(31m 1} _ B + \[B""z _TAC

5é \ SIGMA 2 2:A
7
6; = SIGMA3 = X /(m-X,)
where:
A = (m'Y,;) (I"Ni.) - (meYi“). (W‘G"N",) ’
B = -(m-Y‘.’) (Nr- Gul) - (Iz"Nf)Yv"' (nn:G-Yi_)Nv+ (un:G-l\I@) (Yr'mul) , and
C = stability criterion, Equation (9). K

The slope of the r-d curve, which represents the change in angular
velocity r for a small rudder deflection 8, is expressed by

. OGN - N vy
rY C " IBP

(in (deg/sec)/deg ) (25)
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The slope is negetive for a stable ship, infinite for the marginally stebie
ship, and positive for the unstable ship as indicated im Figure 4. |

The next pages of the prediction report give the results from the four
diffexent types of calculation which, as described previcusly, cam be
carzied out by the program:

1. Calculation of turuing cixcle parameters, PAGE 4

2. Calculation of turning circle for specified rudder angle, PAGE 5

3. Calculation of zig-zag mauneuver, PAGE 7

4. Calculation of spiral ‘maneuver, PAGE 9.
It ghould be noted that the speed values given in the results correspond

to the velocity vector U = \F;'+-v and not to the forward component

u of the velocity,

Charactron Microfilm Plotting of Maneuvers

The Chsractron Plotting Equipmeﬁt, which is available as an on~-line
output facility at TMB, permits the plotting and recording of results
directly on microfilm, to be developed ari enlarged subsequently. Pages
68-70, Appendix B, show examples of the three types of plots that can be
obtained from the computcr program in this way.

The plot of the turning circle trajectory, page 68, gives the path
of the origin of the ship, The origin of the coordinate axis system
corresponds to the point of rudder execute. The plotting is continued
until a 540-deg turning circle has been completed.

” The plot of the zig-zag mancuver, page 69, gives the well-known pre-
gentation of rudder angle and heading angle on a time basis. Rudder

positions are indicated by an asterisk plotted every 10 sec. Similarly,
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the heading angle ig plotted with 10-sec time intervals, but in this case

a straight line connecting subsequent points produces the "continuous"

curve seen in the graph. In this comnection, it should be noted that the
program is based on a solution of the mathematical model using a time
interval of 1 sec, as mentioned on page 16. However, the plotting of the
manevvers has been based on points with time intervals of 10 sec cnly in
order to reduce the amount of data to be stored in the computer. The
somevwhat stepwise appearance of the heading angle curve is, for this reason,
due to the method of plotting, and should mot be taken as an expression for
the gccuracy of the computer solutiom.

The result from the spiral maneuver, page 70, is presented as a plot
of rate of change of heading in degrees per second versusg the different
rudder positions. The results are plotted as discrete points only, and it
might be necessary to consult the printed results in order to separate
points obtained during the spiral maneuver for decreasing and increasing
rudder angle, respectively. (The line comnecting the points on the example
has not been drawn by the racorder, but has been inserted afterward by hand

to help in reading the points on the graph.)

RESULTS OF SAMPLE CALCULATIONS

The output example presented in Appendix B has been calculated on the
basis of hydrodynamic coefficients for the MARINEK form measured by planar
wotion mechanism tests and reported in Reference 5. The comparison between
full-scale trials and computer predictions given in Reference 5 shows that
the computer solution of the nonlinear mathematical model presents an ac-

curate method for the prediction of the "Standard Maneuvers." No measure-
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ments were available for the coefficients YSu and NSu’ which represent the

first-order change of rudder derivatives Y5 and Né with speed. It is

.pMought, however, that inclusion of values for these coefficients would

have improved the accuracy furiher, particularly in the prediction of
tighi maneuvers where a considerable speed loss takes place.

To demonstrate the potential of the computer program and its ability
to give detailed information about the maneuvers, different sample calcu-

lations have been worked out and are presented in the following sections,

INFLUENCE OF TYPE OF POWER PLANT UPON THE SPEED LOSS IN MANEUVERS

The type of power plant has a considerable effect upon the speed loss
which takes place during a maneuver. To show this influence, predictions
of the "Standard Maneuvers" have been calculated for three different cases
assuming.constant propeller revolutions, constant engine power (turbine
ship) , and constant torque (Diesel ship), respectively. All three sets
of predictions have been carried out on the basis of tha MARINER coeffi-
cients for an approach speed of 15 knots. Thus, the prediction for the
turbine ship corresponds to the results of the example given in Appendix B.

Figures 5 through 8 present some of the results obtained from the
three predictions. Figure 5 shows change of propeller revolutions as a
function of forward velocity, Figure 6 gives velocity turn entry trans-
ient for the 35-deg port rudder turning circle, and Figure 7 gives, simi-
larly, change in velocity predicted for the zig-zag maneuver. In Figure
8, the results from the spiral maneuver have been presented in the usual

form as rate of change of heading versus rudder angle.
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The figures clearly indicate that the speed loss is greatly influenced
by the power assumptiom. For the Diesel shiy, i¥ takes considerably more
time before steady conditioms are obtained, because the speed loss is also
coasiderably greater (Figures 6 and 7).

Free-running model tests, which oftex would be carried out for con-
stant propeller revolutions, would apparently indicate a smaller speed loss
£1d a shorter transitiom period than fuli-scale trials.

The trajectories of the predicted mameuvers have been found to be
indeperident of the power assumption. This would nmot have been the case
had coefficients for Ysu and Nﬁu been included inm the set of coefficionts
used for the predicticms. Nevertheless, it indicates that trajectories,
in general, would be independent of the speed loss encountered during a
maneuver., This further indicates that it might be advantageous to compare
and evaluate maneuvering performance on the basis of measurements, which
are Independent of the speed loss and cansequently“are'indépéndﬂit of .+ 0
the power plant in the ship. Results from the spiral could be presented
in a form suggested in Figure 9 as a plot of the reciprocal of the turning
radius versus rudder deflectinn inmstead of in the ugual graph shown in
Figure 8, which is influenced by the power assumption. This representation
would, im general, be independent of the power assumption, which aight be
difficult to obtain correctly from full-scale trials. Results from the
three sets of predictions would in this way be plotted as a single curve
independent of the speed loss.

Similarly, evaluation of the zig-zag maneuver on the basis of “perind"

end "reach" (ese Figure 3) would be influenced (but only slightly) by the
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power assumption. An evaluation based on factors independent of time would

be preferable.

PREDICTION OF ZYG-ZAG MANEUVERS FOR DINFERENT VALUES OF SHIP INERTIA.

