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Abstract

A quantitative knowledge of the resuspension, deposition, and tramsport
of fine-grained sediments is essential in understanding and predicting the
fate of contaminants in aquatic systems and has been the justification for-
much of our recent research. Iu the preseut report, recent work on this
subject is discussed. Three distinct but related investigitions are pre-
sented. These are: (1) numerical modeling of th. transport of fine-yrained
sedinen~ts in shallow waters; (2) a s.diment re<uspension study in the Detroit
River; anc (3) tle 1locculativa of fine-grained sediments due to a unifs-m
shear stress.

Thzse three investigations and related wcrk greatly enhaqce our rpder=-*
stanc.ng of fi.e-grained cediwcats. With some additiopal work on che zggre-
gatiou and disagg-wegzatiou ot these seviments, a quanritative Adescriptiovn of
Lhe‘resuspension, deposition, and tramnsport of fine-graincd sedimeunts is now
feasible. L4

Of course, the ultimate goal of this and related research is to under-
stand and quantitatively predict the transport and fate of contaminants. Of
importance in this overall process is (a) the resuspension and deposition of
sediments, (b) the aggregation and disaggregation of sediments, and (c) the
interfacial processes which determine the phase/speciation of a contaminant
either in suspemsion or in the bottom sediments. These are allAinteractive
processes.

Specific tasks which are necessary to quantitatively understand these
processes and their interaction are discussed in the present report. Com-
pletion of these tasks will allow us to quantitatively describe the fluxes of

contaminants due to the resuspension of bottom sediments.
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INTRODUCTION

A major fraction of the sediments in the Great Lakes and the near-shore
areas of the oceans are fine-grained (less than 60 pm in diameter). For
example, in Lake Erie, 90% of the surficial sediments are in this category.
Fine-grained sediments have relatively large surface to mass ratios compared
to coarse-grained sediments and therefore have relatively large adsnrptive
capacities. For this reasca, many contaminants are readily adsorbed onto
fine-grained sedjments aud are transported with-them.

Because of this adsorption, bottom sediments are a major rennsitorv of
contaminants and they s~rve ~s a highly variable source c¢- sink for coa-
taminants in the overlying water. This fiux o- contaminants from the hottom
sediments iito the ‘averlyiuag water depends on (a) the 'rebuspeﬁsion and
deposition of bhottor sedi..ents due to currents, -ides, cad wave action, (b)
benthi~ activity, and (c) chemical diffusion. In shallow areas, the resus-
pension and deposition of bottom sediments is the primary cause of con-

o
taminant flux from the bottom sediments to the overlying water.

A quantitative knowledge of the resuspension, deposition, and tramsport
of fine-grained sediments is essential in understanding and predicting the
fate of contaminants in aquatic systems and has been the justificatiom for
much of our recent research. This research has involved laboratory and field
investigations as well as theoretical and gumerical modeling. The primary
emphasis has been on transport processes in shallow waters, e.g., rivers,
barbors, shallow lakes, and near-shore areas of the oceans.

In the present report, recent work on the resuspension, deposition, and
transport of fine-grained ediments is discussed. Three distinct but related

investigations are presented. These are: (1) npumerical modeling of the




transport of fine-grained sediments in shallow waters; (2) a sediment resus-
pension study in the Detroit River; and (3) the flocculation of fine-grainmed
sediments due to a uniform shear stress.

In the first study, a numerical model of the resuspension, deposition,
and transport of fine-grained, cohesive sediments was developed and applied.:
Th2 model is quite gemeral arpd can treat variable geometry and tottom depth
as well as a wide range of boundary conditions. An essential part of tais
model is an accurate and physically realistic aescription uf the sediment bed
and tae resuspension of the bottom sediments di~ to physical proce:ses such
as rurrer*s, tidxs, and wave action. The descriftion of the svdiment bed is
base? on .ecent exmerimeucdl and field results f-o fine-grained sedimen*s
(Lee et al., 1981; Lick 19C2; Lick ani Kang, 1987; Macintyre et al., 1986
Tsai and Lick, 1987). In particul-z, these axperiments ha.. dem:nstrated
thét at a part.cular stress tue resuapension.rate for fiue-grained, conesive
sediments decreases with *time such that only'a fixed aaount of sediment can
be resuspended over a long period of time. This is in contrast to uniform-
size, non-cohesive sediments where the resuspension rate is approximately
constant with time. Resuspension rates and the net amount of material that
can be resuspended have been determined as a function of applied shear stress
and time after deposition for various fine-grained sediments. Pertinent
results have been incorporated into the present model and, from this, the
changes in the resuspension properties of the sediment bed with time due to
resuspension, deposition, and compaction can be approximately predicted.

The basic equations of motion governing the transport of fluid and
sediment are three-dimensional and time-dependent. Numerical calculations

have been made with these equations but are time-consuming and cumbersome.



In order to simplify the analysis, reduce computational costs and time, and
hence be able to investigate sediment transport more readily, a vertically
integrated model has been developed and used. The major assumption for the
model to be valid is that the water column is thoroughly mixed imn the
vertical direction, a reasonable approximation for many shallow waters.

In macy hydrodynamic and sediment traasport problems of practical
interest, the body of water bcing considered (for example, a river, bay, or
harbo.) is conuected to a larger body of water such as a lake or ocean. A
computational houndary mu<t be placed somewhere in the lake ur ocean iu ordes
to teep iae —umber of gril poiats used in the calculation at a prac:lcal
level. Disturbanres which are generabéd within thke ~zzion mus_ preTagate
thrzugh this oper bovadarv -rithsut signific:nt r2f'ectior or Jdistortion. More
generaliy, pruoscrioed esterior disturban~2s or torcings such #s those dﬁé co
curients. tides, or storm surgec may b2 presert and influewc~ the intarior
solution thle thé interiur distuibances must again propagate out of the
region without reflection at the boundary. Numerically modeling the condi-
tions at this open boundary has been a difficult problem in the past. In the
calculations presented here, a procedure developed by us (Lick et al., 1986,
1987) has been used to successfully treat this problem.

The model has been applied to the resuspension, deposition, and trans-
port of fine-grained sediments in»(a) the Raisin River, a small polluted
stream flowing into Lake Erie; (b) a river flowing into a lake or ocean with
a cross-flow; and (c) a time-dependent flow in a simple estuary as affected
by tidal currents (Ziegler and Lick, 1987, 1988). Additional examples, the
governing differential and difference equations, and the details of the

numerical procedure can be found in a report by Ziegler and Lick (1986).




In order to quantitatively predict sediment transport, one must know the
net flux of sediments at the sediment-water interface. It is well known that
sediment properties, the resuspension rate in particular, vary widely (by
orders of magnitude) throughout a system and with time at one location.
Laboratory experiments (Partheniades, 1965; Mehta and Partheniades, 1975;
Fukuda and Lick, 1980; Lee et al, 1981; Lick 1982) have determined the
depeadence of resuspension ta*tes on various governizng parameters such as
arnlied shear stresc, wacer contenl or tiwe after depo.itiom, particle size
distribution, mineralngy, water chemistry, and nuabers and types of benthi-~
orga~isms. However, the state of Lhe sedments in situ are not well k-own andg
so the =2rt cf ex*rapolating laboratu;y results Lo thc field is not well
developed. A further d-sacvantage of laborato.y resuspension e.perijents is
tlLat they cre cumoers me ana ver; time-consuming.
| In order to alleviate sow= of tﬁese diffic.ltias, a por.able device for
tpe fapid measucement of sediment resuspension (called a shaker) has been
developed {Tsai and Lick, 1986). It can be used in the laboratory for quick
and reasonably accurate measurements of resuspension but, more importantly,
it can be used on board ship for rapid surveys of the resuspension of
relatively undisturbed sediments throughout am aquatic system. This device
essantially measures the total amount of sediment resuspended at a particular
stress. This data can then be usedfdirectly in our numerical model described
above.

By means of this device, we have measured sediment resuspension at
various locations in Lake St. Clair (Tsai and Lick, 1986} and in the Detroit
River. Results of this latter investigation are presented as the second

study in the present report.



Flocculation has a significant effect on the effective sizes, surface
areas, densities, settling velocities, and deposition rates of fine-grained
sediments and hence is important in determining the transport and fate of not
only sediments but contaminants as well. It should be emphasized that
flocculation 1s a dynmamic process with both aggregation and disaggregation of
nartizles occurving continucusly.

The effects of fluid shear on the rate of aggregation and disaggregation
of fine-grained sedim:nts are of major importance in lakes but are not well
nnd=~stood. in the study presentel here, experiments were pecfo.ued to
inves*tigat~ these effects. 2 Couelte visc-meter was used to apply a uniform
shear straess to the sediment suspension.. A series of uxperiments were ~ade
for shear stresses ~f 1, 2, and 4~d3nes/CM2 and forjsedim”nt conrentrations
fr:ﬁ 50 wgs1 to 800 mgsl, ve.lues whick are characteristi~ of thuse tound in
the Grcat Laxes. ‘

The particle sizo distribution as a funciion of time was determined.
Quantitative results were obtained for the decrease in sveady-state floc size
with increasing shear stress and with increasing sediment concentration. For
example, the steady-state median floc diameter changed from 100 pm to 50 pm
as the shear stress changed from 1 dyne/cm2 to 4 dynes/cm2 (when the sediment
concentration was 100 mg/l) and changed from 100 pm to 25 pum as the sediment
concentration changed from 50 mg/l'to 800 mg/l (when the shear stress was
constant at 2 dynes/cﬁz). The times required for flocculation to occur under
different conditions were also determined and were typically on the order of
an hour, again dependent on the shear and sediment concentration.

Experiments were performed such that the steady-state was approached in
different ways. It was found that the steady state particle size distribu-
tion was independent of its history. Of course, this makes a theoretical

analysis involving flocculation much easier.




An analysis of these experimental results is continuing (publication in
preparation). From this analysis, it can be shown that the effects of pure
shear on disaggregation is minimal while the effects of collisions between
particles (possibly due to shear but also due to differential settling and
Brownian motion) is the dominant mechanism for disaggregation. A general
formula for the time rate of change of the particle size distribution and
approxiwate values for the coefficients appearing in this equation have been
Jeterwined from th:> experimental results. It can be slown that these co-
efficieucs cre stgqng functicas of c¢he flec diameter, shear stre~ss, and
concentration. In gecneral, gooa apreemert betw-~en the theory and the ex-

perim2ntal res'lts hzs be.n ohiaineu.
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CONCLUSIONS AND RECOMMENDATIONS

The major objective of our recent research has been to develop a
quantitative, predictive understanding of the transport of fine-grained
sediments and of contaminants adsorbed to these sediments. This has involved
laboratory and field investigations as well as theoretical and numerical
modeling.

As part of our researcl, we nave done extensive experimental work on rhe
resuspens.on and deposition of fine~giained cohesive sediments from rivers
and lakes. Iz farticuiar, the resuspeansion rates apnd the net amount of
sediment tlat can be resuspunded 2t a particular stress have been determ_ ned
as a funciion of apylied shear stress and time after deposition for‘various
sedimeﬁts from the Great Lakes. This data has. been us.d to de%slop a
pbvsically realistic dercriptionkand numerica. model of the seZimert bed aad
‘the flux of sediments from this bed. Frog thic, changes in the sediment bed
with time due to resuspension, deposition, and compaction can be determined.

