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ABSTRACT

One of the more noticeable environmental effects of larger Great Lak~ s

vessels is the increased drawdown exper'ienced when these vessels transi =

shallow water and restricted channels- This phenomenon, as observed from

a fixed point on shore, consists of a marked fluctuation of the water surf ac+

elevation. The initial change of water level may be either up or down, de-

pending on the lateral position of the ship in the channel, but the most

striking feature is a relatively deep depression of the water surface adja-

cent to most of the ship's length.

The drawdown phenomenon can best be described in terms of the pressure

signature of the vessel, which can be represented either as a spatial fluc-

tuation of pressure along the ship's length or, as it would appear to an

observer on the shore, a temporal fluctuation of the pressure at a fixed

point during the transit. A simple hydrodynamic model of ship and channel

has been used to estimate the amplitude, duration, and shape of the drawdown

phenomenon for various existing and. projected classes of Great Lakes ships,

operating in channel cross-sections typical of the St. Marys River, subject.

to average current conditions and present speed limits.

The amplitude of the drawdown is strongly influenced by vessel beam and

draft and by channel width and depth. Furthermore, vessel speed through the

water is extremely important, as the drawdown amplitude varies essentially as

the square of the speed. The duration of the drawdown depends primarily on

vessel length and speed over the ground. These facts imply that speed limits

have an influence on both amplitude and duration of drawdown. Finally, both

the maximum drawdown and the shape of the disturbance depend on the ship' s

lateral position in the channe].. The effect of the vessel's hull form, wi~-

the normal parameters for ships of this type, is extremely slight.
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I. INTRODUCTION

Great Lakes shipping is uniquely and intimately related to the geo-

graphic and environmental constraints of the lakes. In no other marine
transportation setting do such large vessels spend such a significant pro-
wrtion of their operating lives in restricted waters. maneuvering in
narrow channels with difficult bends and currents, in shallow water, and

often less than a ship length from a valuable and environmentally delicate
shoreline. For this reason, each vessel transit represents a potentially
damaging environmental influence on the shoreline and its users. And yet,
Great Lakes shipping is also intimately connected with the economic well-
being of the region, and the balance between economic and environmental
concerns is an uneasy one. Due to the high volume of traffic on the prin-
cipal connecting waterways of the Great Lakes system, the cumulative effect
of vessel transit on the shoreline environment may become a critical issue
in determining future policies for the development and use of these water-
ways, policies that will influence the design and operation of Great Lakes
ships, the configuration of channel improvements, and the requirements for
shoreline protection. Such policy decisions will be particularly important
in view of the established trend toward larger vessels in the Great Lakes

fleet.

The history of Great Lakes shipping has been marked by periodic in-
creases in the maximum allowable vessel size, essentially determined by the
constraining locks on the St. Marys Falls Canal, accompanied by a more or
less steady growth in the average size of vessels as owners retire their
older, less efficient ships and replace them with vessels built to the max-
imum allowable dimensions. Broadly speaking, the economies of scale

achievable by larger ships are an influential factor in determining public
policy, as manifested by the increased dimensions of locks, connecting

and harbor facilities. Once these public decisions are implement-

ed., the larger maximum vessel size is reflected over the course of time by
a shift in the size makeup of the fleet as a whole.

Prior to World War II, the typical Great Lakes bulk carrier was about

5SO ft long, with a beam limited to 60 ft by the width of the old Davis and



Sabin Tacks, and commonly only 54 or 56 ft in the older vessels. The de-

me�ds of wartime steel production led to the construction of the MacArthur

Mck, completed in 1943, and the larger of the two standard classes built

during the war years had dimensions of 640 x 67 ft. For over two decades
the gacArthur determined the size of the lar'gest vessels on the Lakes, but

it was only during the mid-1950's that vessels were actually built to the

maximum permissible dimensions, 730 x 75 ft.

In l968, with the opening of the new Poe Lock, a further increase in

maximum vessel size brought the Great. Lakes system essentially into its

present form. The first vessels to take advantage of the new lock's di-

mensions were delivered in l972. By l980, the Great Lakes fleet included

ll ships of the largest size, approximately 1000 x 105 ft, wi.th a typical

operating draft of about 27.5 ft at pxesent average midsummer lake levels.

Hew vessels of this class will pxobably continue to be built at the rate

of one or two per year. Zn this trend toward maximum-size vessels, the

normal replacement of obsolescent tonnage in the traditional Great Lakes

ironmre trades is further augmented by the relatively new and growing de-

mand for waterborne transport of western coal.

Recently, the Corps of Engineers approved the transit of vessels mea-

suring up to ll00 x 105 ft through the poe Lock. With the subsequent

adoption of final load-line and scantling regulations for these longer

vessels the advent of the llOO-footer is foreseeable, pending a decision by

the U.S. Coast Gurad with respect to the safe navigation of an 1100-ft ship

in the existing connecting channels. Ultimately, this approval seems likely.

long-range economic planning, more radical increases in maximum

vessel size have been projected. In a 1977 cost-benefit study performed by

the Corps of Engineers  Ref. L!, hypotheti,cal vessels ranging up to dimen-

sions of 1500 x 175 ft, and operating at drafts up to 36 ft, were considered

as possible candidates for the maximum-size class in a future Great Lakes

fleet- From the estimated economic performance of these vessels of unpre-

cedented size, it appears that the advantages of scale that have been the

for Past increases of vessel size continue well above the present

1imxtation imposed by the poe Lock. The results of this investigation were

incorporated in the Corps of Qngineers Revised PLan of Study for Great Lakes



Connecting Channels and Harbors  Ref. 2! . As anticipated, the influenc«f

increased permissible draft on vessel economics was particularly strong for

the relatively shallow proportions typical of Great Lakes bulk carriers-

However, it is evident that the massive initial cost and environmental impact

of the required dredging of channels and harbors vill place stringent con-

straints on this dimension.

In recent Sea Grant sponsored research, conducted concurrently with the

work presented here, preliminary design and economic feasibility studies in

dicate that even with an operating draft constraint of 27 5 fthm

quired freight rates are provided by a vessel of approximately 1250 x

 Ref. 3! . On a typical Great Lakes route, from the head of the lakes to

Burns Harbor or Cleveland, such a larger ship could provide an estimated

transport cost saving of about 12% versus newbuilt vessels of the 1000 x 105

ft class, operating at the same draft. In view of this economic motivationi

especially combined with a substantial improvement in fuel economy offered

by the larger ship, an eventual increase in maximum vessel size should be

regarded as a possibility, rovided that the costs of the s stem im rove-

ments re uired to accommodate the lar er vessels are not excessive, and that

the environmental im acts of the vessels are 'ud ed acce table.

Clearly, these last conditions are critical questions in planning for

the future of Great Lakes marine transport. The system improvements re-

quired for a maximum size of 1250 x 150 ft would obviously include one or

nore new locks, the costs of which can be estimated on the basis of firm

dimensions. However, the extent o f channel improvement dredging required

for the safe navigation of the longer, wider vessel is determined not merely

by its over-all dimensions, but also by its maneuvering and control capabili-
ties. These vessel characteristics, and the development. of adaptive path-

control systems to improve ship performance and safety in restricted waters,

form the subject another concurrent Sea Grant funded project  Ref, 4! . In

view of the high costs and environmental sensitivity of dredging in many

Great Lakes harbors and connecting channels, improvements in ship-control

technology might be well applied to minimizing the amount of required dredging,

thus yielding greater over-all benefits from the adoption of a larger maximum
vessel size. In principle at least, the safe operation of larger vessels, aided
by advanced adaptive path-control systems, might become feasible even within



existing channel dimensions, thereby l imi ting the required improvement

d dging to the wideninq of certain critical areas, such as radical bends,

turning basins and passing areas . Zf thi s prove s to be the case, total

system-improvement costs and environmental impacts could be significantly

reduced. 'lith this possibi.lity in mind, the direct environmental influences

of larqer vessels usinq the existing channels must be given careful consid-

eration. This examination is the primary aim of the work reported here.

