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(ABSTRACT)

A theoretical model and associated computer program are developed to compute
hydrodynamic interaction forces and moments on passing ships in a shallow
asymmetric canal, by applying generalized Lagally’s theorem. Steady lift force
on the ships afe estimated following standard slenderbody approach. Passing
ships are assumed to travel at constant speeds, parallel to the canal walls. Ships

are assumed to be slender, the fluid is ideal and wave making effects are ignored.

Numerical calculations for several passing cases show good agreement with ex-

isting model test results.
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Velocity Potential

Source Strength Density

Doublet Strength Density

Local moving X-coordinate
Stagger

Local moving Z-coordinate
Lateral separation

Mass density of sea water
Velocity of the ship in X-direction
Velocity of the ship in Y-direction
Induced velocity vector

Induced velocity in Y-direction

Sectional arca of the ship

- Added Inertia of the ship



ysl

ysZ

Sway added mass coefficient

Yaw added mass coefficient

Water depth

Draught of the ship

X-coordinate of the stern of the ship
X-coordinate of the bow of the ship

Width of region-1 of the canal

Width of region-2 of the canal

Distance to center line of ship-1 from canal step
Distance to center line of ship-2 from canal step
Number of summations in the vertical plane
Number of summations in the horizontal plane
Added mass for sway acceleration

Blockage Parameter

Average value of C

Position vector

Steady lateral force

Unsteady lateral force

Lagally Moment

Steady Moment

Unsteady Moment



Introduction

1.1 Problem Description

The problem of hydrodynamic interaction between bodies moving in close prox-
imity has been studied for a number of years. This problem is even more signif-
icant today as contemporary ships have become larger and faster than their
predecessors, making it difficult to control ship traffic in shallow congcsted areas
such as ports and événals. Replenishment at sea while under way, and passing
or overtaking of ships in a canal or restricted waterway are typical situations
giving rise to serious interaction effects. Another important case often investi-
gated is that of forces induced by ships passing in close proximity to moored
ships. This has gained more attention in recent years because of the growing
awareness of environmental hazards due to oil pollution which might rcsult from

mooring system failures of supertankers.



1.2 Historical Background

There have been several theoretical analyses and a few experimental investi-
gations of the above problems in the past. A brief survey of the most relevant of

these works will be appropriate here.

Collatz [1963] obtained a solution for interécting cylinders in shallow water by
representing the bodies by two-dimensional surface source distributions. He
solved the resulting integral equations using the Fourier series method. Exper-
imental results were obtained for elliptic sectioned bodies by Oltman [1970] mo-
tivated by Collatz’s theory. Theoretical results were in poor agreement with his
experimental results, especially for the lateral forces. This may be due to the fact

that Collatz did not take into account circulation around the bodies.

Tuck and Newman [1974] developed two theories for predicting hydrodynamic
forces on ships moving along parallel paths. The first one of thesc is an extension
of slender body theory for ships in deep water. They developed expressions for the
stripwise lateral force exerted on a slender body moving through a lateral non-
uniform flow ficld. The mathematical steps are similar to those carried out by
Lighthill [1960] and later by Newman and Wu [1973]. They obtained the fol-

lowing expression for the stripwise lateral force.

Fy(x,) = pSD(v) = D(V = v)d)] (1.1)



Where V is the lateral velocity of the body, v is the induced lateral flow field, S

is the sectional area, A,, is the sway added mass and D is the total derivative.

This general expression is applicable to slender bodies with abrupt trailing edges
from which vortex sheets trail downstream. In the case of ships, rudder and/or
skeg with their images act like trailing edge fin. As stated by Tuck and Newman

applying Lagally’s theorem without properly accounting for these trailing edge

effects would give incorrect results.

Fof the deep water case, Tuck and Newman compared their results with
Newton’s [1960] experimental results and found generally encouraging qualitative

agreement.

The second theory developed by Tuck and Newman dealt with the important
. case of very shallow water. They used an éxtension of classical thin-wing theory
using a source distribution to represent the thickness effect of the body and a
vortex distribution to represent the lateral flow field or the éngle of attack. The
resulting coupled integral equations are solved by imposing the Kutta condition
at the stern. Only the case of bodics moving in parallel at equal velocities were
considered in order to avoid the complication of unsteady vortex shedding from
the trailing edges of the ships.Their results were compared with Oltman’s exper-

iments and were found to be generally in better agreement than Collatz’s results.



Tin-Woo Yung [1978] extended Tuck and Newman’s two-dimensional theory to
include unsteady vortex shedding also. He used a successive approximation
scheme to solve the coupled integral equations which are time dependent. The
results obtained from this approximation were found to underpredict forces and

moments compared to Oltman’s experimental results for elliptical bodies.

Wang [1974] used slender body theory similar to that used by Tuck and Newman
in order to calculate mooring forces on a stationary ship due to a passing ship.
However Wang used the extended Lagally’s theorem as derived by Cummins
[1954] and later by Landweber and Yih [1956] for calculating lateral forces and
yaw moments. He has shown that by proper consideration of body cross sectional
form, application of Lagally’s theorem will result in the same expressions for

forces and moments as derived by Tuck and Newman.

Abkowitz et al [1976] developed a theory in order to calculate interaction effects
on ships operating in proximity in deep as well as in shallow water. They repres-
ented the bodies by line distribution of sources and doublets, and used the ex-
tended Lagally’s theorem to evaluate forces and moments.. Abkowitz found that,
sizing the singularities as a function of sectional area over-predicts the interaction
forces. This may be due to the fact that his procedure does not delineate breadth
from draught which effectively oversizes the beam of the vessel at the bow and
the stern. A correction was applied in an ad-hoc manner by sizing the body of
revolution by taking the average of the real beam and the beam determined by

the sectional area curve alone. There was no attempt to account for trailing edge



fin effects. Good agreement is seen between theoretical results for deep water and
the experimental data from David Taylor Naval Ship Research & Development
Center. However, the details of the test models and their stern configurations are

not known.

Dand [1976] presented some theoretical and experimental results for shallow wa-
ter ship interactions. The theoretical procedure was an extension of the method
developed by Dand [1974] in which bodies are represented by two-dimensional
surface source distributions. The method is extended to include the effect of cir-
culation by a single point vortex placed amidships. The strength of this vortex is
determined by imposing the Kutta condition at the stern of each ship. Qualitative
agreement between theoretical results and model experiments was observed.

However his theory over-predicts forces and moments by a factor of ten.

In summary all the above theoretical models and numerical results show that the
respective methods can give reasonable qualitative predictions of both lateral
force and yaw moment, but all of them need further improvement in order to give
acceptable quantitative predictions. It is widely accepted that the two-
dimensional theories proposed by Collatz, Newman and Dand are especcially
objectionable because of the fact that two-dimensional flow assumption breaks
down even with a small clearance between the ship and the sea bottom. The flow
beneath the ship reduces the pressure difference across the hull and hence reduces
the interaction forces and moments. Neglecting this flow, as in the two-

dimensional analysis, will over-predict forces and moments. The results of the



slender body theory of Wang and Abkowitz as applied to shallow water inter-
action was not experimentally verified. Also none of the above theories allowed

the presence of canal walls.

Common to all the three-dimensional flow theories discussed above, the slender
bodies are represented by an axial distribution of singularities. In addition to the
difficulties of over-predicting the forces as described by Abkowitz, this method
cannot correctly account for the effect of the clearance between the keel of the
ship and the sea bottom. The present approach tries to alleviate this problem by

representing the bodies by a center-plane distribution of singularities.

1.3 Present Approach

The aim of the present approach was to develop a mathematical model and as-
sociated computer program for predicting steady and unsteady lateral forces and
yaw moments on ships in parallel course at different speeds, operating at a given
lateral and longitudinal separation distance in a shallow asymmetric canal. The
requirement was for a simple and inexpensive numerical method capable of giving
results with sufficient accuracy for engineering purposes. This work is intended
to be used as part of a complete simulation study of vessels maneuvering in close

proximity.



The asymmetry of the canal is due to the difference in water depth in the two
channels. This is envisioned as the entry channel of an export oriented port,
where the deep water lane is for heavily laden departing ships and the shallow
lane is for the arriving light ships. The canal walls are considered to be vertical.
This is also the case for the unsymmetrically deepened Gaillard Cut in the
Panama Canal, which has 300-foot-wide by 42-foot-deep old channel on one side

and 200-foot-wide by 47-foot-deep new excavation on the other.

The method utilizes generalized Lagally’s theorem as extended by Cummins and
subsequently by Landweber and Yih, which expresses forces and moments in
terms of singularities representing flow around the body. Bodies are represented
as a first approximation, independent of each other, by a center-plane distrib-
ution of sources in a uniform flow. All the ;bove referred three-dimensional
models have center-line distribution of singularities to describe the potential flow
around the bodies. Center-plane distribution allows to model correctly the
clearance between ship’s keel and sea bottom which has significant influence on
the interaction phenomena. Moreover no beam correction is required here as the
strengths of singularities are proportional to the local slope of the waterline and
not to the slope of the scctional arca curve. The present theory accounts for the
steady lift force on the slender bodies moving in a lateral flow ficld by considering

the tail fin as a flat plate extending to the ship bottom.



The fluid is considered to be inviscid and incompressible, and wave making ef-
- fects are ignored. Ships in close proximity in canals and restricted waters move
at very low speeds creating minimal wave and wake disturbances. For this reason
it is conventional to ignore free-surface effects in treating interaction phenomena.
This simplification allows to use rigid free-surface and double-body reflected

models for ships under consideration.

The shallow bottom effect and the canal walls effect are accounted by introducing
arrays of image bodies. The distortion of the surface of each of these ships due
to the induced flow from all its images, the other ship and all its images, are cor-
rected by introducihg appropriate dipole distributions along the center line of the

respective ships.

Numerical results are obtained for various encountering situations of two identi-
cal Panamax bulk carriers in a canal, at various separation distances and at var-
ious water depths. These results are compared with model test results obtained
at Swedish Maritime Research Center (SSPA) for two Panamax bulk carrier
models under identical conditions. Theoretical results are in good qualitative
agreement with the experimental results. ’fheoretical results for the lateral forces
compare very well with the model test results even in quantitative terms. How-
ever, the predicted yaw moments do not match as well with the experimental data
and are found to exceed the measured values. One reason for the poor agree-
ment may be the inaccuracies in the mcasurcments. [t was learned that SSPA

had trouble with excessive noise in the measured data. Using these SSPA test
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results several trajectory analyses were done at the maneuvering simulator of the
merchant marine academy. From discussions with CAORF (Computer Aided
Operations Research Facility) personnel it was learned that, the expected trajec-
tories could be better predicted with somewhat larger yaw moments, adding

credibility to the present results.

