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ABSTRACT

Presently deep-draft navigation channel analysis, de-
sign and review is based on empirically derived ratios of
the design vessel's dimensions. Because of radical changes
in vessel operation purposes and characteristics, these ra-
tios can no longer be safely or economically applied.

The mathematical model and related theory described in
this document provide the engineer with a comprehensive too_
in the design and review of deep-draft navigation channels.
Through its use he will be able to predict values of squat,
bank suction forces and moments, equilibrium drift and ruddex
angles, and heights of ship-generated waves for varied chan-
nel configurations, ship positions and ship velocities.
Through the determination of channel section configuration
sensitivity, an optimal design both operationally and econo-

mically can be achieved.
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CHAPTER 1
INTRODUCTION

The design and efficient operation of ports and
navigation channels is an important factor in the economic
stability of the United States. Recent plans to expand our
country's maritime facilities through the building of
offshore terminals and mono-buoys will be of great help to
the petrochemical industry but will aid little in other
maritime shipment problem areas. Agricultural products,
dry bulk cargos, manufactured goods, etc. must still be

shipped through a port facility system.

The dredged channels leading to United States port
facilities are at present largely inadequate to meet the
nation's maritime requirements. Quite often vessels must
be lightered before entering a port. Even more often
vessels will delay entering or leaving a port area until
the tide and wind conditions are sufficient to provide the
required depth. This leads to unnecessary cost in terms
of dockage fees, vessel operating costs and lightering
expense to owners and others operating under charter
parties. There are very few ports in the United States

that can accommodate the so-called superships and none
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at all on the Gulf Coast. This denies the shipper the

freight economy of this class of vessel.

Navigation channel maintenance and improvement is

an extremely costly investment and competition for public tax
dollars has intensified. Local, state, and federal agencies
are finding it ever more difficult to get project approval
and funding. Dredged material disposal sites are becoming
scarce and related ecclogical problems are more difficult to
solve. For all of these reasons it is important at this time
to develop more effective and efficient navigation channel

design procedures.
Present Situation and Design Procedure

Navigation channel design engineers should have an in-
depth knowledge of both naval architecture and coastal
engineering. This is an in-between area that neither profes-
sion has devoted much effort in developing. The naval
architect's main interest is the design of the vessel. The
critical design conditions are not based on ship behavior in
restricted channels, but on stability and behavior in the
open sea. In the past, naval architects have not shown great
interest in in-channel operation. Although coastal engineers
are interested in these areas, their knowledge of vessel be-
havior is generally lacking. University courses in navigation
channel design which could supply this knowledge are not
offered. Even text and reference material is not normally

available.



Presently, to overcome the lack of knowledge in ship
behavior, engineers are determining navigation channel
dimensions by U. §. Army Engineer (USAE) design policy and
by use of standard ratios of proportions of the selected
design vessel. For example, there is design criterion to
maintain two feet depth under the keel of the vessel. Also,
a maneuvering lane is 1.8B and bank clearance is 1.5B, where
B is the beam of the design vessel (51). These empirically
determined relationships may have been valid in the past, but
because of the great changes that have occurred in relative
dimensions and operational purpeses of the world's marine
fleets, these policies and ratios should no longer be uni-
versally applied. It should also be noted that this criteria-
ratio approach to design does not take into consideration
the individual characteristics of each separate channel lo-
cation such as prevailing winds and currents. Neither will
it assist in the selection of the best among a number of al-

ternate designs.

It is the author's opinion that the present relatively
low level of marine accidents in navigation channels is due

more to the professiomal capability of the channel pilofs

than to the adequacy of the channel designs.

Model Objectives

The theory, procedures and mathematical model des-

cribed herein are presented to help fill the gap that



currently exists in related behavior of parallel mid-body
commercial vessels and navigation channel design information.
All of the pertinent information, theory and proposed design
and review procedures and their limitations have been in-
corporated into the model in such a way as to provide a
comprehensive analysis of the selected channel section and

design vessel.

When a vessel enters a restricted waterway it is
acted upon and reacts to a number of physical phenomena.
Many of these can be ignored in the open sea but they be-
come very important design considerations in this type of
waterway. These phenomena cause the ship to settle, to be
pulled to the near bank and to react to many forces tending
to skew the ship in the channel. Also the waves and surges
generated by the ship can be very dangerous to other craft,
shore structures and channel banks. Certainly, consideration
of the effects of these phenomena must be included in navi-

gation channel design and review procedures.

The prOposed channel design model is modular in nature,
each module determining the effects of a different physical
phenomenon on the ship under control of given para-
meters (see Fig. 1). The output will contain the indivi-
dual and combined effects on the design vessel in tabulated
form. Each module and its related phenomenon is discussed

in detail in separate chapters of this document.
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The engineer can use the model as a design tool to
determine the operational adequacy of the selected trial
channel section. Through the variation of input data
within a run or in successive runs, he can determine the
operational and economic sensitivity of the changed para-
meters. This will produce a more nearly optimal final
section. Using the model as a review tool, the engineer can
determine the operational adequacy of existing navigation
channels under changed conditions. When used in this man-
ner, the model may indicate a requirement to limit certain
vessel operations within the section; i.e., one-way traffic,

maximum speed limitations, etc.
Present Limitations and Future Developments

Theory limitation indicators have been programmed into
the model to prevent the navigation channel design engineer
from exceeding the bounds of the theory where it is no
longer valid or where results could be doubtful for what-
ever reason. These limitations are discussed in the

individual chapters.

The present model is complete and accurate by today's
standards and current state of the art. The accuracy
of the model is more than adequate when one considers
the type of input data and the requirements of the end
product. It has been designed as a dynamic tool in that

new modules may be added as required and existing modules



may be updated as present theory is expanded and refined.
The linkage has been built in to perform these changes

at relative ease to maintenance personnel.



CHAPTER ITI
SQUAT
Description of Problem

The movement of a vessel hull through the water results
in the displacement or pushing aside of an equal volume of
water lying directly in its path and the filling of a void
of equal volume at the vessel's stern (20). In more detail,
the water at the bow moves forward, out and down. Just aft
of the bow, the forward motion of the water stops but is
still out and down to make way for the vessel. Slightly
back from this point the water starts to flow aft. This
reverse flow continues to a peint somewhat aft of the stern
of the vessel, where the water closing in and upward again has
a forward motion. Wherever this reverse flow occurs, the
water surface is lowered. This lowering or sinking of the
water surface is known as squat (22). Although this phe-
nomenon occurs in the open sea, it is much more pronounced
in restricted or shallow waterways. In restricted waters,
bottom and side restrictions reduce the magnitude of the
radial flow and increase the longitudinal flow, forcing a
greater volume of fluid displaced by the vessel's motion to
be translated under and around the hull te fill the void.
Fig. 2 shows a typical differential pressure field around a
moving ship. Units are in inches of water (20). This is

indicative of the water surface as well.
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FIG. 2-TYPICAL DIFFERENTIAL PRESSURE FIELD
AROUND MOVING SHIP (20)

It is interesting to note that this field at normal speeds

will extend forward, aft, and to each side at least one ship

length.

'The squat phenomenon is a function of the speed of the
vessel, the cross-sectional area of the vessel, the cross-
sectional area of the channel, and the location of the ves-
sel's sailing line with respect to the centerline of the
channel,which will all be discussed in detail later. The
squat will increase with speed until, under certain condi-
tions, the vessel can actually strike the bottom of the

channel.

The squat of a vessel will normally be slightly dif-
ferent at the bow and at the stern. This sinkage will con-
tinue with increasing speed until the speed-length ratio,

v reaches 1.0 to 1.2, when the stern will

e e e .
]

continue to sink but the bow will begin to rise (32). This

is illustrated quite well in Fig. 3 (12).
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MODEL OF A HIGH-SPEED WARSHIP ( 12)

This phenomenon, squat, has been studied for

many vears. In 1904 Henry N. Babcock made a series of
full-scale measurements of squat in the Ambrose Channel for
U, S. Army Corps of Engineers (9,22). Since that time

many model tests have been run at the David Taylor Model
Basin (DTMB) (22,37), and the Davidson Laboratory at Stevens
Institute of Technology (17,18,19). The SOGREAH Laboratory
at Grenoble, France, ran a series of model tests for the
Royal Dutch Shell Group producing a set of empirical curves

used to predict the squat of vessels under various condi-

tions (15).
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Other tests were made in Sweden (9) and at the Institute
of Marine Engineering of Odessa, U.S.S.R. (23). A series
of tests run by the National Research Council of Canada in
the mid 60s included not only model tests but actual obser-

vations on 190 ships in the St. Lawrence Seaway (50).

Tests made at DTMB show that a 45,000 DWT tanker with
102 ft. beam and draft of 37 ft. moving over the centerline
of a restricted channel 300 ft. wide and 42 ft. deep with
vertical side slopes would touch bottom at approximately 8
knots. With everything remaining the same except the widen-
ing of the channel to 500 ft., the same vessel exceeded 11
knots before a critical velocity was reached. In other
test setups, supertankers of the 250,000 DWT class could
attain squats of 16 ft. under certain conditions (36, 37).
One can readily see that the ability to predict values of
squat is of critical importance in the design of restricted

waterways.

Basic Theory

The definition of squat and its basic effects are as
described above. By virtue of the Bernoulli Theorem and the
concepts of continuity, there must be, as described, a back-
flow with a resultant drop of water level adjacent to a
vessel moving through the channel. The vessel, floating on
the water surface, will also settle (50). Measurements

taken at DTMB of the lowering of the water surface and
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vessel squat indicate that the squat of the vessel is

almost entirely due to the lowering of the water surface.
This indicates that at normal operating speeds hydro-
dynamic forces have little effect on the vessel (22).

This also means that if one could determine the settling of
the water surface, one would also determine the squat of the

vessel.

The drop in the water surface level is a function of
the cross-sectional area of the channel. 1In a restricted-
type channel this area is rather clear. However, in the
open-type channel theories range from as little as a pro-
jection of the side slopes to meet the water surface to as
much as ten times the beam of the vessel (32, 50). Fig. 4

shows the two types of channels considered (32).

f— SINKAGE WIDTH X
Up ts 10 Times The Ship's Bosm |

AN

P4

_ .|
» rd
= SEAM
—’ ounui
Y TR
CRANNEL '
L__won

fa) Open - Type Channei

) Restrictad - Types Channel
FIG. 4-TWO KINDS OF CHANNELS (32)
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Squat is also a function of the velocity of the vessel and the
wetted cross-sectional area of the vessel at the ship station

where the amount of squat is to be determined (22,50).

A detailed derivation of the basic equation for squat
is presented in Appendix II1. The most useful form of the

basic squat equation is:

2
84 Aoy L.

In certain cases it is necessary to know the vessel velocity
which will produce a given value of squat. The equation for
determining this velocity is:

1/2
__gm__f, DS

ST R

These equations were derived also at both the National Re-

search Council of Canada (50) and the David Taylor Model

Basin @22).

Model tests were made at the David Taylor Model Basin
and squat values recorded. These values were then compared
with values calculated from Eq. 1. The results of this

comparison are shown in Fig. 5 {(22.
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The fact that test values of squat are consistently
greater than computed values should be noted. This consis-

tent error will be discussed in more detail below.

The test runs at the SOGREAH Laboratory at Grenoble
produced a series of curves which might be used in the deter-
mination of squat values (15, 51). Fig. 6 shows a compari-
son of squat values computed using the SOGREAH method versus

observed model and prototype values (51).
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SOGREAH METHOD (51)
One can see that for higher values of squat the SOGREAH met-
hod (Fig. 6) computes values much greater than those actually
observed. This same point was demonstrated in the Swedish

test (9). Guliev (23) believes that this inaccuracy is due

to the fact that the curves used in the SOGREAH method were
empirically derived from model tests in fully-banked shallow
water channels only. Wicker recommends that the SOGREAH
method be used when the computed squat is less than 2 ft.
and the theoretical equation when the squat is greater than

2 ft. (51).
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The author believed that if boundary layer conditions were
considered that Eq. 1 could be used satisfactorily over the

entire range of squat values.

Dickson (15) has suggested approaches using the

SOGREAH method of determining more accurately the values of
squat for channels with unsymmetrical side slopes and for
open channels. A test at DTMB clearly indicated that the
channel side slopes per se, either in the restricted channel
or the open-type channel, had little effect on the value of
squat computed until the vessel sailing line approached the
prism line of the channel (22). Because of this the author
believes that satisfactory results will be obtained by using

Eq. 1 with the selected channel cross-section as is.

