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- ABSTRACT

Rationa l desi gn of rudder size and rate require s
consideration of operational demands on the control of the
ship caused ky the presence o~ aAother ship or res tric ted
waters. A mathematical model is developed from a velocity
potential descri ption for each ship , consis ting of a
distribution of sources for the ship in open ocean and
horizontal and vertical dipole distributions to account
for the other shi p in prox imity and shallow water ,
respectively. The Lagally theorem is used ~o calcula te
the interaction forces and moments, and ship trajectories
are calculated using standard ship equations 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
theore tical for ces and moments with model tes t resul ts
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.

Thesis Supervisor : Mart~n A. Abkowitz

Title: Professor of Ocean Engineer ing
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CHAPTER 1

INTRODUCTION

A rudder should be designed ra t iona l ly  to meet all

the maneuvering demands of the ship that  it steers.

Tradi t ional ly,  the rudder is designed to give a par t icu lar

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

provide s a rudder des ign 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 involve d in und erway rep len ishmen t, the tradi-

tional method g ives no direc t as surance 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 predic ting the inter action 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 
j

maneuvers than during course-keeping. This thesis under-

takes to demons trate the inf luence of incre ased rudder

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 equations of motion in the lateral plane.

The ship control calculations use linear control theory

to control ship heading , relative separation and heading ,

shi p speed , .~nd rc~ative specd .~rid long itudinal 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.

1~
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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—

thcsized 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) + 

m (x) 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 :

dRb (x)
m(x) = U Rb (x)/2 dx (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.



- -~ _____

—7—

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
4 (x) = J d (x)y dx (3)

bow

where d(x) is the dipole strength , y is the transverse

distance sources , and R is the rad ia l  dis tance 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 s t r eng th :

d~ (x) q~~(x)/4 (l+A 22)Rb
2(x) (4)

where q
~ 

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

- - - - .-- ~~~~- _ _ _ _  — -~~~~~
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depth of the water below the bottom of the w a t e r  (see

Figure 1) . The presence of the im a q e  shi p upsets the

boundary c~ ndit ion in the ye t - t  iL -a l  p l an e  and by the same

reasoning as above , reLluires a v e r t ic a l  d i s t r i b u t ion  ot

di poles of strength:

d~~
( x) = q ( x ) . 4 ( 1 +  A

33
) R b

2 t x )  ( 5)

where q is the induced cross flow v e l o c i t y  in the z

di rect ion a:~ I A 33 is t h e  no :’i — d im~-ns  l en a  1 ve rt  ~ca 1 adde d

mass of the  b ody .

The e f f e c t s  of lat e r a l  ( sw ay )  and r o t a t i o n a l  ~v a w )

motion of the ship cause the following contributions to the

late ral dipo le  d i s t r i b u t i ons:

d~~~
(x) = v . 4 ( 1+ A

~~~
) R h (x )  (6)

dyr (X) = r x 4  (1+ :\
~~~

) K
b

( X )  (7)

wher e V is the sway v elo c i t y  y — d i r e c t  ion )  and r ~s the yaw

rate of the shi p, and x .i s the  di  st ance a lonq t he  lend  t h

of the shi p. Cer respondin q  con t r i  ions  to  t he  v e r t i cal

dipole d i st r ibu t  ion  due t o  heave  and p i tch  w o u l d  have

s imi la r  expressions . However , heave an d p i t ch mot ions  have

_ _ _ _ _ _ _ _  
~~~~~~~~~~~~ . ~~~~~~~~~~~.
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been neql ect ed  in the  computer p r ogr a m , except tha t  s t a t i c

sinkage and trim are calculated from the interaction and

shallow water forces and moment s  in the vertical plane

u t il i .~ing the  h y d r o s t a t i c  p r op er t ie s  of t h e  h u l l  of tons

per inch i~ ors  ion and moment  t o  t r i m  one inch .

The d ipole  d i s t r i b u ti o n s  due t o  the  second s h i p ,  the

image shi ps for  sha l low wate r , and the  ship ’ s own mot ion

al l  act to upset  the  b ound ary  con~i i t ion  of zero r a d ia l

velocity . I f  the s t r e ngt h s  of the source  and di pole

d i s t r i b u t i o n s  a re  a q a i n  ca l c ul a t  CL~ ba sed on the  m o d i f i e d

flow f i e l d , i t  is poss ib le  t o  conver~~e to the boundary

~~~~di t io n  ~ ft er  sovcc~~1 i t e r~~t i o n s.  I t  was found in this

and previous work (Reference 1) t hat  two rev is ions  of the

s t r eng th s  was  a r ea son ab l e  co mp r o m i s e  b etween  accurate

conver~ience and computation speed .