Computed results were also compared with some experimehtal data obtained at
Netherland Ship Model Basin reported by Remery [1974]. The reported results
are for the lateral force and yaw moment on a captive 100,000 tdw tanker, due
to the passage of a 110,000 tdw tanker. Computations were carried out with the
offsets of Panamax bulk carrier, scaled appropriately to the corresponding tanker
dimensions and approximate displacementé. Excellent qualitative agreement is
obtained for forces and fnoments for all the cases tested. Calculated lateral forces
also show good quantitative agreement with the model test results, but predicted

moments are somewhat in excess of the measured values.

Computed results are also plotted along with the calculated results of Wang for
unrestricted deep water. Wang'’s results are for two ships having parabolic sec-
tional area distribution which is more or less true for a Panamax bulk carrier.

Results are found to be in good agreement for both forces and moments.

In order to verify the present method for a steady overtaking maneuver, calcu-
lations were done for a case analogous to that of Newton’s experiments as well

as Tuck & Newman'’s computations. As these computations are also done with



scaled Panamax hulls, we cannot expect complete agreement with the exper-

iments. However the results show good qualitative agreement.

In the next Chapter the ship-ship interaction problem is formulated and the ex-
pressions for lateral forces and yaw moments are derived. The method of esti-
mating the effects due to trailing edge fin and the procedure of evaluating the
added mass in shallow water are also discussed in the next Chapter. Chapter [3]
is a general overview of the computational procedure. Results are discussed and
general conclusions are drawn in chapter [4]. Finally the direction of further

study is indicated.



Chapter 2. Problem Formulation and Analysis

2.1 Reference System

The problem we are considering is that of two stream lined bodies, moving
through an ideal fluid along parallel paths separated by a constant distance 7.
The bodies move with constant velocities U, and U, which may be diffcrent in
magnitude and/or in direction. Fixed on each body are the moving co-ordinate
systems (x;,y,2) and (x,,),, z,) , With respective origins at the intersection of
midship plane, center plane and water plane of the corresponding ship. The x-
axis points forward, y-axis points starboard and the z-axis is positive downwards,
in accord.ance with the right hand convention. There is also a fixed reference
frame (xy, o, 29,) With X, axis along the step in the bottom, Which is convenient
for the case of an asymmetric canal. The orientation of the fixed reference frame

is similar to those of moving reference frames. These are illustrated in Fig [1].



At time t=0, the moving reference frames and the fixed reference frame are lo-

cated such that,
Xy = Xp

X, = x5 + &(0)

J1 = Jo ~ Us1
2= Yo~ U2
Zo=21 =22

Q2.1

(2.2)

(2.3)

(2.4)

(2.5)

Ya T ya2 = 1M is the lateral separation and &(¢) is the stagger between the bodies

at any instant of time t. This implies the following relationships.

Xg = X1 + U1t=x2+ U2t_§(0)

=Nty =nti

&) = x3 — x; = (U — Uyt + §(0)

X =x + &)

n=nty — s

) _ )
o (U, (/2)——*‘65

These conventions are illustrated in Fig [1].

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

It is clear from Equation [2.11] that all the unsteadiness vanish when the ships

are moving at equal velocitics.
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2.2 Potential flow description

Water line half-breadths of each of the two ships under consideration can be re-
presented in their respective local moving coordinate system by the following

equations.
= flx,z) (2.12)

2 = hH(x, 2) ' (2.13)

Each of these ships is represented by a continuous center-plane distribution of
sources and sinks moving with the body in a fluid which is at rest. For suffi-
ciently fine forms, Lunde [1951] has derived expressions for the source density

which will represent the potential flow around them. In general we can write,

Fxypzt) = fixzt) —y=0 (2.14)

as the equation for the surface in a moving co-ordinate system. The body is
moving with a uniform velocity U in the x-direction measured with respect to a

fixed co-ordinate system ( Xy, Vo, Z;)- Then the boundary condition on the surface

takes the form % = 0 . Expanding this equation, we get the following.
J — _é_E - .iF_ =
(U — u) x v 3 0 (2.15)

Invoking slender body approximations and transferring the boundary condition

to the center plane we can get the following condition.



v= - U—gf (2.16)

The induced velocity v at the plane y=0 is ob£ained by evaluating ( — 8&(;) ) due
to the source distribution as y tends to zero, which can be shown to be equal to
2no . All of these amounts to saying that fluid velocity at the body surféce is
equal to the normal component of the velocity of the bodf. This condition being
imposed at the center plane of the body, consistent with the slender body ap-

proximation. Equating the above two expressions for the induced velocity, we

can obtain the expression for the source strengths for the i* body as below.

Ui af;
2n dx; ' (2.17)

i=12

0;i (x5 =0,2) = —

Then the velocity potential for the flow past the respective ships and their re-
flection about rigid free surface, moving with forward velocities U, and U, in in-

finite fluid arc given by the following expressions.

_9
U %
R T Gk
\/[(xl &)+l + (@ — G
_h
U T ek
®; = == [ [ : ds, d, (2.19)

T 7 . 2 2
VI = ) + 33 + (2 = §)°)



where @, is the potential description of the flow around the i body, expressed
in the respective moving co-ordinate system, and 7T; is the draught of the respec-

tive ship.

This potential will satisfy the boundary condition on the body surface, which re-
quires t,hat the velocity of the fluid in contact with the body is equal to the normal
component of the velocity of the body at that point. However, this potential vi-
olates the boundary condition at the sea bottom which requires zero veloéity
component normal to the bottom surface. ls;ottom condition can be satisfied by
considering the image of the double-body reflected on bottom surface. This in
turn will violate rigid free-surface condition and will necessitate the use of surface
reflected image of the bottom and images reflected on that. In short, image sys-
tem of ship i in water of depth #; is represented by a series of sources at z lo-
cations given by 2mh + ( —1)"(; for all values of m ranging from

— o to o, m=0 corresponding to the double-body itself, as illustrated in Fig
[2]. Therefore the total potential corresponding to the image system of ship-1
reflected on the sea bottom and water surface can be expressed in its moving co-
ordinate system by the following equation.

-

o€,

J[(xl — &)+ pE+ (5 - 2my = (= 1))

¢y =

5y dgy (2.20)

x
2,1; m__ooj 1b

Potential functions for vertical image systems, for both ship-1 and ship-2 are to

be expressed in such a way that, they are to be applicable when the ships are in



regions of different water depths. The value of A, depends on the location of ship.
(j=1for y, > 0 ;j=2for y, < 0 ). We can express the above equation allowing
for different depth regions relative to the step location by making use of
Heaviside unit step function, which has value unity when the argument is positive
and zero when the argument is negative. It is only necessary to identify the lo-
cation of the particular body relative to the x, axis in order to select the appro-

priate potential expression as shown below.

@ = 2 jXijTl 7 ki) ds, d&, +
21 m= —oo Ty g€, 2. 2 My 2
. VG = &) + pi + (2 = 2miy = (= 1))
(2.21)
R xp T N = (= yp)
2n i gk &G dE,

T
PR e — R+ SR (2 — 2mty — (= 1))

m#0

By similar procedure effect of both canal walls are taken into account by an array
of lateral images as shown in Fig [3]. Due to the change in water depth at the
step in channel bottom, in order to satisfy the boundary conditions on the step
wall, we need to cbnsider the images of the singularities representing ship-1 at
Yo = — yg. Without losing generality here it is assumed that A, > h,. These
image source distributions exist only when ship-1 extends below the depth A, or
in other words only if the field points are such that z, > 4, . Since the effects of
all image flows are evaluated at the center of the double-body ‘form in order to
establish correcting dipole distributions, and also because the difference between

h, and h, is generally small, the influence of the step wall can be safely ignored.
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From the analysis of lateral wall images, assuming that ship-1 is located in region
1 with depth A, (this is not a restriction as we can always consider the general
case and write the full expressions by multiplying with corresponding Heaviside
unit step functions), its images are located at lateral locations given by the fol-
lowing expressions.

y1 = nlw; +wp) ,neven

(2.22)
n=@+DHw + (n— Hw, — 2y ,nodd.
For ship-2, results are similar in form in terms of its coordinate system.
ya = n(w; + wy) , neven. (2.23)

=+ Dw + (n— Dwy — 2y, ,nodd.
Now we can write the expressions for the potential representing each of the two
double-bodies and their images in lateral and vertical directions. In order to write

more compact expressions, we define the following quantities as below.

A= L (2.24)
e = B+ (= n0wy + W)Y + {2 = 2mhy = (= 1))

B=— 1 (2.25)
O — BT+ + g = (n+ Dwy = (0= Dwy) + (2 = 2mhy — (= 1))

c= ! (2.26)
O+ E =B+ (5 F g =y — nlwy + w)) + (2 — 2mhy — (= 1))

D= 1
O FE= 8  F g g = (nF Dwy = (n = Dwg) + (7 = 2my — (= 1)"%y)°

Ag =y — nlwy + wy) (2.28)

19



Bi=y+ 2y —(n+ Dw, — (n— Dw, (2.29)
Ca= 1+ 51 — Y2 — 1wy + wy) (2.30)
Dy=yp + ys1 +ysp = (n+ Dwy — (n = Dhw, (231
The total potential due to the presence of ship-1, without considering external

disturbances can now be represented in its local moving coordinate system by the

following expression.

_~Uu 2 xs T, ON
P+ Py = m=z_ z—ooj v T 4 %, HQo)dG, d&;  +
neven
Ul Q X1 Ofl
2n m=Z_ n_f_ooj J £ H(o)dGy &, + (232)
- U X1 ¢ fl
2n m=_oon-_°oj -1 4 H( = yo)d, d§;  +
neven
—_— lj1 o0

)
h) SioojijnTlB /i H( ,Vo)d’;‘ d&l

2712 = — 00
m "8 odd

Where A and &, are to be interchanged when ship-1 is in region-2. For all cases
where there are no canal walls present, corresponding to infinite width case, the
terms with n summations are all deleted except for the term corresponding to
n=0. Similarly for dcep water case the terms with m summations are all dcleted

except for the term corresponding to m =0.

The above potentials satisfy boundary conditions on the free-surface, on the bot-

tom and on both canal walls. However the potentials now do not satisfy the

20



boundary conditions on both the ship hulls. This is due to the flow induced by
the image system of each ship on itself as well as due to the induced flow from
the encountering ship. These induced flows are then corrected on the body by
means of appropriate dipole distributions. Thus ship-1 will feel velocities due to
part of ®,, ®,, ®, and ®,;, which are evaluated at the center line of the
double-body reflected model. There is no net contributio‘n to the total force and
momeﬁt from the internal singularities. Hence while computing the induced ve-
locities, contributions from all the singularities inside the body are not considered.
For the present analysis only lateral velocities are considered as the lateral force
and yaw moment are entirely due to them. Appropriate consideration is given to
the potential functions in their respective regions of applicability, as expressed by

the Heaviside unit step functions.

Similarly, ship-2 will feel velocities due to part of ®,, ®,, ®, and ®,, evalu-
ated at its center line, with due consideration given to the respective regions of

applicability as expressed by the Heaviside step functions.

