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ABSTRACT

Rational design of rudder size and rate regquires
consideration of operational demands on the control of the
ship caused by the presence of anether ship or restricted
waters. A mathematical model is developed from a velocity
potential description for each ship, consisting of a
distribution of sources for the ship in open ocean and
horizontal and vertical dipole distributions to account
for the other ship in proximity and shallow water,
respectively. The Lagally theorem is used to calculate
the interaction forces and moments, and ship trajectories
are calculated using standard ship eguations of motion in
the lateral plane. Linear control theory is used to
control the rudder and speed of the ship to approximately
simulate the action of the helmsman. Comparisons of
theoretical forces and moments with model test results
showed good agreement except for underprediction of these
in shallow water. The effects of increases in rudder size
and rudder rate on underway replenishment operations are
simulated. The results show that changes in rudder control
sensitivities have much greater effects than changes in
rudder size or rate on replenishment operations.
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CHAPTER 1

INTRODUCTION

A rudder should be designed rationally to meet all
the maneuvering demands of the ship that it steers.
Traditionally, the rudder is designed to give a particular
turning diameter. The rudder design is checked to assure
that the ship is directionally stable by performing

Dieudonne spiral tests and zig-zag tests. This procedure

provides a rudder design that is adequate for open ocean
maneuvers and course-keeping. When the ship is required
to maneuver in a channel or harbor, to pass another ship,
or to be involved in underway replenishment, the tradi-
tional method gives no direct assurance that the rudder
design is adequate. These demanding maneuvers have
resulted in some collisions and several near misses or
periods when the ship is not in full control. Previous
work in the area of predicting the interaction forces on
ships in proximity (Reference 1) indicated that the
helmsman or automatic heading control was required to be
significantly more sensitive during these difficult

maneuvers than during course-keeping. This thesis under-

takes to demonstrate the influence of increased rudder W
size and rate on the performance of underway replenishment,

which would indicate that simulation of this maneuver
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should be part of the rudder design procedure.

The mathematical model development begins with the
velocity potential function description, using sources and
horizontal and vertical dipoles, which includes the effects
of shallow water using an approach similar to that of
Reference 1. The interaction forces and moments calcula-
tions are performed using the Lagally theorem following
the method of Reference 1. The ship trajectory calculations
use standard ship eguations of motion in the lateral plane.
The ship control calculations usée linear control theory
to control ship heading, relative separation and heading,
ship speed, and rclative speed and longitudinal separation.
The mathematical model is compared with model test results
to indicate the accuracy of the model. The mathematical
model is used to show rudder design effects on replenishment

operations for a Navy oiler and destroyer.
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CHAPTER 2

MATHEMATICAL MODEL DEVELOPMENT

2.1 Velocity Potential Function Description

The interaction forces in this mathematical model are

assumed to be pressure forces caused by the interaction

of the potential flow fields of the two ships, as hypo-
thosized by Havelock. A rigid free surface is assumed
which leads to use of half of a double body to describe
the ship. The body is assumed to be a slender body of
revolution whose area and radius are based on the
sectional area of the respective ship station. The

velocity potential of a body moving at velocity U is:

stern
$(x) = -U(x) + J E%;l dx (1)
bow

where R is the radial distance from the axis, and m(x) is
the source strength. The boundary condition of zero radial
velocity due to the sources leads to the following
expression for the source strength:

de(x)
m(x) = U Rb(x)/z —— (2)

where R(x) is the radius of the body, which is equal to the

radius of a semicircle of area equal to the ship sectional

area.




When two ships are near, the radial velocity due to

the distribution of sources representing one ship upsets
the boundary condition on the other ship. To restore

the boundary condition, a distribution of dipoles (doublets)
is sized to counter the induced cross flow of the sources.
For a slender cylinder in cross flow, the dipole potential
is:

stern
o (x) = I )Y ax (3)
bow
where d(x) is the dipole strength, y is the transverse
distance sources, and R is the radial distance from the
sources. The boundary condition of zero radial velocity
due to the dipole and the respective induced source flow
leads, according to Reference 2, to the following lateral
dipole strength:

- .
dy(x) = qy(X)/4 (1~'~A22)Rb (x) (4)

where qy is the induced cross flow velocity in the y
direction and A22 is the non-dimensional lateral added mass
of the body.

The effects of shallow water are taken into account by

locating an image of each ship at a distance equal to the




depth of the water below the bottom of the water (see

Figure 1). The presence of the image ship upsets the
boundary condition in the vertical plane and by the same
reasoning as above, requires a vertical distribution of
dipoles of strength:

By

d, (x) = q_ (x)/4 (1+A;0)R =} (5)

33°°b

where q, is the induced cross flow velocity in the =z
direction and A33 is the non-dimensional vertical added
mass of the body.