The total v e l o c i t y  p o t en t i a l  f o r  each ship is:

stern

= 
m (x)

bow

y[d Cx) 4 d ( x )  + . ci - 
( x )  + [ c i  (x) 1:

+ _______  . . - - dx (8)
R3

2 2where R = (x + y + z )  is the radial distance fro~;i a 
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location on one ship to a location on the other ship which

is influenced by the p o te n t i a l .  I t  is necessary  to app ly

the t r a n s f o rm a t i o n  m a t r ix  for  t r i m  and yaw (R e f c r e nc e  3)

cos€~cos.~ cos~ sin~ -sine

= — s i n s cosç. 0 ( 9 )

s in ~ cos . sin ~~cos~ cos~

to get the radial distance from the influenced ship I to

shi p K in the r e fe rence  sys t em of shi p I (see F igure  1) as

follows :

X 01 X OK XK
R1 = T1 y01 + 0 — T~ ~ OK 

- TI TK
1 0 ( 1 0 )

2 01 0 Z OK 0

where T1 is defined for and of ship I ; x0, y0, z

are f ixed  c o o rd i n a t e s , and TK
1 is the inve r t ed  t r a ns fo r -

mat ion m at r i x  for  ship  K .  I f  the above R 1 is de f ined  as

XI
I

R1 = y 1 (11)

ZI
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where x1 represents all of the terms in the top line of 
- 

-

Equation ( 1 0 ) ,  e t c . ,  then is def ined as

xK (xI,y I,zI) x1G+y 1H+z 1J

= TKTI ’RI = yK (xI,y I , zI) = x1A + y 1B+z 1C (12)

z~~(x1,y1S z1) x1D+y 1E+z 1F

where the coefficients are defined as:

A = cos0 1sin (~p 1 
—

B = cos(’~1 
—

C = si n01sin(.i~1 —

D cosBI.~
inO Kcos (~

)
I 

— 

~K
) s

~~
T1O

I
c058

K

E = 
~

sin6 Ksin (
~~I 

— 
~~~) (13)

F = sinO lsinO Kc o s(y I — ~~)+cos8 cos8

- G-= cos SIcos~K
.cos (

~
)
I 

— P K ) + s mn O Isin O K -

H = cosO Ksi n ( p I ‘~‘K~
S1flS

I
COS9

K
COS(fI — 

K
) cosO Isin O K

The velocity potent ial  at a point on the influenced

ship I due to the potential at a point on the other ship K

is: 

- --~~~~~~~~~~~~~~~~
-

~~~
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(d 4- d . + d ) y  d z
• = I —!~- + _ ~~~~~~~~~~~~~~~~~~~~~~ -+ 

z K (
K J RK H 3 R 3bow K K

s tern m 
+ 

(d
~~~+ d  K~~ 

d K
) (A x 1 + By 1 + Cr 1 )

H 3
bow K

(d K~ 
(Dx 1 4 Ey 1 

4
+ --—~~ -—-- -. - . .-- -  - ( 1 4 )

Because the t r a n s f o r m at i o n  m a t r i x  does not  chanqe  the

magn i tude  of R , H1 may be su b s t i t u t e d  f o r  RK in

Eq ua t i on  ( 1 4 )  .

2. 2 I n t t’r ac l ie i i  Forces and ~i o t u e r i t s  C a l c u l a t io n

The i n t e rac t i o n  I orcos  and mom ent  s dr t ’ c a l c u lat e d  by

the Laqa 1 ly t h e o rem  us i nq the form dei i vod by Landweb er

and Yih  ( R e fer e n c e  4 )  . The expr ess  ion f o r  the fo r ces  w i t h  H

the added mass and di  st r  i hu t  ed source t e i m s  de let e d

~q .
F1 = — 4 i i ~ [ -

~
—

~
- 

~ 
( nix . t d .  ) ~ ~ ( mq .  + d ~~~~ ] ( 1 5 )

where i = x , y ,~ .; ~ ‘ d en s i ty  o t  w a t e r , x .  d i s t a n c e  a lon g

= ~~~~~~~~~ and i x , v ,~~ .

________  _______
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d
F

~~ ~ 
f_ 4~~L at (mx

~
) + (mq 4 (dY+d yv+dyr )~~•t 

+ d — ~---~)1

bow

stern
d

• F = l — 4 ~~~~~~( 
. - (d +d +d ) + ( mq + (d +d 4d ) . 1

y j c it  y yv y r  y y y v y r  ~ ybow

+ d —k’-)
2

stern
dF2 J_ 8l4~ [~1(d 2 ) + (niq 7 + (d +d yv +d yr )

~~~~ + d~ -~~
--) I

bow

(16)

where:

— ~~~~ ____ .
j
.~~ 

— — - 
~

.i 
- 

x — — -

~:ix ’ ~y 
— 

~x~~y ’ ~~ 
‘ 

—

i~r~~~~~~~~± 
~~~~~~~~~~~~~~~~~~~~~ y~= _ ~~~:~p

2 ’  ~z

— ~ — 

: l ~. ~¼ 1.
- — 

2 ’ 
~y 

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

which ar t ’  the p a r t ia l  der i va t  i yes  of ç as deli tied in

Equation (14)

The express ion fo r  the moment w i th  t l ie at 1~1ed ria~ and

d is t r ibuted  sources t e im: ;  do le t ed is

_h; a. ..- — - .. - - .

- - — — --~~~~--- — -S— - - — - - - -  ~—- -  A
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M~ = -4iip [~~ (~~
(mb (~~~

÷d .x .) _ m
0~~~_ d ~~~(~~

! . _ u . )

+ d0~q~~ ) + ~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~— ) 1  ( 17)

where b = 3+  i , o indi cates t hat  t he shi p is at rest ,

indicates the potential  external  to the body ,

j  and 1 = 1, 2 , 3 , ej Jk  = 1 for i j k  in ascending order , — l

for i j k  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 time der ivat ive  teim remaining is

d/d t ( — d 62 (q~ 2 — u 2 ) ) .  Because the sources and dipoles are

located on the centerline of the ship, x2 = x3 
= 0.

stern
M = I— 4~p [ ( d  + d  + d  )q  -d  q Ix j y yv yr z z y

bow

- stern 
~qM~ = f_ 4 ~T P [ _ x1(mq 2 + (d y+d yv +d yr )

~~~~ + d z —
~

-
~~~

-) + d 2ci~~]

bow

stern

M = J _ 4 T T P [x  (mq + (d +d +d )— 1+ d  ~~~z 1 y y yv yr ~y z ~z
bow

- ~~~~(dy
+d

y~~+d
y~~) - dyr (a~ 

q~ 2)-q~ 2($~ dyr )] (18)

-- ---- -S—-—  - ---. .,- - .- S
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where q~ 2 is calculated from

= +

+ 
dzKo(DxI +Ey I +Fz I) 

(19)

where m~~ , dyKo~ dzKo are calculated without including

ord yr

2.3 Ship Trajectory Calculations

The ship trajectories are calculated using standard -•

ship equations of motion (Reference 3) in the lateral

plane.

(m-X.)Ci = X +  X ( ~lu)  + X
~~
(
~
u)2+ X (ilu) 3

+ ~~~~~~ (X +m )vr+X~~v~~+ (X +mxG)r
2

+ xrô r~ + + X~~~~S
2Au + X i t

_ _ _ _ _ _  

- - - - --.

~~~~~~ 
j
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(m—Y.)C’+ (
~~ G

Yt)t = Y
0

+ Y  (Liu) +

+ y v3 + y vt~u + y rvv + ~5vvvvv vu rvv óvv

+ y vrd .+Y r3 +y rvr ó rrr r

+Y vrr+Y Srr+y 63 +y ~vrr 6rr

+ Yó~~
Au + Y~~~v6

2 
+ 
~r~ ó~~

2 + +

(20)

(mx
~
_N
~
)Cr+ 

~
‘z~~

’t~~ 
N0 + t

~ou~~~~ 
+ N V

+ N  v 3 + N  v~ u + N  r v v + N  ~vvvvv vu rvv óvv

+ N  v r ó + N  r 3 + N  rvr~5 r r r  r

+N vrr+N 6~~~ rr+ N~~~~
3 N~~5

+ N
~~

ô
~
u + N~~~~v~

2 
+ N 66 r~~

2 
+ N 6 6Au 2 

+ N
~~~t

Note: 1v~v I ’ ~r~ v I ’ ~6~v I ’ N
~~~ I~~~~l ,  

N
Ir Iv ~ 

and Nä I~~I are
sometimes used instead of 

~~~~ 
Y o r  ‘

~vvr ’ ~~~~~ or

Y , N , N , orN , N .  orN .v viS vvv rrv vvr  t5~ v vvi5

— ~~~~.-~~~~~~—- --— 
- --- --
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where in is the mass of the ship, I is the mome nt of

iner tia in yaw , X
G 

is the longitudinal distance from

amidships to the center of gravity , X0, Y0, and N are the

forces and moment in stra ight ahead motion , and X ,

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

straight ahead motion (for example , ‘
~

‘

