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? c ABSTRACT
i Do :
' DAn attempt is made to extend ship-maneuvering analysis for application at low ship speeds. :
F Captive~-moda] expariments are made tc !nvestlgate effects of non-equilibrium propeller i
4 speeds on rudder force and effective thrust, Other experiments are made to explore
@ first-order effects of very large drift angles and pure yaw rotaclon on hull hydrodynamic
reactions, The experimental results, together with previous rotating-arm data, are

applied In motion equations, accounting for both extreme propeller actions and the occur- ?
rence 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 pre-
dicted. The computation is repeated several times to examine sensitivity of ship motions :
and trajectory to variations of operating parameters, namely, maximum reverse propeller !
speed, engine response time, and water-current direction, ’ i

INTRODUCT 1 ON

Upon eatering pilot waters from seaward, a ship's control problems change, in nature,
becoming increasingly difficult unti] maneuvers are concluded (successfully or oiherwise)

> at dockside, anchorage, or mcoring. Throughout this period, control of ship's trajectory
and speed must be sufficlent to assure safe passage through channels, bridges, and locks; j
and to avoid collisions with other vessels,

Unfortunately, when danger of collision or grounding s greatest, a speed otherwise
\ Yprudent’ for navigation can be too slow for adequate directional control. This is
: . because steady hydrodynamic forces depend on the square of ship speed, while external
; disturbances do not. A reduction to one-quarter speed, fc- example, will cut rudder
ii force to one-sixteenth, but will not diminish the adverse effects of wind and current.

Other ship characteristics contribute to the problem, First, rudder forces of a single-
screw ship depend heavily on propeller speed. Second, large merchant ships have small
thrust-to~-mass ratios, hence they respond sluggishly to propeller actions., And third,
lightly loaded merchant ships have large ratios of above-water to below-water surface
area, causing wind effects to be accentuated,

These factors combine to cause freyuent saturation of propeller and rudder forces. Some-
i times control Is quite insdequate. Then, auxiliary forces such as tugs, bow-thruster,
j or anchor must be called upor. ’

The simplified motion equations used In most studies of ship control provide satisfactory
predictions of maneuvers under cruising (constant throttle) conditions, but are not
sufficiently general to treat many real control problems, such &s those which occur at
low ship speeds. .

Controllabllity surveys by Norrbin,' Eda and Crane,® Williams and Noble," Goodman,® and
: Abkowitz® discuss the usual forms of equations and thelr solutjons, None Include propelier-
AR speed changes, wind force, or water-current effect. Saunders,” and more recently Hawkins,”
R have discussed spaclal low-spaed maneuvers witkout using equations of motion., Crane, Uram’
and Choy' have formulated motion equations for mooring and docking maneuvers of a destroyer
and a submarine. But most efforts on non-equilibrium propeller effects have concentrated
on ship-stopping. These works are summarized in Reference 9. Papers By English,”” Hawkins,
$tuntz and Taylor, and others trest bow-thrusﬁrs and other maneuvering-propulsion
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devices (MPD) but these do not include MPD forces in maneuvering analyses.

The present work is a~ attempt to extend the generality of ship-maneuvering analysis to !
include engine-maneuver &nd water-current effects and Introduce the possibilities of very !
large drift angles and space turning rates. Equations of motion are formulated for

translation and rotation of a surface ship maneuvering In a reference frame which Is

fixed with respect to a moving -i!~- n:ss (the water current)., The independent ship

variabies comprise pripeller spevc unc rudder angie. “he equations are solved ..ith

respect to the coordinate frame moving with the water, and the solution is transirmed

to a fixed coordinate frame, Rcsultant ship velocity is integrated to obtain shio's !
prsition and orlfentatic:y at any time, Water current is a parameter, and is made zero '
when discussing other effects.

Coefficients of the equations are obtained from experiment, calculation, and existing
data., Strong couplings among ship speed, propeller speed, and rudder angle (at maneuv-
ring speeds) are Investigated by captive-mode! tests on straight path in a towing tank.
Indications of hydrodynamic reactions to very large drift angles and to pure yaw rotation
are obtained experimentally. Numerica! Integrations are performed by digital computer,

A few examples of computed maneuvers are glven to I1lustrate uses which can be made of
mors genera! analyses of ship maneuvering. Using the computation procedure developed,

the sensitivity of ship response to particular ship parameters is studied for & simple
ship-docking manauver.

This project was sponsored by the Buresu of Ships General Hydrumechanics Research Program
under Contract Nonr 263(63) and technically sdministered by the David Taylor Mode! Basin.

EQUATIONS OF MOTION - GENERAL :

General Form of Motion Equations !

Differential equations describing the motion of & ship are written with respect to a
reference frame rotating with the ship's axes, the origin of which is chosen coincident
with the ship's center of mass (see Figure |, following page).

e

-

dav . R . .
F'N('&T*wa) N = | =—+0xlw (1)

where F  sum of all external forces acting

N sumof gl external moments acting
velocity of ship center-of-mass relative to the water

P angular velocity of ship (ship's axes)

i ship inertia ~ sor T

A}l vectors can be expressed in rotating (ship axes) coordinates, Ffor a surface ship
In caln water, these vector aquations are reduced to three Cartesian equations by apply-
ollowing simplifying assumptions:

ACE_SION 'wr

eren WHITE SECHM O Ship i3 constrained to move In its lateral plane (i.e., the x,y-plane),
03¢ W SECTHR () which Is horlzontal.

EATRY: oma

. Center of mass is In the principal plene of symmetry of the hull,
1081 AL HOR e t

Mpss and center of mass are constant.
~ §. Products of inertis sre zero.
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REFERENCE FRAMES
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Then,

m(a - rv) = X m{v + ru) =Y Izi = N (2)

where X and Y vrepresent summations of unbalanced external forces acting In the x
and y directions, and N the summation of unbalanced moments about the z-axis.

Externa) forces arise from hydrodynamic reactions to hull motlon, propelier and rudder
sctions, aerodyn +lc reactions on hull structure, and all other forces which may be
applied by waves, bow=-thruster, anchor chain, tugboat, mooring lines, etc. In this
snalysis, only hull hydrodynamic and propeller-rudder forces are included. in succeeding
sections, their contributions to X, V, and N are considered.

Reference Frames

It is usually desirable to cuscribe low-speed meneuvers relative to an inertial refer-
ence frame fixed In the earth, However, the motion equations and solution are greatly
simplified If referred to 8 coordinate frame flixed In the ship,* with subsequent irans-
formation 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 orlentation as the fixed frame, but moves with
the steady velocity of the uniform water current, [n computation, the first transforma-
tion of the solution is from ship axes to intermediate axes. The sscond 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 introduce no acceleration in the motlon equa-
“lons, 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 & rotation of coordinates,

u| = uCOoS ¥ -V Siny

(3)

v = UsSin ¥ +VCOS¥

t
§ = J’ re: ¢ 4i0)
o

where u and v are coordinates of velocity aiong ship axes, and vy and v, are
components o 3hip velocity along intermediate axes,

and

{(2) {omponents of water-current velocity are then added to obtain ship motior relative
to fixed inertial axes,

u = Y COS v - VvV SN ¥ o+ U €o%
o 4

<
©
i4)
v = y¢sinievcos ¢+ U sin
° < 4
o
“Orientation of ship axes with s+ to ship geomeiry saries according to ship loadirsg
conditions becsuse, for conven’ .~ . . and v shi: ax.s are taken horizontal {hence,

2-axis vertical},
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keeping In mind that the intermediate axes (!) and fixed inertial axes (o) are
parallel,

Time integration of the velocities u, and v, ylelds instantaneous ship position
(x Y ) with respect to any chesen origin,

H NS T TJERNAL F

Nydrodynamic forces exerted on a ship's hull are attributed to viscous and inertisl fluld
effects which are expressed as functions of huli motlions and eccelerstions. Since a wide
rangs of maneuvering motinns may occur at low ship speeds, hydrodynamic representations
arc separated acccrding to applicetion to cruising=type or docking-type meneuvers, The
former case is consldered firsg,

A convonlcn; form fur exprassing hull hydrodynomic forces is avallable in the Teylor series
oxponsion. in the present analysis, the general expansion s specialized to the surze,
swoy, and vaw motions of a ship,

The following simplifications, sdditions! to those noted in the previcus seztion, are
made:

|. The hydrodynamic derivative costfici nts XV; . X ' Y; , and N; 2.
assumed to be negligible. For convenience, » 1¢rm proportlonal to ul
is used to account for Xé and drift-sngis effects,

2. Hydrodynamic terms of order four and higher are assumed t be negligible.

3. Forces due to hull motions and sccelerations are repretentesd to be independe ¢t
of propellier and rudder actions.

4. The ship floats in deep (0/H - 3.5), calm, unrestricted water,

Simpiification (3) is necessaiy because cof the absence of captive-model experimental
data for a ship on curved path with r:versed propelier rotatior, or in any propelier
conditicn far reroved from model or ship self-propulsion point. An indication of the
effects of non-equ:libriun propeller speed on hull h, _rodynamic data was obzalned by
inspection of rotating-arm test results for a model of 7.5, EMPIRE STATE §V, The
neasur=d effects cannot be explained simply on the basis of propelier-yide-force change:
at di‘ferent propeller loadings. Aithough the differences are large enough to wa‘cart
furiner investigation, they are ¢f second-order importance for present purpescs.