The predictions pregent.d in Appendix B have been couputed on the
basis of an approximate value for the ship mowent of inertia Iz' The non-
dimensional value for.the inertia has been taken as I!lz':= 39.2 -10'5, and
the nondimensional coefficient as (I;-Nf§ = N RDOT = 82,9~ 10'5. Any in-
accuracy in this value would in particular have am effect on the predictior
of the zig-zag maneuver. To estimate this influence, supplementary calcu-
lations have been carried out, assuming the inertia to be 25 percent larger
and smaller, respectively. The effect of this change is shown in Figure
10. The charucteristic weasures, overshoot, reach, and pesiod as defined
in Figure 3, are influenced, but nevertheless it is comforting to see that
evert & considerable error in the estimation of ship inertia would introduce
only a small change in the maneuvering qualities of the ship.

Thig example at the same time indicates the flexibility of the prndic-
tion method. Model testing can be executed for any value of model inertia,
because the appropriate ship valﬂe.can be introduced at the time of data
preparation for the computer program, This is im contrast to the free-
running model technique, where medel inertia should be properly scaled.
Furthermore, strictly speaking, wmodel results would correspond to only

one value of zhip inmertia.

PREDICTION OF LOOP PHEMOMENMON IN SPIRAL MANEUVER
The application of the nmonlinear mathematical model makes it possible

to give realistic maneuvering predictions even for ships which are dynami=~
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cally unstable on a straight course. Thie is illustrated by Figure 11,
which shows results from the spiral maneuver predicted for four different
hull forms, two of which have been unstable w.ile the others have been
marginally stable and stable, respectiyely. The figure shows plots of

the rate oi change of heading versus rudder angle, aad it is seen that

the unstable ships exibit a zone in which there is a lack of preferential
rate of change of headirng with rudder angle. The "loop" phenomenon asso-
ciated with an unstable hull form has thes been reconstructed exactly by

the computer program.

Table 4 - Nondimensional Coefficients Governing the Criteria for
Dynamic Stability for Stable, Marginally Stable, and
Unstable Hull Forms

Nondim. Hull Form Hull Form Hull Form Hull Form
Coeff, Stable Marginally Unstable Unstable
MARTNER Stable

Y, 102 -1160.4 -1044.0 -928.0 -812.0
N,107 -263.5 ~290.0  -316.0 -343.0
Y_-10 298.0 268.0 238.0 209.0
N_-10° -184.3 -166.3 -147.3 -129.3
(v,-m,) 10> -499.0 -529.0 -559.0 -588.0

N -z .} 10°  -166.0 -148.0 -129.0 -111.0
c-10° 0.61 0.01 -0.57 -1.12

The curve representing the stable ship corresponds to the results pre~
sented in previous examples predicted on the basis of the hydrodymamic coef-
ficients for the MARINEP. form. The results for the margirally stable and
unstable hull forms have been obtained on the basis of hydrodynamic cosffi«

clents derivad from the MARINER values by changing the four coefficients
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2;, N&, Yr’ and Nr’ which govern the criterion for dynamic sthﬁgiity
given iln Jquation (9). Thus, in order that C becomes zero for the mar-
ginally stable and negative for the unst#ble, the derivatives have been

changed 10, 20, and 30 percent as shown in Table 4.

SLOPED LOOF PHENOMENON IN SPIRAL MANEUVER

It is important in the execution of a full-scale spiral maneuver tec
walt a sufficient period of time until steady conditions have been reached
before measuring iate of changeiof heading, speed, etc., and before order-
ing the next rudder deflection. For certain rudder positions, it might,
however, take a considerable time before the mction becomes steady or it
might be difficult to recognize that the ship actually is in a transition
period. For this reason, measurements might be taken too hastily. As a
result, the spiral maneuver can exibit a sloped loop phenomenmon even for
a ship that is in reality perfectly stable.

To illustrate the sloped loop phemomenon, predictioms have been
carried out for the (stable) MARINER form used in previous examples,
executing the spiral maneuver with a limited time interval between consec-
utive rudder deflections. The spiral maneuver has been computed in two
cases using time intervals of 60 and 120 sec, respectively. The results
from thege predictions are shown in Figure 12 together with the results
from the gpiral maneuver, where no time limit has been applied. It is
seen that a double curve or sloped loop is obtained inm the cases where
premature measurements have been taken.

The possibility of a sloped loop phenomenon should be kept 3u mind,

especially when evaluating the full-gcale spiral maneuver results from a

40



ship which might be marginylly stable. A sloped loop would, in such a
case, easily be interpreted as the loop associated with a dynamically

unstable ship.

CONCLUSIONS

The computer progrsm permits the calculation of steering and maneu-
vering trials of surface ships giving predictions of the turning circle,
zig-zag and spiral maneuvers. Predictions are presented in the form of a
printed report and graphs plotted by the on-lime Charactron Microfilm
Recorder.,

The program is based on the solution of a nonlinear mathematical
model describing the motion of a ship in the horizontal plame. The mathe-
matical model is developed from the equationr of motion using a third-
order Taylor expansion of forces and moments., The model has been reduced
to a solvable form on the basis of the following assumptions:

1. Influence from rolling of the ship is negligible upon maneuvering
predictions (page 6).

2. Forces and moments can be considered to be symmetrical except for
side force from propeller (pages 10 and 11).

3. No scewond or higher order acceleration terms can be expected in
the Taylor expansion of forces and moments, Similarly, cross-
coupling between acceleration and velocity parameters is negli-
gible (page 11).

4, Change of nondimensional coefficients YJ, Y;, N;, N; with speed
is negligibie (page 23).

Input to the program can be prepared by means of data forms. The

data consist of the hydrodynamic force and moment coefficients measured by
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captive model test techmique, ship EHP-dsta, open-water propellex
characteristics, as well as data for the rudder system and type of power
plant of the ship.

The combination of captive model testing and the computer prediction
of maneuvers permits scaling laws to be takem into account im a proper
fashion. The hydrodynsmic coefficients can be obtained from captive model
tests executed with the model propelled at the ship propulsion point. It
is further emphasized that coefficients, if experience 1s availeble, can
be corrected for Reynolds mmmber effects. Coefficients, which are of
principal importance for the determination of speed loss during maneuvers,
are computed in the program from ship resistance wvalues, eliminating the
scale effect problem arising because of the difference between ship and
model resistance.

The application of the nonlinear mathematical model makes it feasible
to give accurate predictions for amy type of maneuvers inmcluding tight
maneuvers., Also the loop phemomenon associated with the spiral maneuver
for a ship which is dynamically unstable on a straight course is readily

obtained by the progrem

RECOMMEMDATIONG

Most of the assumptions on which the computer program is based have
been ghown to hold true, e.g., inm the experimental measuremeants reported
iin Reference 5. However, further model tests are recommended in order
to confirm the assumptions.

Comparisca between full-scale trials and computer predictions given

in Xeference 5 shows a promising agreement. Additional tests ghould be
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carried out for the MARINER form fo obtain ccefficients Ysu and Nsu to
prove that an even better agreement can be obtained in the predicticm of
tight maneuvers in case these coefficients are included.