Regardless of possible future increases in the maximum size of Great

Lakes vessels, however, the composition of the fleet will certainly shift

toward a larger average vessel size over the coming years. The problems

asSOciated with thia trend are many and ccmplex. Among them, ship-safety

and environmental concerns are paramount. Possible adverse environmental

effects associated with the transit of larger vessels in confined waters

have been noted in Ref. 2, specifically with regard to potential increases

in the extent, frequency, and severity of shoreline erosion and damage to

shore structures along the St. Marys, Detroit, and St. Clair Rivers.

Fven in the existing fleet, differences have been noted between the

visible shoreline effects of maximum-size vessels and those of smaller ships
s+ving at the same speed and in the same position with respect to the shore.
As the average size of vessels in the fleet increases, and the frequency of
transits by large vessels becomes higher, the cumulative influence of these

vessels on the shoreline environment will grow in importance. Further@ere,
with the possibility of an eventual increase in maximum vessel size without

a proportional increase in channel cross-section dimensions, as suggested
by the findinqs of Refs. 1 and 3, the prediction of such effects should be
an important element of the planning process.

The purpose of this work is to apply a theoretical hydrodynamic models
already validated by comparison with experimental results, to predict one
of the key environmental effects of vessel transit in confined waters, namelyi
the behavior of the water surface elevation or pressure distribution around
the ship. Specifically, the form of this pressure variation at a fixed
point on the channel boundary during the passage of the vessel will be im-
portant in estimating some of the environmental influences of vessels of un-



precedented size, most notably the forces on shore protective structures ~

and the resuspension and transport of sediments. The form of the hull-

induced pressure signature is investigated for the simplified geometry of

uniform motion along a straight, wall-sided channel, neglecting the local

influence of propeller s! and rudder  s! . The results of sample numerical

calculations are presented as functions of vessel. and channel cross-section

dimensions, current, ship speed, hull. form characteristics, and vessel

position with respect to the channel walls, using typical existing channel

dimensions and speed limits for various reaches of the St. Narys River, and

vessel dimensions up to 1250 x 150 ft.



ZZ. LARGER GREAT LAKES VESSELS AND THE ENVIRONIKNT

The environmental problems associated with increased maximum vessel

size on the Great Lakes stem from two distinct sources:

l. Environmental disruption arising from the system improvements re-

guired to accovvnodate larger vessels: the construction of new locks and

structures, loading and unloading facilities, and, most significantly, the

dredging of connecting channels, harbor approaches, and turning basins.

2. Direct environmental effects of vessel operation attributable to

increased vessel size.

The first of these categories is beyond the scope of this report, al-

though any future decision with regard to increased maximum vessel size must

hinge on the satisfactory resolution of these problems.

Focussing on the direct environmental effects of vessel operation. and

with particular emphasis on the matter of ship size, it is important to make
the following distinction: while a larger vessel can be expected to create
largez' environmental disturbances that a smaller one, it does not follow

that the cumulative direct environmental impact of the Great Lakes fleet

will be increased by a shift to larger vessels, whether this implies a larger
maximum ship size or merely sn increase in average ship size within the fl.eet-
In fact the reverse may be true. Two main arguments may be cited to support
this assertion.

First, the larger vessel carries a substantially greater payload, as
shown in Table I. Thus, for a given annual cargo throughput, a fleet con-

ing larger ships requires fewer vessels in operation, thereby reducingta in in

the f rerequency of vessel transit through environmentally sensitive areas. For
this reason a oreason alone it is incorrect to measure the over-all environmental im-

the transport system in terms of the disturbances created by an indi-ct of t e trans

v l ship- R.ther, the trade off between larger unit disturbances andvidual shi

reduced transit frtransit frequency must be considered in detail. The precise nature
af this anal sis ian»Y»»s undoubtedly quite complex, and beyond the expertise of the
ship desie»gner alon~- However, the naval architecture of the situation may
reveal certain bas icertain basic information that will be useful in such a comprehensive



Typical
Midsummer
Operating

Draft

Vessels. Size

LOA x Beam

Approximate
Payload

Era

 ft!  long tons!

1900 524 9,450

10, BOO

14,600

16,700

19,150

24,400

62,100

113,900

20.8

56 21.4

22.5

550

1920 60600

25.56203. 940 60

25.7671940 639

27. 51950 730

27.5

27.5

1970 1051000

1250 150

Table I. Historical Great Lakes bulk carrier cargo capacities.



environmental analysis.

Second, and perhaps more compelling, it can be demonstrated th«
of the important components of envirorurmntal stress per vessel
not increase proportionally with vessel size or cargo capacity. Be«rai
examples can be given:

1. Airborne emissions. This factor is essentially proportional
vessel horsepower, other things being equal. As presently envisioned, a
vessel. of l250 x 150 ft would have a total installed horsepower of approx
imately 20,000 bhp, twin screw. The horsepower is limited by considerations
of satis factory propeller performance on the full, shallow-dra f t hull
typical of Great Lakes vessels. Existing 1000-ft ships are variously
powered between 14,000 and 19,500 bhp, depending principally on the owner
operating philosophy and engine preference- Thus, the larger vessel should
be able to produce approximately 20%-40% less airborne pollutants per
of cargo delivered.

2. Thermal emissions. Hot water discharge is dominated by engine-
cooling requirements for diesel-powered ships, and by condenser flow rates
for steamships. In either case, the total thermal effluent is again essen-
tially determined by installed horsepower, with similar savings in disturbance
per ton of cargo.

3. Over board discharge o f waste and. con taminated bilge and bal la st
water. Under present environmental regulations in force on the Great Lakes,
zero discharge of these pollutants is required. Thus, the larger vessel.
should impose no additional environmental stress in this connection.

4. Toxic emission from hull anti-fouling coatings. This component is
directly related to underwater surface area. In the loaded condition, at
a draft of 27-5 ft. a vessel of l250 x 150 ft will have approximately 60'4
more wetted surface than a typical 1000-footer. This represents a saving
of about 11% in toxic emissions per ton of cargo delivered. A corresponding
figure calculated on the basis of a typical ballast condition of 20 ft mean

draft is about 9%. This estimated advantage is actually overconservative,
since bottom shell plating, which accounts for nearly the entire increase

in wetted surface, requires substantially less anti-fouling protection per



square foot than side shell plating nearer the waterline.

5. Exterior sound levels due to machinery. Again, this component of

environmental impact is dictated by installed horsepower. It is quite pos-

sible, in addition, that a larger vessel could afford more extensive sound

deadening characteristics, simply by virtue of its increased beam, depth,

and internal volume.