With the preceding simplifications, ihe ron-linear hull force-ard-moment expressions,
rretaining third-order terms in the velocities, may be written as

= Y -
xhu” Aou + A'UU Azrv
Y S8V *Juv ¢+ 8 r*&rv’fu*!r‘v;u*lr‘/u08~./b {s)
hutl "] i b
}
. N i l‘ . .; - l
Mpotl C ,PF s CLuv * Czur . ervﬂfu . C“r°vyx + Csr‘fu Cﬁva/u J
o i® 8 e z ’n.z
A(‘ 3 HXi 80 ?Liﬂ'& Co }ir‘u
AT s LA LU €, =y Ui
A, = fTuE ¢ 8, = £ rure €. = £ RN
Ve r b4 2 2
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B = ,‘321.( 1e3v) c6=r°2|.=n(n v IN)

By = § LAH(Y,_ ¢ +¥!) & = FLOHIN ¢+ N1
Fé B, = & LaHYrr¢ G = g LH N,y

E a5 : ‘%L‘HY”_"_ CS * quu Neer

'

Al) dimenslonless coefficients except X' . X ", , Y, and N; are evaluated experimen-
taliy, as described in Reference 13, v

The derivatives X(" . Y'q , and N", relate hydrodynemic forces to body accelerations,

and Xw'_ Is teken equs! In magnitude to Y\!’ . YThe Y‘!I and N; coefficients are

DRI ans. i sl

conputed following the method of Lewis'® and Prohaska.”® For example,
3 nk js k_(x)H¥dx
2 [ X, X

X
J' s S{x)dx
*b

¥ In this stripwise integration, k_ s the two-dimensional lateral added-mass coefficient.
This 13 determined for shiplike sections, by using Prohaska's results. The k. is a
three-dimensional correction factor determined by comparing the exact added-mass compu-
tation of the prolate spheroid giver by Lamb with that obtaired by the stripwise compu-
tation for the same spheroid. Factor S$(x) is the local sectional area. The rotary

- acceleration derivative N! s obtained in a similar manner, but includes an x factor
i in the Integrand of the nu&cra:or. The longitudinal acceleration derivative X! s

; taken equal to that of an equivalent prolate spheroid. u

Tg/m -

Conditions at Very Low Speeds

Experience snows that at moderate ship speeds, drift angle, 7 , does not normailly exceed
approximately t10 degrees, and dimensionless turning rate, r' , is normally limited to
about 0.7 (corresponding to turning-diameter/ship-length = 3). However, a ship maneuver-
1ng at very low speeds may develop much larger drift angles and space turning rates.

Consider the definition of & |, as forward speed u becomes smail with respect to lateral

speed, v !
. -l -1 ¥
lim & = !iml. ran {t)] . = /2
u-o V]
In simiter fashion, space turning rate grows large as ship speed vanishes; i.e.,

lim r' & lim = ==

V.o U +c
Such situaticas arise with the sction of external forces which are not wholly Gegendent
on ship wotions.
Two broad categories of ~wneuvers are defined:

1. Lruising-type ssneuvers: Both of the below criteris are satisfied.

IV-B-43
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2. Docking-type maneuvers: One or the cther of the below criteria Is not
satisfied,

sl <8, Irel < r

The above definitions are useful in defining aneuvers for which conventlional hydrodynramic
expansions are valid. These are called cruising-type mansuvers, and it is for thess that
most experimental deta are obtainad. Ranges of variables may be extended to ccver dock-
ing-type maneuvers, of course (glven sufficient data), but It is possible that sn expan-
sion other than Taylor's series may be more convenlent for treating Jocking-type mareuvers
(double Fourler series, for example). If & Teylor serles is used, an expansicn point at
(usvarsiey=tu0) might prove more convenient than at (uey, , versjay=tal),

in this paper an example of & simple docking maneuver Is computed. The maneuver Is
terminated as forward motion stops after susiained reversed propeller sction. The come
putation will show a *zndency for the ship to develop large values of 8 and -' gt
the end of the maneuver, To allow for this, teérms exhibiting first-order qualities of
the true (stcady-state) hydrodynamic reactions are used In this region. Cosfficients of
the simplifiad terms are relatively easy to evaluate, since they represent uncoupled
drift-angle and yaw=rate effects. The acceleration dependent terms appear as befcre.
Simplifications 3 and & stil) apply.

AT Agu * Ayl ¢ Aprv

) 2
Yhull - lov + 97vU + 63 v iv] + B9ur (6)
. \4') i ]
Nhull Cor + C7vu + C8 0 fval + C9 rogrg

The relative importance of steady-state hydrodynamic forces obviously declines {relative
to inertia effects) _s ship speed decreases. However, it cannot simply be stated that
steady-state terms are negligible below any particular speed {(except under very speciai
conditions). For example, consider ship response to & pure applied yaw moment. After
initial yaw acceleration, the resisting hydrodyramic moment is a2'most entlire'y a steady-
siate damping effect. If steady-state terms were arbitrarily excluded, acceleration
without limit would be computed,

PROPELLEX AND RUDOER CONTRIBUTIONS ~0 EXTERMAL FORLE AND MOMENT

An important departure from usual naneuvering analyses, at low ship speeds, is the loss
cf proporticnality between contro! fc-ces and the hull forces which are associated with
notion through the water, The controtl forces of propeller and rudder can be gispropor-
tinrately large or small, accerding to the action of the propeller. External forces and
momen*s attridbuted to propelier and rudder actions depenc on several factors, including-—

1. Prepeller, hull, and rudder cenfigura. “ons

Propeller speed of rotation and engular accelerat’on

S ha

Ship linear and angular veldcity

e

. Rudder angular deflsction and deflection rate

S. 3State of cevitation or ventilation o° propelier and rudder
6. Ship hydrodynamic environvent, i.e., w~ater densily, depth, and
latera! boundaries, and waves
The following assuwpti: |, together wilh those in previous secticns, si=plify representa-

tions of gropelier and rudCer Torces:

Y. Ship speed is low, hence lateral ship velocity is s=all,

[———
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2. Yaw rotation i< slow, *

3. Based on (1) and {2}, ine lateral component of inflow to propeller
and rudcer is small,

L, Rudder deflection rate is slow, conforming to normal ship practice
{2-1/2"/sec). Also, frequancy of rudder oscillation is low; hence
errors due to quasi-steady representation are smal!.

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

6. Propeller and rudder are not cavitating appreciably.

With the above 2ssumptions, propeller and rudder forces are represented as functions of
propeller spees, n , ship s longitudinal speed, u , and rudder angular deflection, & ,

X Force Due to iropeller and Rudder

The dimensionives thrust coefficient, k, = thrust/pd*n® , is commonly used to represent
propeller test results for various conditions of ship speed and propeller rotstion. This
concept is useful as an aid in understanding and representing propeller force effects,

In this study, self-propelled captive-mnde! tests have bee1r used to measure a quantity
which will be denoted X (propeller + rudder). This quantity is defined as tota!
measured axial force, X(u,n,8) , minus the resistance of the model hull without propeller,
%(U,emp,—-). From this, a dimensionless ""effective thrust' covefficient is defined,

k= X (propelle: + rudder) (7)
od*n”®

As with open-water piopeller thrust characteristics, it is convenient to graph k_ as
a function of propelier advence ratio, J. = u/nd , using ship’s speed of advance.” For
clarity, rudder effects are omitted f.-om the next Giscussion.