Measurements of hydrodynamic coefficients should be obtained for
more hull forms, for which reliable full~scale trials are available so
as to permit comparison with computer predictions and to obtain experience
with respect to prediction accuracy.

Corrections of hydrodynamic coefficients for Reymolds number effect
should be explored further, as present experience is insufficient to

permit the introduction of reliable correctious.
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APPENDIX A

DATA FORMS FOR PREPARATION OF INPUT DATA
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David Taylor Model Basin Input Data - Program XPMC Page - 1
Hydromechanice Laboratory | Prediction of Maneuvers of Surface Ships
SPECIFICATION DATA - SPECIFICATION OP MANEUVERS T0 BE PREDICTED CARD SP 1
LTICP >0,if turning ecircle parameters are to be computed. LICP = P 4 a
LTC specify number of different rudder angles for which 17C = p 5
a turning circle trajectory should be predicted. 3
L2Z specify number of zig-zeg maneuvers to be computed. 122 = -4 =
LSM >0,1f spiral maneuver is to be computed. LM = 4
Turning circle trajectory, zig-zag, and spiral maneuver GRAPH= P
will be plotted if GRAPH >0.
LTEST > 0,1if new gset of input-data is to be read when LTEST= 0
this computation ig executed. R
Specification of Turning Cir¢le Parameters: (If LTCP»O0 only) CARD SP 2
DIC1l is smallest positive rudder angle in degrees for - DICL = 5.0 9%
which paramsters should be ccmputed, * =
DTCD is the difference betwsen rudder angles for whick DICD = 59 a2
parametera should be computed. i )
DT0C2 is meximum rudder angle in degrees for which DTR2 = 40.0 é
parametsrs should be computed. * g
Specification for Cele.”ation ot Turning Circle Trajectory: CARD SP 3

(Card to be punmch.: if LIC 0O only) |

Calculation of the turning circle trajectory will pre(1) =) 35.0
be carried out for LTC different rudder angles, which
should be stated in the column to the right.

The rudder angles should be z..zn in degrees, positive DIC(3)
for port or left rudder, negative for starboard or

DrC(2)

L] .
FORMAT(9F8.5)

right rudder. DIC(4) = !
Specification ror Zig-Zag Maneuver: CARD SP a
(Card to be punched if LZZ O only) g oy
The zig-zag mansuver will be predicted for LZZ dif- Dzz(1) 4 20.0 83
ferent rudder angles given as the DZZ-values in the D22(2) = NS
column to the right, §
DZZ(B) - o
[+ 9]
DZZ(4) =
Specification of Spiral Maneuver: CARD SP 5 _
(Card to be punched if LSEK O only) rom—
Dsu(1) =f R5.0 {o
The execution of the spiral maneuver is defined &
by the seven paremetera in the column to the 10, -
right as defined in the figure below. DsH(2) o o g
r DSN(3) = ~70.0 |3
—~ &
D.SHU(S)-) h" Dl’M(ﬂ) :)5”(') DS”(4) = ’25’0
rudal
= Gestection psuD(1)«f 5.0
/ } \ positive
pimes)  bsmld) \b\ DsMO (1) DSKD(2) = 1.0
DsMDC2)
psMp(3)s] 4.0
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David Taylor Model Basin Input Data - Progrem XPNC Page - ?
Hydromechanics Laboratory | Prediction of Maneuvers of Surface Ships

SHIP DATA I - SPECIFICATION OF SHIP PARTICULARS, ETC.

Title of Computation: The title will be printed es & heading CABD §D 1
on all result sheets. Max. 72 characters. FORMAT(12A6)

B MVA MARIVER,

PREDICTION ASSUMING CONSTANYT POWER

2

¥odel Identification: CARD 8D 2
IMNO is the model number. IMNO ,

IPNO is the propeller number. IPNO o

FORMAT( 918)

Principle Ship Data in condition tested :

Length between perpendiculara. . ™

Used for nondimensionalizing of coefficients v ALEFP = ©

] [

Length on waterline £t ALWL®- Z

£

‘ =

Beam moulded ft BMLD"= E

Draft at forward perpendicular £t DFP* - &
Draft at aft perpendicylar £t DAD® =
L.C.G. measured from origin of axis system ft ce* «
pogitive forward ]
Radius of gyration £t RAD® =

measured with reference to origin of axis system

Displacement tons DISP*-
Number of propellers PROP =

Propeller diameter ft DIAM = ?§

©

Pitch ratio at 0.7 diameter PITCH® )

&

Frojected propeller blade area ratio AREA®= -é

‘ 3

Wake cosff. corresponding to condition of ship WAKE = j =
Thrust deduction coeff. for ship TOC =
Approach speed (define the initial condition) knots  SPEED=}
Rudder rate of deflection deg/sec RATE =
Timelag in rudder system sec TLAG =
Type of propulsion system TYPE =

TYPE= 0,0, if constant torque (DIESEL)
TYPE=-1,0, if constant power (TURBINE)
TYPE~5.0, 1f constant propsller revolutions.

# Data marked by asterisk are not used in the calculations. They are requested
only in order to obtain a complete description of the ship in the condition

tested,

53
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David Taylor Model Baain Input Data ~ Program XPNC Page ~ 3
Hydromechanica Laboratory | Prediction of Maneuvers of Surface Ships