This information has been incorporated into a hydrodynamic and sedimect
transport model. In this model, the sediment bed is approximated by layers
in each of which the properties are independent of depth but may vary with
time. The model can also treat conditions at open boundaries accurately and
realistically. The model has been applied to ceveral typical problems con-
cerned with the resuspension, deposition, and transport of fine-grained
sediments. Erosional and deposition features that are commonly observed in
these flows were reproduced. By means of the model, the parameters on which
these features depend can be accurately determined. Steady and time-

dependent flows can be analyzed.
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The model is relatively easy to use and is valid over a wide range of
conditions. It should be especially useful for shallow near-shore areas,
where contaminant release and tramsport is of the utmost importance. For
these purposes, in situ sediment resuspension properties are needed as input
to the model. These can most easily be determined by use of a rerently
developed oportable device {the shaker) whercby rapid and rezsorably accurate
surveys of tho resuspersion properties of bottom sediments can ce made. By
means of this Aevice, we have rneasured sedimeat resuspension at various
locations “n Lzke St. Clair and in the Detrnic River.

‘It should be noted that sedime=t entrainmeunt and other properties ot’
se-liments change drastically “rom omne !~cation tc anothe- and also caarz
drast%qg’ly wita tim: 2t one location dep-nding om parameters which in turn
are heQQily_Qapendent upon envir.nm2rtal cond.tions. %ecéuse ¢{ this, al-
though <hLe sedlment properﬁies m2y be known at one time, it is'exéremely
c¢ifficult to predict the properties of these sediments at a later time, for
example, after a storm which may cause large transport and hence large
changes in the properties of the sediments. One solution of course is to
continuously measure sediment properties throughout the system. This is
prohibitive in time and cost. A more reasonable solution is (a) to use the
shaker and similar instrumentation to survey the sediment properties inm situ
at reasonable time intervals, (b) uﬁe laboratory experiments to determine the
changes of the sediment properties due to the parameters on which the
properties depend, and (c) then combine these two types of information by
means of our numerical model so as to have a better understanding of in situ
conditions and how they vary with time under specified envircmmental condi-

tions.



12

Flocculation has a significant effect on the effective sizes, surface
areas, densities, settling velocities, and deposition rates of fine-grained
sediments and hence is important in determining the transport and fate of not
only sediments but contaminants as well. In the study presented here, ex-
periments were performed to investigate the influence of fluid shear on
flocculation. A Couette viscometer <as used to apply a uniform shear ctress
tc the sediment suspension. A saries of experiments were made for shear
stress=s ¢f 1, 2, ané 4 dynes/cm2 and for sediment c:ncentrat.ons of 59 mg/l
to o000 mg/?!, values which are ch-racteristic 2f those found in thLe Great
Takes.

The particle size distribution as a2 function of time was determined.
Quantitative results were obtained for ch. de~rease in steady-state floc size
with increa.ing shear s.ress and w.th increasing sediment co.zentration. For
ex.mple, the steady-sta:é mcgian floc diameter chaaged from 110 pm to 54 pm
as the shear stress tnanged from 1 dyne/cm2 to 4 dynes/LmZ-(When the sedimeat
concentration was 100 mg/l) and changed from 100 pm to 25 um as the sediment
concentration changed from 50 mg/l to 800 mg/l (when the shear stress was
consant at 2 dynes/cmz). The times required for flocculation to occur under
different conditions were also determined and were typically on the order of
an hour, again dependent on the shear and sediment concentration.

A thebretical analysis of these results is presently being made. In
particular, a general formula for the time rate of change of the particle
size distribution and approximate values for the coefficients appearicg in
this equation have been determined. Good agreement between the theory and
the experimental results has been obtained.

The work described above greatly enhances our understanding of the

resuspension, deposition, and transport of fine-grained sediments. Addi-
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tional work on the aggregation and disaggregation of these sediments is
needed before the effects of flocculation on the transport of fine-grained
sediments can be adequately understood and quantitatively predicted. This
additional work is described below along with other recommended research.

The ultimate goal of this and related research is to understand and
quantitztively predict the transport and fate of contaminants. As indicated
earlier, a najor scurce of contaminants to the overlying water is the flux
from the bottom sedim~nts. This flux is due .to (a, resuspersion of the
bottom sediments due to rrave artion and currents followed by re~equililb.:ation
of partitioncd solutes (b) benthic activity of bottom dweliing organisms
which cnhances mixing of the surficial bottom sediments, and (¢) molecula:
diffusion. Ot these three, 'esuspﬂqsiop is gegerally ~he largest and ia
shaliow waters is of£;n several orders of magnituge gfeafer *haa ti=2 other
two. |

In determining the flux or concaminants due to iesuspension, one must
consider wvarious interacting physical and chemical processes. These include
the resuspension and subsequent deposition of the particulate matter, the
aggregation and disaggregation of the suspended sediments, and the inter-
facial processes which determine the phase/speciation of a contaminant either
in suspension or in the bottom sediments.

The tasks listed below are necessary to quantitatively understand these
processes. Their completion will allow us to quantitatively describe the
fluxes of contaminants due to the resuspension of bottom sediments.

These tasks have been discussed thoroughly with the Clarkson Three
(DePinto, Theis, and Young) and are joint recommendations by researchers here

at UCSB and at Clarkson.
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1. Aggregation-Disaggregation Experiments

The purpose of this set of experiments is to thoroughly understand and
characterize the physical and chemical processes affecting the aggregation
and disaggregation of fine-grained sediments.

1.1 Viscometer experiments. Experiments using a Couette viscometer

should be continued in order to determine the effects of fluic shear and
water chemistry on the aggregation and disaggregation of sediments. Ex-
perimental -rariables should include sediment conceutration, shear stress, and
basic watur cuemistry (such as ph, 1onic strength, .ad concaminant level.

1.2 Scitling studies. Because of tlo~culaiiun, settling velocities are

no* uniquely r~lat.l t. particle -<izes. Settling velocities skould be
measured directly using (a, a mic:iascope ﬁnd camera, and/or (») larar dopgpler
~vel~cimetry. The relation between particle size distribution and settling
veloeities _hould te detormined as> a “iunction of shea~ stress, secimcLt

concentration, and water chemistry.

1.3 Annular flume experiments. When cohesive sediments are resus-

pended, they are resuspended as flocs or clumps of particles rather than as
individual particles. This size distribution is then modified as a function
of time due to shear stresses in the overlying water. Resuspension experi-
ments to describe this process should be done. The size distribution of the
suspended particles should be measured as a function of time. This is
essential in the description of contaminant release from suspended sediments
because of the potential for a considerable variation in sorbent surface area

during the process (see section 2).
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2. Chemical Release Experiments

The purpose of these experiments is to thoroughly understand and
characterize the release (or uptake) of contaminants as bottom sediments are
resuspended and later deposited.

2.1 Viscometer experiments. The viscometer provides a very well con-

trolled experimental cevice to study the effect of shear stress on the rate
of contaminant release or uptake by pavticulate matier. If shear-induced
changes in particle size c<istribution cause idsorztion or des-rption to
cccur, its rats can be measured in'£bis Aivice. Even %lLen “he particle si-e
distritution does mot chauge signif.canily, the ability to perform ad.urption
or desoiption exy2riments at a cozst~nt average fluid shear »:. the part'cle
surfacg will permit assescient oi *Qq_;xtent t~ whici diffusion procassis
control the uptaxe or;releuse rate.

ln these ea,eriments *he experimceutal wvariables should t> sedim>nt
' concentration, shear strecc) time under coustant shear, <outaminant and iis
concentration, macro water chemistry (e.g. pH, iomic strength, DOC), and

sorption time prior to application of shear.

2.2 Apnular flume experiments. Resuspension and deposition experiments

using flumes should be conducted in such a way as to simulate all the above
processes simultaneously under carefully controlled laboratory conditionms.
In addition to solid dymamics, cont#minant phase/speciation changes should be
measured as a function of time for various shear stresses and initial sedi-
ment contaminant concentrations. These experiments will provide an excellent
means to parameterize and calibrate a mathematical model of sediment
traosport~-contaminant exposure for this phenomenon. The annular flume is
unique in that it permits evaluation of both the short-term, tramsition

period between initiation of resuspension and attaipment of steady-state
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suspended solids in the overlying water and the longer-term, steady-state
period during which the slower contaminant-particle reactions continue to
occur.

2.3 Field shaker experiments. Experiments similar to those above

should be done using our portable device for measuring sediment resuspension.
The shaker is a useful device for making measurements in the field. ‘rhe
esxperiments would te used to compare resul.s froam the flumes and the shaker
and hence verify the shaker results. after verification, the shakar could b.
uced for field srrveys teo stuly sedim-~nt resuspe-sion and contaminau. ~el:ase
as a functiuz £ locc*iosn ~ud eurironmental conditions. It sheul? be noted,
however, +hat the shaker device car onér be used to cupture the tramsi.ion
particie 1nd contaminant dynamics, hec-- »~ ‘additional:reason for work in the

annular flum..

z. Mathematical Model Development

The above experiments will lead to the development of a mathematical
model of sediment transport and contaminant transport/transformation during a
resuspension event. Essential components of this model will be (a) the rates
of resuspension and deposition and the associated particle size distribution;
(b) the rates of aggregation and disaggregation; (c) the settling velocity
distributions; and (d) the rates and extent of sorption/ desorption reactions
in the resuspension medium. These quantities need to be determined through-
out the system as a function of position and time. The experiments described
above will permit the simulation of these processes given knowledge of cer-

tain fundamental, measurable parameters of a given ecosystem.
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THE TRANSPORT OF FINE-GRAINED SEDIMENTS IN SHALLOW WATERS

In an effort to understand and quantitatively predict the transport of
fine-grained sediments and the contaminants associated with them, a numerical
transport model has been developed. An essential pact of this model is an-
accurate and physically realistic description of the sediment bed and the
resuspensior of the bottom sedimentcs du2 to physical processes such as
curreats, tides, and wave actie~. the descrirtion of the sediment bed is
based on recent experiment-~l and fielu results for fine-grained selimeuts
(Lee et al.. 1231; Lick, 1282; Lick and Kaag, 1987; MacIn.,re et al., 1986;
Tsai and Lirk, 19Y98). In particu¢ér,‘these exper.wents have “emonstrated
that ar a particilar stre<s ‘the iesuvspeusion ravc sortfir--griined, coheélvv
sedimen.s decreases with tiwo such ihat only 2 fixed ;mount of sediment. can
be reiuspe~ded ov2r a long period of time. This Is in contfast t. urniform-
size, nun-cohesivé sediments where the résuspension rate is approximately
constant with time. Resuspension rates and the net amount of material that
can be resuspended have been determined as a function of applied shear stress
and time after deposition for various fine-grained sediments. Pertinent
results have been incorporated into the present model and, from this, the
changes in the resuspension properties of the sediment bed with time due to
resuspension, deposition, and compaction can be approximately predicted.
Sediment dynamics are discussed in more detail in the following section.

The basic equations of motion governing the transport of fluid and
sediment are three-dimensional and time-dependent. Numerical calculations
have been made with these equations but are time-consuming and cumbersome.

In order to simplify the analysis, reduce computational costs and time, and
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hence be able to investigate sediment transport more readily, a vertically
integrated model has been developed and used. The major assumption for the
model to be valid is that the water column is thoroughly mixed in the
vertical direction, a reasonable approximation for many shallow waters.