The effects of lateral (sway) and rotational (yaw)

motion of the ship cause the following contributions to the

lateral dipole distributions:

2.
dyv(x) = v/4 (l*t\z.z)!\b (x) (6)
y =i .
A (X) = 1 x/4 (1+ A )R 7 (x) {7

where v is the sway velocity (y-direction) and r is the yaw
rate of the ship, and x is the distance along the length

of the ship. Corresponding contributions to the vertical
dipole distribution due to heave and pitch would have

similar expressions. However, heave and pitch motions have




been neglected in the computer program, except that static
sinkage and trim are calculated from the interaction and
shallow water forces and moments in the vertical plane
utilizing the hydrostatic properties of the hull of tons
per inch immersion and moment to trim one inch.

The dipole distributions due to the second ship, the

image ships for shallow water, and the ship's own motion

all act to upset the boundary condition of zero radial
velocity. TIf the strengths of the source and dipole
distributions are again calculated based on the modified
flow field, it is possible to converge to the boundary
condition after several iterations. It was found in this
and previous work (Reference 1) that two revisions of the
strengths was a reasonable compromise between accurate
convergence and computation speed.

The total velocity potential for each ship is:

stern

$(x) = f
bow

m(x)
R

YIdy(x) + dyv(X) + §yr(x)] + 4, (x) ]z

R3

+ dx (8)

where R = (X" + y~ + 27) is the radial distance from a
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location on one ship to a location on the other ship which

is influenced by the potential. It is necessary to apply

the transformation matrix for trim and vaw (Reference 3} .

cosbBcosy cosfsiny -sin®
T(€,y) = [-siny cosy 0 (9)
sinfcosy sinfcosy cosg

to get the radial distance from the influenced ship I to

ship K in the reference system of ship I (see Figure 1) as

follows:
*o1 o X0K Xk
. -}
Ry = T; Yor{ * {0 Ty yoK' T Tk 0 (10)
%01 0 20K ¢

where TI is defined for QI and yp of ship I; x

are fixed coordinates, and Tx-l is the inverted transfor-

mation matrix for ship K. If the above RI is defined as

b4
o’ Yo o

Ry = |y, (11)




where xI
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represents all of the terms in the top line of

Equation (10), etc., then RK is defined as

xK(xI,yI,zI) xIG4-yIH+ ZIJ )

RK = TKTI_IRI = yK(xI,yI,zI) = xIA4-yIB+-zIC (12)
ZK(XI'YI'ZI) xIDd-yIEi-zIF

where the coefficients are defined as:

A= coselsin(wI - wK)

B = cos(y; - vy

C = sinf sin(y - Y

D = cosaIsinBKcos(wI - er)--sinOIcoseK

E = —sinGKsin(wI - &K) (13)

F = sinGIsinGKcos(wI - wK)+coseIcoseK

-G-= coselcosex-cos(wI - wK)+sinSIsin8K

H = -cosBKsin('\pI = wK)

J = sin‘BIcos@Kcos(wI - wK)-coselsineK

The velocity potential
ship I due to the potential

is:

at a point on the influenced

at a point on the other ship K




stern
Py ", Syt vk dyekd ¥k, Yax%k
K RK R3 R§
bow K K
stern
m,, (d ,+4d +d ) (Ax, + By + Cz.)
¥ B CBR T Tyvl” Syept et ST SRy
RK Rj
bow : K

d, )(DY + FyI 2
-] L G SO

3

Rk

Because the transformation matrix does not change the
magnitude of R, R, may be substituted for RK in
Equation (14).

2.2 Interaction Forces and Moments Calculation

The interaction forces and moments are calculated

-) 2

(14)

by

the Lagally theorem using the form derived by Landweber

and Yih (Reference 4). The expression for the forces with

the added mass and distributed source terms deleted is

aq .,
F, = —4ﬂ;\[~—— Limx, +d;) + ] (mq, {+d, .\;-(»-’)1 (15)
] il
where i = x,y,2; p = density of water, Xy = distance along

X-,y-,2-axis, a; = —\¢/W\l, and j = Xx,Y.,2.




