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ABSTRACT ‘

Sotitees of contaminants in the Great Lskes include sediment laden waters from harbours and sivers. The
seuling and dispersion of the contaminants in the lskes are linked to the depositional and erosional
W&mmmmm&mmwm Fine-grained sediment and water

from Port Stanley harbour on Lake Erie were exposed to waves in a laboratary wave flume and currents in a
Iaboratory rotating flume. Depositional characteristics of the sediment were studied as a function of botiom
stress and time (and hence bacterial activity). Smaller shear stress and increased elapsed time resulted i
modupﬁmoflmguﬂocﬁmdmmempiddepqﬁﬁmhbﬁmveaﬁonmd@wﬂow.mmﬁcaﬁomﬁx

INTRODUCTION

The waters of many of the Great Lakes harbours have a high sediment concentration. This is particularly

so for those harbours that have been constructed at the mouth of a tributary which has a large sediment
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' load. The sediment has the potential for carrying toxic chemicals either from apstream point and non-

point sources or nion-point sources or from sources within the harbour itself, Suchaharbomissimawdﬁt
Poit Stanley, Lake Erie where the high sediment concentration is immediately evident upon visual
inspection. The Ketle Creek, which discharges throagh the harbour, receives loadings from sewage
treatment plants and from the agricultural drainage area. The waters from this harbour discharge directly |
into Lake Erie. An understanding of the response of the sediments 1o the waves and currents is essential
for assessing the impact of the pollitants from the hatbour to the lake.

Experiments were carried out in & wave flume and a circular, rotating flume to explore the depositional
characteristics of the Port Stanley sediment under different wave and current conditions. In this paper,
_demihofmeagpe:immlmeandmeWBmdimmsedmddwdomimmmwhanisms
EOV“mnsthertSmnleysedmentdepO&mn are identified.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Sample Collection and Prevaratlon
Apenmmmesﬁggﬁmofmepmsmhmbomwmmnmmdmﬁndsmwmm&em
recmﬂydepomtedﬁne-gmmedseﬁmentontheharbomhoﬂomdoseﬁothewbarf Water and sediment
samples were collected from the periphery of harbour. A submersible pump was lowered 1o the bottom off
the wharf edge, by means of a hand held rope, at six sites around the harbour and used to fill 200 L
barrels. The pump was repeatedly lowered onto and raised off the bottom so that some bottom sediment
would be disturbed and collected by the pump. Nenty-mshtbmelswereconecmdandmumedmme
laboratory, where they werse stored at 4° C to arrest any biological activity. After the sediment settled, the

supernatant was drawn off, and the sediment slurry was wet sieved using a 75 jum mesh sieve to remove
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the sand and coarser than sand fractions. After the flume was filled to the appropriate level, a suitsble

amount of agitated sediment slirry was added to the water to obtain the initial sediment concentration.
‘Wave Flume and Instrumentation |

The wave experiments were conducted in the Small Wave Flume in the Hydraulics Labaratory at National
Water Rescarch Institute (Skafel and Krishnappan, 1995), The flume is 13 m long by 0.3 m wide with 0.5
m high walls, Waves were generated with a servo controlled hinged paddle. The spending beach at the
down-wave end of the flume had a slope of 1:10 with slats sbout 2.0 cm by 2.0 cm in cross section
extending up its face. Eight 200 L barrels of the Port Stanley harbour water, topped up with four barrels
of distilled water, were used for the experiments reported herein, Sﬁﬁwamdepthinmewétsecﬁonwas
maintained at a depth of 0.15 m. The water surface elevation was measured about 0.5 m upwave of the
mmpﬁngmﬁmwiﬁthee’mpwimmwhesmmgedmpmhreﬂecﬁmmmmwmsﬁdmd
Funke, 1980), water velocity was measured 0.3 m dowawave of the sampling station with a Sontek