Model tests at the Institute of Marine Engineering of
Odessa, U.S.5.R.,in still water and in regular waves (head
and following) in both shallow and deep water showed that the
models in waves oscillated about the depressed water surface
generated by squat in still water (23). This again seems to

verify the validity of the theoretical solution.
Boundary Layer Considerations

Tothill used constant boundary layer thicknesses
in his studies (50). He felt that a thickness of 0.5

feet on the vessel and 1.0 feet on channel would be satisfac-
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tory. Field measurements were made on over one hundred deep-
draft, seagoing vessels of various types. Squat readings
were taken while the ships were making way in a measured
section of the St. Lawrence Seawav. Static draft was mea-
sured while the ships were at rest in a navigation lock
nearby. TFigs. 7, 8, and 9 show comparisons of these full-
size vessel squat measurements and mathematically determined
squats (i.e., Eq. 1 with constant boundary layer thicknesses)
for that same vessel for the bow, midships, and stern sec-

tions respectively (50).

For a vessel cross-sectional area selected near the
bow, Fig. 7 shows that 56% of the squat values lay in the
band +.2 ft. wide. 92.3% of the values lay in a band %.5

fr. wide.

Fig. 8 shows this comparison for a vessel cross-section
taken amidships. Here 54.37% of the values lay in a band
+.2 ft. wide and 87.9% of the values lay in a band *.5 ft.

wide.

As shown in Fig. 9 it was found that 52.1% of the
values lay in a band +.3 ft. and 70.4% of the values were

found in a band +.5 ft.

These results are very good; however, it should be
noted that the inclusion of constant boundary layers tends

to produce greater calculated squats than those measured
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in the field. Although this is good from a conservative
standpoint, the author believed that more accurate squat
values could be computed using Eq. 1 if more rigorously
determined boundary layer values were used in the channel

and vessel area calculations.

To determine the validity of this belief, displacement
thicknesses were computed for both the channel and the
vessel using methods detailed in Chapter III. The results
of using constants and computed displacement thicknesses are
compared with field data in Table 1. These measurements
were part of the data taken in the above-mentioned
Canadian study (50) where sufficient details of the vessels
were known to allow boundary layer computations. Ship data

were obtained from Lloyd's Register and are shown in Table

2 (35).

Fig. 10 shows a plot of these computed and measured
values of squat, Error zones were determined by the least-
squares method. The fitted curves were not forced to pass
through the origin. The slope of the fitted curve for the
constant boundary layer is 1.53 while the slope of the curve
for the computed boundary layer is 1.02. One can see that by
using computed displacement thicknesses, average errors in
squat values were reduced substantially from those produced

from constant thicknesses. It should be ncoted from both
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TABLE 2. -SHIP DATA

Line Length Beam Draft
No. (FT) (FT) (FT)
1 Lake Winnipeg 707.5 75.0 425
2 Lawrencecliffe Hall 707.5 V5.0 40.0
3 Saguenay 707.5 5.0 40.0
4 New Brunswicker 707.5 75.0 40.0
5 Quebecois 707 .5 75.5 39.1
6 Quebecois 707 .5 75.5 39.1
7 Lawrencecliffe Hall 707.5 75.0 L0.0
8 silver Isle 707.5 75.0 9.0
9 Quebecois 707 .5 75.5 39.1
10 Montrealais 707.5 75.5 39 .2
11 Quebecois /07.5 75.5 39.1
12 Quebecois 70/.5 75.5 39.1
13 Patignies 565.1 75.0 441
14 Carl Trautwein 476.5 69.6 42 .0
15 Manchester Commerce 470.0 62.0 3/.0
16 Beltana 468.0 65.0 40.0
17 La Marea 465.9 63.0 41.5
18 Martian 353.6 48.0 18.1
19 Constance Bowater 310.9 50.0 30.0
20 Prins Willem IT 295.9 42.0 13.3
21 Lawrendoc 271.0 45.0 24,0
22 Frigion 236.3 36.3 12.4
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Table 1 and Fig. 11 that computed valucs ol sguat arve
normally exact or slightly greater than measured values.
This is understandable since vessels underway prefer to be
level or in trim slightly by the stern = The movement
through the water of a vessel in trim by the stern would
produce a small hydrodynamic force component in the upward
direction tending to decrease the ship's draft and so the

indicated squat value.
Critical Velocity

As a vessel's speed increases above a normal velocity,
the stern will continue to settle while the bow will begin
to rise and appear to ride on the back of its own bow wave
As velocity continued to increase, a hydraulic jump is
formed just aft of the mid-section of the vessel (Fig 3).
This point is known as the critical velocity.  As this
critical velocity is approached, there is a very rapid in-
crease in squat for a slight increase in speed. Fig. 1l
shows a family of squat versus velocity curves, clearly
indicating the critical velocity as a dashed line. Note
that the critical velocity corresponds to a point on the
squat-velocity curve where the curve makes a tangent with
the vertical (12,51). 1In Fig. 11, ¢ equals midship section

area in square feet.
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Certain military vessels, both Navy and Ccast Guard,
may continue to increase velocity until the entire vessel 1s
riding on the bow wave. This never occurs with commercial
vessels. However, since the critical velocity like squat
is a function of the cross-sectional area of the channel,
and the velocity of the vessel, it is an additional aspect
that must be taken into consideration in the design of a

restricted waterway.
Ships in Passing and Off-Centerline Operation

When one vessel is overtaking another, or when a ves-
sel is passing another from the opposite directionm, larger
amounts of squat are experienced due to the decrease in
flow area caused by both vessel cross-sectional areas being
at the same channel section at the same time. Since this
occurrence is quite common, it must be accounted for in the
design of a restricted waterway and has been included in

the model.

When vessels are passing under normal conditions, they
will each move off the centerline. As a vessel approaches
the prism line of the channel, an additional sinking of the
water surface occurs between the vessel and the near side
of the channel. An attempt was made at DTMB (22) to deter-
mine the validity of using an approach similar to the one
described above (utilizing the Bernoulli and continuity

equations) to determine this additional squat. Additional
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assumptions made were:

1. Flow divides proportionately; i.e.

’

e Y (: §)

where Q; and Q, are the rates of flow in
Sections Al and A2 , the sections on each

side of the centerline of the vessel.

2. Bernoulli's equation applies to both sections.

This necessitates no cross-flow under the hull,

3. The change in level of the ship is the average of
the change in the level of the two water surfaces

on each side of the ship.

When computed values were compared with model tests,
DTMB found that the calculated values were much greater than
those actually observed. This seems to indicate a rather
large lateral flow under the hull of the vessel. This, of
course, violates Assumption 2 above. Figure 12 shows
various water profiles of a ship operating off of the
centerline. By comparing Section G=G and H-H, one can

clearly see the difference in water surface elevation (22).

The computer model calculates the larger squat values

due to the primary and secondary vessels being in a passing
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or overtaking condition. However, it does not provide for
the additional squat as the ships approach the channel

prism line.
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CHAPTER III
BOUNDARY LAYER CONDITIONS

The influence of viscosity is mainly confined to a thin
layer close to an object moving through the fluid media. 1In
this thin layer, the velocity goes from zero (no slip) at the
object to its full value which corresponds to 99 percent of
the external frictionless flow. This area of boundary shear
influence is called the boundary layer. Fig. 13 shows a
boundary layer for a flat plate in laminar flow without

boundary separation (43).

U Ve

= ==
i { afr) 557
T U"-Y)} :

LKL IR D

FIG. 13-SKETCH OF BOUNDARY LAYER ON A FLAT PLATE

IN PARALLEL FLOW AT ZERO INCIDENCE (43)
A boundary layer is formed on the hull of a ship due to its
velocity through the fluid media. A boundary layer is also
formed on the channel due to the reverse flow at the midships

as the vessel proceeds through a restricted waterway. Since
these boundary layers tend to increase the effective

cross-sectional area of the vessel and decrease the
effective cross-sectional flow area of the channel, they

should be taken into consideration in determining the

squat of the vessel.
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Although a vessel is not a flat plate, flat plate theory
will be used to determine boundary layer values. The vali-

dity of this procedure will be shown later in this chapter.

Basic Theory

When a vessel moves through a real fluid, the fluid
adheres to the ship. Frictional forces retard the motion
of the fluid in a thin layer close to the ship called the
boundary layer. Velocity of the fluid is zero at the ship
and approaches the velocity of the external frictionless

flow asymptotically (49). 1In the boundary layer the
du

velocity gradient, gy is very large. Also a small vis-

cosity, u , exerts an essential influence in so far as the

shearing stress, t=u su | is concerned and =t may assume
sy

large values. Outside the boundary layer the viscosity is
unimportant and the flow is essentially frictionless (43).
This is an important concern in navigation channel design

because it alters the virtual shape of the vessel (10).

A basic definition of the boundary layer, ¢ , is

(see Figs. 13 and l4a):
8=y where %=0.99 A €Y |

A more important distance relative to the concern of
this paper is the displacement thickness, 6y - The dis-
placement thickness indicates the distance by which the

external streamlines are shifted ocutward due to the for-
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(a) (b)

FIG. l14-DEFINITIONS OF BOUNDARY
LAYER THICKNESS (49)

mation of the boundary layer. It is defined by (see Fig.
14b) : §
sy, = j‘(U-u)dy R )
0

where 6 is the value of y where U=u. (U-u) is known as
the velocity defect. §; is the distance from the ship where

the shaded areas in Fig. 14b are equal.

For laminar boundary layers the displacement thickness

on a flat plate has been found to be (43, 49):

6y = L.7208X . . . . . . (6)

R 1/2
X

where R 1is the local Reynolds number which depends on the
distance, x, from the leading edge of the ship (plate) and
the local free stream velocity, U« (43, 49). The likeli-
hood that a vessel boundary layer will be laminar is small
(4), however, it has been included in the model along with
appropriate switching based on Reynolds number. So far no

vessel has been computed by the model to have a laminar
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boundary layer. This is true because the speeds required for
ship steerage are too high to allow this condition to occur
for any significant distance. In fact, when making certain
calculations to determine the usefulness of more complex
methods of computing &§; , the author found that the boundary

layer became turbulent within inches of the bow.

As stated above, a vessel normally will have a turbulent
boundary layer. The displacement thickness for this con-

dition for a flat plate has been found to be (43, 49):

5 - _.04625K A €

R 1/5
x

where the variables are as described above.

Flat plate theory used to derive Egqs. 6 and 7 above
assumes a zero pressure gradient along the entire length of
the plate. Although this is essentially true for the long
parallel middle~body of a commercial vessel it is not true
for the tapered portion of the fore-body due to entrance
effects. In order to determine the magnitude of these en-
trance effects on §1 a typical computation using one of the

more complex methods was performed.

Most of the methods used to calculate two-dimensional

turbulent boundary layers are similar, using either momentum-
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integral or energy-integral equations. Since, however, no
general expressions for shear and dissipation in turbulent
flow can be found by purely theoretical means, additional

assumptions based on test measurements are needed. Conse-
quently, the calculation of turbulent boundary layers is

semi-empirical (43).

The method due to E. Truckenbrodt (43) was selected for
use in determining the magnitude of the entrance effects.
Appendix IV contains a detailed description of the method and
the calculations. A channel 500 ft. wide and 45 ft. deep was
used.. The vessel selected had a length of 707.5 ft., a beam
of 75 ft. and a draft of 40 ft. The fluid velocity was alsc
corrected for channel restriction effects. All values such
as bow shape, water temperature, salinity, etc. were selected
as typical or average. Since most of the data were found or
created in tabular form, a method of quadratureé was used in

the various integrations.

Some very interesting things surfaced during these cal-
culations. It was found that at 10 knots the point of trans-
ition from laminar to turbulent flow occurs only about 3

inches from the stem (bow) of the vessel as shown below.

_ Ry 400,000(1,1342x107°)12 = 3.2 in. . . . . . . (8)
X = g~ ~10(1.68889)
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distance

Reynolds number at transition
kinematic viscosity

velocity

where: X
R
Y
4]

Even when the velocity was decreased to steerage speed (5
knots), the transition point was only about 6 inches back

from the sctem,

Information concerning typical or specific pressure
gradients or velocity profiles at the bow of a ship are not

readily available. However,some data were found in Saunders

(42).

The most significant outcome of the comparison of the
complex method (Truckenbrodt) and the simple flat plate
method (Eq. 7) was that the entrance effects at the bow on
displacement thickness amounted to only 45/1000 of a foot.
This is in agreement with Phillips' statement that the en-
trance effects were known to be negligible and were not
considered in certain ship design computations; i.e., the
placement of pitot tube type velocity meters, etc. (41).
This is also in agreement with Kline (29) where it is stated
that, "because of the necessarily approximate turbulent shear
stress, only marginal gains result from the more complex

integration methods of computation. Also, the mixed length



hypothesis which has been used with the fixed values of the
relevant constants, gives predictions of the hydrodynamic
properties of a specified boundary layer which are as reli-
able as experimental data. It is therefore not worth trying
to improve the choice of constants.'" When one considers the
outcome of the method comparison, the findings of others. the
lack of detailed information concerning the design vessel ana
the good results obtained from flat plate theory as shown

in Fig. 10(b) one must conclude that Eq. 7 is adequate ta
compute the displacement thickness used in determining squat

values.

The same method is used for computing the displacement
thickness on the channel. Since the local velocity is caused
mainly by the back flow due to the squat phenomenon,

x-distances are measured from the stem of the vessel.