Induced velocity on ship-1 center line, due to the total potential field can now be

written in its local moving coordinate system as follows.
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N

I
)|

(93]
. =U % a
m=—0n

U © n even " (2.33)
— Y X1 ¢ T 3 01
2n m_z-—oolz‘z—ooj lbj lTIB {yl + zy-‘l - (n + l)wl - ()1 - I)WZ}dCI dgl +

U © n odd af
— T

: ) E jij lT, C3 2 {)’1 + y51 — Yo — nlwy + wy)}ds, d&,

27‘: m=-—-0 n&s —
U neven af .
o0
T,
2n2 )Y _Z bl DY =2 2 U’l tyst g~ (nF Dwp = (n = Dwylds, d&,
m=-—-o00 npn=—00
n odd

This expression is evaluated at the center line of the body in order to calculate the
doublet strength distribution p. It has been suggested by Landweber [Lamb

1945] that p can be approximated by the following expression.

k
Hyr = -(—-;,,——215 1ev1(xy) (2.34)

where k} is the lateral added mass coefficient of ship-1 and S,(x,) is its sectional
area distribution. Substituting for the induced velocity from Equation [2.33] the

following expression can be obtained for the doublet strength.

1+ k 0 © 3
My = —_—gn 2) Sl Uy =2_oon=z_oo ;]lsbj‘ - B fl degl &,
n odd

(2.35)
vu, 303 o L,

n even
U, «
v EF )

2nm=—-o()n— YZ"

n odd
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The time derivative of the doublet strength is obtained using the Eq. [2.11] as

below.

Lty = (U = Uty

(1 kz)

=30, Six)(U, — Uy)

(2.36)

zf” %@m+&@@@+

E g sz/ o DS % Dy (x; + & = &)dl, &, |

m=-—-0n=—0 g

2.3 Added mass for sway acceleration in shallow water

The added mass in sway motion including the effect of shallow water is needed
fér estimating the strength of the doublet distribution in order to correct for the
induced velocities on each ship.Two-dimensional, sectional added masses are cal-
culated at each section following the analysis of Flagg and Newman [1971] for
lateral added mass in shallow water for rectangular sections. The effective
draught of an equivalent rectangular section corresponding to normal ship section
is calculated by dividing the sectional area by the respective beam. By a method
which involves the conformal mapping of the fluid domain, bounded by the rec-
tangle and the bottom, into a semi infinite half plane, they came up with a for-

mula for the lateral added mass coefficicnt in shallow water.
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In order to take an asymptotic approximation for very shallow water, a small

parameter € is defined as,

e=1-T/H (237

- where T is the draught and H is the water depth.Then the two-dimensi_onal lat-

eral added mass of a rectangular cylinder, of breadth B and depth 2T, is given

by the following equation.

T 1B _2 +2 -8B B L 22, ¢
PR 71:log(4'e,) e Ly A e O(€”) (2.38)

For full ships in very shallow water, this would give a reasonable estimate of
sectional lateral added mass. Corresponding expression for the sectional lateral
added mass coefficient is as shown below, where division by 2 reduces the results

for the ship alone, without the surface reflected body.

(2.39)

2
_Ar 1B __th_log(4g)+%_%+5—2%+_32n_82+0(e3)}

Rather than applying this in a sectional manner, an average value has been used

for the whole ship.
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2.4 Added mass for yaw acceleration in shallow water

Added mass for the rotational motion about the z-axis, including the effects of
shallow water is estimated following the method of Newman [1969]. He defined
a sectional blockage parameter C(x) as given below, which is related to the sec-

tional added mass given in Eq[2.38)].

18 2H 2H B 2H 2
= B2 _ &l 4+ &£ B 4 alT .
Cx) = < > Inde > + an (2.40)

Then the added inertia for yaw motion can be approximated by the following

expression.

’

=73

_HCL” (2.41)
3 4 64C
nl

where C is the average value of C(x) over the length of the body. Then the

added mass coefficient for yaw motion can be obtained as shown below.

= HTL
o 64C (¢ 2
+ - b b
[3 ~ ]J’v S(x)dx

(2.42)



2.5 Computation of the forces and moments

Having obtained all the expressions for the stréngths of the singularities, their
potentials, induced velocities and their derivatives, we can use generalized
Lagally’s theorem to estimate forces and moments on both bodies. For the pur-
pose of discussion, all expressions are shown only for the forces and*moments on
ship-1. Similar expressions -can be written for the forces and moments on ship-2,
thch are not reproduced here for the sake of brevity. For the forces and mo-

ments, no separate notation for ship-1 is adopted here.

For the present singularity distribution, Lagally’s theorem for the total force act-

ing on the double-body as given by Landweber and Yih [1956] becomes,
F= p(Vol)ﬁd‘t/— + anp[F, + Fy] (2.43)

Where,
(2.44)

- T = . N
Fi=- {jx”’j'_‘rl ov dzydx, + j;xlf(“ <Py dx, }

Xis

F = - *217{ i fdx, 4 [0 Fo dzdx ) (2.45)

Is X1s

F| is the steady Lagally Force and the F, is the unsteady component of the total
force. For two ships moving in tandem at equal speeds, unsteady force will van-
ish. The first term in equation (2.43) is zero as the ships are moving at constant

velocities. The second integral in equation (2.44) is the product of two rclatively
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small quantities and it is of higher order than the other terms we are retaining.
The second term in the equation (2.45) also vanishes as the time rate of change
of source strengths is zero. With these simplifications, we can write the ex-

pressions for the Y-component of the force on the body as below.

F,=F, + Fp (2.46)

Fy = —dnp [* |- ‘T o dzydx (2.47)
_ X dl»ll

Fyp = = dnp fo —hdx (2.48)

These equations can be shown to be identical to equation [1.1] derived by Tuck

and Newman [1974] following conservation of momentum approach.

Substituting for o,, v, K, etc. from the earlier results, the following expressions
can be obtained for the lateral force on the ship-1, in its local moving coordinate

system.

- xp o1 Ui afy
P = =2 Jn J-ron g,

y1 = X

U ¢ x5 ¢Th 43 af]
2nm——00n——ooj Tl dg, +

n even

2.49)

(]1 T xip ¢Th B ﬁﬁ (
2 m _Z_oo n_fi J Tl Bd Crds +

n odd
(’;2 2 X1p Tl 3 (//ﬁ
20 m ZOOHZ fx §-1 €z ZE Cddgzdsz"'
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U ¢ X ¢ D3 (fi
zahmrmfj S Dada dia | dad
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1+ ki
Fpo = 3pU 2 (U = Uy [ 5y001)

2n
0 (2.50)
| 2 F e e Can + - o ¢
* _E_ =ZL J.xy 6f2 Dd(xl + & = §)dt, d&; Jdx
nodd

The general expression for the Lagally moment due to the induced velocity v as

given by Landweber and Yih is,

My = My = U) + drp L [0y d, (2.51)
=123
B=i+3

This is identical to the equation derived by Landweber and Yih, except that we
deleted the terms corresponding to the rotation of the body. MiL(T— £7) is the

steady Lagally moment due to the relative velocity of the fluid (v — a

1‘4L(V) = - 4ﬂp[jxlbjT1Tl ? X (0’;) ledxl

(2.52)
¥l T G mydy = [0V xiidx |
- 7 x Fdey + dnp [T x i d
X1s 1 Pfxls v.oXpax
The resulting expression for the yaw moment is given by the following.
= +
M= M i (2.53)
where,
M, = jafxl: xFydx; = 4np f;,l,b i + Uipyr)dx (2.54)
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Here we have neglected the induced velocity in the x direction in comparison with
U, . The first term in the above equation represents the moment due to the steady
Lagally force and the second term stands for the steady couple acting on the

doublets which can be identified as the Munk moment acting on the body.

M, is the unsteady yaw moment given by the following expression.

M, = 4np 7;1;‘]‘;::’ He2 * V1dX (2.55)

where |, is the strength of the doublet distribution that would represent the
body with unit yaw rate as explained by Abkowitz [1976]. This term will be
presént irrespective of the fact that the body is restrained from yawing.From

Equation [2.34],

U+ xS(x) (2.56)

3")
He2 " an

Substituting for the induced velocities, doublet strengths etc. from earlier results,

we get the following expressions for the yaw moment acting on the ship-1.
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(1 + k)
1M1 = j‘;‘lf xleldxl - —Zn—sz X15 Sl(xl)
°° )
[Ul lebjTlTl B3 fl decl d&l
n odd (2.57)
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neven
U2 X2f 3 afé
* 27tm=—oon—_.wj‘ T2D Dddc2d§2]dxl
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(1 + k39
M, = 3x,pUy———(U; = 1)) j"‘b ED)
o f (2.58)
¢
[ _}: Z szf 2 Cd (x) + & — &)d, dE,y
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* R e f2 soDala + &~ W)ty 1dx
m= -0 n= %0

In the above expressions we have retained terms of the order up to fifth power in
the slenderness parameter. The next higher order term that is discarded is of the
order of seventh power in the slenderness parameter.The resulting expressions are
numerically evaluated for a wide range of cases and the results are presented in

Chapter [3].
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2.6 Lift force estimation

All the interaction forces and moments we have dealt with so far are of non-
lifting nature arising from the potential flow representation in terms of
singularities. In addition to these forces, slender bodies in steady motion in a lat-
eral flow field also develop a lift force. An expression to evaluate this lifting force
using slender body theory is given by Newman [1977], which can be derived as

below.

The forces acting on the cross-sectional plane of a slender body moving in an
ideal fluid with forward velocity U, in an arbitrary lateral flow field v(x,t) is given
by the time rate of change of fluid momentum. This gives the general expression

for the stripwise lateral force as given below.

dr,
—% = HrlAnmx0) 259)

For steady motion this becomes,

F,= - ij;”{aixv(x)Azz(x)}dx (2.60)

= Ulv(xp)Ayp(xp) — v(x5)Aa(x5)}
Unsteady terms which are of inertial nature are already taken into account in our

generalized Lagally expressions.
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As the bow is almost always pointed, added mass at the bow can be taken to be
zero. There will not be any contribution from this term if the trailing edge also is
pointed. For a body with finite trailing edge span, as in the case of deadwood and

rudder in a ship, the steady lifting force is given by the following expression.

Fy, = Uv(x5)A423(x;) (2.61)

At the stern, rudder normally occupies most of the under water region. This en-
ables us to use flat plate results for the added mass coefficient at the trailing edge

for lateral motion.

The two-dimensional added mass of a vertical flat plate section in shallow water

is given by the following expression,which is> from Newman[1969).

4pH?
A= - m{cos’z‘;} (2.62)

Lateral force is evaluated by substituting this value for the added mass in the

equation [2.61].

Yaw moment is calculated in a similar manner, starting from equation [2.59].

