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" . PREFACE

The Ottawa River Project is an ongoing muitidisciplinary
resea;ch programme in which a group of engineers, geologists and
scientists from the University of Ottawa and Natipnal Research
Council Laboratories of Canada, are attempting to produce predictive
ecoloéical models for part of the Ottawa River system. The river is

acting as a receiving body for pollutants from various industries and

-

-

cities located at points along its shores.

A significant amount of mercury, which is one of the major
pollutants, is retained in the bed sediments and, with time, this on-

golng process has resulted in a contamination problem in the system.

A 4.88 km-long stretch of the river, (1.6 km downstream
fromrthe cicy of Ottawa), was chosen as the gtudy secgion along which
a comprehensive programme of field studies are belng performed. As a
part -of the Otrawa River projéct this laboratory study was carried out
to investigate éhe relationships betweeg bed sediment characteristics
and the distribution and movement of mercury associated with bed load
movements.

it has been established (21) that the bulk of mercury
contamination in the river resides in the‘bed sediments. The river
bottom consists largely of medium fine sands, in the central (main
channel), compacted clay, on the Ontario shore, and agglomerated organ{p
mixtures, large%y wood fibres, wood chips, barks and fine sands.near

the Qﬁebec shore.

Cation exchange capacities of the components of the bed”

/

Y
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sediments have been determined to gain information about the propertion ,«jf

of mercury which may be carried adsorbed on stream sediments instead ?ﬁ;
in' solution. Laboraﬁory studies of mercury distrib&tion among various
components of the sediment mass lead to predictions of ‘mercury con-
centrations whicH closely match observed fi;id values. Sediment com-
ponents of high organic content, more particularly the wood chips

and fines (particles of dilameter between 0.45 pm and 38 um} have
}associated with them 50 to 100 times the amount of mercury associated

with sand partiéles.

o ’
The results emphasize the lmportance of particle size and
material type analysis in studies of pollutant transport by bed

gediment movements.

A 9.15 m long laboratory model (Elume) was used to study

R M/""
mercury transport by bed sediment movements. Two types of Ottawa River
bed sediments, called sand and "woodchip"lsediments, were studied.
Known amounts of bed éédiments were contaminated by adding mercurle
chloride labelled with radioactive mercury-203 and were buried in the
test section ofAthe study flume., Velocity of mercury transport P
associated with bed sediments wa§ detgrmined and‘fougd to be a function g

) ¢

of type of bed sediments as well as mean water velocity.

Mass balance of mercury was also estimated and it was’
fahgd that over 80 percent of mercury originally associated with bed
gediments was transported attached to bed sediment particles being

moved downstream. Desorption of mercury from bed sediments to the ~

water phase was comparatively low although suspended-load contained a

1

Bed sediment consisting of a mixture of wood chips, wood fibres, barks
and fine sand ob jned trom the small cIP (Canadian International paper
mill) channel of the study section-of the Ottawa River.

g
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significant portion of mercury when bed sediment transport was vigorous.
The values of Elow parameters (velocities, boundary shear stresses) at
the incipient movement of the bed sediment particles were also deter-

mined for the two types of sediments mentioned above.
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CHAPTER 1

INTRODUCTION

1.1 Mercury Pollution in Aquatic System

-

In recent years, mercury pollution in the aquatic environ-
ment has become an issue of great concern in many parts of the world.
An evaluation of thé fate of mercury in natupal wagerc?urses, which
are receiving bodies “for eEflueAt di;charges c?ntaining mercury, 1s
of prime importance in any attempt t; contrql such pollutant con—
centrations below tolerable levels in these §y§tems. Data obtained
from such studies can provide an assessment of the probable time
factor required for a system to clean itself, assuming polluted dis-
charges to the ;iver are preatly reduced or halted entirely, and can

1

also makg\possible predictions of the response of the river system

to other changes in sources of contamination.

Mercuryfywhich has been naturally or artificially introduced
into a dynamic aquaEic system such as a river, is initially extracted
from the liquid phase and detained by bed sediments {sorption). Some
of the detalned megéury, both inorpanic and organic forms, may sub-
sequ;ntly be released (desorption), and some may be stored for an

indefinite period of time.

-

Bed sediments have been regarded as containing substantial
amount of mercury in rivers (31), but detailed mass balance studies
are rare. In assessing exchange rates across the sediment-water

interface, the following seem to be the most applicable transport

LAY
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mechanisms (34):
(a) sorption by and migration through bed sediments
_(b) transport of sediments containing mercury
(c) desorption of mercury from sediments into the water

column above the bed.

fo sﬁudy these processes knowledge of the physical, chemical, and
mineralogical composition and of macro- and micro—biological con-
ditions‘of Qhe bed Sediments‘is necessary. Lt 1s also important to
investigate the influence of hydrodfnamic characteristics of the
water flowing over contaminated sediments, to determine what fraction
of the mercury is being retained in the river system and the pathway

and duration of retention.

At present much research on the mechanims governing the
movement of pollutants, such as mercugzj in rivers 1s being done -
in particular the rate constants and the various environmental factors
involved need elucidation (16,25,30,31,32). Altﬁough studies have been

5 P

conducted in the fields of sorption (uptake) (36}, migtagion, and de-
sorption (release) of mercuxry (37), no comprehensive invgstigations to
date have dealt with the subject of transport QE mercury in a river
by bed sediment movement. However, various related studies have been
published in connection with sediment transport and radiocactivity

-

transport in-streams (12,24,35,72).

1.2 Qttawa River Project

This study is a part of the 'Ottawa River Project”. This




(e .o %

project is an ongoing multidisciplinary research progfamme in which ) !
. a group of enpineers and sclentists from the National Research Council
Laboratories and the University of Ottawa are attempting to produce

prédictive ecological models of part of the Ottawa River system.-‘

-

1.2.1 Description of the River System

The Ottawa River, whose overall length is approximately
1113 km, originates in the drainage\area of Lake Temlskaming (in
north-eastern Ontario) and ebentually jolns the St.—Lawrgnce River N
(ét Montreal Island)l For about half of its length the river forms
the boundary between the Ont;rio and Quebec'ﬁrovinces, From the
hea%waters to the City of Ottawa, the river's length is approximatély }
880 km. The system is extensively used for recreation, water supply,
log-driving, and waste disposal from various industries (mainly pulp
and baper) and municipalities. The river is seriously polluted down-
stream from the urban and industrial developments, espegially in the

Temiskaming, Ottawa-Hull, and Hawkesbury areas (70).

1.2.2 The 4.88 km (3-mile) Study Section of the Ottawa River
A 4.88 km réach'of the river has been selected by the

investipgators for detailed study both to identify the exchange

<

mechanismsand to determine the transport rates contributing to the
distribution of mercury within the ecosystem. The study section,

which averages 1.5 km in width, begins about 1.6 km dowmstream from

the City of Ottawa and includes Kettle Island and Upper Duck Island

(see Fig. 1). This particular reach was chosen speci?ically for the
complicated form and varied environments represented therein. The flows

shown in Fig. 1 are the averagé annual flows.
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/ In recent years, the mean flow rate has varied from approxi-
mately 1,£Q0 m3/sec {(winter low) to 4,000 m3/sec (spring flood) and
the maximum\EvQ{age velocity, corresbonding to the latter condition,
) [ 4
Y

approaches 2.7 mysec. Bulk transport of bed sediments 1is therefore

expected to be signif}pant during the brief spring flood period (44).
/ ~

The river has been receiving waste in the form of wood
fragments ﬁfibres, chips, and bark) from adjacent pulp and paper
industrles for nearly 100 years. Extensive organic deposits are
therefore found in' the river in the vicinity of such industry and, .
through the normal transport processes, the;é materials have become

an integral pért of the total sediment complex. This feature is an

important characteristic of the Ottawa River deposits.

Data obtained in the summer of 1972 (21) showed that the
" concentration of total mercuty ranged from 25.0 ppb to 606.5 ppb (dry
weight) in the bed sediments of thé study section. The average con-
centration of mercury was found to be 195.0 ppb, assuming the concen-
tration through 4 cm depth of bed sediment 1s uniform. In other words,
the bed sediments containéd 5.84 mg/m2 of mercury in' the study sectlon.
Hart (21) estimated that an ;;ount of 31 kg of mercury was associated
with the bed sediments which constitutes approximately 97% of the

mercury distributed in the study section.

1.3 Study Objectives

This particular research project was primarily designed to
investigate: (1) what types and fractions of bed sediments play important

roles in mercury transport, and (2) how mercury is transported
LS
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due to bedload movement of sediments in a dynamic aquatic system

using an experimental flume:

The project, which included q”comprehensive programme of
field surveys on the study'sectiqn of the river, was divided into

three separate sub-studies as follows:

1. Classification and spatial distribution of bed sediments

“in the 3-mile study section ofLﬁPe Ottawa

2. mercury sorption capacity andjion exchange capacity of

'

various types and fractions of bed sediments;

3, a study of the interaction between flowing water and
bed sediments which included:
a) Determination of the values of important flow
parameters {(velocity, boundary shear stress, etc.)
at which incipient movement of sediment takes place.

b} Transport of mercury assoclated with bed sediment.

The preliminary field surveys inciuded colleﬁtion of numerous samples
o{ the bed sediments, at specific locations along the study section,
using a "shipek' grab sampler attached to a.raft.

In the Iaﬁoratory representative samples, for each location,
were anagyzed for particle size distribution using the U.S5. Standard

Sieves (5). The mercury sorption and ion exchange capacities of the

various fractions of bed sediments were determifed using standard

-

. i
methods (to be described later). Prior to these analyses, samples

were incubated, for approximately six months, with known concentrations




of mercury to reflect prototype conditions.

The third phase of the study inltially includ

modifications to the 9.14 m experimental flume and,'sugsequent to
this, a series-bf tests to check the hydraulié performance of same.
The latter included caliﬁration of the flow-metering device and ]
preston tube (for measuring boundary shear stress), and several
velocity distriEution surveys, at the test section, in order to
comment on the uniformity of the flow field there.

| Finaﬂly, the interaction phenoména for mercury, With the

solid and liquid phases, were observed using an "ORTEC" counter and

a detector assembléd above the test section.

[
«




[

-  CHAPTER 2

\“—.
LITERATURE REVIEW
\ <.

\.

2.1 Mercury (Hg) )J (
2.1.1 Sources oflhe;cury the Environment

Mercury is probably th% most widely distributed of the

heavy metals existing in the envindnment It is one of the most
useful metals and it can algo. be/one of the most toxic, depending
on its form. The sources of ‘mercury can be generally classified into

1 ‘
two categories: (i) natural, nd (ii) man-generated.

Tne:amount of mercury present in the earth's crust 1is
estimated to be approximately 0.08 ppm (56). A considerable amount
of mercury in soils 1s present as elemental vapor, probably adsorbed
on soil mattet. Mercury ore is -found in rocks of all classea, the
common host rocks being limestone, calc&reous shales, sandstone,
serpentine chert,'andesite‘basaléf and rhyolite. Mercury can be

entirely recovered from sulfide ore (cinnabar, a-Hg's), which is

86.2 percent mercury- . -

In today's world, mercury is used in.many forms and for
many{different purposes. As a result, in many instances, portions of
mercury ultimately enter someé phase of the environment either
accident%lly or as part of an effluent from a manufacturing prptess

The. mercury~ueed in agriculture for seed treatment is intentionally

added to the environment and may\be one of the most hazardous sources.

i
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Prior to the late 1960's, the pulp and paper ihdustry utilized (
significant quantities of mercury- compounds. The effluent from these |
industries resulted in an increase in the mercury level in the

environment. =

It can, therefore, be concluded that the sources of mercury
to the environment are multifold both from natural and from man's

activities.

2.1.2 Characteristics of Mercury

Mercury 1s present in nature, as in the lgporatory, in

three different oxidation states: the metallic state, the mercuro¢s

state and the mercuric state. Seven stable lsotopes of mercury are :

known in nature with conventional abundance: 196Hg (0.146%), lgBHg

10.027), Youg 16.84m), lug (23.130), 201y, 13,222y, P%mg (29.8%),
20 Hg (6.85%). Two radioisotopes of mercury have found use as Cracers
in environmEntal and biomedical studies. 197Hg half—like(EB‘héuxi,

and ZOBHg, half-1ife 48 days, are both strong gamma egitters and are

easily analyzed using scintillation counters. -

Since mercury is present in various forms and in various
types of strata, there will release of the mercury through pro-
cesses such as weathering, vaporization, dissolution aqd biological
activities. Metallic meréury is relaFively soluble under practicaiiy_
ali Eh and pH values found in nature, while the ions have differing
sélubilities, dgpgnding upon the “anionic species pfesent and the Eh-

) -
pH regime. Canadian researchers observed that mercury in most sur-—
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facial waters can migrate as sulfate, nitrate, various chleride com-

piexes,\éa{?onate.complexes, hydroxide complexes, ammonia complexes *
)

and othgr-dfganometallic complexes resulting from the decay of plant

and animal matter and the maturation of humus (27).