6. Propeller-induced vibration. Propeller-induced low-frequency

vibrations are conducted through both water and ground to influence shore-

line structures and nearby dwellings. When operating in proximity to the

shore, and in confined waters in general, any sizable vessel will be using

a relatively small fraction of its available power, except during operations
in ice. Nevertheless, due to the full stern form and heavily loaded propel-

lers of Great Lakes bulk carriers, propeller-induced vibration may become

troublesome even at reduced power settings. The problem is further aggravated

in shallow water, where the small underkeel clearance usually results in

highly disturbed flow into the propellers. Depending on the stern design
of the larger vessel, this problem should not become significantly worse,

since the increased beam would permit wider spacing of the propeller shafts,

maintaining their relative location with respect to the vessel's sides. Of
course, the larger vessel will require greater thrust at any given speed.
This will increase the propeller loading and the level of propeller-induced

vibration. The extent of this increase is not known, but it can be assumed

that the larger ship will produce higher levels of vibration ashore. However,

except during ice navigation, which represents a separate environmental issue
outside the scope of this report, power settings in restricted waters are

usually low enough to ensure relatively low levels of vibration transmitted
to the shore, apart from momentary power applications required i.n maneuvering,
acceleration, and backing. The over-all question of the environmental im-
pact of propeller-induced vibration must be studied further, particularly in
the context of winter navigation.

7. Disturbance of bottom sediments due to propeller and side-thruster

wash. The intensity of propeller-related disturbance and scouring of bottom
sediments is dependent on two principal factors: underkeel clearance and
propeller loading. At a similar draft, the clearance of a larger vessel 's
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propellers will be approximately the same as that of existing 1000-ft ships,
from a small dl f ference due to the increased squat experienced by the

larger ship at a given speed.  This factor will be mentioned in greater de-
tail subsequently,! As indicated abover the propeller loading is higher for
the l.arger ship. Thus, although the precise magnitude of the environmental
difference is not known, it may be concluded that the bottom-sediment dis-

turbance due to the transit of a larger vessel will be somewhat greater than

that of a smaller ship, even during ice-free navigation. While further

study of this effect is needed, it seems unlikely that the increase in en-

vironmental impact will be as great as the gain in cargo capacity.

During ice navigation, however, great increases in thrust are required

at very low speeds, resulting in substantially more bottom disturbance by

ships of all sizes. The problems of bottom scouring and increased water

turbidity during winter operations on the St. Marys River have been noted

hy environmentalists  Ref. S!. There can be little doubt that vessels of

increased size, with much higher thrust requirements in ice  several major

components of ice resistance heing proportional to vessel beam!, wil.l cause

still greater concern.

Side thrusters are fitted on all existing vessels of the 1000-ft class,

and many smaller ships as well . These maneuvering devices are useful only

at very low speeds, such as in docking or undocking, and when swinging ship

in a turning basin or channel. Because of their location near the bottom

of the ship, their transverse orientation, and their relatively high power
 up to 1500 bhp each, in current designs!, the effect of thruster wash on
shore structures and sediments can be noticeable. projected bulk carriers
of 1250 x LSO ft will in all likelihood be fitted with both how and stern
thrusters as areu ters, as are some existing vessels. Due to the increased length, windage,
and mass of ths of the larger ships, an increase in thruster power may be desirable-
However, the use ofer, the use of these devices wiLL be Limited to certain identifiable
areas, many of whichich can be protected against wash damage. Therefore
seems unlikel that ay hat a significant over-all increase in environmental impact
will be attributable to these maneuvering aids.

R. Risks of envienvironmental damage due to vessel hazards ~
Lakes bulk carri er s thethe principal types of vessel mishap involving risk to



the environment are grounding and collision, both of which entail the pos-

sible discharge of oil fuel ~  The most cormmn Great Lakes bulk cargoes,

namely, iron ore, coal, and stone, are relatively innocuous if accidently

released.! Clearly, both grounding and collision hazards are increased

when operating in shallow, restricted waters while also maneuvering in heavy

vessel traffic. This situation nearly always exists in the Great Lakes

connecting channels. While this increased risk, of course, applies to ships

of all sizes, the further influence of vessel size on these hazards is not

easily determined, since several contradictory factors are at work. A larger

vessel, due to its comparative unwieldiness and tighter geometric clearances,

is theoretically under a greater risk of both grounding and collision. Fur-

ther'>re, with a somewhat larger total bunker requirement the possible volume

of fuel discharge is increased, although this can be alleviated by better

subdivision and protection of fuel tankage permitted by larger dimensions.

On the other hand there are a number of practical influences which tend

to counter the assumed increase of risk. First, with larger but fewer ships

in the fleet, and a consequent reduction in encounter frequency, the long-

term incidence of collisions and groundings caused by evasive maneuvers can

be reduced. Second, a larger investment in improved collision avoidance,
navigation, and ship-control systems can be justified due to advantageous
economic performance of the larger vessel. Third, with fewer vessels oper-
ating, traffic control in key areas becomes both easier and more effective-
Finally, with a smaller fleetwide crew requirement owners can afford to find
the best available talent in selecting officers and crew. put anoth« «y.

larger and more comfortable ships attract better people. For these reasons
the over-all effect of larger vessels on long-term environmental risk is

likely to be favorable.

9 . Changes in pressure, water level, and flow during vessel transit.
This particularly visible environmental effect of vessel transit in restrict--
ed waters arises from the pressure field created by the moving hull - Even
deep water, a region of low pressure  which corresponds to a measurable
depression of the water surface! is created around a vessel in motion-
effect increases roughly as the square of vessel speed, and also with de-
creased water depth. In a laterally confined channel the pressure field is
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further exaggerated, resulting in greater "drawdown" of the water surface.

With the change in water level the vessel itself is bodily lowered  squat!,

reducing underkeel clearance, and generally there is also a change in trim,

Furthermore, if the vessel is asymmetrically located with respect to

channel a net horizontal force and yawing moment. are imposed on the hull:

the force tending to draw the vessel into the nearer bank, the moment tend-

ing to push the bow away from the bank while drawing the stern toward it.

For this reason, a vessel moving along a restricted channel and closer to

one side is forced to assume both a yaw and rudder angle in order to main-

tain its lateral position in the channel. This fact in turn causes a change

in the observed pressure field.

The environmental effects of the pressure disturbance are numerous, al-

though some are more readily apparent than others:

a. The time variation of pressure may cause excessive pore pressure

gradients in bottom sediments. This in turn results in vertical flow through

the sediment layer, with possible uplifting forces on individual particles

and the creation of a quick condition or so-called explosive liquification.

The ultimate environmental effects can include increased resuspension and

transport of sediments, and the disruption of benthic biosystems-

b. In shallow water areas adjacent to the ship channel, or near the

shoreline, the change in water level may approach or uncover the river bed-

The local current velocity changes rapidly in both direction and magnitude

as the waterline first recedes, and then returns to its original level after

the passage of the vessel. This drastic change in water level and velocity

can resu!t in various inconveniences for users of the shoreline, as well as

loads on shore protection and other structures, and the disruption of sedi-
ments and benthic organisms.

c- Depending on channel-embankment slope and soil characteristics, local

disturbances due to the changing pressure field can initiate mass soil mo«

ments or slides along the edges of the channel.

d In tributary streams the change in pressure at the outlet can cause

rapid and sizable changes in level and current. The flow in shallow streams

may become supercritical, resulting in a characteristic hydraulic jump.



bore, reaching a significant distance upstream. This phenomenon can cause

envi ronmental damage and inconvenience.