stern

9q 3q

!
i i B | Hhye 9y i
! Fx f dﬂ‘ldt (mxx)+ (qu*>(dy+dyv+dyr dy +~dznz )] {
u bow 3
| |
! stern
: d 3(11
’ = - N | ogees . p——
Fy f dn¢ ldt(dy+dyv+dyr) + (mqy+ (dy+dyv+dyr) Sy
: bow
i g
B 4
i " dzaz )
sternd aq aqz
e | =0rn e B, )
Fz = f Elm,[dt_(dz)+(qu+(dy+dyv+dyr).Jy + dzaz )] i
bow
SRR ) '
{
{
where: i
RSO (hhs TR L e TR )
i X ax’ Qy Ixady' odz ' dxdz
| 45 g g
g.w-do o By Bs
] ay’' 2 20 ORE Ay dz
SN . TR R
1 z 9z’ 9y dz ' 9dz 322

which are the partial derivatives of ¢ as defined in
Equation (14).

The expression for the moments with the added mass and

distributed sources terms deleted is:




{
M, = -4mp[S (J(m (' +d.x.) -m ¢! -d .(q'. - u,) i
i dt b TR 479 o'b bg e 0l 13
v
aqk i
L} -
+ dojqu) + e.JkJ%fmeqk+-d q, + del axl)] (17)
where b = 3+ i, o indicates that the ship is at rest,

' indicates the potential external to the body,

jand 1 = 1,2,3, = 1 for ijk in ascending order, -1

Sigk
for ijk in descending order, and 0 otherwise. The b sub-
script denotes terms of the velocity potential representing
rotation about the x,y,z axes of which only d62 = dyr is
nonzero, because rotations about the other axes are
ignored. The only timec derivative term remaining is

d/dt(-dez(qéz- uz)). Because the sources and dipoles are

located on the centerline of the ship, Xy = X3 = 0. !

stern

M, = [-4ﬂp[(dy+—dyv+-dyr)qz- dzqy]
bow
stern aq? Bq

My = I—4ﬂp[—xl(qu+-(dy+dyv+dyr%3§—+-dz T )+-d o - ]
bow
stern 3q 9q

B, = J-4"p[xl(mqy4'(dy+dyv+dyr)73¥+'dz 7§¥)
bow

(B @ 31t

- qg_(d +d __+d4_ ) ac dyr

- 8. ot Yaa?
X'y yv yr dyr(dt qoZ) 952




}
i
!
|
where q', is calculated from ;
|
I

02
stern
O Pro . Aume 1Ay ¥ Byy + Cay)
o RI R 3 -
bow 1 |

deo(DxI+ Ey1+ FzI) {

+ . 3 (19) i
I |

where My o dyxo' deo are calculated without including dyv !
or dyr’ : %
2.3 Ship Trajectory Calculations L
The ship trajectories are calculated using standard &

ship equations of motion (Reference 3) in the lateral b

plane. E
|
S 2 . 3

(m x&)u = xo+ xu(Au)+ xuu(Au) + kuuu(du) |
X v2+ (X +m)vr+ X vi+ (X _ _+mx )r2 &
vV vr vé rr G i
1
X ré+ X 52+ X “2A + X 1

ré 868 ssu’ YT Aint

— AJ




(m-Y‘.,)O-r (me-Yf:)t = Y°+ You(Au) + va

3
+ +
+Y v+ YvuvAu Yrvvrvv Y

Svv
vvv

Svv

3
+ Yvrdvrd + Yrrrr + Yrr

s34y 8

+Y rvrr+Y6rr6rr+Y666 5

vr

2

2
GuGAu + YV(S(SVG + Yr

2
+Y ré "+ Yy u(SAu +Yin

8§ Su t

(20)

(me-No)v+ (Iz-ert = No+ Nou(Au) + va

3

+ N V' + N_vAu+ N rvv+ N Svv
VvV vu rvvtV dvvV

+ N vrd + N r3 +N r
vr$ ey r

3 i
+ Ny VEr+ Ny Srr+ Nsss® NS ,

2 2 2 N
+N6u6Au+Nv66v6 + NrdérG +N5uu6!\u +Nint "

Note: levl, lev', Y*Slvl' Nvlvlp Nlrlv' and N5|V| are

TR 11577

sometimes used instead of Y D or Y Y or
v v

vwr'! “§dv

or NVVG' »

vv

Y , Or N ¢ N

N .
' Trrv vvr S8v

N
vvs' Twvvv




where m is the mass of the ship, Iz is the moment of

inertia in yaw, X, is the longitudinal distance from

G

amidships to the center of gravity, xo, Yo' and No are the

forces and moment in straight ahead motion, and xu' Yv'