For more complete detalls about mercury, referedce should

be made to D'itri ed. (1l4), Krenkal et al {32) and Grdénic and

¥

" Tunell (20).

(o

2.1.3 Mercury in Bed Sediments

A sigpificant amount of mercury, being absorbed by aquatic

life, is contributed\by’bottom sediments of rivers and lakes. This is

o . a
due to the fact that bed sediments of natural watercourses provide a )
large surface area for sorption and desorption of the conté;inant 8

g Y

across the sediment-water interface. This is also the case for the
. :
~_suspended sediments in rivers. It is therefore important to esta-=
blish the back ground level of mercury and to locate those areas

where mercury concentratlons exceed this backgroud. It is also

important to investigate the phenomena which contrel the transport

and release of mercury from bed sediments.

Mercury pollution in the aquatic environment alarmed the 4
pubiic after hazardous mercury contamination was found in Japan, in
Scandinavia, and in North America (14,39,45). A number of investiga-
-tions of the concentration level of mercury in the various components
of aquatic systems, and the transport mechanism of mercury among these

components, was initiated. The factors governing the transport modes

L4
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of pollutants in stream systems dare complex, however, the most im-
portant sink of. pollutants is the sediment, qualitétively, and some-

times quantitatively (31,32). This section discusses mercury con-

tamination of bed sediments found in many parts of the world.

Matida and Kumada (40) found that the sediment of Minamata
Bay cohtaiqed up to 630 + 10 ppm of mercury (dry welght) and the
Agano River sediments up Lo 150 ppm, both in iéé;?' Axelsson and
Hakanson (2) invesﬁigated Lake Ekoln sedimentslin Sweéen, and found a

finimum concentration of total mercury of 2.4 ppm at th@ mouth of

the Fyris River.

Armstrong and Hamilton (1) commented that the '"Wabigoon
River-Clay Lake-English River-Winnipeg River' system in Western
Ontario and Eastern ﬁanitoba is one of the waterways in Canada most
heavily contaminated with mercury. The §ourcé of this mercurx“is
believed to be a chlorine-alkali plant at Dryden. They found that
the total quantity eﬁ mercury in sediments in Clay Lake.was somewhat

more than 2,000 kg.

Thomas (65) investigated mercury concentration of bottom
sediments in Lake Ontario and found an average concentration of 0.651
ppm for -the entire lake. " The highest mercury concentration was found

to be 2.10 ppm.

%
A recent survey by the Tennessee Valley Authority {TVA) on

Pickwick Lake, which was closed to fishing because of mercury con=

tamination, indicated an average -value of 5.3 ppm total mercury {on
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dry weight basis), with a maximum value of 12 ppm and a minimum value

of 1.2 ppm, all in the upper oneé inch (2.54 cm) of the sediment layer
. 7 .
(31). ¥ >

7eller and Finfer (75) investigated me;cury concentrations.
in sediments in the vicinity of chlor-alkali plants in the southeastern
United States and found a range from 0.0ﬁwppm to 740 ppm total mercury
on a wet—welght basis. gavannah River sediment showed a mercury con-
centration of 0.04 ppm above a chlor-alkali outfall and 1.2 ppm three-
quarters of a ﬁile below the outfall {wet welght basis). Brunswick
Bay samples showed 0.57 ppm of mercury above a chior-alkali outfall,

-~

4.00 ppm at the outfall and 0.14 ppﬁ below the outfall (wet weight

basis). On the Mobile-Tombigbee River System, mercury concentration

in the-sediments above two chl¥y-alkali plants yielded values of 0.04 A
ppm (wet weight basis). 0.28 ppm was found severai miles below cne . k
outfall and 0.3 ppm waé'detected 9 miles below the second outfall.
However, later sampling after significant decrease in mercury discharged

by the plants demonstrated generally reduced levels.

Turney {(66) analyzed 24 sediment samples from the Michipan
waters of the St. Clair and the mouth of the St. Clair River and found
a mercury concentration of less than 0.5 ppm (dry weight basis). He
investigated the sediment samples from the western shore of Lake Frie
and found values less than 0.5 ppm and a variation of 1 to 2.1 ppm

below the mouth of the Detroit River., Inv

igations in Washington
gtate showed high concentration in the v cinity of mercury discharges

(as high as 9348 ppm on’a dry weight bas s) to a low of Q.22 ppm (dry

e i i X M
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weight basis), where no discharges occurred (38). California sediment .

investigations demonstrated values ranging from 0.04 ppm to 3.3 ppnl

on a dry welght basis (41).

Wood et al. (69), and Jensen and Jernelov (26) demonstrated
that microorganisms living in the sediments can ingest the iﬁorganic
mercury and transform it into dfmethyl or methylmercury. However,
this transformation process is not well-understood, the rate constants
are unknown and the various environmental factors involved need

elucidation. =

Cranston and B%Fkley (11) reported that the bottom sediments
in the LaHave River {(Nova Scotia, Canada)were affected by sedimentation
qf particulate mqtter containing high levels of mercury. They found
the mercury concentration in the bottom sediments ranged from 0.09 to

~1.07 ppm.

o0liver (51) reported heavy metal concentrations, including

mercury, in the sediments of the Ottawa and Rideau Rivers near Ottawa,

Canada. He found rel;tively low average values of 0.28 ppm and 0.20

ppm of mercury fespectively (analyzing 48 and 68 samples collected from

différent locations along the Ottawa and Rideau Rivérs, respectively).

Relatively hiph mercury concentrations in sediments (1.99 ppm) were

found in the vicinity downstream from effluents of paper mills on the
[

Ottawa River. However, near the effluent of the sewage plant of .

Ottawa, mercury concentration was as high as 2.32 ppm. .

As part of the "ogtrtawa River Project’, Norstrom et al. (Q9)

analyzed mercury concentration in 32 samples of the Ottawa Rlver
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sediment. Theyreported concentrations in these samples ranging from
0.025 ppm to -1.00 ppm. The valuerof 0.025 ppm of mercury is con-
sidered as a minimum background level for this replon (27).

DeGroot (13) found mercury concentrations in the sediments

of the Rhine River ranged from 4 to 14 ppm with an average of 8 ppm

1
(not stated whether on a wet or dry weight basis). He placed emphasis
on the importance of particle size and observed that the "heavy metals"
concentration in the sediment fraction with particles less than 16

microns in diameter was important, inasmuch as some insight may be

gained into mercury transport mechanisms by sediments.

2.1.4 Sorption and Desorption of Mercury by Bed Sediments :

Sorption:

-

Sorption (qptake) may be described as the process of taking

~

3
a
}

up and holding either by adsorption or absorption (57). In solutions,
adsorption refers to the uptake and concentrétion of a solute at the

surface of a sorbent, whereas absorption implies a generally uniform

penetration of the solute into the sorbent. In the case of stream
sediments, sorption phenomena generally belong in the adsorption
category. However, in practice it is often impossible to separate the
effects of adsorption from those of absorption. Consequently the more

general term "sorption" will be used in the remainder of this section.

h. Sorption may occur wherever there 1s a surface or an inter-
face. Sorption may occur at any surface; the most important and
complex surfaces, however, are the interfaces between solutions and
golids.. The substances sorbed at an interface may be products of re-

action or hydrolysis, unaltered molecules, or particular ioms.
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Sorp}ion of solutes on the surface of sand and silt par?icles
in streams 1s priparily physical, which is nonspecifie in character
and occurs on chemically inactive surfaces. Althoggh physical sorption
algo occurs with colloidal clay particles, it is secondary to other
types of sorption. Owing to the reversibility and rapid attainment of
equilibrium which are typical of physical sorption, the concentration
of soluFes on the surface of sand and silt particles would tend to be
quite sensitive to the concentration of solutes in the water. The
sensitivity would be lessdwhen di%fusion of the solute inte the solid
is a significant factor.

Sorétion rate of pollutants by bed sediments can be expressed
in two ways: (1) amounts of pollutants taken up per unit surface area
of bed sediments (surface uptake rate), ug/sz per day, and (ii) amounts
of pollutants taken per unlt weight of bed sediments (mass 3ptake rate)
ug/g per day. The first expression 1s generally used since upﬁgke by

bed sediments is primarily a surface phenomenon. The latter is used

mainly for suspended sediment uptake rate. Furthermore, the rate of
transfer of mercury from solution to bed sediments is independent of
the concentration of mercury in overlying water for a certain range
provided it 1is expressed in correct unitsl(36). Therefore, in this range
th;‘value derived from surface uptake rate divided by amount of mercury
per.unit volume of water (assuming density of water = 1.00), which is
.ug/CmZ per day * ug/Cm3 = cm/day, has been found to be a useful para-
meter to express uptake rate by bed sediments.

F
Kudo and Hart (36) reported experimental results of mercury

uptake rate by Ottawa River bed sediments in a laboratory model.
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The uptake rates ranged from 1 cm/day to 10 cm/day -
depending on the environmental conditions. These values of mercury
uptake rates were similar to those for various heavy metals such ag
Chromium (Cr), Cobalt (Co), Zinc (Zn), Scrontium (Sr), and Cesium (Cs)

taken up by Lake Austin sediments (74). Kudo and Hart also concluded

that movements of water increased the wrPARE Tages 70% to 100% com-

pared with those in a stagnant system.

'ﬁghoggtion:

Any mercury accumulated i; the sediments will be reintroduced
p%nto the suprajacent water column through the natural sediment-mercury-
water equilibria (61). This process is referred to as desorption.
Higher ercury—ievel sediments induce greater mercury contamination

in the overlying waters.

3
Jensen and Jernelov (26) studied the desorption of methyl-

mercury from sediments into water and found the desportion rates

¥

vy ' 2
ranged from 0.0728 ng/cm2 per day to 0.109 ng/cm per day during a

l-week experiment.

Bonpers and Khattak (4) investigated mercury desorption
rates using fish. Tests indicated a desorption rate of mercury Bf

0.1 ng/cm2 per day.

Kudo et al. (37) reported desorption rates (of total mercury)

from the bed sedlments of the Ottawa River. Their values ranged from

0.1 ng/cm2 per day to 1.0 _ng/cm2 per day depending on the environ—

mental conditions.

— e ——r N
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2.2 Sediment Transport

2.2.1 General
- * .

In a polluted river system, contaminants such as herbi-

cides, pesticides, radioisotopes and mercury can attach to sediment
J

particles and be transported with the suspended and bedloads. With
regard to the latter mechanism, it may be possible to estimate the
transport rate of such pollutants 1f the bed gediment transport rates

are accurately known.

Many bedload equations, both theoretical and empiriecal, have

~

appeared in the literature since the end of the last century (since
Duboys, 1879) (19,46,53,71). The selection of one or more of these
for use in a partlicular stream is a difficult task since the results

of different formulas often differ drastically and it is not possible

3
Y
i

to determine positively which one gives the most realistic result.

These bedload equations are based almost entirely on laboratory data.
- t '

Since very little is known about how transport relations change, if at

all, as the size of the stream changes, there is no basis for judging
s

how wéll formulés based on dqta-from small laboratory streams apply to
large systemg such as rivers. Further_uncertaiﬁties are encountered’
be;a;se natural streams differ from laboratory flows in that their
channels are irregular in ?ross section and ali&pment. The ideal -
meﬁhod of evaluating formulas is to coppare.actually measured sedimént

A

discharges of a river with the values given by formulas.

There are two methods whereby the transport of sediment

particles in a stream can bé described (24)." In, one method observatlion
o : ~

TR AR W B
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is made on a particular creoss section of the channel and the concen-
tration, discharge and characteristics of the sediment, as 1t passes
the cross section, are described. “his can be called an Eulerian
description. In the other method attention is focused on a particular

particle or group of particles, and the motion of the particles over

a period of time is described. This is called a Lagrangian description.