41111

The results of numerical calculations of the pressure variations

caused by existing and pro!ected Great Lakes vessels operating in confined

channels are presented in the following sections of this report. The in-

fluence of ship and channel dimensions, speed, current, and lateral pos-

ition are of primary interest in this investigation. The key environmental

results include not only the maximum water surface depression, but also the

shape of the pressure distribution which, when properly transformed into the

corresponding time history of pressure at a fixed point, gives some inform-

ation on the maximum rate of pressure change. These results are primarily

intended to be of use in further research into the actual mechanisms of

environmental damage due to vessel-induced pressure variation, as listed

above.
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IXX. HYDRODYNAMIC hIODEL, CHPIBCEL GEOMETRY, AND AREAS OF APPLICATION

The prediction of pressure distributions due to vessel transit in
shallow, confined channels is based on slender-body theory and the method

Of matched asymptotiC expanaions, ae preeented by Beck  Ref. 6! . That work,

and the computer program developed in connection with it, were aimed at pre-

dicting the side force, yawing moment, squat, and trim on a vessel moving

in a straight channel of rectangular cross section, at an arbitrary lateral

position and yaw angle with respect to the channel walls. The numerical

results presented in Ref. 6 were found to be in good agreement with experi-

mental results. Although the method was intended primarily to predict forces

acting on the ship, the nature of the numerical scheme is such that linearized

pressures corresponding to the solution can be easily calculated for any point

in the fluid or on the channel boundary ~

The usual slender-body assumptions are particularly satisfactory for

vessels of typical Great Lakes proportions, with length-beam ratios general-

ly approaching 10, and length-draft ratios of at least 2S, even at full load

draft. The blunt ends typical of modern Great Lakes bulk carriers, usually

in the form of a parabolic bow and immersed transom stern, are somewhat more

troublesome, In particular, stern forms having nonzero sectional area at

the trailing edge lead to numerical errors in the calculation of the pressure

field i 1including anomalous nonzero pressures far upstream and downstream of

the ship. For this reason, the sectional-area curves actually used in the

calculations for transom-sterned ships are faired to zero, using a fictitious

at ter termi nal located a small distance behind the actual transom position-
Thie modifi 'cation introduces no substantial errors in the over-all pressure

results. Kn any case, the far-field pressures predicted at the lateral

~~sition occupied by the ship itself  obviously not i.n the far field! are

not rel iable, and therefore are not presented here.

The assumption of sha1 low waliow ~ater in the channel is explicitly necessary
in order to reduce the outer-region problem to two-dimensional flow in

horizontal plane, a simplification which facilitates the calculation of si«
force and yaw moment. In effn effect, this requirement is satisfied if the water

depth and ship draft are a pproximately equal. with typical underkeel clear-
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ances of only a few feet in many Great Lakes channels this approximation

should be acceptable.

Finally, the solution of Ref. 6 assumes subcritical flow in the chan-

nel, that is, a Froude number based on water depth of less than 1 This

assumption is valid under all conditions of ship speed, current, a»d chan-

nel depth experienced in Great Lakes bulk carrier operations.

For a number of reasons that will be pointed out subsequently, the

assumed channel cross section is rectangular, as in Ref. 6. While this

geometry corresponds quite closely to several cha~nel areas in the Great

Lakes system, such as the Rock Cut and Little Rapids Cut on the St. Marys

River, it is obviously not a completely convincing model of other environ-

mentally sensitive reaches. Notable examples are Lake Nicolet and Munusccng

Lake, also on the St. Marys, where the cross section more closely resembles

a modification of the assumed geometry of Ref. 7  see Fig. 1! insofar as

the prediction of the gross pressure field surrounding the ship is concerned.
The geometric situation is further complicated in narrower areas of the

r'iver, such as the middle Neebish, West Neebish, and Hunuscong Channels,

where the combination of a dredged ship channel with relatively nearby river

banks leads conceptually to a combination of the geometries assumed in Refs.

6 and 7. I'n the neighborhoods of Johnson and Stribling Points, and in other
places as well, the assumption of uniform linear motion  invoked in both
Refs. 6 and 7! is patently violated, and the forces acting on a vessel nego-
tiating a bend will also produce changes in the pressure field not. predicted
by a simple model .

In any case, a gross geometric model of the channel cross section which
actually gives a fairly accurate prediction of both the forces on the ship
and the pressure signature out in the channel will not necessarily provide
the local details of the resulting flow in very shoal areas with sloping or
irregular bottoms, that is, right at the shoreline itself. Most importanti}'i
the character of the flow necessarily changes from subcritical to supercr t
ical, with a resulting hydraulic jump. In fact, a linear hydrodynamic treat-.
ment as a whole breaks down at a natural, sloping beach. In very shallow

water, furthermore the viscous flow effects will not remain negligible, as

is assumed.
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AHVeaaof Centerline

FiqUr< 1. <."<!mpnr < n<~n of mode] charm< 1 qe<>me tries.  Top! Assume<>
qeom~ t rv of R< f . !, a<i<»<t<'<! for this work.  Bottom! Dredger! chan-
nel «;ometry of Ref, 7.
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In this connection, it. should be mentioned that the influence of river

current on the pressure history experienced at a fixed point on the river
bed is simply accounted for by considering speed through the water in cal-

culating the steady pressure signature in the nerving ship' s frame of re f-
erence, and then using speed over the ground to transform this signature into
the time history recorded by an observer at a fixed point. This treatment
is strictly valid for a uniform current velocity, which will be the case for
a hydraulically smooth, straight, rectangular-section channel, apart f rom the
assumed negligible influences of the viscous boundary layer near the channel
walls and bottom. In shallow areas outside the channel, where the effects
of both viscosity and obstructed or transitional flow may become physically
important, the assumption of a uni form free stream throughout the section
is obviously invalid, although the current within the channel itself may
remain e sentially uniform. In any case, the assumption of a uniform free
stream would be essential to simplify the method, regardless of the assumed

cross-sectional geometry.

With these limitations in mind, the simpler rectangular channel of Ref.
6 was adopted here rather than the dredged channel of Ref. 7. The immediate
practical. advantage of this choice, namely, the ability to model vessel oper-
ations off the channel centerline, seemed more valuable in the context of
this preliminary study than the influence of shallow-water areas of infinite
lateral extent adjacent to the channel.

It should be kept in mind, then, that the predicted pressure curves are

intended to be applied in their given form only within the limits of the
assumed geometry. As shown in Fig. 2, this assumed geometry actually cor-
responds to two quite dissimilar cases:

l. Where the water depths inside and outside the channel are not greatly
different, or alternatively, where the channel boundaries are close to the
river banks. In either case the gross geometry can be approximated by a
rectangular cross section of equal area without seriously compromising the
accuracy of the calculated pressure field. Examples of such cross sections
on the St. Marys River include De Tour passage, Lime Island Channel, and parts
of Middle Neebish Channel between Everens and Johnson Points. As mentioned
above, cut canals such as the Rock Cut, Little Rapids Cut, and the approach
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channels to the Soo lacks, are quite similar to the model geometry.

the water depth directly adjacent to the ship channel is

very shallow. In this case, the effective contribution of flow in the outer

areas o the Pressure field around the ship is sl ight, and the gross geo-

me«y can be aPProximated by the dredged channel section alone, simplified

rectangular cross section, neglecting the shallow-water areas entirely.