musﬁcdopplacmmtmemr,wﬁhﬁesmsﬁgmhmemﬁﬁmlemaneméwmofmeﬂm&

The sampling station to monitor the suspended sediment concentration and the in situ suspended particle
size was established at a distance of 6.0 m from the wave paddle. The sampling ports consisted of two
pipes of nominal 4.0 mm inside diameter, 2.5 cm on either side of the centre line of the flume extending
up from the botom 5.0 cm. mepipeendswaeﬂarédmfmmmwimmmimuﬂowdisunbaneean
memmﬁngﬂuﬁemeponyasalignedinmmeﬂowandmesamplewimdrawniso-kineﬁcany-misisuot
possible in oscillating fiow). Two horizoiital plates, diameter 2.0 cm, were attached to the port for the
pmﬁclesizeanalyw,meﬂushﬁmmeﬂmedﬁndofmembetheomer4.ommabovetheﬁrst. This
modification was put in place o see if thero was an effect on the measured particle size compared o the

open flared port. There was no noticeable difference with or without the plates, so they were left in place.

The‘snm'einded sediment size was measured using a Malvern Particle Size Analyzer (MPSA), which
operates on the light diffraction principle (see Weiner, 1984). Continuous in situ measurements of the
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floc sizes were made by mounting the MPSA immediately below the fluine so that the flow-through sensor
was located directly below the port. The sediment suspension was drawn continuously from the flume by
gravity through the 4.0 mm tube, the sensor, then into a reservoir and pumped back into the flume
downstream of the port. Thelengthofthembewasﬁinimizedbavoidﬂocdismfbance.andme

withdrawal rate was just large enough 1o avoid deposition of sediment in the tubes. The second port was

 used to withdraw samples of the sediment laden water for concentration measurements, by filtering,

irying and weighing.
Rotating Flume and Instrumentation

The rotating fiume is 5.0 m in mean diameter, consisting of an annalus 0,30 m in width, 0.30 m in depth

and rests on a rotating platform. Aoounﬁerrotatingmpoover(‘ring’)ﬁtsintome flume and makes
contact with the surface of the sediment-water mixture in the flume. By rotating the platform and the ring
in opposite directions, it is possible to generate nearly two-dimensional shear flows and to study the
behaviour of the sediment underdiﬁ'erent flow conditions, See Krishnappan (1993) and Petersen and
Krishnappan (1994). The flume was filléd with about 4 barrels of harbour water, to a depth-of 0.12 m.
There are two parts at mid-depth and mid-width of the flume for withdrawing the sediment for particle

MMysesmdoommﬁmmeasmThemcmdmeszﬁsedqurmemveﬂnmg .

Wave Experiments

Regular waves with a period of one second were used for all of the tests reported here. Three different
wave heights were used, approximately 5.0, 7.0 and 9.0 cm, respectively. Thess three wave heights
produced ‘bottom representative’ or root-mean-square bottom shear stresses (Madsen et al., 1988) of
approximately 0.07, 0.14 and 0.23 Pa. Before the begimning of each test, the flocs were broken up
mechanically as small as possible with the objective of reproducing as closely as possible the same initial
particle size. To do this, the mixture was agitated until the particle size, as measured by the MPSA, had
reached a minimum. In the later tests, more effort was required to reduce the floc size to a minimum

value, anemeﬂomwmhokm’upnsmanmpqsﬁbb,thewmhﬁzhtwaswmmevahefmm
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test, and an initial sediment concentration sample was taken and initial particle size distribution
measwement made. Concentration and distribation measarements were made periodically for the
diration of the test, typically lasting some 7 or 8 hours. Themts&eredividedinmtwose;ies.AandB.
Series A extended from Day O to Day 8, during which the test conditions were cycled through the three
waveheigmstwotimw;WB@MWII,mmym,mmthmﬁﬁmmw
through the three heights twice. Note that Day 0 was the same day that the water and sediment was first
put into the flume. Before the first test of series B, on Day 11, the concentration was tpped up With
sediment that had been stored at 4° C, becanse the initial concentration for each run had continnously