In many hydrodymamic and sediment trarsport problems of practical
interest, the body of weter being considered (for exampls, a river, bay, or
harbor) is connected to a larger body of water such as a lake or ocean. A
computational boundary must be placed sowewhere ia the lake or ocean in
order t¢ keep tue number of grid ociuts used in the calcuiation at a
prictical level. Distiurbances which are generated within the re<ion mus:
propagate through this open boundary without slgniiicany refle-tion or dis-
tortivu. Mewe gene-ally, nrescribed ex*erior disturbances or foccinf; ;uch
as those due to currents, tides, or storm surges may ve present and influence
the interior solucion while the interior uisturbauces must again propajate
out of the region without feflecti&n at Lhe boundary. Numerically modeling
the conditions at this open boundary has been a difficult problem in the
past. In the calculations presented here, a procedure developed by us (Lick
and others, 1986, 1987) has been used to successfully treat this problem.
The numerical model and the treatment of the open boundary condition are
discussed in more detail in the third section.

The model has been applied to the resuspension, deposition, and trans-
port of fine-grained sediments in (a)‘the Raisin River, a small polluted
stream flowing into Lake Erie; (b) a river flowing into a lake or ocean with
a cross-flow; and (c¢) a time-dependent flow in a simple estuary as affected
by tidal currents (Ziegler and Lick, 1987, 1988). These examples are dis-
cussed in the fourth section. Additional examples, the governing differen-
tial and difference equations, and the details of the aumerical procedure can

be found in a report by Ziegler and Lick (1986).



Sediment Dymamics

A necessary parameter in the quantitative numerical modeling of sediment
transport is the sediment flux at the sediment-water interface. This net
flux g (gm/cmz-s) can be written as the difference between the resuspension
(entrainment) rate E and the deposition rate D, or q = E - D. The fact that
real sediments are a miaxture of particles with widely varying size and cor-
position has a siguificant effect on both L and D and aence 9 For example,
for a typical suspended sediment, particle diameters mav vary rroi. less than
one mici.omece. to severa: hundred micrometers (oi over th-ee orders of magn.-
*ude’ ~hile settlirg spee’~ may vary t; more than four ordeis of uagniiude.

For p=articles of a single si.e, théAdep051Lior rate can be wri**en as
D = BC “here C is the.sediment concent;at*on (gm/rm3) and [ is a "opfféf;ent
with units of velucity. The ‘vaiue of B is dependeht on Brownian moiion,
turbulent d<ffus.ion, apd se*tling near tue scdimeuc~-wzoter intc:face (Lick ana
Kang, 1987). Howe.er, ter particles greater than about ! ¢m in aiamete:z, B
is primarily dependent on settling and is approximately equal to the settling

speed. TFor mixtures of particles, it is assumed that D = I ﬁmcm where the
m

mixture has been separated into components each with its own concentration Cm
and settling speed Bm.

The flocculation of fine particles has a significant and dynamic effect
on the effective sizes, densities, and settling speeds of the resulting
aggregates of particles, or flocs. Laboratory experiments have been and are
being conducted to understand and determine the rates of aggregation and
disaggregation of flocs and the parameters oan which they depend (see, for
example, Ives, 1978; Hunt, 1982; Tsai et al., 1987). Experimental and

theoretical work on flocculation is continuing in our laboratory and should
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lead to a reasonably quantitative description of flo;culation in the near
future. However, at the present time, the data is still insufficient to
formulate a quantitative model of flocculation. For this reason, the dymamic
effects of flocculation have been ignored in the present calculations and the
sediments are separated into non~interacting components each with its own
average size and settling speed.

The resuspension rate E 1is significantly aifected by particle size
voriations and also by cohesion between particles. At low stresses, oniy the
finer particles on the sirface of th2 t2a can be resuspenied waile thc larger
patrticle. are left ULelira and armo- the ved. In addition, .ohesion ol
particles and the iesulting compacticn of the bed cause E to vary -ith .ime
-fter depositi-n ara %ith denth. Because of this, sedimepts near the ..ri.’e
are less compacted and a.e relatively easy t: resuspend while s>diments
fucther dowu are oore cdmpacted aad more difficult to resu:pend. The recult
of all of this is that, for fine-grained sediments at an§ particular stress,
only a finite and relatively small amount of sediment can be resuspended as
opposed to non-cohesive, uniform-size sediments which have a uniform rate of
resuspension.

Experimental work (Lee and others, 1981; Lick and Kang, 1987; MacIntyre
and others, 1986) has determined the dependence of the resuspension rate E
and the total amount of sediment ¢ (gm/cmz) that can be resuspended at a
particular stress as a function of (a) the turbulent stress at the sediment-
water interface, and (b) the water content of the deposited sediments (or the
time after deposition) for various sediments from both lakes and oceans. A

formula for & which approximates this data can be written as
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for 1 > ¢t
~ o

=0 for 1 < T, (1)
where & is the net amount of resuspended sediment per unit surface area in
gm/cmz, a = ao/tg, a is approximately equal to 8X10-3, hoth n and m are
approximately equal to two, td is the time after deposition in days, T is the
shear stress (dynes/cmz) produced by wave action and curreats, and 1, is an
efiective critical stress gezerally on the order of 1 dyne/cmz. Each ~f the
parameters T, 3, 1 and m is depenient oun the particilar sédimeut and nceds
to be determineu exp=.imentally. Ilcw<eve., for <fine-g.ained sediments, the
values g.ven aLove are a recasonatly accuréte first approximation.

The above formula, Eq. f1), is tor the net resusprns‘on. The to*tal
amount of sédimen; is not resuspended iastantaneouslytbut over a peiiod ot
.ime on the order of ar kizor. In numaricel comprtations, & reasonzble ap-
proximation to the resﬁspension rate is that E is constant and equal to its
initial value util all available sediment is resuspended and is then zero
until further sediment is deposited and is available for resuspension.

The sediment bed, which in reality has a continuous variation of proper-
ties with depth, is approximated by layers in each of which the properties
are independent of depth within the ;ayer but may vary with time as described
by the equation above. In the present calculations, three layers were used.
The amount of material in ﬁhe surface layer is modified by the deposition of
suspended sediments to that layer and resuspension of sediments from that
layer.

Sediments that are deposited on the bed within the first day after the
calculation has begun are assumed to have a time after deposition of omne day.

If the sediment layer originally present at the top of the bed has a time
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after deposition of ome day, the newly deposited sediment is simply added to
that layer. If the time after deposition of the top layer is greater than
one day, a new top layer is formed from the newly deposited sediment.
Resuspension of sediments occurs when the shear stress due to currents
exceeds the critical shear stress of the sediments. The amoudt of sediment
resuspended during one time step is theﬁ Ae = EAt. This applies until the
amount cf sediment resusp2nded is equal to £, the maximum amount cf sediment
that can be resusnended from that layer for a particular stress, or until the

cautire l-yrr is resuspended.

A Vertica'ly-T.tegrated Transport Mouel

In ‘thc pre<ent ;model, verticzliy-integrated hydrocynamic and sediment
transp~rt equations have Yeen used in order to simpl<fy tu¢ araelvsi-.” The
as<umptions there%t in thic model} are: the pressuve varies hydrostaticallw,
the water column is choroughly mixed in the vertical direction, and the
horizontal velocities and suspended sediment concentrations are approximately

independent of depth. The resulting hydrodynmamic equations are:

on , 2U , AV _
5t Tax oy - O (2)
@+gh3—’1=r“-rB+AH<ﬁ'+az—”)-—3<”—2)-—?-<W> (3)
ot 9x X X sz 3y2 9x 'h 9y 'h
W, oo BL . @V, 2w (%)
ot Blagy T Yy y Ay 952 ay2 9x ‘h dy 'h

where the total water depth h = h, + n, ho(x,y) is the equilibrium water
depth (cm), n(x,y) is the surface displacement from that equilibrium, U and V

are vertically integrated velocities (cmz/s) defined by
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n

U= [ udz, (5)
-h
o
n

V= [ vdz, (6)
-b_

u a2d v are velocities (cm/s) in the x and ¥ directions respectively, z is

. . . . B .
the vertical coordinate, 1" is the wind stress (dynes/cmz), T is the bottcm

. B
stress whose components are pgiv-n by tz = c,. 1]u] and ty = s vlv] where ¢

s a friction factor, anc A.I is the horizontal eady viscosity (cmz/s).

-

f

A verti-ally-integrated transport equation for the suspended secdiment

Fal

‘conce“tration ” car be written as
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where DH is the horizontal eddy diffusivity and q is the sediment flux at
the sediment-water interface. The above equation is valid for each component
of the sediment.

A volume integral method was used to derive difference equations which
are second-order accurate, explicit, two-time level, and locally conserva-
tive. By this procedure, equation§ which are valid at boundaries as well as
in the interior can be readily derived.

A uanique feature of the present model is that it can successfully treat
open boundary conditions. Procedures formulated by previous authors (see,
for example, Kreiss, 1966; Pearson, 1974; Orlanski, 1976; Chan, 1977,
Engquist and Majda, 1977) to treat this problem have often worked reasonably

well when only outward propagating waves with a well-defined phase velocity
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were present. In other cases, the results have not been entirely satis-
factory. The procedures have been difficult to generalize when prescribed
incoming disturbances were present.

In the present model, a quite general procedure developed by us (Lick et
al., 1986, 1987) has been used to successfuily treat this problem. The basic
idea is to separate the disturbance at the open boundary into outgoing and
incoming waves. The incuming waves cr disturbapces are specified quantities
due to known currents, tides, or storm -surges. The outgoing waves are due to
distv~bances generated ~i hin the region of interes. and n.ed o be
determined as p-rt of the p:.oblem By w2ans of the voiuie integral cethod,
separate difference equa..ons ror each set of outgoing or incuming waves can
be' derived. The res:lting differﬂnceieqﬁatipn: are se'.ond-order accirate and
explicit. By this meaus, the prdpagation of outgoing waves in the presence
of specified incorizg waves cén De z2odeled with negligible reficction ér
distortion. The‘major assumption for the algorithms to be wvalid is that
outgoing waves can be defined, an assumption equivalent to the most general

statement of Sommerfeld’'s radiation condition.

Applications

Results of calculations for three different cases are presented here:
(1) the Raisin River, (2) a river flowing into a lake or ocean with a cross-
flow, and (3) the time-dependent flow in a simple éstuary as affected by
tidal currents. The main purpose is to quantitatively understand the resus-
pension, deposition, and transport of fine-grained sediments in varous situa-
tions. A secondary purpose is to demonstrate the treatmeat of open boundary
coﬁditions for this type of problem. 1In all cases, the flow was treated as

time-dependent. However, for the first two cases, only steady-state flows
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will be described here while, in the third case, only the periodic flow will

be described.

Raisin River

The Raisin River is a small polluted stream with relatively high sedi-
ment concentrations that flows into the Western Basin of Lake Frie. The
bottom topography and computational zrid (Ax = Ay = 25 m) are showr in Figure
i. The iz{low channel is relat.vely shallow with a maxiuum depth of 2 m
wuile the exii channel is dredged to a depth of 5 to 6 m ip the center. The
turning basin (the wider part of the river) is alsc uredged periocically and
has a depia of £ to 6 r in the cer.er. Two flow rat:s we.e considered
corresponding to’ ty,ical observed low and high flows. These *2re a low flow
with a valociry of 135 cw/s at the inlet and a hiyl flow with a velociiy of
45 cmfs aﬁ the iclet. The sedirent concentratioa at the isiet was asswned oo
be 10-4 gm/c£3 (100 mg/2) in both cases. For simplicity, a single sediment
particle diameter of 10 pm with a settling speed of 10-2 cm/s was assumed.
The initial structure of the sediment bed was as follows: top layer, m =
0.05 gm/cmz, th = 1 day; second layer, m = 0.10 gm/cmz, t = 2 days; third
layer, m = 3.00 gm/cmz, ty = 4 days. Here m is the mass/area and 9 is the
time after deposition. Additional parameters used in the calculation were:
A, =Dy = 2.5x10% cn?/s, cg = 0.002, a_ =0.0075, and T_ = 1 dyne/cm®. The
values of the last two parameters are based on laboratory experiments with
sediments from the Raisin (MacIntyre et al., 1986).