Although Eulerian experimental techniques provide a more direct method
of determining quantitiés such as sediment discharge, Lagranglan
techniques can yield 1nformatkon that is perhaps more instructive
with regard to fundamental transport processes. For instance, |
Lagranglan experimental techniques Eermit diréct evaluation.of the
rgteé of movement and dispersion of any type oT combination of types

of sediment pqxticles.

Most of the theories and experimental techniques assoclated

3
w

i
N

with current and past sediment transport research are based on the

Fulerian system. However, {nvestigations by Einsteln {15), Crickmore

and Lean (12), Hubbel and Sayre (24), Yang and Sayre (72), Shen and
Cheong (59), are among the exceptions. The reason for not usiﬁg the
Lagrangian system more often is due largely to the experimental
| difficulties which have been associated with tracing the motion of a
given particle or groqg of particles. With the recent development of
tfadioactive (and'other) tracer techniques, however, experimental
techniques of a Lagranglan nature ({.e., gfoups of particles) have

become feasiable for the study of sediment transport, both in natural

streams and to a greatly increased éfﬁspf'fﬂ“the laboratory.
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Crickmore and Lean ﬁlZ) attempted to develop a method of
measuring the sand transport in streams by means of radloactive
tracers. They conducted experiments in the laboratory using a 106.67 m
long, 1.52 m wide flume gnder rippled bed éonditions. They maintained
a constant flow of 0.28 m3/sec in the flume. The results of thelr
experiments inferred that the transport rate can be deducéd from the
mass distribution of tracer particles initially laid to a depth
sufficient to cover all levels of movement of the bed ripples, é& by
m%?suring the velocity’of te centroid of the activity distribution
together with an independent measurement of the ripple movements at a

point.

Hubbell and Sayre (24) conducted one field experiment on
the North Loup River in Nebraska and two subsequent laboratory experi-
ments to study the transport and longitudinal dispersion of bed sedi-
¥

ment materials using radioactive tracer techniques. They concluded

that the discharge of bed material particles can be computed from the

dispersion data collected by the radioactivé tracer technique in
conjunction with a continuity equation. The results of their experi-
ments demonstrated the feasible application of Lagranglan experimental
techniques to the observation of sediment transport processes both in S

the field and in the laboratory by using the radioactive tracer

technique.

Yang and Sayre (72) extended a sediment transport study using
the Lagranglan approach in a 18.29 m long laboratory flume. They per-— .

\\ijrmed a series of experiments with a range of sediment particle size
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Cgtfom fine to- coarse sand usiﬁg radioactive gold (lgBAu) as tracers.

They evaluated the velocities of bed sediments and found values ranged
from 0.26 m/hr to 1.43 m/hr and the ratios of water and bed sediment . '
velocity ranged from 1210:1 to 679:1 depending on the hydraulic con~

v
ditions and type of sediment.

Shen %nd Cheong (59) investigated the downstream effects of ‘ A
an instantaneous injection oflcontamipated gediment particles at a
given locality in a straight alluvial stream under steady uniform
flow conditions. The§ concluded that with an instantaneous intro-

duction of contaminants, the time-concentration distributions are

1
L]

highly skewed near the source and become p;ogressively more symmetrical :
far downstream where they can be approximately represented by a

Gaussian curve. They found that for a given degree of pollution, the

k]

critical duration Increases downstream and the increase is in direct

3
3
.
A
BN

‘proportion to the square root of the distance from the source where

the normality approximation is satisfactory.

The results of these and other simllar investigations

demonstrate the feasible application of radicactive tracer techniques
to the obséfvation of sediment transport processes, both in the field
and in the laboratory. However, in all of these recent studies, no . .
mass balance information of contaminants (radiocactive tracers) was
a;qi}able and no indication of possible desorption of contaminants

f#m the bed sediment to water above it during movement wai;fiven:

R |

Kudo and Gloyna (34) introduced a radioactive cesiumb ? _ \

chloride solution (labelled with 13708) {n a 66 m-long model river BN
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using Lake Austin sediments. They reported that, under normal operating

conditions, approximately 45% of the
total sediment load compared to 317 b
relating to the transport capability
ments was not available.

The present stﬁdy relates s
pollutants by the various sediment fr

("
the distribution 'of pollutant in the

rappropriate laboratory studies.

2,2.2 Modes/g} Sediment Transpo

contaminant was carried by the
y water. However, information

of different fractiong of sedi-
pecifically to the transport of

actions, and in particular how

system may be predicted by

rtation

In this section the diffe

rent ways, 1in whﬁchgaediment is

- . r.+', . '
transported in dynamic aquatic systems such as rivers and streams,

will be diséussed.

Sediment particies in strea
two ways depending on the hydraulic ¢
of the sediment: 1) The particles ma
or sliding with occasional bouncing a
kind of sediment trénsport is commonl

of the bedload or the contact load.

t

ms are transported mainly in

onditions and the characteri;ficé
y be transported eithe? by rolling .
long the bed (saltation). This
y referred to as the transpoft

The particle during its movement

generally follows a sequence of alternating steps and rest periods of

random length and duration. 2) In th
sediments .may also be transported in
as the suspended load. In additionm,

load, consisting of salts and other ¢

e turbulently moving water,
suspension. This 1s referred to
there will usually be a dissolved

hemicals in solution; and a wash

load, consisting of very fine particles carried along the chanmel with
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are usually considered separately, there 1s no sharp line of demarca-

tion between them (46). Any ﬁiveh particle may be alternately carried

in the bedload and in the suspended load. The bedload moves on or nea
the bed at the sediment water interface and the suspended load is ij
carried in the fluid away from the bed and is supported by ‘the sur-

rounding fluid during its entire motion.

2.2.3 Definitions
Shen (58) defined the terms that are‘frequently used in
sediment transport studies as follows:
Bedload: rate of particles moving near the bed in the ) %
bed layer. |
Bed layer: a flow layer, 2 grains in diametér, immediately
above the bed. Thé thickness of the bed layers varies-iiih particle

size.

Bed material: the sedimént mixture which composes the
moving bed.

Bed material load: the part of the sediment load which

\ .\

consists of the grain sizes represented in the bed and equals the
sediment transport capability of the flow.

Bedload equation: the general relationship between bed

load rate, flow conditiom, and composition of the bed material.
"

Suspended load: rate of particles'moving outside the

bed layer continuously supported by fluid.

-
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Classification System

based on
mechanism of transport

based on
particle size

wash load

wash load /
&
2 suspended
Q
— suspended load
= bed material
& load
-
o
w
n
—
o
i
o]
.
" bedload bedload

bed material
load

.

Fig. 2!:; Sediment Load Classification (from Cooper et al (10))

rr




- 24 -

-

'Eash load: that part of the sediment which consists of
grain sizes finer than those of the bed and is determined by ‘the
available upslope supply rate.

Total sediment load: bedload plus suspended load or bed

material load plus wash load. Coéper et al. (10) defined tbe total
sediment load as consisting of wash load, suspended bed materiai load
and bedload. Further, on the,basis of mechanism of trapsport; total
load comsists of suspénded bgd material load and-bedload, ;nd_oﬁ the
basis of particle size, total load consists of wash load and bed
material 1oad. In the first case, suspeﬁded load = waéh load +
suspended bed material load, in ;he latter case, bed materlal load =
suspended bed material load + beaload. .This is consistent with the

definition by Shen and is {llustrated in Fig. 2.

2.2.4 Bedload Equations N k?
7

The bedload equations which have been developed so far .

are so numerous that it is difficilt to consider all of them herg.
However, some of the bedload equations (Duboys, 1879, Shields, 19363
Mever Peter-Muller, 1948; Einstein, 1950; Coiby, 1964) are presented
in tﬁis section to illustrate the type of equatlons which have been
developed by varlous researchers. These‘equations were developed for
discharge of bed sediments under coﬂ@itions of uniform steady flow.
No detailed derivations have been attempted. For detalled derivations
and for other formulas reference may be made to Raudkivi (53), Graf

{19), Yalin (71), Task Committee (63,64) and Shen (58}.

F
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DuBoys Formula:

The classic analysis of bedload was first published by
DuBoys in 1879. His model has influenced considerably many sub-
sequent formulas. He proposed the idea of bed shear stress or
tractive force and based his analysis on the assumption that the bed
moves in a sort of laminar flow - each %ayer of thickness d (pre-
sumably the same magnitude as the particles or median diameter, dSO
of particles for a mixture) sliding over ;he other, the velocity of
the layers decreasing 1inea;1y with depth from maximum to zero.

Duboys equation is written as
= - 2.1
q ¢, (1, (1) ) ‘

5 =3

in which q, = bed sediment discharge, in pounds per second per

]
-4
3
)
o

]

foot of widtﬁ; Ty = YRhS, bed shear stress, in pounds ber square
foot; vy = specific weight of water in pounds per cublc foot; Rh =
hydraulﬁp radius in feet; S = slope of stream in feet per foot;

{(t) = eritical bed shear stress at which sediment movement begins;

o'cr
ud
CS =§T¥§TZ_ in fps (foot-pound-second) units, 1s a coefficient depending
cr

on sediment characteristics, US = velocity of sediment layers, ft/sec.
Straub (22) found Ey examining the work of many investiga-
& .
tors, that, for "grain-water” systems, C_ is equal to 0.173/d3la.
The behaviour of Cs has been verified onlvy in the ranpe of 1/8 mm < d
< 4 ym. The values of the parameters of Eq. 2.1 can be determined

either from Straub's table (19} or from graphs (19,63).
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Shields' Formula:

Shi%lds (60) applied successfully the modern concepts of
fluid mechanic;\to the problem of eritical shear stress. He developed
his model for sediment transport based on the concept of an excess of
shear stress (i.e. excess in relation to the critical value). His

semi-empirical bedload equation is given as

q =103 (1o = Toler 2.2
s 8. Y (Ss -1y d ’

where q = water discharge per unit wiﬁkh, Ss = gpecific gravity

of sediment. Equation 2.2 is dimensionally homogeneous and thus can
be used in any system of units. It fits Fairly well to a wide variety
of experimental data, the range of scatter is equivalent to a factor
of 10 (19). Shields’ equation is simply a form of Duboys' equation

with a more specified CS value.

A
4
o
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Meyer-Peter and Muller Formula:

Meyer—?éter and Muller (43) developed a formula based on o
data fr?m experiments in flumes ranging in width from 15 cm to 2 |
meters with slopes varying from 0.0004 to 0.02 and water depths
ranging from 1 cm to 120 cm. The sediments used in the experiments
ranged from coal‘with a Tow specific gravity, Ss = 1.25, to river
sediments and barite, with a specific gravity more than 4.. The
sediments used were of mixed sizes as well as uniform sizes, con-
sequently the results- of their exﬁer%ments cover a wide range of
conditions, and the equation developed can be expressed,mathematically

as
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3/2
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in which "¢' is acceleration due to gravity and Yo =, unit welght

-8/ &
) q >

.YS
]
S

YooY

of sediment. _It {s seen that this equation (Fq. 2.3) is basically

of the same form as the DuBoys formula. Chien (58) has shown that

the Meyer-Peter et al. equation can be modified as follows: \\‘{
b = C% —‘0.188)3/2, where ¢ and ) (defined by Einstekg) are dis-

cussed in the Einstein bedload function.

Einstein's Bedload Function:

The bedload equation developed by H.A. ﬁinsteiﬁ (15) proved
to be the most popular among all the formulas proposed so far for
the determination of sediment transport rate (71). Eingtein departed
from the tractive force concept and developed the first stochastic

model to describe the motion of a sediment particle which moves along

the bed in a serles of alternating transport and rsst periods. He

3
assumed that 1) the velocity field 1is stationary in(time and homo-

geneous in the lateral as well as in the longitudith directions.

2) The transport periods of the sediment particle;\are insignificantly
small as compared to the rest periods, and 3) the prﬁbability for a
particle to be moved by flow 1s indgggndent of its location. Einstein
developed his bedload formula empirically in 1942 and then replaged

it by an analytical function in 1950,

Einstein presented his first empirical bedload equation

applicable for uniform sediment and mixtures acting like uniform

-

. , s



particle welght.

sediment in terms of ¢ and ¥ plven as & 1ows:

p = Ayd = (B 2.4
4

where, p = probability of erosion and depends on hydrodynamic 1lift and

r

q
_ .8 sy 1
h = v ) 2.5
Ys (Y gd3

I

Finstein calléd this dimensionless number (¢) the "{ntensity of

bedlpad transport'.

