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ABSTRACT

An attempt is made to extend ship-maneuvering analysis for ap-
plication at low ship speeds. Captive-model experiments are made to
investigate effects of non-equilibrium propeller speeds on rudder
force and effective thrust. Other experiments are made to explore
first-order effects of very large drift angles and pure yaw rotation
on hull hydrodynamic reactions. The experimental results, together
with previous rotating-arm data, are applied in motion equations, ac-
counting for both extreme propeller actions and the occurrence of
large drift angles and turning rates. Also included are propulsion
and rudder time lags, and the influence of uniform water current on
ship trajectory. The equations are programmed for computation, and

ship response to a simple docking maneuver is predicted. The compu-

_tation is repeated several times tc examine sensitivity of ship mo-

tions and trajectory to variations of operating parameters, namely,

maximum reverse propeller spred, engine response time, and water cur-

rent directior.
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NOMENCLATURE

The basic nomenclature follows that of SNAME Technical and Research
Bulletin No. 1-5. Principal exceprions are the choice of typical dimen-
sions used in forming dimensionless quantities, and the use of additional

notation.

Three different right-handed, rectangular coordinate frames are

used:

1. (xs y» 2) are body axes with origin at the center of gravity, x di-
rected toward :he bow along the longitudinal centeriine hull axis,
y directed *oward starboard, and 2z from deck to keel. The x,y

plane is horizontal with the ship in static equilibrium.

2. (xo. Yol zo) are fixed relative to the earth, with the x = and y
axes in a horizontal plane and z, directed downward. Wwhen yaw
angle ¢ 1is zero, the X, and y, axes are parallel to the x and

y axes, respectively.

3. (xl. 2 zI) are fixed relative to the body of water, which moves

with a constant velocity relative to (x_, yo.zo). This velocity is

o
called the water current and is denoted Uc, . The x;, Y and 2,

axes are always parallel to the Xgr ¥o? and z  axes, respectively.

Unless otherwise noted, all dimensionless hydrodynamic {hull) deriva-
tives are evaluated at zero angular velocity and acceleration, zero angles
of sideslip and rudder, and propeller speed set for model self-propulsion
point. Definitions of symbols used are listed below:

A A s..,8 ,B,,..,C , etc. Hydrodynamic force and moment coefficients
o 2 o . ; .
used in motion equations, formed from products

of dimensionless coefficients and dimensional
quantities p, L, H; for example, 81=p/2LHY¢

a_,3,50.,b b s..,c_, etc. Dimensionless coefficients usad in representa-
o o o ;
tions of propeller and rudder forces

CG Center of gravity

. A propeller thrust coefficient, useful for stalled propeller

vii
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Propeller diameter

Bounding values of !/Us. distinguishing different regions of
propeller operation; used for selecting relevant representa-
tion during computation

Vector sum of external forces acting on ship
Ship draft

Ship inertia tensor

Moment of inertia of ship about z axis

Propeller advance iratio in behind-ship condition

Functions used when obtaining propeller and rudder force and
moment representations; dimensionless

Ship length, between perpendiculars

Mass of ship

Hydrodynamic moment component relative to z axis; yaw moment
Vector sum of external moments acting on ship

Propelier speed of rotation

Propeller pitch

Angular velocity component of ship axes in z direction
Dimensionless angular velocity; r' = rL/U

Limiting value of r? for cruising-type maneuver

Angular acceleration component of ship axes in z direction
Time constant for propeller-speed rasponse

Time

Apparent slip ratio of propeller

Distance along trajectory

Speed of (G relative to fluid

Speed of water current relative to earth

Velocity components of (G relative to fluid, measured in
directions of x and y axes, respectively

Velocity components of CG relative to fluid, measured in
directions of x_and y = axes, respectively; (xl.yl) and
(xo.yo) coordinate frames are always parallel

Velocity componeiits of CG relative to earth, measured in
directions of X, and Y, axes, respectively

Velocity components cf water-current relative to earth, meas-
ured in directions of Xt Yo 3Xes, respectively

Acceleration components of CG in directions of x and y
axes, respectively
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Hydrodynamic force components relative to x and y axes,
respectivelys longitudinal and lateral forces

first derivatives of a hydrodynamic
respect to a velocity component

first derivatives of a hydrodynamic
respect to an angular velocity component

first derivatives of a hydrodynamic
respect to a linear acceleration com-

Typical dimensionless
force and moment with

Typical dimensionless
force and moment with

Typical dimensionless
force and moment with
ponent

first derivatives of a hydrodynamic

Typical dimensionless
respect to an angular acceleration

force and moment with
component

Typical dimensionless third derivatives of a hydrodynamic
force and moment with respect to an angular velocity com-
ponent and a lateral velocity component

X,Y,N(Hull) Sums of X, Y, N attributed to hull motions, respectively

x’YDN

(Prop. + Rudder)

P

€l

%

Sums of X,Y,N attributed to propeller and rudder actions

Drift-angle; sinp = -v/AU

Limiting drift angle for cruising-type maneuvers
Rudder deflection

Mass density of water

axis

Yaw angle, measured about 2, axis, relative to Xq

Direction of water-current flow, measured about zo axis

relative to Xo axis

Angular velocity of ship relative to (xo.yo.zo) axes

Subscripts

Referred to axes fixed with respect to earth; also initicl
time when used with t
Previous steady value

Desired or commanded value

ix



i - L. . 2 £ t‘éf;:{-t"ﬁ
s ® i i
R-1169
INTRODUCTION

Upon entering pilot waters from seaward, the difficulties in con-
trolling a ship increase enormously because of the proximity of many
solid boundaries such as harbour installations and other ships., The
extremely low control force to momentum force ratios of lerge merchant
ships is the main fuctor which makes close quarter maneuvering difficult.
To minimize both the danger and damags of collision, it is necessary to
drastically reduce ship speed in this type of operations.

However, the reduction of ship speed introduces other problems
which complicate ship control., Among these are the effects of wind and
current, and the strong dependence of rudder fc.'ces on propeller speed
(for single screw ships). All these factors combine to cause frequent
saturation of propeller and rudder. This accounts for the common use

of tugs, bow thrusters, or anchors during close quarter maneuvers of

ships.