M=-=-U J.::’ .r%;-[\'(.v)fl22(.v)]c1x

= U ety + U J‘;:" V(x)Aydx

= (R x5 + U [ v(x)dypdx 32



The last term in the above equation is the moment acting on a body moving in
an ideal fluid at an angle of attack, which will be present even for bodies with
pointed trailing edge. This is the Munk moment on a non-lifting body in steady
translation. The contribution due to this term is already accounted for in our
expression for steady Lagally moment, so the only additional yaw moment is that
due to the lift force acting at the tail fin, which is given by the first term in the

above equation.

These conclusions are drawn by an analysis based on potential flow theory. Ac-
cordingly, flow is assumed to be irrotational everywhere along the length of the
body except in the trailing vorticity. The lift force is directly associated with this
trailing vortex sheet. As the vortex sheet is present only in the flow downstream
of the body, this will not affect the analysis based on irrotational flow. But this
will have an effect after the passing ships start travelling in the wake of each
other. This may be the reason for the large oscillatory forces and moments after
the models pass each other, which was noted in the model tests at SSPA. Anal-
ysis to account for this phenomena is obviously quite complicated and is beyond

the scope of the present work.
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Chapter 3. Numerical computations and Results

3.1 Computations

Based on the theoretical model described in the previous section, a FORTRAN
code was written to evaluate hydrodynamic in‘teraction forces and moments on
arbitrary shaped slender ships in an asymmetric canal. Unrestricted shallow
water case, deep water case and the case of a single ship in a canal ( bank suction

problem ) are allb special cases of this general problem.

~Computations involve numerical integrations and summations of algebraic ex-
pressions for the forces and moments derived in chapter [2]. The center-plane of
the double-body is divided into 200 identical grid elements by 21 equi-spaced
stations along the length and 11 cqui-spaced water-lines along the draught. At
first, on each of these grid elements all the double integrals were evaluated using

a two-point double Gauss quadrature algorithm. This is exact for functions which



are cubic in the two independent co-ordinates. Calculations were repeated with
a double trapezoidal integration which is exact for bilinear functions. The results
obtained using trapezoidal integration were within 2 to 3 percent of those ob-
tained using double Gauss quadrature. The computing time required for
trapezoidal integrations were less than a third of that needed for two-point Gauss
quadrature. This is achieved because in the case of trapezoidal integration, func-
tions need be evaluated only at the corners of the grid elements, which are com-
mon for all the adjacent grid elements. In the case of two-point Gauss
quadrature, every element will have four internal Gauss points which are not
common even for the adjacent elements. For all the additional effort, it was not
considered worthwhile to use two-point double Gauss quadrature. The program

now uses trapezoidal integration to evaluatc the double integrals.

Evaluation of forces and moments using the expressions developed in the previous
chapter is quite straight forward. The input data required for this program is
described in Appendix A.

Appendix B is a listing of this program.

The number of summations corresponding to images in the vertical and lateral
directions are to be controlled by input. Repetitive runs with increased number
of summations may be required to sce the convergence of the solution. For the
shallow water results presented here, values of m =17 and n=7 were used. These

are found to converge with relative error less than 1 percent.
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Computations were carried out for two Panamax bulk carriers in;

(a) a shallow canal,

(b) shallow water, unrestricted in width, and

(c) deep water, unrestricted in width.

The test cases are so chosen that we have experimental results as a basis to com-

pare with our results.

3.2 Passing ships in a canal

Measurements of the forces on two Panamax Bulk Carrier models in several
passing situations in a shallow canal were carried out in the ship model basin of
SSPA in Sweden [1985]. The test conditions and the model parameters are given
in the following table. Computations were carried out for these test cases and the
results are plotted along with the test results in Fig [4] through Fig [13]. Compu-
tations were also performed for several other cases in order to assess influence of
water depth and and lateral separation on the interaction forces. Results of these

calculations are plotted in Fig [26] through Fig [29].
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SSPA Model Data

Length Between Perpendiculars = 5.5900 m

Breadth = (0.6914 m

Draft = 0.2615m

Block Coefficient = (.828

Sca1¢ Ratio = 1:46.62
Test Cases

No: D/T n/B V1 (Kn) V2 (Kn)

| 1.150 1.25 7 -7

2 1.150 1.50 7 -7

3 1.225 1.25 7 -7

4 1.225 1.50 7 -7

5 1.225 2.00 0 7
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3.3 Shallow water, Unrestricted in width

Remery [1974] has reported a few experimental results on mooring forces induced
by passing ships, obtained at Netherlands Ship Model Basin, which are also used
as. a basis for validating present results. In these tests he measured forces on a
captive tanker model during the passage of another tanker model in shallow wa-
ter, which was unrestricted in width.Water depth was 1.15 times the draught of
| the moored vessel. Measurements were carried out for various models at different

speeds and separation distances.

It was difficult to make direcf comparison of the present results with Remery’s
experimental results because the hull geometry of his models were not available.
However, it was decided to use the results for those tests with models which re-
semble Panamax type bulk carriers. The appropriate choice was the results for
the forées on a moored 100,000 dwt tanker model due to the passage of a 110,000
dwt tanker model. Gross features of the lines of these ships are likely to be sim-
ilar to those of Panamax bulk carriers. Moreover, the interaction forces and mo-
ments for these cases of passing ships are not very sensitive to the shape of the
ghips. This is because the forces are mostly due to inertial effects which are not
very sensitive to the shape. For the computation, the main dimensions and off-
sets of the Panamax Bulk Carricr are scaled to those for Remery’s prototype. As

the block cocfficients of these ships are fairly close to that of Panamax bulk car-
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rier, the displacements of the ships for which computations are carried out are

close to the displacements of the ships for which tests were carried out.

The following table illustrates the NSMB test cases, the main particulars of the

tankers, and those used for computation.

NSMB Test Cases

No. D/T n U, U,

1 1.15 30 m 0 7 Kn
2 1.15 60 m 0 7 Kn
3 1.15 120 m 0 7 Kn

39



Moored ship parameters NSMB Ship  Values used

Length between perpendiculars(m) = 257.0 257.0
Breadth(m) = 36.8 36.8
Draft(m) = 15.7 15.7
Displacement(cubic meters) = 118800 122950
Block Coefficient =0.8 0.828
Passing ship parameters NSMB ship Values used
Length between perpendiculars(m) = 250.0 250.0
Breadth(m) = 40.4 40.4
Draft(m) = 15.1 15.1
Displacement(cubic meters) = 129600 126280
Block Coefficient = 0.85 0.828

The computed results are plotted along with Remery’s model test results in the

Figures [14] through [18].
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3.4 Deep, unrestricted water

There were no experimental results available to us for the case of passing ships
in deep, unrestricted waters. However, this case has been studied by Wang [1974]
and his results appear in the discussion of Tuck and Newman'’s paper. Wang'’s
results are for two identical ships, having parabolic sectional area distribution.
As Panamax bulk carriers have a sectional area distribution close to parabolic, it
is reasonable to compare our results for the appropriate case with Wahg’s results.
Present results are plotted along with Wang'’s results in Fig [20] and Fig[21]. The
force coefficient ( C;) and the moment coefficient ( C,) shown in these Figures

are defined as below.

Fy
ARy 3.1)
pUL2S,S,
c, =—>M (3.2)

" pULTS,S,

Where S, and S, are the sectional areas of ship | and ship 2 respectively.

Fig [22] to [25] show computed results plotted with experimental results reported
by Newton[1960] for the case of two ships moving in the same direction with
equal velocitics. Numerical results of Tuck & Newman is also shown for
comparison.Newton’s results are for a ship of length 740 feet, beam 103 feet,

draught 29.3 feet and displacement 36,890 tons, referred as ship A and another
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ship of length 567 feet, beam 70 feet, draught 30 feet and displacement 23,570
tons, referred as ship B, moving in parallel course at the same velocity with 136
feet lateral separation. Our computations are all for appropriately scaled

Panamax hulls.

These computations are included here only to show the qualitative behavior of
the computed forces and moments in a steady flow situation. In all the passing
‘cases we considered before, these relatively small steady terms were completely

masked by the inertial terms.

Finally, the influence of water depth and lateral separation on the intcraction
forces and moments were examined. Several calculations were done for the forces
and moments on a moored Panamax bulk carrier while another identical ship
passes by for various water depths and lateral separation distances. These results

are plotted in the Figures [26] through [29].
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Chapter 4. Discussion and Conclusions

4.1 Discussion

Time histories of the hydrodynamic interaction forces on one of the two passing
ships as well as on a moored ship due to a passing ship for various lateral sepa-
ration distances, water depths and speeds all look alike in regard to the general
pattern of occurrence of peaks and the sequence of loading. This general pattern
is in conformity with all the test results and theoretical results obtained by Tuck
& Newman, Wang and Abkowitz. The forces on a stationary, fore-and-aft sym-
metric ship due to the passage of another ship is found to be an even function and
moments are an odd function of stagger. The profound asymmetry in the loading
time-histories on the moving ship as another ship passes by is mainly due to the
cffect of the wakes of the ships on each other. In the case of passing ships, forces
and moments are larger as they are approaching than as they are leaving cach

other. In the steady casc of ships moving in the same direction and speed in
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staggered configuration, the forces and moments are larger on the leading ship.
This can be explained by the physical reasoning that the forces and moments are
less as the ships enter the smooth flow field in the wake of the passing ship. The
present theory clearly shows this behavior of the forces and moments. This is ac-
complished by including the lift forces acting at the stern section of the ship. If
we had ignored this lift force, and if the ships were fore-and-aft symmetric, the
forces would be symmetric and the moments anti-symmetric about the zero stag-

ger position.

As discussed earlier, the velocity field around the travelling ship is described by
potential flow around it. Near the bow and the stern, the pressure is increased
above the hydrostatic pressure and it is decreased below the hydrostatic pressure
along the middle of the ship.These travelling disturbances start interacting well
before the two ships actually start to overlap. Let us consider the sequence of
loading time history on a ship due to a passing vessel. Interaction forces are felt
even when the midship planes are separated by a distance twice the average
length of these two ships. Initially, as the ships approach, there is a region of high
pressure between their bows. At this time they experience a repelling force and a
bow-out moment. Soon the moment will reach a peak and starts falling. Forces
also follow this trend, reaching a maximum repulsion and then starting to de-
crease. As the ships overlap more and more, the accelerated flow between the
bodies pulls thé bows of cach ship together producing a bow-in moment and an
attractive force. By the time the stagger is about L/2, ie. by the time the bow of

each ship reaches upto the midship plane of the other ship, they are subjected to
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maximum bow-in moment. At this time, the net force is very small. As they
continue to overlap, the force starts pulling them together, reaching a maximum
attraction when the midship planes pass each other. At this time the net moment
is very small as the bow and stern effects cancel each other. All this loading pat-

tern is repeated in reversed sequence, as they recede from each other.