Bonﬁn/gFlumeExperiments

A The shear flow tests in the rotating flume were set up to reproduce the root-mean-square shear of the wave
flume tests: three shear stresses were used, 0.056, 0.121, 0.213 Pa,fcompmbletoom, 0.14 and 0.23 Pa
estimated in the wave flume. The procedure to break up the flocs:at the beginning of each test was slightly
different from the wave tests, In the Wave tests, the water was agitated as vigorously as possible until the
floc size had réach a minimum. Intheshearﬂowmth’emixnn'ewa'sagimedinﬂwsamemannerat

thebegmmngofeachmstthesed:mentwascleanedoffthebouomwﬂahmsh themmnreagntawdma

p:esm’bedmannerwnthablender followedbyluwa‘mgﬂ:enngontothesurfaceandmtaungtheﬂume

mdﬁngammmmspeedsfmmmmuwsbefmemdncmgmespeedsmmosemqmmdfmmedemed
shear. Inmalconcmu'anonandswemeasmementswetemade Oneseriesofteslsnsingalltl:reeshems
wasconductedmeachofﬂn’eeconsecunveweeks. Day 1 was the day afier the water and sediment was
first added to the rotating flume. Concentration and distribution measurements were then made

periodically for the duration of each test, typically lasting 6 hours, -
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RESULTS

Wave Flume

Over the course of the tests, two features were dominant. The first dominant feature was that the initial
particle size increased with time, ‘The second was that the initial concentration decreased from day o day.
The lattér was attributed to the fact that all of the sediment was not resuspended at the beginning of each
test, becanse some of the interior surfaces of the flume (for example the wave dissipater behind the wave
board) could not be wiped down at the start of each test to resuspend sediment. These points are
summarized in Figure 1 and in Table 1. |

' TABLE 1. Concentration and particle size at the beginning of each test in the wave flume. (Note for Day

11 the first row is for the original sediment and the second is the addition of sediment.)

Test Day Shear Stress, ~  Initial Initial D,
Series Pa Concentration, Hm

: mg/L N
A 0 0.14 1254 44
1 0.07 115.7 5.1

2 023 1000 . .52

6 023 809 . 6.9
7 0.14 749 6.9
_ _8 0.07 66.3 1.7
B 11 S 554 9.1
11 023 158.0 54
12 0.14 93.7 6.8
13 0.07 87.5 . 1.6
18 023 80.8 8.8
19 0.14 . 153 9.4
20 - 0.07 60.5 10.0

For the Test Series A the initial concentration decreased from 125.4 to 66.3 mg/L, and the initial particle
mcmmwmeiﬁﬁmmédimwﬁcksm@a),,mmm4.4mmum("mepuimmy
particle size distribution, also desermined nsing the MPSA, was characterized by Dso = 3.8 um, 80 that the

hﬂﬁdpgof4.4umwpmsmwd'vayﬁnleﬂwfamﬁm). At the beginning of Test Series B, the
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concentration was increased from 53.4 to 158 mg/L, by adding ‘fresh’ sediment (i.e. sediment that had
been stored continnously at 4°C). As a result, the initial particle size at the start of the first test of Test.
Series B was 5.4 um, not 9.1 um which was the size before the fresh sediment was added. However,

throughout the duration of the second series, the initial D rose to 10 jim.

FIGURE 1
Rotating Flume
The initial particle size increased much more dramatically in the shear flow tests than in the wave tests,
while the concentration increased slightly in the third week. These points are showri in Figure 2 and
Table 2.
TABLE 2. Concentration and parti inni
Day Shear Initial Initial Dy,
Stress, Pa | Concentration, Hm
‘ moll
: 1 0213 186.26 8.76
2 0.121 191.86 11.84
3 0,056 182.54 1366
7 0213 189.60 28.80
8 0.121 189.71 37.97
10 | 0056 185.73__ | 5636__
15 0213 202.16 69.68
16 0.121 20047 65.07
17 0056 [ 19220 [ 6187
‘The initial particle size increased from 8.8 to 61.9 pm from Day. 1 to Day 17, with & maximum value

obtained on Day 15. By way of contrast the concentration was relatively constant around 190 mg/L, with
#sﬁght-uendencymhighexvaluesinmelastweek. The difference in methods used to break up the flocs is
clearly evident. The same level of mechanical agitation at the start of each test in the rotating flume was
less able to break down the flocs to the same degree as time progressed, whereas the procedure in the wave
ﬂumewhmmme\pamdemzewasmomwred,wasmmememmunssmaﬂaﬂm&

FIGURE 2
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Concentration Evolntmn

Wave Flume .