Sketch | shows the relation of k, to Jg in regions of p-opaller operation which are
impurtant for ship-stopping.
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The path of kx during rapid propeller reversa! is traced:

1. Initial equilibrium cordition (thrust = resistance)

2. Propeller speed reduced; biade secticns approach zero angle of
attack (thrust zero)

3. Propeller speed further reduced; blade secticns at negative angles
of attack {thrust negative)

L, Propeller speed further reduced; flow about blades completely
separates (propelier dragging)

5. Propeller stopped and dragging ...
6. Propeller turning slowly astern but dragging
7

Astern propeller speed increased (blades recover from stall
and tegin thrusting astern)

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

The representation of Sketch ! is not useful in the interval between 4 and 7. Mathemat-
ically, as n approaches zero, J; tends to Infinity. Furthermore, beyond the blade
stall-point at large negative angles of attack, k cannot be represented simply in terms
of Jg . For cargo ships and tankers the negative blade-angle stall wiil occur at a

J; value between 2 and L., Another dimensionless coefficient is then convenient for
expressing ''effective propeller thrust.'' This is the coefficient c, = X/pd®u , used by
Birde!'™ and others. The singularity in Jg = u/nd is avoided by using the reciprocai,

nd/u .

| ] | -nd
+ } ) { Vig=55
[)
b4
[ ]
—1——
SKETCH 11
The characteristic behavior of ¢ in @ ship-stopping maneuver is shown in Sketch I}
{(numbers correspond to those of Sketch 1}, Because propeller speed will change much

more quickly than ship speed, the behavicr of X (propeller) is similar to that of Cy
in Sketch ti,

Because of slow propelle speeds in the region from b to 6, erperimental evaluation of
¢y is subject to serious scale effect (especially for the propeller operating behind
the shipj; but if ¢y passes from b4 to 6 in a few seconds, the accuracy of the repre-
sentation in this region is not crucial, An estimated propeller drag coefficient is
therefore used (see Appendix A). When unstalied propeller operation resumes (with

reversed propeller speed), the ke vs. Jg relation is again effective and simple to use.

The required segments of the Ky s Js curve are easily described by simple polynomials

in J, . For example, in the region from | to 4 (of Sketch 1), an adequate ~urve fit
is obtained with k, = a, + aJ, + a Js° . And since
IV-B-52
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X (progeller) = k, pdn®

u

substitution of the polynomial in Js for kx , and ~d for Js , yields
X (propeller) = (pd‘ao)na + (pdaal)un + (pd’az)ua (8)

where 8, 8 , 8, are determined for a particular propelier and hull,

In similar fashion, the k, curve segment passing from point 7 through point 8 may be
curve fitted to J; . For digital computation of maneuvers, the correct expression for
k, can be automatically selected according to the instantaneous value of J . , in accord-
ance with ruies based on Sketch I,

Rudder effect on X force is treated 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

ky s approximately parsbolic ~ith rudder angle, 5 , a simple extension of the pro-
peller-thrust representation to rudder drag may suffice,

X (rudder) = L 0d*n?&° (9)

Here we express kx,6 =a, +a , leading to

-3

X (rudder) = [(pd* a3)na + (pd® a,)un] & (10)

When the propeller is dragging or reversed, the rudder drag is smell 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 determined by both ship
speed and propeller speed, the concept of kyvs. Jg is useful for developing a polynomial
representation for side force in the propeller operating region from | to 4 of Sketch |.
if in this region Y is a linear function of rudder angle, the symmetrical part of

Y (propeller + rudder) with respect to § may be represented by

[(pd‘bo)na + (pd’b Jun + (od’b,)") &

A smal} unsymmetricgl side force is &lso observed for single-screw ships. This is called
the Hovgaard effect  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

v and n , based on the results of straight-course experiments presented in the next
section, Summing the symmetrical and unsymmetrical parts, the total expression is

Y (propeller + rudder) = [(pd‘bo)ﬂ’ + (pd"bl)un + (Ddabz)ua] b+ (mfbn)ﬂ2 + (ﬁdal?‘)u2
(1)

In the stalied region, for advance ratios much to the right of point 4, flow aft of the
propeller is much disturbed, Rudder forces are then sharply reduced and difficult to
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; | evaluate. In this condition, it is estimated that rudder 2ffectiveness Is reduced to
I less than 1/3 of that In normal ahead operstion. Ihls is based on model tests of &
| related single-screw hull with propeller removed,

As propeller rotation is reversed, the propelier race is directed forward., Llocal flow
past the rudder is destroyed and stearing control is lost., Side-force bias due to
propeller rotation gains Importance, and alone influences the directional behavior of
the ship (in the absence of other external forces).

N Moment Due to Propeller and Rudder 'M ]

The representation of yaw moment produced by propeller and rudder, N (propeller + rudder),
closely follows that for side force. An additional length dimension appears in the
exponent of d . The number of terms in J, will depend upon the shape of the function
Ky , and the precision required.

A summary of terms used in the present study for N (propeller + rudder) appears below:

Operating Region

of Propeller Expression for Rudder-Propeller Yaw Moment
L 4 3 3 t ]
1 to 4 Ng o = (pdscon + pdc un + pd’c_ )6 + pd’c n (v2)
1 hto 6 Ng o = pd'c,us (13) - ;:
g 6 to 8 Ng o ™ pd°c n® (14) : %
¥ | o
| ! TIME_LAGS OF PROPELLER AND RUDDER RESPONSE .

Engine Orders

Commands from the bridge to engine-cortrol indicate desired magnitude and sense of pro-
peller rotation.™ A typical engine-order (bell)tabie for a merchant ship is shown:

Engine Order Propelier Speed (rpm) !
Full Ahead 60 |
; Half Ahead Lo i'
¥ Slow Ahead , 20 !- !
Dead Slow Ahead 10 L g
,é Stop 0 :
Slow Astern -15 . "‘G%
‘ Half Astern -30 i
'g Full Astern =45 oo 3
“
| ~
§ i
; *Although insufficient data are available to analyze ship dynamic stability in this . i._ :i
condition, the reversed propeller may destabilize the ship by its effect on the flow .‘f s

abo.t the hull, While this could cause yaw divergence in either direztion, > 'ow Speeds
the unbalanced side force produced ty the reversed propeller usually causes yaw angle to :
develop in the positive (clockwise) sense. This tendency is shown In later computstions, 1
The yaw effect is used to advantage by ship-handlers and explains their preference for
port-side-to-pier landings.

e abitivohnufly

““Bridge control is not treated here, but may be introduced iwmediatel!y. since there is e
no restriction to discrete propeller speeds in this analysis, R
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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 pres-
sure 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 approached.

Propeller Time Lag

Rate of change of propeller speed will depend upon -

. Instantaneous propeller speed, n

. Instantaneous ship speed, u

. Propeller speed ordered, n¥

1

2

3. Previous steady propeller speed, N and nozzle combination

4
A complete analysis of transient propeller speed would require propulsion-machinery
characteristics and human-response factors 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 full-scale ship data for the "crashback'' maneuver. Propeller
response is described by the first-order differential equation dn/dt + ¢,n + ¢, = 0,
Applying boundary conditions n=n; at t=1t and n-n" as t = o, instantaneous
propeller speed is given by

4tﬂ)

n=n, + (n*- n) (1 -e bt =t -t (15)

where T = time constant for particular ship and maneuver. This may be estimated by
fitting Equation (15) to glven response data.

Rudder Time Lag

The steering machinery of a large ship will provide approximately constant rudder rota-
tion for rudder changes of more than a few degrees., According to U, S, Coast Guard
Merine Engineering Regulations and American Bureau of Shipping Rules, average rudder
rotation shall got be less than about 2-1/3 degrees per second, In the $.5. GOPHER
MARINER trials, the rudder was shifted from 35 degrees left to 35 degrees right in

22 seconds, 1,e., at an average rate of 3,2 degrees per second,

For constant rudder angular rate, rudder deflection is represented by & « 6i + 5(t-ti) ,
and 6 2 6™ according to sense of rotation, where

initial deflection angle

S On
L}

t = time at execution

o
|

rudder angular rate

o
=
%

|

ordered rudder angle

The sign of & is determined by the sign of (8 - 5.), Rudder-angle commands are
specified in degrees right or left of amidship (- or'+ , respectively), but radian
measure Is used in equations,
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SUMMARY OF MOTION EQUAT IONS

The equations of motion are summarized below in a form for solution:

X _EQUATION

{m - Ao)u = Al

.4

Ao "

Y EQUATION

r A3n2+ Agun + A5u2+ (A6n3+ A7un)62 .

n?+A . un

w + (m+ Az)rv

l/Js > g,

362
Aguu + Aqu® 6 s gy 2 I/Js > g,

’ 92.2 I/Js>93

2 2 3
$ A12n +A‘3un + A]hu +A]5u Y s g3 -] I/Js

3 z 3 3
(B]uv + (B2 - m)ur + BBrv Ju + Bur v/u + Bsr Ju + 86v Ju

(m - BO)O =

BvU + eavlvl +

11

+{ By5u7t

-~

B]6n‘

.