The calculated currents for the high flow rate are shown in Fig. 2. It
can be seen that the currents are relatively high in the stfaight incoming
channel, are low in the turning basin, and are relatively high in the part of

the narrow curved section of the channel where the water is relatively

shallow.
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For the high flow case, the change in the thickness of the sediment bed
after 12 hours is shown in Fig. 3. It can be seen that net erosion has
occurred where the currents were high (the incoming channel and the lower
part of the narrow curved section of the channel) while net deposition has
occurred in the rest of the river, especially in the turning basin. From the
details of the calculation, it can be shown that, in the erosional areas, the
nec resuspension is now zero. Resuspensicn is still occhirring but is only
due t» scdiments whirh have ownly recently been denosited and hence can be
rcadily resuspended. At the low flow rate, the bottom stress is below
critical everywhere and net dep.siiinmn occurs threaughout . he river.

The above descript.c: is in qualitéuive agreement with observations of
ccos-iona' and depositional areas and with estim.*es o7 the. depositiou ratac

obtciraed from dredging of approximately 1 m/yr in the turring basin.

River Flow.ng izto a Lake witk a Cross-Fiow

An important and relativelyAcommon sediment transport problem is that
associated with a river flowing into a lake or ocean in which there is a
cross-flow present. It is assumed here that the river and the lake have a
constant depth of 5 m while the river width is 400 m. Calculations with
three flow conditions were made: (1) a river velocity of 20 cm/s and a
cross-flow (left to right, see Fig. 4) of 5 cm/s; (2) a river velocity of 40
cm/s and a cross-flow of 5 cm/s; and (3) a river velocity of 40 cm/s and a
cross-flow of 10 cm/s. Other parameters were: AH = DH = 5.OX104 cmz/s, Ce =
0.002, a = .0075 and T, 0.5 dynes/cmz. The critical stress T, correspoads
to a current of about 16 cm/s.

The calculated velocities for the third case are shown in Fig. 4.

Although the cross-flow is weak, it has a significant effect on the flow

field and sweeps the river plume to the right. It can be seen that a weak
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vortex with velocities of 1 c¢m or less has formed downstream of the river
mouth. The open boundary condition works well with the outgoing flow and
disturbances passing through the boundary with negligible reflection or
distortion.

Sediments of three different sizes (diameters of 1, 3, and 10 um) were
assumed to be present simultaneously. In the river, tie concentration of
each sedicent group was assumed to be 100 wg/2. The initial structure of the
sediment bed was the same > that for the Rajsino Liver.

The changes in the thickness of the bottom sediments after ?4 hours ferr
the three cases are shown inr Figs. 5(a), (*), and (¢). For al. thr:e cases,
it can be seen that erosion has vccurred “n the river .nanne. and in an acea
héar! cLe river mcuth. This.flat;er ~rea incteases ravnidly as the flow
velocities increass. accumulaivion of sediment occurs dowustreea of the
eroded area with a very rapid idcrease in sediasent thickness near the river
mouth at the downstream edge;of the eroded area, a common observed feature in
flows of this type. This is due to the fact that strong currents in the
river plume erode the sediments near the mouth of the river while very weak
currents due to the vortex are present downstream of the mouth, do not erode
the sediments, but do transport the suspended sediments toward the plume.
The typical sand bar downstream of the river plume is evident im all three
figures and is due almost entirely to the deposition of the larger particles
with diameters of 10 um.

The Flow in a Simple Estuary

The time-dependent flow and sediment transport in an estuary with simple
geometry (see Fig. 6) is considered here. The estuary is rectangular, 20 km
long and 16 km wide. The river flowing into the estuary is 3 km wide while

the mouth of the estuary is 7 km wide. The water depth is uniformly 20 m.
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The initial structure of the sediment bed was: first layer, m = 0.4 gm/cmz,
tD = 1 day; second layer, m = 0.4 gm/cmz, tD = 2 days; third layer, m = 3.0
gm/cmz, ty = 3 days. Other parameters were specified as: T, = 2‘dynes/cm2,

3

a = 7.5%10 7, ¢, = 0.002, Ay = 5x10° cm?/s, and D = 5x10° cm?/s.

f H

The boundaries at both A and B (see Fig. 6) were treated as open
boundaries. The undisturbed infiow velocity of the river at A was set at 20
cm/s This is modifiea by time-dependent tidal <ffects which cause dis-
turbances to propagat. from the estuzvy into the river in an upstream uirec-

tion. The tiaal iorcing at B, the iwouth of the estuary, was assumed to be

generated by a time~varying surface elevation g.ven hy

N = A] cos(uw,t - ¢,> + A, Cés(wzt - 4,) | *(3)

where A, = 100 cm, A, = 60 cm, w - 2.25%16™ Hz, w, = 2.3ix10"° Iz, 6, =

2 1 2
235°, ;nd ¢2 = 251°. This describes the incoming wave at B. The change in
the total surface elevation is due to the sum of this incoming wave and the
outgoing waves caused by.disturbances within the estuary.

The hydrodymamic calculation was continued for 48 hours, or about four
tidal cycles. After an initial transient, the solution became essentially
periodic with time. This periodic flow field at two hours after ebb tide is
shown in Fig. 6. The maximum velocity in the river is now about 30 cm/s.
The maximum velocities in the system occur near the mouth of the estuary and
are about 120 cm/s. After this time, currents throughout the system
generally decrease with time until about two hours after flood tide (8 hours
after ebb tide). At this time, the currents are generally less than 10 cm/s

in the estuary. The strongest currents are in the river (20 cm/s) where the

currents are now reversed with the flow going upstream at A. The flow at B
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is into the estuary as expected but is much weaker than the flow at ebb tide.
The open boundary condition works well and allows disturbances to propagate
up the river as well as out of the mouth of the estuary without noticeable
reflections or distortions.

The suspended sediment concentratiop throughout the estuary was assumed
to be zero at the beginning of the calculation while the suspended sediment
concentration at A iu the river was maintainsd constant at 100 mg/2 indepen-
dent of time. Separate calculations were made for particles wi*h di~meters
of 3, i1C, and 30 pm. The chaucc In the thiciness uf the Lottom sciiment for
“he 10 pm particles after 48 hours is shown in Fig. 7. Net erosion has
occur.~d near the mouth o7 the estuary (mux*mum svosion 1s 2.2 gm/Lm7) vhile
ogly + small netfdepvfifion'hQS occurred in the,res* of *he estuary.

Nea. .he river mcath, G.positica i3 higl Yz2cause >f che high suspended
sedimen. corcentration but resuspeﬁsion is alsn high beca.se of the strorg
currents there. 'The reshit is little net déposition. Near the mouth of the
estuary, the currents are strong and the resuspension of the first two layers
of the bottom sediments is rapid after which the resuspension rate decreases
rapidly. After this, any deposited sediments are then immediately resus-
pended. After the first few hours that it takes for the resuspension of the
first two layers to occur, the dep;h of erosion is essentially constant. In
the rest of the estuary, deposition and resuspension are in a dynamic equi-
librium leading to a zero net deposition.

For 3 and 30 pm particles, the patterns of erosion near the mouth of the
estuary are much the same as those for the 10 pm particles. However, the
deposition near the river mouth is quite different; the 30 pm particles
settle out rapidly near the river mouth while the 3 pm particles hardly

settle at all and are transported into and then out of the estuary.
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Summary and Conclusions

Recent laboratory and field data on the resuspension and deposition of
fine-grained sediments has been used to develop a physically realistic
description and numerical model of the sedimeut bed and the flux of sediments
from this bed. From this, changes in the sediment bed with time due to
resuspension, deposition, and compaction can be determined.

This information has been incorpcrated into a hy“rodynamic and sediment
tracsport model. In this mode:i, tune sediment hed .s approximated by layers
in each of which the properties Are indgpendent of depth but way vary withk
time. The .odcl can also treat conditiras at open bounadiies accurately and
‘realistically. An inte.esting demonstrztion of this was the trea.men® or
open boundaries in -an estuary when Lhc flow was tim~n-dependent due to tidal
currents.

The model has beén épplied to several typical problems concerned with
the resuspension, deposition, and transport of fine-grained sediments.
Erosional and deposition features that are commonly observed in these flows
were reproduced. By means of the model, the parameters on which these
features depend can be accurately determined. Steady and time-dependent

flows can be analyzed.
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Fig. 1. Bottom topography fo. the Raisin River. Deptl in meters.
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Changes in the thickness >l the bo_tom sediments (gm/cm®) in the

Raisin River after 12 hows. .
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For clarity, only every second colimn of velocity vectors is shown.
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Currents in the estuary 1t two hours after ebb tide.



Fig.
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A SEDIMENT RESUSPENSION STUDY IN THE DETROIT RIVER

Many laboratory experiments have been carried out to determine sediment
resuspension as a fuanction of its governing parameters: applied shear stress,
time of deposition, particle size distribution, water chemistry, and benthic
organisms (Parcheniades, 1965; Mehta and Partheaiades, 1975; Fukuda ana Lick,
1980; Lee et al., 1381; MacIntyre et al., 1986, Tsai and Lick, 1636). How-
ever, tue properties of sediwents in situ are nct well kncwr and they also
vary with time and location. Hence, the applicatiou of laboratory results to
the fiela is not well developed.

For these rea_.ons, a portable deviée fr. measurin, the resuspensi.n of
r~distu bed sedimcats has been deééloﬁcd (Jsai and Liéx, 1986). It has been
shogn that this dévice can be used in the laboratorr for quick and reasoribly
sccurate measuremeuts of resuspeusion. It can aiso pe used on board ship fur
rapid surveys of the :resuspension of relatively undisturbed sediments
throughout an aquatic system.

The shaker consists of a cylindrical chamber inside of which a hori-
zontal grid oscillates vertically (Figure 8). The chamber contains a layer
of sediment whose properties are to be studied and a layer of water overlying
the sediment. Turbulence created by the grid oscillating in the overlying
water causes the sediment resuspension. The turbulence and hence the amount
of sediment resuspended is proportional to the frequency of the grid oscilla-
tion.

At the beginning of a shaker resuspension test, the sediment concentra-
tion in the overlying water is relatively low. After the start of the test,
the sediment concentration in the water layer increases rapidly in the first

5 minutes and then more slowly. The sediment concentration usually reaches a
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steady state about 10 minutes after the start of the test. It has been shown
that for cohesive sediments the amount of sediment that can be resuspended by
a given applied shear stress is finite (Massion, 1982; MacIntyre et al.,
1986; Tsai and Lick, 1986) and that the steady state concentration obtained
in the shaker is a reasonable estimate of that amount (Tsai and Lick, 1987).

The following section gives a description of the shaker cnd the modi-
fications ¢f the shaker chamber required for this study. The locatiors and
the cediment samples obtained in chis study are then Jescribed. Finally, the

results of the resuspension tests are piesented.

shaker

The suak:r grid i§ a 0.6 cm thicli pldx_glas disc which ha- a uianet~r of
11 cm .aod wnicﬁ is perforated with holes 1 2 cm in diameter. The distance
tetween the centers nf two ncighbe.ing holes is 1 S cm.

