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#11 (cont.) Sedimentation, and Water Quality in the Great Lakes
Connecting Channels and Harbors

#19 (cont.) used to model forces created by vessels transiting harbors
and connecting channels of the Great Lakes. The mathematical model has
been computerized in FORTRAN 77 code for real-time execution on an
IBM-PC-AT computer or compatible machine with at least 10 megabytes of
random access memory. The principal objective of the computer model is to
permit an assessment of the environmental effects of vessel operation in
an extended navigation season when ice cover is present.
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A NUMERICAL MODEL OF THE EFFECTS OF PROPELLER WASH AND
SHIP-INDUCED WAVES FROM CCMMERCIAL NAVIGATION IN AN EXTENDED
NAVIGATION SEASON ON EROSION, SEDIMENTATION, AND WATER QUALITY
IN THE GREAT LAKES CONNECTING CHANNELS AND HARBORS

INTRCDUCTION

Ship txraffic in river channels generates forces over and atcve the
natural forces created by fluid flow in the channel that, when of a sufficien.
magnitude, can have an adverse impact an the natural flursial anvircrment.
These forces are develcped, in part, as a result of propeller jet and
displacement or backwater flow velocities. Other important forces are ship
waves and so-called "drawdown" effects. All of these forces interfere
although same are strrng functions of channel secticn, vessel speed, etc.
Estimation of the magnitudes of these forces and their resulting environmental
effects, principally channel bed erosion rates and the increase of suspended
solids, is an important element in the development of plans for improvement
and optimum utilization of waterways. The following presentation encompasses
the effects of propeller jet and backwater velocities and ship-induced waves.

Predi~*ive equations based on a cambination of theory and observations
have been developed for estimating the unknown quantities. The equations are
used to mocdel forces created by vessels transiting harbors and interconnecting
channels of the Great Lakes. The mathematical mccdel has been camputerized in
FORTRAN 77 code for real-time execution en an IEM PC-AT camputer cr a
campatible machine with at least 10 megabytes cf random access memory. A
principal objective of the camputer model is to permit an assessment of the
envirormental effects of vessel coperatians in an extended navigation season
when ice cover is present. Example results are presented for two locations on
the St. Marys River. While the model has been calibrated for the St. Marys

River, it is sufficiently general to be of use in other similar gecographic and

envircrmental settings.
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ENVIRONMENTAL SETTING

The St. Marys River, an important commercial navigation artery, connects
Lake Superior and Lake Huron alang the torder between the United States
(Michigan) and Canada (Ontario). Water elevaticn drops about 22 feet along
the 60 mile length of the river. Much of the elevation difference occours at
the St. Marys Falls which are negotiated by ships in one step via a set of
parallel locks. The river cnsists of a succession of natural and man-made
channel sections which exhibit a variety of physical and natural
characteristics and dimensions. In winter the St. Marys River accumlates an
extensive cover of ice.

Several lines of evidence suggest that propwash from commercial vessel
passages causes a disturbance of St. Marys River chamnel sediments. The
evidence includes observations of increased turbidity and suspended-sediment
concentraticns following vessel transits as well as a paucity of benthuc
organisms can the channel bed in same areas, which may not be dus to substrate
or temperature differences. Disturbance of channel sediments may be enharnced
during the winter season when navigation in ice requires the use of increas.od
vessel power.

The extent and intensity of disturbance of bottam sediments is directly
related to the nature of sediments present. Based an information provided by
the Detroit District, Corps of Engineers, St. Marys River sediments range frum
non-cohesive, gravel-size material to dense clays that are strongly cchesive.
These changes may be observed both in the axial direction and transversely at
individual river cross sections.

During the period mid-December to mid-January ice begins to accumilate on
the St. Marys River. As the season progresses, the ice consolidates into a
solid, continuous cover. At any stage in its development, the ice cover may
be broken by vessel movement. Cammercial vessel activity normally results in
a broken channel through an otherwise continuous ice cover. Icebreaking

activity may yield a broken ice field across the breadth of the river channel.
2




MODEL FORMULATION

The rumerical model to be presented is based cn the premise that in-
channel forces resulting from vessel movements are created by backwater
velocity, prepeller jet velocity and ship-induced waves. It is also assumed
that, to a first arproximation, the effect of water velocities induced by
vessel moticn is of a similar nature to the effect of water velocitues
asscciated with natural gravity flows. The latter assumpticon provizes the
basis for estimating relationships between sediment concentration and flow
velocity and for estimating thae size and quaniities of sumficial bottum
particles displaced. In this context, flow velocity, as used throughout this
repart, is the algebraic sum of backwater, propeller jet, and ambient river
velccities.