2 2
[ B]On +B,.,u

a R

for SRR PLs r! = r!', and u =y

L L

(59 - mur

> 1> e <
for p BL or r rporu<u

+(B,,0? + Byjun + B, u?)¢ , 1/Js>»g1
g 912]/U5> 92

, 922]/Us

af 3 z s P
|Cluv + Czur + C3rv Ju + Chr v/u + Csr Ju + CGV /u

for B, r

v 1 i
L rL, and u UL

Covu + Covulvul /67 + Cgrfrl

for F>p orrt = rloru=<u

L L L

Clon” +(C”n2 + C,zun + C]3u°) & ' I/Js > g,

Y Cyputs r 9 7/ >,
Cy5n° c gy 1/

IV-D.KF

X(Hul1) '

X (Prop, + Rudder)

Y(Hull)

Y(Prop.+ Rudder)

N{(Hult)

w({Prop,+ Rudder)

Eauatinns (16)




ﬁ,. and
£ n=n, + (n"-ni)(l - e'M/T) s At =t - ti (17)
5 = e . - <
5 5f + Bt ti) aLs § < 5L (18}
where
A, = § L2 HX; B, = % L2 HY) c, = % L* HNY
A = § LHX! B, = g LHY ¢, = § L2 HN!
Ay = 512 Hx ! B, =5 L2 ny! €, = 512 HN
= % = p = P a3 .
A3 = pd a, 93 5 L?H(YrV¢ + Y;) c3 gL H(er¢ + N;)
= 2 - 4 3 ::p L '
Ay = P a, By = g LoHY_ ! C, = [ LN}
= =R 4 =P Lz
Ag = pd? a, By = T3 LeHY_ ! Co = Tz LEHN_ 1
= -.E_ :2._ 2 '
Rg = pdi a, Bg = T3 LH(Y,yy * 37!) Co = T3 LBHIN o + 3N))
- ] -_-_E =£ 2
A, = pd a B, = § LHY, C, = 3 L7HN,
A, = pd® a By = £ LHY C, = £ L2KN
8 5 g =3 LAY, 8~ 3 2
=L 1K a By, = £ L2HY, (inertial only) Co = £ LAHN
Aoz thy 9 =7 LW 9 "7y ;
= . = 4 = ke {
Ao® PA* a, Bjo= pdb, Cio™ Pd < :
= odd = od2 = odS
Ajp® pd ag By = pd%b, Cpp= pd® ¢ b
k.
= = = pds 3
§ App= pd ag B)p= pdéb, C1a™ Pdt ¢, :
= 3 = 3 - 3
A'3 pd g 813 pd b3 613 pd c3
= ‘2 = 2 :_E 2
A= pd? ay, By = pdhy C14= 3 L?Hey
= =P = g
AIS pd a, 815 5 LHbs , CIS pd c5
= 4
B1g™ Pdtby

Ship motions, position and oriertation relative to earth-fixed axes are provided by

U cosk v siny *Uc costfc
o

<
1}

u siny +v cosy+U. siny (19)
o
r =r

t
Xy 2 J: uodt + xo(o)

v [

o
t

[ad

vodt + y (o) \ (20)

4= rdt + r{o)
Jo
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EXPER IMENTAL PROGRAM

Expeiiments 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, test programs were |imited to conditions necessary for
application of the equations to particular maneuvers.

PROGRAM |: Straight-Course Experiment

A Vi-foot captive mode! was towed at various speeds. Propeller speed was varied among
positive and negative values, and rudder deflection was set at Intervals betwesn plus
and minus 30 degrees. A Serles 60 mode] was used, particulors of which are given In
Table | (see Appendix D).

The propeller was driven by a frequency-control'ed synchronous motor, integral with a
propelier thrust and torque dynsmometer. The juwer source snd speed controller were
located ashore and were connected eslectrically to the model through overhead cables vis
the towing carrlage,

Rudder deflections were set manually, by use of a tiller and protractor.

The three force components measured were the longitudinal component X (In lins with the
model's longitudinal centerline) and the two lateral components Y, and Yp (per-
pendiculer to the model's centarline, forward and aft). The nat slﬁc force ?s

Y = Ys+ Yg . The net yaw momen: (acting sbout a vertical axis through the mode! CG)

Is determined by N = ¥, x So + Yg x §g , where § is the longitudinal separation
between the model center-of-mass and tge force-measur ing balances (§4 >0, S3<0) .

The force balances are of the differential transformer type, capable of msasuring two
orthogonal force components and a moment component sbout a central sxis. Balance loce-
tions and constraints are shown In Sketch 111 below, The model! was constrained against
surge, sway, and yaw motions but was permitted freedom to heave, pitch and roll.

SKETCH it

|
t ¢, : & —
| S
| ]
| { ) oLwL
: A . A
—all
J
ce
© =]
SECTION B-B SECTION A-A
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Tests in this program were conducted on stralght path (r' = 0) with no drift angle

{v = 0). Model speed, u , was varied between O and 5.7 feet per second, Propeller

speed was varied between plus and minus 7.65 revolutions per second. No data are reported
for propeller speeds less than 4.4 rps, for reasons of scale effect on forces. Rudder
angles were limited to £30 degrees, because of the effect of scale difference cn the

polnt at which rudder stal! 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 signiflicant compared with thrust forces. Furthermore, hull resistance

is deducted from the tots! measured X-force in arriving at thrust coefficient information
for use in ship-motion computations; thus, the error introduced Is subseGuently subtracted.

Hydrodynamic force and moment data are listed for various conditions of ship speed, pro-
peller speed, and rudder sngle (u, n, 8), in Table 11 (see Appendix D). These datas are
dimens fong! for the 14-foot-long model.

The dats are reduced to coefficient form in Table 111 (Appendix D). The dimensicnless
coefficients are defined in the section on propeller and rudder forces or the section on

huil forces. Apparent slip ratio, S° , i3 glven by

S - ?_ﬂ;‘-}

o pn
Coefficlent data sre piotted in Figures 2, 3 and 4, on the following pages.

PROGRAM |1: Large-Drift-Angle Experimnents

A 5-font captive mode! was towed at various drift aingles through a totei range of 360 de-
arees. A Series 60 mode! was used, perticulars of which are given in Table | (Appendix D)
To avoid wall effects, the tests were conducted in Davidson Laborstory Tank No. 2, with
the rotating arm at its longest practical radius. Side force and yaw moment were meas-
ured through the entire range of drift angles. Since coupling effects of propeller and
rudder should be small relstive to hull forces, they were neglected in the test. The
propeller a~d rudder were both fixed.

The mode! was attached to the rotating arm in & manner similar to thet used in conven-
tional rotating-arm tests of surface-shis models.’® The principal dif ‘erence was that
the flexure plate mounting on the mode! was made rotztable in steps of 2 degrees. This
extended the drift-sngle capability of the balance beyond the usual i30-degree limits,
to any desired angle. The normal arranjement, with fixed mounting, const ~ins the model
against yaw, surge, sway, and roll motions, but permits fresdom to pitch an haave. The
modification changes the nature of the roll and pitch constraints; but only -~ negligible
tendency to pitch or rcll was detected at the low mode! speeds tested.