The grid is powered by a variable speed moto;f Between the motor and
the grid is a drive disc fixed to the motor shaft, a linkage bar attached to
the disc, and a drive rod fastened to the linkage bar (Figure 1). The bar is
set 1.27 cm off the center of the disc to create an up and down motion of
2.54 cm. The shaker chamber is made of cast acrylic tubing which has an
outside diameter of 12.7 cm and an inside diameter of 11.7 cm. The chamber
is 27.9 cm high and has a sampling port for measurement of sediment concea-
tration.

The shaker was calibrated by comparison of results with those in an
annular flume. The equivalent shear stresses created by the oscillating grid
were determined by comparisons of sediment concentrations in the shaker and
in the flume. Exactly the same type of sediments were deposited into both

devices and the sediments were then allowed to settle for the same length of
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time. During the calibration, the depth of the overlying water inside the
shaker core was adjusted to be 12.7 cm, i.e., the volume of the overlying
water was 1.36 liters. Also the lower surface of the grid was adjusted to be
5.08 cm above the sediment surface, i.e., the grid oscillates between 5.08
and 7.62 cm above the interface. By running the shaker at given speeds and
the flume at known hottom shear stresses, the concentrations of resuspended
sediments in both devices were compared, and the equivalent sheai stresses of
the shaker weres (hus uetermined. Snown in Figure 9 1s the relationshir
between the equivalent shear stress and the period of grid os:zillacion. As
~an be secn trom the rigure, three lests were ~arried ~ut and tne equivalent
shear stre_.ses p.oduced by the shakar are‘reproducible. The -guivzlent .hear
stress created b;'f*he shaker i; 2.5 dynes/cm: h@eﬁ che grid osciliat;ng
period is 0.14 seéond. ‘Lthe st;ess increases linearly (on a lcecithmic
scale) tu 5 dyne;/cmz as the period decreases to’0.08 second.

A field trial of the shaker was cagried out in Lake St. Clair. For the
field tests, the cylindrical chamber of the shaker was modified and consisted
of three parts: a cylindrical tube, a bottom disk, and a top plate. The
sediment samples were obtained by a diver as follows. The diver first gently
pushes the tube into the sediment. The bottom disk is then forced into the
sediment from the side of the tube and slid to the location of the tube.
Finally, the top plate is placed on top of the tube to prevent any dis-
turbance to the sediment-water interface as the sediment core is brought up
to the ship. In this field trial, it was found that with this method,
relatively undisturbed sediment samples can be obtained. By this procedure,
differences in properties of sediments from different locations can readily

be determined.
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In highly contaminated areas, such as some areas in the Detroit River,
the above sediment coring method was unsatisfactory. In this case, the
samples have to be obtained without a diver. Therefore, the shaker was again
modified. The procedure for obtaining sediment cores was to lower the shaker
to the bottom and push it into the bottom sediments with a pole. The sedi-
ment sample inside the tube was retained by the cohesion between sediment
particles and by the friction between sediments and tube wall while it 1c
being pulled up. The length o the cylindrical tube was increased to 30.5 cm
to accommodate « longe. sediwent sample. The top piate of (lL:- <tube was
replaced by a chamber cap. The cap was made of a tubing whose “uside
diameter coin.ides witn the outside diamcter of tue cylindvical tuve. Inside
fhe'gap: an 0 rsing was ;nsLalléQ to prevent any leaks ~vheu;*he cap i. mrurted
on icp of the zupe. A flat plﬁte was glueu on top of the rhamve- cap. The
Dolate was drilled with a hele (5 cm) on top ol which . rupber valve was
mounted. ~

To collect sediment samples, the chamber cap is first mounted on the
cylindrical tube and a ring typ:’of clamp is clamped on the joint. The tube
is then secured onto a pole by the use of two ring type clamps. As the tube
is lowered into the water, the majority of the air inside the tube escapes
through the rubber valve. It is important to eliminate the remaining air
bubbles. This was done by shaking the tube a few times while it was immersed
in the water. After this, the tube was lowered onto the bottom and forced
into the sediment layer for about 9 to 15 cm. Finally, the tube was slowly
pulled up. While the sediment core is being pulled up, the cohesion between
sediments keeps the sediments together. The friction between the sediments
and the tube wall prevents the sediments from falling out. Before the core

is pulled out of the water surface, the bottom disk is carefully forced into

the bottom of the chamber to hold the sediments in place.
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The success of this sediment coring technique mainly depends on the type
of sediment. The method works best for cohesive sediment. If the sediment
consists of only loose sand, there is generally not enough cohesion and
friction to hold the sediment in place. However, in the area of the present
study, the sediment often contained some cohesive layers or organic materials
that prevented the sediments from falling out. Hence, this technique worked

successfully.

Results

Sediments were collected from eight stations in the Jetroit River
(Figure 10). Thes: included four masteristations, 30, 34, 53, and 83, and
fo;r sub-<tationz, 42, 46, I3A, JS;- Se&iments:at the firstvth;éé mas.er
stations were known to contain high concentrations of contaminan:ts while
station 83 was a reference site where the sedimeuts were ;elatively free frem
contamination. Station 30 is located to the south of the toll bridge between
Detroit and Grosse Ile and at the western bank of the river downstream from
Monaguan Creek. At this station, the ship was tied to the pilings on the
breakwall. Sediments from this station were very oily and they had a strong
petroleum odor. These sediments also contained pockets of gas, possibly
carbon dioxide, and the gas was spontaneously released to the water column.
From qualitative observations, the sediments had a brownish color and con-
sisted of silt, clay, and sand.

Station 34 is located in a small lagoon, called Black Lagoon, on the
western bank of the Detroit River. The sediments from this station were also
very oily, with a strong petroleum qdor, and with gas pockets. A unique
feature of these sediments was that they consisted mostly of dark coal-like

particles and some gray colloidal particles. When these sediments were
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disturbed, the dark particles settled quickly while the colloidal ones
remained in suspension for a long period of time.

Station 53 is located south of Gibraltar and at the outlets of
Brownstown Creek and Frank and Poet Drain. The sediments obtained from this
station were mostly siand with a small quantity of silt and coal-like
particles. Mats of algae were also present on top of the sediments.

The last master station is statién 83 which is near the western bank of
Fightirg Island. The sediments heve were nainly very compacta2d clay and
silt. They had a gray color ac. w~ced growth.

Tne locations of stations 53A and 53B were close to station 53. Thae
e~dimerts frcm these first Lwo stdtions‘appeared similar to lavse found in
th- lattor :tatign.‘ Stacioa £2 is iu the wuoncsuto Lagoon which is juc+ sug*h
of the Mousanto Uhcci;al Compriny. Thls station's scdimenis were oily apd
vith a petroleum odor, bul to a lesser degree than tbose fourd in stations 30
and 34. The sediments_contained silt and clay with the silt layer overlying
the clay layer. They also had a thin growth of weed on the surface. The
location of station 46 is just to the north of the Humbug Marina. The sedi-
ments were sandy and had organic debris and algal mats overlying the sediment
layer. For easy reference, the qualitative observations of the sediments
from each station are summarized in Iable 1.

At each station, 2 to 5 sediment cores were obtained and they were
subjected to a shear stress ranging from 2.5 to 5 dynes/cmz. Before starting
the shaker experiment, the concentration of the suspended solid in the over-
lying water was measured. This was done by withdrawing a quantity of water
(about 50 ml) and passing it through a filter. By drying and weighing the

filter, the suspended solid concentration was determined. Each core was
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tested for 25 to 30 minutes and the overlying water sediment concentration
was sampled every 5 minutes. In general, the sediment concentration
increased rapidly in the first 5 minutes and reached a steady-state in 10
minutes. After this, the sediment coocentration often decreased slowly with
time. This is due to the compaction of the sedimernt sample by tae
oscillating pressucre crcated by the grid. SlLown in Figure 11 are the typical
time histories of the sediment concentration in the shaker. Figure 11(a)
shows the results from station 30. At this stztion, 2 cores were tected with
an equivalent shear str~ss of 2.5 dynes/crﬂ2 and 3 cores were rescted with a
stress of 5 dyraa/cmz. As o~e ~an sge.A;he steady-state concentra.iomns for
the <«.5 dynes/cm2 tests were 600 and 500 mg/1l, while the steady-.trate cor-
cenLrations for tﬂe < dynLJ/cmz tes.s were 40U0, éaoo, and 7000fu3/1. The
avetaged s*eady-state sediment concentration is 605vand 520u mg/1l for the 2.5
and 5 dynes/cm2 test respectively (also see Tabie 2). The cuncent+ration-time
plot shown in Figure 11(b) shows the results obtained from station 34; At
this station, one core was tested with an equivalent stress of 2.5
dynes/cmz, and the steady-state concentration was 1100 mg/l; while two cores
were tested with a stress of 5 dynes/cmz, and the concentrations were 7000
and 8000 mg/l. From Figure 11, one can see that the results between
duplicating tests agree quite well.. This is also true for the stations not
shown in Figure 11. Some large variations, such as the one from 4000 to 7000
mg/l at station 30, can be attributed to the difference in sediment proper-
ties, because sediment properties can change in just a few meters of dis-
tance. However, the variations of concentration were all less than a factor

of two.
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Listed in Table 2 are the steady-state sediment concentration obtained
from each station. If multiple cores were tested for the same equivalent
stress, the average concentration is tabulated.

Comparison tests were also carried out to see whether there was a
difference in sediment resuspension prcperties betwee; the cores obtained‘by
the pole and ty a diver. These tests were carried cut at stations 534, 53B,
ana 46. The results of this comparison test are shown iIn Figure 12. At
station 53A (Figure 72(2)), 2 cores each were taken by eacrh coring method,
and they were tested witu stresses with 2.5 aad 5 dynes/cmg. From tle
figure, one sees tpnat with a 2.5 dynes/cmz stress both tlLe pole core and the
diver core _ad > entrainme:.t; the c-nceatrstion was censtant wita time at
140 we/l. With . stre.s of Sfdydes/gmz, buch the pole cor. and thq diver
core had a concentration of ilOd mg at 15 n.nutes a.ter thelstart of the
tests, irdicaling good agreereut between .he two cores. After this time, the
pole core's concentragion decreased slightly and the test was interrupted by
a power failure. On the other hand, the concentration of the diver core
increased slightly to 1600 mg/l and remained steady until 15 minutes after
the start. After this, the concentration in this core increased to 2500
mg/l. This increase may be caused by a drastic change in the sediment
properties at depth in the sediment. After 15 minutes of testing, the sedi-
ment was scoured to a layer which was easier to resuspend than the overlying
layer. This phenomenon was also seen at station 53B, whose sediment proper-
ties were similar to those at station 53A. The test results from statiom 53B
are plotted in Figure 12(b). As can be seen, two diver cores and two pole
cores were tested. Among them, three tests showed an increase of sediment
concentration by the end of the test. At this statiom, two diver cores were

first obtained and tested. The applied equivalent shear stress was 4 and 5
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dynes/cmz, and the concentration increased from a quasi-steady value of 500
mg/l to 800 mg/l for the smaller stress, while for the higher stress the
concentration was changed from a quasi-steady-state 3000 mg/l to 3800 mg/l.
After the tests with the above two cores, two more cores were taken by the
pole. At that time, a weather system moved in and the bottom sediments were
stirred up. This can be seen from the higk initial cuncentration for the two
pole cores, 250 mg/l as opposed to 70 mg/l {or the uiver cores. Both of
these two cores were tested with a stress of S~ dynes/cmz. Since some
s;rf;ciai sedime_“s in these two co.es we-e alrcady .esuspended, *here were
le:s sedimeuts available for res:i~2nsion in th~ -hake_ . The two pule ccres
alt shuw lower cor:entrations than the ai\}er roces.