General

As a vessel moves forward in a restricted chamnel, the water dispiaced by
the movement flows in a direction copposite to vessel motion. Displacement
flow velocity increases rapidly as vessel speed approaches the so-called first

critical velocity, formulated by Hochstein (1980) as follows

Ve = K(gAc/Bc)O's (1)
where
Ac = the cross-sectional area of the channel (ft)
Bc=thes'.n'facewidthoftl'1ed1annel
g = gravitational acceleration (32.2 ft/s/s)

- K = the constrairment factor defined as a function of ‘.e blocking ratio
nsAJAmandtheratioL/bmwhereAmisthecross-sectiamalareaofthe
surmezgedporticnofﬂ'mevessela:ﬁLandbmarevessel length and bean,
respectively. The curve which defines K is given by Hochstein (1980). The

canstant K < 1.0 in all cases.




Asvcrdscr.eases, vessel speeds must also be decreased if adverse effects
are to be minimized or prevented. Equation (1) shows that decreasing either K
crtheratiohc/Bc (hydraulic depth) decreasesva_. In both cases, the result
is a decrease in the value of the blocking ratio.

Closely associated with displacement flow is the phencmenon referred to
as "drawdown." As the result of vessel movement in restricted channels, a
displacement wave of depression farms, its phase velocity being equal to the
speed of the ship which creates it. At a ship's speed equal to the first
critical velocity, the displacement wave becames a classical "hydraulic jump.”
The wave can be effective in creating negative impacts in shallow water ard at
channel banks.

Disturbances also are caused by the propeller jet which may impinge on
the channel bed and banks. The jet is in the form of a cone in which the
velocity rapidlv decxreases awav fram the propeller. Bottom disturbance, thus,
is a function of the distarnce from propeller axis to the bottcm. Propeller
jet disturbances are greatest atbendsinachanneléndinreadmesvmere
cross-winds may torce vessels to move with a substantial angle to the chamnel
axis.

When a ship moves over a water surface, a system of bow waves and a wake
are formed. The bow waves and wake are propagated in the form of four trains
of diverging and transverse waves formed at the bow and stern, respectively.
The midiine of the front of the diverging waves makes an angle of about 20
degrees with the vessel trackline. The transverse waves are included inside
the diverging wave and their propagation (phase) velocity is equal to ship's
speed as is the displaceament wave. In shallow water, orbital velocities

associated with these surface gravity waves frequently are adequate to

resuspend sedimentary material. |




Backwat- Velocity

Backwater flow velocity is calcuiated using an approach developed by
Hochstein (1967) which relates the change in flow velocity Avw tc vessel speed
VS, blocking ratio ard critical wvelocity, viz.

0.5
&Vw = Vs[(aB—B+1) -1]

——~
&)
~

and
AYS /ivw= a = max(1, O.ll4(Bc/bm) + 0.713) (3)
and is cdefined as the change in mean streamwise veloci*ty.

[
In Equaticn (2), a = (n/’(n-l)z"’ and B = O.3el'8vs/vc:r, VS/VCL_ < 0.65 or

B=1., 0.65 < VS/VC_: < 1. (Hochstein, 1967).

The shape cf the flow velocity cross-secticnal diagram can be represented

by the following function

v (y) =k, &Y (4)
where o~

V,(y) = the backwater flow velocity (£ts ') at distance y (£t) fram

the sailing line

ky = V(0) = MV(y)_ =adv (i.e., the velocity at the sailing line)

k, =B/ (1-e7F®))

Bl = distance (ft) fram vessel centerline (sailing line) to shoreline

F(a) =0.42 + 0.52 lna

The model yields an evaluation for any point on the channel cross section. In
the examples provided in the following section it is assumed that the ‘essel
cperates an the chanre sailing line and never exceeds the established speed

limits.




The relative accuracy of the backwater equation for predicting backwater
velocities 1s shown in Figure 1. The data for Figure 1 were generated during
a test of the prediction technique an the Kanawha River in West Virginia. The
test was conducted under open-water conditions. Conditions on the Kanawha
River where the cbservations were made (chamnel configuratian, depth, etc.)
are not dissimilar from those of the St. Marys River.

Drawdown

Calculations of drawdcwn heignts are based on the approach of Hochstein
(1967) which uses Bermcoulli's equation as the starting point. With this
approach, the total difference in elevation between the undisturbed water
surface and the lowest point an the displacement wave is given as

H = Vsz(a-l)B/Zg ()

The relative accuracy of Equation (5) for predicting drawdown heights is
shown in Figure 2. The observations in Figure 2 were extracted fram draxdoxm
data collected at seven cross sections alang the St. Marys River, and
represent 84 usable data points fram a total of 94. The data represent open
water conditions.