The work done under the present task order was divided into two
ptases, Ir the first phase, the effects of wind on low-speed ship con-
trol and stability were treated and reported separately by Eda.zz The
second phase, reported herein, deals with the effects of steady water
currents and changing propeller speed. In neither case were the effects

of the proximity of solid boundaries on the hydrodynamic forces treated.

The simplified motion equations used in most studies of ship con-
trol provide satisfactory predictions of maneuvers under cruising (con-
stant throttle) conditions, but are not sufficiently general to treat
many real control problems, such as those which occur at low-ship speeds.

Controllability surveys by Norrbin,' Eda anc Crane,2 Williams and
Noble,3 Goodman,u and Abkowltzs
their solutions. None !nclude propeller-speed changes or water-current

effects. Saunders,6 and more recently Hawkins,7 have discussed special

discuss the usual forms of equations and

low=-speed maneuvers without using equations of motion. Crane, Uram and

T e it K ——
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Chay  have formulasted motion equations for mooring and docking maneuvers
of a des*royer and a submarine. But most efforts on non-equilibrium
proveller effects have concentrated on ship-stopping. These viorks are
summarized In Reference 9. Papers by Engllsh.'o Hawklns.7 Stuntz and
Taylor." and others treat bow-thrusters and other maneuvering-propulsion

devices (MPD), but these do not include MPD forces in maneuvering analy-

sis,

The present work is an atiempt tc extend the generality of ship-
maneuvering analvsis to include engine-maneuver and steady water-current
effects, and to introduce the possibilities of very large drift angles

and dimensionless turning rates.

Equations of motion are formulated for translation and rotation of
a surface ship maneuvering in & reference frame whicl is fixed with
respect to a movina water mass (the water current). The independent ship
variables comprize propeller speed and rudder &ngle. The equations are
solved with respect to the coordinate frame moving with the water, and
the solution is transformed to a fixed coordinate frame, Resultant ship
velocity is integrated to obtain the position and orientation of the ship
at any time. Water current is a parameter, and is made zero when dis-

cussing other effects.

Coefficients of the equations are obtained from experiment, cal-
culation, and existing data. The combined effects on the hydrodynamic
forces and moments of ship speed, propeller speed, and rudder angle
(at maneuvering speeds) are investigated by captive-mode! tests in a
straight towing tank. Indications of hydrodynamic reactions to very
large drift angles and to pure yaw rotation are obtained experimentally.

Numerical integrations are performed by digital computer.

A few examples of computed maneuvers are given to illustrate uses
which can be made of more general analyses of ship maneuvering. Using
the computation procedure developed, the sensitivity of ship response

to particular ship parameters is studied for a simple ship-docking

maneuver,

It is noted that some of the procedures used in formulating the




tive results to be obtained. More fundamental treatment of these close-
| quarter, low-speed control problems is left for future stques. .

This project was sponsored by the Bureau of 5Ships General Hydro-
mechanics Research Program under Contract Nonr 263(63) and technically
administered by the David Taylor Mode! Basin.
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EQATIONS OF MOTION - GENERAL

General Form of Motion Equations

Differential equations describing the motion of a ship are written

with respect to a reference frame rotating with the ship's axes,the origin
of which is chosen coincident with ship's center of mass (see Figure ).

F= m(%% +wxV)
(1)
ﬁ=l§‘g+$xt$’
where
F  sum of all external forces
N sum of all external moments
v velocity of ship center-of-mass
w angula- velocity of ship (ship's axes)
1 moment of inertia tensor

A1l vectors can be expressed in rotating (ship axes) coordinates.
For a surface ship in calm water, .hese vector equations are reduced to
three Cartesian equations by applying the following simplifying assump-
tions:

1. Ship is constrained to move in its lateral plane
(i.e., the x, y-plane):which is horizontal.

2. Center-of-mass is in the principal plane of symmetry of the hull.
3. Mass and center of mass are constant.

L. Products of inertia are zero.

Then,
m(d - rv) = X
m(v + ru) = Y (2)
IZF =N

where X and Y represent summations of unbalanced external forces act-

ing in the x and y directions, and N the summation of unbalanced

moments about the z-axis.




|

R-1169

External forces arise from hydrodynamic reactions to hull motion,
propeller and rudder actions, aerodynamic reactions on hull structure,
and all other forces which may be applied by waves, bow-thruster, anchor
chain, tugboat, mooring lines, etc. In this analysis, only hull hydro-
dynamic and propeller-rudder forces are included. In succeeding sections,

their contributions to X, Y,and N are considered.

Reference Frames

It is clearly desirable to describe low-speed ship maneuvers relative
to an inertial reference frame fixed in the earth. However, the motion
equations and solution are greatly simplified if referred to a coordinate
frame fixed in the shipf:with subsequent transformation of solutions to

the desired reference frame ( Figure 1)

With a uniform water current, an additional (intermediate) reference
frame is useful. The additional frame maintains the same orientation as
the fixed frame. but moves with the steady velocity of the uniform wauicr
current. In computation,; the first transformation of the solution is
from ship axes to inteimediate axes. The second transformation simply
adds the water-current velocity components, to obtain motions relative to

the final desired reference frame.

It is emphasized that the uniform water current need not enter the
differential equations of motion, because a steady velocity will intro-
duce no acceleration in the motion equations. The current is entirely
accounted for in the final integration of velocities. Steps involved in

the velocity transformations are shown below

(1) Ship velocity components (expressed in ship axes) are transformed to

intermediate axes by a rotation of coordinates.

u u cosy - v sinyg

I
(3)

v u siny + v cosy

1

“Orientation of ship axes with respect to ship geometry varies according
to ship loading conditions because, for convenience, x and y ship-axes
are taken horizontal (hence, z-axis vertical).




‘Y

R-1169

and t
o T

o]

where

e -

v and v are coordinates of velocity along ship axes, and

v, and v,  are components of ship veloc ity along intermediate axes

I I

(2) Components of water-current ve'ocity ar: then added

motion relative to fixed inertial axes.

u =u +u

o 1 c
o
vV =v,2 +v
o 1 c
o
or
U = u cosy - v sing + cos
o v v Ve
o
v = u siny +v cosy + U sir.
o v v co vc

to obtain ship

(&)

keeping in mind that the intermediate axes (I) and fixed inertial axes

(o) are parallel.