The last comparison. test is sh.wn in Figure }L(C). With a stres- 0.4
ayﬂes/cmz, the concentratior frnm the pole co.e agr~ed with that frcm tha
pole .core, ani the steadr-state concent+atiou w;s ahout 500 mg/l. howevar,
the concent:ations for the 5 dynes/cm2 tests did not agree as well. The con-
centration in the pole core did not reach a steady-state in 20 minutes, and
the concentration was 1600 mg/l. On the other hand the diver core had a
steady~state concentration of 2400 mg/l in 15 minutes. The difference is
again due to the difference in sediment properties. It was observed that
this diver core tested with 5 dynes/cm2 stress had more loose organic
material overlying the sediment surface than the other cores from this

station. Therefore, this core had a higher concentration.

Summary

The resuspension properties of the bottom sediments in an aquatic system
at a given time is important information for predicting sediment and con-

taminant transport. For predicting sediment transport in the Detroit River a
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portable device, called a shaker, was used to measure the resuspension of
relatively undistrubed sediments in the river. The sediment samples were
obtained either by a diver or by a pole. Samples were obtained from eight
stations, and were subjected to quivalent shear stresses ranging from 2.5 to
5 dynes/cmz. The results of this field experiment are summarized below.

1. Sediment composition and properties differ significantly from one
area to adother. In geperal, the ~reas around the deep shipping channel h:cve
no sediments, excepc a few sand bars sparsely distributed. Farther awey from
the channel, more sed.ment can be found. Along . he banks of the river, the
cediments were either siity sands with dense wr~ed orowth or silts and -lays

with traces of sands i~ some rexatively~ttagnant lagoon-like water bodies.

<. Sedircnt progerties ma, also vary within - few mcters in ome area.

3. A sediment .oring technique was develobed so that sediment samples
can be obtained withouﬁ a diver. This tecnnique enables one to test the
sediments frém areas which are highly contaminated.

4. In general, multiple cores obtained at one station and tested with
the same shear stress showed good reproducibility. Variations between dupli-
cates were due to the difference in sediment properties. The variations in
sediment concentration, however, were within a factor of two.

5. Comparison tests were carried out for the sediment cores obtained
by a diver and the cores obtained by a pole. It was found that there was no
significant difference between these two types of sediment cores.

6. The steady-state concentrations obtained with an equivalent shear
stress of 2.5 dynes/cm2 ranged between 140 and 1100 mg/l. With a stress of 5

dynes/cmz, the concentrations were between 2500 and 7000 mg/l.
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Table 1. Qualitative description of the sediment samples

STATION # SEDIMENT DESCRIPTION

30 Brownish silt and clay, sand, oily, petroleum odor

34 Dark coal-like waterials, grey collids, oily, petroleum odor
53,53A,33B sand, algal mat, coal-like particle, weed bit

83 G.oey compacted clay and silts, weed

42 Silt layer on top of clay layer, oily, petroleum rdor

46 Sand, organic material, algal mat

Tabie 2 Jteady-stati couc.atration for the sediments from each station

oot $ v .
STATION SHEAR STRESS . STE.!D7-STATE CONCFNTRATINN
# (dynes/cm?) - (Mg/1)
30 2.5 605
30 5 5200
34 2.5 1100
34 5 7500
53 2.5 800
53 5 7000
83 2.5 600
83 5 2600
42 2.5 330
42 5 3250
53A 2.5 140
53A 5 2500 (%)
53B 4 800(*)
53B 5 3700(*)
46 4 560
46 5 1600(*)

(*) Steady-state was not reached
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THE FLOCCULATION OF FINE-GRAINED LAKE SEDIMENTS

DUE TO A UNIFORM SHEAR STRESS

The flocculation of fine-grained sedimentary particles significantly
affacts the etfective sizes, surface areas, densities, settling velocities,
and deposition rates of these particles. Because of this, knowledge of
flocculation processes 1is especially impor-tant in such arcas as sediment
transport, contaminart transport, and waste water treatment. It should be
noted that floccul.cion is ¢ dyaamic process with the state of flocculation
changing with “ime ancd depending on the rates of aggregation and disaggrega-
tion of the particles. In turn, these racec depend on state variables such
"as fluid shéar, sedimaqé svncertration, dissolved chemicals and;sélinitﬁ, pﬁ,
tpmperature;. vrganic matter, and organisms. Jlowever, despite their
impor*tance, the processes of aggregation and disaggregation of rine-grained
sediments and their dependence on the above parémeters are pnot well under-
stood. To increase the understanding of flocculation is the justification
for the present study.

Aggregation of particles occurs as particles within a fluid collide with
one another. These collisions are caused predominantly by three vrocesses:
Brownian motion, fluid shear, and differential settling. Brownian motion is
due to the thermal energy of the fluid and is random in nature. Fluid shear
will lead to collisions due to the relative motion between particles caused
by this shear. Particles settling at different velocities will also cause
collisions as large, faster-settling particles may collide with small,
slower-settling particles. These collision processes are relatively well

understood.
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As particles collide, only a fraction of the collisions will result in
cohesion of the particles and the formation or increase in the size of flocs.
This probability of cohesion during collisions is determined in part by the
forces between particles. However, except through experiments, a quantita-
tive determination of this probability is nmot possible at present.

The diszggregation of particles also occurs and is due to fluid shear
and possibly collisions between particles with sufficient relative *“rans-
lational enercy. The rates of disaggregation c¢f fine-grained particles ~re
£>t weil known and m..t he determined through experimeunc.

ttost of the previous work concerning flocculation has been in the area
of waste treatmen.. Jin thi: regard, tﬁé strength and deunsity of aluripum-
ciav flocs ~there flor~ulat.on had beewn ‘;3uc¢d by tle additi-~no 6f.a:‘_lum¢num
ion solution has been studied (Tambo. and Katanabe, 19/9; Tamho and Hozum.,
1979). Simil:=r wovk has heen‘ corducted by Boadway (1378), Argamann and
K;Lfman {1970), And Parker et al. (1972). Delichatsios and Probstein (1975)
studied the flocculation of colloidal particles in turbulent pipe flows.
Their work was motivated by the importance of learning the behavior,
bandling, and treatment of dispersions.

In the present study, experiments concerned with the flocculation of
fine-grained lake sediments in fresh water were performed. In most regions
of a lake, fluid shear is weak and ﬁherefore the collision and aggregation of
particles is primarily due to Brownian motion and differential settling.
However, in certain areas of am aquatic system, such as at and near the
air/water interface, the thermocline, the sediment/water interface, ana
shallow, near-shore areas where wave action is significant, fluid shear is
large and will have significant effects on the aggregation and especially

disaggregation of particles. These effects are relatively poorly understood.
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Because of this, the emphasis of the present study was on the effects of
fluid shear on the aggregation and disaggregation of sedimentary particles.
In these processes, the effects of sediment concentration are significant and
were also investigated.

Factors affécting flocculation are briefly reviewed in the following -
section. The experiments on flocculation were perfermed using a Couette type
viscometer. This apparatus as well as the experiwental procedure is
described in subsequent sections and is followed by a discussion of the

experimental resul.s.

Factors Affecting Flccculatiow

Ih genefai, the irstantaneous size Jistribution o f particles suspezded
in ;ater s Zue to both aggrég-tion and disaggregation of these particles and
is a t.me-dependent quantity. In some cases, a steady-sc.ate particle size
distribution may exist due to a dynamic equilibrium between aggregation and
disaggregation but this is an exception.

A general formula for the time rate of change of the particle size
distribution can be written as follows. Denote the number of particles per
unit volume by n. Approximate the continuous range of particle sizes by
discrete size ranges so that the number of particles per urit volume in size

range k is n By considering both the aggregation and disaggregation of

"

particles into each size range, one can derive a general formula for the time

rate of change of o, - The result is

doy z

— = I .. N..- Z o, N, + 2 y,.n. ~ 2 Y..n (9)
dt 2 i+i=k ij 7ij i=1 ik ik >k ki 3 k> § jk'k
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where dij is the probability of cohesion after collision, Yij is the fre-
quency of disaggregation of flocs with size j into flocs with size i, and Nij
is the collision frequency (the number of collisions occurring per unit

volume per unit time). This latter quantity can be written as
N.. =B8.. n.n, (10)

waere Bij is the collision frequency function for collisions between parti-
cles i and j.

The first term on the right-hand size of Eq. (1) is the rate of forma-
tion c¢f flo~s by collisions of pa::iclci of size i anl . The second term
represéhts the loss of fLOéS ot 251ze 'k Jue to coil¢sions With all other: :
parcicles. The third term represents the rate of increase of oy due to che

disaggregation ol fiocs of size j and the last term represents the rate oz
-~
disappearance of flocs of size k due to disaggregation.

The quantities Bij appearing in Eq. (2) are reasonably well known. This
function depends on the collision mechanisms of Brownian motion, fluid shear,
and differential settling. The original collision rate theories are due to
Smoluchowski (1917) while additional work has been done by Camp and Stein
(1943). Ives (1978) presents the~expression; for the different collision

functions as follows.

For Brownian motion,

2
(d. + 4d.)
B -2 kT 1 j° (11)
ij 34 d.d,
1]

23

where k is the Boltzmann constant (1.38x10° Nm/°K), T is the absolute



63

temperature, p is the dynamic viscosity of the fluid, and di and dj are the

diameters of the colliding particles. For fluid shear,

G 3
Bij =5 (4 +dp) (12)

where G is the mezn velocity gradient in the fluid. ¥Fcr a tuibulent fluid, G
1 .
can be approximated by (c/v)? where € is the ermargy dissipaticn and v is the
kinematic viscosity (Saffman and Turner, 1956). For differential se<tling,
Bo = B (o - £ (4, + 4% (af - dd) (13)
i 72n *p 7T : i i

i3 i i

-

where pp is the density of the particles, Ps Ls the density of the fluia, .rnZ
g is tue'accelerationédue to‘grévit}. P

A comparison :of ccilision functions 'fyr collisions of ,an arbitrary
particle with a particle of 1 pm diameter 1is shown in Fig. 13a. For this
comparison, the data used was: T = 20°C = 293°K, G = 200 sec-1 (2
dynes/cmz), pp = 2.65 gm/cm3, and Pe = 1.0 gm/cm3. As can be seen, Brownian
motion is only important for collisions with particles less than 0.1 um. For
particles between 0.1 and 50 pm, collisions are primarily caused by fluid
shear, while collisions of 1 pm particles with particles greater than 50 pm
are caused chiefly by differential settling. Figure 13b shows the collision
function for <ollisions of an arbitrary size particle with a particle of 25
pm. Again, fluid shear is the dominant mechanism for collisions of particles
up to 50 pm.

From the above equations, the Bij's can be calculated and used to
determine the frequency of particle collisions. However to determine dnk/dt,
o and Yy must also be known. These quantities are much less well understood.

Fluid shear is a major factor in determining y but its effect has not been
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quantified. A major factor in détermining the behavior of both a and y seems
to be dissolved chemicals and salinity (Committee on Tidal Hydraulics, 1960;

Partheniades, 1980). 1In natural fresh water, the ions with the most effect

+ +2 +2 +3 +2 - 2

are: Na+, K, Ca®, Mg©“, Al 7, Fe °, C1 , SOZ , HCO;, and CO-2 (Faust and

3
Aly, 1981). The cations seem to be most important with the high valence

cations more effective as a flocculant than mcao-valcnt cations. The con-

*2 and Al+3 recuired to flocculate negatively cnarged

parpicles' are approximately in the ratio of 1:10—2:10-3

centcations of Na+, Ca
(Weber, 1972).
Calcium and magnesium seem to be the major cations that influence floccula-
tion in fresh waters.