Initial results using Equation (5) shows that drawdown values were
consistently underestimated for the Sand Island and West Cell Dock data.
Analysis of all cxoss sections showed, for these two sections, a relatively
narrow chamel section within a much broader river cross section. A dramatic
improvement of the fit of the data from these two sections was achieved by
multiplying the calculated AH by the term 3.4 - (5.8 x C_/B_) where C_ is the
wid‘t]'uofﬁ)enmntaineddaam'elandcc/BciO.Z. The data in Figure 2 have

been so corrected.
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Sane caments concerning the quality of the observational drawdce n data
is essential. The level of accuracy at which necessary data was recorded
showed same inconsistencies. For example, in sane cases vessel draft was
recorded to the nearest 0.1 foot or even 0.0l foot, whereas, in others it was
only reccrded to the nearest whole foot. Tabulated speeds in at least two
instances were different than the values that would be cbtained by dividirg
vessel length by the difference in time for bow and stern passage past the
recording point. Specifically, the speed of the Sdgar B. Speer during a
downbcund passage on 5/28/85 was given as 9.65 ft/s, whereas, ths value
calculated using vessel length and time difference was 9.84 ft/s. For the
downbound passage of the Canadoc on 5/29/85, tabulated and calculated speed
values are 12.54 ft/s and 12.60 ft/s, respectively.

Perhaps the most sericus shortcoming of the observational data was the
failure to indicate ship position relative to the various observation points.
An evaluation of the effect of ship distance an wave height at the channel
bank, thus, was impossible. It is assumed here, therefore, that the vessels
navigate always on the sailing line. Moreover, no attempt was made duxring the
observation period to separate the effects of drawdown, ship divergent waves
and wind-geiv:rated surface waves. Calculations here and elsewhere suggest
that these camplicating factors may be important.

Given the deficiencies in the data, the fit of observations versus
calculations shown in Figure 2 is quite remarkable. The goodness of fit is
shown statistically as well. The means and standard deviations of the

observed and calculated drawdown heights were 6.1, 4.9 and 5.9, 4.7,

respectively.




Ice canditions impact on the drawdown effect reflected through reduction
in chammel xoss-secticnal area and is manifested by changes in the values of
a and B in equation (5).

The relative accuracy of equation (5) to predict drawdown heights under
ice based on only seven data points is shown in Figure 3. Although the sample
is too small to draw any statistically significant conclusions, for
canpleteness and to provide conservative (calculated values w:.th tendency to
be higher than measured) evaluation, the model has been corrected to reflect
the difference between observed and calculated drawdown values. The least
squares line through the origin shown on Figure 3 has a slope of 1.7 and this.
is the multiplier of equation (5). Model values for drawdown under ice should
be used with caution until additional data becames available to verify the
validity of the correction factor.

Propeller Jet Flow Velocity

Calculations of propeller jet flow velocities are based on the approach
of Blaauw and Van de Kaa (1978) which assumes a Gaussian distribution of
velocity within the cone of flow behind the propeller.

The maximum propeller jet velocity at a radial distance r fram the axis
is given as _

v 4(r) = 1.285 § (D p/s) 3/ (6}
where

'Pe = vessel horsepower

. S = the number of propellers
D, = the propeller diameter (ft)

Figure 4 shows the ability of the method to predict propeller jet +

velocities. These data were collected at the same time and under similar

conditions to those shown in Figure 1.

10
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Ice Operations

Powear requirs-: Zor vessel opearation at specified speed limits is arrived

at with an equaticn of the form
P = AV (7)
where

A and b = constants

Using an example given by Wuebben, et.al. (1984) based on a model of the
MV ST. CLAIR, the values for the constants in equation . ere fourd by a
least squares technique to be A = 2.4 and b = 3. The va_ . of course, are
applicable only to open~water operations.

In ice, power required to attain a given speed of advance is
substantially greater than is given by equation (7). To accamodate this
difference, curves of vessel speed versus ice thickness (Figures 5 and 6)
provided by the Detroit District, Corps of Engineers, were used to scale the
constants in equation (7). The curves were partitioned into N straight line
segments, with N sufficiently large to campletely describe the behavior of the
curve.

For operations in ice, it was assumed that propeller jet velocity, for
the same expenditure of horsepower, increased as the square of the velocity
for cpen-water operations. The factor applied for ice operations thus is
(max. vessel speed in open water/vessel speed:l.nice)2 and serves to correct
both backwater and propeller wash velocities. The maximum propeller jet
velocity, of course, is limited by the available ves$e1 power as shown by
equation (6). In the example cases to be presented, ice thicknesses prevented
vessels from attaining established speed limits even with maximum power
expenditure.

Where ice cover is present, channel cross section is effectively reduced.

This reduction will result in an increase in K, Vcr, Vw’ pAH, anld V_, as is

PJ
shown in Equations 1 through 6.