Time integration of the velocities ug and Vo yields instantaneous

ship position (xo .yo) vith respect to any chosen origin.
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HULL CONTRIBUTIONS TO EXTERMAL FORCE AND MOMENT

Hydrodynamic forces exerted on a ship's hull aire attribur-ed to vis-
cous and inertial fluid effects which are expressed as functions of hull
motions and accelerations. Since a wide range of maneuvering motions may
occur at low ship speeds, hydrodynamic representations are separated ac-
cording to application to cruising-type or docking-type maneuvers. The

former case is considered first.

A convenient form for expressing hull hydrodynamic forces is avail-
able in the Taylor series expansion.‘2 In the present analysis, the

general expansion is specialized to the surge, sway, and yaw mctions of

a ship.

The following simplifications, extra to those noted in the previous

section, are made:

1. The hydrodynamic derivative coefficients va . Xr; ’ Y; and
Né are assumed to be negligible. For convenience a term pro-
portional to ulU is used to account for X' and drift-angle
effects. °

2. Hydrodynamic terms of order four ard higher are assumed to be
negligible.

3. Forces due to hull motions and accelerations are represented to
be independent of propeller and rudder actions.

L, Ship floats in deep (D/H > 3.5), calm, unrestricted water.

Simplification (3) is necessary due to the absence of captive-model ex-
perimental data for a ship on curved path with reversed propeller rota-
tion, or in any propeller condition far removed from model or ship seilf-
propulsion point. An indication of the effects of non-equilibrium
propeller speed on hull hydrodynamic data was obtained by inspection of
rotating-arm tests results of a model of T.S. EMPIRE STATE IV.‘3 The
measured effects cannot be explained simply on the basis of propeller-
side-force changes at different propeller loadings. Although the differ-
ences are large enough to warrant further investigation, they are assumed

to be of second-order importance for present purposes.

7

o
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With the preceding simplifications, the nonlinear hull force-and-mo-
ment expressions, retaining third-order terms in the velocities, may be

written as

Xatt = Aoﬁ + AU ¢ Ay )
Yooty = B * Biuv + Bur + Birvd/u + Burav/u + Bora/u + Bev/u > (5)
Neat1 = Col‘" + Cyuv + Cour + C3r\ﬁ/u + C“rav/u + C5r3/u +C6v°/uj
where it has been assumed that | v/u | < 0.26 and r' < 1.0, and
A, =% L2HK) B, = 5 LEHY) C, = 5 L4HNL
A, =5 LHX! B, = 5 LHY! ¢, =5 2Ny
A, =5 L3HC! B, = £ LPHY) C, = 5 L2HN!
By = g LEH(Y_ b +Y1) ¢y = & LHIN 1+ N1)
By = E LPHY ey ¢ = E LH Ny
B5 - fez L4HY'_”: CS - iez LR Nrn:
B6 - iez LH(YVV\'/ o 3Y\'/) c6 = f% L= H( NVV\'I i 3N",)

All dimensionless coefficients except th’. Xw'_ .Y\l,. and N'l_ are evaluated

exper imentally, as described in Reference 13.

The derivatives thj » Y »and N; relate hydrodynamic forces to hody
accelerations, and Xv"_ is taken equal in magnitude to Y\l, .« The Y\l/
and N'! coefficients are computed foilowing the method of Lewis = and

15

Prohaska. For example,

X
s
an 'Eb kx(x)H’dx

X
f S §(x)dx
X

b

L
2

-Y\.//m =

In this strip-wise integration, kx is the two-dimensional lateral added-

4

T AAAD T A e e e



b camm—y

R-1169

mass coefficient. This is determined for ship-like szctions, by using
Prohaska's results. The kc is a three-dimensional correction factor
determined by comparing the exact added-mass computation of the prolate
spheroid given by Lamb with that obtained by the stripwise computation
for the same spheroid. Factor S(x) is the local sectional area. The
rotary acceleration derivative N; is obtained in a similar manner, but
includes an x® factor in the integrand of the numerator. The longitudi-
nal accele-ation derivative X& is taken equal to that of an equivalent

prolate spheroid.

Conditions at Very Low Speeds

Experience shows that at moderate ship speeds, drift angle, B , does
not normally exceed approximately 110 degrees, and dimensionless turning
rate, r' , is normally limited to about 0.7 (corresponding to turning-
diameter,/ship-length 5 3). However, a ship maneuvering at very low speeds

may develop much larger drift angles and space turning rat=s.

Consider the definition of P , as forward speed u becomes small

with respect to lateral speed, v :

lim B = 1lim [-tan-, (E)] =+ n/2
u=o (TIY)

In similar fashion, space turnirg rate grows large as ship speed vanishes;
ioeap

limr' = lim %_.m
U-o0 U-o

Such situations arise with the action of external forces which are not

wholly dependent on ship motions.
Two broad categories of maneuvers are defined:

1. Cruising-type maneuvers: Both of the below criteria are satis-
fied.

2. Docking-type mcneuvers: One of the below criteria is un-
satisfied, or both are unsatisfied.

|8l < B el <ry

b aihe
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These definitions are useful in defining maneuvers for which con-
ventional hydrodynamic expansions are valid. These are called cruising-
type maneuvers, and it is for these that most experimental data are
obtained. Ranges of variables may be extended to cover docking-type
maneuvers, of course (given sufficient date), but it is possible that an
expansion other than Taylor's series may be more convenient for treating
docking-type maneuvers (double Fourier series, for example). If a Taylor
series is used, an expansion point at (u=v=r=4=v=r=0) might prove more

convenient than at (u=uo y VIr=G=v=r=0).

In this report an example of a simple docking maneuver is computed.
The maneuver is terminated as forward motion stops after sustained re-
versed propeller action. The computation will show a tendency for the
ship to develop large values of B and r' at the end of the maneuver.
To allow for this, terms exhibiting first-order qualities of the true
(steady-state) hydrodynamic reactions are used in this region. Coefficients
of the simplified terms are relatively easy to evaluate, since they repre-
sent uncoupled drift-angle and yaw-rate effects. The acceleration de-

pendent terms appear as before. Simplifications 3 and 4 still apply.

xhull = Aou + AluU + Azrv

Yhott = Bov + 87vU + Bg Vv |v] + 89ur (6)
= [ vu

Nputt = Cof + Cyvu + Cg T [vul] + C9r| r|

where it is assumed that u > 0 ,

The relative importance of steady-state hydrodynamic forces obviously
declines (relative to inertia effects) as ship speed decreases. However,
it cannot simply be stated that steady-state terms are negligible below
any particular speed (except under very special conditions). For example,
consider ship response to a pure applied yaw moment. After initial yaw
acceleration, the resisting hydrodynamic moment is almost entirely a
steady-state damping effect. I7 steady-state terms were arbitrarily ex-

c‘uded, acceleration without limit would be computed.