Nr' etc. are the partial derivatives of X, Y, and N in

straight ahead motion (for example, LA AY/3v,

N s ™ 3’N/5v3rdsd), Au is the change from the initial

speed, § is the rudder angle, and Xi and Nin are

nt’ Yint’ t
the interaction forces and moment as defined in Equations
(16) and (18). The Equations (20) above are solved for

the accelerations U, ¥, and #. The velocities are

calculated for the next time step by

u(t+ At) = u(t) + (At)a(t)
vit+ 4t) = v(t) + (at)o(v) (21)
r(t+ At) = r(t) + (At)2(t)

The ship trajectories are calculated by

xo(t+At) = xo(t) + (At) [u(t)cosy + v(t)siny]
yo(t+At) = Yo(t) + (At) [u(t)siny + v(t)cosy] (22)
p(t+at) = y(t) + (At)r(t)
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The static sinkage and trim of the ship are calculated by

Sink

Zine/TPI
(23)

Trim = Mint/MTl

where Zint= F, of Equation (16), Mint= MY of Equation (18),
TPI = tons per inch immersion, MT1 = moment to trim one

inch.

2.4 Ship Control Calculations

It is essential to control the motions of the ships
to avoid collisions and to simulate underway replenishment
operations. When the ships are far apart, it is sufficient
to maintain speed and heading. When the one ship overlaps
the other lengthwise, it is necessary to control both ships
also on the basis of relative motion, relative velocity,
and relative heading.

Using linear proportional-plus-derivative control of

the heading (Reference 3), the change in rudder angle is

DR = K1C(y-Head-rDlag) + K2R(r-tDlaaq) (24)

where K1C is the gain in degree rudder per degree of heading
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error, Head is the commanded heading, Dlag is the delay
in moving the rudder, and K2R is the gain in degrees
rudder per degree per second of yaw rate. Using the same

type of control on speed, the change in speed is:
Ucmmd = K6Ll(u°-u+L'1U1ag) + K7A(-0+4 Ulaq) (25)

where K6U is the gain in feet per second (fps) per fps of
speed error, u, is the commanded speed, Ulag is the delay
in changing speed, K7A is the gain in fps per feet per

second2 of acceleration (1), and U = d0/dt. When the

ships overlap lengthwise the change in rudder angle to

maintain a given lateral separation and the same heading

becomes :

DR1 = KlC(;l— Head+~¢l— ¢2- (rl+ ry - rz)Dlag)

+ K2R(rl+ ry-r,- (r1+ g ™ rz)Dlag)

+ K3Y(yrell+ PassSide - [(vl— v2)cos¢2

- (u

ey u2)sxn:2)Dlag]

+ K4V[(v1- vz)coscv2 - (ul— uz)sinwz




=) 8=

- [(01- \'rz)cosw2 - (ﬁl-ﬁz)sinwz)nlag] (26)

where the subscripts 1 and 2 indicate Ships 1 and 2 res-
pectively, K3Y is the gain in degrees rudder per foot of

relative separation error, y

o Ny (Yl-yz)cosvz— (xl—xz)sim;2

is the relative lateral separation, Pass is the commanded
ship separation distance, Side indicates on which side
Ship 2 is relative to Ship 1, and K4V is the gain in
degrees rudder per fps of relative lateral separation.
When underway replenishment is simulated, it is
necessary to match ship speeds and to reduce their
langitudinal separation to zero. The change in speed of

the ship to be replenished becomes

+ﬁ2Ulaq)

Ucnmd = KSX(-xre12+ uzulagz) + KGU(ul-—u2

+ K?A(—ﬁ2+-U2U1ag) (27)

where K5X is the gain in fps per foot of longitudinal
separation error, and xrelz = (xz-xl)cosv1+ (y2-yl)51n;‘l
is the relative longitudinal separation.

To make the ship control more like a helmsman, the
change in speed or rudder angle is ignored if it is below

a given threshold. The rudder is moved toward the commanded




angle at the given rudder rate and is limited by the

;.
E

maximum rudder angle. The ship speed is changed toward
the commanded speed at the given acceleration or deceler-
ation rate. During simulation of replenishment operations
the ships remain alongside until it is time to break when
the replenished ship accelerates to the break speed and

turns to the break heading when its stern clears the bow

of the replenishment ship.
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CHAPTER 3

DISCUSSION OF RESULTS

3.1 Comparison with Model Test Results

Model test results were used to determine the proper
formulation of the body radius and to indicate the
accuracy of the theory.

In Reference 1, the theory for the interaction forces
between ships was initially developed using as the body
radius, Rb, the radius of a semicircle with area equal to
the ship sectional area for each ship station. It was then
concluded on the basis of comparison with model test results
that closer correlation resulted when the body radius was
taken as the average of the equivalent sectional radius
described above and the actual beam of the section.