SHIP DATA II -~ SHIP EFFECTIVE HORSEPOWER DATA and OPEN WATER PROPELLER CURVES

CARD SD :‘-'.:
Numbexr of paints describing ship EHP-date: REHP 9 &
NEHP £ 18 &
Number of data points describing propeller curves: RPC 11 =
NPC €18 2
Ship Effective Horszepower Data: CARD SD 6.1 CARD SD 6.2
The stip EHP should be defined vs(1) =f 7o IS  VS(10) = S
for a speed range covering the 2 3
values to be encountered during I8(2) = & vs(i1) =§ N
the maneuvers. g %
Speed values in knots should vs(3) = ES vs(12) = S
be stated in the columns to the P “
right in order of increasing vs(4) vs(13)
values. VS(S) - VS(14) =
A set of NEHF speed values
should be given (NEHP is de- VS(6) = vs(15) =
fined above).
Only one punched card to be VS(7) = VS({1€) = |
used if NEHP 9.
vs(8) = VS(17) =
vs(2) =} 750 vS(18) =
CARD SD 7.1A CARD SD 7.2
Ship EHP data corresponding to EHP(1)=] 2860 §° EHP(20)~ N
the speed values above should = e
be stated in the columns to EHP(2)=} 440 | EHP(11)= g
the right. > g
The EHP values should be pre- EHP(3)=} §82,0 g EHR(12)= &
pared using a roughness allow- & 4
ance corresponding to the ship EHP(4)-} 789.0 EHP(13)=
condition for which the maneu-
vers are to be predicted. EEP(5)=} 1060.0 | EHP(14)=
EHP(6)=} 73970 EHP(15)»
EHP(7)=} 18150 EHP(16)w=
EHP(8)=} 23780 EHP(17)
EHP(9)n} 2919 0 EHP(18)
N N
54
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David Tavlor Model Rasin Input Lata - Frogrem ZENC Page ~ 4
Hydromechanice lLaboratory | Fredicticn of Yerevver: of fu.- rce Ships
SHIF DATA II - CONTINUED CARD SL A1 CARD 5D R.2
-~ gl ~
Open Water FPropeller Curvec: AIV(L)=lt o, 4% 1% ADV(I0)-E 0,90 § %
O T 0
Propellexr thrust coeffieient-,nq. ey, o e =]
and torque coefficienty,h,shnuld AN 0. 50 - MV 0,95 g
be defined for advance conffi- “ . 2
cients covering the rangs encoun- ADV(?)= ..,0' 55 g ADV (17 )= H é
tered during maneuvers. ADV(A)-} 0.60 AV 17)e fx
Advance coefficients ALV= V/(in 11 SUSE—
should be stated in order of in- AD‘H‘.\:‘ 0.65 ATV(14)~
creasging values in the colums to — R
the right. ADVLR) = 0,70 AIV(lF)vﬁ
A set of NFC data should be sivon. e - J - g T ‘
(NPC is defined on Page-1). If AT L_of 15 A ,
KPC» 9, two cerdsa should be used, “’T‘"‘q)“‘: o00 b ATV (1T Vs
K i
.RL'»'("!)xs 0.85 r ATV {15 =
o J 3
CAED SNy CARD SD Q9,2
Corresponding thrust coefficients r7(1) ";(0.29/ h‘? Friiod =3 , Q4 F:E
cnd — T o
Ep = T n“D")} ) Py
= /(g ¥T(D) =4 0, 270 “!g‘ ET(11) x%-o,ogg )
should te given in tbe columne to R, e s L
the right. K1) =) 6.250 i% KT(1™) ,'i g
kT(a) =f @229 |™ kr(1v) = &
KT(*) =§f 0.209 RT(14) =
KT(6) =§ 0.787 KI(1%) =
KT(7) =} 0.76% KT(1€) =
ET(3) =§ @. 7143 ET(17) =
KT(9) =} 0.71/8 KT(1A) = J
CARD SD lﬁ.} CARD 3D 10,2
Corresponding torque coefficients KQ(1) =]0,0446 fY. KG(10) =] 0.0797 8
K = o/ (g neD%) 3 3
= WVig KQ(2) =} 0042212 xQ(11) =} 0.0756 § &
i~ = &
= =
XQ(3) =10.0398 % KQ(12) = &
e )
fu
xq(4) =} 0.0372 Ka(13) = a
KQ(5) =} 0.0 345 KQ(14) =
ka(s) =1 0.0377 EQ(15) =
W(7) =10,02881% KER(16) =
ka(R) = 0. 0257}  KQ(17) =
E M s10.0224 KG(1R) =
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David Tavlor Model Basin Input Data - Program XPMC Pege ~ 5§
Hydromechanics Laboratory | Prediction of Maneuvers of Surface Ships
SHIP DATA III - NONDIMENSIONAL COBFFICIENTS
X-squation coeff.x10° CARD SD 11'
“'&‘
(m-xﬁ) = X UDOT «} &£40.0 E:
1 N
53, =XW «.898.8 L.g
1
('2- X ptmxg)= X R = 8.0 2
1
-é- XJs = X DD ™ _94.8'
(X +m)=XVR =f 798.0
xvs «XVD = 93.2
i§ ==XR = 0.0
X0 =X0 = 0.0
Y-equation coeff.x10° CARD SD 12  N-equation coef?.x10°  CARD SD 14
N N
(m-Y,) =Y VDOT =} /546.0 E (mx~F,) = § VIOT =} =227 g
o [ea)
(mxg-Y.)= Y RDOT = -8.6 B] (I,-N.) = N RDOT = 3291
= xE
g =YV =1-1160.0 |= K, =NV =] -263.515
fxy <]
1 1
ZY o =YWV =1.8078.2 Ty =NVW =} 76361
1 1 .
T Yorr = Y VRR = 0.0 3 err NVRR = 0.0
3
FY¥gg YD = -38 5 N 58 N VDD = 12.5
(Y -mu)= YR =] ~4990 (Fr-mxu)=NR =l -{66,0
FY,. =YRR = 6.0 EN._ =NERRR = 0.0
1 1
3 Ym = Y RVWW «}75356.0 Sy N RVW =§~ 54830
ORISR RREAT NS
CARD SD 13 _ CARD SD 15
v ™ 1 ~
$hgs =¥ A ool Zhes <WRD -f g0
bl [
Y§ =YD =} 2779 E K¢ =KD =} -7388 §
1 1
tvess ~vom o[ _gpolE 3585 =8I Al 4o %
1 R 1 &
7 Yaw =Y DWW =} 7789.6 5 N‘W » NDW =} 4890
) 1
1 !Jrr = YDRR = 0.0 5 NJrr = NDRR = 0.0
YJu «Y DU = 00 N‘u = N DU = 0.0
Yopg =Y VRD = 0.0 Yrd =FFD - 0.0
YO = YO0 » -3.6 NO =NO = 2.8
Y0, =YOU 2.0 o, =HOU = 0.0
56
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APPENDIX B

SAMPLE OF COMPUTER QUTPUT
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HY=A MARINER. PRENICTION ASSUMING CONSTANT POMER.