In determining values of R, in Eq. 7, an accurate
method of selecting values of kinematic viscosity, y , was
required. These values of y had to be correct for varying
water density and temperature., Through a method of table
look-up and interpolation the model will determine the kine-
matic viscosity to five-place accuracy when given the water

temperature and density (see Fig. 15).

The local velocity used in determining R, includes the
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backflow velocity due to the squat phenomenon described in
Chapter II and the correct component of water current when
computing the channel displacement thickness and the ship
velocity and the current component when computing the dis-

placement thickness of the vessel.
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CHAPTER IV
BANK SUCTION

Description of Problem

Whern a ship moves through the water, fluid is dis-
placed at the bow and transported back around the hull to
fill the void behind the stern. Flow-produced lateral pres-
sures are balanced when the ship is proceeding in open water
or on the centerline of a symmetrical channel. However,
when the ship is moving parallel to, but off of, the channel
centerline the forces produced are asymmetrical, resulting in
a yawing moment. This yawing moment is produced by the
building of a wave system between the bow of the ship and
the near channel bank. Behind this bow wave, the elevation
of the water between the vessel and the near bank is less
than between the vessel and the centerline of the channel
with a force being produced tending to move the stern toward
the near bank (Fig. 16). The resulting force of the system
is behind the center of gravity (CG) of the vessel (Fig. 17).
These same phenomena occur when a vessel moves off of the
~neutral steering line (NSL) of an asymmetrical channel which
will be described in detail below. This effect is called
bank suction and increases directly with the distance that
the vessel sailing line is from the centerline (or NSL) of the
channel. A similar effect is noted between ships in either

passing or overtaking maneuvers. Bank suction can be rather
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sudden and quite severe and has been the cause of many

groundings and other accidents (16, 22, 30, 44, 31).

Operational Procedures

The yawing moment caused by bank suction can be over-
come by use of right rudder. This alone, however, will not
prevent the gradual translation of the vessel toward the
near bank. A drift angle in the direction of the centerline
(or NSL) of the channel will have to be applied to overcome
the lateral force and achieve an equilibrium condition. The
vessel may then proceed on a sailing line off of, but para-
1lel to, the centerline (or NSL) of the channel in a canted
position. In model tests, rudder angles in excess of thirty
degrees with drift angles in excess of seven degrees have
been recorded (22). These maximum model test rudder angles
agree with those reported by channel pilots. However, the
pilots stated that drift angles in excess of twelve degrees

have been experienced (11, 40).

Additional rudder control can be achieved by temporarily
increasing the speed of the ship's propeller so that water
velocity in the vicinity of the rudder is increased while the
speed of the vessel is not changed materially (22, 30). It
appears from model and prototype tests that smaller draft
vessels require smaller rudder angles to obtain equilibrium.
This reinforces the theory that a lateral flow under the

keel of the vessel tends to aid in the filling of the de-
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pression in the water surface between the vessel and the

near bank (22, 30).
Determination of Forces and Moments

Schoenherr (DTMB) derived several dimensionless co-
efficients and force and moment determination curves (44)
from model test data (22). These tests were made on full-

line merchant ship hulls in symmetrical channels. The mea-

surements were taken when the model ships were positioned
parallel to the channel centerline; i.e., not in an equi-
librium position. Both vessel drift angle and rudder angle
were zero, These tests also indicated that bank suction
effects were not greatly affected by propeller action. The
procedures presented could be used to predict bank suction
effects for both single and multi-screw merchant ships of

relatively full form (44).

The three dimensionless coefficients derived were (44):

F

. = R &

F 0 /2 (Ld)V2

Where: Cp = dimensionless coefficient

F = lateral bank suction force in pounds
p = fluid density in slugs per cubic foot
L. = ship length in feet
d = ship draft in feet
V = ship velocity relative to undisturbed

water in feet per second
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Where: X = dimensionless coefficient
M = yawing moment in pound-feet

Cr for given H/d I G 8 )
* 7 "Cg for H/d=1.40

Where. H = channel depth in feet

The distance from the centerline, y, was expressed as a

fraction of the vessel beam, B, and plotted against the

dimensionless coefficient Cp for various values of W/B

where W is the channel width in feet (Fig. 18).
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FIG. 18-CROSS-FAIRED VALUES OF Cp FOR H/d
=1.40 AND VARYING W/B (44)
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Values of X and @ were plotted against values of H/d

(Fig. 19).
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FIC. 19-VARIATION OF X AND @ WITH H/d (44)

The general procedure for determining the values of

the lateral force and turning moment due to bank suction is

to calculate y/B, W/B and H/d for the problem to be solved.

One would then enter Fig. 18 with W/B and y/B to find Cg.

Then enter Fig. 19 with H/d to find X and @ . The

dimensionless coefficient ¥4

is to adjust for H/d values

other than 1.40. One could then detemine the desired values

from the following:
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The channel design model uses the same basic procedure.
Using a multiple linear regression method, 3rd-degree poly-
nomial expressions were derived for each curve in Figs. 18
and 19 from the basic physical model test data. This pro-
vides values of the lateral force and turning moment for a
symmetric channel. Figs. 20 and 21 show a comparison
between measured and computed values of lateral force and
turning moment respectively (see Table 3 for dimensions of

Model 3859).
Asymmetric Channels

The ability to determine bank suction effects for sym-
metrical channels is very useful in basic navigation channel
design, however, it does not reflect real world conditions
very well. Because of methods of channel construction and
contract payment, advanced maintenance dredging, and shoaling
due to littoral drift and vessel operation, navigation char-

nels are never completely symmetrical.
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When a channel is asymmetric, several important changes
occur. First, the neutral steering line (NSL); i.e., the
position where all lateral forces due to bank suction are
counterbalanced and the yawing moment is zero, is no longer
along the centerline of the channel. It will be shifted in
the direction of the deeper or larger portion of the channel.
Moody (37) in his tests discovered that the neutral
steering line would be established along a line where the
hydraulic radii on both sides of the line are equal. It can
also be shown that the hydraulic radii will equal the hy-
draulic radius of the entire section. In asymmetrical
channels, the y distance used in determining bank suction
effects must be measured from this NSL and not the section

centerline,

The channel design model determines if the channel is
asymmetric from computed values of the hydraulic radii fer
the right side, left side and total chamnel. If the chan-
nel is asymmetric, the model will increment from the center-
line in the direction of the greater hydraulic radius untit
a balance has been achieved. The NSL is lccated to an
accuracy of 0.1 foot. The model also computes an effective
W for the smaller side of the asymretric channel in order rto
obtain good agreement with test data. This adjustment was

not required for the larger side of the channel.

Due to irregularities in the bottom of most channels,
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there is generally no one physical depth which can be

used in the H/d ratioc. For this reason the hydraulic
depth, D, is computed and used.

D =A/W. . (14)

Where: A = Area of channel in square feet

Figs. 22 through 31 show that the adjustments made
for asymmetrical channels give results that agree very well
with test data., It is believed that the original curve

representing the test data in Fig. 31 (page 61 ) has been
drawn incorrectly as the point of zero turning moment should

be at the neutral steering line and not at the channel

centerline,

A description of the model ships used in the testing

(22, 37) is shown in terms of full size dimensions in

Table 3.
TABLE 3. -TEST MODEL SHIP DIMENSIONS

SHIP DRAFT (FT) BEAM (FT) LENGTH (FT)
3859 32.1 100.0 720.6

A 37.0 102.0 705.0

B 31.7 89.2 624 .1

C 34.2 87.1 602.5

D 29.4 79.9 539.3
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As stated above, asymmetric channels are most common
when dealing with real ground lines as opposed to design
templates. When actual field data was used, the design
model found that the NSL shift from as little as a few feet
to over one hundred feet from the channel centerline. PFilot
reports of ship behavior in the vicinity of these channel

sections is in agreement with computed model results (11).

There is a possibility, where the section is unusual;
i.e., at channel entrances where section is asymmetric but
almost all open water, that no NSL will be found within the
channel limits. The model will print a warning message

should this occur.

Open Channels

In open channels the water flowing from the over-bank
areas tends to fill the void or low water surface area
between the vessel and the near bank. Any computed values
of lateral force and turning moment for this type channel
must be reduced for this reason. Norrbin (39) found this

reduction factor to be:

RF = e~ 2 M1 e as
H-Hl
Where: RF reduction factor

=
—
(||

depth of water over the near bank

in feet
depth of water in channel in feet

fa o]
ll
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He also found that when the bank height divided by the wacer
depth (HI/H) is less than 0.4 that the effects of bank suc-
tion are negligible. These factors have also been included

in the channel design model.
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CHAPTER V

VESSEL ATTITUDE

Description of Problem

The forces and moments due to bank suction discussed
in Chapter IV must be neutralized by correct application
of vessel drift and rudder angle to establish and
maintain an equilibrium position to one side of the channel
centerline or neutral steering line (NSL). The same type
of attitude control is required when the vessel is en-

countering beam winds and/or currents.

The natural response of a vessel to bank suction
forces and moments is to decrease their effects. The vessel
with zero rudder angle will turn toward the centerline (or
NSL) of the channel. The pilot, however, must not be too
eager to take advantage of this reaction. In fact, the ship
tends to assume an angular velocity which the rudder might

be unable to neutralize (7).

Cargo vessels generally have a more awkward shape which
adversely influences their steering. Tankers, which can be
classified as big cargo ships, are noted for their bad
steerability, especially in shallow water (16). One reason

for this is that the bulky hull tends to mask the rudder (6).
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Cargo vessel response to rudder control is very
sluggish. To help overcome this, exaggerated rudder
swing is given causing a larger than required rudder moment.
Once the vessel begins to respond, counter rudder, alsc
exaggerated, is applied. This technique is called "strut-

ting" by North Sea channel pilots (16).
Basic Theory

Both Brard (7) and Bindel (6) describe the work
done at the Paris Model Basin in the control of vessel
attitude. However, Bindel's paper being later (1960) gives

more test results and is therefore of greater interest.

A ship hull behaves like a vertical airplane wing,
but the span of this wing (ship draft) is very small and the
approximations of classical aerodynamics such as coefficients
of lift, etc., are no longer valid (6, 7). In order to deter-
mine the effects of drift and rudder angle in producing
turning moments and lateral forces, two dimensionless coef-

ficients were formulated (6).

- Y L asy
Cy

10 SV2T/L

Where: CY=Latera1 force coefficient

Y=Lateral force

o =Water density

S=Total longitudinal area (including rudder area;
V=Speed of center of gravity (G)

T=Ship draft

L=Ship length
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N
Cy = ———7 s an
N ynpsTV
Where: Cg = Yawing moment cocefficient
N = Yawing moment

Through model tests of cargo vessels the following expressions
were forrulated for the determination of CY and Cx along a

straight course (6).

3 2 2

Cy = 71s + 10.08” - .06a - 4.0a6” + a“s . . . . . (18)
Where: & = Vessel drift angle in radians
a = Rudder angle in radians
_ 3 2 2
C.. = .835 - 1.956” + .053a + 2.5a8 - .5a"s. . . . (19)
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Sign conventions are as shown in Fig. 32,

FIG. 32-SIGN CONVENTIONS FOR VESSEL
ATTITUDE COMPUTATIONS (6)

In order to determine the magnitude ot the lateral force
and yawing moment produced by a given drift angle and

rudder angle one would determine values of Cy and Cy from

Eqs. 18 and 19. Then by solving Eq. 16 for Y:

v= crp sVET/L 2D

and solving Eq. 17 for N:

N=cN_TzT_psrvz..,...........‘...(21)
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and substituting the correct values in Egs. 20 and 21, the
magnitude and direction of the required force and moment

can be found.

The Paris Model Basin, in determining the coefficients
in Eqs. 18 and 19, ran tests with the drift angle varied
from -10 degrees to +10 degrees and rudder angle from -5 de-
grees to +25 degrees using models 2.5 meters in length,
scale 1/66. Other scales used ranged up to 1/20. It was
Bindel's opinion that the scale effects for transverse
forces and moments were small and that the model results

were applicable to full-size ships (6).
Determination of Equilibrium Attitude

When a vessel is under the influence of bank suction
effects or forces due to cross-winds or currents, the nor-
mal procedure is to neutralize the yawing moments with

rudder control and the lateral forces with drift angle.

The Paris Model Basin stﬁdies were made on the cen-
terline of the channel and some adjustment must be made
for off-centerline operation. When a vessel moves off the
centerline of a channel toward a bank there is a marked
increase in fluid velocity between the vessel and the near
bank that can be partially explained by Bernoulli effects
and continuity. The exact change in velocity cannot be
defined because the suspected tranverse flow under the keel

of the vessel is unknown. It is this velocity increase
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that must be adjusted.