In this study the first approach was to extend the above
averaging approach. The lateral body radius was taken as
average radius just described, while the vertical body
radius was the average of the equivalent sectional radius
and the actual ship draft. These lateral and vertical body
radii were used to determine the strength of the lateral
and vertical dipoles, respectively. The average of the
iateral and vertical radii was used to calculate the source

strength at each station. This formulation for the body

radius was compared with the equivalent sectional radius
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and with model test results in Figqures 2, 3, 6, and 7.
The model test data in Figures 2 and 3 are taken from
Reference 5, which reports interaction force tests of
models of the British ships KING GEORGE V, a battleship,
and OLNA, an oiler. The interaction moment data was plotted
in Reference 5 by taking the moment about a point located
two-tenths of the length of the ship from the bow. The
moment has been shifted to amidships in Figures 2, 3, 4,
and 5 to correspond with the theoretical moment and with
other model test moment data. The model test data in
Figures 6 and 7 are taken from Reference 6, which reports
intexaction forces fox a model af a U.S. Navy AOE-1 Class
large support ship while near a CVA-58 Class carrier.
The figures indicate that using the eguivalent sectional
radius gives equal or better correlation with model test
data than using the averaged radius described above. Using
the equivalent radius to determine the source strength
and the beam and draft to determine the lateral and
vertical dipole strengths, respectively, led to the same
conclusion. The equivalent radius is used for all subse-
quent work. Figures 4 and 5 show that the shallow water
theory agrees with the deep water theory of Reference 1.
The theoretical interaction forces tended to be less

than the model test data, while the moments tended to be
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greater than the model test data. The theory did not
account for much of the assymmetry shown in the model test
data between the passing ship located behind the lead

ship compared to it being ahead. This is due in part to
the neglect of wake effects by the theory.

The only model test data for interaction forces in
shallow water were found in Reference 7, which reports on
forces on ship models in a model of the Panama Canal. The
presence of the canal bank was modeled theoretically by
locating the second ship at a lateral separation equal to
twice the distance to the canal bank from the first ship.
The longitudinal separation was zero. The sectional areas,
beams, and drafts of the Marinef were used to represent
the medium fast cargo ship in Figure 8, while the A0-~177
represented the large fast cargo ship in Figure 9. The
theoretical interaction forces and moments were markedly
lower than thé model test values. The theoretical moment
is typically small at zero longitudinal separation. The
water depth is only about 40 percent greater than the
draft of the ship in both cases. The fact that the model
boundary layer is thicker than that of the ship tends to
increase the interaction effects. The theory neglects the
effects of boundary layer. The difference between self-

propelled model and the towed model in Figure 9 indicates
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that the propeller has a significant effect on the inter-
action forces and moments, which is neglected by the

cheory.

3.2 Rudder Design Effects on Replenishment Operations

The replenishment operation was selected to study
the effects of increasing the rudder rate or its effective-
ness, since ships are typically in closest proximity under
these conditions. A Navy oiler and destroyer were selected
as typical ships which would be involved in replenishment
operations and for which model test data were available.
The data for the A0-177 oiler were taken from Reference 8.
The simulations started the ships at a lateral separation
of 100 feet and a longitudinal separation of 550 feet in
water 300 feet deep. The changes in the interaction
forces and moments caused by the changes in lateral
separation, sway velocity, and yaw rate of the ships in
motion are indicated in Figure 10. Several simulation
runs with increasing rudder control gains were required
to select gains to prevent collision of the ships. Because
vthe displacement of the destroyer is approximately 3.5
times smaller than that of the oiler, its rudder control
gains were increased by a factor of 3.5 over those of the

oiler as shown in Table 1. To study the effects of rudder
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design changes the rudder rate was increased by 50 percent
for one simulation and the rudder effectiveness was
increased by 50 percent for another. The increased rudder
effectiveness was obtained by increasing only the
coefficients which were explicit functions of rudder
angle, while neglecting the effects of increased rudder
size on other coefficients. To study the effects of water
depth, the simulation with standard rudders was repeated
in water with a depth of 60 feet. The above simulations
are summarized in Table 2, which contains the mean values
and standard deviations of the lateral separation, the
relative heading, and the rudder angles of each ship. The
trajectories of the two ships are shown for the case of
increased rudder effectiveness using low gains in

Figure 11, for the standard rudder using the final gains
in Figure 12, for the increased rudder effectiveness using
the final gains in Figure 13, and for the case of 60 foot
water depth in Figure 14.