10
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PROPELLER AND RUDDER CONTRIBUTIONS TO EXTERNAL FORCE AND MOMENT

An important departure from usual maneuvering analyses, at low ship
speeds, is the loss of proportionality between control forces and the hull
forces which are associated with motion through the water. The control
forces of propeller and rudder canbe disproportionately large or
small, according to the action of the propeller. External forces and mo-

ments attributed to propeller and rudder actions depend on several factors

including

1. Propeller, hull, and rudder configurations

2. Propeller speed of rotation and angular acceleration

3. Ship linear and angular velocity

L. Rudder angular deflection and deflection rate

5. State of cavitation or ventilation of propeller and rudder

6. Ship hydrodynamic environment, i.e., water density, depth,and
lateral boundaries, and waves

The following assumptions, together with those in previous sections,

sfmplify representations of propeller and rudder forces:

1. Ship speed is low; hence lateral ship velocity is small.

2. Yaw rotation is slow.

3. Based on (1) and (2), the lateral component of inflow to pro-
peller and rudder is small.

L. Rudder deflection rate is slow, conforming to normal ship prac-

tice ( 2-1/2°/sec). Also, frequency of rudder oscillation is
low; hence errors due to quasi-steady representation are small.

5. Accelerations of propeller rotation, rudder deflection, and hull
motion which might affect propeller and rudder forces have negli-
gibly small effects on integrated hull motions.

6. Propeller and rudder are not cavitating.

With the above assumptions, propeller and rudder forces are repre-
sented as functions of propeller speed, n , ship's longitudinal speed, u ,

and rudder angular deflection, 6 .

1"
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X Force Due To Propeller and Rudder

thrust
pd® n?
to represent propeller test results for various conditions of ship speed

The dimensionless thrust coefficient, kt = » is commonly used
and propeller rotation. This notation is useful as an aid in understand-
ing and representing propcller force effects. In this study, self-pro-
pelled captive-model tests have been used to measure a quantity which
will be denoted X(prop.+rudder). This quantity is defined as total
measured axial force, X(u,n,6)sminus the resistance of the model hull
without propeller, X(u,—,—). From this, a dimensionless ''effective

thrust' coefficient is defined.

= X(Upnlb)'x(u'-'_) (7)

As with open-water propeller thrust characteristics, it is convenient to

graph kx as a function of propeller advance ratio (here using ship's
speed of advance), i.e., Js = ﬁ% « For clarity, rudder effects are o-

mitted from the next discussion.

Sketch I shows the relation of kx to Js in regions of propeller

operation which are important for ship-stopping.

SKETCH 1

12
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The path of L during rapid propeller-reversal is traced:

1. Approach to equilibrium condition (thrust = resistance)

2. Propeller speed reduced; blade sections approach zero angle of
attack (thrust zero)

3. Propeller speed further reduced; blade sections at negative
angles of attack (thrust negative)

L. Propeller speed further reduced; flow about blades completely
separates (propeller draaging)

5. Propeller stopped and dragging, ... 6. Propeller turning
slowly astern but dragging

7. Astern propeller speed increased (blades recover from stall and
begin thrusting astern)

8. Propeller speed approaches a constant value; ship speed gradually
reduces; astern thrust determined by propeller characteristics

The representation of Sketch I is not useful in the interval between
L and 7. Mathematically, as n approaches zero, Js tends o infinity.
Furthermore, beyond the blade stall-point at large negative angles of
attack, kx cannot be represented simpiy in terms of Js . For cargo
ships and tankers the negative blade-angle stall will occur at a Js
value between 2 and 4. Another dimensionless coefficient is then con-
venient to express ''effective propeller thrust.'" This is the coefficient

. 16 . 4 _u
» used by Bindel and others. The singularity in Js = =

c =X __
x pdS p
is avoided by using the reciprocal, %T 5

SKETCH I1I

13
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The characteristic behavior of <. in a ship-si.opping maneuver is
shown in Sketch 11 (numbers correspond to those of Sketch I). Because pro-
peller speed will change much more quickly than ship speed, the behavior of

X(prop.) is similar to that of <, in Sketch 1II.

Because of slow propeller speeds in the region from b to 6, experi-
mental evuluation of . is subject to serious scale effect (especially for
propeller operating behind the ship);but if c, Passes from 4 to 6 in a few
seconds, the accuracy of the representation in this ragion is not crucial.

An estimated propeller drag coefficient is therefore used (Sex Appendix A).

When unstalled propeller operation resumes (at some reversed propeller
speed), the kxvs.JS relation is aqgain effective and simple to use. The
required segments of the kx' JS curve &€ easily described by simpla poly-
nomials in Js . For example, in the recion from 1 to 4 (of Sketch I), an

adequate curve-fit is obtained using k = a°+alJS+ans” . And since
X(prop) = kxpd‘rP

ol L . . u
substitution of the polynomial in Js for kx » and g for Js » yields

X(prop) = (pd*a )n® + (pda, Jun +(pd?a; )u? 8)
where a , a3, ,a, are determined for a particular propeller and hull.
o

In similar fashion, the kx curve segment passing from point 7 through
point 8 may be curve fitted to JS. Fcr digital! computation of maneuvers,
the correct expression for kx can be automatically selected according to

the instantaneous value of Jg » using rules based on Sketch I.

Rudder effect on X force is trcated next. The drag of a rudder
mounted aft of an ahead-turning propeller is a function of rudder angle,
ship speed,and propeller speed. If kx is approximately parabolic with

rudder angle, 6 , a simple extension of the propeller-thrust representation

to rudder drag may suffice.

X(rudder) = ke, 6 pdér? 52 (9)

Here we express kx.é = atald. o leading to

1L
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X(rudder) = [(pd‘ a, )n? + (pd® a‘)un] 62 (10)
When propeller is dragging or reversed, the rudder drag is small and

erratic. No attempt is made to represent it.