A plot of dimensionless values was made to determine
this adjusting coefficient (Fig. 33). One can see from
Fig., 33 that the plotted points of both force and moment
increase from a value of 1.0 at the centerline (NSL) of
the channel in a linear form as the ratio of the off-center-
line distance (y) to the half channel width (.5W) increases.
This is what one would intuitively suspect. When the
equation of the line was determined using a regression-type
analysis, the linear fit was by far the most significant,
having both "t" and "F" statistics above the 99 percent con-
fidence level. This coefficient, Cv,is applied to attitude
control produced forces and moments determined by Egs. 20
and 21. Cy is computed by:

Cy = 1.0+ 2.3974101y/.5W. . . . . . . . . ... (2D
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The mathematical model simulates the actions normally
taken by a pilot; i.e., once the forces and moment due to
bank suction, wind and currents have been computed, rudder
angle in the correct direction is increased until the applied
moment has been neutralized. Drift angle in the correcrt
direction is applied until the force has been neutralized.
Since the application of drift angle tends to add additicnal
moment, the rudder angle is rechecked as each increment of

drift angle is added.

The results of the computer runs are shown in Fig. 34
through Fig. 39. Curves of computed data were determined
by the least-squares method. Runs were made for six dif-
ferent off-centerline positions, three speeds 5, 7.5 and 10
knots; and three different channel depths 45, 60 and 80 feet
(22). The average difference between measured and calculated
values (Tables 4 and 5) was 1.9 degrees for rudder angle and
0.15 degrees for drift angle. Differences of this magnitude
are considered insignificant by ship masters (34) and channel
pilots (11, 40) in that rudder commands are never given in
increments of less than 5 degrees. Rudder angles may vary by
+ 3 degrees while trying to maintain a straight course (ll).
With regard to drift angle, the ship's compass card is gracu-
ated in only 1ldegree increments. Compass readings are

rounded to the nearest degree for all normal operations

(11, 34).
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The same data are presented in tabular form in Tabdles
4 and 5. The observation has been made that the ecuilibrium
position, once established, is relatively independent of
velocity (30). This is the case when the vessel is beling
acted on by bank suction effects onlv because velcocity 1is
one of the dominant factors in both bank suction and atti-
tude control. Bank suction effects change at the same rare
as attitude control measure (drift angle and rudder movemcnt)}
effectiveness with changes in velocity. This is clearly
shown in Tables 4 and 5. The computed values of rudder and
drift angles over the entire range of velocities for each
ship position came out exactly the same in all cases even
though each calculation from bank suction effect through
attitude control was completely independent. It is felt
that the scatter of the measured values is generally due to

the many uncertainties of research measurement procedures

The above reasoning does not apply to equilibrium
attitude control measures used to neutralize beam wind and
current effects. Here the effects of the lateral winds and
currents will remain constant while the effectiveness cf

the atritude control measures will vary with velocity.
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Cross-winds and Currents

The effects of beam current components and winds have
been includéd in the mathematical model. Components of
quartering winds have also been included. The effects of
these forces have been reported by many pilots as being

hazardous to channel navigation, especially when maneuvering

empty ships (7).

The forces are computed by the simple relation (4):

F=CA(1/2pv2)...............(23)
where: A = total area affected; i.e., sail area
C = coefficient

and added to any other forces. When only force and not
moment is acting on the vessel, the previously described
procedure is reversed. The ship is given a drift angle to
overcome the force which in turn induces a moment. Rudder

contrel is then added to neutralize this moment.
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CHAPTER VI

SHIP-GENERATED WAVEGDS

Introduction

A ship moving through the water will create a pressure
disturbance due to energy transfer, This pressure distur-
bance in turn will create a system of diverging and trans-
verse waves, These ship-generated waves have been studied
over a period of many years by Froude (52), Lord Kelvin (33),
Lamb (33), Havelock (52), Kostyukov (31), Johnson (27) Sor-
ensen {(45), Das (14), and many others (Figs. 40 and 41)

Most of these studies of ship-generated waves were conducted
to determine the effects of these waves on the vessel itself,
mainly resistance to vessel movement. Very little was done

until quite recently to determine the effects of these waves

on other vessels, marine structures, and bank erosion.

The effects of these ship-generated waves on other
bodies are of great importance in the design of ship chan-
nels, harbors, anchorages, etc. Wave amplitude at the shore
line is needed to determine the extent of bank protection
required. Wave amplitude, being mainly a function of vessel
speed, is required to control the velocity of vessels moving
past other vessels, barge trains, marinas, and other struc-
tures. Since these waves decay as they propagate out from

the vessel sailing line, a balance must be maintained bet-
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FIG. 4O-FROUDE'S SKETCH OF THE CHARACTERISTICS
OF SHIP WAVES, TRANS. INST. NAVAL ARCH., 1877 (42)

FIG. 41 -CREST OF A KELVIN WAVE GROUP IN DFEP WATER
CAUSED BY A TRAVELLING DISTURBANCE AT O (TAYLOR,
1943) (47)
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ween the distance from the sailing line of the vessel and

allowable vessel velocity.

Basic Theory

A vessel moving through the water will create a pres-
sure disturbance. The pressure will be greater than average
near the bow and stern and less than average in the mid-
length region. Due to separation and eddy effects in a real
fluid the pressure increase near the stern is usually sub-
stantially less than that at the bow (46,47). These pres-
sure disturbances will in turn create systems of trans-
verse and diverging waves at both the bow and the stern.
These wave systems are maximum at the point of pressure
disturbance and decrease as they propagate out from the
sailing line of the vessel. This decay of the wave has been
determined to be caused more by the distribution of energy
along the crest of the wave than due to bottom friction which
is generally considered to be negligible except in very

shallow water (46).

As the diverging and transverse waves propagate away
from the sailing line of the vessel, a line of wave cusps is
formed at their intersection. It has been theoretically
shown by Kelvin and verified by others that this line or
locus of cusps forms an angle, X , with the sailing line of

the vessel of 19° 28' under deep water conditions (Fig. 42).
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FIG. 42-DEEP WATER WAVE CREST PATTERN GENERATED
BY SHIP'S BOW (46)

The maximum wave amplitude always occurs at these
cusps. It was also noticed that the diverging wave always
played a dominant role in producing these maximum waves.
Many researchers have determined that the elevation of the
diverging wave was inversely proportional to the cube root
of the distance from the sailing line and that the elevations
along the transverse wave were inversely proportional to the
square root of the distance from the sailing line (13, 46,
47, 52). This shows that the farther away from the sailing
line the wave propagates the more dominant the role of the

diverging wave becomes.

Ship-generated wave heights seem to be clearly a function
of vessel speed and the distance from the sailing line of the

vessel. Although ship speed plays a dominant role in wave
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generation, ship geometry and bow form are also of great
importance (8, 28, 47). Conventicnal parameters of hull
geometry such as block coefficients and speed/length ratios
seem to be of little value in grouping ship-generated wave
data (8). Brebner, Helwig and Carruthers developec and used
two parameters of bow shape which seem to contain most of the
dominant characteristics (8). One is a fineness ratio and
the other a wave-making breadth.

A fineness ratio is defined as:

+* N
A
Where Kf = fineness ratio

L* = length of curved part of bow measured hori-
zontally at the waterline
A = cross-sectional area of ship parallel middle

body below the waterline
The wave-making breadth is defined as:

b= = L es

Where b = wave-making breadth
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These parameters seem to group the ship-generated wave
data quite well (Fig. 43). Wave-making ability seems to
be inversely proportional to the fineness ratio. This is
what one would intuitively believe; i.e., the more slender
and tapered the bow, the smaller the ship-generated wave

for a given speed.

Ship-generated waves are predominantly controlled by
gravity and inertial forces (48). It is not surprising
then that Froude numbers play an important role in des-
cribing the associated phenomena. Deep water conditions
will prevail until a Froude number of approximately 0.7
has been reached {Appendix V). Up until this point the

& angle between the vessel sailing line and the diverging
locus of cusps will remain 19° 28'. When shallow water
conditions start, the angle will increase with an increase
in vessel speed (assuming constant depth) until the « is
90 degrees at a Froude number of 1.0. At this point,
planing of the vessel apparently begins to occur (46).
Beyond this point the ( angle decreases, although at a
lesser rate with an increase in Froude number (Fig. 44).
The length term, d, in these Froude numbers is the water

depth.
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FIG. 44-CUSP LOCUS ANGLE VERSUS FROUDE NUMBER (31)

Model testing at the University of California shows
good correlation between the Q angle and the Froude number

as shown in Fig. 44 (31) and Fig. 45 (26).
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FIG. 45 ~-EXPERIMENTAL DETERMINATION OF CUSP LOCUS
AND OUTER WAVE ANGLES (26)

University of California model tests also showed the rela-

tionship between maximum wave height and Froude number (Fig.

46) (47).
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FIG. 46-MAXIMUM WAVE HEIGHT AS FUNCTION OF FROUDE
NUMBER FOR TYPICAL SHIP MODEL (26)

The wave shape is wholly dependent on the vessel speed,

This is to be expected as the wave periods and velocity
should only be dependent on the disturbance velocity and the
angle that the waves form with respect to the sailing line
(48). The troughs are flattened and are not as deep as

the crests are high. The maximum wave height for this type
of wave is considered to be from the peak of the highest
wave to the base of the preceding trough. Also, the half-
period is used as a measure rather than the period. This

measure is from the deepest part of the trough to the peak

of the wave (Fig. 47 (25).
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FIG. 47-TYPICAL WATER SURFACE TIME HISTORY

OF SHIP WAVES SHOWING MAXIMUM WAVE HEIGHT
AND HALF-PERIOD (25)

It is also known that the wave length of the diverging wave
actually gets longer with distance from the sailing line of
the vessel. In the University of California studies a plot

of the half-period and the Froude number was also made.

This appears in Fig. 48.

1.0
)
& 0.8
2 0.6 N |
~ N
e - AV
bl i ot
LL 0.4 i' =33
q L]
S 0.2

0

0 0.4 0.8 1.2 1.6 2.0
FsV/fod |

FIG. 48-HALF-PERIOD AS FUNCTION OF FROUDE NUMBER
FOR TYPICAL SHIP MODEL (26)
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Ships may also generate unseen waves on the interface
between two layers of water of different density. ©Near the
mouths of large rivers, a layer of fresh water often rests
on the heavier salt water with little or no mixing. These
sub-surface waves may be higher and move slower than the
visible surface waves generated at the same time (Fig. 49)

(5).

air

light water ——— e 'f;Enggg T T

dense warter S *&;? o ; o
R waves originate
in this denres-

sion

FIG. 49-VESSEL-GENERATED WAVES ON THE
INTERFACE BE WEEN FRESH AND SALT WATER (5)
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Determination of Wave Heights

Although much theoretical and practical work has been
done in the area of wave-making resistance of ships, very
little work has been done in obtaining quantitative infor-
mation on the characteristics of ship waves at a given dis-
tance from the sailing line in open and restricted naviga-
tion channels (14). A few empirical equations have been
developed over the years to determine the amplitude of ship-
generated waves in the vicinity of the ship. One of these
equations of some interest was presented by Balanin and
Bykov (2, 3). They used a modified blockage factor as the
prime dimensionless coefficient. This expression for deter-

mining the wave height in the vicinity of the ship is as

follows:
2
2 A
=2.5V 1 -[1 - 1 ) a (26)
H = ..
s Zg ( N A
[%.2 + _{] a
a
Where: = wave height in vicinity of ship (ft)

S ship speed (ft/sec)

. 2
acceleration of gravity (ft/sec”)
cross-sectional area of canal

H
\Y
24
A -

a cross-sectional area of ship

W H
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Using an approach suggested by Sorensen (47), the Froude
number at the boundary bztween shallow and deep water theory
was established in Appendix V of this paper. In Appendix VI
the author determined the relationship between the vessel
speed and water depth at this boundary Froude number (F=(.7).
The results of these calculations are presented in Fig. 50.
Fig. 50 snows that under normal deep-draft channel operating
conditions ship-generated waves would be computed by deep -
water theory. For this reason and the fact that deep-water
theory is more clearly defined the following paragraphs will

stress this theory.

Another method of estimating the height of the ship-

generated bow wave 1s presented in Saunders (42).

ship velocity (Ft/sec)
acceleration of gravity (Ft./sec

h =K B v2 N €20
Lg
Where: h = height of water surface at bow (Ft.)
K, = coefficient
= ship beam (Ft.)
E = entrance length (Ft.)

2y
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The coefficient K, is normally determined from the

graph shown in Fig. 51.
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FIG. 51-GRAPH FOR DETERMINING
VALUES OF K, (42)

Equations for these curves were derived and used in
the model to determine bow wave heights. However, when an
attempt was made to correlate computed values for long
parallel middle body cargo vessels with test data, it was
found that these values were not in reasonable agreement at
high speed to length ratios (V/ JL ), i.e. above
approximately 1.5. This is undoubtedly because that por-
tion of the curve in Fig. 51 was determined on the basis of
a high performance naval vessel. A determination was made
to use a constant value of K, equal to 1.133 when the speed
to length ratio exceeds .9191. This change is shown by the
double line in Fig. 51. After this change was made cor-
relation with test data was good. The relatively constant

value of K, in the higher speed to length ratio range would
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also explain why Brebner, Helwig and Carruthers (8) found
the speed to length parameter of little value in grouping

their data.