{
Y& 4
Lo v SRL

2.6

He called this term the "flow intensity'.

Rﬁ is the hydraulic radius attributed to the sediment

I
grain. ]

The two constants A, and B, and function 'f' are determined

empirically by using the data of Gilbert (18) and of Meyer-Peter et al.

(42); the range of the data is indicated in Fig. 3 where values of V
are plotted against values (on logarthmic SCaleS of ¢.. From Fig. 3
{t appears that all data with ¢ less than 0.4 can be represented with
a single curve (curve 1), the equation of which is

0.4656 = e 037Ny 2.7

The curve given by Eq. 2.7 deviates from the data for larpe values
¢‘
of ¢, i.e., when ¢ Is preater than 0.4. This is due to strong bed-

load movement. Equations 2.4 and 2.7 were developed for.weak sediment

i
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transport, l.e., ¢ < 0.4. However, the basic equation, which 1is in
the general ﬁa%m (19), was found EP predict a curve such as turve 2
in Fig. 3 and‘explain; the data better. Nevertheless, the'sca%ler
stili exlsted which may be attributéd to the fact that the experi-

mental data included suspended load material.

As mentioned earlier, Einstein replaéed his empiyical
relation (presented in 1942) by an analytfcal one in 195Q. ?Fe latter

~is probably the most geﬁerally applicable, but also the%rgilcomplex

bedload equation. The final, or second, bedload equatidn suggested
L

by Eilnstein igfgiven as:

o1 +B*¢*"1/no 2 4 Auby - }
P € b T TvaL, .
‘B*'ﬁl’*‘l/no

where A;z B, and n, are universal constants determined experimentally

to be 43.5, 0.143 and 0.5 and t 1s the time (the only variable of

.
3
w
R
"N

1
Lt
N
3

\

integration}. Einstein introduced two correctien factors in his

analytical derivation for sediment of mixed sizes. He observed that

small particies seemed to lodge between larger ones OT remain in the
laminar SUElayer, such that their lift must be é0rrected: ThiF cor-
rection factor he termed the "hiding factor' and is denoted by £.
The other correction factor, termed the "'pressure correction', de-
noted by Yy, describes the change of the lift coefficient in mixtures
with various roughnesses. Both these factors have been determined
experimentally by Einspeih (l9i.

A second plot of the "¢, versus b, relationship is shown

in Fig. &.
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Einstein's bedload equation appears to be rather complicated
to apply, but, in fact this is not so. An ASCE Task Committee (63)
has pgésented a table, which shows the necessary steps required in
the calcﬁlation of sediment discharge using Einstein's bedload

function.

Colby's Sediment Discharpge Relations:

Colby (8) investigéted the effects of mean ve}ocity, shear,
shear velocity, stream power of flow, flow depth, viscosity,'water
Eemperature, sediﬁent size, and concentration of fine sediment on
thé discharge of sand bed sediment per foot of channel width. He
presente;-four graphs, Fig. 5, where the sediment discharge as a
function of mean velocity of water, water depths and the median size
of the sand particles (dSO)’ are shown. These four sets of curves
were obtained for water depths of 0.1 ft, 1 ft, 10 ft and 100 ft
respectively, Each curve i{n each set was developed for a water

temperature of 60°F, and a given dgq- Curves are presented for dSO's

of 0.1 mm, 0.2 mm, 0.3 mm, 0.4, 0.6 mm and 0.80 mm.

Colby (9) also developed cur&gg for observed bed sediment
discharge (per foot gé\width) versus mean velocity at avéragé tempera-
tures of about 60°F for five rivers, Fig. 6. He recommended that
Fig. 6 can be used to calﬁulate sediment discharge whenever the
characteristics of the stream (suchlas bed gediment size, mean velocity
of water, temperature) being studied are even approximately the same as
those of the streams quoted in the figure (Fig. 6) or it can be used

to check roughly all calculations.

8
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2.2(5/’Eield Measurements and the Bedload Formulas

As stated earlier, the best way to evaluate a formula is

to compare the results of calculations using it with-bed sediment
discharge rates actually measured in natural streams. The comparison
of caleulated and observed sediment discharge can be done in two ways:
1) boéh the observed and calculated sediment discharges are plotted
against water _digcharge to obtain a sediment transport curve for the
stream. By tﬁ;;jmethod, calculated values, using ééveral formulas,
can be displayed and'compared directly with each other a;d with the
observed sediment discharge, 2) comparison is done by plo{EifE/yhe
observed values apainst the calculated ones. In this method, results
from only one formula can be shown in any one graph but the observed

results can be obtained from any number of streams including

laboratory flumes.

One of the major problems in developing and evaluating
formulas is that very few direct measurements of the rates of sedi-
ment transport of rivers have been made due to practical difficultles.
However, direct measurement of sediment transport rates were made on
the QDlérado River (at Taylor's ferry) and the Niobrara River (near
Colgy, Nebraska). Vanoni, Brooks and Kennedy (67) compared those
field data with the results calculated using many of the established
forﬁulas (63). The results are shown in Figs. 7 and 8. These are
modificatidhs of curves presented by Vanoni et al. It appears from

these figures (Figs. 7 and 8) that sediment discharges, glven by the
4

DuBoys, Shields, and Einstein-Brown formulas, tend to be high and

~_
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those by the Meyer-Peter formula tend to be low. These formulas and

-1

the Schokiitch (63) formula give curves with considerably less. slope
i

33
R

than straight lines fitted to the data in Figs. 7 and 8. The formulas

which give best agreemeét with the observed sediment discharges are

thoée of Colby, Tofaletti, and Engelund-Hansen (63). The curves for

these formulas have slopes that are closé to thése of lines fitted to

the field data. The sldpes of the curves for the Einstein bedload

function and the Laursen (63) and Inglis-Lacey (63) formulas are also

close to those of a mean line for the data but the chrves do not fit (7 4

the data as well as several others. The curve for the Blench (63)

formula intersects the data but it has too small a slope.

N IE is observed from the figures (Figs. 7 and 8) that-the

amount of scalter in the field measurements is quite formidable, and

n:
-y
A

that the differencés between the various formulas and the field
measurements are equally great. 'In view of these scatters, it is

clear that the formulas are still far from being able to make accurate

~ -

predicfions‘of the rate of sediment transport in.rivers and streams.
Since Colby, Tofaletti and Engelund-Hansen relations have been found
to agree reasonably well with a large body of data from streams and
flumes, there 1s a tendency Lo rely more on them than on others., All
formulas mentioned so far were developed to calculate the transport
rates of cohesionle%s sand-type sediments. No formula has yet been
developed to compute the movement rate of bed sediments which are
primarily composed of organic materials or which are cohesive in

nature. This is a major problem faced in the Ottawa River Project.
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2.2.6 TIncipient Motion of Sediment Particles

‘Determinapion of incipient meIéh-df sediment particles
in rivers and streams is important not only to the study of sediment
transport mechani;ms but also to the study of pollutant transport
assoclated with sediment movements (17,19,%8,52,62,71,73). Incipient
movement of the bed sediment, {frequently called the critical con-
dition or initial scour), can be’explained in two ways.

1) With critical velocity equations; considering the
effect of the overlying liquid on theAparticles;

2) With critical shear stress equations; considering the
frictional arag of the flow on the particles. -

The above approaches might appear to be different but they

are not entirely different from each other.

’

Critical Velocity Equation ¥

¥

Theoretical Development (Yang's approach (73) -

| The forces acting on a sediment particle (assumed to be
spherical) at the bottom of an open channel are shown in Flg. 9. ;
For most natural streams, the channel slopes are small enough so that
thé component of gravitational force in the direction of flo& can be

neglected as compared with other fotces acting on a spherical sedi-

ment particle.

The drag force FD can be expressed as:

F o=c 8 2y2 2.9
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-

in which CD = drag coefficient at veloecity Ud; d = particle diameter;

LY
p = density of water; Ud = local velocity at a distance, d, above the J

the bed. ' ) </—_/f

S~
The terminal fall velocity of a spherical particle 1is

reached when there is a balance between drag force and subnerged

weight of the particle, i.e;, when,

2 3
y 7d_p 2 _ T -
Ch 7 2@ 7 (p, - 08 2.10
in which CB = drag coefficient at w; W= terminal fall velocity;

ahd Py = density of sediment particles.

]
By substituting.CD with kch and eliminating CD from

Egs. 2.9 and 2.10, the drag force becomes,

o

3
F = Tid

D 2
6klm

2
(os - Pg Uy 2.11

If we assume that the logarithmic law for velocity distribution

can be applied in this case, then

=]

Y

Yoo 57510g5+8 2.12
U*

d

in which UY = local velocity at distance Y above the bed, B = rough-

ness functiom, U, = shear velocity.
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Thgp the local velocity at Y = d becomes
Wy

Ud= B U, ' 2.13-_;

The average velocity can be obtained by integrating
Eq. 2.12 from Y g € to ¥ = D with ¢ ~ 0, that is:

U=y, [5.75 (log = - 1) + B] 2.14

* * g d .

from Eqs. 2.11, 2.13 and 2.14
Lwmd® ) B 2
Fp =g (pg — P87 D ] 2.15
1 5.75 (log I 1) + B p
//// The lift foree FL acting on the particle can be expressed
——"by

Fo=c T4t 2y 2.16

-G %? 2% :

The relationship between lift coefficient L and drag
coefficient CD can be determined experimentally. Assuming kZCL = CD, .
and following-tﬁe same procedure as in obtaining Eq. 2.15, we have ’

- 3 L
¢ md u.2 B 2 -
Fo= (o, - pe)" [ 5 ] 2.17
172 5.75 (1og‘3 -1+ B
The Submerged welght of the particle is
3 .
nd
WS = 6 (DS —D)g 2-i8
8 .
Then the resistance force FR becomes
FR = k3 (Ws - FL) 2.19
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or
U,2

w ¢ BD i
5.75 (log i 1) + B

1
(p_ - plgll = —— (
R 6 s klk2

In which k3 = fyiction coefficient.

Assuming that the incipient motion occurs when FD = FR,

then from Egs. 2.15 and 2.20

D ' ’
u 5.75 (log 7~ 1
ST _ | i B 1% 2,21
W B k. +k ¢ ’
2 3
where UCr = the average critical velocity at {fncipient motion and
Uer
e the dimensionless critical velocity.
Equation 2.21 is the basic equation which specifies thexy .%

flow condition when a se&iment particle is about to move on the bottom
of angppen channel. The terminal fall velocity, w, of a spherical

grain, can be computed from the following equation

. p, — P
: 2 .d.2 5
= -y= = (= —_ 2.22
W=y, "~ U=y (2) g v
The values of the coefflcients kl’ k2 and k3 have to be determined
experimentally. ’ T -~

The roughness function B, depends on whether the boundary’ .

is in a "hydraulically smooth", "epansitional” or "completely rough”

. ‘
regime? -

!

In the hydraulically smooth regime, B is a function of only
u,d
*
the shear velocity Reynolds number —:T-shown in Fig. 10 and obtained

., .
by Nikuradse. Kﬁh\i/
u,.d u.d \

B=5.5+5.751log /5 0 <—~ <5 2,23
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Then Eq. 2.21 becomes

*
. D
' ,Ucr 0 log 3 1 11/ klk2k3 ) 2
w u,d : k2+k3 )
log — + 0.956
\Y f/"\

u,d
which is a hyperbola on a semilog plot between Hiz and —%—-.

In the completely rough regime, the laminar friction con-
tribution can be neglected as the protrusions reach outside the lamin2r
sublayer and B is constant, and is a function »f only the-relative

",

roughness d/D.

_u,d
B = 8.5, — > 70 2.25
v v
y - -
then Eq. 2.21 becomes =
U log 2 - 1 K.k k
cr=[ gd +]_]/ __l.il 2.26
) 1.48 k2+k3 *

- -~
[y

Equation 2226 shows that Iin the completely rough regime, the plot of
u,d
*
_ﬁﬁ against 5 is a stralght horizontal line. The position of this
horizontal line depends on the value of relative roughness %, and the

coefficients kl, k2 and k3.

%

In the transitional regime given by the condition
U,d
* .
5 < - < 70 the value of B'cannot be obtained analytically.
' u.d
*
Depending on the given value of the Reynolds number 7 the value

of B can be estimated from the graph in Fig. 10.