Comparison of computed results with SSPA and NSMB test results are shown in
Figures [4] through [19]. Qualitative behavior of forces and moments for all these
cases -are very similar. The passing ships are subjected to attractive and repulsive
forces, and bow-in and bow-out moments in a periodic manner, as explained in
the previous paragraph. The computed results are found to be in very good
q'ualitative agreement with the experimental data from SSPA and NSMB.
Quantitative agreement is also good in the case of lateral forces. However, the
peak values of the computed yaw moments are found to be larger than the ex-
perimental measurements. The discrepancies can be traced to the approximations
we have made in order to solve a very complex problem in a relatively simple
manner. The most severe of our assumptions probably is the neglect of viscosity.
Moments may particularly be affected by the cross flow scparation drag. Im-
provements can be made by including the cross-flow drag forces on the bodies,
which may bring the calculated results closer to the experimental results. The in-
fluence of propeller, rudder and the complex geometry due to the bulbous bow
and transom stern are other possible sources of error in the computations. For
ships of fuller form the slender body approximation may not be Very good. Using

the expression for source strengths corresponding to that of a slender bOd)‘/ and



imposing boundary conditions at the center plane might have caused some inevi-
table error. We have also ignored wave making effects. In addition, the model

test results are also prone to experimental errors.

Comparison of results with analytical results of Wang is shown in Figures [20]
and [21]. Our results are in good agreement with Wang’s computed results. This
is not surprising as in this particular case of forces and moments on a stationary
ship due to a passing ship in open sea, Wang’s analysis is almost equivalent to the
present theoretical model. The small differences may be due to the differences in
the sectional area distribution of Panamax bulk carrier from that of a parabolic
variation. Another reason could be the effect of the geometrical features of
Panamax bulk carrier, as in the Wang’s model the ship geometry is taken into

account only by the sectional area distribution.

Comparison between the computed results and Newton'’s experimental results for
deep, unrestricted water is shown in Figures [22] through [25]. Computed results
from Tuck & Newman are also plotted in these figx'l.res. We cannot expect
quantitative agreement between our results and Newton’s experimental results
as we used scaled Panamax hull geometry for computations. NeWton’s exper-
iments werc for two ships of fine hull form. Comparisons show good qualitative
agreement between our results and Newton's experimental results, and hence also
with Tuck & Newman's calculations. In a steady case like this, forces and mo-

ments are very sensitive to the bow and stern shapes, appendages like rudder and
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propeller etc. Therefore it is hard to say whether our results should have been

higher, as we used fuller hull forms for calculations.

It may also be noted that for deep, unrestricted water, Tuck & Newman'’s theory
is equivalent to our approach. However direct comparison is not possible as our

computations were carried out using different hull forms.

The effects of water depths and lateral separation on the interaction forces and
moments are shown in figures [26] through [29]. Forces and moments increase
as the water depth or lateral separation distance decrease, the rate at which they

increase becoming very high for very shallow water or for very close passing.
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4.2 Conclusions

A method is implemented for estimating hydrodynamic interaction forces and
moments on passing ships in a shallow asymmetric canal. Computed results
show very good qualitative agreement with experimental results. Lateral forces
show good quantitative agreement too. However, the computed yaw moments

have larger peak values than the experimental results.

These cases are characterized by relatively very little viscous forces compared to
inertial forces. Transverse lift forces at the trailing edge are also relatively insig-

nificant for passing cases.

This procedure may have less practical value for cases in which viscous forces
are relatively important. Refinement in the estimation of transverse lift forces at
the trailing edge may also be required for those cases where such forces are

dominant.
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4.3 Future Work

Further extensions are planned for a free running maneuvering simulation of
passing ships which will also include the following refinements of the present

model.

e Ships no longer restrained in steady longitudinal translation.

e Account for all the associated dynamic effects.

¢ Ships approaching canal walls at an angle.

¢ Include the cross flow viscous drag on the ships.

e Refine transverse lift forces estimate.
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Appendix A. Input Data Cards Description

1)Title Card

Give title information to label job output in ‘A’ format

2)Option Control Card

Enter ISHIP, NSHIP, IPOS, IFACE and NPRINT in free format

ISHIP I For calculating forces and moments on ship-1.

2 For calculating forces and moments on ship-2.

NSHIP 2 For two interacting ships.

1 For only one ship. In this case input dummy
values for all ship-2 data, though this will
not enter into computations.

IPOS 1 For ship-2 in region-1.

2 For ship-2 in region-2.

IFACE 1 For both ships moving in the same direction.
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0 For passing ships.
NPRINT 1 To print waterline offsets.

0 Not to print waterline offsets.

3)Number of summations
Enter M and N in free format.
M Number of images considered in the vertical
direction including the ship.
N Number of images considered in the lateral

direction including the ship.

4)Data for calculating longitudinal seperation
Enter ALS, DLS and NLS in free format.
ALS Distance in feet between the mid-ship planes
when calculations are to be sfarted.
DLS Distance intervel for subsequent steps in feet.
direction including the ship.
NLS Number of positions at which calculations are

to be performed.

5)Main Particulars of ship-1
Enter YSI1, W1, Ul, T1, L1, BI, HI in free format.

Y, Distance to the centerline of ship-1 from

st

82



canal center in feet.

W, Width of region-1 of the canal.
U, Speed of ship-1 in knots.

T, Draught of ship-1 in feet.

L Length of ship-1 in feet.

B, Breadth of ship-1 in feet.

H, Water depth of region-1 in feet

6)Main particulars of ship-2

Repeat card 5 with data of ship-2

(7 to 27) Offsets of ship-1

Each record contains waterline half-breadth in feet for each station,
starting with aft end. Six equidistant waterline offsets to be entered in
free format in each card.Station 1 should correspond to aft most station
and station 21 should correspond to foremost station. Station and

waterline spacings are to be uniform.

(28 to 48) Offsets of ship-2

Offsets of ship-2 to be entered similar to that of ship-1.
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Appendix B. Program Listing

C
C

[e¥eXeXe!

[eXeXe!

PROGRAM MAIN

COMMON JAAA/HI,H2,W1,W2,YS1,YS2,U1,U2
COMMON/BBB/RHO,PI,TOLI,TOL2

COMMON!CCC/SLOPEI(21,11) SLOPE2(21,11),81(21),52(21)
COMMON/DDD/FORC(21,11,11),FST1(21,11),FORC3(21,3,11)
COMMON/EEE/FTOTI1(21,11),FT1(11),FST3(21,11)
COMMON/FEF;TOTMX1(21,11),TOTM1(11),TOTMX2(21,11),TOTM2(11)
COMMON/GGG/X1(21),Z1(11),X2(21),22(11)

COMMON/HHH;SLP1(21)

COMMON/IIIZ3(3)SLOPE3(21,3)
COMMON/JJJ/DELTX1,DELTX2,DELTZ1,DELTZ2
COMMON/KKK/XI(11)
COMMON/LLL/DUALF1(21,11),DUALM1(21,11),DUALFT(11),DUALMT(11)
COMMON/MMM/DDTM11(21),AMU2(21)

COMMON/NNN/AK21(21)
COMMON/PPP;COUPLE(21,11),TCOPLE(11)
COMMON/ZZZ/FSTOT(11),UNFST1(21,11),UNFTOT(11)
COMMON/LIFT/FRUD(11),AMRUD(11),RA,CL

DIMENSION BI1(21,11),B2(21,11),UNFST2(21,11),

# AMT(21,11),PRT1(21,6),PRT2(21,6),TITLE(20),TIME(1 1),
# TOTMMT(21),ALF(11),ALM(11) '
CONSTANTS

Pl = 4.0*ATAN(1.0)
RHO = 1.025%1.937/2240.0
RA=720.0

CL=2.976

READ PARAMETERS

READ(5,999)(TITLE(I),I =1,20)
WRITE(6,1022)(TITLE(I),I = 1,20)
WRITE(6,1020)
READ(S,*)ISHIP,NSHIP,[POS,IFACE,IPRINT
READ(5,*)MMSUM,NNSUM

MSH = (MMSUM-1)/2

NAR = (NNSUM-1)[2
READ(5,%)ALS,DLS,NLS

IF (ISHIP Q. 2) GO TO 3
READ(5,%)YS1,W1,U11,T1,AL1,AB1,H!1
READ(5,¥)YS2,W2,U22,T2,AL2,AB2,112
WRITE(6,1000)

WRITE(6,1001)YS1
IF(NSHIP.EQ.2)WRITE(6,1002)YS2
WRITE{6,1003)W1

WRITE(6,1004)W2

WRITE(6,1005)U11
IE(NSHIP.EQ.2)WRITE(6,1006)U22
WRITE(6,1007)T1
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IF(NSHIP.EQ.2)WRITE(6,1008)T2
WRITE(6,1009)AL1
IF(NSHIP.EQ.2)WRITE(6,1010)AL2
WRITE(6,1011)ABI
IF(NSHIP.EQ.2)WRITE(6,1012)AB2
WRITE(6,1013)H1

WRITE(6,1014)H2
WRITE(6,1015)MMSUM
WRITE(6,1016)NNSUM
WRITE(6,1019)IFACE
WRITE(6,1017)ISHIP
IF(NSHIP.EQ.2)WRITE(6,1018)IPOS
WRITE(6,1020)

Ul = U11*1.6878

U2 = U22*1.6878

GO TO 4
READ(5,*)YS2,W2,U22,T2,AL2,AB2,H2
READ(5,*)YS1,W1,U11,T1,AL1,AB1,H1
WRITE(6,1000)
IF(NSHIP.EQ.2)WRITE(6,1001)YS2
WRITE(6,1002)YS1

WRITE(6,1003)W2

WRITE(6,1004)W1
IF(NSHIP.EQ.2)WRITE(6,1005)U22
WRITE(6,1006)U11
IF(NSHIP.EQ.2)WRITE(6,1007)T2
WRITE(6,1008)T1
IF(NSHIP.EQ.2)WRITE(6,1009)AL2
WRITE(6,1010)ALI
IF(NSHIP.EQ.2)WRITE(6,1011)AB2
WRITE(6,1012)AB1
WRITE(6,1013)H2

WRITE(6,1014)H1
WRITE(6,1015)MMSUM
WRITE(6,1016)NNSUM
WRITE(6,1019)IFACE
WRITE(6,1017)ISHIP
WRITE(6,1018)IPOS
WRITE(6,1020)
IF(IFACE.EQ.0)U11
IF(IFACE.EQ.0)U22
Ul = Ul1*1.6878
U2 = U22*1.6878

-U11
-U22

(1]

YS1 = -YS1

YS2 = -YS2

DELTX1 = AL1/20.0
DELTX2 = AL2/20.0
DELTZ1 = T1/5.0
DELTZ2 = T2/5.0

XIF = ALI}2.0

X2F = AL22.0

XIA = -XIF

X2A = -X2F

IF (ISHIP.EQ.2) GO TO 1
DO 10 =121
READ(5,*)(B1(1,),] =1,6)
CONTINUE

DO 20 1 = 1,21
I=2-1
IFIFACE.EQ.1)I1 =1
READ(S,*YB2(I1,1),J = 1,6)
CONTINUE

DO 221=12
DO2J=16
=221
IF(IFACE.EQ.DT =1
PRTI(LI)= BI(i.J)
PRT2(I,J)= B2(I1,))