13
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Under ice conditions, veselwmlesaresxxpﬁremedardacnitiaml friction
is introduced. Possible impact of these changes is camplex and might be
accurately described only based on intensive field measurements. In the
model, impact of ice-conditions is reflected by empirical coefficient in
Equation (5) for drawdown and by reduction in channel cxouss section.

Surface Waves

For ship operaticns in channels where the blocking ration > 7, only
diverging waves are important (Hochstein and Adams, 1985). Transverse waves
are of minimal impact and can be neglected. Thus, for the St. Marys River
with vessel classes 1-10, n > 15 always, only diverging waves are treated.

The hediynt of divergent waves as given by Hochstein (1967) is

h = 0.0448 v_%(a_/1)%%a (8)
where

ds = vessel draft.

For most cases of interest, length of divergent waves 1 = 10h (Hochstein,
1967). A well-known expression which relates maximum bottom wave arbital
velocity to wave height, length and period is (e.g. Wiegel, (1964))

Upax = 2 s/sinh(k D)

a = wave amplitude

s = radial wave frequency (27/T)
k = wave mumber (27/1)
- D = water depth
Because wave motions are orbital, wave-associated velocities do not contribute

to net chamel flow.

16




Sediment Transport

Two types of soil or sediment disturbance may be expected as the result
of ship traffic.in restricted charrels. The first type, referred to as bed
load, occurs when sedimentary particles move in proxdmity to the bottam. For
sediment transport to be classified as bed locad, the particles nust be in
centact with the bottom, at least part of the time. Sedimentary particles
carried wholly Lh suspension and with no bottom cntact camprise the suspended
load.

Calculaticrs of bed load transport are based on the method of Yalin
(1963). The Yalin equation written in terms of the volume flux of sediment
per unit flow width is

Q = a, Usell - gls In (1+2,5)] (9)

where

_a, = 0.635

1

a2

In equaticn (9), U, (=(v/p)3) is the local shear velocity, v_ is

2.45 (C/Os)o’4tvc/(os-o)g¢]o's

critical shear s*ress (to be subsequently discussed) ¢ and Os are fluid and
sediment censities, respectively, and 4 is the nominal grain diameter. The
parameter S = (vo/\)c) - 1 is the normalized excess shear stress.

Calculations of suspended load transport follow the technique elaborated
upon by Smith (1977) and Adams and Weatherly (1981). This method treats a
two-phase flow (sediment and water) in which the differential equation of mass
conservation represents a balance between upward turbulent diffusion and
dowrward gravitaticnal settling. Integration of this equation for a channel
flow situation ylelds an expresion for sediment concentration, viz.

CO 100 D 6.24p(z-0.2h)
C = T-—C;(T) exp(- R ) (10)

17




h = water depth
w3/0.4U,z (8 = 6.24; Smith 1977)
height above bottom
w = particle settling velocity
Cc> = a reference cancentration
The expressicn for the reference concentration as developed by Smith and
McLean (1977) is

T
]

o
where
i = the fraction of the bed sample in the median size class
Y = 2.4 x 1073,

As fluid velccity or bottom stress increases above a sediment bed, a
situation is reached such that an additional increase causes sedimentary
particles to be put in motion. When motion is incipient, the "threshold"
condition has been met. Calculations of sediment threshold are based on the
work of Miller, et.al. (1977) far non-cchesive sediments (gravel, sand, coarse
silt) and of Migniot (1968) for cohesive materials. These expressions are

v, = 0.32 Y03 % < 0.08 am (12)
where

Y = shear strength

v =466  008am<g<0.2em (13)

v = 79.4 ¢ é>0.2cm (14)

It is important to note that sediments smaller than about 0.02 am
diameter will always move in suspension as was demonstrated by Bagnold (1954)
and elaborated upon by McCave (1971).

18




Model Parameters and Inout

Certain, well! defined, variables and parameters contzol the level of
fluid velocity induced by propeller jet and backwater effects. The values
assigned to each are functions both of vessel (cperational parameters) and
channel (physical parameters) characteristics. The exact nature of these
factors and the manner in which they and their variaticons are treated in the
mocel have been discussed.

The Great Lakes fleet vessel characteristics required for modeling
purpcses and the values used in example camputations were provided by the
Detroit District ard are shown in Table 1. It should be noted that
cperaticnal data for vessel cperaticn in ice, specifically the speed-
horsepower relaticnship could be obtained only for three vessel types, i.e.
classes 5, 8, and 10. Values appropriate to classes 6, 7, and 9 were obtained
by interpolating the available data. Vessel classes 1-4 were assumed to be
unimportant because they are likely to be insufficiently powered, are
uncammon, and as a result they are not likely to have much of an envirarmental
effect. Speed-horsepower relationships were available for broken ice
navigatiaon as well as for the situation in which a continuous ice cover is
present.