Y Force Due to Propeller and Rudder

Representations of Y force and N moment due to propeller and
rudder closely follow those for X force. The following will pertain to

both Y and N .

Because the flow past the rudder (of a single-screw ship) is de-
termined by both ship speed and propeller speed, the concept of k,vs. Js
is useful for developing a polynomial representation for side force, but
now only in the propeller operating region from | to 4 of Sketch I. If
in this region Y 1{s a linear function of rudder angle, the symmetrical
part of Y(prop. + rudder) with respect to & may be represented by

[(pd‘ bo)n’ + (pd? b, Jun + (pd'b’bz)ua]ﬁ

A small unsymmetrical side force is also observed for single-screw ships.
This is called the Hovgaard o.eff’ect6 and is caused by asymmetry of propeller
rotation. Several authors attempt to explain this physically, but it is
represented here as a simple function of u and n ,based on results of
straight course experiments in the next section. Summing the symmetrical

and unsymmetrical parts, the total expression is

Y(prop.'+rudder)=[(pd‘b°)n°+(pd3b1)un+(pd3ba)u3]6+(pd‘b3)n3+(pd°b‘)u°
(1)
In the stalled region, for advance ratios to the right of point &,
flow aft of the propeller is much disturbed. Rudder forces are then
sharply reduced and difficult to evaluate. In this condition, it is es-
timated that rudder effectiveness is reduced to less than 1/3 of that in
normal ahead operation. This is hased on model tests of a related single-

screw hull with propeller removed.'7

As propelier rotation is reversed the propeller race is directed
forward. Local flow past the rudder is destroyed and steering control is
lost. Side-force bias due to propeller rotation gains importance, and it

aione influences the directional behavior of the ship (in the absence of

15
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€
other external forces).

N Moment Due to Propeller and Rudder

The representation of yaw moment produced by propeller and rudder,
N(prop. + rudder ), closely follows that for side force. An additional
length dimension appears in the exponent of d . The number of terms in

Js will depend upon the shape of the function k , and the precision re-

N
quired.

A summary of terms used in the present study for N(prop. +rudder)

appears below:

Operating Region .

of Propeller Expression for Rudder-Propecller Yaw Moment
1 to b Nﬁm=(gd5con3+pd4clun+ pdc,u?)6 + pd®can2 (12)
L to 6 N = pd? c u? 5 (i3)
= 5 ]
6 to 8 Ng o= PdBcsn (14)

“Although insufficient data are available to analyze ship dynamic stability
in this condition, the reversed propeller may destabilize the ship by its
effect on the flow about the hull. While this could cause yaw divergence
in either direction, at low speeds the unbalanced side force produced by
the reversed propeller usually causes yaw angle to de relop in the posi-
tive (clockwise)sense. This tendency is shown in later computations. The
yaw effect is used to advantage by ship-handlers and explains their prefer-
ence for port-side-to-pier landings.

16
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TIME LAGS OF PROPELLER AND RUDDER RESPONSE

Engine Orders

Commands from the bridge to engine-control indicate desired magnitude
* -
and sense of propeller rotation. A typical engine-order (bell) table for

a merchant ship is shown:

Engine Order Propeller Speed (rpm)
Full Ahead 60
Half Ahead Lo
Slow Ahead 20
Dead jlow Ahead 10
Stop 0
Slow Astern -15
Half Astern -30
Full Astern 45

The system used aboard naval ships is slightly different. In the
naval system, the engine (propeller) is specified, followed by the desired
sense and speed of rotation (in thirds). For this study a merchant ship

is assumed.

Engine response to orders requiring large amounts of power is limited
by the steam pressure available. Minimum allowed levels are established to
protect the boiler against excess steam drain through the astern turbine.
These limits guide throttle opening until desired propeller speed is ap-

proached.

¥*
Bridge control is not treated here, but may be introduced immediately,
since there is no restriction to discrete propeller speeds in this analy- i
sis.

17
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Propeller Time Lag

Rate of change of propeller speed will depend upon

1. Instantaneous propeller speed, p
2. Instantaneous longitudinal speed, u
3. Previous steady propeller speed, N s and nozzle combination

L. Propeller-speed ordered, n

A complete analysis of transient propeller speed (including pro-
pulsion-machinery characteristics and human-response factors)are beyond the
scope of the present study. A simplified function is used, which provides
a good approximation for the purposes of this work. It is based on rull-

19

scale ship data for the ''crash-back' maneuver. Propeller response is
described by the first-order differential equation %% +gn+c =0.
Applying boundary conditions n = n, at t =1t and n—-n¥ as t -o,

instantaneous propeller speed is given by

'At/T) , At = t-t, (15)

n =n, + (n* - n‘)(l -e ;

]
where T = time constant for particular ship and maneuver. This may be

estimated by fitting Equatien (15) to given response data.

Rudder Time Lag

The steering machinery of a large ship will provide approximately
constant rudder rotation for rudder changes of more than a few degrees.
According to U.S. Coast Guard Marine Engineering Regulations and American
Bureau of Shipping Rules, average rudder rotation shall not be less than
2-1/3 degrees per second. In the S.S. GOPHER MARINER trials.zO the rudder
was shifted from 35° left to 35° right in 22 seconds, i.e., at an average

rate of 3.2 degrees per second.
For constant rudder angular rate, rudder deflection is represented

by & = 6i + ﬂt-ti), and b 2 5 according to sense of rotation, where

18
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(=]
n

initial deflection angle

i
t, = time at execution
8 = rudder angular rate
5 = ordered rudder angle

The sign of 5 is determined by the sign of (bﬁ-éi) . Rudder-angle com-
mands are specified in degrees right or left of amidship (- or + , re-

spectively), but radian measure is used in equations.