PREDICT 1 ON 0F STANDARD M ANEUVERS

MODEL NUMBER 6295
PROP. NUMBER €137

TABLE QF COUNTEWNTS

PAGE

PRINCIPLE SHIP DATA (IN CCNDITION TESTED) o o PAGE 1

CALCULATION OF COEFFICIENTS XU+XUUsAND XUUU PAGE 2

COEFFICIENTS AND STABILITY ROOTS ¢ o o o o o PAGE 3

TURNING CIRCLE PARAMETERS ¢ ¢ o o o + o » o PAGE &

TURNING CIRCLE FOR 3540 DEGe RUDDER s o o @ PAGE S

ZIG~ZAG MANEUVER(S) o ¢ ¢ o o ¢ 0 o ¢ o o o PAGE 7

SPIRAL MANEUVER o ¢ ¢ o ¢ 3 ¢ ¢ ¢ % o @ o 0 o PAGE 9

PRINCIPLE S HI P CATA

LENGTH BETWEEN PERPENDICULARS o ¢ o ¢ o ¢ ¢ o = 528,01 FT

LENGTH ON WATER LINE e ¢ 8 s e o o o & s s s = 52076 FT

MOULDED BEANM o ¢ o ¢ ¢ o o o o o o o o o o o = 76¢02 FT

DRAFT AT FePo o o @ o o ¢ ¢ ¢ o ¢ 6 ¢ ¢ o o ¢ = 2250 FT

DRAFT AT AePo o ¢ o o o ¢ o v ¢ ¢ o o & o o © = 25«70 FT

LeCeGe @ 2 o 6 % © o e o 8 o o o 6 o s e e o = =12.14 FT

RADIUS OF GYRATIUN o 6 o o s o 32 o o o o o o = 117492 FT

DISPLACEMENT ¢ o ¢ ¢ o o o e o o ¢ o o o o = 16005 TONS

NUMBER OF PROPELLERS ¢ ¢ ¢ o * o o o o & o = 1.0

PROPELLER DIAMETER e o o o o e & & o & & o = 22400 FT

PITCH RATIO AT 0.7 R ® & & o o ¢ & & o o 9 e = 096

PROJe AREA 7/ DISC AREA e 5 ¢ o ¢ o ¢ o o o & = 0.52

REVOLUTIONS ¢ o ¢ ¢ ¢ ¢ s ¢ o ¢ o ¢ o ¢ ¢ » o« = 6Bs6 RPM

APPROACH SPEED e ¢ & 6 o @ o o o & ¢ &6 v s 8 = 15.09 KNOTS

RUDDER RATE o ¢ ¢ ¢ @« ¢ o ¢ o o o ¢ o o o o = 3.00 DEG/SEC

TIME LAG OF RUDDER SYSTEM ¢ ¢ o ¢ ¢ ¢ o o o ¢ = Oe SEC
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SPEED

KNOTS

15.0

TeD
840
9.0
10,0
fl1e0
12.0
13.0
14,0
150

PAGE

HY=A MARINERs PREDICTION ASSUMING CONSTANT POVWER.

CALCULATION OF THE NON-DIM. COEFFICIENTS XU, XUU, AND XuLU
ON THE BASIS OF SHIP EHP-DATA AMD OPEN-WATER PROPELLER CURVES

X-FORCE = PROPELI.LER THRUST%(1-T) - RESISTANCE
= XURDELU + XUURDELUS#2 + XUUURDELU*#*3 (NON-DXIK)
WHERE DELU = (U-U0}/U = NON-DIM.CHANGE IN FURWARD SPEED

X 1S COMPUTED FOR

APPROACH SPEED U0 = 15.00 KNOTS
WAKE COEFFICIENT w = 04160
THRUST DEDUCTION CGEFFICIENT T = 04136

TURBINE SHIP - PROPELLER TORQUE VARY PROPORTIONAL TO
REVCLUTIONS IN -1.000 POWER DURING MANEUVRE

OPEN WATER PROPELLER CHARACTERISTICS (INPUT DATA)
ADVANCE THRUST TORQUE

COEFF COEFF. COEFF.
J KT XG
044590 0.291 00446
04500 0.270 0.0422
04550 0.250 0.0398
04600 0.229 0.0372
0650 0.209 0.0345
Ca700 0.187 0.0317
0750 0.165 0.0288
0«800 Q04143 00257
C«850 c.118 0.0224
0.900 0,094 000191
0+950 0.069 0.0156

EHP-INPUT=DATA PROPELLER

EHP RESIST. THRUST TORQUE REVSe X DELUL X X
#10-5 #10-5 *10-5 *10~-5 #10¢5 F
Le L8 LB*FT RPM L8 0-0IM 0~-DIM O

2919« 006342 0.7340 3.0446 6846

286« 01332 141010 347643 555 048181 -1.143 21123 2
4l4e. 0el687 10521 36777 56.8 0e7404 -0.875 146,36 1
582+ 042107 1,0064 3.5919 58.1 046588 -0.667 102,90 1
789. 042571 069123 345031 5946 0.5743 -0.500 72.66
1060« 003140 069.70 344130 61.2 004782 ~0e364 5C. 00
1391« 043778 04822 343225 62.8 0e3758 ~04250 33.02

1815¢ 044550 08,74 22,2303 6446 02598 =-0.154 19,45
2318 05396 067516 341370 6645 061357 ~0.071 8¢ 76
2919. 066342 Oe7 81 340447 6846 00000 Oe 0«00

COEFFICIENTS (NON-DIM)

XU = -120.0E~-5
XUy = 45+9E-S
XUuu = ~10e3E~-5

©r
'w

1 0+5
AIRED
-DIm

1123
46432
03,02
T2e51
5006
3295
1954

B8e77
~-0.03



HY=A MARINERS

COEFFICIENTS

PAGE 3

PREDICTION ASSUMING CONSTANT POWERe.

(INPUT DATA)

THE FOLLOVING COEFFICIENTS OF THE EQUATIONS

OF MOTION ARE DESCRIBED

IN DTMB REPORT NOoXXXX

X - E GUATION

VAR-
[ABLE

X uoarT

c

Uy
uuu
Vv
RR
DD
VR
vD
RD

XK X M XXX MK XX

UNITS OF

s TABIL!

CQEFF~ VAR~ COEFF~
ICIENT [ABLE ICIENT
840.,0E-S Y vDOT 1546.0€E-5S
Y RDUT ~8e6E~S
-12040E-S Y v ~116C4E-S
45.0E~5 Y Vvv ~8078+2E-S
~1043E-S Y VRR -0« E-5
-89848E-'S Y viD —3.BE-5S
18.0E~-S Y R ~4994,0E-S
~94.8E-5 Y RRR ~0as E-S
7984 0E~S Y RVV 15356.0E-5
93+.2€~5 Y ROD -0« E~5
~0e E-S Yy o 277 +9E=5
Y 00D ~30.0E~-S
Y Dvv 1189+6E-S
Y DRR -0s E-S
Y DU ~Ce E-5
Y VRD ~0e E-S
~0e0E-5 Y 0 =3 e6E-5
Y oU -0+ E-S
MASS = LB*SECR¥2/FT 0~DIMeWITH
X AND Y FORCES = LB -
N MOMENT = LB*FT -
U AND V = FT/SEC -
R = RADIANS/SEC -
D = RADRIANS
UDOT AND VOOT = Fi/SEC/SEC -
RoOr = RADYANS/SEC/SEC -

S
S
S

-

IGMA 1
IGMA 2
IGMA 3

ouu

Y ~-~-EQGU AT ION

Y ROOTS

-041779E-00
-0.2686E 01
~0e 1429E~-0Q0

STABILITY CRITERIONM =
SLOPE OF R~D CURVE =

0.6114E-05
-~0«1837E~-00 (DEG/SEC)/DEG

60

N -EQUAT ION

v
14

z 2

222222 222222222

AR~ COEFF~

ASLE ICIENT
vDOT ~22»7€-5
ROOT 82 ,96~5
v -2€365E~-5
V¥V 16364 lE~S
VRR ~-0> E-S
vDD 12+5E~5
R ~16640E~S
RRR -0« E~S
RVYV -5483. 0E-5
RDD ~0e E-S
0 —138.8E-5
DOD 45 0E-S
ovv ~489+0E-S
DRR -0« E-S
DU -0+ E-5
VRD -0« E~S
0 28E-S
ou -0e E-S

RHO®*LPPR&E3/2

RHO&LPPER2RUR2/2

RHOSLPPR## 361 882,20

U

u/LPr

Uss2Z/1LPP

UsR2/LPpax2



RUD

ANGLE (90 DEG)

DEG

5.0
-S540

100
-10.0

15.0
~15.0

2040
-20.0

25.0
"2500

3060
«~30.0

350
-3540

4G.0
-40«0

HY=A MARINERe.