The mocel 1esults focus on two specific examples, Frechette and Ninemile
Points (herein after referred to as Sections 1 and 2). The appropriate values
of physical and sedimentary characteristics of these areas that are required
inputs to the model are shown in Figures 7 and 8 and listed in Tables 2 and 3.
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Table l.--Characteristics of Great Lakes Vessels1
(Model Input Values)

Propellers

Length Beam Draft (feet)

Class in feet Number D%gz:iir Horsepower Upbound Downbound
1 300 49 1 10.5 3,000 14 20
2 430 60 1 14.0 6,000 20 22
3 524 60 1 14.0 2,500 17 25
4 579 60 1 14.75 4,000 15 26
S 620 68 1 17.5 8,000 18 26
6 680 75 1 18.5 7,000 19 26
7 730 75 1 17.5 9,600 20 26
8 767 75 1 18.5 8,500 19.5 26
9 9co 105 1 20.0 13,600 20 26

10 1,000 105 2 17.5 19,500 24 27

lData provided by Detroit District, Corps of Engineers.

Table 2.--Physical characteristics of St. Marys River cross section

Frechette Point Ninemile Point
Location

(Section 1) (Section 2)

Upboung--==~=======mcceeeeee- 11.7 14.7
Speed limit (ft/s)

Dovmbound--~--- 14.7 14.7
Ambient velocity (ft/s)-=====c=--- 2.7 0.8
Ice thickness (ft)------=-===w-——- 0.88 1.11

Table 3.--Characteristics of St. Marys River sediments

g Frechette Point Ninemile Point
Location ~
(Section 1) (Section 2)
Positicn Descriptian Diameter (mm) Description Diameter (mm)
Left bank---- CQlay 0.004 Clay 0.002
Mid-channel-- Clay - 0.004 Sanrd 0.300
Right bank--- Clay 0.004 Silt 0.005
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MODEL RESULTS

The results presented below are based an camputaticns using the mocel
described above. Specific cutputs of the model include prepeller jet,
tackwater and net velocities, suspenced-sediment ccrcentration, bed lcad
sediment flux, kinetic energy density, drawdown and divergent wave helght.
Kiretic ernergy density is here defined as cne-half times the net-velocity
squared. The first six parameters have been calailated at eleven (1') poir‘ts
across a channel secticn, at the sailing line and at 5 equidistant: points
either side of the sailing lire. Because the navigaticn chamrel frequently is
rearer cre bank than the other, partitioning the crrvss section in this mamner
as cppesed to equal spacing of points acress the entire channel width
apprepriately weights impacts to that side of the channel on which they are
created. Sailing-line values, calculated for urbound and downbound navigation
for all 10 vessel classes in cpen water and 6 vessel classes in ice are shown
in Tables 4 and 5 for Sections 1 and 2, respectively. Because of the low
pcwer assigrned to vessel classes 1-4 (Table 1), it has been assumed that they
will be unable to cperate in ice. For campleteness, however, camputations
with respect to vessel classes 1-4 have been made ard the results are shown in
all subsequent data presentations. The model results indicate that vessel
impacts with respect to kinetic energy density, suspended-sediment
cancentration and sediment flux are concentrated at the sailing line. The
results to be presented subsequently are for the sailing line unless otherwise
indicated. Furthermore, suspended-sediment concentraticns represents an

average of three values, near-bottam, near-surface, and mid-depth.
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It is important to note that the accuracy of model ocutput values are
strongly dependent an the quality of input parameters, particularly in the
case of turbidity and suspended sediments. These outputs must, therefcre, be
viewed in the context of parametric inputs.

Shown in Figure 9 is the kinetic energy density associated with each
vessel class for ~pen-water and ice navigation through Section 1. In this and
subsequent portrayals, ICE 1 refers to broken ice while ICE 2 represents a
solid ice sheet. The values shown are for the sailing line. Kinetic energy
density decays to not more than 6 percent of the sailing line value at the
first grid point on either side of the sailing line. Thus, almost 95 percent
of the kinetic energy associated with ship passage is confined to the center
of the chamnel.