1
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16

a0

OO0

30

CONTINUE

DO 25 I = 121
DO25 J =15
1= 6]

Il = 6+
BI(LI) = BI(1,3])
B2(LI1) = B2(1,33)
CONTINUE

GO TO 2

READ DATA IN THE CASE OF CALCULATING FORCE ON PASSING SHIP

DO 111 = 1,21
I = 22:1
IF(IFACE.EQ.1) 11 =1
READ(S,*)(B2(I1,3),] = 1,6)
CONTINUE

DO 21 1= 1.1
READ(5,*)(B1(1,1),] = 1,6)
CONTINUE

DO 271=1;2
DO27J=16
=221
IF(IFACE.EQ.)II =1
PRTI(1,J)= B2(ILJ)
PRT2(1,J)=B1(LJ)
CONTINUE

1

DO 26 1
DO 26 J
JJ = 6]
I = 6+J

y =

BI(L,IT) = BI(1,1))
B2(1,I1) = B2(1,3J)
CONTINUE

IF(IPRINT.NE.1) GOTO 6
IF((NSHIP.EQ.1).AND.(ISHIP.EQ.2)) GOTO 16
WRITE(6,104) 4
WRITE(6,110)

WRITE(6,1024)
WRITE(6,101)((I-1),(PRT1(1,J),] =1,6),1 = 1,21)
IF(NSHIP.EQ.1) GOTO 6

WRITE(6,1024)

WRITE(6,105)

WRITE(6,110)

WRITE(6,1024)
WRITE(6,101)((I-1),(PRT2(1,3),J = 1,6),1 = 1,21)
WRITE(6,1024)

LONGITUDINAL SEPERATION

XI(1) = ALS

DT=0.0

IF(UL.NE.U2) DT = ABS(DLS/(U1-U2))
TIME(1)=0.0

DO 65 I = 2,NLS

XI(I) = XI(I-1) + DLS
TIME(I)=TIME(I-1) + DT
CONTINUE

TO OBTAIN THE GRID OF X AND Z VALUES

X1(1) = X1A

X2(1) = X2A

DO 30 1 = 221

X1(l) = X1(I-1) + DELTXI
X2(1) = X2(I-1) + DELTX2
CONTINUE
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Q0 0o

OO0

Zi(1) = Z1(I-1) - DELTZ1
Z2(1) = Z2(1-1) - DELTZ2
CONTINUE

CALCULATE SLOPES

DO 50 I = 2,20
DO 50 J = 1,11

SLOPEI(1,J) = (B1(I+1,J) - B1(I-1,3)) / (2.0*DELTX1)
SLOPE2(1,J) = (B2(1+1,J) - B2(I-1,J)) / (2.0*DELTX2)

CONTINUE
DO 60 1 = 1,11

SLOPEI(1,J) = (B1(2,J) - B1(1,J)) / DELTXI1

SLOPE2(1 ) = (B2 2,J) - B2(1,J)) ] DELTX2

SLOPEI(21,J)= (B1(21,J)-B1(20,))) / DELTXI1

SLOPE2(21,J)= (B2(21,J)-B2(20,)) / DELTX2

CONTINUE

DO 61 1=1,21

DO 61 J=1,11

IF(NSHIP.EQ.1) SLOPE2(1,J)=0.0

CONTINUE

TO CALCULATE SECTIONAL AREAS AND VOLUME OF DISPLACEMENT

CALL SUM(BI,DELTZ1,DELTX1,VOL,AINERT)
HNH =H]I
IF((ISHIP.EQ.2).AND.(IPOS.EQ.1))HNH = H2
CALL ADMASS(T1,B1,VOL,AL1,CB,HNH,CB2,ADMLF)
CB1=1.0+CB2
AKPRIM = (CB*HNH*ALI**3)/(3.0 + 64.0CB/(PI*AL1))
AKPRIM = AKPRIM/AINERT
IF(MSH.EQ.0)AKPRIM =0.95
IF (ISHIP.EQ.2) GO TO 7
WRITE(6,120)
GOTO 8
WRITE(6,121)
INTEGRATE SLOPE
CALL SUM3(DELTZ1)

CALCULATE LATERAL FORCE DUE TO SOURCES

Z77Z = 0.0
DO 810 K = 1,NLS

KKK =
DO 810 I = 1,21
XXX = X1(I)

Hi =1

CALL FSTYS(XXX,ZZZ XIXLI111,LKKK,FORCE,ISHIP,IPOS, MSH,NAR,NSHIP,
#

CB1,ALF,ALM,ADMLF,T1)
FSTI1(I,K) = FORCE * SLPI(l)

810 CONTINUE

C
C
C

961 IF(NSHIP.LQ.1) UNFSTI(1,K)=0.0

UNSTEADY LATERAL FORCE ON SHIP1

DO 960 K = 1,NLS
XIX!1 = XI(K)

KKK =K
DO 960 1 =
lr(\mw Q.
XXX = X1(])

n =1

CALL FUNSTY(XXX,XIXI,111,KKK,FORCE,ISHIP,IPOS,MSH,NAR,AMMT,CB1)
UNFSTI(I,K) = -FORCE * DELTX2 * DELTZ2

AMT(1,K) = -AMMT*DELTX2*DELTZ2*(1.0 + AKPRIM)

1,2
1

21
) GOTO 961

IF(NSHIP.EQ.1) AMT(1,K)=0.0
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C
C
C

960 CONTINUE
C

C TO CALCULATE TOTAL LATERAL FORCE AND YAW MOMENT DISTRIBUTION

DO 976 K = I,NLS
DO 975 I = 1,21
FTOTI(1,K) = FST1(I,K) + UNFST1(1,K)
TOTMX2(I,K)= AMT(I,K)*X1(I)
TOTMXI(L,K)= FSTI(LK)*X1(I)

975 CONTINUE
KK = K

C INTEGRATE ALONG THE LENGTH
CALL SUM2(DELTX1,KK)

976 CONTINUE

c

WRITE(6,987)
WRITE(6,1023)

PRINT TOTAL YAW MOMENT FOR EACH SEPERATION DISTANCE

ann

DO 9861 = 1,NLS
TOTMMT(I) = TOTM1(I) + TCOPLE(l) + TOTM2(I) + ALM(I)
FTI(I) = FTI(I) + ALF(l)
WRITE(6,988)X (1), TIME(I), TOTMMT(I),FT1(l)
986 CONTINUE
WRITE(6,1023)
C
101 FORMAT(5X,13,6F12.2)
110 FORMAT(5X,'STN',8X,'WL0’,9X,’ WL1',9X,’WL2",9X,’"WL3’9X,' WLA’,
# 9X,"WLS5")
C  #90(-)
104 FORMAT('1",15X, INPUT - WATERLINE HALF-BREADTHS OF SHIP1",/,
# 16X, o)
105 FORMAT('1',15X, INPUT - WATERL[\'E HALF-BREADTHS OF SHIP2',/,
16X, )
120 FORMAT('1,10X,,FORCES AND MOMENTS ON SHIP1’ s
[ R — )
121 FORMAT('1',10X,'FORCES AND MOMENTS ON SHIP2',/,
# D G )
987 FORMAT(//,10X,'SEPERATION(FTY,8X, TIME(SEC),12X,
#YAW MOMENT(T-FT),10X,'LATERAL FORCE (T))
988 FORMAT(10X,F10.1,10X,F10.3,10X,F14.1,10X,F14.1)
999 FORMAT(20A4)
1000 FORMATY(//, 23X, MAIN PARTICULARS"/,
23X,

I T3k

1001 FORMAT(9X, CE’\ITERl INE OF SHIP1 FROM CANAL CL...... "F1.2,; FT7)
1002 FORMAT(9X, CENTERLINE OF SHIP2 FROM CANAL CL...... LF1.2,) FT)
1003 FORMAT(OX,WIDTH OF REGION-1 . WF1.2) FTY)

1004 FORMAT(9X,WIDTH OF REGION-2. . LF1.2) FT)

1005 FORMAT(9X,"VELOCITY OF SHIPI... . ,F1.2, Kn)

1006 FORMAT(9X, VELOCITY OF SHIP2... ., F1.2, Kn')

1007 FORMAT(9X, DRAUGHT OF SHIP1.. . LF1.2) FTY)

1008 FORMAT(9X, DRAUGHT OF SHIP2.. . W F1.2) FT)

1009 FORMAT(9X,LENGTH OF SHIPI... “F1.2," FT)

1010 FORMAT(9X, LENGTH OF SHIP2... “F1.2,) FT7)

1011 FORMAT(9X,'BREADTH OF SHIPI....ccevirnrnnnnnns “F71.2, FT7)

1012 FORMAT(9X,'BREADTH OF SHIP2........... . WF1.2) FTY)

1013 FORMATQOX, WATER DEPTH - REGION-I................. “F1.2, FT?)

1014 FORMAT(OX,WATLER DEPTH - REGION-2........c..u.u. “F7.2," FT")

1015 FORMAT(OX, NUMBER OF IMAGES - VERTICAL ........... ',14)

1016 FORMAT(9X, NUMBER OF IMAGES - LATERAL............. ',14)

1017 FORMAT(9X,'FORCES AND MOMENT EVALUATED ON......... SHIP-,IT)
1018 FORMAT(9X, SHIP2 IS ON ..ot CHANNEL-',I1)

1019 FORMAT(9X, IFACE (=1, SAME DIRECTION)............. ',14)

1020 FORMAT(90(-)7)
1023 FORMAT(10X 86(-")
1024 FORMAT(4X,78(-")
1022 FORMAT(5X, 20A4)
STOP
END
SUBROUTINE TO EVALUATE STEADY LATERAL FORCE ON SHIP]
DUE TO THE SOURCES.
VALUE OF THE FORCE AT EACH POINT CONSIDERED ARE RETURNED
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C
C
C

[eXeXeXe!

O

20

(o¥e!

a0

30

31

40

THESE ARE TO BE FURTHER INTEGRATED TO GET TOTAL FORCE.