~~~ 

=

N 6 = a 3 N/~ivar D 6 ) ,  i~u is the change from the initial

speed, 6 is the rudder angle , and X~~~ , ~int’ 
and N . t are

the interaction forces and moment as defined in Equations

(16) and (18). The Equations (20) above are solved for

the accelerations ü, ‘er , and t. The velocities are

calculated for the next time step by

u(t+ ~t) = u ( t )  + (~~t ) ü ( t )

v(t+ i~t )  = v(t) + ( L \ t ) C ’ ( t )  (21)

r(t+ ~t) = r ( t )  + (:~t ) t ( t )

The ship trajectories are calculated by

x0(t+~t) = x0(t) + (~ t)[u(t)cos~~+v(t)sinip ]

y0 (t+~ t) = y0 (t )  + ( st )  [u ( t ) s i n . ~ * v (t ) c o s~’] ( 2 2 )

iS,(t+~ t) = i~~( t)  + ( L ~t ) r ( t )  

— -~~~~~~~--- . .-- .—.---S- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ -S--- - , .—~~~~•--•-. .~~~~~ _ _ _ _
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The s ta t ic  s inkage and t r im  of the  ship  are ca lculated by

Sink = Z .  /TPI
L ilt

( 23 )

Trim = M .~~t/MTl

where Z~~~t = F~ 
of Equat ion ( 1 6 ) ,  M 1.1t = M~ of Equa tion (18) ,

TPI = tons per inch immersion , MT 1 moment to t r i m  one

inch.

2 .4  Shi p Control  C a l c u l a t i o n s

It is esscntial to control the motirns of the shi ps

to avoid col l is ions and to s imula te  underway rep lenishment

operations. When the ships are far apart , it is sufficient

to m a i n t a i n  speed and head ing .  When the one ship over !aps

the othe r le n g t h w i s e , i t  is necessa ry to cont ro l  both s h i ps

a lso on the bas i s  of r e l a t i v e  mot ion , r e l a t i v e  veloci ty ,

and relative h o a d i n o .

Usinq l in e a r  p r o p o r t i o n a l— p l u s — d er i v a t i v e  con t ro l  of

the heading (Refe rence  3)  , the change  i n  rudder  ang le is

DR = K 1C ( ç — l t e a d — r f l l a q )  4 K 2 R  ( r — t h l  a~~) ( 2 4 )

where K 1C is the ga in  in degree rudder  per doqrce of h e ad in l

_ __ __ _ __ _ _  _ _ _ _ _ _ _ _ _ _  
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error , Head is the commanded head ing , Dlaq is the delay

in moving the  rudder , and K 2 R  ~~S the gain in degrees

rudder per degree per second of yaw r at e .  Using the same

type of control on speed , the change in speed is:

Ucmmd = K 6 U ( u 0- u+ üu lag )  + K 7 A ( — t i + t f  U l a g )  (25)

where K6U is the ga in  in feet  per second ( f ps) per f ps of

speed error , u0 i s the comma nded speed , Ulag  is t he delay

in c h a n g i n g  speed , K 7A is the g a i n  in f ps per feet per

second2 of acceleration ( i i ) ,  and U = dü,’dt. When the

ships overlap 1engthwi ~~ the change ~n rudde r ang le to

main ta in  a given latera l separa t ion  and the same heading

becomes :

DR 1 = K1C( .1 — Ilead + — 2 (r 1 + r
1 

— r 2 ) D l a g )

+ K 2 R ( r 1 + r 1 
— r 2 — ( i ~~ + 1

1 
— r

2
) flag)

+ K 3 Y ( y  + Pas sSide — I C y
1 

— V
2
)COS~~2

— (u 1— u 2 ) s i n~ 2 ) D l a g )

+ K 4 V [ ( v 1— v 2
) cosç- 2 

— (u 1— u 2 ) s i r i . 2

1 I 
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~ 2
) cosc 2 

— (~ 1 — t~2)sin4 2)Dlag) (26)

where the subscripts 1 and 2 indicate Ships 1 and 2 res-

pectively , K3Y is the ga in  in degrees  rudder per foot of

relative separation error , 
~re1 

= (y 1—y 2)cos~ 2 — (x 1—x,)sin~~,

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 imitch ship speeds and to reduce their

longiti~dinal sop ~ration to zero. The change in speed of

the ship to be replenished becomes

Ucnimd = KSX (_x~~ 1 +u 2Ulag2) + K6U(u1-u2+ü2ulag)

+ K7A (—ü2 +\i2ulag) (27)

where KSX is the gain in fps per foot of lorl:itudinal

separation error , and = (x2—x 1)cos~ 1 + 
(y ~~— y 1) s in 1

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 

-- - ~~~~~-— --—-. -S ~~- -S--- -~~~~~~~ ~~~~ -~~~~ -.--~~~~~~~~~ 
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angle at the given rudder rate and is limited by the