Of course, the calculated pressure drstrzbutxons can then be applied only

in the channel; the details of the resulting flows in the shallo~ areas «n

only be determined by a mere complicated method accounting for' the transition

from subcritical to supercritical flow, viscous effects, etc. Examples «

this tYPe of section are portions of the West Neebish Channel above and below

the Rock Cut, and the northern end of Lake Micolet, just below the Little

Rap i ds Cu t ~

For intermediate si tuations, where the outer areas are substantially

shallower than the dredged channel, but neither shal low nor narrow enough

o be neglected in the gross model geometry, the pressure field around the

vessel should be expected to deviate from the predicted form using a rect-

angular section of equivalent total cross-sectional area. This interesting
case may be more closely analogous to the assumed geometry of Ref. 7, but

the influence of finite over-all width will require further study. This

section type, exempl,ified in Fig. 3, is characteri stic of most of Lake Nicolet.
Obviously, gross asymmetry in the combined river-channel cross section, such
as in the case of a dredged channel abutting the river bank or very shallow

water on one side, with water of shallow but non-negligible depth and extent

on the other side, will further complicate matters, as will the influence of
river bends. These situations will require a still more refined geometric

model .

However, in this first treatment, a relative comparison of the pressure
fields created by vessels of various sizes, even in a highly simplified
channel geometry, should provide at least an approximate quantitative insight
into some of the environmental problems associated with the operation of Great
Lakes ships of unprecedented dimensions within the existing channels. This
first approximation is the primary goal of this work.
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hs mentioned in the introduction, the effects of propeller and rudder

forces on the over-all pressure signature are not included in this,.n.~ly.-,is.

It must be noted that the rudder plays an important role in det~ rmi»>n» ihe

true equilibrium of forces and moments acting on the vessel when o~ ~ rating

off the centerline of the channel, and thereby reduces the actual ri ~uired

yaw angle of the ship in steady state. This in turn influences the rc suiting

pressure field created by the hull. In addition the rudder, acting in the

accelerated flow of the propeller, generates its own concentrated pressure

field in the vicinity of the stern. lt is strongly recommended t3at this

effect be considered in further research.
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IV. RBSULTS

Three vessalm were considered in the sample calculations presented

Th y «e. respectively, a typical 730-footer of early 1960's vintage,

an existing 1000-fcoter typical of mid-l970's new construction, and a pro-

jected bui~ cat'x'imr of 1250 x 150 ft. Ship particulars are listed in Table

II and sectional-area curves, bow and stern profiles, and waterline offsets

 all required input for the hydrodynamic program! are shown in Fig. 4 for

the full-load. cond,ition. Corresponding approximate data for the ballast

condition were <Xerived from these curves, with typical forward and after

drafts assumed, and the resulting sectional-area curves are shown in Fig. 5.

A brief explanation of the terminology used in the presentation of re-

sulta ia given here. TO Simplify the dependency of the preseure variation on

speed it is mes< canvenient to express the results in terms of the nondimen-

sional linearize6 pressure, p*, defined as

p* = p/-VV
1 2
2

where p is the actual pressure, p the density of water, and V the speed of

the ship through the ~ater, in any consistent units. It is this nondimen-

sional form that. is used in all subsequent results. To convert the non-

dimensional pressure to an equivalent change in water-surface elevation, the

following relatia~ship may be used:

1 2h ~ -p*V /g
2

where g is the acceleration of gravity.

The coordinate system is as follows: the origin is located at the mid-

ships station om the vessel centerline. The coordinate x lies along the

direction of vessel motion  assumed parallel to the channel! positive aft.

The coordinate g is perpendicular to the direction of motion, positive to

starboard. The vessel y«angle is indicated by 8, relative to the negative

x direction. The channel width is denoted by W, water depth by H, and the

distance to the starboard wall <assumed to be the near wall in the following

results! by A. The ship length is L.
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730. 0 1250.0

1250.0

150.0

1000.0

1000.0

105. 0

712. 0

75. 0

27. 526. 5 27.5

62.539. 0 56.0

142.0 121. 0

744. 0

135.0

22/27

392. 0

178. 0

20/2 5

O.S64 0. 942

75,560 1 35, 64033,960

20,000

14.4

9,000 14, 000

15. 016.8

Table II. Ship particulars.

Length over-alI   ft!

Length water 1 ine   f t !

Beam  ft!

Midsummer Operating Draft  ft!

Depth  ft!

Length o f entry   f t!

Length of parallel midbody  ft!

Length of run  ft!

Ballast drafts  for'd/aft!  ft!

Block coef f icient at operating
draft

Displacement at operating draft
 long tons� !

Installed horsepower

Service speed  mph!

175.0

940.0

135.0

22/27

O. 947
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Figure 4. <ectional-area curves, underwater prof i]es, and water-
line half-breadths for three ships.
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pressure Si atures in Laterall Unbounded Shallow Water

Before considering vessels in narrow channels it may be of interest to

observe the predicted pressure patterns created by vessels moving in lateral

ly unrestricted but shallow water. This case, of course, represents the

limiting behavior of the pressure signature in channels is the width is a]low

ed to increase. Figure 6, a three-page figure composed of a separate plot

for each of the three vessels, shows several longitudinal contours of the

pressure signature at various distances  y! from the centerline. In this

case, all three vessels are in the full load condition and moving at the

same speed, 10 mph.

The differences in magnitude between the three signatures are quite

large, although not quite proportional to midship section area. The general

form of the pressure variation is consistent: a slow rise in pressure ahead

of the bow, followed by a rapid fall toward amidships. The signatures of

all three vessels are quite symmetrical fore and aft  of course, this analysis

neglects the influence of the propeller, which would tend to destroy this
syseetry! .

In laterally unbounded water the pressure disturbance extends a number

of ship lengths both ahead and astern, with no particular sharp boundaries.
purthenmre, the longitudinal contours of the pressure signature quickly
decrease in magnitude as the distance from centerline increases. These

features, together with the pressure rise ahead and astern of the ship, are
characteristics that are lost in tiqhtly confined channels, except in the
case of supercritical flow, which we will not consider here.

Zt should be noted that the double-humped behavior seen for the two lar-

ger ships just forward and aft of amidships is spurious. These peaks quickly
die out vith increasing distance from the ship. As mentioned previouslYi
the linear hydrodynamic madel used here vill not give reliable results in
the immediate vicinity of the ship ~ and the problem is exaggerated when
the station spacings submitted in data are too large. In any case, this
behavior is also lost in constricted channels, as will be seen.

The influence of ship speed on the form of the signature is shown
pig- 7, for the case of the 1000 x 105 ft vessel. The behavior of the signa-
ture w ith speed is complex, in that at various locations with respect to
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ship the behavior of the pressure as a function of speed may not be uniform

even in direction. For example, at x = 1500 ft, y = 1600 ft, a shallow

trough changes into a crest. Xn the vicinity of the ends of the vessel, in

this case at x = SOO ft, the behavior at various values of y is contradictory.

For this reason, the detailed behavior of the shape of the signature with

speed will not be considered in depth here ~

On the other hand, it is apparent that the magnitude of the signature,
2

in terms of its maximum pressures, increases somewhat faster than V, since
2

the dimensionless values plotted in Fig. 7 already contain a V dependency.

This general behavior applies to both the amidships trough and the crests

ahead and astern of the vessel, as shown by the plots for x = 0, and larger

values of x, respectively. This behavior with respect to speed is quite

similar for the other two ships.

The effect of yaw is shown in Fig. 8, again for the 1000-ft vessel. In order

to show the asymmetry of the pressure signature the figure consists of trans-

verse contours at a number of locations, rather than the longitudinal contours

as in Fig. 6. It should be noted that this figure corresponds to a rather
0large yaw angle of 2, chosen to accentuate the asymmetry of the situation.