19
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SUMMARY OF MOTIOM EQUATIONS

The ecequations of motion are summar{zed below In a form for solution:

X Eg!kTION
(m - A°)6= AluU + (m + Az)rv X(Hull)
f A,n’* A,‘un . ASlJ"0 (A6rr"4 A7un)6" 0 I/Js > g,
94
ABUU + A9u b ¢ 9y 7 '/Js > 9,
+ 4 X(Pr op + Rudder)
A‘on'bA”un v 9, I/Js > 9y
] ] ]
L Apn® HAjun ¢ AU ‘A'Su Yn .9y 2 I/Js
Y _EQUATION
B'uv + (Bz-m,‘ur + B,rv’/u + Bl‘r’v/u + Bsr-"/u + 86v°/u 3 B < ﬂl. r' < ri.and uzu
(m -8 )= Y(Hull)
o
. '
B, 089\»{\']0 (89 mur 1 B>PBor ri>rlor u<u
Byg"® * My u® (B n? ¢ Byjun - 8,,u")0 . '/Js>gl
+ B'Su"’ﬁ . 5 g,z'/Js> 9, Y(Prop + Rudder)
B1en? v 97 1/
N EglATION
Cuv + Cour + C,rv“/u + C“r’v/u + C5r3/u + C6v°/'u » B<Brt s r and u 2 u.
“!- Co)l’ = N(Hult)
C7vu + Cevulvul/Ua + C9r|r| . B> 9Lorr' >rlor u<u
2
C'On *(C”nz + C|2un + C”u’) 5 ’ '/Js > g,
+ C”‘u"b v 9y 2 l/'Js > 9, N(Prop + Rudder)
2
C'Sn v 9, I/Js
Equations (16)
20
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n=ng ¢ (n*-n')(l - .-At/l’) poAt =t -t

0=6'0a(t-t') , -8<b<b

L L
A°=§u HX} ao=§u MYy
A =5 LHx: B, = % LMY,
Ay =G Lm oM B, = 5 LY WY}
Ay = pd By = £ on(y L+ v})
NN 0 = 1w,
Ag = pd® o, 8 = % LHY
Ag = pdb o, B = T3 LMY, L + 3V)
A7=pcPo“ '7=§L"V|
Ag = pd® o By = § LMY,
Ag = g LH o L ; L'HY,(inorth! only)
Ao pdt o, 810% PHb,
A= PP ag B11= PA%y
Ajp= P 8y ®2° °°N"2
Ajy= P8 8y Byy° PEb,
A= P4 oy By, = Py,
Ag= pd 8y, Bys" $ LHb,

816" PH'bg

(1)
(18)

¢, = &Ly
C, =5 L7 HN
c, = 5L m
€y R ECTURR
& ¢ E L‘HN._""

cy ® by Wb,y

Co = Tr LoMIN, L + W)
¢, = £ Lonw,

Cg = & LowN,

€y * § vomny

cw= P o

€= o <

C12= P <,

Cyg® PR S

€= § Lo¥ey

C'sl pd'cs

Ship motions, position and orientation relative to eorth-fixed axes are provided by

Yo = u cosy~-v siny 4Uc cosy,

°
Vo T U sing +v cosy +Uco sing,
r. =r
o

pt
x = u dt + x (o)
° J, ° o

pt

= v dt 4 o)

Yo Jo ° yo(

pt
‘= rdt + r(o)

vo

21
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EXPERIMENTAL PROGRAM

Experiments were made to evaluate coefficients of the motion equations.
The program was divided into three parts, according to the facilities used.
Since the number and ranges of variables are extensive, the test programs
were limited to conditions necessary for application of the equations to

particular maneuvers.

PROGRAM I: Straight-Course Experiments

A 1L-ft captive model was towed at various speeds. Propeller speed
was varied among positive and negative values, and rudder deflection was
set at intervals between plus and minus 30 degrees. A Series 60 model was

used , particulars of which are given in Tatle 1.

The propeller was driven by a frequency-controlled synchronous motor,
inteqral with a propeller thrust and torque dynamometer. The power source
and speed controller were located ashore and connected electrically to the

model through overhead cables via the towing carriage.
Rudder deflections were set manually, using a tiller and protractor.

The three force components measured were the longitudinal component
X (in line with the model's longitudinal centerline) and the two lateral
components YA and YB (perpendicular to the model's centerline, forward
and aft). The net side force is Y = A * Vg ° The net yaw moment (act-
ing about a vertical axis through the model CG) is determired by
N = YAng+YB XEp where ¢ is the longitudinal separation between the

model center-of-mass and the force-measuring balances (EA3>0 .gB <0).

The force balances are of the differential transformer type, capable
of measuring two orthogonal force components and a moment component about
a central axis. Balance locations and constraints are shown in Sketch III
on the following page. The model was constrained against surge, sway: and

yaw motions,but was permitted freedom to heave, pitch and roll.

22
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SKETCH III

oLwL
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¢, iT 6, —]|
|
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|
|
CG

©

SECTION B-8B SECTION A-A

Tests in this program were conducted on straight path (r' =0) with no
drift angle (v=0). Model speed, u , was varied between 0 and 5.7 feet
per second. Propeller speed was varied between +7.65 revolutions per sec-
ond. No dataare reported for propeller speeds less than 4.4 rps, for reasons
of scale effect on forces. Rudder angles were limited to 30 degrees,be-
cause of the effect of scale difference on the point at which rudder stall

occurs (near 30 degrees).

Turbulence stimulation (of flow about the hull) was aided by a 0.03-
inch-diameter trip wire located 8.4 inches aft of the forward perpendicular.
It is unlikely that turbulent flow was achieved at most of the hull speeds
of this test. However, hull resistance at low speeds is not significant
compared with thrust forces. Furthermore, hull resistance is deducted from
the total measured X-force in arriving at thrust coefficient information
for use in ship-motion computations; thus, the error introduced is subse-

quently subtracted.

Hydrodynamic force and moment data are listed for various conditions

23




R-1169

of ship speed, propeller speed, and rudder angle (u, n, 8)sin Table II.

These data are dimensional for the 14-foot-long model.

The data are reduced to coefficient form in Table III. The dimen-
sionless coefficients are defined in the section on propeller and rudder
forces or the section on hull forces. Apparent slip ratio, So » is given

by
s=En-u

o pn
Coefficient data are plotted in Figures 2, 3 and 4.

PROGRAM II: Large Orift-Angle Experiments

A 5-ft captive model was towed at various drift angles through a
total range of 360 degrees. A Series 60 model was used. particulars of
which are given in Table I. To avoid wall effects, the tests were con-
ducted in Davidson Laboratory Tank No. 2, with the rotating arm at its
longest practical radius. Side force and yaw moment were measured through
the entire range of drift angles. Since coupling effects of propeller and
rudder should be small relative to hull forces, they were neglected in the

test. The propeller and rudder were both fixed.