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.

~~~~~ ii  
_ _ _ _ _  _ _ _ _ _ _
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CHAPTER 3

DISCUSSION OF RESULTS

I;

3.1 Comparison wi th  Model Test Resul ts

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 clo-ser 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 dipolesj respectively . The average of the

lateral 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 Figures 2, 3 , 6, and 7.

The model test data in F~~juros 2 and 3 are taken from

Reference 5, which reports interaction force tests of

models of the British ships K I N G  GlT ~.PC~ V , a battleship,

and OLNA , an oiler. The i n t e r a c t ion  moment data was plotted

in Reference 5 by taking the moment about a point located

two—tenths of the length of the shi p f rom the bow . The

moment has been shifted to amidsh~ js in Figures 2 , 3 , 4,

and 5 to correspond with the theoretical moment and with

other model test mor~ent  dat a .  The model test data in

Figures 6 and 7 are taken f rom Reference 6, which reports

int~i~ ct~~~-~- forces ~~: a model of a U.S. ~av~ AOE—l Class

large support ship while near a CVA-58 Class carrier.

The f i~.juros indicate that using tlie equivalent sectional

radius g ives equal or be t t e r  cor r e lat i o n  w i t h  model t e s t

data than using the ave raged  r a d i u s  described  above . ~ s .in q

the equivalent radius to determine the source strength

and the hea:~i and draft. to detcr~~ine the lateral and

vertical d~~poi e st~ ongt h s  , r e sp e c t i v e ly ,  led t o  t h e same

conclusion . The equivalent radius is used for all subse-

quent work.. Figures 4 and 5 show that the sha l low wat e r

theory agrees with the deep water theory of Reference 1.

The theoretical interaction forces tended to be less

than the mode l 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  i n t e r ac t i on  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 longit~:dina1 ~Qp arat i on  was zero. The sect~~nal areas ,

beams , and d r a f t s  of the Mariner  were used to represent

the mediuai fast cargo shi p in Figure 8, while the AO—177

represented the large fast cargo ship in Figure 9. The

theoret ical  i n t e r a c t i o n  forces  and moments  were marked l y

lower than th~ model test values. The theoretical moment

is typically small at zero l o ngi t u d i n a l  separation. The

water depth is only about 40 percent greater than the

dr a f t  of the ship in both cases. The fa~ t that the model

boundary layer is thicker than t h a t  of the ship tends to

increase the interaction effects . The theory neglects the

e f f e c t s  of boundary l aye r .  The d i f f e r e n c e  between s e l f —

propelled model and the towed model in Figure 9 indicates 

-- —.- 
--.- -
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that the propeller has a si gnificant effect on the inter—

act ion fo r ces  and moment  , w h i c h  is n eg l e c ted  by the

Uieory .

3. 2 Rudder  I e ~; i ~ n E f f e c t  s on Rcj-~ l en i  ~;h m ~~nt _~~~~ ’r a t i o n s

The r e p len i s h men t  o p er at  ion was selected to s tudy

the e f t e c t  of  in c r e~i s iw ~ t h e  rudder  r a te  or its effective-

ness, s i n c e  ship s  . ir e t y p i c a l  l y i n  closest proximity under

these condi t. i ons . )\ N a v y  o i ler  and d est r o yer  were selected

as t yp i ca l  s h i p s  wh i  oh wou ld be i nvol  v.. d  i n rep i eni shment

operat ic)n~.; and for w h i c h  niod~ I t~~~t data w e r e  available.

The data for the  A O—1 77  o i l e r  wer~ taken from Reference 8.

The s i m u l a t i o n s  st a r t e d  the shi ps at u lat oral sep a ra t ion

of 100 f c o t _  and a l o n g i t u d in a l  sc p a r at . i o u  of 550 feet in

water 300 feet deep. The ch~mqe s in the i n t e r a c t i o n

forces and mome n Ls caused  by t h e  c hang es  in  lateral

s e p a r a t i o n , sway v e l o c i t y ,  and yaw rate of the ships in

m o t i o n  a t  I nd i c at  ed i n 1’ i g u t  e 10 . Several  si mu 1 a t  ion

runs with i I lort - ,,:; i ng u d d e r  cen t rol  g a i n s  were r e q u i r ed

to s e l i ’ct y a t  us t o  p r ev en t  cci l i s i o n  ot  t he  ship s ; . bec~t u: ;e

the d i s p la c e m e n t  o1 t h e  d o st r oy e t  i s  app:  oximat ely ~~. 5

t imes  smaller than t h a t  o t~ the o i le r , i t s  ru d d er  con t r o l

gains wOt~e i n c r -eas~. -d b y a f a c t o r  e I .~~~. 5 ov e r  those of the

oiler as shown i n  T ab l e  I .  To study the effects of rudder

L 
- - 44
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design changes the rudder rate was increased by 50 percent

for one simulation and the i udder effectiveness was

increased by 50 percent for another. The increased rudder

effectiveness was obtained by increasing on ly  t h e

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  con t a i ns the mean values

and standard deviations of the lateral separation , the

re~lative heading, ~nd the ru~l:h-r axi~ l~~ 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 us i ng the final g a i n s

in Figure 12 , for the increased r u d d e r  effectiveness using

the final gains in Figure 13 , and for the case of 60 foot

water depth in Figure 14.

Because each simulation was c har a ct e r i ze d  by con t ro l

errors and overshoots , the rudder can t  rol y a i  us w h i c h  were

s e n s i t i ve  to the r a t e  of change  of head in g  and I ~t t  er~t l

separation were  increased from e i c ih t  to t e n  t i me s  to f i f t y

times the gains sensitive to heading and l a ter a l  s e p a r a t i o n

(Table 1). These final gains produced significant

— .-.—--.--—- . — - .___~_________ . - . ~— .- ---. — — -~ — -.--—--.-.------ - .
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improvement in the control of lateral separation and

relative heading and some reduc t ion  in rudder a c t i v i t y  for

both the standard rudder and increased effectiveness cases

(Table 2). Iiowe’.~er , 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

err or , and dde~ ~cti-~± t y  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.

T~ie shallower water d e pt h  had l i t t l e  effect on the errors

or rudder activity . -

_ _ _  _ _  _  
.-. .-~~~-
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TABLE 1

Rudder Control Gains

Shi Gain Heading Yaw Rate Y Separation V Velocityp 
____  

deg/deq cI~~g/deq/ sec d e g/ f t  d e g/ f t/ sec

Oiler Low 5.0 40. .5 5.0

Destroyer Low 17.5 140. 1.75 17.5

Oiler Fina:  4 . 0  200 .  .5 25 .0

Destroyer Fina: 14.0 700.  1.75 87 .5

TABLE 2

Separat ion and C~ ading Lrror s and Rudder Act ivi ’~~~

Separation Heading Rudder 1 Rudder 2
Condition Gain fee t degrees deg r ees deg r ees
________  ____  

Mean/S.D.* Mean/S.D. Mean/S.D.* M e a n/ S .D . *

Standard Low 100/22 3.5/2.4 —6.8/15.2 —1.3/19.4

and Fina: 99/17 1.7/1.4 —4.2/13.0 —0.7/15.7