Other factors tLar inflnence 1lo~cnlation are ~H (,:obabiy negligitle in
the, usual pH range ofiY to 8 in natural hdtérs (ﬁambe,?ISSB)); cempe.ature
(less than a .factbr of 2 erfect on settling velocities 1n ‘ithe normail
t.mperature range (Lambe, 195§8)); and organic watter aad organisms (effects
may be significant but can not be‘quantified at the precent time). For both
o and Yy, the size and density of the floc, and therefore the history of

formation of the floc, should be significant but the magnitude of this effect

is unknown.

Experimental Apparatus

The flocculation experiments were carried out using a Couette type
viscometer (van Duuren, 1968; Ives and Bhole, 1977; Boadway, 1978; and Hunt,
1982). This type of viscometer basically consists of two concentric
cylinders with one rotating relative to the other. 1In this way, a velocity
gradient is generated in the fluid in the annular gap between the cylinders.
The ability to generate a uniform velocity shear is the main advantage of

using a Couette viscometer as a flocculator.
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The hydrodynamic properties of the Couette device have been discussed by
several authors, including Taylor (1923, 1936), Rayleigh (1917),
Chandrasekhar (1954), Donelly (1958), Donelly and Fultz (1960), and van
Duuren (1968). Taylor carried out experimental studies on the stability of
the flow inside the cnnulus. He found that the fiow inside the annular gap
is more stable with only the outer cylinder rotating and also dete;mined the
limitine ouvter cylinder rotation spzed for the fluw to remain laminar. Van
Duuren gave a detailed account of the derivation of the velocity gradient in
the annulus. For only the outer cylinder rotating, the velocity gradient ¢

is

A2:2 ;
e e o R f ' (4)
TR 2 :

2™ N

where w, is the angular velcciiy of the ouier cylinder, r the radius ia the

annulus, and R1 and R, are the radii of the inner and outer cylinders,

2

o :
respectively. By integrating G over the annular width R, - Rl’ one can show

2

that the mean velocity gradient is

1 RZ 2w2R]R2
Gm TR -R J Gdr = 2 3. (15)
2 1 R1 R2 - R1

By fitting Taylor's experimental data, van Duuren showed that the limiting

rotational speed for the ocuter cylinder was given by

3.16 ¥ 10 - %7

2
Wp = 2.7 (16)
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where v 1is the kinematic viscosity. If the rotational speed of the outer
cylinder exceeds this limiting value, the laminar flow inside the amnulus
breaks down and becomes turbulent.

The viscometer used in the present study is shown in Figure 14. The
inner radius of the outer cylinder is 2.5 cm and the outer radius of the
inner cylinder is 2.3 c¢m. With these dimensions, the mean snear stress (iﬁ
dynes/cmz) across the gap becomes [ Gm = 0.735/T‘ where IZ is the period in
seconds of the outer cylinder, and p is taken to be IXIO-Z dyne;-sec/cmz, the
dynamic viscosity of water at 20°C. The theorecical limiting rotatiocu syced
of the outer cylinder is then 87 rad/seclor T2 = 0.C/ sec. Tﬁis corresponds
to a theoretizal maximum mean shea. stress of 13.% dynes/cmz. Red ¥nod
coloring dye:wss injected into the viéLQmeter to sbu;y the flow <hzactér-
istics. It Qas found that the dye was _apidly dispersed by turbulent flow
when the me.n shecr stress was iarger tnan 9.2 dynes/cmz. Fo. ctrecses less
than this value, the flow inside the viscometer wa:flaminar.

The length of- the viscometer was 25.4 cm with a length to gap ratio of
125. The total volume of the annulus was 83 ml. Ideally, the viscometer
should be infinitely long to avoid end effects. One way to reduce the end
effects is to mount the deviCe vertically with one end open (van Duuren,
1968). However, mounted in this way, the effects of floc sedimentation can
become significant. Hence, the viscometer was designed to be mounted hori-
zontally. However, by mounting the viscometer horizontally, the effects of
floc settling were not totally removed. The reason for this is that, in
addition to the gravitational acceleration, the centrifugal acceleration
produced by the rotation of the outer cylinder acts upon the sediment flocs.

An effective maximum acceleration can be obtained by vectorally summing

the maximum centrifugal acceleration and the gravitational acceleration.




67

Then by averaging the magnitude of this combined acceleration over one
revolution, an effective acceleration can be obtained (Iacobellis, 1984). By
this method, the effective accelerations for the shear stresses used in this
experiment (1, 2, and & dynes/cmz) were found to be 1.01, 1.14, and 3.19 g,
respectively. 7The effective accelerations for the two smaller shear stresses
are no: much larger than 1 g. Hence, floc settling is not significant for
these stresses.

Howeve., the effective acceleration of 3.19g produced by the &
dynes/cm2 shear stress cca aot be ignored. This effect is signiricant if a

particle‘has a d;nsiLy of 2.65 gm/cm3.

However, in reality, the etfe-tive
density o1 a flocculatea particl-» decreéSes as the floc size increases due to
voids .n tHe fl-cculated structure (fambo and Wétaéabe, Ié?é; I;cobclfisi
1984). For lacge flocs, this effective density anﬁroache; tuat of water. Aé
can be seen from Ea. (3), the differential settling collision funcfion
decreases as the fidc density decreases and, in particular, becomes negli-
gible as pP approaches Pe- In additionm, it was observed in the present
experiments that the strengths of the flocs formed by Brownian motion and
differential settling were much weaker than those formed in a shear field
(also, see Krone, 1984). TFor these reasons, the effects of diffesrential
settling in the experiments were minimal even at the highest stress of &4
dynes/cm2 and collisions were due mainly to fluid shear.

The cylinders of the viscometer were made of cast acrylic tubing. The
inner cylinder was fixed to a steel shaft through which the viscometer was
clamped horizontally to two anchored seats. In the inner cylinder, four
intake ports were built in and rubber hoses were connected to these ports.

The hoses ran through the steel shaft to the outside of the viscometer.

These hoses and intake ports allowed us to inject dye for hydraulic studies.
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During flocculation tests, these hoses were clamped. The two end pieces are
threaded so that they can be completely removed from the cylinders. In one
of the endpieces, a stop-cock was built in. The stopcock enables one to
completely remove air bubbles when filling the viscometer with the sediment
suspension. A gear was mounted on the other endpiece. Through the coupling
of this gear and another gear afttached to the shaft of a motor, the outer
cvlinder was rotated. The motor has a maximum power output of 1/4 ho-sepower
and it was connected to a speed controller. The viscometer can be rotated at
periods down to 0.07 sec which corresponds to a mean shear of 1u.> dynes/cm2
The sizes of flocs were measured by use of a Malvern Particle Sizer
3600E. The Malvern Particle Sizer utilizes the Fraunnofer diffracti-n prin-

'tiple to measure fhé particle size distribution'(ﬂei&ér, 1984). Loe ess~u-
tial components of the sizér are: a light sourc., a sample cell, Fourier
transforming lenses, and a detec.or. The light source i< a 2-mw He-Ne‘laser
. [ 4
beam which is monochromatic and collimated. The sample which contains the
floc suspension whose size distribution is to be determined is located in the
light path. The light diffracted by the particles are focused by the lens
onto the detector. The angle of diffracted light depends on the size of the
particle: the smaller the particle, the larger the diffraction angle.
Hence, by measuring the light intensity on the detector at various angles
from the incident light axis, the particle size distribution can be deter-
mined. The detector consists of 30 semi-annular concentric photo diedes.
The radii of the diodes are set in such a fashion that the resultant distri-
bution is divided into 15 logarithmically increasing.size bands. If onme
includes the percentage under the lowest size band and the percentages in the

15 size bands, one can obtain a 16 size band distribution. The main advan-

tage of using a Malvern Particle Sizer is that flocs are not forced through a
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parrow gap at any time and hence are not disaggregated during the measure-

ment.

Experimental Procedure

The material used in this experiment was a fine-grained sediment from
the mouthk of the Detrnit River as it enters Lake Erie. The sediments were
analyzed by X~-ray dirfraction and found to be composed ot calcite, chlorite,
dolomite, illite, kaolinite, moutmorillonite, potassium feldspar, and quartz.

1n order to obtain a fine-grain sediment suspension that had uniform
properties from one test to the rext, the following procedures were follered.
About '0 kg of the sedim_ut were stored witlL water at an average concrentra-
tion of: 1’0 .gm/1. The container was kept covered 'so ihat the sedimeéts were
in tue dark. About 24 hours prior to each exﬁeriﬁent, the sedim;nts ic-ida2
che container were thorougnly mixed by a plunger. Just before each test, the
sediments were stirred again and 100 m1~o£ sediment slurry were taken out and
placed into a 1 liter graduated cylinder with 900 ml of tap water. The
diluted slurry in the cylinder was then thoroughly mixed and allowed to
settle for seven minutes. After this time, 30 to 150 ml of the top portion
of the mixture was removed and placed into a beaker with 400 ml of water.
The concentration of this suspension was then measured and the suspensiocn was
diluted again until it had the desired concentration. The last step in the
preparation of the initial floc suspension was to break up the flocs by means
of a blender.

The size distribution of the initial suspension was then measured and
was found to be rather uniform between tests. Typical size distributions for
concentrations of 50 and 800 mg/l are shown in Figure 15. In general, the

median floc diameter ranged from 3.1 to 4.7 pm, depending on the concentra-
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tion, and the maximum floc size was 23.7 um. It was felt that this type of
size profile more closely resembles the size profile likely to be entrained
by shear stresses within our experimental range than would the size profile
of the original sediments.

As mentioned earlier, dissolved chemical ions may affect the processes
of flocculation. In order to ensure that the watar used to dilute the sedi-
ment susnension wcs the same for every test, the tap water obtained for the
first test was stored in a covered container. The whole series of experi-
ments were cuapleted in two weeks. It was believed that the water quality
did not chenge 2npreciably in thi- time period. The experimental resu'lts
wer> renroducible and confirmed this pelief. The tap water was analyzed b
the Montgomef{ izbo;;tcry in Pasadeha, Califo.nia about one month aféér the
first day of the experiment. The major ion contents of this water ace listed
in Table 3 (series A). pH cf this tap witer was not determined tut,
accordiné to the local water treatment plant, was about 7. During the tests,
the water in the viscometer had a temperature ranging from 19 to 23°C.

After the size distribution of the initial floc suspemsion was taken,
the suspension was poured into the viscometer. With the stopcock on the
device open, a syringe filled with the suspensioan was connected to one of the
hoses fixed to an intake port and. additional suspension was slowly pumped
into the annulus until all the air bubbles had escaped. After this, the
viscometer was clamped onto the anchored seats and was slowly brought up to
the speed corresponding to the desired shear stress.

Under some conditions, it was found that the flocs inside the annulus
were gradually pushed to the outer cylinder by the centrifugal force. 1In
order to avoid this, the viscometer was slowly brought to a stop about every
five minutes. At this time, about 9 ml of the suspension was withdrawn from

the viscometer by use of a syringe. The viscometer was then slowly and
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gently rocked from one end to the other while it was also being rotated
around its long axis. After this mixing, the viscometer was either refilled
for running or opened up for sampling.