Because each simulation was characterized by control
errors and overshoots, the rudder control gains which were
sensitive to the rate of change of heading and lateral
separation were increased from eight to ten times to fifty
times the gains sensitive to heading and lateral separation

(Table 1). These final gains produced significant
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improvement in the control of lateral separation and
relative heading and some reduction in rudder activity for
both the standard rudder and increased effectiveness cases
(Table 2). However, the rudders were unable to provide

the corrective action quickly enough to prevent the errors
from increasing until large rudder angles were reached,
which accounts for the large standard deviations in rudder
angle. While the ship interaction forces and moments

were strong enough to initiate the errors, the forces and
moments generated by the motions of the ships became
dominant. The changes in lateral separation, heading
error, and rudde:r activity due to the increased rudder
control gains were significantly greater than those due to
increased rudder rate, rudder effectiveness, or water
depth. Contrary to the premise of this study that increases
in rudder rate and effectiveness should improve the control
of the ship, the mean errors in lateral separation and
relative heading were increased, while the standard
deviations of the errors generally decreased slightly.

The shallower water depth had little effect on the errors

or rudder activity.
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TABLE 1
Rudder Control Gains
Shi Eaii Heading Yaw Rate Y Separation V Velocity
P deg/deg deg/deg/sec deg/ft deg/ft/sec
Oiler Low 5.0 40. .5 5.0
Destroyer | Low Y75 140. 1.75 17.5
Oiler Final 4.0 200. «5 25.0
Destroyer [Final] 14.0 700. 1.75 87.5
TABLE 2
Separation and lHeading Errors and Rudder Activity
Separation Heading Rudder 1 Rudder 2
feet degrees degrees degrees

Condition Gain

Mean/S.D.* Mean/S.D.

Mean/S.D.*

Mean/S.D.*

Standard
Rudder
Rate and
Size

Rate 50%
Higher

Size 50%
Larger

Size 50%
Larger

Standard
60 ft
Depth

Low

Final]

Final

Low

Final]

Final]

100/22

99/17

71/14

137/45

94/12

85/12

3.5/2.4
1.7/1.4

1.8/1.3

5.5/5.2

2.9/2.1

l1.6/1.2

-6.8/15.2
-4.2/13.0

-5.4/14.2

~2.4720.6

-2.8/11.1

-6.2/12.7

-1.3/19.4

=0.7/15.7

-0.3/18.9

1.2/19.8

-0.3/16.5

-1.0/15.6
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

- The radius. of the body representing the ship at each
station should be the radius of a semicircle of ;rea equal
to the sectional area of the station.

- The mathematical model tends to underpredict the
ship interaction forces and overpredict the interaction
moment in deep water.

- The mathematicél model underpredicts the ship
interaction forces and moments in shallow water.

- Changes in the rudder control sensitivities have
much larger effects on the simulation of underway
replenishment than changes in rudder effectiveness or rate.

- Increases in the rudder effectiveness or rate
resulted in no significant improvement in ship control

during underway replenishment in the cases simulated.

4.2 Recommendations

- The mathematical model should be extended to account
for the effects of boundary layer, wake, and propeller.

- The rudder control logic should be improved and a
procedure for selection of control gains should be defined.

- The Qpeed control logic should be extended to include

propeller and propulsion machinery dynamics as in Reference 9.
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NOMENCLATURE
Ay - lateral added mass coefficient é
f Ajj - vertical added mass coefficient f

Dlag - rudder control time lag

DR - rudder angle
dy - horizontal dipole strength
dyr - horizontal dipole strength due to ship yaw rate
d - horizontal dipole strength due to ship sway
¥ velocity '
dz - vertical dipole strength
eijk - indicates sign of terms in the moment equation
F - interaction force

Head ~ ship heading

Iz ~ polar moment of inertia in yaw

K1C -~ rudder control gain for yaw

K2R - rudder control gain for yaw rate

K3Y - rudder control gain for lateral separation
K4v - rudder control gain for sway velocity

K5X - speed control gain for longitudinal separation
Ké6U - speed control gain for speed error

K7A - speed control gain for acceleration

m - mass of the ship

m(x) - source strength

M - interaction moment

MT1 - moment to trim one inch
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Pass