The entrance length, Lg, is the distance from the stem
of the vessel to the point where the parallel middle body pegins
or in other words the curved portion of the bow. This is
a measure of the fineness of the bow. Values of Ly are not
normally available to the navigation channel designer so data
from 16 tanker bulk cargo ships was used to determine these
values (21)(Fig. 52). Should the designer know the value

of Lg it may be entered into the model as data. If Lg is

not known, a value will be computed based on the following

equation (Fig. 52):

Lg /L =0.416~0.000235L . . . . . . . . . . . . -(28)
Where: Lg = entrance length
L = ship length

The original theory for waves generated by a pressure
disturbance in deep water was developed by Kelvin (33). Have-
lock modified Kelvin's theory slightly to eliminate certain
undesirable effects (infinite height) occurring at the origin
and cusps (52). Kostyukov (31) agrees with the work done by
Havelock. The expression for determining the relative ampli-
tude of ship-generated waves at the cusps in deep water is

as follows (52):
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3 g , e e ... .(29)
29/61(2/3) (2n43/2)1/3 *1/3 o4y

z
me

height of c¢usped waves

celerity

acceleration of gravity

density ]

the gamma-function (See Appendix VII)
cusp number

Where: “me

N wain

3 2TOo0 0

Eq. 29 describes quite well the state of decay of ship-
generated waves as they propagate out from the vessel's sail-
ing line. This is quite understandable since the main
factors involved are velocity and distance from the sailing
line. Although Eq. 28 is for open waters, it serves the
purpose of the model well since it is used to estimate the
wave heights of the bow-generated cusped waves to the edge

of the channel bottom only.

Equation 29 is not suitable in itself to determine wave
heights. However,it does describe quite well the decay of
the ship-generated wave as it propagates out from the sail-
ing line. A combination of Eq. 27 and Eq. 29 is used to
produce the desired values. If a zero value is used in Eq.
29 for n, the value of Cmc becomes a constant of 69.15 at
the point of the pressure disturbance or sailing line of

the ship. The value at any distance is equal to:



|Z'} }

r - 153,169 S o L0

mc
o(2n + 3/)H3

A good approxiration of the wave height at the ship, h,

can be determined from Eq. 27 and of the wave height at any

cusp from:

= T B
hn %ncF e (
Where: h, = wave height at cusp n
Cpe = relative wave height for cusp n from Eg. 29
F = h/69.15

The distance from the sailing line to a particular cusp

along the cusp line can be found from the following (52):

. =2v2 On3/2)1 . (2
24 V3

Where: w=distance along cusp line to cusp n
V=vessel speed (ft/sec)

The absolute location of the cusp with regard to the
sailing line and the origin is given by the following simrle

trigonometric relationships (31):

Y=w sina O (S 5 B

X=uw cosa N % /)
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Where: Y = distance out from sailing line
X = distance along sailing line back from
bow
d = 19° 28' for deep-water

The computer model was programmed using the method out-
lined abeve (Eqs. 27, 30, 31, 32, 33, and 34) with good re-
sults (Figs. 53 and 54).

Measured prototype data shown in Figs. 53 and 54 were
raken from the work of Brebner, Helwig and Carruthers (8).

The two ships measured were the Empress of Canada, EC; length,

650 ft.; beam, 88 ft.; draft, 29 ft. and the Cape Breton
Miner, CBM; length, 680 ft.; beam, 75 ft.; draft, 29 ft..
These two vessels represent extreme wave-making capability
since the EC is a passenger vessel with a very fine tapered
bow while the CBM is an ore carrier with a very blunt bow.
One can see from Figs. 53 and 54 that the EC generated wave
1s much smaller than that of the CBM for the same speed and

distance from the sailing line.

The method used by the model gives a general solution.
The values computed are well within the accuracy that can be
expected with the type of basic input data used. Values of
ship-generated wave heights computed by this module will aid
the engineer greatly in the design and review of navigation

channels.
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CHAPTER VII
VESSEL STOPPING NDISTANCE REQUIREMENTS

Description of Problem

The practitioners of naval architecture and marine
engineering have long been interested in the backing power
required to stop a vessel in a given distance, the head
reach. The purpose of this interest is to insure that the
vessel being designed has the proper power plant, propeller

size and pitch and various other efficiencies and ratios.

Most texts on naval architecture approach the prob-

lem from the same basic energy equation (4, 42):

FS=AMVZ . . . (35
Where: F = net stopping force
S = head reach (stopping distance)
M = mass of ship
v = velocity from which ship stops

(speed of approach)

The mass term includes an entrained water portion which
seems to vary from 8 to 20 percent of the ship's mass. Also,
the force term includes the total resistance to the ship

moving through the water.

In order to solve the more complex version of this

basic equation, a great deal of detailed information must be
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known about the vessel such as propeller thrust and torque
coefficients, propeller efficiency, dynamic potential
terms, moments of inertia of the rotating machinery, pro-
pellexr speed, various ship resistances and much more. Some

of these values can be determined only by model tests ( &,

10, 13, 24, 38).

One of the major assumptions of the author during
the creation of the channel design model was that the
channel design engineer had little or no detailed information
about the design vessel. In fact, the design vessel in most
cases will not be an existing ship at all, but a composite
of existing or expected future vessels. The principal
characteristics of these composite design vessels are
determined in the Office of the Chief of Engineers (OCE},
U. 8. Army and are based on the current domestic and world
fleets, ships on order and certain economic considerations .
Typical design vessel data as received from OCE are con-
tained in Table 6. It then naturally follows that a
method was needed to produce stopping distance infor-

mation that did not require a detailed knowledge of the ves-

sel.
Determination of Stopping Requirements

The head reach (stopping distance) at harbor speeds

has been deemed by a majority of operators to be the most
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essential function of backing power (13). When one restricts
stopping distance calculations to harbor speeds one finds
that most of the required coefficients reach fairly constant
values. By using these constants and assuming 20 seconds of
time to establish constant astern thrust, D'Arcangelo pro-

duced the fcllowing expression (13):

: 80V2 4 15V . . . ... (36)
(Ei)
A

Where: S = head reach (stopping distance, ft.)

V = velocity from which ship stops

(speed of approach, kts.)
T, = astern thrust (1bs.)
/A = ship displacement (long tons)
The coefficient 80 includes 8 percent allowance for entrained

water.

Thus, for stopping from harbor speeds, astern thrust
per ton of displacement, Tl/lk, which is a direct
measure of rate of deceleration, may be taken as a criter-

ion of stopping ability.

Eq. 36 gives excellent approximations of the head

reach for speeds up to 14 knots (Fig. 55).

This increase in mass of 8 percent is for ships opera-

ting in open waters, not restricted waterways. Under con-
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ditions of channel operation, a figure of 20 percent seems
to be more appropriate (37, 38). Also, in conversation with
ship master (34) and channel pilots (11, 40) the 20 second
reverse time was deemed too short. A time of one minute was

thought to be much better.

The author, using these increased values of time and

mass, derived the following expression:

2
_ __8%.3v T A - YD
!
A
Since very little may be known of the design vessel,
it was deemed more appropriate to provide stopping dis-

tance information in terms of thrust requirements. Eq. 37

was solved for Tllél giving:
1 /A = B9.WE/(S-AS.IN) L (39)

Computed values of Tllil can be compared with known values
of Tlﬂﬁfor various class vessels. If the known value is

greater than the computed value of Tlfﬁl, that vessel will
be able to stop within the head reach supplied to the model

as input and used in the calculation.
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CHAPTER VIII
NAVIGATION CHANNEL DESIGN MODEL

Introduction

The statement was made in Chapter I that the naviga-
tion channel design engineer should have an in-depth know-
ledge of both naval architecture and coastal and ocean
engineering in order to proficiently complete his tasks.

It was also stated that under normal conditions the design
engineer does not possess this knowledge and that it is not
readily available. In order to provide the engineer with a
partial substitute for this in-depth knowledge, a mathemati-
cal model of ship behavior in restricted waterways has been
programmed for execution on a digital computer. In general,
the engineer will describe to the model the channel cross-
section to be analyzed, the parameters of the design ves-
sel, and other values of design parameters which have been
deemed necessary. The program will then simulate the
reactions of the design vessel under these given con-
ditions. The engineer would then analyze the results and
make whatever changes are necessary to the channel cross-
section to bring the vessel behavior within allowable
limits. Successive runs could tell the designer the

sensitivity of various changes he might make.

The program was written in the FORTRAN IV language and
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it is currently in six overlays on the Honeywell G-225
computer system. The model was written as a series of
modules, each module performing a specific analysis. This
modularity partitions the design model into distinct parts
which may be updated with relative ease as the state-of-the
art progresses. Linkage has also been provided to add
new modules as basic theory advances or as requirements

dictate (Fig. 1, p. 5).
Main Control Module

The main module of the model supplies the control for
the entire model. All data cards (Fig. 56, 57) are read by
the main module and data transfer to the other modules is
made in accordance with control requirements of Card Type

No. 1 (Fig. 56).

The main module begins by reading the data cards.
The data cards may be in any order as long as each group
of data cards is together and the Type 1 card is first.
The program will transfer from the data reading phase to
the execution phase when it reads the control card for the
next execution or when it reads a blank card indicating the
end of all data. It is not necessary to repeat all data
cards for successive runs. Only the new control card and
those cards requiring change need be submitted. For

instance, if only one card of the channel section cards is



109

¢ NIHL T SE4AL TUVO-IVWIOA LAdNI-9G 914

llltlt:ﬂz-l'.—-."ﬂﬂ_plllnnﬂlﬂaﬂ_.n."_._.L‘nouv.-’

u:ul#uun_l...lnf.n:nn.af._e:.:.:a=:!.

1L rErE[T
XX | X RN X %] % XXX XXy X WX X YR A XX 315 am
G| GD|_, Leel 6] ao Gb, G | E3
B TwipEEssl ¥ Ty g | Ix Klep
Ll gt ol TTOTT »
Hueg < T2uueyn [Heh S IETS
IEEEIE-—EE:-__I’p-lﬂiﬂmml—n.qlllnnlﬂlﬂnn—-I"—-‘vsn-n.G_.r!aal.l.:-nﬂuvunm.nm_n. 32_..~Mﬂv|nnm|—m.._|~=~!-_ :.-__—.ﬂ!n__q-z. BN #]d B 8 » XL 1
R R AR S e e Sy
2 2§ (3R] (BDl(Ba)des/ag gl oe
G el a @, 2v [124 2V I3A| 0 ® ™o
T . e — g By
: Hhoo PUTH FHEF E3%) o
L | EIA w
.tlt&t-ﬁﬂn_—-.n’l_.-s HIBIIW aunﬂﬂ_a_ana__aov n-tn-;nqno.-t_—n!.mlﬂ!znn;RE‘:R.E!#RRB!-.:-_:.:._:_ Bik 0 LB 5 RI|E 2 -
TR XXX Y30 X KRR TRR XK KRR 5[ KRR K[ XXRM ] XXLLL XA XK X Xatg | &
GDACIDAIDA] CIDXCIDA CIDFCIDRCIDX DA TC3DXIDR] C3DNCIDAC 3 DX wm mm
m o
9+u Jutod g+u Jutog #+u Jutog £+U Jutog 7+u Jutog 1+U Jutod u jutog
'R SR R an & :258333333_- 33mn_|n|8 mn!.miﬂinwu..ahhﬂF-..ﬁ!a,vl-m.m.lmv._-|o..-_mn|ﬂlh|_.|l.m_nlxln_".mmmm.m.mh—.ﬂ!ﬂ_.:aﬁ___on-_ # _:-_ SEALEL G N -_|-|~ il w.|_” nn_ -
[ —— =Yz s
uciivmIoOjul >jasmnu-eydie Auy — =
M [+ ]
D
ls!::nTnz:..._.t__.sn:a".::a_::...aaaa__a.._.._:lv.::-_.'sn:nn:naaszsagnaan_.z._._z-:_::«_ UL a
Yy MUS [ 313 m
o
frd =) = bn oy i "
N o o Eooy.0 H
© 5 0 o Jn K =]
nwc g il [ 1 (] [
r (= = 11 b 1t
[ =+ B nX D




110

( i [: Ta
3i-d - s
S*‘[Q'dlsfﬁ ; = :
e . .
(suo3- )1)*5 = a
dsm,z; = n
o = . e
OOI/;;%},C : = :
e 3 2
sptdEl 3 s 3
(SQG) 2 -4 5
zappna_< 3 : 3
"XERW "‘"E E ]
G gs| G s H
1) woiy g Tomox3 3 =3 s
35'[ ¢|]: IsTq 01 5 =
EHIESEEEH -
Jaxeg —"’, zaﬁeg 3 ot
£Ipunog » 3 |£IDUNOE &4 3 | o
(34} > 5 13) »< 2 x
sul 2| aul LiF) ::
(T <= AT <* v
paads* b paadsx ’ T
XEY x M g *
£ 3 v
aals .l : 5:‘§&5 )| = ;
UM RiEl um X3 z
,.( 3 = -3
] o T
» = o ]
(31 x x (34) x| 2 2
yaduag % ™ yazuag 3o -
we| 0 P E] ]
[ o X X
(D) xa| (G iz 7
weag xiz| weag x|\ #
< % ] "
(33) .= (31) ‘.= E
13eaq| %t 33eagx k oy
< ® 3] | »
B n B
b= b= x
" a s
= at c a z
I ] I :
=t > e - -
= - ot = =
o = [#] = =
- E ha = *
L) ta el - -
-t o - P -
& - « o o
= - [« = —~
o = (7 = =
o = ] = =
] - b : L]
— -] ~ - -
1] - XU - —
w ] s
- - @ - . o
O I (e
-« - <) ~ B odla
— S4AT R addy o ~
VELEET 19SS3A e1e0
daemrag | Aaepuooas 1958587

FIG. 59-INPUT FORMAT - CARD TYPES 7 THRU 9



111

to be changed, only that card preceded by the new countrol
card need be submitted for the next successive run. The new
data card will be catalogued into the correct position and
execution continued. Once the execution phase has begun,
the main control module will call into memory and transfer
control to the various modules selected for execution as
indicated on the control card. As soon as one module has
completed its task, control returns to the main module and
the next module is selected. Any number of successive runs
may be loaded at one time. Along with its control functions
the main module alsc breaks down wind and current data into

component values for use in other modules.