Several interesting aspects of the problem emerge from Figure 9. In each
case, i.e. cpen water, ICE 1 or ICE 2, the kinetic energy per vessel passage
is greater for an upbound (empty) transit than for a downbound (lcaded) cne.
Also, kinetic energy densities associated with navigation of vessel classes
5-10 in ICE 1 (broken) are greater than those associated with operations in
ICE 2 (sheet) ice. Finally and perhaps most significantly, the magnitude of
the energy effects of vessel class 10 is substantially greater than the other
nine classes. For example, kinetic energy associated with an open water,
upbound passage of a class 10 vessel is greater than that for any other vessel
operating in ice, regardless of the direction of travel. The magnitude of
l-d.n‘eticamgyeffectsofaclass 10 vessel are, in the worst case, about
twice as great as those of any other vessel class‘. The greater forces
generated by vesscl class 10 are apparently explained by at least three
reasons: (1) the only vessel type with 2 propellers, (2) high horsepower and
ability to maintain high speed in ice conditions, and (3) a draft of 27 ft.
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Examination of Figure 10 which is kinetic energy density at the sailing
line associated with navigation through Section 2 yields results somewhat
different from those found for Section 1. For example, the magnitudes of
kinetic energy are lower for most vessel classes. This can be directly
related to the greater cruss-sectional area of Section 2. For vessel classes
1, 2, 7, 8, and 10, in open water «inetic energy per vessel passage is
greatest for an upbound vessel, whereas, for vessel classes 3-6, and 9, it is
greatest for a downbound vessel. For a class 10 vessel, kinetic energy
effects for upbound and downbournd vessels in open water are the same. In ice,
kinetic energy per vessel passage for all classes is greater for a downbound
transit. While the absolute magnitudes at Section 2 are smaller than at
Section 1 the relative effect of a class 10 vessel is scmewhat greater at
Section 2 (i.e. the worst case situation at Section 2 yields a ratio of
approximately 3).

As noted above, at Section 1, kinetic energy per vessel passage is always
greater for an upbound then for a downbound vessel. At Section 2, however,
certain vessel classes induce a greater affect when downbound in open water:;
downbound passages in ice induce a greater affect than upbound passages for
all vessel classes. The reason for these differences is due to the difference
in cross-sectional areas of the two sections and the associated ambient
velocities. For upbound vessels, propeller wash, backwater, and ambient
velocities have the same sign, whereas, for downbound vessels, propeller wash,
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and backwater velocities are of opposite sign to that of ambient velocity.
Backwater and propeller wash velocity are greater for downbound vessels as the
blocking ratio is smaller and the propeller axis is nearer the channel bed
because of the greater draft. Thus, at Section 1, the effects of upbound
passages of class 5 vessels will always be greater than downbound passages as
long as ambient velocity is greater than 1.5 ft/s. At Section 2, because
ambient velocity is less than 1.0 ft/s, a downbound passage of a class 5
vessel will induce a greater affect than an upbcund passage. Similar
reasaning arplies to the other vessel classes as well.

The absclute impact of downbound (loaded) vessels is, however, always
higher due to associated smaller blocking ratio and similar vessel speeds.
This is manifested in higher drawdown values for downbound vessels.

Suspended-sediment concentrations induced at the sailing line at Section
1 by the passage of the various vessel classes are shown in Figure 11. The
relationships between suspended-sediment concentration and vessel class are
similar to those between kinetic energy density and vessel class shown in
Figure 10. Suspended-sediment concentrations induced by the passage in open
water of vessel classes 1-9 range from 0-7 mg/L. When ice is present these
values may increase slightly. A maximum of 10 mg/L can be associated with
vessel class 9 in broken ice. The effect of vessel class 10 is to create a
suspended-sediment concentration 2-3 times greater than that resuspended by
other vessel types. The difference in sediment concentration between open-

water and ice navigation for class 10 is approximately 20 mg/L.
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At section 2, the bottom remains undisturbed for all vessel classes in
open water and in sheet ice. Passage of a class 10 vessel through broken ice
resuspends cnly trace quantities of sediment (Table 5). The difference in
sediment resuspension at Sections 1 and 2 is due not only to the difference in
cross-sectional areas but also to the prevalence of cohesive sediments at
Section 1. It should be recalled that the suspended-sediment concentratiaons
shown in Figure 11 are depth weighted averages of three values (near bottam,
near surface, and mid-depth).

Passages of class 1-10 vessels through Section 1 failed o create any bed
load transport. This result is expected because of the absence of particles
of a size that wou!'d normally move as bed load. Although the presence of sand
at Section 2 makes bed load transport possible the model predicts only trace
amounts of sediment flux induced by class 10 vessels operating in broken ice
(Table S). For upbound transits, sediment would be displaced in a downstream
direction. For downbound transits sediment moves upstream.