The flow condition, corresponding to incipient ﬁotion,

depends more or less on the investigators definition of incipient

%
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motion (62); Yang {73) developed a curve for the relationship between
dimensionless éritical velocity _§£ and shear velocity Reynolds number
U,d '

* .
—:r-at incipient motion, using the data of several investigators, see

Fig. 11.

As shown in the figure (Fig. 11) when the shear velocity

Reynolds number is smaller than 70, the data follows the hyperbola

U U, d
19 2:3 +0.66, 0< —:— < 70 2.27

W u,.d
log (—\)'—) - 0.06

fairly well in accordance with Eq. 2.24. Yang determined the co-
efficients in Eq. 2.27 by trial and error to minimize the deviationm

between the observed ‘And predicted values. When the shear velocity

u.d -
* 3
Reynolds number is greater than 70, _ﬁl is no longer a function of -~ f;
: _ - . A
according to Eq. 2.26. Yang represented the data in this case by A
TN
U u,d
—£L - 2.05, 70 < — 2.28
w \Y)

Yang concluded that Egs. 2.27 and 2.28 would provide a
useful criterion for incipient motion. His approach tp the problem

of incipient motion was well received by. other investigators (7,33).

Critical Shear Stress Equation \\\\\

< ghields (60) described t]gl'problem of initiation of motion

in terms of the following functional relationship,

(To)cr - f [(U*)crd

- 2.29
Tbs - plgd

v
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o . )
in which (To)cr = gritical average shear stress when bed particles

begin to move; p, = gediment density; p = the fluid density; v =

. (1)
kinematic viscosity:; d = bed skdiment diameter; (U*)cr = /'——EEEE =
\ 1
critical bed shear velocity; and f denotes "a function of'. The left

hand side of Eq. 2.29 is called the dimensionless critical ghear
stress, (uéually denoted by (T*)cr)’ and the varlable on the righ?
ie called the boundary critical Reynolds number, (denoted by (R,) ).
When values of beq stress T other. than (To)criéze used in the two
quantities they are termed dimensionless shear s%rﬁgs and boundary
Reynolds number and are denoted by T, and R, res;*tively (62).
Figure 12 is a graph of the data, used by Shields éé_dgxermi;e the
function of Eq. 2.29. The data delineating the cg;;e were obééinei B
by Shields and several other worke;s from experiments in flumes with fég
fuliy developed turbulent flows and artificially,flatténed beds of ti%
non-cohesive sediments (19,625. Shlelds' results, shoﬁﬁ in Fig. 12, 3

have been widely accepted although some workers have reported some-

what different values for the parameters (19). .

To f;cilitate the calculation.of (To)cr when the sediment
and fluid properties are known an auxiliary scale, having lines with
positive glopes of 2.0, is included in the figure (Fig. 12). To find

'(To)cr the value of d/v v 0.1_6;§ - l)g§~is calceylated using a con-
sistent set of units such as feet, poun:']s and. s‘ds, and this value
i{s located on the auxiliary gcale. A line is then drawn through this
point parallel to the inclined lines and the val:és of (T*)Lcr is read
at the intersection with the Shields curve from which (To)cr can be

calculated (625.

Y

A S
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I

s~

White (68) concluded that true critical shear stress
required to move a particular grain has a fixed value. His equation

for (To)cr for sediment in a horizental bed is given as
(1), = 0-18 (v - y) d tan 8 ] 2.30

where 6 = the angle of repose of the submerg?d gediment.

The constant in Fq. 2.30 1s obtained from experiments with

laminar flows. : df’

The fact that the definipion of critical conditions for,

incipient movement of sediments is rather indefinite, as a con-

1

sequence the varlation in the results of different woTkers can be ﬁ
expected. Despite this Fact however there seems to be reasonable
agreement among a considerable number of published results from

several sources.

ey T
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CHAPTFER 3

FEQUIPMENT AND PROCEDURES

In this Chapter, the equipment used and procedures adopted to carry

out the studies wiil]l be presented.
!
!

3.1 Classification and Spatial Distribution of Bed Sediments in the
P

4.88 km (3-mile) Study Section of the Ottawa River

3.1.1 Equipment

The following equipment was used in this study:
1) Shipek grab sampler . i
2) 12 ft x 20 fr (3.66 m x 6.1 m) raft :
3) U.S. Standard sieves (Nos. 20, 30, 40, 60, 80,
100, 140, 200, 270, 400, pan)

4) Mechanical shaker

5) Balance

3.1.2 Procedure

Field Program - In the summer months of 1973, a large

5
number of samples of bed sediments were collected from 35 locations

of the study section using the Shipek grab sampler and the-raft of
the Deﬁﬁrtment of Geology, UnivFrsity of Ottawa. Figure 13a shows
"the Shipek sampler and Fig. 13b shows the sampler mounted on the
raft. From each sampling location 15 to 40 1bs of bed sediments
were collected in flastic\bags and brought back to the laboratory

for detailed analysis and for future use in the flume studles:

™



(a)

(b) -

Fig. 13. - (a) Shipek grab sampier,

(b) Sampler mounted on the raft
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Laboratory Study - Graln sise distribution analyses of the
(4
.bed sediments were performed using the U.s. standard sleves. In each

test 500 grams of sample was sieved very carefully for 15 minutes
using the mechanical shaker and the weight of each fraction measured
very accurately. The ﬁecessary computations associated with the

grain size distribution analysis are presented in Appendix A.

3.2 Cation Exchange Capacity and Mercury Sorption Capacity of Various

Types and Fractions of Bed Sediments

3.2,1 Equipment &

The equipment used in this study are listed below:
1) "Nuclear Chicago" deep well gamma counter, Fig.14)
2% Variable speed shaker
3) Centrifuge
4) vials, plppettes

5) Millipore filter apparatus

3,2.2. ?rocedure

Cation Exchange Capacity - The iomn exchange capacities of N

different fractions of main channel and C.I.P. channel bed sediments,
(obtained'from the sieve analysis), were determined using both the
radicactive cesium-and mercury methods (3). Thé procedure for deter—
miniﬁg the ion exchange caﬁacities of the sediment fractions by both
the methodé are similar. In both methods duplicate samples (200 mg)
from each size fraction were placed in the vials to which was added

5 ml of 0.25 N solution (mercuric chloride labelled with 203Hg/cesium

e

-~

| s
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chloride labelled with 137Cs). The vials were then placed in the
ghaker and shaken for four hours. This treatment saturated the

cation exchange sites with mercury/cesium. The solid and 1iquid
phases were then separated by centrifuging and the supernatant liqqid -
was decanted. This procedure was repeated once more. The excess
solution from the sample was then removed by repeaged washing (at

least three times) with 'approximately 15 ml portions of 95 percent

. ethyl alcohol, agitating thoroung& {15 minutes), centrifuging com-

" pletely, and decanting the supernatant liquid after each additional

centrifugation until the decanted alcohol was free of chloride.

After the washing was completed the vials were thoroughly
cleaned (on the outside) with tap water; dried and placed imea well-
type automatic gamma scintillation counter (Nuclear Chicago Corpora-

tion model). Counting rates of fhe adsorbed cesium-137/mercury-203

were determined., An aliquot (4 ml) of the solution used to saturate

the samples with cesium/mercury was counted using the same gamma )
counter. Exchange capacities of the samples were then calculated by
comparing the counting rate of the sample with that of the equili-

brating solution using the following equation:

h c ity = sample counts per minute
Exchange Lapacity = ounts per minute/milliequivalent of cesium/mercury

400 or
* sample wt. expressed in grams
——
gample cpm 100

= milliequivalent per

cpm/milliequivalent X sample wt. in grams 100 grams
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Sorption Capacity - The mercury sorption capacity of the
three major fractions: finesl(consisting of clay, silt and wood fibres);

sands: and wood chips of the "OTP" channel bed sediment was determined
using radicactive mercuric chloride solutign labelled with 203Hg. Four
sediment samples were treated with four different concentrations (0.1

ppm, 10 ppm, 100 ppm, and 1000 ppm) of mercuric chloride solutien.
The samples were thernt {ncubated for 6 months to simulate
fleld conditions. Fine fractions from each of the samples were -—-\\
’;d by agitating with distilled water and then the distilled
wat; (ﬁogether with fines in.suspension) was decaﬂ%ed and filtered
oﬁ'a 0.45u filter paper using the millipore filter apparatus. Wood
chips fraction from the samples could be separated very easily with
the help of forceps. The three fractions from each sample were placed

in separate vials, deighed, and thelr counting rates were determined

by the 'Nudlear Chicago" counter.

3.3 Study of the Tnteraction between Flowing Water' and Bed Sediments

In this section the.laboratory model, instrumentation of
the model, procedure for mercury tfansporﬁ study and determination of
the values of important flow parameters at incipi%?t motion of sedi-
ment particles are discussed.

]
o

3.3.1ﬂ Laboratory Model

Figure 15a is a schematic diagram of the laboratory model
(flume). The elements of the model consist of a 9,14 m long (30.48 cm

x 5.08 cm) rectangular conduit with a 121.9 cm long test sectlon, an
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inlet head tank, a supply tank, a sediment catcher, an outlet gate,

an outlet tank, a 30 gpm constant speed pump, a supply valve, a flow

rate control valve, supply pipes, and an overflow return pipe.

The flume walls are made of 1.27 cm thick plexiglass.
Section A-A (Fié. 15b) shows a cross section of the conduit. The
bogygom and sides of the test section (working gection) are made of
brass and the top is made of plexiglass.‘ A plexiglass side w%pdow is
located on one side of the test section to enable one to observe sedi-
ment movementland a slot is provided on the top to accommodate mea;uring

instruments. Section‘%—B (Fig. 15c) shows a ctoss sectional view of the

test section and Fig. 15d shows part of the test section.

The 5.08 cm diameter supply pipe leading from the pump
branches into two pipes (each 5.08 cm diameter) at the control valve

in order to ensure balanced flow into the head tank. The piping for

Pl S R R

the overflow return from the head tank to the supply tank consists of
a single 7.62 cm diameter pipe. All the pipes used are polyvinyl-
chloride (PVC) pipes.’;}he_flow regulation in the system can be

expressed as

Qs = Qf * Qo

.
!

where QS ig the total water supply in the head tank, Q0 is the excess
water flowing through overflow return pipe (for the purpose of main-—

taining a constant supply préssure in the head tank) . Qf is the flow

1

through tpe working section. :

The selection of a pressurized rectangular conduit system

for this study, rather than a free surface flume, was made in order
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(e) sediment catcher with v-notch
and point gauge

Pig. 15. - (a) Schematic diagram of the laboratory model, (b) sectional
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to measure and reprpduce flow conditions with a high degree of con-
fidenQZ?\\ggaszof ;f the peometry also insured reproducible conditions
at the desired points in the test section. TFree surface flows simulated
in a flume are complicated by the depth of flow, surface wave inter-
action at high Froude numbers, and the physical length and size. The
advantages of using the closed conduit system compared to a comparable

free surface system are as follows:

1} The flow parameters can be measured with more

simplicity and accuracy -

\/ 2} The physical size is reduced

3} The geometry is controlled.

3.3.2 Instrumentation

The flow through the flume was measured by a 90° v-notch
installed downstream from a sediment catcher {(Fig. 15¢). Baffles
=
were placed in the catcher to Suppress turbulence and the discharge
heads at the welr were meaéured by a point gage. The welr was cali-

brated for different flow conditions. Figure 30 in Appendix C shows

the calibration curve for the welr.

Point velocities across the flow field were measured using
a pitot tube (outside diameter 4 wmm) and a plezometer unit attached
to the flume. Boundary shear stress measurements were supplied using

the presteon tube technique. The preston tube was calibrated and the

calibration procedure is presented in Appendix C.
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, The temperature of the water was measured by a thermometer.

r

The data acquisition system used in the dperiments was

equipped to monitor pgdioactivity movement. The system consisted of

a detector (positioned at different locations on the test section with

T

proper shielding with lead brick) connected with "ORTEC" Gamma Counter,

Fig. 16. The radioactivity in the water samples (collected in vials
during tests), in the sediment in the test section after the tests
and inkhe transported sediment collected in vials was determined by

the "Nuclear Chicago" counter.

j Before proceeding with the varilous experiments; the flume
| .