Theﬁmevariaﬁonofcmcmaﬁonofsedimeminsuspensionisshowninpiguies»saandsbformem.
series of tests respectively. Froin these figures, it can be seen that the sediment concentration decreased
throughout the course of the expesiment for all the tests. The rate of decrease is fairly constant and hence
the variation can be approximated by a straight line as shown i these figures. ‘The slopes of these lines
were obtained by performing a linear regression on the distributions and are summarized in Table 3.
Theseﬂopes.wﬁchmmapmomabmmmeofmedepoﬁﬁmmexhibhamabhmehﬁm
with the average bed shear stress. That is, when the shear stress is high the deposition rate is small and
the distribution is flafier. However, the distribution for the Day 11 test shows a much higher rae of

deposition even though the shear stress is the highest. This could be due to the much higher initial

concentrstion for this test. nghenmualcomenuauonsareknownwmcreaseﬂocclﬂanonandthe
deposition rate (See Kranck, 1980). ‘
FIGURE 3

Table 3. Linear regression of concentration versus time in the wave flume.

A 0 0.14 -0.068 116.62

1 0.07 0.067 103.06

2 0.23 -0.031 94.26

6 0.23 <0.040 75.71
7 0.14 0.037 634

8 0.07 -0.055 60.18

B 11 0.23 -0.150 150.35
12 0.14 -0.065 - 90.69

13 0.07 0052 82.27

18 0.23 -0.028 76.18

19 0.4 0.063 69.95

20 0.07 -0.071 56.77

- /
- Skafel & Krishnappan o 8




Rotating Flume

The time variation of concentration of sedimet in suspension is shown in Figures 4a, 4b, and 4c for
shear stresses of 0.056, 0,121, and 0.213 Pa respectively. In the low shear case, thers is a significant
difference between the msults for the first week and the next two weeks. In the first week, the
concentration decreased slowly throughout to about 60 mg/L, without reaching a steady state, whereas in
ﬁemmmmemuaﬁmmmmpmym,meﬁmimmmdmedmiymm
values of about 8 and 4 mg/L respectively in six hours for the second and third weeks. With the
intermediate shear, the overall concentration behaviour was similar in all three weeks, except for a more
mmofmmmmmm.m‘mmmﬂmmmmmgeommuomg/L:hi'she's,t
for the first week and lowest for the second week. The high shear case produced different results. Firstly,
MWMMnmnotdmmmeym@&mmgmm&mhmmmﬁy.m
concentration after six hours was greater in each week: about 150, 160.andl75mg}meecﬁvely.

FIG'U JRE 4 )
Particle Size Evolution

Wave Flume _

The evolution of the floc size during each test changed markedly from Day O of Series A to Day 20, Series

B. Theevohﬁmwasdeaﬂydependeutofﬁmeofmewstasweuasthebouomm

In Series A (Figure 5a), with water and sediment fresh from storage, the floc size was virtually constant
throughout each of the first and sécond test (Days 1 sind 2), ouly increasing lightly in the second test
These tests were at the intermediate and low stress levels respectively. On Day 3, at the high stress level,
the floc size grew from an initial Dy of 5.2to7-7-.5umafterab§ut-l$6minutes. These three tests were
repeated sbout one week later, with markedly different results. The order of siress level was changed
stightly: high, intermediste followed by low (Days 6,7, and § respectively). In all tree cases the particle
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modest decline. These two groups of tests about a8 week apart obviously form distinct sets. The wave
conditions were repeated and the method to break up the flocs at the beginning of each test was the same

for every test. Theonlyparamemmchangewasﬂwpéssageoftime.