~~~~~~ 
Fina 71/1.4 1.8/1.3 -5.4/14.2 —0.3/18.9

Low 137/45 5 .5/ 5 .2  — 2 . 4 / 2 0 . 6  1.2/ 19.8

Fina~ 94/ 12 2 . 9/2 . 1  —2.8/ 11 .1  — 0 . 3 / 1 6 . 5

Standard
60 ft Fina: 85/12 1.6/1.2 —6.2/12.7 —1.0/15.6
Depth

- ---“ -- . - - -  -~~~~~~
- - . . -

~~~
- —

~~~~
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS H

4.1 Conclusions

— The rad ius, of the body representing the ship at each

station should be the radius of a semicircle of area 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 mathematical model uriderpredicts 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 speed control logic should be extended to include

propeller and propulsion machinery dynamics as in Reference 9.

I ~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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NOMENCLATURE

A22 — lat era l  added mass CO L ’ f t  icient

A33 
— vertical added  m-iss coefficient

Dlag — rudder  control t ine la g

DR - rudder -mo le

— horizontal di pole St r e n c t J I

dyr — hor i , ’ o n t a l  d I p o l e  s t rL- n~-l t . h LI UC t o  s h in  yaw rate

d — l1oni~~L -n t  a l  d ip o l e  s tr c : i o t h  d ue to  shi p swayyv v e l o c i ty

d — ver t I cal u i  noi  e St  r eno  th

e. .k — i I I d ~~ - , 1tcs  s iqn  of lerns in the moment cc-uation

F — intc-~ ac tic -n f o r ce

Head - sh~~ h~~i d i n g

— polar moment c-f inertia in yaw

K 1C — rudder cent  m l  cain for va-,~-

K2R — rudder  c o n t r o l  oa ~n f o r  vow r at e

K3Y — r u d d e a- con t ro l  ~ain  for  l a ter a l  sepa r a t i o n

K4V — rudd er  con t r o l  ca i i  I c - n  sway v e l oc i ty

K5X — speed con. tr ol cc .i Ii f o r  l ena  ~ t u d i  nal  sep ar a t i on

K6U — sn~-ed co n t r o l c ai n  f o r  s pee ~l e m o:-

K7A — speed control ..:a in for acce iL - r a t  ion

m — ulass of th ’ sh in

m ( x ) - source strc-nc ’..h

M — i n t e r a c t i o n  lronc:it

MT1 — moment to trim one inch

- - 

-

~: ,~ ~ 2 2 ~

‘ ~ 
— -~ -~~ -~~ .,~ -.- .~~ — —~ -.