The model was attached to the rotating arm in a manner similar to
that used in conventional rotating-arm experiments of surface-ship models}
The principal difference wasthat the flexure plate mounting on the model
was made rotatable in steps of 60 degrees. This extended the drift-angle
capability of the balance Leyond the usual +30-degree limits,to any desired
angle. The normal arrange.ent, with fixed mounting, constrains the model
against yaw, surge, sway,and roll motions.but permits freedom to pitch and
heave. The modification changes the nature of the roll and pitch con-
straints; but negligible tendency to pitch or roll was detected at the low

model speeds tested.

Model speed was selected according to the drift angle of the run.
For drift angles ncar O or 180 degrees, speedsbetween 1.5 and 2.5 feet
per second were used. At large drift angles, the speed 0.85 feet per
second was used, *o avoid unrealistically high Froude numbers in condi-

tions that would cexist only at very low ship speeds. Speed effect at
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90 degree drift angle received special attention.The dimensionless side force

coefficient Y! = W is plotted against spced for this condition,in

. 5 w2

Figure 5.

Measurements comprised X and Y components of hydrodynamic force
and N component of hydrodynamic moment. Dimensionless coefficients N',
X' and Y' are formed, and plotted in Figures 6, 7 and 8, respectively.
The rotating-arm facility imposed a small path curvature in all tests of
this - oaram. This effect was suppressed by averaging data taken at posi-
tive and negative drift angles. Averaged data are represented in the
figures. In view of the symmetry of the averaged data, drift-angle argu-
ments in the figures are shown only from O to 180 degrees. Ideally, the
drift angle experiment would be conducted on straight course,ad & many com-

binations of path curvature and drift angle.

PROGRAM III: Pure-Yaw-Rotation Experiment

A 5-ft model was moved in pure yaw rotation by applying a known
yaw moment via falling weights and pulleys. The resulting steady yaw
rate was measured. A Series 60 model was used; particulars of which are

given in Table I.

A vertical mast was erected in the model coincident with the model's
negative z-axis (through the CG). The mast was a drum having two fine
cords attached, which, when wound around the drum, applied a pure yaw
moment. The cords were led over ball-bearing pulleys attached to the
outer sides of the walls of Tank No. 3. Weight holders were hung from the
cords,and the system was arranged to permit the weights to hang freely and

travel downward as the model commenced to rotate.

In testing, the lines were wound about the drum, elevating the
weights. When the model had been positioned directly between tte pulleys,
the model was released. After an acceleration interval, the time of one-
half revolution in yaw was measured. Different weights permitted a de-
termination of the effect of yaw rate on the Jdimensionless moment co-

efficient , . - . Results are plotted in Figure 9. These show

2 L4Hr2
regligible change of coefficient value over the r range of the test.
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COMPUTATION OF SIMPLE DOCKING MANEUVEK
General

The equations of ship motion (16 through 20) were programmed for nu-
merical integration by digital computer. The computer source program
written in Kingston Fortran language, is listed in Appendix B. The pro-
gram applies to calculation of various turning, stopping, and accelerating

maneuvers of a single-screw ship.

An example application of the mathematical model is made in the cal-
culation of a simple docking maneuver; namely, the ''one-bell'' landing.
This maneuver involves a single engine reversal to halt a ship alongside
its berth. The particular purpose is to demonstrate sensitivity of ship
response to operating and design parameters. Conditions of the maneuver
are idealized in the sense that no tugboat or MPD forces are applied, no
wind acts, and deep-water hydrodynamic coefficients are used. The one-bell
landing is a legend for large ships, but as a limit maneuver it provides

insight into the docking problem.

Characteristics of the study ship are given in Table I. Hull dimen-
sions approximate the MARINER's, but are based on a Series 60 form. Co-
efficient values are listed in Table IV and values of other parameters in
Table V. Conventional Y and N hydrodynamic derivatives are obtained
from Reference 13 (Mode! 60).

To extend the results of computations to ships of other sizes, the
followino scaling laws may be used: Subscript A refers to the study
ship, and B to a gcometrically similar ship of different size. The fac-
tor A is the scale r.*io based on length; i.e., A = LB/LA . Typical

examples of scaling are shown.

Distiance: Xg T Xa X A Linear acceleration: GB =ua, x|
Angle: ¢, = y, x | Angular acceleration: r, = ¢ x -1
B A 1/2 B A
Time: tg = t, x A Spe?d U = u xXJ/Z
Force: Xg = X, x A (ship and current): B A
Moment : NB = Ny X A4 Angular speed: n=nx x"/z
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The correlation of hydrodynamic terms between models of different
size (and especially between model and ship) is a major problem in ship

hydrodynamics. For this reason a 14-ft-long model was used to measure

forces depending on rudder actions, and friction scale effect was account-
ed for in scaling thrust forces. Still, the main interest of the work is
to extend ship motion analysis to permit evaluation of parameters affect-
ing maneuvering performance at low speeds, and not the precise determina-

tion of ship response.

The basic conditions of the example maneuver are these:
The ship approaches a pier at a constant velocity of 4.3 knots, relative
to the water. This corresponds to a propeller speed of 20 rpm. Turning
rate and drift angle are initially zero. The '"full astern' command is

executed, and subsequent ship motions and trajectory are computed.

The calculation is repeated for several variations of each of the

following parameters:

1. Maximum reversed propeller speed, n*
2. Propeller-response time lag, i.e., time constant T

3. Velocity of uniform water current.iréo

With propeller reversed at low ship speed, rudder deflection was found to
have negligible effect on ship motion and trajectory; hence, it is not in-

cluded as a parameter in these computations.

Distance and time required to stop are used as performance criteria
for studying sensitivity to parameters 1 and 2. For parameter 3, the

lateral trajectory characteristics, position and velocity, are used.

The computation proceeds from t, when the command n* to propeller
is given. Formally, the initial conditions of motion are u = u(0) ,
var=4a=v=r =0. Initial heading, ¥(0), is arbitrary unless water current
is specified. Coordinates xo(O) and yo(O) are also arbitrary. Typical

computer output is shown in Appendix C.