Input Data Cards

Card Type 1, Control, (Fig. 56, p. 109) contains the
control information required by the main module to select
the type of analysis desired. A "1" punched in any one
of the control columns (columns 4-12) will select that
particular module for execution. A "0" or blank in these
columns will omit that particular analysis from that
particular run. The in-bound azimuth (columns 75-78) de-
picts the azimuth of the vessel in-bound. This is very
important as the wind and current data will be broken into
components in relation to this azimuth. The direction
code in column 80 selects the desired direction(s) of the

vessel during the squat analysis. A "1" indicates in-
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bound only, a "2" indicates out-bound only, and a "0" in
this column indicates that both the in-bound and out-bound
analysis is required. The in-bound and out-bound analysis
will be identically the same if there is no current. How-
ever, if a value of current is indicated, this will either
be added to or subtracted from the vessel velocity to give
the correct value of squat for those conditions. It should
also be kept in mind that if vessel attitude is required,
the bank suction module must also be requested as infor-
mation from one is used in the other. Also, the selection
of the bank suction module will automatically pull in the
module dealing with the neutral steering line. If the
exact location of this line is required as part of an

analysis, the bank suction module must be selected.

Card Type 2, Title, (Fig. 56, p. 109) is used for in-
putting title information. The information in columns
3-80 may be any alphanumeric characters and will be printed
as soon as entered into the system. There is no practical

limit to the number of title cards that may be used.

Card Type 3, Section Data, (Fig, 56, p. 109) describes
the cross-section of the channel itself, This card con-
tains a series of points describing the channel from left
to right, in-bound. There are seven points per card and

one may use up to seven cards or 49 points. The center-
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line of the channel is taken as O. Points to the left

of the centerline will have a negative X value, points

to the right of the centerline will have a positive X
value. The Y values can be eitnher positive or negative
but must increase as the elevation increases. This means
that one may input the Y values either as plus and minus
values about mean sea level, The user must indicate the

correct card number from 1 through 7 in column 3.

Card Type 4, Water Data, (Fig. 56, p. 109) supplies
most of the information relative to the channel water
conditions. The water surface elevation has the same
requirements and restrictions as a Y value on the Card
Type No. 3. It may be either positive or negative but must
increase as the elevation of the water surface increases.
It must have the same base datum as the information given
on Card Type 3. The current data is in the form of
velocity in feet per second and azimuth in degrees. The
wind data is supplied in knots and its directional azimuth
in degrees. The water density is given in pounds per cubic
foot because this is the form most readily available to the
designer. If this field is left blank, the model assumes
64 1lbs./cu.ft. The water temperature is in degrees

Fahrenheit,

Card Type 5, Channel Data, (Fig. 56, p. 109) describes
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the various limits of the channel cross-section and channel
bottom  The section limits of Card 5 describe the

extreme left and extreme right X values of the channel
cross-section. These particular values are of little
importance if the channel is of the restricted type, how-
ever, if it is of the open type, these values become very
important in defining the amount of water taken into
consideration for the various analyses performed by the
model. The channel limits are normally taken as the prism
lines of the channel bottom. These values are used to
terminate ship-generated wave calculations. The data

entry labeled "Boundary Layer' is the boundary layer on the
channel next to the mid-body of the vessel, If a "0" or
positive value is entered, the model will use this exact
value in all of its computations. However, if a negative
value is entered, the model will calculate the value of

the displacement thickness at that location considering

the speed of the vessel, the current, the temperature of

the water, etc. The next data entry labeled CBL1l is the

channel boundary layer value in front of the vessel. The
next entries labeled "Bank Elevations' are the elevations
of the near banks on left and right sides of open channels,
in feet, using the same datum as the information given in
Card Type 3. This information is used in reducing bank

suction values in open channels.
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Card Type 7, Primary Vessel, (Fig. 57, p. 110) des-
cribes the various paramcters associated with the design
vessel itself. The vessel identification may contain any
alphanumeric data desired. The draft and beam field
entries are self-explanatory. For more accurate
results, the length between perpendiculars should be entered
in the length field. The minimum speed is the lower para-
meter for speed iteration. This is usually the speed
required by the design vessel for steerage. The maximum
speed is that speed selected by the designer above which
the model will not iterate. The increment is that speed
selected by the designer to be added for each iteration.
The boundary layer value is the thickness of the boundary
layer at the middle-body of the design vessel, As before,
if the value is "0" or positive, that value will be used in
the various computations, if the value is negative the
displacement thickness will be computed by the model for
each speed. The next data item, distance from centerline,
is the distance that the design vessel is away from the
centerline of the channel. The model assumes that the
centerline of the channel has an X-coordinate of "0". This
particular distance is used in the bank suction computa-
tions. The designer need not concern himself with the shift
in the neutral steering line due to an asymmetric channel.

This shift in the neutral steering line will be computed
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by the model and the distance will be adjusted using

this distance from centerline. The side wind area is the
designer's estimate of the total area exposed to lateral
wind forces in hundreds of square feet. This value will
change considerably between types of ships and also

with the lcading condition of a particular ship. Max-
imum rudder is the maximum rudder deflection possible from
centerline to one side. This is normally approximately
thirty-five degrees. The designer may subtract from this
value whatever amount of rudder swing he wishes to reserve
for emergency maneuvering. The displacement data field is
for the displacement of the design vessel in thousands of
long tons. The stopping distance input field is for the
desired stopping distance of the design vessel in thou-

sands of feet,

Card Type 8, Secondary Vessel, (Fig. 57, p. 110) con-
tains the same type of data required for the primary or
design vessel required by Card 7. The secondary vessel is
used by the model to compute squat values in the passing and

overtaking conditions.

Card Type 9, Vessel Data, (Fig. 57, p. 110) contains

the entrance length, L, , of the design vessel. If this

E
value is unknown, this field should be left blank, The

model will then compute a value for Lg.
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Fig. 58 shows a typical navigation channel cross-
section which has been used as a sample problem. Fig. 59

shows the input data cards for this sample problem.

All of the figures illustrating output reports through-
out the remainder of this chapter are from this sample
problem. It was specifically designed to contain most of
the oddities that one might find in a real-life navigation

channel design.

Squat Computation

The squat module begins by checking the salinity of
the water. If the water is brackish, an adjustment in the
draft of the vessel is made. Certain information
about the vessels, water surface elevation, current compo-
nents, etc., is printed at the top of the report including
the adjusted draft value (Fig. 60). The program then
computes squat values for the primary vessel for both the
on-centerline and the while-passing conditions for each
speed desired. Values of the displacement thickness for
the primary vessel, the secondary vessel, and the channel
are also printed. A special code is printed to in-
dicate whether the boundary layer was either turbulent (T) or
laminar (L). The kinematic viscosity used by the module in

its calculation is also listed for the general information
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SAMPLE PROBLEM TEXAS CLIPPER

SQUAT GOMPUTATION

FrsusserONIRbROUNL S
WATER SURFACE ELEV, 1,0 FT CUARENT COMPONEMT ~=1,167 KT

PRIMARY VESSEL TENAS CLIPPER
prafT 22,0 FT  GEAM 86,5 FT  LENGTH 430,00 FY
SECONDARY YESSEL WANCHASTER COMMERCE

DRAFT 37,0 FT @Eim #3,0 FT LENGTW 470,080 FT

SECTION LIALTS LEFT =300,0 FT A[GHT 300,80 FT
DR&FT IN BNACKISH WATER

PMInaly 22,2 F1 SECONDARY 37,3 FT

PAIMARY VESSEL SUUaT

SHIP VESSEL SQuar JAUsT AOUNDARY LAYERS KINEHATIC
DIRECTION  $PEED  ON CENTERLINE  WHWILE PASSING [(FT) ¥ISCOSITY
1.4 3] {F1) 148 vl ¥2 L]
JNBOUND
. 6,2 0.6 0,233 7 o.000 0.37¢ T 0.10655E=04
4,0 2.9 1.4 0,218 7 0,000 0.3%8 7 0,1095k=04
Bl q.¢ 2.9 0.297 v 0,000 0,321 T 0,1095E-04
10,0 1,8 0.199 T ¢.000 0,299 T 0,109%E=04
CRITICAL VELDCITY OM CENTERLINE = 12,0
OUTROUND
' 9.4 0,2 0.262 ¥ 0.000 94428 T d,1095E=04
8,0 0,2 0,5 0,23 T 0.300 9,383 T 0,1095E-t4
8.0 0,4 1,2 D.220 T D.000 0,351 T 0, 1095E-t4
$0.,0 0.8 2.8 g,209 T 9.000 0.326 T 0.1095G=g4
12.0 1.4 a.2p1 T 0,000 0,303 T 0.3095E-04

FIG. 60-SAMPLE SQUAT COMPUTATION LISTING
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of the designer. The squat computation is terminated when
the incremented speed reaches the maximum value, the cri-
tical velocity, or the vessel strikes the bottom of the
channel. These calculations will be carried out for each
speed increment for in-bound or out-bound transits or borh

as directed by the designer on the control card.
Neutral Steering Line and Bank Suction

When bank suction calculations are requested on the
~control card, the first program entering main memory is the
neutral steering line module. This part of the model
computes many values used in the bank suction module but
of greatest interest tolthe designer is the distance from
the centerline to the new neutral steering line of the
channel. This value along with other items is printed on
the bank suction report (Fig. 61). Once the neutral
steering line has been determined, the bank suction module
is automatically brought into memory. This program com-
putes and lists the lateral force in long tons and the
moment in foot-tons due to bank suction effects for each
value of vessel speed requested. These values are for a
particular distance off the centerline for a symmetxric
channel. or they could be for on-centerline due to the
shift in the neutral steering if an asymmetric channel s

described. In themselves these forces are of little velue o



122

ONILSIT NOILVLIN4WOD NOILJINS ANVE ITdWVS-19 "DId

14 L3 INBlN=w 34

44 OOCTT aNvEHRAOD Inely = widdO0 14 L9%iE
AN 49T T INBNO4WOZ ANINEND

da 0100 LHBTU=LINIY "LD3S  4J 0'00Z LNEIN=TINNVYMD

ba 0°BOT L 04X Ly 890Gy MimNRT i 4

LA ML L ts'e LS}
TRy sitg 0'g
12'6L2- 26t o'y
1AM 12 T ta't [ 0
(FL Y
1SN0 -1 4) rswoll L FErTH
LM3mnn Idads 13:534

vivg 01020 wNve

SUr0'0 = 43 GER0 0 vadYY 9T 0= yyEeX

SwOld¥i Ss3WNLIsSwINIE

eC'LE 14370 L4 er( MD1L03SeN 311 P'ees N

INIT OMINZILE TvwinIN

WidIO DIINVEOAM g D002 wNVONIAD L4397 + mogdd
L4 BA'S 'A313 30vsung

TAVYQ N3kwn

14 %008« L 430-1INNYHD 13 00 008. L430-1TW1T ‘1238

vivd naijlas

$'99 WYE® Uy Z'2Z L4vN0 MEINIVNE g 0°22 [4vad

W3ee1) Sux3L M3$SAN

AR LR L T Y Y TIYYY ) [ XX ]
NORLviNdnD) NOLLIINE wuvp




123

the navigation channel design engineer. However, these
forces and moments are neutralized by vessel drift angle
and rudder action computed in the module on vessel

attitude,
Vessel Attitude

The vessel attitude module first computes the values
of forces created by cross-currents and winds and adds them
to the lateral force computed in the bank suction module.
The module then determines the amount of rudder and drift
angle required to overcome these computed values of moment
and force. The model neutralizes these forces and moments
in the same manner that a pilot would on a prototype vessel.
Rudder angle in the correct direction is applied to counter-
act the yawing moment. Drift angle is then added to
neutralize the lateral forces. As drift angle is applied,
additional yawing moment is generated. Adjustments are
then made to the rudder angle to compensate for this
additional vawing moment. The listing produced by the
vessel attitude module includes the identification of the
design vessel, the various wind and current component
forces in long tons, and the maximum rudder angle indicated
by the design engineer (Fig. 62). This report also lists
the total moments in foot-tons, the total force in long

tons, and the drift and rudder angles to overcome these
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forces and moments for every speed indicated. If the rud-
der angle exceeds the maximum rudder angle indicated by the
designer, a value of 9999.9 will appear in the rudder

angle field. The cutoff for this iterative process is
similar to that for the squat computations Values of
speed above the critical or maximum values will not be

used in these computations. The désign engineer using the
drift angle value can compute the additional width of
channel used by the design vessel. He may also verify the
safety of vessel operation in regard to allowable rudder

angle.