SUBROUTINE FSTYS(A,B,XIX,I,K,FORCE,ISHIP,IPOS,MSH,NAR,NSHIP,CB,
#

ALF,ALM,ADMLF,T1)
EXTERNAL F1,F2
COMMON JAAA/H1,H2,W1,W2,YS1,YS2,U1,U2
COMMON/BBB/RHO,PI,TOLI, TOL2
COMMON/CCC/SLOPEI(21,11),SLOPE2(21,11),81(21),52(21)
COMMON/GGG/X1(21),Z1(11),X2(21),22(11)
COMMON/JJJ/DELTX1,DELTX2,DELTZ1,DELTZ2
COMMON/PPP/COUPLE(21,11),TCOPLE(11)
COMMON/LIFT/FRUD(11),AMRUD(11),RA,CL
COMMON/NNN/AK21(21)
DIMENSION ALF(11),ALM(11)

AK21(I) ARE THE SECTIONAL ADDED MASS COEFFICENTS FOR SWAY MOTON
IF (MSH.2Q.0) AK21(1)=0.95

IF(I.LEQ.1)ALF(K)=0.0
1F(I.LEQ.1)ALM(K)=0.0

IF (MSH.EQ.0) CB =1.95

WRITE(6,*)AK21(I)

H = H2

HH = H1I

IF (ISHIP.EQ.2) GOTO 1

IF (IPOS.EQ.1) 11 = HI1

IF (IPOS.EQ.2) H = H2
GOTO 2

IF (IPOS.EQ.1) HH
IF (IPOS.EQ.2) HH

[t

T
ol )

M = -1

GMNEW= 0.0

IF (NAR .EQ. 0) GOTO 60
M = M+1

IF (M.GT.MSH) GOTO 40
FM1 = (-1.0)**M

FM2 = B-2.0FLOAT(M)*HH
N = -

GNNEW= 0.0

N = N+2

IF (N.GT.NAR) GOTO 30
FN1 = 2.0%YSl - (FLOAT(N)+ 1.OY*W1 - (FLOAT(N)-1.0y*W2
FN2 = FNI*FNI

CALL SUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ1(A,B,XIX,F1,G1,FN1,FN2,FM1,FM2)

N = .N
FNI = 2.0*YSI - (FLOAT(N)+ 1.0)*W1 - (FLOAT(N)-1.0)*W2
FN2 = FN1*FNI

CALL SUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZI(A,B,XIX,F1,G2,FN1,FN2,FM1,FM2)

GNUP = Gl + G2
GNNEW = GNNEW + GNUP

N = N

GO TO 20

NSUMI = -N + 1

GMNEW = GMNEW + GNNEW

IFF (M.EQ.0) GO TO 10

IF (M.LT.0) GO TO 31

M = M

GO TO 11

M = M

GO TO 10

MSUMI = 2*M + 1

VALUE! = GMNEW * UI*Ul* (-RHOY*DELTX1*DELTZ! /(P1*4.0)
FOR1 = GMNEW * Ul* (-RHOY*DELTX1*DELTZ!1 /(P1¥4.0)
IF(L.EQ.1)ALF(K) = ALF(K)+ VALUEI* ADMLF/(2.0*RHO)
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IF(NSHIP.EQ.1) GOTO 202

C
C
M = -1
GMNEW= 0.0
60 M = M+1
IF (M.GT.MSH) GOTO 90
61 FMI = (-1.0)**M
FM2 = B-2.0*FLOAT(M)*H
N =22
GNNEW= 0.0
70 N = N+2
IF (N.GT.NAR) GOTO 80
FN1 = YSI1-YS2-FLOAT(N)*(W1 + W2)
FN2 = FNI1 * FNI
C
C CALL SUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ2(A,B,XI1X,F2,G1,FN1,FN2,FM1,FM2)
IF (N.EQ.0) GO TO 75
N = -}
FN1 = YS1-YS2-FLOAT(N)*(W1 + W2)
FN2 = FN1 * FN1
C
C CALLSUBROUTINE FOR MULTIPLE INTEGRATION

CALL TRAPZ2(A,B,XIX,F2,G2,FN1,FN2,FM1,FM2)

GNUP = Gl + G2
GNNEW = GNNEW + GNUP
GO TO 79
75 GNUP = Gl
GNNEW = GNNEW + Gl
79 N =-N
GO TO 70
80 NSUM2 = -N + 1
GMNEW = GMNEW + GNNEW
IF (M.EQ.0) GO TO 60
IF (M.LT.0) GO TO 81
M = -M
GO TO 61
81 M =-M
GO TO 60
90 MSUM2 = 2*M + |
VALUE2 = GMNEW * U1*U2* (-RHO)*DELTX2*DELTZ2 /(PI*4.0)
FOR2 = GMNEW * U2* (-RHO)*DELTX2*DELTZ2 j(PI*4.0)
IF(.LEQ.1)ALF(K) = ALF(K) + VALUE2* ADMLF/(2.0*RHO)
C  IF(IFACE.EQ.0) VALUE2=-VALUE2
IF (NAR .EQ. 0) VALUE! = 0.0
IF (NAR .EQ. 0) FOR1 = 0.0
IF (NAR .EQ. 0) VALUE3 = 0.0
IF (NAR .EQ. 0) FOR3 = 0.0
IF (NAR .EQ. 0) GOTO 201

C
M = -1
GMNEW= 0.0
110 M = M+1

IF (M.GT.MSH) GOTO 140
111 FM1 = (-1.0y**M
FM2 = B-2.0*FLOAT(M)*H

N = -1
GNNEW = 0.0
120 N = N+2
IF (N.GT.NAR) GOTO 130
FNI = YS! + YS2- (FLOAT(N)+ 1.0)*W1 - (FLOAT(N)-1.0y*W2
FN2 = EN1*FNI
C
C  CALLSUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ2(A,B,X1X,F2,G1,FN1,FN2,FM1,FM2)
N = N
FNI = YS1 + YS2- (FLOAT(N)+ 1.0)*W1 - (FLOAT(N)-1.0)* W2

i

FN2 = FNI* FNI
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C

C CALL SUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ2(A,B,X1X,F2,G2,FN1,FN2,FM1,FM2)

C

GNUP = Gl + G2
GNNEW = GNNEW + GNUP
N = -N
GO TO 120
130 NSUM3 = -N + 1
GMNEW = GMNEW + GNNEW
IF (M.EQ.0) GO TO 110
IF (M.LT.0) GO TO 131
M = -M
GO TO 111
131 M =-M
GO TO 110
140 MSUM3 = -2* M +1
VALUE3 = GMNEW * U1*U2* (-RHOY*DELTX2* DELTZ2/(P1*4.0)
FOR3 = GMNEW * U2* (-RHO)*DELTX2*DELTZ2/(P1*4.0)
IF(1.EQ.1)ALF(K) = ALF(K)+ VALUE3* ADMLF/(2.0* RHO)
C IF(IFACE.EQ.0)VALUE3 =-VALUE3
C

201 FORCE = VALUE! + VALUE2 + VALUE3
FOR = FOR! + FOR2 + FOR3

202 IF(NSHIP.EQ.1) FORCE=VALUE!

IF(NSHIP.EQ.1) FOR = FORI

IF(1.LEQ.1)ALM(K) = ALF(K)*X 1(1)

V = FOR/(2.0*RHO)

S1(I) TAKES CARE OF THE DOUBLE BODY FACTOR

COUPLE(I,K) = FORCE * CB *S1(1)/(2.0)

IF(ISHIP.EQ.2) COUPLE(I,K)=-COUPLE(I,K)

RETURN

END

O 0

SUBROUTINE TO EVALUATE UNSTEADY LATERAL FORCE ON SHIP!
VALUE OF THE FORCE AT EACH POINT CONSIDERED ARE RETURNED
THESE ARE TO BE FURTHER INTEGRATED TO GET TOTAL FORCE.

[eXeNeXeXe o)

SUBROUTINE FUNSTY(A,XIX,I,K,FORCE,ISHIP,IPOS,MSH,NAR,AMMT,CB)
EXTERNAL F3
COMMON JAAA/HIT,H2,W1,W2,YS1,YS2,U1,U2
COMMON/BBB/RIHO,PI,TOL1,TOL2
COMMON/CCC;SLOPE1(21,11),SLOPE2(21,11),S1(21),S2(21)
COMMON/GGGX1(21),Z1(11),X2(21),Z2(11)

© COMMON/JJJ/DELTX1,DELTX2,DELTZ1,DELTZ2
COMMON;MMM/DDTM11(21)
COMMON/NNN/AK21(21)

[eXeXe!

IF (MSH.EQ.0) AK21(I) = 0.95
IF (MSH.EQ.0)CB = 1.95

H = H2

IF (ISHIP.EQ.2) GO TO 2

IF (IPOS .EQ.1) H = H1

2 FX = A + XIX

M = -
GMNEW= 0.0
60 M = M+1

IF (M.GT.MSH) GOTO 90
61 FM2 = FLOAT(M)*H*2.0
= (-LOy*M

FM]1

N = -2

GNNEW= 0.0
70 N = N+2

“IF (N.GT.NAR) GOTO 80
FN1 = YSI-YS2- FLOAT(N)*(W1 + W2)
FN2 = FNI* FNI

o

a0

CALL SUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ3(A,XIX,F3,G1,FN1,FN2,FM1,FM2,FX)
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IF (N.EQ.0) GO TO 75
N = N

FNI1 = YSI-YS2- FLOAT(N)*(W1 + W2)
FN2 = FNI* FNI

a0

CALL SUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ3(A,XIX,F3,G2,FN1,FN2,FM1,FM2,FX)

GNUP = Gl + G2
GNNEW = GNNEW + GNUP
GO TO 79
75 GNUP = Gl
GNNEW = GNNEW + G1
79 N =N
GO TO 70
80 NSUM2 = -N + 1
GMNEW = GMNEW + GNNEW
IF (M.EQ.0) GO TO 60
IF (M.LT.0) GO TO 81
M = -M
GO TO 61
81 M =-M
GO TO 60
90 MSUM2 = -2*M + 1
VALUE2 =CB*GMNEW*(U2-U1)*U2*RHO*3.0*S1(1);(8.0*P1)
AMMT2 =GMNEW*(U2-U1)*U2*RHO*3.0%S1(1);(8.0* P1)
C IF(IFACE.EQ.1)VALUE2=-VALUE2
C  IF(IFACE.EQ.1)AMMT2 =-AMMT2
IF (NAR.EQ.0) VALUE3 = 0.0
IF (NAR.EQ.0) GOTO 201

C
C
M = -
GMNEW= 0.0
I0OM = M+1

IF (M.GT.MSH) GOTO 140
111 FM1 = (-1.0)**M
FM2 = 2.0*FLOAT(M)*H

N = -1
GNNEW= 0.0
120 N = N+2

IF (N.GT.NAR) GOTO 130

FNI = YSI + YS2 - (FLOAT(N)+ 1.0)*W1 - (FLOAT(N)-1.0)*W2
FN2 = FENI* FNI
C
C CALL SUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ3(A,XIX,F3,G1,FNT,FN2,FM1,FM2,FX)
N = N
EN1 = YSI + YS2 - (FLOAT(N)+ 1.0y*W1 - (FLOAT(N)-1.0y*W2
FN2 = FNI* FNI
C
C CALLSUBROUTINE FOR MULTIPLE INTEGRATION
CALL TRAPZ3(A,XIX,F3,G2,FN1,FN2,FM1,FM2,FX)
c
GNUP = Gl + G2
N = -N
GO TO 120