Mode! speed wos selected according to the drift angle of the run. For drift angle  near
0 or 180 degrees, spseds of between 1.5 and 2.5 feet per second were used. At large
drift angies, the speed of 0.85 feet per second was used, to avoid unrealistically high
Froude nunbers in conditions that would enist only at very low ship speeds. Speed effect
at 90-degree drift angle received special attention. The dimensionless side force
coefficient

Y

§ o

Y' =

is plotted sgainst speed for this conditlon, in Figure § {on a following page).
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FIGURE 2. VARIATION OF LONGITUDINAL FORCE COEFFICIENT k,,
WITH RUDDER ANGLE AND PROPELLER ADVANCE-RATIO
IN BEMIND—SHIP CONDITION
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$10E-FORCE COEFFICIENT x‘,--..L,.
pd'n®

+ 200

YAW-MOMENT COEFRICIENT Ko —N

Pd.n. +30%
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Measurements comprised A and Y components of hydrodynamic force and M component

of hydrodynamic moment, Dimensionless coefficients N' , X' | and Y' are formed, and
plotted in Figures 6, 7,and 8, respectively (see immediately followinc pages). The
rotating-arm facility imposed a small path curvature in aii tests of this program. This
effect was suppressed by averaging data tuken at positive and negative drift angles,
Averaged data are represented In th: figures., In view of the symmetry of the averaged
data, drift-angle arguments In the figures are shown only from 0 to 180 degress. ldeally,
the drift-angle experiment would be conducted on straight course at many combinations of
path curvature snd drift angle,

PROGRAM |{1: Pure-Ysw<Rotatlon Experiment
A 5-foot model was torquad In pure yaw rotation by applying a known yaw moment via fall-

ing weights and pulleys. The resulting steady yaw rate was measured. A Series 60 model
was used, particulars of which are given in Table | (Appendix D).

A vertical mast was erected [n the medel, coincident with the model's negative z-axis
{theough the CG). The mast was a drum having two fine cords sttached, which, when wound
around the crum, applied a pure yaw moment. The cords were led over bail-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 mode! commenced to rotate.

in testing, the lines were wound about the drum, elevating the weights., When the model
had been positioned directly between the pulleys, it was released. After an acceleration
interval, the time of one-half revolution In yaw was measured. Different weights per-
mitted a determination of the effect of yaw rate on the dimensicnliess moment coefficient,

N
;- Tt

Results are ploited in Figure 9. These show negligible change of coefficient value over
the r range of the test,

COMPUTATION OF SIMPLE DOCKING MANEUVER

General

The equations of ship motion (16 through 23} wzre programmea for numerical integration

by digital comnputer. The computer source program, written in Kingston Fortran language,
is listed in Appendix B, The program applies to calculation of various turning, stopping,
and accelerating maneuvers of a single-screw ship.

A representative application of the mathematical mode! is presented, in the calculation of a
simple docking maneuver; namely, the ''one beli' landing, This maneuver involves a single
engine reversai for halting a ship alongside its berth., The particular purpose is to
demonstrate sensitivity of sh’p 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 | (Appendix D). Hull dimensions
approximate the MARINER's, but are based on a Series 60 form. Coefficient values are
iisted in Table IV and values of other parameters in Table V (Appendix 2). Conventional
Y and N hydrodynamic derivatives are obtained from Reference 13 (Model 60).

B

To extend the results of computations to ships of other sizes, the following scaling laws
may be used: Subscript A refers to the study shig, and B to a gesmetrically sinilar
ship of different size. The factor A is tve scale ratic based on length; i.e.,

Ao LB,’LA . Typical examples of scaling are shown below.
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!
!
R ' . H . : - iy
% Distance: Xg ® Xa X A Linear acceleration: ug Uy % !
! . v m .o s -1
: Angle: g VA x | Angular acceleration: s p X A
i 2 i/
»i | Time: t, = oty X A# Speed(ship and current): upg = oy x A
; Force: Xg = Xy x I Angular speed: n o= nx AT
N 4
' Moment : Na - "A x A

; 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

i 14-foot-long mode! was used to measure forces depending on rudder actions, and friction

i scale effect was accounted for in scaling thrust forces. Still, the main interest of

: the work is to extend ship-motion snalysis to permit evaluation of parameters affecting

! maneuver ing performence at low speeds, and not the precise determination of ship response.

The basic conditions of the sample maneuver are these: The ship approaches a pler at »
{ 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 !s executed, and subsequent ship motions and trajectory are computed,

£ oo

The calculation is repeated for several variations of each of the following psrameters:

L e e

1. Maximum reversed propeller speed, n*

d ortein

2. Propeller-response time lag, i.e., time constant T

3. Velocity of uniform water current, VCO
With propeller reversed at low ship speed, rudder deflection was found to have regligibie
effect on ship motion and trajectory; hence, it is not included as a parameter in these
computations.

The distance and time reqQuired to stop are used as performance criteria for studying

sensitivity to parameters | and 2. For parameter 3, the lateral trajectory character~
istics, position and velocity, are used, ‘#
The computation proceeds from t, , when the command n* to propeller is given. Formally, i
the initial conditions of motion are u = u(0) , verai=yat=0, Initial heading, ¥(0) , 3

e 8 i e it e e

is arbitrary unless water current |Is specified. Coordinates xo(O) snd y,(0) are also
aroitrary. Typical computer output is shown in Appendix C.

Results

The effects of maximum reverse propeller speed are shown in Figure 10, following. Clearly,
variations of n* about the base value of -45 rpm cause significant variations in head-
reach and time-to-stop. For the study ship, ~-45 rpm coriesponds to normet "full sstern.
This is the command most likely to be used for killing headway of & fully loaded vessel.
The response to emergency full-astern (taken as -60 rpm) is significantly quicker, and
responses to lower values such a3 hatf-astern (-30 rpm) are unacceptadbly sluggish for
docking. The curves representing time- and distance-to-stop are similar in character

under these conditions. This {s in accord with the simplified relations between constant
retarding force, X , and the time and distance necessary to destroy kinetic energy.

Energy and motion equations yield

(w=x.)u? (mX.)u
st TR and  te o —3=f

At low ship speeds, .x it aainly deternined by n' ; hence, doth s and t  are

proportional to '/n .

Iv-3-63




O P el | ante ¢

-

E:
P i

2000 ~ ~= 500
§ -~
—3
1800 -
5 . .
¢ £ i
- a
3 u g
< 2 .
[} [
& '°°°F'- 3 e
o
s |
g J =
» s -
adl
800 — 2 -
—t 100
| =
| | |
0-4 [+]
-30 -40 -80 -0

FIGURE 10" EFFECT OF REVERSED PROPELLER- SPEED ON DISTANCE
AND TIME REQUIRED TO STOP SHIP FROM 4.3 KNOTS
{COMPUTATION OF SIMPLE DOCKING MANEUVER)

S R




2 S e vt

Figure 11 on the following page Indicates how the 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 decelerstion. This affects distance
covered !n each succeeding increment of time after t, . Time-to-stop it noi correspond-
ingly affected, however,

The validity of the icngitudinal saip~motion calculation was tected by comnuting stopping
maneuvers of the ESSG SUE& and comparing resuits with full-scale tes. Aat  re;ortec by
Hewins, Chase, anc Ruiz.

Ship trajectories corresporniing to three variations of the besic docking maneuver are
pictured in Figure 12, Water current Is the parameter. A time history of significant
computationsl variables for the no-current conditicn Is shown In Figure 13. Computed
yaw-angle end drift-angle values develop significantly prianr to ship stopping. Heasure=
ments of free maneuvering are unavallable for verification of these results, but tend-
enclies appear to be correct in the light of 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 carried out, to examine the importance of steady-state hydro-
dynemic terms in low-speed transient maneuvers. These computations showed that elimina-
tion of all steady-state hull tarms did not appreciably effect the longitudinal motion
results shown In Figure 13. However, effects or laters! motions were quite large, roughly
doubling the values of yaw angle, drift angle, and lateral displacement. {n another
trial, only linear hull hydrodynamic terms were included. Results more in line with the
basic compuiation were then obtained. However, it is cautioned that the simple docking
maneuver does not invclve large drift angle or space turning rate through most of the
dyration, as might be the case in other low-speed maneuvers.

The effect of uniform water current on & slowly moving ship is important. In Figure 12
the effect of a one-knot current, setting east, is compared with that of a one-knot
current se.ting 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
a portside-to-pler landing is impossible. Therefore a starboard-side landing is shown.
Because uniform water current adds a constant velocity to other ship motions, tine-to-
stop is very Iimportant in water-current cases.

A limiting criterion for docking is contact velocity with the pier. Latersl 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 desmage. A
realistic non-uniform current would be weaker near the pier, and more confused, but the
desi-ability of having additional lateral control forces available is apparent.