C) c~ . ‘ C cc r— cc — - - - 
-. ~ NP N, IS C’ , (
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N - yaw moment

Pass - desired lateral ship separation

- induced lateral flow velocity ignoring dyr and

-- induced lonUjitudinal f lo- ,~ veloci t y

— induced lateral flow velocity

— indr: od vertical flow velocity

r - yaw rate
R — radial distance from the axis

R
b 

- radius of the body section representing the ship

Side - ind ica tes  si gn in control  equa tion based on which
side

Sink — sinka~~e due to shallow water effects

t — time

T — coordinate transformation matrix

TPI — tons per inch immersion

Trim — trim due to shallow water effects

u — longitudinal velocity

Ucmmd - v e l o c ity  commanded by speed cont r ol

tilag - speed control time lag

V — swa ve loc i t y

x — long i t u d i n a l  coord inate  or d i st an cc-

X — longitudinal force

y — later al co o r d i n a t e  or dis t an ce

Y — lateral force

z - vertical coordinate or distance 
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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  5FlO , 2110)

DELT Integration time step, sec.

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

ENDTIM Time that simulation ends , sec.

TIMP RN Time of f i r s t  p r in t ing  of output , sec.

DTNPP SN Number of t ime steps , DELT , between output  p r in t s .

IPRN T Input  pr int  option , 0=print all input, 1= print

all input except coefficients , 2=no print.

ITERAT Number of i terations to update source and dipole

strengths in subrou t ine  INTER , t yp i ca l l y  3.

Plot (one card , format 6FlO)

SCALDG Scale ratio of the plot.

SRUDL Length of rudder shown on plot , in.

SIZLTR Size of lettering on plot, in.



-.- -- —. -

—70—

TIMPLT Time of first plot , sec.

DTNPLT NurNber  of t ime steps , DELT , between p lots .

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 , 5FlO , 110)

ALPP Length of the ship between perpendiculars , ft.

BMLD Beam of the ship, f t .

DISPL Displacement of the ship, tons.

CP Prismat ic  coeff1~~ient.

CM Midship coefficient .

DRAFT Draft 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.
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Sectional area (3 cards , format 8F10, 8FlO , 5F10)

SECAR Sectional area coefficient , A/Ama (bow to stern).

Beam (3 cards , format SF10 , 8FlO , 5F10)

BEAM Beam coe f f i c i en t, B/BMLD (bow to s tern) .

Draft (3 cards , format 8F10, 8F10, 5F10).

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

Coefficients (8 cards , format  6F10 , 6F10 , 8FlO , 8F10,
7F10, 8FlO , 8F10, 7F10)

XUUU Partial derivative ot X force with respect to u3.

XUU Partial derivative of X force with respect to U2.

XU Partial derivative of X force with  respect to u.

XVV Partial derivative of X force with respect to V 2
.

XVR Partial derivative of X force with respect to v and r.

XVD Partial derivative of X forcti with respect to v and 5.

Card 2  

- - 2XRR Partial derivative of X force with respect to r

XRD Partial derivative of X force with respect to r and ~~~.

XDD Partial derivative of X force with respect to

XDDU Partial derivative of X force with respect to 62 and u.

XO Constant X force.
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XUDOT Added mass coefficient in surge .

Card 3

YDUU Par t i a l  de r iva t ive  of V force  with respect to 3 and u2.

YDU Partial derivative of Y force with respect to 3 and u .

YOU Partial derivative of Y force w i t h  respect to u.

YVU Partial derivative of Y force with respect to v and u.
- - - - 3YVVV Partial derivative of Y force with respect to v

YVV Partial derivative of Y force with respect to vi and v.

YV Partial derivative of Y force with respect to v.

Y RVV Partial derivative of Y force with respect to v and r2.

Card 4

-)

YDVV Par t ia l  de r iva t ive  of Y force with respect to 3 and v

YRV Partial derivative of Y force with respect to r and v.

YDV Par t i a l  de r iva t ive  of Y force w i t h  respect to 3 and v.

YVRD Partial derivative of Y force with respect to v ,r ,3.

YRRR P a r t i a l  de r i va t i ve  of Y force wi th respect to r3.

YR Partial derivative of \‘ force w i t h  respect  t o  r .
—I

YVRR Partial derivative of Y force with resoect’ to v and r~~.

- - - - 2YDRR Partial d e r i vat i v e  of V force  w i t h  respect to 3 and r

Card 5

YDDD Partial derivative of Y force with respect to
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YD Partial derivative of Y force with respect to ~.