This yaw angle generates a calculated side force of almost 1 million lb,

which is unlikely to be encountered during steady state running on a straight

course. The salient feature of the signature, of course, is that the pressure

on one side is greatly reduced  the suction side!, while that on the other

is i~creased. This pressure change due tc circulation. is then super-im>sed

on the pattern due to the sectional area curve of the ship. Yawed signa-

tures for the other vessels are generally similar in form.

Finally, for comparison, the pressure signature of the 1000-ft vessel

in the ballast condition is shown in Fig. 9. The difference between t»s

signature and the corresponding full load pressure distribution in Fig- 6
rather subtle, consBering the gross change in sectional-area curve- ln

fa« the principal difference is confined to the amidships portion of the
where the distribution of sectional area is matched by a shift in et in the

centroid of the pressure curve. Again, the double-humped behavior a y =at = 200

is spurious, and quickly disappears with increasing distance. ThThe bow

pressure rise is somewhat smaller than in deep load, but the after extremity
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of the signature is almost identical to deep load. This, it appears,

a result of the large assumed after draft in the ballast condition- The

fore and aft asymmetry in the pressure contours decays rapidly with lateral

distance.

Before turning to pressure signatures in laterally restricted waters

a final note on the magnitude of the effect in horizontally unbounded

shallow water should be offered. The effect is very small; at the assumed

speed of 10 mph, even for the vessel of 1250 x 150 ft, the bow and stern

crests correspond to water-surface elevations of less than 3 inches, only

200 ft out from the centezline. The amidships depression is only 8 inches

deep at the same lateral location. As will. be seen, the pressure signa-

ture becomes far more significant as an environmentaL factor in narrow

channels.

Pressure Si atures in Shallow, Restricted Channels

The channel sections investigated for this report included widths of

300, 600, and 900 ft, at various water depths, loosely corresponding to a

number of areas on the St. Marys River. Vessel speed limits in the various

reaches of the river were used to set appropri,ate vessel speeds for sample

calculations, in conjunction with typical values of current. These speed

limits and currents are given in Tables III and IV, respectively.

For the purposes of emphasis, the following results, Figs. 10-19,

are presented for a channel width of 300 ft. This situation corresponds

explicitly to the Rock Cut area, but it is presented rather as a lower prac-

tical limit of application, corresponding to the upper limit of laterally

unbounded shallow water. It may be noted that the 300-ft dredged channel

width, approximately 3 times the maximum allowable vessel beam, is a cur-

rently accepted standard for Great Takes channels intended for 1-way traffic

only, as in the West Neebish Channel. At present, this channel is used only

for downbound vessels, almost without exception fulLy loaded, during the

normal navigation season.

Figure l.G shows a comparison of the three vessels, fully loaded, on the
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Tab1.e III. St. Marys River vessel speed limits. Speeds in statute mph,

over the ground. From Great Lakes Pilot April 1980.

Speed LimitReach

17De Tour Reef Lt to Sweets Pt Lt

l4

12

10

12

10

12

Round Island Lt to Pt Aux Frenes Passing
Range Front Lt

Munuscong Channel Lighted Buoy "8" to
Munuscong Channel Buoy "14"

Munuscong Channel Buoy "14" to Sailors
Encampment Channel Buoy "26"

Sailors Encampment Channel Buoy "26" to
Lake Nicolet Lighted Buoy "62"

Lake Nicolet Lighted Buoy "62" to
Lake Nicolet Lighted Buoy "80"

Lake Nico].et Lighted Buoy "80" to
Nest Neebish Channel Lt "10"

Lake Nicolet Lighted Buoy "80" to
Six-Mile Pt Range Rear Lt

Six-Mile Pt Range Rear Lt to
Lower End St. Marys Falls Canal

Upper End St. Marys Falls Canal to
Pt Aux Pins Main Lt

 upbound! 8
 downbound! 10
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April 1980.

Channel Current

HighUsual

Rock Cut 3.51.25

Niddle Heebish Channel
 Course 6!

1.5 3.01.0

Little Rapids Cut 3.0l.0

Table ZV. St, Marys River channel currents  mph! . From Great Lakes Pilot
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channel centerline, at a speed of 8 mph. This speed through the water

corresponds to a speed over the ground  SOG! of 10 mph, with a current of

2 mph.

As opposed to the situation in laterally unbounded water, the pressure

signature in the narrow channel varies extremely little in the y direction-

In fact, apart from the expected irregularities at the location of the

ship centerline, the pressure signature takes the form of a trough extending

almost unchanged from the vessel's side to the the channel wall. For this

reason, the results in the narrow channel will be plotted only at the wall

positions.

It is clear from an inspection of Fig. l0 that the upstream and

downstream extensions of the signature are far more closely limited than in

laterally unbounded water, returning to values near zero within one ship

length or so from the bow and stern. 5@re importantly, however, the

magnitude of the pressure change is far larger in the narrow channel. In

fact, at the assumed speed of 8 mph, the maximum surface elevation change

corresponding to a dimensionless pressure of -1.159  in the trough caused

by the 1250 x l50 ft ship! is almost 2.5 ft. Notice also that the rises

in pressure in advance of the bow and aft of the stern have vanished in the

case of unyawed vessels on the channel centerline, and that the double-

humped amidships feature found in unbounded shallow water close to the

ship have also disappeared.

The signature effects of increased and decreased vessel speed through

the water, corresponding in a practical sense to lower and higher current

velocities at the same SOG, are shown for the case of the 1000-ft vessel in

Fig. ll. It wilL be noticed that the pressure signature changes very little
at the ends, but the amidships dimensionless pressure changes somewhat with

speed, indicating that the actual drawdown increases in magnitude rather faster

than the square of the speed, as was already found in unbounded shallow water.

In Fig. 12 the maximum dimensionless pressure, p*, is shown for the threeIhax

fully loaded vessels as a function of ship speed. In Fig. 13, to show the
true magnitudes of the maximum water level variations, these values of p*max

are converted to corresponding maximum drawdown, h This f igure showsmax

the effectiveness of vessel speed limits in controlling the maximum depth

of the pressure signature in narrow channels. In passing, note that the
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Fiqure ll. Influence of vessel speed on wall press~re siqnature,

1000 x 105 ft, W = 300 ft, 9 = 0
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F'i qure l 3. 4laximurn water-sur face depress ion versus vessel

size and speed, H = 300 ft, 8 = 0'.
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largest vessel produces the same maximum pressure change at a speed of

5.8 mph as the smallest ship does at 8 mph. Thus, speed limits dist-

inguishing between vessels of various size classes are a valuable tool

in controlling shore related effects due to maximum dxawdown. However,

it should be remembered that with a reduced speed through the water the

larger vessel will spend a longer period actually passing a given point

on the shore. With a 2 mph current, for example, the small ship at

SOG = 10 mph and the largest ship at SOG = 7.8 mph take 50 and 110 seconds,

respectiveLy, to travel their own length. In some areas, though not

necessarily in the rather well-protected cut canals, the trade off between

maximum drawdown versus duration of drawdown may not be obvious, in terms

of over-all environmental impact.