Dimens ionless turning rate, r' , is inciuded in Figure 13. The r' variable corresponds
to L/R in steady ship turning (with R the instantanecus turning radius); but this
interpretation is lost in transient maneuvering. For example, in Figure 12 it is shown
that ship trajectory may curve to the left as the ship yaws to the right. Dimensionless
turning rate is, therefore, not suitable for discussing trajectory in transient maneuvers.
in :his study, r' is used only a3 a criterion of docking-type maneuvers,

CONCLUS [ONS

The conclusions of this study are based on experimental results, resulls of computed
maneuvers, and mathe~atical node! development,
Conclusions Based on Experiments

i, Straight-course experisents show that the speed of an ahedd-turning propelier strongly
influences the rudder effectiveness of a single-iirew ship. The relation may be

¥ . N .
fowbined with yaw rotation, the lateral velocity at the stern [at station 18, on 20
statiors} is -2.7 feat per second.
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O P

expressed in terms of the propeller advance ratio Je for ahead ship rotions., When
propeller rotation is reversed, rudder forces are small, erratic, and ineffective
for control.

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 ratlo of measured yaw moment to side force locates the center of
effort at approximately 10%L forward of the rudder post, for reverse propeller
rotation, and approximately at the position of the rudder for ahead propeller rota-
tion.

Hydrodynamic yaw moment resulting from pure yaw rotation Is closely proportional
to the square of yaw rate for a 5-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 stop-
ping 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 time
duration of the high-speed part of the maneuver, it has much greater effect on
distance than on tota) time required to stop.

For some maneuvers, time-to-stop is mor: important than distance, For example,
ship translation due to a uniform water current depends directly on total elapsed
time, and not at all on distance travelnd through the water, Therefore, a maneuver
which may be simple for an unassisted ship in still water could be Impossible in

a modest current, depending on the time it takes to complete.

Conclusions Based on Development of Hathematlc§1 Model

Propeller forces are conveniently represented in motion equations by following the
familiar k, vs. Jg notation, Extension of the k, , J; concept assists in the
representatfon of 1ongltudinal force, lateral force, and yaw moment, as convenient
functions of ship speed, propeller rotation, and rudder angle. Applied to both
ahead and reverse propeller rotation, the technique provides Insight into the
chiaging propeller flow conditions, After blade stall, a locked propeller drag
function may suffice unti] stall recovery., Computations may be organized on the
basis of Instantaneous J, 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 Iin computations
of low-speed ship maneuvers. Steady-state hydrodynamic reactions are complex
functions which cannot be arbitrarily excluded from ship-motion equations, even at
low ship speeds.

It is recomnended that future experiments be designed to investigate a complete range of
combinations of drift sngle and space turning rate, Effects of shallow water should also
be determined,

The mathematical mode! is a useful tool which may be extended to include additional
forces, such as wind and suxiliary maneuvering devices. Constraints due to anchor or

- mooring 1ines may be added. With the proper date on external forces, the mathematical
mode! provides sn excellent means for analyzing many complex problems associated with
lowespeed ship maneuvers.
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APBENDIX A
DRAG OF LOCKED PROPELLER

In the cperating region betwesn 4 and 6 of Sketch | {see section on 'X Force Due to i
: Bropeller and Rudder"), the propeller force is essentially a drag force associated with
i aropeiler blades continuousiy changing orlentation and angle of attack with respsct to
loca! flow, In the absence of dets!led experimental data, a simpie drag coefficlent for
@ Tocked propeller can suffice., This may Le estimated on the basis of developed blade
are-, DAR, ship speed, u , end mean wake fraction in way of the propeliler, w .,

0§ A
%xbmzflx u(t - W}

X {propellier) c

dragging

-co

= pdalgu'

H where

a, = CDxDngx(l-w)'

Estimations of CD for ship propellers are discussed in Reference 19,
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A X8
COMPUTER PROGRAM FOR SIMPLE ENGINE- AND-RUDUER MANEUVEKS

[ K INGSTON FORTRAN 2¢ 1620+« STEVENS 1

DIMENSION Ct1247) 3
Y READ 1002¢ICt e ) el eTiolxnte}2)

PUNCH 100
PUNCH 101+ 0(CtT o) edmlaT)elnlel2)
PUMCH 102
CONLI3CU143)1#C(134)0C(143)/200
CONLZ*CONLI#Ct1e84)
CONLI=CONL, 2%C(1ea)
CONL 4=CONL.IXT (1 +8)
CORL S2CONLA4C (1 44)
CONDIEClLaIYC(146)
CONDR23CONDI#C (] +6)
CONDJI=COND2#C (1 46)
CONDA=CONDI*C( 146}
CONDGzCONDAHC (1 +6)
AOsC(i+:)=CONLENCIIe])
AlsCONL1#C(3e2)
A28C(141)+CONLZ#C(343) !
A3sCONDGEC (D) :
A4sCOND.#C(345) ;
ASRCOND28C{346) H
A6RCORDA*C (34 T) i
A7=CONDInClal}
ABBCOND2#Ca+2)
AOuCOML1#C(443)
AlO=CONDA®RC(R44)
A113CONDI#C{a+5) <
P 12xCOND2#CLA46) i
A13sCONDI®C(Z 4 T) ;
A14=CONDGEC(946)
AISeCONDIRC(D4 7))
t08C (1913 =-CONL2*CISe 1)
B1zCONLINC(542)
R2zCONL2¥C(5¢3)1=Cl1ad) ;
BI2CONt 2#C(54a)
R4azCONLI*C(5:5)
HSCONL14C(546) @
B62CONLAACISe?)
H73CONLIRClEN L)
18=CONL 1 8C(6e2)
HOzCONL2#C(6¢3)=Cll 1)
H10zCONDGSC(644)
1411 =COND2#C(6+5)
H122CONDARC(646)
H13=CONDI*C(6+7)
B1a=COND2#C(TV 1) 1
H1S=CONLLIX¥C(T+2)
11163CONDG#C(T+3)
CORC(102)~CONLARC(Te8)
C1sCOM_2#CiT7e5}
C2aCONLINC(Te6)
C32CONL3#C(T747)
CasCONLARC{B1)
CH52CONLE*CLB2)
CEaCONLSHC (B3}
C72CONL22C(Bo4)

AR

St it e P i K o 5
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s Bl W e e R R o R e £
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50
52

51

/0
&3
61

62

65

CRzCOM PIC(HD)

Cr=CONL4NCLB06)

CLO=CONDSRCLBeT)

CI=CANDSRC Y 1)

CI=CONDLEC(Ye2)

Cl3=2CONDINC(D43)

ClazCONL2NC (Do)

C15=CONDHRCID65)

YMPN=CtI12+1)

fNMPP=YMPDIC(12c¢2)8C(1 e84

NI

T=Ctile™)

UzC10e1)

vzC(10«2)

UGEC{10e1)

vG=C10462)

R2CE10e)

RPSN=CL1045)

DFL3C (1006}

DELD=CI10e7)

PELLOT=C T 1)

XzCl1142)

vzCli1e3)

SzC(2¢T)

PSI=C(l1l+4)

W=SORTF (U¥U+V YY)

RPRI=zFU¥CI 04 /7W

SRPR | =AUSF LRPR 1)

BETA==ATANF (V/U)

SHETA=ALSF (. TA)
RPE2CI1008)+(RPSD=C(1004) )18 (1e0-EXPF(=(T=Ci11¢S5))/7CL2eT7)))
IF (SPPRI=C(2¢2)) 50450451

IF (SHETA=C(243)) 52¢52451

IF (U=C(2+4)) 5153453

XHULL SATRURW A AREY

YHULL 2B 1 #UBV4P2RUIRSBINRIVESR2/ULRQ RV ERTE2/U+RSHYH#I/U+BESRR AT Y
ENHUL =ClPURV4C2VURRICIRRMVER2/04CAXVERE R /ULCSRVE#I/U+CHEIRII/Y
60 TO 3

XHULL Al ¥USWH+A2EREY

YHULL =B T7T#VEWIHEBRVIARSF (V) +(I9RURR

ENHUL mCTHURVLCBREVIURANSF (VRU) /WRHH24CORRMABSF (R)
RU=RPSAC( 1670

IF (RJU=27€) 60+060461

IF (RJ+e158) 63463462

IF (RU+160) 654654064

XCONNZASZARPSII 24 A4 RURRPSHASHURR 24 (AGFRPSARZLATRUSRPS ) *DEL#S2
YCONN=RIO¥RPSHER 240 ) 1 HUR DL (BI2#RPSHEZ B INUMRPSIB 14 #UR#211DEL
ENCON=CIORRPSH &2+ (C| I #RPS#R24C 1 2RURRF S+C1INURR2 ) #DEL
GO TO 4