130 NSUM3 = -N + 1
GMNEW = GMNEW + GNNEW
IF (M.EQ.0) GO TO 110
IF (M.LT.0) GO TO 131
M = -M
GO TO 111
131 M = -M
GO TO 110
140 MSUM3 = -2* M +1
VALUE3 =CB*GMNEW*(U2-U1)*U2*RHO*3.0*S1(1):(8.0*PI)
AMMT3 = GMNEW*(L2-UI)*U2*RHO*3.0*S1(1)/(8.0*PI)
C  IF(IFACEEQ.I)VALUE3 =-VALUE3
C  IF(IFACE.LQ.HAMMT3 =-AMMT3
201 FORCE = VALUE2 + VALUE3
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ann

20

30

50

60

20
30

AMMT = AMMT2 + AMMT3

RETURN

END

SUBROUTINE TO EVALUATE SECTIONAL AREAS
SIMPSONS THREE POINT FORMULA

SUBROUTINE SUM(B,DZ,DX,VOL,AINERT)
COMMONCCC;SLPOEI(21,11),SLOPE2(21,11),81(21),52(21)
COMMON,GGG/X1(21),Z1(11),X2(21),Z2(11)
DIMENSION B(21,11)

DO 10 I = 1,21

SM = 0.0

DO 20 J = 2,102

SM = SM + 4.0%B(L,J)

CONTINUE

DO 30 J =392

SM = SM + 2.0*B(1,J)

CONTINUE

SM = SM + B(I,1) + B(l,11)

SI{(I)= DZ*SM3.0

SECTONAL AREA OF SHIP ALONE

CONTINUE

SM = 0.0

DO 50 1=2,20,2

SM = SM + 4.0*S1(I)

SMI = SM1 + 4.0%(X1(Iy**2)*S1(I)

CONTINUE

DO 601 = 3,19,2

SM = SM + 2.0*S1(I)

SM1 = SM1 + 2.0%(X1(Iy**2)*S1(l)

CONTINUE

SM = SM + SI(1) + S1(21)

SM1 = SM1 + (XI(1y**2)*S1(1) + (X1(21)**2)*S1(21)
VOL = DX * SM /3.0 '
AINERT = DX * SM1/3.0

VOLUME AND SECOND MOMENT OF SHIP ALONE
RETURN

END

SUBROUTINE SUM3(DZ)

SUBROUTINE TO INTEGRATE SLOPES ALONG THE DEPTH
COMMON/HHH/SLP1(21)
COMMON/CCC/SLOPEI(21,11),SLOPE2(21,11),81(21),52(21)
DO 101 = 1,21

SM = 0.0

DO 20 J = 2,102

SM =SM +4.0*SLOPEI(L,])

DO 30 1=39.2

SM =SM +2.0*SLOPEI(I,])

SM = SM+SLOPEI(I,1)+SLOPEI(I,11)
SLP1(I)=SM*DZ/6.0

CONTINUE

RETURN

END

SUBROUTINE SUM2(DX,K)

SUBROUTINE TO INTEGRATE QUANTITIES ALONG THE LENGTH
COMMON/FFF/TOTMX1(21,11),TOTM1(11), TOTMX2(21,11),TOTM2(11)

COMMON/EEE/FTOTI(21,11),FT1(11)
COMMON;/PPP/COUPLE(21,11),TCOPLE(11)
COMMON;ZZZiFSTOT(11),UNFST1(21,11),iNFTOT(11)
COMMON;DDD;FORC(21,11,11),FST1(21,11),FORC3(21,3,11)

SM1 = 0.0
SM2 = 0.0
SM3 = 0.0
SM4 = 0.0
SMS5 = 0.0
SM6 = 0.0

DO 20 J = 2,20.2

SM1 = SM1 + 4.0*TOTMX1(J,K)
SM6 = SM6 + 4.0¥TOTMX2(J,K)
SM2 = SM2 + 4.0*FTOT1(J,K)
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30

[eXeXele!

20

30

anonn

20

SM3 = SM3 + 4.0*FST1(J,K)
SM4 = SM4 + 4.0*UNFST1(J,K)
SM5 = SM5 + 4.0*COUPLE(J,K)
CONTINUE

DO 30 J = 3,19,2

SM1 = SM1 + 2.0*TOTMXI1(J,K)

SM6 = SM6 + 2.0*TOTMX2(J,K)

SM2 = SM2 + 2.0*FTOT1(J,K)

SM3 = SM3 + 2.0*FSTI1(J,K)

SM4 = SM4 + 2.0*UNFSTI1(J,K)

SMS = SMS + 2.0*COUPLE(J,K)

CONTINUE

SM1 = SM1 + TOTMXI(1,K) + TOTMX1(21,K)
SM6 = SM6 + TOTMX2(1,K) + TOTMX2(21,K)
SM2 = SM2 + FTOTI(1,K) + FTOT1(21,K)
SM3 = SM3 + FSTI1(1,K) + FST1(21,K)

SM4 = SM4 + UNFSTI(1,K) + UNFST1(21,K)
SMS5 = SM5 + COUPLE(1,K) + COUPLE(21,K)

TOTMI(K) = DX*SM1/3.0
TOTM2(K) = DX*SM6/3.0
FTI(K)= DX*SM2/3.0
FSTOT(K)= DX*SM3/3.0
UNFTOT(K)= DX*SM4/3.0
TCOPLE(K)= DX*SMS5/3.0
RETURN

END

SUBROUTINE FOR MULTIPLE INTEGRATION ON SHIP2
USED FOR STEADY LATERAL FORCE ON SHIP1

SUBROUTINE TRAPZI(A,B,XIX,F1,G,FN1,FN2,FM1,FM2)
EXTERNAL F1
COMMON/CCC/SLOPEI1(21,11),SLOPE2(21,11),81(21),52(21)
DIMENSION GG(21,11)

U)_._
O

LOPEI1(1,J) * F1(1,J,FN1,FN2,FM1,FM2,A,B,X1X)

G =G +40
CONTINUE
DO301 = 2,20
= G + 2.0*GG(I,1) + 2.0*GG(I,11)
CONTINUE
DO401 = 2,10
G = G + 20*GG(1,]) + 2.0*GG(21,])
CONTINUE
G =(G + GG(1,1) + GG(21,1) + GG(1,11) + GG(21,11))
RETURN
END

G(1))

SUBROUTINE FOR MULTIPLE INTEGRATION ON SHIP2
USED FOR STEADY LATERAL FORCE ON SHIP1

SUBROUTINE TRAPZ2(A,B,X1X,F2,G,FN1,FN2,FM1,FM2)
EXTERNAL F2
COMMON,CCC;SLOPEI(21,11),SLOPE2(21,11),81(21),52(21)
DIMENSION GG(21,11)

DO 101 = 121
001 I=1n
G(1,J) = SLOPE2(1,J) * F2(,J,FN1,FN2,FM1,FM2,A,B,X1X)
cow INUE
= 0.0
DO 201 =220
DO 201 = 2,10
=G + 4.0 * GG(I,))
cor\n\ 'k
DO 301 = 2,20
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20

30

40

G = G + 2.0*GG(l,1) + 2.0*GG(I,11)

CONTINUE

DO 401 = 2,10

G = G + 2.0*GG(1,1) + 2.0*GG(21,I)

CONTINUE

G =(G + GG(1,1) + GG(21,1) + GG(1,11) + GG(21,11))
RETURN

END

SUBROUTINE FOR MULTIPLE INTEGRATION ON SHIP2
USED FOR UNSTEADY LATERAL FORCE ON SHIPI

SUBROUTINE TRAPZ3(A,XIX,F3,G,FN1,FN2,FM1,FM2,FX)
EXTERNAL F3
COMMON/CCC/SLOPEI(21,11),SLOPE2(21,11),81(21),82(21)
DIMENSION GG(21,11)

DO10I =

DO 10 =

GG(1,J) = SLOPE2(I J) * F3(1,J,FN1,FN2,FM1,FM2,FX,X1X)

CONTINUE

G = 0.0

DO 20 1

DO 20 J
= G + 4

CONTINUE

DO 301 = 2,20

G =G + 20°GG(L1) + 20°GG(L11)

CONTINUE

DO40 I = 2,10

G = G + 2.0*GG(1,]) + 2.0*GG(21,I)

CONTINUE

G =(G + GG(L,1) + GG(21,1) + GG(L,11) + GG(21,11))

RETURN

END

121

2,20
2 10
* GG(1,J)

FUNCTION FI(1,J,FN1,FN2,FM1,FM2,A,B,XIX)
COMMON/GGG/X1(21),Z1(11),X2(21),22(11)

FI = FN1/(A-X1(1))**2 + FN2 + (FM2-FMI*Z1(J))**2)**1.5
RETURN

END

FUNCTION F2(1,J,FN1,FN2,FM1,FM2,A,B,XIX)
COMMON/GGG/X1(21),21(11),X2(21),22(11)

F2 = EN1/((A+ XIX-X2(1))**2 + FN2+ (FM2-FM1*Z2(J)}**2)**1.5
RETURN

END

FUNCTION F3(L,J,FN1,FN2,FM1,FM2,FX,XIX)
COMMON,GGG;X1(21).Z1(11),X2(21),22(11)

F3 = FNI*(FX-X2(D)/(FX-X2(1))**2 + FN2+

# (FM2+ FM1*Z2(J))**2)**2.5

RETURN

END

SUBROUTINE ADMASS(T1,B1,VOL,AL,CB,HH,CB2,ADMLF)

SUBROUTINE TO CALULATE ADDEID MASSES IN SHALLOW WATER

COMMON/AAA/HI,H2,W1,W2,YS1,YS2,U1,U2
COMMON/BBB/RHO,PI.TOLI,TOL2
COMMON/CCC,;SLOPEI(21,11),SLOPE2(21,11),81(21)
COMMON,;NNN;AK21(21)

DIMENSION B1(21,11),CCC(21),AKS(21)

C=00

C1=0.0

DO 101 = 121
IF(B1(1,6).NE.0.0) TEFF = §
IF(B1(1,6).EQ.0.0) TEFF = TI
IE(TEFF.GT.T1) TEFF = T1
ALPS = 10 - TEFF:1IH
AK21(1) = 2.*(HH**2)*(B1(1,6)/(AEPS*H11) - 2.*ALOG(4.* AEPS)/PI
#+2P1 -2*B1(1,6)/HH + AEPS*BI1(1,6)/(HH) + 2.*AEPS**2/

1(D:(B1(1,6)*2.0)



# (3.0%P1))/S1(1)
IF(AK21(1).LT.1.0) AK21(I)=1.0
CCC(l) = B1(1,6)/AEPS - 2.0*HH*ALOG(4.*AEPS)/PI + 2.0*HH/PI
#-B1(1,6) + 2.0*HH*AEPS*AEPS/(3.0%PI)
C = C +. CCC(l)
Cl= Cl+ AK21(I)
10 CONTINUE
CB = C/21.0
CB2=C1/21.0 B
ADMLF = -4.0*RHO*HH**2* ALOG(COS(PI*T1/(2.0* HH)))/PI
RETURN
END
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