Side

Sink

TPY

Trim

Ucmmd

Ulag

yaw moment

desired lateral ship separation

induced lateral flow velocity ignoring dyr and dyv

Ao

induced longitudinal flow velocity

induced lateral flow velocity

indu<ed vertical flow velocity

yaw rate

radial distance from the axis

radius of the body section representing the ship

indicates sign in control equation based on which
side

sinkage due to shallow water effects
time

coordinate transformation matrix
tons per inch immersion

trim due to shallow water effects
longitudinal velocity

velocity commanded by speed control
speed control time lag

sway velocity

longitudinal coordinate or distance
longitudinal force

lateral coordinate or distance
lateral force

vertical coordinate or distance
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2 - vertical force
I\ - rudder angle
Au - change from original spead
¢ - velocity potential function
¢ - yaw angle
o - mass density of water

' 0 - pitch angle

b - 143
1 - ship acted on by ship K
int - interaction
K - ship acting on ship 1
3 8] - indicated ship has no lateral motion
i ¥ - partial derivative with respect to yaw rate
u - partial derivative with respect to surge velocity
v - partial derivative with respect to sway velocily
X - in x-direction or about x-~axis
y - in y-direction or about y-axis
2 = in z-direction or about z~axis
§ - partial derivative with respect to rudder angle

A ——
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COMPUTER PROGRAM USER'S GUIDE

A complete listing of the computer program is found
in Appendix B. The listing includes the computer program
in FORTRAN, the job control language for the MIT Informa-
tion Processing Center IBM 360 computer as of August 1977,
and a sample input for the standard rudder case (Figure 12).
The input cards are organized into eleven groups according
to function.

Title (one card, format 20A4)

Timing (one card, format 5F10, 2I10)

DELT Integration time step, sec.

BREAK Time for the replenished ship to break away, sec.

ENDTIM Time that simulation ends, sec.

TIMPRN Time of first printing of output, sec.

DTNPRN Number of time steps, DELT, between output prints.

IPRNT Input print option, 0= print all input, l= print
all input except coefficients, 2= no print.

ITERAT Number of iterations to update source and dipole

strengths in subroutine INTER, typically 3.
Plot (one card, format 6F10)

SCALDG Scale ratio of the plot.
SRUDL Length of rudder shown on plot, in.

SIZLTR Size of lettering on plot, in.
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TIMPLT Time of first plot, sec.
DTNPLT Number of time steps, DELT, between plots.

SPCPLT Space between plots to avoid overlap, in.

The following seven groups are entered in order for

the first ship and then for the second ship.

Dimensions (two cards, format 6F10, 5F10, Il0)

ALPP Length of the ship between perpendiculars, ft.
BMLD Beam of the ship, ft.

DISPL Displacement of the ship, tons.

CP Prismatic coefficient.

CM Midship coefficient.

DRAFT braft of the ship, ft-

Card 2

A22 Lateral added mass coefficient.

A33 Vertical added mass coefficient.
TPI Tons per inch immersion, ton/in.
MT1 Moment to trim one inch, ft-ton/in.
- XLCG Longitudinal center of gravity, ft.

NSTA Number of stations, max. 21.




SECAR

BEAM

Sectional area coefficient, A/Am "

Beam coefficient, B/BMLD

Draft (3 cards,

Sectional area (3 cards,

format 8F10,

format 8F10,

8Fr10, 5F10)

(bow to stern).

Beam (3 cards, format 8F10, 8F1l0, 5F10)

{(bow to stern).

8F10,

5F10).

RDRAFT Draft coefficient, T/DRAFT (bow to stern).

XUuuU

XUU

X0

Xvv

XVD

Card 2

XRR

XRD

XDD

XDDU

X0

Partial
Partial
Partial
Partial
Partial

Partial

Partial
Partial
Partial

Partial

8F10,

Coefficients (8 cards,
7F10,

format 6F10,

8r1l0, 7F10)

derivative
derivative
derivative
derivative
derivative

derivative

derivative
derivative
derivative

derivative

Constant X force.

of
of
of
of

of

af 3

=%

of
or

force

force

{ force

force

force

force

force

force

force

force

6F10,

with respect

respect
respect
respect
respect

respect

respect
respect
respect

respect

8F10,

to

to

to

to

to

to

to

to

to

to

v and r.

v and §.



XUDOT

Card 3

YDUU
YDU
YOU
YVU
YVVV

Yvv

YRVV

Card 4

YDVV
YRV
YDV
YVRD
YRRR
YR
YVRR

YDRR

Card 5

YDDD

Added mass coefficient in surge.