XCONNZAGHLIWFIAGRURRADEL##2

YCONN=SH IS #UR2RNEL

ENCONzClanURR2RDEL

GO TO 4

XCONN=ALGSRPSHI24AISHYRRPS

YCONN=BI6WRPS# %2

ENCON=CIHIRPSHR2

50 TO 4
XCONNZAIQOSRPSERDLA] | RUIRPSHAI2BURE24A 30U #I/RPS
YCONN=R 1 6#RPSR® 2

ENCONzC IS5 #RPSA 2
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4 UDOTe  rHULL+XCONN+C(245) )1 /A0
VDOT = (YHULL +YCONN+YMPD) /130
(OOT = {FNHUL #ENCON+ENMPD ) /CO
Pulan T B8PS
IEPAS728*ETA
DFPsRT7.208DEL
CT=T#0,1
JY=ST
JT2JT#10
JT2JT+1
IFLCIT/7dI=1) 61546
5 PUNCH 103¢TePD1sUeX oY sBEDASRPR I 1RPS «DLD ¢ XCONN o XHULL sUDOT sUGIVGe b
6 UsU+uDOTRCLZ. 1) :
VEVS VIO TEC( 2 )Y
R=R+RDOTHC (24 1))
P&IEPSI+R¥CI20 1)
UGaC( 1] 6 ¥COSFLCI1147) 14URCOSF(PSI)=yRSINFIPS])
VGEC (11 e6)ISINFICI}1eT))4VRCOSFIPSII+URSINF (PSI])
XaxX+UGHC(24 1)
Yav+yGeLi241)
S=zL+wrC(2.1)
[F(U=C(24¢6)) T1470470
70 IF (ARSFIDEL)~ABSF (DELD)Y) 4041401
40 DELDELFCCL o1 i %C(201)
GO TO 2
41 DEL=DLLD
2 T=T+C(2+1)
Jz= U+
GO ¢ 7
10U FORMAT (%5H
17076100
101 FORMAT(12(TE1063/))

102 FORMAT (42K T PSt [V} x Y BETA /66K]1 HPRIME
1 RPS DELTA THRUST RESIST. UWNOT Ut Vvt S)

103 FORMAT (FS5eO0sFTel oFTe2e2Fcel ¢FTe2/1HI 12F To34F601F10e¢0sFJIe0e3F7e3e
1F8el)

71 GO TO 1
END

NOTE: Program allews inclusion of additional constant control forces in
lateral and longitudinal directions, YMPD, NMPD, and XEX. These
were made zero in the present study.
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TABLE I  MODEL AND SHIP CHARACTERISTICS

HULL

Length, BP, L , ft
8readth, 8 , ft
Oraft, M , ft

Block Coefficient, C
L/8

L/

Displacement, A

b

LxH, sqit

Lateral Area of Hull, sq ft
Mass of Model, M , slugs
LCS/L from FP

Radius of Gyration in Air, ft

RUDDER

Area of Rudder, AR’ g ‘¢
AR/LH

Aspect Ratio of Rudder
PROPELLER

Troost - 4 blades

Gismeter, d , ft

Pitch, p . ft

p/d

Mean Width Ratio, MwR
Exganded Area Ratio, EAR
8lade Thickness Fraction,Btf
Rake, deg

APPENDIX D

14-FT MODEL  §-FT MODEL SHIP
14.00 5.00 528.5
1.868 0714 75.5
0.747 0.267 28.2
0.60 0.60 0.60
7.50 7.0 7.0
18.75 18.75 18.75

731 Tb F.M, 35.61b F.W. 19,300 L.T.
10.46 1.335 1,909
10.35 1.320 14,750
22.75 1.1 1,345,000
0.515 0.515 0.515

132.1
0.167 0.021 238
0.016 0.016 0.016
1.90 1.90 1.90
0.518 G.198 19.54
0.599 0.187 22.50
1.15 0.95 1.15
0.261 - 0.261
0.550 - 0.550
0.045 - 0. 0kS
6 - 6
ivoB.®l

T e e - et

§
[}
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3
N
-
a
2
3
3
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TABLE I1

STRAIGHT=-COURSE FORCE AND MOMENT

RUN NO . V] n )
fps rps deq
vl UV TebS v
tul QU 74069 v
vy «00 Teb> <0
uv? 00 Tetv U
1ud ° 00 Tebd =10
124 (155 Tebd g
iwy (3% Y T+03 -y
71 e Te63 V)
o [Ty Tt 139
ve et Tebd 20
ve Tt} Teoy Y
¥} o LXTY) 39
74 7} Te6> -1Y
78 1.1 Te70 -gU
e s tie Teb? -Ju
a8 * 58 AedV <V
os ‘80 LY ] (97
38 sgv As0i v
ET (32 ] LXE-3-} &y
SV 1) LYY -* 20
ab 08 L3124 El)
v (1. 2/] LX3-1 -
o> o0 aeuv -J40
ivs (%15 =7e05 v
wd o -Ta06% o
1w «OQ B Y 3 r 4%
vb Y+ -7e0> 20
lue LU ~Tabd -fu
v PYeIs ~Teb> -eu
1V YU ~Ts03 -
1] o “T7e02 )
vi (31 ] ~Tetoa v
vJ (Y7} ~TebS 3y
o 8 -Teb9 U
77 [3-17 =Te00 -i0
83 o -Te67 -29
8y 1) =-7e02 -39
oY Y1 -8 06 v
6J b -84 ey o
57 + U0 -4 e& P4
-1} (31 L XY -3} 0
To Lx- 13 -4 DY -V
[P oo -4s0c -gu
LT oo ~4eY -Jv
ive asgyv Tevd v
i5e PERA Aeve ¥
19y aecc Tead (%)
169 ey Teaa Y
105 LYP >} Teae v
154 42U T35 v
ie7 £ 7Y 4«70 v
(33 Se0Y Teaba (9
16 LYY2S Aeld v
v e TV LX)-B2 8]
1ve Debl Sevwi v
toy l1eas ~qed¥ Y
low e TV ~Teng v
X 23 Aed3 ~tsa? Y]
1o £e TV ~4+3i v
led Qedd ~4ed0} (8
(&1 2 2s03 -~y v
Iv-8-3

X
ib

v
aia
o VO
Je 08
LYY 3]
LY
Sl
JeBU
JeD4
Jodd
Jeied

oV
Je o8
Jodd
2003

09
el
1eUS
lavl

-1}

124
eVl

oksd

~asTH
-<a TS
-£e7d
e L1
~LsbA
- sbd
~sebl
~detJ
—deJd
~dekd
~dedd
~debd
~se¥)
~JeUd
~lekd
=lsal
“ledsi
=legi
-iadd
=ls21
~leg}
~etsl

—eJdV
~lel}d

~e97
~1.01

~e¥i

“eJdJ
=J.04
& b&
~oH1
-5.b
~isb
M LRA]
~Sea7
-Zeld
~4.53
~deoV

DATA

Y N
1h 1b-ft
-eUb +oU
bl ~Le¥d
77 ~23eD8
vy ~Tevts
- Asds
-oith 13-
-1el? 778
-e07 11}
el ~beic
1eVe =TeT<
1ot =iUe 0
sJdd ~L el
s TV 4e7)
-] kD Ueda
=ls0V lUesa
el LW
~oll £y
£ -} e tb
L1} =~JeU&
e 4y «~Jo¥l
*J3 -ix 47
~s 8y Sel}
-0 LX Y Y
-e0d Joba
~-sbd Jedo
-s b0 Je9S
=ebU KXY 3}
~ec? EYY 1]
EXY 1) FXeL
-. 3 Qo ud
-V Je}
“~fexd LYY -2
~ebl cek?
~eb8 Jo've
~eda le¥0
~ebl 31?7
-s 78 Jeal
by +} lesd
~olS Y- )
~eJdY le2a
~ea7 bek?
-~ 194
- i *ve
~ele (3 3
-alid s\
YR =eld
-eJQ o3y
- UY 23S
~ol0 Y ¥
ey AR R}
—e U4 oLl
~ell ~ved
-eiS -e i N
- VY 0
-s iV LY )
-.07 wiv
~edJ [ )
e 2o ~LolY
aWh -e3Jd
~ eV —esiw
~ed® « 86

e ———rpe——t =




L »
s AN

i )