T URKR N

ADVANCE

FT

4859
3830

3175
2838

2574
2389

2249
2129

2049
1959

1914
1842

1818
1760

1751
i703

I' NG

TRANS-
FER
(30 DEG)
FT

-3637
28456

-2321
2072

—~1852
1707

~-1582
1496

—~-1428
1350

-1309
1246

-1214
1167

-1147
1118

PREDICTION ASSUMING CONSTANT POWER.

CIRCLE

MAX
ADVANMCE

FT

4866
3838

3185
2847

2585
2401

2262
2141

2061
1972

1627
1856

1833
1775

1768
1717

TACT
DiAM

FT

7615
6043

5032
4509

4091
3736

3567
3367

3228
3076

2990
2866

2817
2714

2691
2598

PARAMETERS

TIME FOR

HDG CHANGE

{90) (180)
SEC SEC
278 S30
220 426
134 364
165 329
151 306
120 285
133 27s
126 261
123 257
117 246
116 246
111 236
111 239
107 231
108 236
106 228

bl

MAX
TRANS~

FER

FT

-7623
6051

-5042
4519

-4102
3808

-3680
3379

-3241
3089

-3003
2881

-2832
2727

-2706
2613

STEADY
TURN
RAD

FT

3771
3001.

2508,
2249.

2044,
1898.

1785
1688,

1617
1541

1498,
1437,

1412
1360.

1349,
1302

PAGE 4

STEADY

DRIFT

ANGLE
DEG

-39
446

~Se6
6.0

—666
69

-Ted
76

—-8.0
8a2

-85
8.6

—B8e8
Qe 0

-9s 2

e 3

FINAL
SPEED

KNOTS

13.77
13.28

12459
12.28

1172
1150

i1.02
10.85

10«41
10.28

9. 89
.72

942
9433

9. 01
Be93



HY—-A HARINER.

TUANING
TIME RUDDER
AFTER ANGLE
EXECUTE

SEC DEG
Oa 1e2
100 3te2
2040 35.0
3020 35.0
430 35«0
S0+ 3S5.0
600 3540
700 3500
8040 350
90«0 35.0
1000 35S0
11040 35.0
120.0 350
130.0 350
14040 350
150.,0 35,0
160.0 3560
L7090 3540
18040 350
19060 3540
20040 3540
21040 350
22040 35.0
2300 3540
240.0 35S0
25040 35.0
260.0 35»0
270.0 3540
280.0 3500
29040 3540
30040 35.0
310,0 3540
320.0 3540
330.0 3540
340.,0 350
- e ¥ mmmm LT

PREDICTION ASSUMING CONSTANT POWER.

ClIRCL &

ADVANCE

FT

0.
25267
50142
7403
96246

1162.6
1337.8
148647
16C8.9
1704,2

177340
i815.8
1833.3
182647
17972

1746.2
167541
1585.8
1479.9
1359.4

1226.3
1082,6
930.6
T772.3
610.0

445,8
281.9
120.5
’36.“
-186.8

-328.7
-460.5
“580.‘
-68740
-T7791

TRANS~-
FER

FT

Qe
~Tal
“10e2
~87e6
~118.7

~22065
~347.7
-494,.9
~6573
-830.8

=-1011.5
~-1196.0
-138009
~1563e5
-1741.1

-1911.2
-2071+6
222045
-235640
~2476.7

-258i.2
~2668.5
~2737«7
-2788.2
-2819.7

-2832.0
-2825.1
-2799.4
~27554 3
~-2693.7

-26154. 4
-2521.6
-2413.5
~2292+.7
-2160.7

FOR 325:0DEG s« RUDDE

SPEED

KNQTS

15.00
ta.91
14459
14413
13.60

13.09
12.64
1.e25
11.90
11.61

11.35
11.13
10,93
10.76
10.60

10,47
10,35
12.25
10.16
10.07

10.00
9.94
9.88
9.83
9.78

D74
Ge78
Q.68
9465
9e62

9.€0
9.58
9.56
9.55
9.53

b2

ROk o PR A e e~ .

HEADING ANGULAR

ANGLE

DEG

Qe
-2e0
—G.8

~20e3
~30e¢6

-830.2
-39,.1
-577
-6509
-74.0

-81.8
-89.5
-97.1
-3104.5
~111.8

~119.0
~12641
-133,.1
~140.1
~147.0

~153.9
~160.7
«~167.5
~-174.3
-181.0

~187+.6
-“19443
-200.9
-207.6
-214.1

~220.7
-227.3
~-233.8
-~220.4
-286,9

MR

VELGCITY

DEG/SEC

Oe
~0.4862
‘0.972
-1.066
~0«994

~-0.923
~0.875
~-0a842
~-0e816
-0479%

~0e777
~0e761
~0e748
-0a736
-0e726

~0e717
-0709
=-0e701
~0e695
~0620

-0e685
~-0.680
~04676
~0e673
~-0e670

~0e667
~0e 665
-04662
-0.661
-0.659

-0+657
~-0e656
~0e655
=0e 654
-0e653

PAGE 5

R

DRIFT
ANGLE

DEG

O
~1e6
~Se2
~75
—8e7

—-9.0
-Gl
-9a.2
-9.2
~9.1

-9a.1
—-9.1
—9:1
-0l
-9.0

~9.0
~920
~9.0
~9,0
~9+0

-9+0
~-849
-89
-Be.9
~8e9

~8.9
~Be%
~8e9
-899
~B¢9

~869
~849
“~BeI
~B49
-8.9



HY-A MARINER.

YURNTIN

TIME

AFTER

EYECUTE
vEC

350.0
360.0
37C.0
380.0
390.0

430.0
210,0
480.0
4300
440,90

45C.0
46040
470.0
480.,0
49040

500.0
510.0
$20.0
530.0
540.0

55040
56040
5700
580.0
590.0

600.0
610.0
620.0
630.0
64040

6500

RUDDER

ANGLE

DEG

35.0
35.0
390
35.0
35.0

35.0
35.0
35.0
3540
35.0

35.0
350
3540
35.0
35.0

35.0
35.0
350
3540
3540

35360
3540
35.0
35.0
35.0

Jhe0
35.0
3540
35.0
3be0

3540

en

Gl ]

PREDICTION ALSUMING CONSTANT POWER.