Partial
Partial
Partial
Partial
Partial
Partial
Partial

Partial

Partial
Partial
Partial
Partial
Partial
Partial
Partial

Partial

Partial

derivative
derivative
derivative
derivative
derivative
derivative
derivative

derivative

derivative
derivative
derivative
derivative
derivative
derivative
derivative

derivative

derivative

of
of
of
of
of
of
of

of

of

Of
of
of
of
of

of

of

Y

¥

Y

force
force
force
force
force
force
force

force

force
force
force
force
force
force
force

force

force

with
with
with
with
with
with
with

with

with
with
with
with
with
with
with

with

with

respect
respect
respect
respect
respect
respect
respect

respect

respect
respect
respect
respect
respect
respect
xrespect

respect

respect

to

to

to

to

to

to

to

to

to

to

to

to

to

to

to

to

to

=72~

§ and uz.

§ and u.

2
§ and v .
r and v.

§ and v.

o )
v and r°.

2
§ and r”.




YD

YVDD
YRDD
YO
YVDOT

YRDOT

Card 6

NDDU
NDU
NOU
NVU
NVVV
NVV
NV

NRVV

Card 7

NDVV
NRV
NDV
NVRD
NRRR

NR

,_

Partial derivative
Partial derivative
Partial derivative
Constant Y force.

Added mass in sway

Added mass in yaw.

Partial derivative
Partial derivative
Partial derivative
Partial derivative
Partial derivative
Partial derivative
Partial derivative

Partial derivative

Partial derivative
Partial derivative
Partial derivative
Partial derivative
Partial derivative

Partial derivative

of Y force with respect to

of Y force with respect to

of Y force with respect to

of

of

of

of

of

of

o

(=%

of

of

of

N

monent

moment

moment

noment

moment

moment

moment

moment

moment

moment

moment

moment

moment

moment

with

with

with

with

with

with

with

with

with

with

with

with

with

with

respect
respect
respect

respect

respect

respect
respect
respect
respect
respect

respect

to

to

to

to

to

to

to

to

to

to
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v and

r and

r and vz.

2

N o
O,V

Y and v.

U

n
ro

e T S SR s

§ and v. |4

3
s o

r.

VX ;6




NVRR

NDRR

Card 8

NDDD
ND
NVDD
NRDD
NO
NVDOT

NRDOT

Rudder (2 cards,

DRMAX
DRDOT
DRSENT
CK1C
CK2R
CK3Y
CK4vVv

DLAG

Card 2

DRO

Partial

Partial

Partial
Partial
Partial
Partial

Constan

derivative

derivative

derivative
derivative
derivative
derivative

t N moment.

of N

of N

of

of

2 = 2

of

of N

Added moment of inertia

Added moment of inertia

format 8F1l0,

moment

nmoment

moment

moment

moment

moment

with

with

with
with
with

with

in sway.

in yaw.

Maximum rudder angle, degq.

Rudder turn rate, deg/sec.

1F10)

respect

respect

respect
respect
respect

respect

to

to

to

to

to

to

Minimum change in rudder angle acted on, deg.

Rudder
Rudder
Rudder
Rudder

Rudder

Initial

control gain
control gain
control gain
control gain

control lag,

for yaw, deg/deg.

for yaw rate, deg/deg/sec.

for lateral separation, deg/ft.

for sway velocity, deg/ft/sec.

secC.

rudder angle, deg.

]
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Speed (1 card, format 8F10)

uo

CK5X

CK6U
CK7U
ULAG
UACC
UDEC

USENT

Initial speed, knots.
Speed control gain for longitudinal separation,
ft/sec/ft.
Speed control gain for speed, ft/sec-ft/sec.
Speed control gain for acceleration, ft/sec-ft/secz.
Speed control lag, sec.
Maximum rate of acceleration of ship, ft/secz.
2

Maxinmum rate of deceleration of ship, ft/sec”.

Minimum speed change acted on, knots.

Repeat above 7 card sets for ship 2.

Locations (2 cards, format 7F10, Il10, 3F1l0)

XDIM

YDIM

CI

PASDIS

XLDEC

DEPTH

ROW

IPASS

Initial longitudinal separation, ft.

Initial lateral separation CL to CL, ft.

Initial angle of trailing ship 2, deg.

Commanded lateral separation, ft.

Distance from ship 1 where ship 2 starts decelerating
to match the speed of ship 1 for underway
replenishment, ft.

Depth of water, ft.

Mass density of water, lb—sccz/ftd.

Pass control, 0= underway replenishment, 1= steady

pass.




Card 2

YCONT

HEADBR

UBREAK

e

-76~-

Width of relative heading and separation control
zone, ft.
Commanded heading of ship 2 after BREAK time, deg.

Commanded speed of ship 2 after BREAK time, knots.
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