,was tested for a range of operating flow conditions to ensure that

the velocity field was symmetrical about the centreline of the test
section. The results of these preliminary tests are presented in

Appendix C. They confirm that the profiles, are normal and free of

~any significant distortion Jl.n':t?hj)l 1.22 m long working section.

sdbsequent to these testis the following studies were performed.

3.3.3 Herchry Transport Study Associated with Bed Sediments

=

r

N b
N

Y

A sample of the bed sediment was placed in the test section.

The flume was then fillled very slowly with water by grhd’7lly opening

the supply valve while keeping flow rate control valve™ osed. When
the flume was completely filled with water it was kept in that state
‘for some time until the sediment in the test section became tot?ily

saturated. Water was then drained out of the flume by opening the

flow rate control valve. Sediment mixed with radioactive mercury
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Fig. 16. — "ORTEC" counter
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(lébelled witg 203Hg) was then placed in the test gection in a 5 cm
strip across the full width of the sample up~to a deptg of 1 cm
(Fig. 17). The flume wasg ‘then refilled with water as before. When
the flqme was completely full the degired flow was produced by
adjusting the supply valve and the flow rate control valve and
measuring the desired flow rate with the aid of the v-notch. The
gadioactivity movement was recorded {at 1/2 hour intervals) by
placing the detector along the test section (rigs. 18a, b, and c).
At each interval 'water samples were collected in vials (10 ml) and
in jars. At the end o% each experiment the supply_valve was closed,
water was drained out of the system and sediment samples were col-
lected in vials from the test.section at the locations as.shown in
Fig. 17. Samples were also collected from the sediment mass trans=
portéd downstream from the working section. Thelwater samples
collected in jars were flltered on 0.45y filter paper using millipore
filter apparatus to obtain suspended sediment. The activity of
these samples were determined by the "Nuclear Chicago" counter
apparatus. The total amount of sediment transported was determined
by adding the amounts obtained in the sediment catcher and on the
floor of the flume downstream from the test section after each

" experiment.

3.3.4 Determination of the ﬂgah\Parameters (Velocity Boundary
N
Shear Stress) porrespgnding to Incipient Motion of the

-

Particles

The test sectlon was ‘illed %i:n sediment, levelled, and

N,

.
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(b) Detector positions on the test
section

Fig. 18. - (continued)-
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g
gaturated with water in the same &;I as described in the preceding

section. When the bed sediment was saturated completely, water was

allowed to flow over the sediment by slowly opening the flow rate

control valve and adjusting the supply valve. Simultaneously careful
\ .

obgervation was made on the test section to determine the beginning

of movement of the bed sediment particles. «3

Because of the totally random nature of the movement pro-
cess, there is no truly critical condition corresponding to the
{nitiation of particle motion. TIn fact Kramer (62) defined the

following three "yntensities" of sediment motion near the critical

‘condition:

", wﬁgi movement indicates that a Few oF geveral of the
smallest particles are in motion in isolated spots iézkmall en0ug3
quantities so that those moving on one squarerhentimeter of the bed
can be cguntedr_ \

2. Medium movement indicates the gondition in Ghich grains
of mean diameter are in motion in numbers too %grge E? be countable.
Such movement 1s no longer local in character. It islnot yet strong
enough to affect bed configuration and does not result in appreciable
sediment discharge.

.'ﬁ 3. General movement indicates‘the condition in which. sand
grains up tQ and including the -largest are {n.motion and movement 1s

occurring in all parts of the bed-at all rimes."
N

Velocity gradients near the bed, across the width of the

P
,/ tést sectlon, were measured by placing a pitot tube near the sediment/

-

-




water interface. The limiting distance was 2 T from the bed to

the centre éf the tube. TFlow rate was deduced from the calibration
curve of the 90° triangular notqﬁsd weir (Fig. 50) by measuring t

head upstream from sameuand the méan velocity (Ucr) théough the hE\\\
flume for these ecritical conditlons was calculated from the flow

rate. Boundary shear stresses for these condttions were measured

using the Preston tube technique described in Appendix C. "

4
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AN CHAPTER 4

PRESENTATION AND DISCUSSION OF RESULTS

4.1 Bed Sediments of the 4.88 km (3 mile) Study Section of ghe

Ottawa River

4.1.1 Classification and Spatial Distribution of Bed Sediments

Due to the presence of the Kettle Island and Upper and
Lower Duck Islands{‘qh? study section of the dttawa River is divided
inte a main channel and two small subsidiary channels. The main
channel is located sguth‘of Kettle Island, in between Kettle Island
and Upper Duck Islasd and passes north of the Upper and Lower Duck
Islands as shown in Fig. 1. One B?*Ehe_subsidiary channels is

s

located to the north of Kettle land ‘along the Quebec shore and is

referred to as the "CIP" (Canadian - ternational Paper Company)
channel. The other subsldiary channelnflows to the south of Upper
and Lower Duck Islands. These two subsidiary channels eventus%ly

merge with the main channel.

The bed sediment in.the main channel is mainly medium sand

(dgq

a strip consisting of mixture of silt and clay is present. In the

= 280 um) except near the southern bank (Ontario province), where

CIP channel, the bed sediment consists of a complex mixture of fine
sand (d50 = 180 um), wsod ffbres, wood. chips snd_barkﬁ”JFhese
organic contents vary from 1 percent to nearly'lOO ﬁercent depending

on the location and time of year. Because of the presence of wood .

hel
A3
=
Q
3
3




- 70 - q%i;

chips in high proportion, the bed sediment of the CIP channel will
hereafter be referred to as "woodchip" sediment. This channel 1s
the most heavily polluted zone in the study gection due to the pre-
sencg/of the CIP mill on the north shore. The bégnsediment in the
othé? subsidiary channel is coarsé sand mixed with gravel. The
rgéults of the studies preé@nfed in this chapter are confined to the
fsand" sediment@pf the main channel and "woodchip" sediment of the
CIP channel, since, when taken together, these two ?ediment types

constitute the major portion of "mobile'" bed sediments.

Figure 19 shows the transects A-A, B-B, C-C, D-D, E-E, and
F-F along which the ped sediment samples were collected. The points
along the transects indicafe the locations where samplingd were dome?
Figure 20 shows pictures of a typical sand sediment from the main
channel ;ﬁd a "woodchip" sediment from the CIP channel. The clay

gediment obtained ne@ar the Ontario bank is also shown in the same

figure, (in crushed form), for the purpose of grain size comparison,
but it actually occurs in the river bed in a very stilff consolidated .
atate. \This type of clay sediment ts called "Leda clay" geologically

and is & marine clay of the Champlain Sea ( 6).

/"
The sand sediment oﬁ/fhe main channel also contalns some
wood chips as sboﬁn in Fig. 20. The presence of organle fractlons
in this.anﬂ*oghég parts of the river bed is a unique characteristic

of thd Ottawa ﬁiver system.

C Figure 21 shows the lateral variation of median sizes of
{/'\

. .
“bed sediments along the transects A-A, B-B and C-C of the main channel

»”

S
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*

From these curves, it is clear that the coarsest sediment in the gtudy

reach is confined to the main channel, where the water depth 1s greatest.

Median grain size gradually decreases as the Kettle Island shore is

approached. Figure 22 shows detalled distributioné?of the diffezent

types of bed sediments found in the various zones~a£eng the study

section. Some of the information for preparing this figure (Fig. 22) | o ‘ T
.were cobtained from Dr. B. Rust of Geology Department, University ef

4

Ottawa. i - N

4.1.2 Particle Size Distributkon Analysis

Particle size distribution appears to be the single most

important factor for bed sediment transport, as well as for polldtant
L4

transport associated with bed sediment‘movements (34). A deta
particle size distribution analysis was performed for both.t es of

sediments, i.e. sand sediment from the main channel and "woodch
»
sediment from the CIP channel. Particular’attention was given td/ﬂ,

analyzing the "fines" components (1ess.lhan 100 um) since, as will

be shown later, these fractiloms pla& an important role in the sorptikgn

(uptake) and subsequent transport.ofgggrbury in dynamic aquatic systems.

Particle size distribution.curves, plotted on pro%ability

-

graph paper for sand sediments and "woodchip" sediments, are shown
in Fig. 23. The median diameter for the sand and "woodchip" sediments
are- 280 and 180 um, respectively. The distribution of both sediments .-

are not 1og -normal, as might\be‘expected for stream bed_sedimenfs (23).-

In the case of "woodchip" sedfhents, particles with diameters

legs than 100 pm represented 1.97% of the total weight whereas

particles, less than 50 um in diameter, represented ohly 0.26% total® . ‘ ¢

- ¢ . —
- .
- ~ .
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~

welght, It could be assumed, however, that the cumulative surface

. .

area of the "fines" particles‘would represent a greater proportion
of the total surface area - sinte this component contalns more grains
-(by.uﬁyt weight).Fig. 24. This is to be expected regardless of exact

shape of the particles "involved.~

f

4.2 Mercury Sorption Capacity and Cation{Exchange Capacity of the
> g i

"Different Fractions of Bed. Sediment \)

~

4.2.1 quptfon Capacity : "o

‘Table 1 shows the concentrations of mercury in each

-

sediment fraction, in water and in."woodchip"_sedim%nts as a whole -
v ' . .

(vdlues shown are for total mercury; chemicaljfofm was ipnored).

Also shown are the concentratioms per unit mass of the component

fractions. In the case of the "0.1 ppm" mercury concentratibn experi- .

- &

mént, fractions of wood chips and fines contained 1.12 ppm and 2.58 ppm

of mercury respectively, whereas the sand fréction coﬁtained only

0.026 ppm. Since similar resulgs {i.e., significantly hiéhér mercury
cqﬁcentrations in fines ahd wood ;hips) Qere observéd for all mercury
concentrations considered, 1t is cléar that mercury distribution,

Qithin bed sediment fractions, is certainly not uniform. Theréfore;
.great care must be taken.to retaln the total volume initiqlly e;t}écfed
when collecting representative bed sediment samples from yivers for .

* .

the purpose &f studying pollutant concentrations in same.

The final values in Table 1 are distribution coefficients s

o | |
for mercury between water and the three sediment fractiongyfor the

C




- 79 -

Table 1. - Distribution of Mercury in "Woodchip"
Bed Sediments and Water

4 '

Mercury Concentrations (ppm)

Whole sediments ° 0.1 10 100 1,000
Sands 0.026 1.79 52.1 896
Wood Chips 1.12 126 724 1,730
Fines 2.58 203 3,040 28,100

Water (ppb) 0.043 103 69.5 550

Fractional Amounts

Sands (93.5%%) 24 . 3% 16.7% 48,6% 83.7%

Wood Chips (6.3%%) 70.8% 79.4% 45.5% 10.9%

Fines (0.19%%) 4.9% 3.9% 5.92 ©  5.4%

Distribution Coefficients (K**)

Sands ' . gm 1,740 750 1,630

Wood Chips ' 26,200 123,000 10,400 3,130

Fines 60,400 198,000 43,600 51,100

*
By -dry weight

(Hg] :
* e - ——sand _ g15 1940, 750, 1630 = 1200 average
sand [Hg]
; water .
[Hg]
Koo = Tﬁ-jfiﬂﬁ— = 90,000 average
ne & water - -
0
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different concentrations considered. Although there is a noticeable

variation, (at least an order of magnitude), numerical averages can

= 1.2 x 103

be supgpested for sands and fines respectively, i.e., Ksand

and Kfines = 90 x 103. These wvalues would, naturally, vary EE@ely in

different environments, however they appear to be quite,consisgkrt

with field data obtained from the Ottawa River.

E)

For wood chips, it seems clear that the K—vglue shifts in
favour of the water component for high mercury concentrations. This
result supggests possible saturation of binding sites. TFor low con-
centrations, however, a distribution coefficlent of the ofder'af

= 5 3
Kwood chip ~ 50 x 10~ seems indicated.
Comparison of these laboratory results with field data is
. r ,

reasonably satisfactory. In the study(seftion, total mercury con-

S

-
by
b}
o
5
3

S
centration in water was found to be G03§ ppb during the 1972 summer
(21), and 0.018 ppb during the 1973 summer (44). The aforementioned
"laboratory”" distribution coefficients would suggest values of mercury

concentration in sediments (1972) ranging from about 0.05 ppm for pure

sand to about 2.0 ppm for-pure wood chips. Actgal field values averaged
0.08 ppm in the sandy main channel and 0.27 ppm in the north (CIP) -
channel, where high organic content is common (553); the heterogeneous
character of the field samples would naturally sugpest values in be-
tween the predicted extremes. |

For 1973, the comparison is equally reasonable. Considera-
tion-of the concentration of mercury in the water column leads to
preéictions‘oftﬂ,OlZ ppm for pure sand and 0.5 ppm for pure wood chips,
field values Eé} main channel samples averaged 0.023 ppm and, for

CIP channel samples; the average was 0.17 ppm (50).
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A

Table 1 also lists fractional amounts of mercury within
the bed sediment components. For example, the wood chips fraction
contained 70.8% of the mercury 1n the 40.1 ppm'" bed sediment, though
At was only 6.3% of the total sediment‘(dry welght), Agéln, 79.£%
of the mercury was associated with the wood chips fraction of the

"10 ppm" sample.