YVDD P a r t i a l  d e r i v a t i v e  of V force w i t h  respect  to v and
-)

YRDD Partial derivative of V force with respect to r and 3~~.

YO Cons tan t  V fo rce .

YVDOT Added mass in sway .

YRDOT Added mass in v ow.

Card 6

NDDU P a r t i a l  d e r i v a t i v e  of N moment w i t h  respect to

NDU Partial derivative of N moment w i t h  respect  to 3 and u.

NOU Pa r t i a l  d e r i v a t i v e  of N moment w i t h  respect to u.

NVU P a r t i a l  de r iv at ~ v~ of N :‘~oms -;-.t w i t h  respect to V and u.

NVVV Partial derivative of N moment with respect to V 3
.

NVV Partial derivative of N mome n t with respect to !v! ,v.

NV Partial derivative of N m om-o ut  w i t h  respect to v.

NR~~ Partial d e r i vat i v e  of N neI L ~~ w i t h  res~-ect to r aa~ ~~~

Card 7

NDVV Pa r t i a l  d er i vat i ve  of  N momen t  ~ci Lii  r e sm ~ect t o  3 ,v~

NRV P a r t i a l  d e r i va t i ve  of N m-~~l - n t  w t  th  r e spect  t o  r and V .

NDV Pa r t i a l  den v at  ive of N mo:~1eflt w i t h  r e spect  t o  3 and V .

NVRD Partial derivat ive  of N moment  w i t h  re~~p cct  to v , r , 3

NRRR Partial deriv ative em N moi t - m i t  w i t h  r esp ect to r 3 .

NR P a r t i a l  d e r i v a t i v e - of N m o n l L -n t  wit. h resp ect. to r.

L.
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NVRR Partial derivative of N moment with respect to v,r2.

NDRR Par t i a l  der iva t ive  of N moment with respect to -f ,r
2.

Card 8

NDDD Partial derivative of N moment with respect to

ND Pa rt ial  derivative of N moment with respect to 6.

- - - - 2NVDD Partial derivative of N moment with respect to v,3

- - - - 2NRDD Partial derivative of N moment with respect to r ,3

NO Constant N moment.

NVDOT Added moment of inertia in sway.

NRDOT Added moment of iner t ia  in yaw .

Rudder (2 cards , format 8F10 , lFlO)

DRMAX Maximum rudder angle , deg.

DRDOT Rudder turn rate , deg/sec.

DRSENT M i n i m u m  change in rudder angle acted on , deg.

CK1C Rudder control gain for yaw , deg/deg.

CK2R Rudde r control gain for yaw rate , deg/deg/sec.

CK3Y Rudder control  gain for latera l separation , decj/ft.

CK4V Rudder control gai n for sway velocity , deg/ft/sec.

DLAG Rudder control lag, sec.

Card 2

DRO Initial rudder ang le , dog. 
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Speed (1 card , format SF10)

uO Initial speed , k nots .

CK5X Speed contr ol s i am  fo r long it u d i na l  separa t ion ,

f t/ s ec/ f t .

CK6U Speed con t ro l  g a i n  fo r  speed , f t ’se c - f t ’se c.

CK7U Speed con t ro l  ~ain  fo r  a c c e l e r a t i o n, f L ’s e c — f L . ’sec 2 .

ULAG Speed cont ro l  lag , sec.

UACC Ma ximum rate  of acce lera t ion  of shi p,  f t/ s e c 2 .

UDEC M axi mum ra te  of dece l e r a t i on  of shi p, f t/ s e c2 .

USENT M i n i m u m  speed change acted on , knots.

Repeat above 7 card sets for ship 2.

Locations (2 cards , forma t 7FlO , 110 , 3F10)

XDIM Ini tial longitudinal separation , f t .

YDIM In i tia l  la teral  sep a r at ion  CL to CL , ft.

CI Initial ang le of t r a i l i n g  sh ip  2 , dog .

PASDIS Commanded  la tera l  s epa ra t ion , ft.

XLDEC Dis t a nce f r o m  shi p 1 where  sh i p 2 s t a r t s  d e c e l e m at i n q

to match the  speed of sh ip  1 f o r  u n d e r w ay

r e p l e n i s h m e n t , f t .

DEPTH Dep th  of wate r , ft.

ROW Mas s d e n s i t y  of w a t e r , 1h_ sec 2/~. t 4 .

IPASS Pass cont rol , 0 =  underway r ep len i shment , 1= s tead y

pass.

i
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Card 2

YCONT Width of relat ive heading and separat ion control

zone , ft.

HEADBR Commanded heading of ship 2 after BRE AK t ime , dog.

UBREAK Commanded speed of ship 2 after BREAK time , knots.

S
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