YEBSEL ATTITUDE

LI TN R Yy

vESIEL TEMa5 LLIPPER

WIND PORCE » 0,5 TONS CGURRENT FORCE = .Y TONS maX, RUDDEA 38,0 DEG,
) TOTAL TOTaL RRIFT RYDRER

SPEEN MOMHENT FONGE ANGLE ANGLE

[nv5) 11OM-FT) [ TUNS) DEG) [DED)

.0 149,31 7.3 1.9 28,0
4,4 =279, 13.0 1.0 10,80
a1 wd54,0 18,2 0.7 14,0
1%.0 «$77,8 18,9 £, =11.1

FIG. 62-SAMPLE VESSEL ATTITUDE LISTING
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Ship-Generated Waves

The ship-generated wave module will compute the value
of the ship wave height at the vessel. It will also compute
the value of the wave height at each cusp as the wave propa-
gates out from the sailing line. The report from this module
first lists the velocity of the vessel, the Froude number,
and the wave height at the vessel. The program will then
compute and list the cusp number, the wave height at that
cusp, the Y distance from that cusp to the sailing line and
finally the distance, R, from that cusp along the cusp line
to the bow of the vessel (Fig. 63). These computations
are terminated at the extreme far side of the charnmel. The
main purpose of this ship-generated wave data is te deter-

mine the effects of ship passage on barge trains

SHI® GENERATED WaAVE COMPUTATION

tewdpbvissabddbatopaprindirngrren

1,87 187, LT TH
1.01 0w, 627,

SNIF YELOCTTY » 19,0 XNDTY FR » p.3vg WAVE AT SHIR = 4,32 FT

CUsP wo, WhYE MEIOWMT(FT} Yirr: R{FTI
1 3,20 37, 112,
2 2,73 39, 177,
3 2.48 a0, 241,
] 2.8 14z, 304,
] 2,18 128, e,
[ 2,04 14%, 434,
7 1,08 164, 408,
[
[ ]

FIG. 63-SAMPLE SHIP-GENERATED
WAVE COMPUTATION LISTING
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Stopping Power Computation

The stopping distance module computes the thrust re-
quired to stop the vessel in the specified distance from
each vessel speed. The output is in the form of pounds
per ton of mass. This value may be used by the de-
signer as an indication of the reasonableness of this

distance requirement (Fig. 64).

STOFPING POWER COMPUTATION
Setbobsavatondnabtatnibninty
VESSEL TEXAS CLIPPER
DISPLACEMENT 11400, TONS (L)

REQD, STOPPING DIST, 2000,

YESSEL REQD
SPEED THRUST/MASS
IKTS} ! LBS/TON )

4,0 0.8
8,0 1.9
3-0 3.5
19.0 5,8
12,9 8.8

FI1G. 64-SAMPLE STOPPING PCWER
COMPUTATION LISTING
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CHAPTER IX
SUMMARY AND CONCLUSIONS

Summary

A gap exists between the knowledge of naval archi-
tecture and coastal engineering possessed by the channel
design engineer and that required by him to analyze, de-
sign and review deep-draft navigation channels. At the
present time this knowledge cannot be obtained from either
reference material or formal education. To help fill this
gap, a computerized mathematical channel design model has

been developed.

The channel design model provides the engineer with a
powerful tool to determine the behavior of the design
vessel in any straight section of the proposed restricted
waterway. The model requires as input data only that infor-
mation that is readily available to the engineer. Detailed
information about a specific vessel is not required as the
design vessel is normally not an existing vessel at all.

The accuracies of the results produced are well within the
requirements of a design of this type. Although the channel
design model is already a powerful design tool, it is the

author's hope that it will serve as a basic framework on
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which to build additional capabilities as the state-of-the-

art progresses,
Future Research and Study Requirements

During the development of this model the author found
certain areas that require further study. Certainly the
existing model should be further tested against prototype
data. Several areas could be checked without a great deal
of expense. An arrangement with the Houston Pilots
Association or like organizations could provide data to fur-
ther verify the neutral steering line, the drift angle, and

the rudder angle portions of the model.

It would be desirable to find some ratio of ship di-
mensions that could be used to determine the vertical side
projection area used in the lateral wind force computation.
The relationship could be derived by vessel type and class

from data supplied by the American Bureau of Shipping.

A method for determining the additional values of squat
at the channel prism line should be sought. A starting
point is the lateral force due to bank suction effects.

This is currently being provided by the bank suction module
of the model. It is now required to find the value of the
hydraulic gradient between the two sides of the design ves-

sel. An attempt was made by the author to determine this



129

gradient, however, the value of the difference in the veloczity
head on either side of the vessel is unknown and is too
significant to ignore. It is believed that a method for
determining this additional squat could be developed

through extensive model testing.

The current design model produces values for lateral
forces and yawing moments caused by bank suction effecrs
in relatively well-defined restricted channels only  Limi-
ting values of present equation parameters should be found
to determine the bank suction forces and moments for an
infinitely wide channel. These values would be of great
help in determining the dangers of bank suction forces at
channel entrances and during coast-wise transits. Aga.n

these values could be determined through model testing.

The question arose during this study as to whether a
vessel proceeding with a drift angle on the vessel would
produce a larger ship-generated wave because of the greater
cross-sectional area taken by a ship in this position. From
what has already been discussed about the wave-making
parameters of a vessel, one would intuitively believe that
higher waves would be generated. The extent of this in-

crease could be found from model testing.

During the course of this study it also became ap-

parent that additional models would eventually be required.
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The first of these would be a model to determine vessel
behavior in curved secticns of a restricted waterway. Some
of the modules of the current model could be used in this
curved waterway model, however, others would have to be
added. Centrifugal force would have to be added to the
bank suction forces and the degree of curve would have to
be taken into consideration when calculating drift and
rudder angles. A considerable amount of information is
already in existence and it is believed that a comparable,

state-of-the-art model could be produced.

Ahother model should be developed to determine the

“values of roll, pitch, and heave caused by open ocean

wave action on a vessel approaching the navigation channel
entrance., The model would be used by the design engineer

to determine the contour that the channel must be dredged

to in order to prevent the design vessel from striking the
bottom of the channel. It would also be used to determine
the economic length of any jetty system protecting the chan-
nel entrance. The author at first believed that he could in-
clude such a module as part of the present channel design
model, However, he found that the present state-of-the-art
would not permit this and still keep within the philesophy
of the present model. At present, too much specific,
detailed information must be known about the vessel to

produce any results whatsoever, and so no generalized,
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limited solution is currently possible. A tremendous
amount of research would go into such a model but its cost
is economically justified when one considers the initial
costs of dredging and jetty construction along with the

repeated cost of maintenance dredging.

In order to complete the total spectrum of analysis,
design and review of navigation channels, a channel opers-
tion model should be developed. This model should simulzate
the everyday workings of the harbor channel system itself.
It would yield valuable data reflecting the operational
and economic efficiency of a channel system and could be
used to select the most effective channel design from the
many alternates studied. It could also be used in deter-
mining cost-benefit ratios. As a review tool this medel
could be used by regulatory officials in determining the
best alternative between expedited maintenance dredging and
temporary one-way transit restrictions for a channel where
extensive shoaling has occurred. The state of the art of
computer simulation and maritime information availabilitv is
currently sufficient to build such & model. Its creaticn
and calibration would be costly, however the benefits de-
rived from such a project would more than justify the cost

expenditures.
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Conclusions

The mathematical model described herein is a new con-
cept in ship channel analysis, design and review. The
current criteria-ratio approach to design is inadequate to

provide safe, efficient and effective channel systems.

The main assumption of the author which permeates the
entire channel design model is that the design engineer has
very little detailed information regarding the design vessel.
This is evident from the data furnished channel designers
by the Office of the Chief of Engineers shown in Table
6 (p. 103). A comprehensive analysis of a navigation chan-

nel can be performed using the model with these limited data.

Its relative completeness helps to prevent errors of
omission. Its inclusion of local wind and current data
tailors the analysis to the specific site location and the

overall accuracy of the results is more than adequate.

Successive runs with changed parameters can indicate
both the economic and operational sensitivity of these
parameters which should lead to a very effective end product.
New design considerations can now be effected. For instance,
through successive runs of the model the location of the
neutral steering lines in transitioning sections of the

channel can be found and matched to help achieve greater
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steering stability for ships transiting these sections.

The models shortcomings have already been discussed
in the future research and study requirements above. One can

assume that many others will surface through usage.

In conclusion, although the navigation channel design
model is a very powerful tool at present, it is really only
a first step toward safer and more efficient navigable

waterways for the nation.
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APPENDIX IT
NOTATION

Many of the symbols used in this paper change in
meaning from chapter to chapter in order to match exactly

the notation in a referenced paper.

Chapter I

B = beam of design vessel
Chapter II

A = wetted cross-sectional area of channel w/o vessel;
A' = wetted cross-sectional area of channel after squat;
L = length of design vessel;

Q = rate of fluid flow;

V = wvelocity of design vessel;

d = squat;
W = width of channel before squat;

8 = midship section area.

Chapter III

Reynolds number at distance X;
free stream velocity;

velocity of fluid at distance y;
coordinate distance;

coordinate distance;

boundary layer thickness;
displacement thickness;
viscosity;

shear stress.
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Chapter IV

cross-sectional area of channel;
beam of vessel;

dimensionless coefficient;
hydraulic depth;

draft of vessel;

lateral bank suction force;
channel depth;
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depth of water over near bank;

length of vessel;

yawing moment of vessel;

reduction factor;

velocity of vessel;

channel width;

dimensionless coefficient;

distance of vessel from neutral steering line;
ratio;

fluid density,
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Chapter V

&
Cy

yawing moment coefficient;
velocity coefficient;
lateral force coefficient;

lateral force due to wind or current;
length of vessel;

yawing moment;

total longitudinal area;

draft of vessel;

velocity of vessel c.g.;

channel width;

lateral force and offset distance;
rudder angle;

vessel drift angle;

fluid density.
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Chapter VI

cross-sectional area at middle-body;
wetted area of canal;

wetted area of ship;
wave-making breadth;
coefficient;

celerity;

depth of water;

width of canal;

Froude number;

height factor;

Froude number based on depth;
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acceleration of gravity;
wave height;
maximum wave height;
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wave height at ship;

wave height at bow;
wave height at cusp n;

fineness ratio;
coefficient;

length of wvessel;
entrance length;
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length of curved part of bow;
cusp number;

wave period;

valocity of point;

velocity of ship;

coordinate distance;
coordinate distance;
angle from sailing line;
Gamma function;

wave height at cusp;
fluid density;

distance along cusp line,
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Chapter VII

net stopping force;
length of wvessel;
mass of vessel;
resistance;

head reach;

astern thrust;

velocity from which ship stops;
vessel displacement.
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Chapter VIII

X = coordinate distance;
Y = coordinate distance;
R = distance along cusp line fram a particular cusp

to the bow of the design vessel.

Appendix III

A = wetted cross-sectional area of channel w/o vessel;
A' = wetted cross-sectional area of channel after squat;
A = wetted cross-sectional area of ship;
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depth of water before squat;
depth of water after squat;
acceleration of gravity;

rate of flow before squat;
rate of flow after squat;
velocity of fluid on ship;
v+ V;

width of channel;

squat; _
increase in velocity due to bank flow;
side slope of channel.
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Appendix IV

A = cross-sectional area of channel w/o vessel;
Al = area of channel minus area of vessel;
Cs = coefficient of skin friction;

C*1 = laminar flow constant;
Hys = shape factor;

L = shape factor;

m = constant 4&;

n = constant 6;

P = pressure;

Rp = Reynolds number;

U = fluid velocity at boundary;
H) = free stream velocity;

e = distance from stem;

Xt = distance from stem to beginning of turbulent flow;
Y = beam/2 at entrance station;

Yy = beam/2 (max.);

ka = change in pressure;

§, = displacement thickness;

51 = momentum thickness;

{ = length of ship;

;g = intermediate contraction wvariable;

p = density.