C I R

ADVANCE

FT

-855.4
~9151
~357.5
982.0
~9B8 5

~G76.9
-947.3
-900.3
~835.4
~756he0

«€6led
-552.0
-431e5
~-299.5
-158.4

' P
144,.1
301.5
4609
ol9.0

7750
2265
1071.6
1208.5
1335.4

1450. 8
1653.1
16411
1713.7
1770.0

1809.2

cCL ¢

TRANG -
FER

FT

201343
187043
1714a7
155765
1397a¢

L]

t230.2
1081.2
-320. €
-782.4
-634.€

~-51ted
-400.0
-2« 5
~-207.4
-1313.8

"’76.5
~36a3
-13e7

~He9
‘2’!-0

~52+9
~101.1
-16640
-2460'8
~342e5

~-451. ¢
~573.3
-~705+6
~84760
~9994 6

~1149e9

F OR 35.0 D E G
(CONTINUED)

SPEED

KNOTS

952
951
Fe5H0
G.49
9,48

9ea?
Q.47
.46
.46
945

3,45
9444
Q.44
F.44
9044

9643
9.43
9.43
9.43
943

Fal3
9442
3,42
9,42
9.42

9.42
9.42
9.482
Q42
.42

Q82

g s o I e a4/ A e i

HEADING
ANGLE

DEG

-253.0
-260+0
~266¢5
2730
~279«5%

~2859
-~292e4
~298+9
~309«4
-311e9

~3183
~324.8
~331a3
~337.7
~344.2

~350e7
-357.1!
=3636
~370.0
~37HeS

~382e¢9
~389e48
~399.9
~40243
~408e8

~81%e2
~421e7
-328e 1
-434e6
~441.0

~447 65

ANGUL AR
VELGCITY

DEG/SEC

~-0e652
- 0651
~0e 650
~-0e650
~0e643I

~0es649
-0.648
~Deb4%
—Qet48
"0.6@7

~0e647
-0e647
~0e.647
-0.6¢6
-0e 646

~0e 646
~0.646
~0e646
~0.646
~0e646

~Q0e 6545
~0e645
~0s645
“0-645
—~0e645

~02645
~0c64%5
—0e645
-0e645
-0 545

-0e 645

PAGE 6

RUDDER

DRIFTY
ANGLE

DEG

-89
-B+9
—B.9
-849
-84

-8.9
-8.9
-8.9
~B8e9
-8.9

~-8+¢3
-8.9
-8.9
-8.9
-89

~8.9
-8.9
-89
~-8.8
-8.8

~8e8
~8.8
-8.8
~8.8
~8e8

-8.8
—8.8
~8.8
-8,.8
-~8.8




PAGE 7

HY-A MARINERe PREDICTION ASSUMING CONSTANT POWERe

2060 DE G o ~ 200 DE G &« 21 G6G-2Z AG M ANEUVER

TINE RUDDER ADVANCE TRANS-~ SPEED HEADING ANGUL AR CRIFT
AFTER ANGLE FER ANGLE VYELOCITY ANGLE
EXECUTE
SEC DEG FT FT KNOTS DEG DEG/SEC DEG
0. 1.2 0. Oe 15.00 O O. Oe
10.0 ~20e0 252.8 0e3 1495 19 0s418 15
200 —204C 503.8 10.0 14.82 8e1 Qo745 3.0
3060 -2060 749.9 4260 14,60 1663 0e863 6.0
40.0 -S540 985.7 103.0 18432 2467 0.738 Ge?
50«0 20«0 1207.9 1917 14.08 291 Cel?72 4.8
6060 2040 1420.7 294.7 1397 28.7 -0,185 261
70.0 2040 1631.5 399.7 1395 25.4 ~0+430 ~-0.6
8060 200 184543 49747 13.92 2040 04826 ~3el
90.0 2040 206445 §79.8 13.83 1361 <~0e739 -Sel
100.0 20.0 22886 638.8 13.66 Se5 ~0e767 -6e3
110.0 20120 2514.8 673.7 13044 -2e¢2 ~0e754 -Te0
120.0 2040 2739.5 6746 ¢ 1322 -Ge6 ~06733 -7e3
130.0 200 295943 650, 8 13.01 -16.8 ~0e715 -Te5
140, 0 5.0 31713 6010 12.83 ~2346 ~04600 -T2
150.0 -20.0 3373.9 528+ 0 L2« 72 ~27«2 -0.129 -Sel
160.0 ~2040 357046 AM2, 5 1271 ~2646 Oel %2 -2e¢3
170.0 ~200 376649 354.5 1278 ~2343 04423 0.4
18040 ~20e0 396649 2722 12483 -18.0 0615 2.9
19040 ~2040 41723 2035 i2.83 ~11lel 0.732 5¢0
20040 ~2040 43827 15546 1274 ~3e6 O0e 765 [ XX
21040 ~20.0 45952 1323 12.61 440 0755 Tel
220.0 -2040 480645 13%.2 12+46 11.5 0e735 Te5
23060 «20.0 50133 163.8 12.31 18,7 0717 Teb6
240.0 440 5212.8 217.1 1220 25.1 0507 700
25040 2040 540441 291.0 1214 277 0080 8407
26040 2040 5591.2 3?S.4 12419 27.1 -0e161 2¢2
27040 20.0 57785 46244 12.28 245 ~De 380 =02
28040 2040 596943 545.9 12.38 2001 ~0e512 ~2e8
29010 20.0 61654 61%.2 12«42 14,3 ~0~628 -4.4
30040 2040 63670 67643 12441 76 ~06682 -5.8
310.0 2040 657246 712.9 12434 067 ~0e 691 ~606
320.0 2040 67795 72648 12625 -6el ~0,682 -7el
330,90 20.0 698540 TL172 12.15 ~12.9 ~0e670 =73
340.0 2040 71863 684,.7 12.05 -19e5 « 0660 -Tel
64
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PAGE 8

HY-~A MARINERe PREDICTION ASSUMING CONSTANT POWERe.