The influences of yaw and lateral position in the channel are shown

separately  an artifice! in Figs. 14 and 15, respectively. Again, the yaw
0angle in Fig. 14 is arbitrarily selected as 2 . With the vessel on the

channel centerline the distinction between the pressure signatures on the

low � pressure wall  y = -150 ft! and the high-pressure walls is large. In

addition, a smaLL pressure rise occurs forward of the bow on the pressure

side; no such feature occurs on the suction side at the channel wall. The

shape of the pressure signatures nearer amidships are characteristic of the

yawed situation. Fx'om the point of view of environmental stress, it appears

that the Low-pressure side has been particularly adversely affected; the max-

imum drawdown is 40% greater than in the case of zero yaw, although the max-

imum rate of change is approximately the same as before. By contrast, the

high-pressure side has almost the same maximum drawdown as with zero yaw,

but the over-all xate is slowex in reaching this maximum. However, the

case of yaw alone is not realistic; the calculated side force due to this
6 5yaw angle is 1.39 x 10 Ib, versus only 9.42 x 10 Lb in the laterally un-

bounded case of Fig. 8. Either way, there is nothing to balance this force,
so the condition must either be transient or in a turn.

In the equally artificial circumstance of Fig. L5, again it is the

Low-pressure wall  in, this case the near wall! that receives the larger

environmental stress. And again, the far-wall signature is not very much

changed from the centerline situation . Two small pressure rises appear

in thenear-wall signature, but these are almost insignificant.



P'iaure 14. Yawed pressure siqnatures at wa11s, 1000 x 105 f t,
W = 300 ft, A/W = 0.5. Note side force in negative y direction.



Figure lS. Influ< noe of channel position with zero yaw on near anr3
far wall. oressur~ s iqnatures, lDOP x 105 ft, W = 30''3 ft, A/W =- 0 4.
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Figure 16 shows an approximate equilibrium position  of course,
0

neglecting rudder adn propeller forces! at A/W = 0.4 and 9 = 0.80 Both

near and far-wall maximum pressure changes are somewhat altered from the

extreme cases of Figs. 14 and l5, but it is the comparison with the center-

line unyawed case of Fig. 10 that is most interesting. The near-wall max-

imum drawdown is about 9'% greater than in Fig. 10, although the far-wall

maximum is about the same, occurring at a station somewhat farther forward.

The pressure rises forward and aft are still present, with the bow wave

sl i ght1 y accentua ted.

The fore-and-aft asymmetries of the signatures created by the ship

operating off the channel centerline will have important effects on the

time histories of pressure at the walls. In particular, the near wall

appears to undergo a more rapid pressure drop and rise, as well as a

slightly deeper maximum pressure change. This conclusion, however, may

be somewhat influenced by the inclusion of rudder/propeller effects

These influences are substantially increased with vessel size at a given

location within the cross section. In fact, as the vessel side approaches

the channel wall, critical flow may result. The hydrodynamic model used

here explicitly assumes subcritical flow, and as a result the pressure

signatures become erratic at very small wall clearances.

In any case, in such a ~arrow, 1-way channel the vessel will nor-

mally remain on or near the channel centerline. The effects of ship size

on pressure signatures, taking into account more typical departures from the

centerline, will be presented in connection with a channel of 600-ft width,

where meeting and passing situations can arise and vessel operation off the

centerline is to be expected.

The effect of channel depth is shown in Fig. 17 for the 92.000-ft ship, on

the centerline, in the full. Load condition. Pressure signatures are drawn

for H = 28, 30, and 32 ft. Again, as in the case of speed variation, the

major effect is a change in the maximum drawckwn, with very little influence

on the signature in the ends. To a good approximation, the maximum drawdown

varies as the ratio of cross-sectional areas, as expected from simpler

hydraulic approximations. An of f centerline, yawed, equilibrium condition
0

corresponding to A/W = 0.4, 9 = 1.2, is shown in Fig. 18 at H = 30 ft,
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Figure 16. Near and far-wal1 pressure signatures at approximate

equilibrium yaw ancrle, 1000 x 105 ft, W = 300 ft, A/W = 0.4, 9

O.BO
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Figure 17. Influent=e of ohannel depth on oressuro s iqnature at

wall, 1000 x 105 ft, W = 300 ft, AJR = 0 5, 8 = 0



Figure 18 Pressure signatures at near and far-walls, approximate

equilibrium yaw angle, H = 30 ft. Compare with Fig. 16
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for comparison with Fig. 16. The increased required yaw angle is noteworthy,
versus the identical situation at-28 ft depth, but the pressure maxima on

both walls are not as drastically increased from the centerline condition

as in the case of the shallower water. In the practical world of the Great

Lakes, however, the assumption that increased water depth will lead to greater

underbottom clearance is false. For economic reasons, any additional water

depth that becomes available due to changes in stage is very soon filled
with ships. hkst newbuilt Great. Lakes vessels are designed for maximum load

drafts substantially in excess of their normal operating draft, to be able

to take advantage of this fact.

Although the 300- ft wide channel areas are presently used only for
downbound, fully loaded ships, a pressure signature of the 1000-ft vessel
in the ballst. condition is shown for purposes of comparison in Fig. 19.

Note that the speed through the water has been left at 8 mph, corresponding
to the original assumptions of a downbound course at 10 mph SOG before a
2-mph average current. Upbound, the equival.ent SOG is a rather slow 6 mph,
but this seems more reasonable than 12 mph through the water at the

existing SOG limit. The magnitude of the signature at such a speed can be
inferred from the speed behavior shown in Figs. ll, 12, and 13. The cal-

culation is of limited practical significance, however, since the vessel

in ballast trims f~rther by the stern and squats into the bottom very hard.

The effect of channel width is graphically indicated by a comparison

of Fig. 20, which presents the 730-ft ship in the full load condition, on

the centerline of a 600-ft wide channel, with the comparable curve from

Fig. 10, with W = 300 ft. Notice, however, that a speed difference exists
here, 8 mph in Fig. 10 versus 9.5 mph in Fig. 20. Converting both figures

to absolute drawdown height, the narrow-channel case represents 39% greater

maximum drawdown, even at the lower speed.

Values of the maximum dimensionless pressure, p» , at the channelmax'

walls, with a uniform ship speed of 9 mph, with the vessel on the channel

centerline, are shown as a function of channel width in Fig. 21. Constructed

in this way, these curves should, of course, tend to zero in the limit of

increasing channel width. This misses the point, however. As the situation

more nearly approaches that of unbounded shallow water, the change of pressure



Fiqure 19. Wall pressure siqnature in ballast condition, 1000 x

105ft, W= 800 ft, ~/W=O.S, e=o.



Figure 20. Pressure signature at walls, 730 x 75 ft, K = F00 ft,

A/W = 0.50 Compare with Fig. l0.
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Figure 2l. Ef feet af channel width nn maximum dimensionless

vressure change at walls.



in the y direction, which was almost zero in narrow channels, must become

non-negligible. Thus, it is no longer true that the maximum pressure value

can be approximated by its value at the channel wall. A detailed map, of

the type presented in connection with laterally unbounded water, Fig. 6,

becomes necessary. In any case, near the ship, the pressure signature

rapidly tends to the case for unbounded water.