Drawdown heights, as calculated at the bank, are shown in Figures 12 ard
13 for Sections 1 and 2, respectively. The curves in both figures are similar
in that vessel classes 5-8 create drawdown waves of similar height, the waves
created during ice operations being about 90 percent higher than those
generated during open water passages. The magnitude of drawdown in broken and
s0lid ice is about the same. The maximum height of the drawdown waves for
vessel classes 5-8 is about 0.6 foot in Section 1 but only about 0.3 foot in
Sec:tion 2. Drawdown elevations are about twice as large for vessel classaes 9
and 10 than they are for the others. Here again the values associated with
ice passages are about 90 percent greater than those for open water

operations.
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A significant difference between this model and an earlier version is the
inccrporation of the effects of diverging waves in the current one. A result
of this additional feature is the ability to estimate resuspension of
sediments at the banks by orbital motions. Model results show that divergent
waves do indeed resuspend sediments in the shallower parts of the cross
section. In the cases tested here, resuspended materials were never rcre than
2 mg/L and frequently were substantially less. It is difficult, however, to
isolac> the effects of divergent waves from those of drawdown. It is possible
that many of the impacts attributed to drawdown may be due to divergent waves
or perhaps to a cambination of the two.

To summarize the effects of vessel passages on the resuspension of
channel sediments it is sufficient to consider vessel classes 5 and 10 only at
Section 1. Shown in Table 6 are the relative increases of suspended sediment
for class 5 and 10 vessels as a result of the rresence of the +two different
ice types. The downbound, ice free condition is taken as unity.

Examinaticn of the data of Table 6 yields same interesting results with
regard to the different influences of the two different ship types on the
cross sectia studied. Perhaps the most significant point is that the range
of relative increase of suspended sediments for the three variables
cansidered, i.e. vessel type, vessel direction, and ice type is substantially
different, varying fram O to 25, the latter value associated with an upbound
class 10 vessel in brcken ice. The smallest impact of a class 10 vessel is
similar to the largest impact of a class 5 vessel. In general, dus to the
small increase in water velocity generated by a vessel relative to ambient

water velocity, upbound values are higher than downbound values.
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Table 6.--Relative abundances of suspended sediment

Section 1
Ship

Type Ice Broken Solid

Free Ice Ice

5 Upbound--- 4 6 3

Downbound- 1 3 0]

10 Upbound--- 15 25 22

Downbound- 7 17 14

To examine the cumulative effects of vessel traffic for an entire year,
the sum of the product of vessel kinetic energy density times the number of
vessel transits (Table 7) was calculated. The data are plotted in Figures 14
and 15 with curves for the season ending December 15, for an extension of the
season to January 1, and for an extension of the season to February 15. The
curves merge and are essentially indistinquishable. The result of the season
extension, thus, is a negligible increase of total energy density at Sections
1 and 2. It should be noted that the period of December l5-February 15 was
assumed to be characterized by a broken rather than a solid ice cover. Higher

impacts are associated with the broken cover than with the solid cover.
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Table 7.--Vessel Traffic Scenario Extended Season Navigation

Passages through the Sault Locks

U.s. Prejected Canadian Total

1 Apr - 15 Dec 1979- -- -- 6,452 3,814 10, 266

Vessel class breakdown

ten-=--=mmmm e 2,586 1 2,586
eight--—--—-———— oo 1,374 1 1,375
SEVeNn--==—--—--—-—-———e—eeeo——ao 8C8 2,287 3,085
B e 485 286 771
five---mmmmm e 2,101 572 2,673
four-—----e-meoum-- 215 15 230
three~--===-=m-—mocecr e ccc———e 1620 eee-- 162
1o o et bt L P St 107 126 233
QM- =-—=—==—=——e————— e ————m—— 242 286 528

upbOUI\d ————————————————————————— 4, 121 1.767 51888
downbound-==-=-==-==—wecamccccac—- 3,959 1,807 5,766
16 Dec - 1 Jan 1980-- 100 43 143

Vessel class breakdown

ten---------- 12 eeee- 12
nine-—--—=—mm——-- - 4 - 4
eight------------- 18 1 19
seven-------—--=-= -—- 7 2 9
Six--------mmmm e 10 1 11
five---~===m=--- - 47 2 49

* fwo——= - smm——— - 22 22
* Ne-——m- e ——— e 2 15 17
2 Jan - 15 Feb 1980 64 28 92

Vessel class breakdown

ten-----—----mc--—- - 8  mee-- 8
nine-- e 2 e 2
eight----------—-- ———- 19 = eeee- 19
SEeVeN---==———c-————o——eccema——a 4 1 S
I e 7 0 eee—- 7
five--——=-cmoe—euu- --- 24 2 26
ol o ettt 14 14
* ane---------------o-ssssssoooeos ce--o- 11 11

upbourd-—-~-=e=----soemme e 7 27 34
dowrbound----=-==--=c==cscecoococ 157 4 201
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Figure 14.--Total kinetic. energy density versus vessel type far a normal
season (lower curve, for an extension to January 1 (middle curve),
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38




500

450

I NINE MILE POINT SECTION (2)

«l10
150 200 250 300 350 400

TOTAL KINETIC ENERGY (FT SQ/SEC SQ)