FIGURE §

In Series B, all tests are characterized by an increass in floc size from the initial value (Figure 5b.). The
maximum Ds, values for the first week (Days 11, 12 and 13) were intermediate in value between the first
and second week of series A, probably due to the introduction of fresh sediment at the beginning of the
series. By the second week (Days 18, 19and20)themppaimungvaluesexceededallpmvionsv;lues.
In the first week, the size levelled off after 200 to 300 minutes, and showed a slight drop off under the
medium stress, In the sécond week, the maximnm size was reached sooner, after 100 to 200 minutes,
with noticeable drop off thereafter for all three stresses, The results from the two weeks form distinct sets

as was the case in series A. The physical conditions were the same in the two sets.

" The evolution of the floc size during each test is shown in Figures 6a, b, and ¢, for shear stresses of

0056, 0.121, and 0.213 Pa respectively. For the low shear, in the first week the size dropped slightly
from the initial value; in the next two weeks the size rose quickly then dropped rapidly to final
equilibrium valnes. The rapid drops were coincident with the rapid drop in concentration. The particle
size results for the two higher shears are markedly different from the low shear case. In the first week
there was a slight increase in the size compared to a slight decrease. In the second week there was a rapid
increase within the first hour 0 a constant valne, about 70 m for the medium shear and about 55 pm for

the high shear. Inmeﬂlixdweo;k,boﬂlhighétshemmedmaximum(abomlﬁand%um
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respectively) within the first hour, followed by a slight decrease to constant values of about 100 and 85 pim
respectively for the medium and high shears.

FIGURE 6

The rapid drop in particle size at the lowest shear during the second two weeks, accompanied by loss of
mwmmﬁmmmmrwww&mmmmmmmmﬁmdmmMmmnga
the boundary to destroy them and prevent deposition. The opposite appears to be the case for the two
hjghushears. The larger shear promoted floc formation in the body of the fluid, but at each higher shear
more material stayed in suspension, indicating that the bottom boundary shear was strong enough to
destroy the flocs, with the result that there was less deposition. The floc size is largest at the medium

shear. This indicates that at the highest shear the turbulence has increased to the extent that it is a
Jimiting factor in the size development of the floc size. '
DISCUSSION AND CONCLUSIONS

e e e T

Thesnzed:suibunondamﬁombothmewaveﬂnmeandﬂlemmungﬂumeexperunemsshowthatthem »

Stanleysedimenthasawndencymﬂoccmmasulssubjecwdmtheﬂowﬁeldandmeextemof
flocculation is a function of the bed shear stress induced by the flow fields and the length of time in which
the sediment was tested in each flume. Dependencyonmewngmofﬁmemmesedimtisintiwﬂume
may be explained on the basis of flocculation process mediated by bacteria. Whmmemmtwu
istdtedinmebomma4d§gt§ecmmmwsﬁng,mebacmiamdmmmmspwm
the sediment water mixture were inactive. Once the mixture was placed in the flumes and were subjected
| mﬂpwﬁadsmamwmwmpaames(zsbaodegreeq,meummdommciommmmd
become active and play a role in the flocculation process of the inorganic sediment particles. The role of
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bacteria on flocculation of sediment has been noted in the literature (see Van Leussen, 1988, Rao et al.,
1991). The bacteria are known to secrete polymers (Leppard, 1993) that could “bridge” the inarganic

sediment particles together to form flocs. As the duration in which the sediment was in the room

temperature increased, there is a possibility for higher bacterial density and increased polymer
coricentration that coiild produce stronger flocs. This could explain the monotonic increase in initial Dg
valites of the sediment in both the flume tests (see Tables 1 and 2),

Theinﬂuenceof'bedshfeafsueSSOf'auublﬂehtﬂowﬁeldQntheﬂocculaﬁonméchanismhasalsobem
studied ‘extensively in the literature (Krone, 1962, Partheniades and Kennedy, 1966, Mehta and
Partheniades, 1975, Van Leussen, 1988, Krishnappan et al., 1994, Krishnappan, 1995). In a turbulent
flow, the bed shear stress is a measure of tirbulence level and, therefore, governs the collision frequency

of the particles suspended in the flow. Its effect on sediment flocculation varies depending on its

magnitude. At low shear stresses, the collision frequency is small and the rate of sediment floccnlation is
also small. But as the shear stress is increased, the collision frequency increases, which promotes
flocculation and causes the size of the flocculated sediment to increase. But, with further increase in shear
stress, the flocs start o break up as they are unable 10 withstand the higher shearing action of the flow.

flume and the rotating flume had similar effect on the Port Stanley sediment. At low bed shear stresses,
the sediment seitled withont appreciable flocculation and the size of the sediment decreased as a function
of time (see Figures 5a and 6a). At medium and high shear stresses, the turbulence promoted flocculation
andeauwdﬂxeﬂocsizesminaease-as#funcﬁonofﬁme@igmﬁ,&and&).