The relative amounts of mercury in the different sediment
components (relative to sand) were also caiculated and are shown in
Fig. 25. This presumably means that .fines and wood chip fractions
ha%e higher sorption capacities than sands for all mercury éoncentra—
tions. For the 0.1 bpm mercury concentration, sorption capacities
of fines and wood chips were 99 and 43 times higher, regpectively,

than that for sands.

4.2,2 Cation Exchange Capacity

-

Sediment is known to affect the chemical composition of

stream waters in various ways. Some miperals will dissolve, some

may cause precipitation of certain éissolveq ions, and others, because
of their exchange capacity, may help stabilize the composition of
stream water (29). The study présented in thié particular section

was carried out to obtain information about variation of exchange

&

capacity with size.anqgjybe of sediment particles.

The cation exchange capacities of different fraction siz;s
in the bed sediments are presented in Tables 2 and 3. Capacity(;;s

determined using both cesium (monovalent ions) and mercury‘ﬁf}yhiﬁht <
I
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. 99.0
| t
S = SAND FRACTION
2.0 = WOOD CHIP
F = FINE PARTICLES
71-0
4 4
58.3
43,0
31.4
13.9
1.93
1.0 1.0 1.0 1.0
— — — —{
S W F s w F SWF SWEF
AN SN /" N\ 7 N I 4
0.1 ppm 10 ppm 100 ppm 1000 ppm

MERCURY CONCENTRATION 1IN SEDIMENTS

Fig. 25. - Relative mercury sorption capacity of different

fractions of "woodchip" sediment !
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Table 2. - Cation Exchange Capacity (sand sediment)
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Particle Diameter

Ion Exchange Capacity

meq/100 gm

Hm Cegium Method Mercury Method
840 0;54 ' 0.39
590 0.64 0.75
420 1.92 1.76
246 0.51 0.43
' 177 0.42 0.29
- 149 0.45 ) 0.61
106 0.56 0.42
75 2.61 2.98
53 ¢ 6.04 14885
38 9.05 22.00
("’;238 13.91 43.00
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N
iong). Figures 26 aﬁd 27 show the varlation of ion exchange capacity
with particle size. It was found that the exchange capacf?y\éncreases
as the grain size decreases. The higher exchange capacities are
characteristic of samples containing high proportionsfof mohtmorillo-
nite and{or'vermiculite (29). The ion exchange capacities of both
sand seéﬁwent and "woodchip" éédiment were somewhat higher for mercury

than with cesium as can be seen from the tables,

For the sand sediment, ‘the ion exchange capacities of the_
sand particle fraction ranged from 0.54 to 2.61 meq per 100 grams
(cesium) and 0.39 to 4.98 meq per 100 gram (mercury). For the silt
fraction (less than 75 um), the values ranged from 6.09 to 9.05 meg
per 100 grams (cesium) aﬁd 19.85 to 22.00 meq per 100 grams (mercury).
For the fine fragtion kleés than 38 pm), the exchange capacity was \

found to be much higher. The values obtained were 13.91 meq per 100

grams (cesium) and 43.00 meq per 100 grams (mercury).

\\ In the case of the 'woodchip" sediment, the ion exchanée
capacity of the sand particle fraction ranged from 0.92 to 1.27 meq
per 100 grams {(cesium) and 0.96 to 1.57 meq per OO0 prams (mercury).
For the silt type fraction the values ranged from 2.70 to 5.20 meq
per 100 grams (cesium) and 3.38 to 8.88 meq per 100 grams (meréury);
and for the fine fraction (less than 38 um), the vélues obtalned were
12.20 meq per 100 grams (cesium) and 26.43 per 100 grams (mercury). The exchange
capacities of the wood chip fraction in the '"woodchip' sediment were
aiso determined. The values ranged from 13.30 to 24,70 meg per 100
grams (cesium) and 9.74 to 57.0 me&l par 100 grams (mercury). The
higher values are characteristic for the organic.materials. All the

welghts mentioned above are dry welghts.
IS

Haiieall
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: This_information concerning the range of exchange capaci-
tids for different sizes and types of sedimentary material is useful
in.estimaﬂing the upfake (sorption) by sediments of ions diséolved
in stream water. For example, sprgém sediments having a high ex-
change capacity can generally be expected to remove more iong than
those having ; low exchange capéciﬁy. Another use for information
on exchange capgcity is in éstimating the proportion of industrial  °

waste which ma§ be carried adsorbed on the sediment fractiorms, (as

_compared to the.proportion remaining in solutiqn).

4.3 Study of the Interaction between Flowing Water_and Bed

Sediments using a Laboratory Model

-

In this section, the results of the following two studies

are presented.

a2
3
.Q
™~
2
]

1) Transport of mercury assoclated with bed sediments

during bedload movement, and
’ . L ]
2) TFlow parameters (velocity, boundary shear stress) at

incipient motion of bed sediment particles. )

”
- Ed

T
#4.3.1 Transport of Mercury Associated with .Bed Sediments

during Bedload Movement

Two types of bed sediments, "sand" sediment (d50 = 280 um)

from the maln channel and "“woodehip" sediment (d50 = 180 ym) fro

the CIP channel, were used in this study. Each.sediment sample-waé

subjected to two different hydraulic conditions; (1) mean velocity = -

“

20 cm/sec, corresponding to an average flow rate = 3.2 i/ sec;



" N . - ' ) .
(2) mean velocity = 30 onding to an average flow-

rate = 4.7 {/sec.

The samples were placed 1.22 m tégt Egction of the .

experimental fleume and a "source" volume}( em 1ong X 30 cm wide x v ;
1l em deep).was contaminated with mercurieH hloride labelled with 203 Hg %
to Eroduce‘a total mercury cohcentration .1.00 ppm. The cohtamigeted
volume was incubated At 21°C for.one month to simulate~fie ”\eon- J 3
ditions h;fore being placed in the test sectipn\sample. Table 4
shows tﬁe specific activity of mercury- in the contaminated 'sediments -
used in each of the experiments. . T
The counte indicated in Table 4 madé 1t possible to detect ’ . ‘

the transport of mercury within an acceptable accuracy range from out-
gide the flume . (4.e., without causing disturbance to the water

and bed sediment movements).

i B B AL

" Figures 28 and 29 show the mercury levels (in percent)

associated with bed sediments at the contamninated location (source) in ﬂ\\

the test section at different times for different- flow conditions

Table 5 shoé% the amount of mercury (in percent relative to the original

f
amount) which remained a€ the source location just before the end of A

each run,

The results in Table 5 indicate that the transportability

s %f "woodchip' sediment (and the contaminants bound to tg}e material) is

4

much higher than the sdnd sediment for the same flow conditions.

Figures 30, 31, 32 and 33 show the relatigg_mezgggy/conj

centration in the bed at varioug locations dovmstream from the source

for each test run. These figures'indicate the movement of mercury



A\

—~

Table %. - Specific Activity of Mercury (labelled
.- with Hg-203) in the Cont{minated Sediments

' at the Source

Specific Activity

Type of

| * %%k
Run No Flow Condition . Nepm per @epm perx Sediment
{velocity cm/zec) ‘gram . 150 cm?
. . .‘ . - A."
1 20 25,738 k/;)1,366 gand
2 S 30 128,666 7 258,763 sand
3 20 Y 103,915 211,432  "woodchip"
4 : 30 103,915 © 211,432 "woodchip"
*
~ Nepm = Nuclear counter per minute
*k
gcpm = Ortec count per minute
/.
- ,
A
g./\\ - -

™
q
H
:'\!
y
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Fig. 28. - Arounts of mercury remaining at original
location (source}. Runs 1 and 3
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Fig. 29. Amounts of Mercury Remaining at Original Lecation (source)

4 (Runs 2 and 4)
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Table 5. - Mercury Level (in percent) at the L
Source just Before the End of E@ch Run

Mercury Level Rate of
at the Source " Sediment
Run No Time of Run {(in percent)l Transport
hrs rE (kg/hr}
/
1 50 51.9, 0.117
\1 -
2 12 -71.36 0.923
/w'\"ﬁ\i ‘
3 22 <’. 67.9 \ 0.971
B 3-1/2 ’ 2+ 2 -
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Fig. 32. ilercury Concentrations in Bed Sediments at Various Locations

(Run 3)
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downstream from the source with time due to bedload movement. e
average velocity of mercury transport assoclated with bed sediment
movements was evaluated for each run., A relationship between mean
water velocity ;nd mercury Velocity is shown in Fig. 34. A significant
~difference in velocity of mercury transport associated with bed sedi-
ments was obtained between the "woodchip" and sand sediments. .For a
mean water velocity of 30 cm/sec, mercury attached to "woodchip" sedi-

~ ments moved downstream at a velocity of 36 em/hr compared to 2.5 cm/hr
for sané sediments. In other words, mercury associated with "woodchip™
sedimenﬁ was transported 14 times.faster than that with sand sediment,
(for a mean water veloéity of 30 em/sec). The difference in velocity

of mercury transport between the two sedimeq5§ dea:gssed with a decrease
of mean water velocity. At a water velocity of 20. cm/sec, the speed of
mercury transport became 1.7 cm/hr for "woqdchip" sediment and 0. 68--cm/hr

for sand sgﬁiment;

With a decrease of mean water velocity a considerable decrease

in velocity of total mercury transport was also observed. For the sand
sediment, only 0.4% of mercury was moved downstream during a 2-hour
experiment (at a water velocity of 10 cm/sec). Most of the movement was
,

considered to be due to the initial disturbance of the sediment. In
other words, at this velocity no mercury trangport was noticed.

A comparison of the data reported by Hubbel and Sayre (24),
for th; North Loup River study in Nebraska, was made. They placed
18.1 kg'of tracer particles labelled with LO millicuries of {fidium—
192 on the bed sediment (median dlameter 290 ym). For an average water

discharge of 7.36 m3/sec mean depth 0.76 m and be%\slope 0,00083, they

measured the velocity of the iridium-traced sediment as 91 cm/hr at a
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Fié. 34, - Velocity of mercury associated with bed
sediments
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mean water velocity of 63.5 cm/sec. Another comparison was made with
the experimental data presented by Yang and Sayre (72). They used a %
recirculating flume 18.28 m long, 0.61 m wide and 0.76 m deep. The
size and amount of tracers used were 325 uUm (labelled with gold-198),

= pu)
and 1600 grams respectively. The activity of the tracers were 260 micro-

““curies. They found that for a water surface slope of 0.088 x 102, water

discharge of 32 %/sec, normal depth of 15.8 cm, and velocity of water,

A
38 cm/sec, the velocity of tracer sediment was 17.8 em/hr. These results,

_plotted on the same figure (Fig. 34) agree reasonably well with the data

) ~
obtained in this laboratory study. ”ﬂf\\\\\

Figure 35 shows the typlcal movement of "woodchip" bed sedi-
ment downstream from the test section during Run 4. Figures 36 and 37

13
show the bed formation and sampling locations in the test gection after

Runs 2 and 4. Figures 38 and 39 show the distribution of mercury in

the test section downstream from the "source'" after Runs 2 and 4,

7

Mass balance of mercury, for "woodchip' and sand sediments,

Y

was obtained during Runs 2 and 4. The results are presented in Tables

6 and 7. Thesgpresults are also plotted in Figures 40 and 41. In

hl
both B§Feriments no rapid desorption of mercury from bed sediments

into flowing water was obse:ved'duriﬂg the initial period of inter-
action between uncontaminated flowing water and contaﬁinated bed"
sediments. However, suspended load c;ntained a significant portion
of mercury when bed sediment transport was vigorous as observed Th
Run 4. After 3.5 hours (Run 4) for "woodchip'" bed gediments, the

bedload and suspended load carried 35.9% and 20.3% of total mercury

introduced, respectively, 15.7% was transported by water itself,

" which recycled the =~ flume - 61 times in the same time period. At
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Fig. 35. - T'ypical bed sediment movement

) "(Run 4) . y:
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Fig. 36. - Typical bed formation after the Run
(Run 2)
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Fig. 37. - Typical bed formation after the
Run (Run &)
Also showing the sampling done
after the r
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Table 7. - Mass Balance of Meréury (Run 4)

Time
hrs 1 2 3 3-1/2
Water % :
A ) 7 B 13 15.7"
Suspended load
% 8 23 23 20.3
Bedload
A . =~ 2.58 11.72 32.14 .35.9
' in the bed sediment -
downstream from "source"
A 5.16 13.08 14.50 11.20
In the "source" T
R 76.2 35.4 2.46 2
] s
Attached to walls
and unknown ‘
4 1,06 8.8 1459 (,14.9
Total N
4 100 100 100 100

o
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this point in time only 2.0% of mercury remained at the source,

Also, 11.2% of wercury introduced into the system was in the bed

sediments up to 6 stream from the source. The amount of

mercury attached to th 11« (ahd unknown) was estimated to be
14.9%. This value can be considered reasonable on the

basis of previous work (47).