100

O -

g}

CDI 2 3 4 S 6 7 8 9 10
VESSEL CLASS

Figure 15.--Total kinetic energy density versus vessel type for a normal
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and for an extension to February 15, Section 2.
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Finally, it is of practical interest to consider the duration over which
a sediment resuspension event initiated by a vessel passage has a detectable
impact upan suspenced-sediment concentration at a given cxoss section.
Hochstein and Adams (1985) present a method for estimating duration of impact
of resuspensicn that incorporates vessel motion and particle settling
velocity. The arprerriate expression is

DI I../(Vs + Va) + D(4) (15)

where

DI = impact duration

Va = ambient river velocity
D = duration of particle settling
d = particle diameter

arnd the other terms are as given previocusly. The particle settling velocity,
of course, is difficult to define in a heterogeneous size assemblage of
particles. When the size distribution is poorly known this problem becames
more difficult and it is, perhaps, better to frame the problem in terms of
maxima and minima.

In the case of Section 1, data provided by the Detroit District, Corps of
Engineers, indicates the bottam near mid-channel to be camposed of firm clay.
Clay particle "diameters" generally range fram about .1 to 4 micxrons.
Infarmation provided by Hodek, et.al. (1985, p. AA7) indicates that sediments
frém near mid-channel may be as coarse as 75 microns. Settling velcocity w, of
these particle sizes in water of 18°C is 1.36 x 1073 am/s for 4 micron
particles and 4.41 x 10”1 an/s for 75 micron particles (Gibbs, et.al., 1971).
For these values of w, the second term in equation (15) above, thus, ranges
fram about 100 hours to only 18 minutes where water depth is taken as 16 ft
(one-half the depth at Section 1). The first term is much less than the
second and for the purpose of estimating impact duration, it may be neglected.
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For very fine particles with low settling velocities, the potential for
significant increases of suspended-sediment concentration is great. The
absence of a noticeable degradation of water quality during the open water
navigaticn seascn suggests that if sediments indeed are eroded by the passage
of ships through Section 1, those sediments must be substantially coarser than
4 microns. Calculaticns based on data from Table 7, indicate that there is a
ship passage about every 34 minutes during the cpen water navigation season.
With an impact duraticn of only 18 minutes, all material resuspended by ane
vessel has settled to the bottam before ancther vessel passes. For extensians
beyond December 15, the difference between impact duration and vessel passage
pericd is even greater.

Trere are, of course, no impacts at Section 2 as materials are neither
resuspended or moved as bed load.

MODEL CALIBRATION

The model detailed above has been calibrated with the best information
available. Selection of parameter values was made by an analysis of data
available fram the St. Marys River and other similar agquatic environments,
most notably the Kanawha River in West Virginia.

The basic equations in the model have shown good fit with empirical data.
wherever necessary, same of the equations have been modified or new empirical
coefficients introduced, to reflect specifics of the St. Marys River
hydmgramic features. As the result, the presented model provides credible
accuracy and sufficiently describes magnitude and tendencies of the very
camplex effects generated by a vessel movement in a restricted channel. The
model provides functional relationships between a variety of variables,
determining extent of physical impacts of cammercial navigation during both

normal and extended navigation seasons. Calibration has shown that the model
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results by level of accuracy and scope, as they relate to the magnitude of the
effects, are sufficient to make reliable conclusions regarding extent of
mpacts due w atfferent opluons of came:cial revigavion in the Great Lakes
cannecting chamnels and harbors.

For the model tuning, however, it is desirable that field data
corresponding to model cutput values be collected in the St. Marys River.
These data include but are not necessarily limited to water velocities
associated with ship passages in open water and under a modest variety of ice
conditions.

Velocity data collection ideally would entail a current measurement
program using self-recording current meters at one or two points an a given
cross section. These devices obviate the need for making measurements on the
ice under difficult and often hazardous conditions. A water sampling device

affixed to the above mentioned current meter would provide a sample necessary
to determine suspended-sediment concentration. Such an arrangement has been

successfully emploved in sediment transport studies near the Mississippi and

Atchafalaya Deltas on the Louisiana coast. Sampling of the bed load would be
necessary to determine sediment flux.

The sediment transport camponent of the model requires a knowledge of a
number of sediment properties, all of which require a sediment collection
program and laboratory analysis for their determination. The properties of
interest include size distribution, settling wvelocity, and yield strength (for
cohesive sediments). While same laboratory analyses are essential, a
ccn;':uxmt parameter or sensitivity study utilizing the numerical model
significantly reduce the amount and nature of the labaratory work required.

A sensitivity analysis would be a valuable adjunct to the modeling work.
A properly formulated tést would obviate same of the work that would normally

be undertaken as part of a calibration activity.
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