VI

-s 0}
U6
sl
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sl
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~ed
«07

=0l
003
L1,
«7
(12}

s V7

oUW

e UY
~s il
=-s V0
~ele
~aUS
- U
~e 1y
LK)
-e U2
-e U
-o 9
-3
s U
bl A V73
QU
[ V]
U
v
DU
AU
38y
.U
LR
o Uv
.UV
L35
o U
sV
sliv
LRV

ol

*Q0
o4
-eu?
ETILY
~ellb

U

Ve

i
~sUd

o0
~el&
-oUJ
—ed
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aVJ

U

aLJ
e
oL
e
s
LY
sVUd
eJl
«Q)
12}
«0}
+01
«01
« U1l
« LU
LU
VU
2 'O
«Q0
[y 1Y]
U0
sV
IV
2w
LA
Wy
sUW
* U
LR A%
LI

ol

TABLE III  STRAIGHT-COURSE DATA IN COEFFICIENT FORM
RUN NO. JS Kx KY KN So
wd U0 3-17 1) ~st} (XY sV
vt oy (31} eUY “e7i teQuU
vy ) LY el -lede ey
v? Y L LX) sie “1sTU Js0UU
vy " eol6 -Vl teul bevuy
w? "Wy AV ~olg (¥3-1} 1 elUV
Uy [ 8t ~eld IRY-1} L eVuy
7 eda cANg -evi ol el
L LY (L [LL NS 7 ~ e sdicg
ve [T 74 (L 23 iy ~lebd stle
ve o} s M sl ~dean Wwid
aJ old s dib ol =le7d (Y190
72 (X3 4060 - V¥ lelk s8¢
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§ TABLE iV
COEFFICIENT VALUES FOR SHIP IN SIMULATED MANEUVERS
v -.0068 Y, - 0062
[']
X! -.0075 by - .010 i
Xw’_ -‘68 b‘ - 00326 . .
‘o 0"9" b' 129“ : .
. -.231 by .397
" .00‘03 b‘ -12
'S -1 by 0127 I
.‘ '1322 bl - -080 Z
8 -.059 N} - 0107
a 306 N - .070 :
2 .600 '/2("rv\', N -1.43 &
% -.325 12N} - 127
a, .500 1/6 Neps - 304 |
a, 1.50 1/6 N 2*3N) - 061 '-
a, 1.00 'Y - .095 L
Yl -.168 Ny - .169 ; .
y! -.305 Ny - 525 ,
A Y‘: 089 o .15
i 1/2(Ym-/o Y1) =614 ¢, -3.?5
' 2y, ! -1.15 I ki ,
1/ L «3,20 c -2.62 f
18y, Le3v0) 01 N - 0061
Y, -.308 Cs 79
Y‘ '-65
{
i ) .
‘ ’ TAQLE V !
£
FIXED PARAMETERS IN EXAMPLE COMPUTATIONS :
rlo= 1,000 {.
L |
B 262 (15°) .
| X
v = Bhy fps :
M 9, * 376
f 9' £ - -'55
i
i ! 3s * =1.00
1 : B
At = 1.0 sac{itarstion timg !
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NOMENCLATURE

The basic nomenclature follows tha' of SNAME Technical and Research Bulletin No, 1-5.
Principal exceptions are the choic» of tyncal dimensions used in forming dimensionless
quantities, and the use of additicnal notation,

Three different right-handed, rectangular coordinate frames are used:

1. (x, y, z) are body axes with origin at the center of gravity, x dlrected toward
the bow along the longitudinal centerline hull axis, y directed toward starboard,
and 2 from deck to keel. The x,y plane is horizontal with the ship In static
equilibrium,

2. (x5, ¥g. Zo) are fixed relative to the earth, with the xo and y, axes in e ;
horizontsl plane and 2z, directed downward. VYhen yaw angle ¥ is 22r0, the X, .
and y, axes are parol?cl to the x and y axes, respectively.

{x, , 2;) are fixed relative to the body of water, which moves with a constant
‘ Y1 | . :
velocity relative to (xg, vo, 3g). nis velocity Is cailed the water current and
is denoted U_ . The x;, y;, end 2z, axes are always parsllel to the x., y.,
c el | | o To
and 2, axes Orespectively.

Uriless otherwite noted, all dimensionless hydrodynamic (hull) derivatives are evaluated
at zerc anguiar velocity and acceleration, zero angles of sideslip and rudder, and pro-
peller speed set for model self-propuision point. Definitions of symbols used are listed

beltow:
Ao, AL,..., BO,B}...,,CO, etc. hydrodynamic force and moment coefficients .sed in motion
equations, formed from products of dimensionless coeffi- :
cients and dimer.sional quantities g, L, H; for example,
8 =¢c/2 LHYV'
8.8, bo'b"""co’ etc. dimensioniess coefficients used in representations of
propelier and rydder forces
6 center of gravity .
<, a propeller thrust coefricient, useful for stalled
prooeiler
d propelier dianeter
S % 9, bOJqding values of i/dg , distinguishing dirferent
regions of propeller operaticon; used Jur seiecting
reievant representation during cimputation
F vector sum of exiernal forces »>ciiag on ship
[}
H ship drafe
! ship inertia tensor
ix moment of inertia of ship about 7 anis
J‘ propeller sdvance ratio in behind-ship condition
A Ry k~ functions used when obtaining propeller and rudder
force and voment representations; di-ersioniess
L ship length, betwee- perpendiculars 3
”
E |
L] ~ats of ship p

e
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s
N hydrcdynamic moment coaponent relative to Z axis; yaw toument
3 N vector sum of external noments acting on ship
] n propeller soeed of rotation
% P propeiler pitch
r angular velocity component of ship axes in z direction
r' dimensionless anquiar velocity; r' = - L/U
rL' iimiting value of r' for crui: ng-type maneuvers
r angular acceleration conponent of ship axes in z direction
T time constant for propeller speed response
t time
: So apparent slip ratio of orcpeller
s distance along trajectory
v speed of CG relative to fluid
g U, speed of water current rclative to earth
: "o
. u, v velocity components of CG relative to fluid, measured in
directions of x ana y axes, respectively
U vy velocity components of CG relative to fluid, measured in
directions of x, and y; axes, respectively; (x|, v;) and
(xo, yo) coordinate franes always paralle!
Ugr Ve velocity components of (G re:ative to earth, neasured in
directions of xo and Y, sxes, respectively
Yo b Y vele~ 'y components of water current relativ > . th, measured
o c in g.rections of lo' ¥ axes, respectively
(3}
S,ov scceleration conponents of ZG n directions Of x & i 5  axes,
respectively
X, Y hydrodynanic force co~ponenty reiative {0 x  and , axes.
respectively, longit.dinal ane 'ateral forces
' - Yoo, Nv' typica! dinensionless first derivatives ©f a hydrodyrnanic tarce
A ] . -
9 ard noment with respecl 0 a velocity co~ponent
Voo hr' tvpical divensionless f -5l Jerivatises ot & Mydrodyrazic furce
% ' ) and ~went with respect 0 ar angolar selocity Smporent
3 [N typrcd! d nensiorless Forst derivatives of a "vdrodyna~. I ‘orce
x ¥
)

angd X ent e-1h respect (o 2 redr ac<eleratior companent

typical d.nensioniess f rst Jerl.at:ves of ¢ Frlrodynas o force
ard nement mith respect 10 ar anjuler edcceleraline cotonrent

typical 2 omenviontesy 1M:rd gderivatives of & ny .
an  oment wilh Tespect (o a0 TS.iar velodily Grpenenl Aty oa
lateral velpo ity (omponent
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X, Y, N (ial1) Sums of X, ¥, N attri.ited o hull motions, respectively

X, Y, N Sums of X, Y, N attriouted to propeller and rudder acticns
(Prepeller + rudder)

B drift-angle; sin B = = v/

DL limiting drift angle for cruising-typ> mnaneuvers

8 rudder deflection

P mass density cf water

¥ yaw angle, measured about zo axis, relative to X, axis
Vc direction of watzr-current flow, measured about z, axis

relative tc Xo av.s

w angular velocity of shi> relative to (xo, Yor zo) axes
Subscripts
[ referred to ases Tixed with respect to earth; also initial
time when used with t
i previuvus steady vaiue
* desired or commarded va...
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