Results

The effects of maximum reverse propeller speed are shown in Figure 10.

t

Clearly, variations of n* about the base value of =45 rpm cause significant
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variations in head-reach and time-to-stop. For the study ship, =45 rpm
corresponds to normal '"full astern." This is the command most likely to be
used for killing headway of a fully loaded vessel. The response to emer-
gency full-astern (taken as =60 rpm) is significantly quicker,and responses
to lower values such as half-astern (=30 rpm) are unacceptably sluggish
for docking. The curves representing time-and distance-to-stop are simi lar
in character under these conditions. This is in accord with the simp)ified
relations between constant retarding force, X , and the time and distance
necessary to destroy kinetic energy. Energy and motion equations yield
. (m-x‘.‘)u: . a (m-xa)uo
- X
At low ship speeds, X is mainly determined by n?; hence, both s and

t are proportional to 1/n? .

Figure 11 indicates how response time of the engine affects distance
and time-to-stop. Since the time constant T is a measure of delay in

achieving n”*

, it dictates delay in reaching peak deceleration. This af-
fects distance covered in each succeeding increment of time after 6y

Time-to-stop is not correspondingly affected, however.

The validity of the longitudinal ship-motion calculation was tested
by computing stopping maneuvers of the ESSO SUEZ and comparing results

with full-scale test datareported by Hewins, Chase, and Ruiz.'9

Ship trajectories corresponding to three variations of the basic
docking maneuver are pictured in Figure 12. Water current is the parameter,
A time history of significant computational variables for the no-current
condition is shown in Figure 13. Computed yaw-angle and drift-angle values
develop significantly prior to ship stopping. Measurements of free maneu-
vering are unavailable for verification of these results, but tendencies ap-
pear tobe correct. based on experience with full-scale ships. The general
preference of ship-handlers for port-side-to-pier landings is based on
these effects (for right-hand single-screw ships).

Trial computations were made to discuss the importance of steady-
state hydrodynamic terms in low-speed transient maneuvers. These showed
that elimination of all steady-state hull termsdid nat appreciably affect the
longitudinal motion results shown in Figure 13. However, effects on lateral

28
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motions were quite large, roughly doubling the values of yaw angle, drift

angle, and lateral displacement. In another trial, only linear hull hy-

drodynamic terms were included. Results more in line with the basic :
computation were then obtained. However, it is cautioned “hat the simple

docking maneuver does not involve large drift angle or (dimensionless)

turning rate through most of the duration, as might be the case in other

low speed maneuvers.

The effect of uniform water current on a slowly moving ship is im-
portant. In Figure 12 the effect of a one-knot current, setting east, is
compared to a one-knot current setting west (relative to a north-south
pier). The right-hand ship is set heavily westward and put hard against
the pier. The left-hand ship is set eastward, and finds that a portside-
to-pier landing is impossible. Therefore a starboard-side landing is
shown. Because uniform water current adds a constant velocity to other

ship motions, time-to-stop is very important in water-current cases.

A limiting criterion for docking is contact velocity with the pier.
Lateral contact velocities of -2.3 feet per second* (for the ship set
westward in Figure 12) or 1.1 feet per second (for the ship set eastward)
could result in costly side-shell damage. A realistic non-uniform current
would be weaker near the pier, and more confused, but the desirability ot

having additional lateral control forces available is apparent.

ats

“Combined with yaw rotation, the lateral velocity at the stern (at station
18, on 20 stations) is -2.7 feet per second.
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CONCLUSIONS

Conclusions of this study are based on experimental results, results

of computed maneuvers, and mathematical modei development.

Conclusions Based on Experiments

Straight-course experiments show that the speed of an ahead-turning
propeller strongly influences rudder effectiveness of a single-screw
ship. The relation may be expressed in terms of the propeller ad-
vance ratio JS for ahead ship motions. When propeller rotation is

reversed, rudder forces are small, erratic, and ineffective for con-

trol.

A significant side force is generated by the rotation of a single
propeller behind a ship. especially for reversed propeller rotation
at low ship speeds. This force is responsible for a tendency toward
positive (clockwise) yaw rotation during ship-stopping. The ratio
of measured yaw moment to side force locates the center of effort at
approximately 10%XL forward of the rudder post,fo: reverse propeller
rotation, and approximately at the position of the rudder for ahead

propeller rotation.

Hydrodynamic yaw moment resulting from pure yaw rotation is closely

proportional to the square of yaw rate for a5-foot Series 60 model

at yaw rates between 0.04 and 0.07 sec'].

Conclusions Based on Computed Maneuvers

Computations show the importance of maximum reverse propeller speed,
n“, in ship stopping from low speeds. Since hull resistance is minor

at low speeds, the stopping force is mainly determined by n" squared.

The time response of the engine importantly affects the speed with
which astern thrust, hence ship deceleration, is established. Since

this affects the duration of the high-speed part of the maneuver, it has
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much greater effect on distance than on total time required to stop.

For some maneuvers, time-to-stop is more important than distance. For
example, ship translation due to a uniform water current depends di-
rectly on total elapsed time, and not at all on distance traveled
through the water. Therefore, a maneuver which may be simple for an
unassisted ship in still water could be impossible in a modest cur-

rent, depending on the time it takes to complete.

Conclusions Based on Development of Mathematical Model

Propeller forces are conveniently represented in motion equations by
following the familiar kt vs.Js notation. Extension of the kt ’
JS concept assists in the representation of longitudinal force,
lateral force, and yaw moment, as convenient functions of ship speed,
propeller rotation, and rudder angle. Applied to both ahead and re-
verse propeller rotation, the technique provides insight into the
changing propeller flow conditions. After blade stall, a locked pro-
peller drag function may suffice until stall recovery. Computations

may be organized on the basis of instantaneous Js value.

If the water current can be assumed uniform, vector addition of ship
motion through the water and motion of the water current permits a
considerable simplification of the equations of motion. On the other
hand, if water current is so irregular as to disallow this assumption,

mathematical representation may be impractical.

In general, the variety of ship motions possible at low ship speed is
boundless. Because of this, appropriate force and moment data are
necessary in computations of low-speed ship maneuvers. Steady-state
hydrodynamic reactions are complex functions which cannot be arbi-

trarily excluded from ship-motion equations, even at low ship speeds.

The mathematical model is a useful tool which may be extended to in-

clude additional forces, such as wina and auxiliary propulsion devices.

Constraints due to anchor or mooring lines may be added. With the proper

data on external forces, the mathematical model provides an excellent

means for analyzing many complex problems associated with low-speed ship

maneuvers.
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