The sampling of the floc suspension in the viscometer was carried out
eveary 5 to 20 minutes of ruaning time, depending on how fast the size dis-
tribution changed.. For sampling, the viscometer was brought to a vertical
nosition. The top endpiece was unscrewed and the inper ~ylinder was care-
fully pushed to one side. Connected to a pipette, a nylon tubing with an
outer diameter of 3.73 mm and an inner diameter of 2.92 za .as inserted into
the annulus .or sample retrieval. Depending o.. tue concentration of the
susp.i1sica, 0.6 to 8 ml of su~persion was removed “rom the viscometer. For
dccurate méasufements,'the saﬁples were taken ffcg four positions.eéuidiétant
from each other. These were then placed into the sample cell of the Malvern
Particle Sizer and diluted with de-~ionized water. Id=2ally, the samples
should be diiuted with filtered working water. lHowever, tests had been
conducted to compare the size distribution measured with a floc suspension
diluted with de-ionized and filtered tap water. No difference in size dis-
tribution was detected. As the size distribution was being measured, the
viscometer was refilled with the suspension which had been withdrawn pre-
viously. The viscometer was also replenished with the initial suspension to
account for the volume loss duripg the measurement. The viscometer was then
restarted.

The time period between the stopping and restarting of the viscometer
was about 4 to 5 minutes. During this time, the viscometer was idle and the
flocs in the annulus flocculated very slightly due to settling. As mentioned
earlier, the flocs formed by settling were easily broken up by the applied
shear when the viscometer was restarted. The result was that the flocs

formed during the idle time of the viscometer did not create a problem.
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Results

The usual experiment was a double shear stress test and was conducted as
follows. The sediments in the viscometer were initially disaggregated. The
viscometer was then operated at a constant shear stress for about two hours.
During this time, the sediments 3iIn the viscometer flocculated with the
median particle size initially increasing 1apidiy with time but thean more
slowly until a steady-state was reached where the median particle size
remained approximately constant with time. Thi: always occurred in times
less itian two hours. Acter this steady-staie, the shear scress of the vis-
cumeter was chauged to a new value and kept there Zor another two hours.
Again, aZ-er -7 initial t-ansieat nfylzés than two honrs, a new steauy-state
w2s reached. The initial shcéf Siresses weze 1, z, and 4 :fues/cmz‘and these
were chazged to 2, 4, aud 1 dynes,’cm2 respe-tively. The expériments were run
at sedimen: ccncentrations ot 50, 100, 400, a:d 800 mg/1.

" For this type of test and for a concentration of4100 mg/l, the median
particle diameters as a function of time are shown in Figure 16. The initial
diameters were about 3.5 pm. It can be seen that, for each shear, the
particle size initially increased relatively slowly. After about 15 minutes,
the size increased more rapidly but then approached a steady-state in about
an hour. For the 1, 2, and 4 dynes/cm2 tests, the steady-state median
diameters were about 115, 80, and 50 um while the steady-state was reached in
about 100, 80, and 60 minutes. There were fluctuations about this steady-
state with the larger fluctuations occurring at the lower stresses.

After the change in shear stress, a transient occurred after which a new
steady-state was reached. For a particular shear stress, it can be seen that

the median particle size for the second steady-state is approximately the
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same as the median particle size after the first steady-state. This
indicates that the steady-state median particle size for a particular shear
is independent of the manner in which the steady~state is approached.

From Figure 16, it can be seen that the floc size increases as the shear
decreases. From visual and microscope observatious, it can be shovn that the -
flocs formed at the lover shears are fluffier, more fragile, and have lower
effective densitics than do the flocs formed at the higher saears.

The steady-state size distributions for i he above tes.s are shown in
Figure 17. The distril_tions showu are th> averages of the size distribu-
tions «uring tﬁe iirst stealv-state. Size distribuc.ions during the second
steady-state Jere similar. The differences in size Jistributions for
differenc snéar.stresses are élearlyzsec: with the sedimenis at the lowest
stress hav.ng the .iargest percentage >f large flocs and th. smallest per-
centage of small "paiticles aud vice versa for cne sedimeuts at the highest
stress.

Figures 18 and 19 show results for a sediment concentration of 400 mg/l.
The behavior shown is qualitatively similar to that shown in Figures 16 and
17 for a sediment concentration of 100 mg/l. Figure 18 shows that the median
steady-state particle diameters for 1, 2, and 4 dynes/cm2 are now 60, 40, and
20 pm respectively, values which are approximately half those for 100 mg/l.
The results again show that the steady-state floc diameter is independent of
the history of the applied stress. The first steady-state is reached 1in
approximately 60, 40, and 40 minutes for the three stresses, somewhat faster
than the tests at 100 mg/l. Figure 19 shows the particle size distributions
for 400 mg/l and is qualitatively similar to Figure 12.

In order to see the effect of sediment concentration on flocculation,
the time histories of the median diameters from tests with a stress of 2

dynes/cm2 were determined. These are shown in Figure 20. Included in the



74

figure are tests with concentrations of 50, 100, 400, and 800 mg/l, where the
tests with 50 and 800 mg/l concentrations are ones with a single applied
stress. The curves for the 100 and 400 mg/l tests are the ones shown in
Figures 16 and 18, respectively, with the 2 dynes/cm2 stress and before the
stress change. The two upper curves are the results of the tests with 50 and
100 mg/l concentration and are qualitatively similar to each other. The
median diameters for these tests do not change much in the first 15 minutes
and then Inc.ez<e rapidly. Arter about 50 minutes, the mediau diame:ers
reach a quasi-ste~dy-scate but with large *‘luctuations present. T[he two
lower curves are foi the two larger concentrations of 400 and 800 mg/l and
are alsu qualitatively siwila:r to e..ch other. The .teady-state is rea.hed in
:apgprox‘matelv 30 mi;utes with relatively litt;é %]ucéuarions tuereafter. xﬁg
sterady-state medizn diameters a.= 100, 80, 40, and 26 pym 1or the tests witg
concentrations of 70, 100, 443, aad 800 mg,l, respectively. This clear.iy
indicates that there is a marked influence of the floc conﬁentration on the
sizes of the flocs, i.e., the less the floc concentration, the larger the
flocs.

Plotted in Figure 21 are the averaged steady-state size distributions
for a shear stress of 2 dynes/cmz. It can be seen that, for the same applied
stress, the sediments have a higher percentage of large flocs and a lower
percentage of small particles when the concentration is lower.

The large flocs present in these experiments were quite fragile. A
schematic diagram of a typical floc is shown in Figure 22. It can be seen
that individual particles (usually on the order of 1 pm in diameter) are
relatively closely and therefore strongly bound together into «clumps.
Several of these clumps are then loosely and therefore relatively weakly
bound to each other to form a floc. Because of this fragility, great care

must be taken in measuring and handling this material. In the present study,
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our procedures were continually modified until it was felt that the pro-
cedures had no significant effect on the final experimental results.

Additional experiments were run besides those described above. First,
several duplicate experiments were made to test the reproducibility of the
experiments. 1In all cases, the results were reasonably well reproduced: for
example, the steady-state median particle diameters for duplicate tests
differed by less than 10%.

Another series of experiments was made with the same sediments but with
slightly differsnt water (a mixture of well water with added chemical salts).
The comps-ition of this water (series B) is -ompaied wich the wa*er used in
the reference exy.riments (series A) in Table 3. The series B experiments
‘were identical to the series A experiménté; The results fos the. steady-<tat-
melian particle diameter for both series are ccmpared in TableTA. Although
there are uwodest difterences, the results are generally similar. This tends
to indicate that small changes in fresh water composition do not have major
effects on flocculation. Of course, these later tests are only suggestive
and much additional work is needed before this conjecture can be proved or

disproved.

Summary and Concluding Remarks

Flocculation has a significant effect on the effective sizes, surface
areas, densities, settling velocities, and deposition rates of fime-grained
sediments and hence is important in determining the transport and fate of not
only sediments but contaminants as well. It should be emphasized that
flocculation is a dynamic process with both aggregation and disaggregation of

particles occurring continuously.
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The effects of fluid shear on the rate of aggregation and disaggregation
of fine-grained sediments are of major importance in lakes but are not well
understood. In the present study, experiments were performed to investigate
these effects. A Couette viscometer was used to apply a uniform shear stress
to the sediment suspension. A series of experiments were made for shear
stresses of 1, 2, and 4 dynes/cm2 and for sediment cuncentrations from 50
mg/l to 800 mg/l, values which are caaracteristic of those iocund in the Great
Lakes.

The partiile size distribution as a func:’-r of tiae was delermined.
Quantitative resul_s were obtained for the decrease in s*2auy-state €floc size
wita iucreasing she:r stiess and thhllnéreasing sediment concentidtica. Tor
evam;Ie? tue <ﬁ:ady-state median fior diggﬂter charzed from 110 p> to SO_pE
as the -hear stéess ch:ugtd Z.om 1 dyne/cm2 to 4 dynes/cmz (whei. the sediment
roncencration was 100 mg/l) and ckanged f-om .00 pm to ZS-pm as tlLe scdirent
ccncentration changed from 50 mg/l to 800 mg/l (wﬁén the snear stress was
constant at 2 dynes/cmz). The times required for flocculation to occur under
different conditions were also determined and were typically on the order of
an hour, again dependent on the shear and sediment concentration.

Experiments were performed such that the steady-state was approached in
different ways. It was found that the steady-state particle size distribu-
tion was independent of its history. 9f course, this makes a theoretical
analysis involving flocculation much easier.

The present experiments gave information on the effects of fluid shear
on particle size. However, in order to predict the transport of particles,
it is also necessary to know the settling speeds of these particles. If a
particle is spherical with known density, the size and settling speed are

related by the well-known Stokes' law, which is
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2d’
¥s = 18n (Dp - Pg) (9)

The formula is valid for settling speeds such that the Reynolds' number (Re =
pfwsd/p) is less than about 0.5, i.e., for sedimentary particles with a
diameter less than about 100 pm. However, for flocculated particles, the
effective density of the flnc can be quite differenﬁ from the density of each
individual particle. In fa-t, prelimirary evidence (lacobellis, 1984)
indicates tbat che effective density for large flocs approache< that of water
and therefore the settling .peed is relatively small. When the erfective
density is not knowu, the diameter and settling speed are not relatea ty
Stokez' law. In fact, they are uOZIEVén uniquely relateZ to each other so

that each paraméter .ust be determined(indepdndently.
) Obviously, considerable work needs to be done Sefore lecculat*on of
fine-grained sediments is 2dequntely underztood. Parameters that a“fect
flocculation and which‘need further investigation are sediment mineralegy,

water quality, organic matter, and organisms. In addition, the parameters

that relate particle size and speed need to be determined.
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TABLE 3. DISSOLVED ION COMPOSITION (mg/l)

Series A

44.9
2.4
74.1
38.0
<0.02
171
0.07
23

250

Series B

78.2
7.8
146
37.4
<0.922

165

2Cu

250

78



TABLE 4. STEADY-STATE MEDIAN DIAMETERS (Hm)

Series A Series B

50 mg/l, 2 dym 100

100 mg/1l, 1 dyn 105 9S
100 mg/l, 2 dyn 80 75
100 mg/l, 4 dyn 50 43
400 mg/l, 1 dyn 60 56
400 mg/l, 2 dym 40 ~ 30
400 me/l, 4 dyn 20 16

800 mg,l, 2 dvn Zu
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Figure 16. Time variations of median floc diameters for the tests
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with 400 mg/l floc concentration.
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Figure 21. Averaged steady-state floc size distributions for the tests
with an applied shear stress of 2 dynes/ch.




Figure 22. Schematic diagram of a typizal floc.
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