Theﬁmvmiaﬁmofcmcwmﬁmasafmcﬁmofﬁmmbommeﬂmnesmggemmmemﬂmwcf
bacterial flocculation is pronounced oaly a low bed shear stresses whea the sodiment settling was without
appreciable flocculation. But at medium and high bed shear stresses, this turbulence level plays a

prominent role and the bacterial effects are not very pronommnced.

Skafel & Krishnappan | 12
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implications for the discharge of harbour waters o Lake Eie, Increased residence time at elovated or
summer water temperatures will result in increased floc size and subsequeritly more repid settling. On the
othahandstmmevemswouldhmnoppommuyforﬂocfomauon For example, consider a scenario
when a storm event results in inflow of 80 m*/s, or about 7x10° m® in one day. At typical water levels, the
harbom\rolunieisabont230.000m’,sothatmev’eﬁtofﬂﬁsmagnimdewuldeﬁecﬁvdydischargemeek
water directly into the lake. On:;xeomerhand.fortypicatmﬁaqowsofo5m1m?/s,memidence

time is of the order of 3 to 6 days. In the first case the sediment leaving the harbour would likely behave

somewhatlil:ethewstofDayO' Little floc formation and hence significant potential for longshore

n'ansportbywavesmmesmfzone,mothexlongmngeEanspmduewothereoamlcments,dependmg

> on the wind and current regime at the time. Inﬂxesecondcase,thelongerremdenceumemtheharbom

would provide an opportunity for bacterial growth and hence floc formation. Deposition would be
enhanced within the harbour, and deposition outside the harbour in the nearshore would be more rapid

and hence more local to the shoreline near the harbour.

The role of bacteria in the flocculation of the inorganic sediment needs further investigation.

TheanthorsategmefultoDougDoedeandBobSnephenswhoablyassxstedmtheconecuonofsamples
and in conducting the laboratory tests.
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FIGURE CAPTIONS

Figure 1. The initial concentration and sediment particle size versus time for the wave flume.

Figure 3 a) Concentration versus time for Test Series A, wave flume. Solid lines are data: dashed are
regressions, see table 3.

b) Concentration versus time for Test Seriés B, wave flume. Solid lines are data: dashed are
regressions, see table 3.

Figure 4. Concentration versus time for the rotating flume. Shear stress: a) 0.056 Pa; b) 0.121 Pa; ¢)
0.213 Pa.

Figure 5 a) Sediment particle size versus time, Test Series A, wave flume. Low stress (- +-); medinm
(-+-); high (.

b) Sediment particle size versus time, Test Series B, wave flume. Low stréss (- +~); medium
(++); high (). :

Figure 6. Sediment particle size versus time, rotating flume. Shear stress: a) 0.056 Pa; b) 0.121 Pa; c)
0.213 Pa.
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MANAGEMENT PERSPECTIVE
Sedimentla’denwatersfromhgrbonrsamoneoﬁhem_ajorsomcesofcontaminantsititheGreatIms. )
mﬁmmwﬁmmt'mm}@mmmmﬂmmddmﬁmmmmﬂwmd
wave and current action. Preliminary laboratory studies using samples from Part Stanley, a harbour on
Lake Erie, have provided initial information of the response to wave and current action. Increased wave
action reduces floc formation, implying greater capacity for transport of sediment-associated contaminants
outsidemehmbom.especianyfmswmevents. On the other hand increased residence time greatly
increases bacterial growth and, coupled with low shear flow in the harbour under low flow conditions,
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