For vessels operating off the channel centerline, as in meeting or

passing situations, the practical distinction between downbound fully load-

ed and upbound in ballast is made for the remainder of these sample cal-

culations. Vessels are assumed to operate at equilibrium yaw angles for

A/W = 0.25, which is rather closer to the channel bank than would usually

be the case in steady-state operations. Typical SOG limits of 10 mph down-

bound and 8 mph upbound are applied, together with a 1.5-mph current, giving

8.5 mph and 9.5 mph through the water, down and up, respectively. Using

these values, downbound full load and upbound ballast pressure signatures

at the walls are shown in Figs. 22 and 23, respectively, for all three

ships. For clarity, near and far-wall pressure signatures are compared

separately in each plot. It may be noted that by comparison with the

signature of Fig. 16, the 1000-ft vessel has a less drastic dimensionless

curve in the wider channel at the near wall. However, both the near and

far-wall signatures are starting to reach out ahead and astern of the vessel,

as in unbounded shallow water, while the far wall signature in particular

has lost the asymmetry and steep profiles that were still present in the

300-ft wide channel at the far wall. In fact, the far-wall signature is

starting to show some y-dependency, but this is not drawn here.

For convenience in comparisons among the various parts of Fig. 22 and 23.

scales of drawdown are placed at the left side of each figure. Note that

the scales are different for Figs . 22 and 23, reflecting the different speed

through the water upbound and downbound.
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Time Records Derived from Pressure Si natures

As discussed previously, in determining the effect of pressure var-
iation on sediment disturbance and other environmental processes, the rate
of pressure change may be as important as the maximum drawdown depth. For
such purposes the time history of pressure variation at a fixed point must
be derived from the pressure signature in the ship's frame of reference.

Such a transformation requires nothing narc than the insertion of an
appropriate time scale into any of the signature plots. This time scale
must be determined by reference to the speed over the ground. These
scales  in minutes! are placed at the bottom of Figs. 22 and 23, and they
may be added to any of the signature plots in this paper, provided that
the speed over the ground is known.

While the time scale is based on SOG, it is obvious that the dimension-
alization of the pressure signature must still use speed through the water.
This leads to a few simple but interesting considerations. For example,
consider a downbound vessel operating at a constant speed limit  SOG! .
With an increase in current velocity the ship speed through the water is
decreased, reducing the magnitude of the signature by a factor of at least
V . Since SOG is constant, the time scale of the effect is unchanged, and
thus not only the magnitude but the rate of pressure change are decreased.
Naturally, the reverse is true of an upbound vessel at constant SOG.

On the other hand, for a vessel moving at constant speed through the
water, the pressure signature remains constant. Thus an increase in current

velocity will cause a nore abrupt pressure change at a fixed point for a
downteund ship, and a more gradual pressure change for an upbound, but with
a consequently prolonged period of drawdown.

The relative importance of maximum pressure change, maximum and average
rate of change, and drawdown duration depend on the particular environ-

xmntal effect under consideration- For example, the uncovering of the river

bed depends almost solely on the maximum pressure signature. The resuspension

and transport of bottom sediments may depend on both absolute levels and rates

of change, the details known only to specialists in pore pressure gradients

and soil phenomena, and not necessarily to ship designers. Finally, the result-
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ing flow and levels in tributary streams may depend to a great extent on
maximum drawdown and duration- Other examples of such correspondance can
probably be drawn as well.



V. CONCLUSIOÃS

Of the various environmental stresses that may be imposed by larger

Great Lakes vessels operating in restricted waters, one of the most visible

is the change in water-surface elevation and the resulting flow due to the
ship's pressure signature, This effect, in turn, is closely related to the

choi.ce of vessel dimensions and, to a lesser extent, hull form character-

istics. In addition, the influences of vessel speed through the water and

over the ground can have a large effect on the depth and maximum rate of

pressure change experienced at the shore or in bottom sediments. For these

reasons, methods for estimating the pressure signatures of projected ves-

sels, including ships of unprecedented size, should be of value in formul-

ating policy for channel improvements, vessel speed limits, and other oper-

ating constraints.

A simple hydraulic approach is sufficient to give approximate values

of the maximum pressure variation around a ship in a restricted channel,

treating the vessel as a channel obstruction. However, such an approach

needs considerable reworking to account for the pressure effects due to

side forces and nements on the vessel, the effects of Froude number  speed!

below the critical speed, and the shape of the pressure signature at the

ends. In particular, the simplest methods give a strict speed-squared

dependency for the signature. In order to model the influences of speed,

yaw angle, and lateral position a slender-body approach was adapted, following

the procedures of Ref. 6. A simple rectangular-section channel was con-

sidered, which, in spits of its limitations, should give some quantitative

information on the relative magnitudes and shapes of pressure signatures for
e

differenr vessels operating in channels of various cross-sectional areas.

The major drawback of the assumed geometry is that it does not consider the

flow in shallow areas outside the channel insofar as any contribution to

the pressure field around the ship is concerned.

In a narrow channel, at a given speed, the magnitude of maximum draw-

down is proportional to vessel cross section, as predicted by simple

hydrauli c considerations. As channel width increase, however, the maximum

drawdown very gradually assumes a more complicated dependency on vessel sec-
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tional area, as well as on the lateral position with respect to the ship.

The rates of pressure variation, that is, the slopes of the pressure
signatures near the ends, seem to be relativel,y insensitive to maximum
sectional area, apparently depending more strongly on bow and stern shapes,
and on the length of parallel midbody.

In all cases, the maximum drawdown increases consLd~ably faster than
the speed squared. Again, the shape and slopes of the pressure signature at
the ends are not substantially affected. However, this effect of speed
 through the water! on the signature must be distinguished from the purely
kinematic effect of speed over the ground on the apparent rate of pressure
change experienced at a fixed point.

For a yawed vessel operating off the channel centerline, the near-

wall signature is increased substantially, depending on the distance to
the wall. In the specific case of a 600-ft wide channel, a conventional
sized vessel operating at the quarter-width position produced a 40't deeper
maximum drawdown than when operating on the centerline at the same speed.
Maximum signature slopes are also increased on the near-wall side. On the
other hand, far-wall signatures are rapidly attentuated by increasing dist-
ance, provided the channel is not extremely narrow over-all.

In terms of time histories of pressure at a fixed point, the influences

of the speed limit and current are pronounced. It appears that with
existing speed limits and average currents, upbound ships in ballast, at
a relatively high speed through the water and low soG, can produce pressure
changes as large or larger than downbound, fully loaded ships, which are
operating at a higher SOG and a lower speed through the water In short,
the influence of speed on pressure signature depth is strong enough to
dominate the change in sectional area between full load and ballast conditions-

At the same time, however, the upbound vessel takes somewhat longer to pass
a given point, so the rate of pressure change is reduced, albeit with a longer
duration of the effect.

In suneary, the pressure signatures, time rate of change of pressure,
and duration of any given pressure level can be calculated for vessels in
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gestricted waters as functions of vessel and channel dimensions, hull form

characteristics, speed, and yaw/lateral position. With regard to a project-

ed vessel of l250 x 150 ft,' the following conclusions can be drawn with

respect to the environmental stresses associated with the pressure disturbance

in confined waters:

l . A maximum pressure change or surface drawdown approximately 43%

larger than that caused by an existing l000-footer at the same speed through

the water.

2. Maximum rates of pressure change essentially similar to existing

ships of the larger classes.

3- Duration of maximum drawdown effect approximately 25% longer than

existing maximum-size vessels at the same speed over the ground.

4. Greater effects of lateral position. At a given distance from the

channel centerline, the near-wall pressure signature will be much deeper

than for smaller ships at the same speed and location. This effect increases

continuously as distance from the centerline increases. For this reason,

more accurate path control for larger ships may be justified not only by

consideration of ship safety, but by environmental concerns as well.
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