Appendix V

celerity;

depth of water;

Froude number;
acceleration of gravity;
velocity of ship;
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wave length.
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Appendix VI
d depth of water;

Froude number;
acceleration of gravity;

vessel speed.

F
g
Vs
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APPENDIX TIX
DERIVATION OF BASIC SQUAT EQUATIONS

ASSUMPTIONS (20, 50):

1. Friction losses may be neglected. This allows the
use of Bernoulli's equation.

2., All water displaced by the vessel, moves back to
fill the void astern of the ship. This allows the
use of a continuity equation.

3. The ship is a prism with a cross-sectional area of
that at the ship station where squat is to be
determined.

4, For the range of speed associated with the squat to
be determined, wave and hydrodynamic effects on the
vessel may be neglected.

5. Conditions are such in the restricted waterway
that transverse variations in water levels may be
neglected. '

DERIVATION (20, 50) See Fig. III-1 and I1I-2:

|
1
1
i
]
1

FIG. 1II-1-CHANNEL TERMS CROSS-SECTION
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Area of water w/o ship or motion

A=Wd + dcotfd

=Wd + d2cot@® . . . . . . . . . . . X <:€>

Area of water with ship and mot:ion

A =ud' + ¢'2 cot@ - As . . . . . . . .. (:{:

When ship moves through channel with velocity V, the water
surface will drop by a distance Ad.

Consider the ship stationary with the water flowing past arn
velocity V. Ahead of the ship the total flow will be:

Q=AV

Abreast of the ship the flow will be:
Q'=A"(V + AV)

Continuity dictates that:
Q=Q’
AV=A"(V + AV)

Where AV is the change in water velocity as A—» A'. Let:

V'SV AV (:)
Eq @ becomes:

AV=A'V'
Solve for V'

T Al ’L/‘V 3 !] + AV

v A —

‘r———du- Vv 4+ Ay

FIG. TIT-2-CHANNEL TERMS PLAN
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The Bernculli equation:

d+ V2 =d' +y'?2
Zg 7g

Solve for d:
Ad=d - d'= v'2 . y2
Zg Ig

Factor the 2g:

Ac- L(V'Z - VZ)
Zg

From Eq. (::) substitute for V':

Ad- %E[(%Dz v2 - v2:|

Factor the VZ:

Ad=%[<%')2 -J@

Eq. is the basic equation for determining sigat.
The squat of the vessel and the water surface is d.

in knots; enumerate g:

Where:

fo make the basic equation more useful, express V in Eq.

'Z§d=Squat in feet
V=Velocity of vessel in knots. Current effects

must be included.
A=Area of the selected channel w/o ship in square

feet.
A'=Area of the selected channel after squat with

ship cross-sectional area subtracted in square
feet.



It is sometimes necessary to know the vessel velocity for

given squat:

153
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APPENDIX 1V

COMPUTATION OF ENTRANCE EFFECTS
ON DISPLACEMENT THICKNESS

A complete derivation of the method of determining

values fcr incompressible turbulent boundary layers with
pressure gradients due to Truckenbrodt may be found in

Chapter XXII of Sdhlichting (43).

To determine the displacement thickness, 51 in a pres-
sure gradient which occurs along the fore-body of a vessel,
one mist determine the momentum thickness, Sy and working

with various shape factors L and le finally compute 51

The sample case used in the computations consisted of
a restricted channel 500 ft. wide and 45 ft. deep. The
vessel used was 707.5 ft. in length with a beam of 75 ft. and
a draft of 40 ft. The computations used an assumed vessel

speed of 10 knots with no current.

Required relative velocities were obtained from Saun-

ders (42 ). See Fig. IV-1.
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FIG. IV-1-PRESSURE COEFFICIENTS FOR FLOW
ALONG A TWO-DIMENSIONAL VEE ENTRANCE (42)

The pressure coefficient, ap/{({(p/2)U?=), may be used to deter-

mine velocity ratios since:

- =1- (7))

Where: Ap change in pressure

2 = density
U = velocity at the boundary
Ur = free stream velocity

Transposing Eq. (1)

U _ _ a"\ 16 <3
A bow angle, «, of 40° was used with a fore-bodyv

section of 103 ft. The fore-body was divided into 10 equal
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segments of 10.3 ft. each and data reaad from the graph

(Fig. IV-1).

A correction was made to the velocity ratios to account
for the restriction of flow due to the vessel body being in

the chann<l using continuity relationships.

U (_é_)= _E_ corrected . . . . . . . . . . .(::)

U= A Ue=

Where: A = Cross-sectional area of channel w/o

vessel

A' = Cross-sectional area of channel minug the
cross-sectional area of vessel at that
station

The expression to determine the momentum thickness,

by is (43):

et T T

X/

Where: X = distance from steam
X, = distance from stem to beginning of
turbulent flow
{ = length of ship
C*l = laminar flow constant (see below)
Cf = coefficient of skin friction
n = 6 for high Reynolds numbers
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The laminar flow constant, C* , is formed from the

following expression (43):

e/t 5 5] (n+1} /n -
Cx, = | 1C U 2
el @ e
0
Where: C = laminar coefficient of skin friction

£
The constant C*l takes into account the laminar portion of
the boundary layer, however, since the transition point, X
occurs within 3 inches of the wvessel stem, C*l is essentially

ZEero.

The integral portion of Eq.(:)was determined using a
method of quadrature the main elements of which appear in

Table IV-1.

The value of the coefficient of skin friction, Cf, was
determined by a method adopted by the International Towing

Tank Conference (ITTC), Madrid, 1957 (10 ).

C; = __0.075 S <E;)

(log,, R_ -2)?2

Where: Rn = Reynolds number

For a Reynolds number of 1.0535X10%, C, =3.195X107 3
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The momentum thickness,52, was determined as:

3 3195x10-Y o148 6/7 . o
5, = (1.154) (_"2""‘_ (-'3— )(19.?79} (707.5) - 985~ \_/

The next step is to determine Truckenbrodt's shape fac-

tor, L. iiowever, to do this a new construction much be

9

introduced (43):

.x“ ' m

(n+l)/n 3+2/n
- e Cg U X
- lee) 6 )

Where:

Due to the requirement of a later step, ten values of ¢
were computed again using quadratures. These values of

are shown in Table 1IV-2.
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TABLE IV-2-COMPUTED VALUES OF ¢

Y/YN I3

1 3.00 x 1021
.2 2.61 x 10-20
3 3.90 x 10‘%3
4 1.23 x 10775
.5 7.81 x 10713
6 1.72 x 10777
.7 6.90 x 1071/
'8 1.31 x 1077¢
.9 4.41 x 10

1.0 6.19 x 10°16

The value of Truckenbrodt's shape factor can be deter-

mined from (47):

-g_ 1 n+l

-0.030+ ‘n(? - ) In(ﬁ%_)

o . n
-0.0076 —y— ‘n&l} -0.23-0.0076 —y—

ud U n \
+0.0304 |n(T)+ IngEe) +.0076 B It
(3

1 U
-1.0608 2 | In (-ﬁéil*) de ... (E;)

1

L = al-{L + 0.2340.0076 n




l61

The subscript 1 in Eq.<:)indicates the value of that

variable at the transition point, X, - Since the flow be-

comes turbulent so close to the stem of the vessel, x =T

)
~ 0.0,

5123 0.0 and the entire first term of Eq.(:>goes to zero.

In order to evaluate the integral in the last term cf
Eq.C:)by quadrature methods, values of U/Ux at equal inter-
vals of T are required. Values of ¢ from Table IV-2 were
plotted against values of U/U~ from Table IV-1 in Fig. IV-2,
The range of ¢ was divided into ten equal segments and re-
lated valueé of U/U~ obtained from Fig. IV-2., These values

and related quadrature elements are shown in Table IV-3.

The value of L from Eq. is:

L= -.23-.0076(—2 + .0304In |(1.68883)(707.5)
1.1342%1073

+ In(1.154) + .0076 (-g) In¢6.19%x10719)

- _1.0608 (1 .46558x10"17y = .215 . . . . . . .
¥ 215 . (1)

6.19X10°
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TABLE IV-3-f{ QUADRATURE ELEMENTS

1 2 3 4 5

£ (&) /e in(U(E) /U=) Coef (334 )
3.00x10°21 645 ~.438505 1 —.41385
6.19x10" 17 .946 -.055512 4 -, 2220
1.24x10°16 .983 -.017146 2 -.0343
1.86x107 16 1.005 .004987 4 0199
2.48x10°16 1.031 03052 2 0610
3.10x10°16 1.045 044016 4 S761
3.71x10°16 1.061 .059211 2 1184
4.33%x1016 1.077 L074179 4 1967
4.95x10°16 1.090 .086178 2 1724
5.57x10-16 1.110 .104360 4 4174
6.19x10" 16 1.154 L14323¢4 1 1432
S o=.7103

Truckenbrodt's slope factor, 1L, must be converted
to shape factor, le through use of Fig. IV-3(35;. The

value of H, extrapolated from Fig. IV-3 is 1.25.
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(Eq.

FIG. IV-3-SPFAPE FACTOR RELATIONSHIP (43)

The shape factor Hy, 1is defined as (43):

1 :
Ho = —= . . . . . . . .. . ...
12 62
Solving for 6y
§, = ) 190
1 le Do k12/

Substituting into Eq. 12 and solving for §q°

¢, = 1.25(.0989)= 124 fr. . . . . . {13}

Solving for élusing the flat plate turbulent equation

6) from Chapter TIT:
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5 = .04625(103)

[}1.1538)(1.6889)(103):}1/5
1.1342X10"2

.169 fr.

The difference between the values of the displacement

thickness, determined by the flat plate equation and

8
1)
the Truckenbrodt method is:

.
169-.124=.045 £t. . . . . . . . . .. .(1&)
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APPENDIX V
FROUDE NUMBER FOR DEEP-WATER CONDITIONS
1. Wave velocity for deep-water conditions:

6O

where: C=wave velocity (ft/sec)
a=wave length (ft)
g=acceleration of gravity (32.2 fr/sec?)
r=Pi (3.14159)

)
!

IT . Froude number:

F- Vs @
Where: F=Froude number

Vg=velocity of ship (ft/sec)
d=depth of water (ft)

IIT Wave velocity is equal to ship speed:

V. = C= 32,22 - [s.125: | % . . @
s (3. 14159

IV Swsbstitute (::) into (::) :
F= [5.125x |. . . . . . . . .
32.2d

V- Waves begin to "feel" bottom when the water depth, d,
equals one half the wave length, 1 or:

d=1= .5 @
X2



VI.

VII.
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Substitute @ into @ and solve for F.
F= [5.125 ol Xos7 0 0 (6
37 72(.5)

The diverging wave system plays the dominant role in
producing the maximum wave height, Hmax. Since tne
transverse waves are longer than the diverging waves,
they will feel bottom at lower velocities. It is also
known that the length of diverging waves increaseswith
distance from the vessel sailing line. For these
reasons the diverging wave system will not be sig-
nificantly affected by the bottom until the Froude
number is greater than the .57 derived above. The
author believes .7 to be satisfactory.
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II.

I1I.

IV.

APPENDIX VI

MAXIMUM VESSEL SPEED FOR DEEP-WATER CONDITIONS

In Appendix V it was determined that .7 was an
appropriate Froude number to define the boundary

waves.

-between deep and shallow water for ship-generated

Solve for vessel speed and substitute .7 for F:

v, =F|:gd]*é=.7 [32.2{] %

®

Where Vs=vesse1 speed (ft/sec)
F=Froude number

g=acceleration of gravity (32.2 ft/sec™)

2

d=water depth (ft)

Convert Vs from @ to knots:

V= 41447 [32.2d] %

E-T?ter speeds for a range of

Determine limiting dee
water depths (Table V

®

TABLE VI-1-DEEP-WATER WAVE LIMITS

Water Depth Vessel Speed
(Feet) (Knots§
30 12.882
35 13.914
40 14.875
45 15.777
50 16.630
55 17.442
60 18.218
65 18.962
70 19.678
75 20.368
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APPENDIX VII

COMPUTATION OF T ( %)

I (x) =fe't eXx=1 9 <

-]

T(x) = T(x+ 1)/x . . . . . . . . . . . . . . . .. <E?>
(4) - (3 +9)/3
=3r(5) .................... G\)
213 p

From Gamma table (Fig. VI-1):

r( %) =. 9024728748
1«(%)= %(.9024?28748)
=1.3537093122 . . . . .o G\}
, o
NEE i /
T
Y ﬁ Xl J/
TS

-3

A

il

FIG. VII-1 GAMMA FUNCTION (1)