20,0 DE G e —200DE G« 2 IG-2ZAG MANEUVER

(CONT INUED)

TIME RUDDER ADVANCE  TRANS~ SPEED HEADING ANGULAR ORIFT
AFTER ANGLE FER ANGLE VELOCITY ANGLE
EXECUTE

SEC DEG FT FT KNOTS DEG DEG/SEC DEG
350.0 —-7s0 738142 62947 1198 -2%5e2 -0e:+18 ~5e¢6
360.90 -2060 75695 55647 1196 -26¢9 ~-0.000 ~8s1
370.0 ~2040 7755.1 475.6 1204 -~2545 0.247 -1e5
380.0 -200 794244 394.0 1216 ~Z1e9 0e448 1.0
390.0 -20.0 8134,.2 318.8 1224 ~165 0e6512 3.4
400.0 -2040C 8331.8 2573 12427 ~3e8 0707 Se2
41040 -20.0 8534.2 215.2 12.23 -2¢8 06733 &5
420.0 ~20.0 8738.8 196.1 12«14 4.8 O0e725 Tel
430.0 -2000 B89482.6 201,.1 12.04 12.0 04708 TeS
440.0 -20.0 914245 230.2 1193 19.0 0695 Teb
450.0 4.0 9336.0 2826 1185 252 06497 70
460.0 20.0 95221 354.6 11i.82 27.8 06086 47
47040 200 97084 437.0 11«89 273 -0e147 203
480.0C 2040 9887.2 52245 12.01 24.8 -0e328 ~0e0
490.0 20.0 10073, 4 605.0 12,12 20.6 —0eA87 -2+2
500.0 2040 10264.9 678.6 1219 151 -0e 606 -4.2
5100 20.0 1046242 7373 1220 846 ~0e 666 ~5e6
520.0 20.0 1066349 T76.7 12«16 1.9 -0680 =5eS
$30.0 2040 10867.6 794,63 1209 -8.9 -0e673 ~T7+0
540.0 2040 11070.6 78%.2 1200 ~11e6 ~04662 ~Te2
550.0 2040 11270.4 761.7 11.92 -18.1 ~0e653 -Teb

65
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PAGE 9

HY-~A MARINERe PREDICTION ASSUMING CONSTANT POWERe

SPIRAL M ANEUVER

RUDDER STEADY TIME TO SPELD DRIFTY TURNING
ANGLE RATE OF REACH IN ANGLE 1IN RADIUS IN
CHANGE OF STEADY STEADY STEADY STEADY
HEADING STATE S5TATE STATE STATE
DEG ZiG/SEC SEC KNOTS DEG FT
250 ~0e623 £05: 0 10.41% -840 16158
2040 -0¢596 437.0 11,00 ~7eb 178546
1S5.90 ~04553 482.0 11,70 —6eb 204446
10,0 -0.485 $37.0 12457 ~5e6 2508e¢H
9.0 ~0+46S 3720 1277 ~5e3 265346
8.0 ~0e844 385.0 1299 -550 28313
7.0 -0.418 400.0 13.22 ~8a47 305549
6.0 ~-0+388 41840 13.47 -44+3 335301
S5.0 -0¢352 44040 13.74 -39 3773.0
4.0 -0.306 467.0 14,04 -3.3 A431.9
3.0 —0+245 50440 14.38 ~2e6 568463
2.0 -0.151 55540 14.75 —~1a6 9423.2
1.0 Q.004 587.0 14,99 ~0a0 361035.28
-0 0s161 56840 14.78 1«6 88961
~-10 0254 52940 14.42 2eb 54564,4,5
~2.0 0316 484.,0 14,09 303 431840
~3.0 04,361 452.0 13.79 3.8 369045
-840 04398 428.0 1353 443 328745
5S¢0 0.428 408.0 13,28 446 300047
-5 0 0.454 391.0 13.06 Se0 278362
-740 Qe476 3770 12.85 Se 3 261046
-840 04495 354.0 1265 55 2469.2
-340 0,513 353.C 12,46 Se8 235046
~10.0 0+528 343.,0 12.28 6e0 224942
~15a0 0586 48060 11.50 69 1898.3
~20.0 0.622 439.,0 10.85 Te6 1685, 4
~25.0 0.645 40540 10,28 8e2 154068
~2Ce0 0eb621 425.0 10.83 7T+6 1685.5
~-150.0 0.585 466.0 11.48 6e9 1898,5
~10.0 04527 514.0 12.26 Ge0 2249.6
-9.0 0.512 348,0 12.448 5«8 2351.0
-840 0.494% 359.0 12.62 Se5 2469.7
=70 0.475 371.0 12.82 Se3 2611,
~6e0 0453 38440 13.03 Se0 2783+8
-5e0 04427 39940 13.26 &+ 6 3001.6
66
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PAGE 10

HY~A WMARINERe PREDICTION ASSUMING CONSTANT POWER.

SPIRAL M ANEUVEFER {CONT INUED?}

RUDDER STEADY TIME YO SPEED DRIFT TURNING
ANGLE RATE QF REACH IN ANGLE 1IN RADIUS [IN
CHANGE OF STEADY STEADY STEADY STEADY
HEADING STATE STATE STATE STATE
DEG DEG/SEC SEC KNGTS DEG FY
-4,0 0397 417.0 13.50 4,3 328846
~3e0 0e361 43840 13.77 3.8 369241
~-2.0 0315 465.0 14,06 3.3 432006
-1.0 0253 502.0 14.39 246 549G.4
Q. 0.160 554.0 14,75 1e6 8900+ 4
1.0 0.006 58540 14,98 -0.0 250851.9
2.0 -0.152 567.0 14,77 ~1e6 94191
3.0 -0.24S5 531.0 1841 —2e6 56789
460 ~0307 48640 14.07 -303 44291
S0 -0+353 454 .0 13.77 -39 37712
6.0 ~0e 389 42960 13.49 =463 33519
T¢0 -0e419 4090 13.24 -8e7 305540
8.0 ~-0e445 393.0 13.01! -Se0 283045
9.0 ~0+466 37840 12.80 -S5e¢3 265340
10.9 -0486 365.0 12.59 =5e6 25084 0
150 =-0.585 500.0 11.72 ~6e6 2044.3
20.0 ~0¢597 452.0 11.02 =T7e4 178545
2540 -0623 41540 1041 -840 15616.8

67
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APPENDIX C

FORTRAN LISTING OF COMPUIER PROGRAM

The computer program is coded in the FORTRAN II language available
for the IBM 7090 computer at ¥MB. The FORTRAN listing of the program is
included on the following pagec. Th~ source program also refers to the
subroutines AR PLN1 and AR NXN1 for the least squares curve fitting used
in the calculation of the Xu’ qu, and quu coefficients and AM PLOT for
the Charactron Microfilm Recorder.

The storage required bythe program can be greatly reduced in the case
the cn~line microfilm plotting is left out. A further reduction of program
length and stcrage requirement can be obtained if the calculation of the
coefficients Xu’ qu, and xuuu on the basis of EHP-ship data and open~-
water propeller curves is carried out by a separate program. With these
reductions of the program, it should be possible to run the program on any
medium-size computer.

The computation time for a prediction of the "Standard Maneuvers" is
approximately 6 min on the IBM 7090.

Variables in the program have as far as possible been assigned names
that correspond to the established nomenclature. Tables 1-3 give the
relationship between the hydrodynamics derivatives in the mathematical

model, Equations (10), and the corresponding identifiers in the program.
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IAN*E=1 09vL un)
‘¢ laddSalf)SASSAAQY
dH3INT=C nESE DA
ANVISNOD 1d3% 03MNSSY S1 Wdd YITIFAOYD AT IVOIN SI (5+3dAL) A1
0LGE*0LSE *02vE (0°GS+3dAL) dI
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