These results indicated that 84.3% of mercury was still
assoclated with the solid phase after 3.5 hours of interaction with
flowing water and most of the mercury was transported downstream
attached to sediment particles being moved. The average  sediment
transport rate for this ﬁﬁp (Run 4) was 2 kg/hr per 30.48 cm
(per ft) width of the flume with a water flow rate of 4.7 kfsec

through the flumei

4

In the case of sand sediment (Run 2) most of the mercury
remained in the source volume because of the sand}s 1ower_trans—
portability compared to woodchip sediment. After 12 hours, mercury
in suspension was 4.31%, in the bed sediment downstream from the
source the percentage was 11.36%, in the bed load it was calculated
as 3.43%, whereas 72.18% of mercury remained at the source. The
averagé bed sediment transpért rate for this Run (Ru& 2) was 0.923
kg/hr per 30.48 cm width of the flume with a mean water flow rate

of 4.7 %/sec.
&
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4,3,2 Flow Parameters (velocities; boundary shear stresses)

at Incipient Motion of Bed Sediment Particles 4
Critical Qalues of velocities and boundary shear stresses,

for both'woodchip sediment and sand sediments, were determined for

the conditions of weak and general movements of the sediment particles.

Itegas observed that the transport characteristics of wood chip

particles were entirely different from those of sand particles. The

wood chip particles, once- lifted by water from the bed, travelled

downstream a few cm above the bed sediment surface in suspension.

This unique movement of wood chip particles can be eﬁplained by their

low specific gravity compéred to that of sand particles. In this

study the-critical values of velocities and boundary shear stresses

were determined for the medium sand sediment (d50 = 280 pm) of the

main channel and fine sand sediment fraction of the "woodchip" sedi-

ment (d = 180 ym) from the CIP channel.

50
Figures 42 and 43 show the?dimensionless velocity dis-
tribution near th; bed at which two types of movements {weak and
general) occurred in the case éf "woodchip" sediments. Weak and
general movements of the sediment particles were observed for mean
water velocities of 18 cm/sec and 23,33 cm/sec, respectively. The
corresponding average flow rates were 2.9 %/sec and 3.6 Ai/sec. The
average critical velocities near the bed for these conditiops were

3

12.71 cm/sec and 17.6 cm/sec respectively.

3

The average critical boundary shear stresses computed for-

the above two ?low conditions (presented in Tables 8 and % in
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Appendix B) were 1.59 x 10-5 ;N!cmz and 2,32 x 10_5 N/cm2 respectively.
Figures 44 and 45 show the dimensionless critical boundary shear

stress distributiond near the bed for the above flow conditions.

In the case of sand sediment, weak movement of sediment
particleg occurred at a mean water velocity of 20 cm/sec (mean flow
rate = 3.2 R/sec). The average veloclity near the bed was 14,91 cm/sec.
However, general movement of the sediment particles was observed for
mean water veloclty of 25 cm/sec and corresponding mean flow rate of
3.8 %/sec). The average velocity near the bed for the later condi-
tion was 18,78 cm/sec. Figure 46 shows the dimensionless.veloclity
‘distribution near the bed for weak movement and Fig. 47 shows the
dimﬁgsionless velocity distribution for the general movement

conditions.

The average critical boundary shear stresses computed for

the above two flow conditions (presented in Tables 10 and 11 in

-5 - '
Appendix B) were 1,92 x 10 N/cmz, and .2.49x 10 3 N;/cm2 respectively.
Figqres 48 and 49 show the dimensionless critical boundary. stress

distributions near the bed. for theae conditions respectively.

The experimeﬁtal results of the critical values of velocities
thos obtained were compared with the data presented by Yang as shown

in Fig. 11, p.47 . 1t was found that these plots lie in the range i
: -
of "hydraulicaldy smooth" and "transition regime" conditions of the -
- .
bed. ' ) d
.Y n n
Critical values of boundary shear stresses for both woodchip™

and "sand" sediments were calculated using the method described on
L4
o ' 7
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page 48. They were found to be 1.66 x 10_5 N/cm2 and 1.82 x lO_5

N/cmg,xéspectively. The experimental results were also plotted on

the Shield's diagram (Fig. 12, p.49). As shown these points lie

very close to the Shields' curve.

N

iy -
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CHAPTER 5 . ‘

CONCLUSIONS AND RECOMMENDATIONS

-

5.1 Conclusions

1. Distribution of predominant sediment types along the
reach has been obtained in this study. " The main channel consists of
mainly mediﬁm sand (median diameter 280 um), whereas, near the Onﬁario
bank, the bed material is stiff cohesive clay. On the northern side
éf Kettle Island in the small Canadian International Paper Company
(CIP) channel, the sediment 1is a complex mixture of fine sand, wood
fibres, wood chips and barks. This type of sediment has been classi-
fied as "woodchip" sediment, due to the presence of high proportions
(up to 100%) of this organlc-type material. The median size of the

sand component of this particular sediment is 180 um.

L] .
2. Mercury in the Ottawa River is almost completely (>97%)

associated with the bed sediments. However, field values vary widely

depending on the location and time of the year.

Laboratory studies on the'mercury sorption capacity by the
bed sediaents indicated that the mercur& diétribution among the various
components of the sediment leads to ﬁredictiong of mercury concentra-
tions which closely resemble observed field values. Sediment components
of high otganic content, more particularly the wood chips, fibres, barks
and very fine clay sized fraction, have associated with them 50 to 100
times the amount of mercury assoclated with sand particles. The results
emphasize the importance of particle type analysis in studies of poll&L

tant transport by bed sediment movement .
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3. Cation exchange capacity (CEC) was determined for the
different fractions of bed sediments existing in the Ottawa River.
In general, it‘Tas found that the cation exchangg capacity 1s a function
of both size and\ﬁype of material (mineralegical cbmpesition). For the
sand fraction, (size'ranging from 75 pm to 840 um), the CEC ranged from
3 to 0.4 meq per 100 grams (dry welght). TFor the silt sized fraction
the CEC ranged from 3 to 22 meq per 100 grams. The cation exchange
capacity for the fine fraction (dSO less than 38 um) was found to be
higher (i.e., ranging from 12 to 43 meq per 100 grams). In the case of
organic materials (wood chips}, the exchange capacity was alse found to

be higher. An exchange capacity fanging from 10 to 54 meq per 100 grams

was obtained, depending on the type and size of the materials,

The above information on the range of exchange capacity is
useful in estima;ing the uptake by sediments of lons dissolved in stream
water. Stream sédiments, having high exchange capacity, are generally
expected to remove more lons than those having iow eéxchange capacity.
.Furthermore, inforﬁation on exchange capacity 1s essential in estimating
the proportion of industrial waste which may be carried adsorbed on
sediment, as compared to that in solution.

~ 4. The laboratory flume studies on interaction between
flowing water and bed sedimenté indicated the importance of understanding,
more fully, the complex sediment transport processes in natural water
courses in any attempt to assess the exchange rates of pollutants, such
as mercury, across the sediment/water interface and mass tranéport of
same along rivers and streams. The fpllowidg conclusions are based on

the results of the flume studies:
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a) Mercury, initially introduced to the dynamic system through

-

aysmall control volume of bed sediment, was transported downstream
predominantly by the sediment particles being moved by the water. No
rapld desorption of mercury, from bed sediments to the uncontaminated

flowing water, was observed. However, mercury concentration in the

water Iincreased gradually with time and mass movement of the bed

sediment.

b) Movements of sediment particles increased gra@ually with in-
creasing stream velocity and general movement of the particles was

observed throughout the stream bed.

c) Velocity of mercury associated with bed sediment
movements was found to be a function of type of sediment as well as
mean water velocity. TFor woodchip sediments, the mercury velocities

were 1.7 em/hr and 36 cm/hr, for mean water velocities of 20 cm/sec

and 30 cm/sec, respectively. In the case of sand sediments, the
mercury velocities were 0.68 cm/hr and 2.5 cm/hr for mean water

velocities of 20 cm/sec and 30 cm/sec, respectively.

d) The mass balance chart, resulting from this investigation,
indicates that the component exhibiting the maximum percentage of
contamination, under dynmamic conditions similar tc those in the
prototype system, is the bed sediment component. ' Over 80 percent of
mercur& originally contained in the bed sediment at the source was

transported attached to bed sediment particles being moved downstream.

e} Critical values of velocities and boundary shear stresses

also depend on the type of sediment and flow condition. For "woodchip"

-0 7
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Lo

sediment, the critical velocities found ranged from 18 cm/sec to
' .

23,33 cm/sec. Corresponding critical boundary shear stresses ranged
from 1.59 x 10_5 N/cm2 to 2.32 x 10_5 N/cmz.' In the case of sand

]
/f—‘ sediment, the critical velocities ranged from 20 cm/sec to 25 cm/sec.

5

%

}J Corresponding critical boundary shear stresses ranged from 1.92 x 10
ﬁ/cm2 to 2.49 x 1.0“5 N/cmz. These values of boundary shear stresses

appear to agree quite well with predictions given by the Shields'’

curve (Fig. 12).
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5.2 Recommendations for. Further Research

The following studies are recommended as extensions to

the present work: .

-

1. Since a major portion of the pollutanﬁ {mercury) is
-
attached to the bed sediment in the study section of tﬁe Ottawa River,
accurate field measurements of the rate of bed sediment movement
under different fl;; conditions should be performed. These measured
field values can then-be compared with existing bedload formulas

developed by various researchers, with a view to developing a modified

formula to predict pollutant transport assoclated with bed load move-

ment.

2. Measurement of velocitiés near the bed sediment/water
rface should be made in the prototype system for a compreﬁghsive
range of stream flows. .This data is necegéary to reprodﬁce the desired
boé;dary layer characterilstics in .the small-scale laberatory model for

further investigations of the interaction bétween flowing water, bed

sediments, and pollutant kinetics.

3. The transport characteristics associated with "wood-

chip”" and clay type sedlments require detailed study.

&, Si%ce EBLPulence plays a predominant role in the
N~ e :
. o
sediment (and pollutant) transport -process in rivers, the lack of
sultable instrumentation to measure this phenomena has seriously
affected major research efforts in this field of research. For example,
the use of the hot-film anemometry technique is limited to systems

using very clean fluids because of the contamination problem and the
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presénCE\Qf a probe, in the fluid field, inevitably distorts the
N .

turbulent structure under investigation.

» *

L

. - A
The recent-development of the Doppler anemometry technique
[}

should encourage new research on the structure of turbulence near the
sediment water interface and its effect on sediment {and pollutant)

-

transport phenomena in rivers and streams.
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A.l Sand Sediment
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Ottawa River Proiject Job No.

Project . —

Locauon of Pro,ect

Descnption of Sod _ ooee i — ——

Tested By

Ecr.og No

Depth ¢t Sample

~__ .. Sample No.

Date of testing . . .- - -

(ASTM D1140-54)

Sevif Sarunde Sz
ominal diameter of
largest particle,

Appreximate minimum
wt. of sampie. g

No. 10 sieve 200
Nc. 4 sieve 500
3/4.1n. 1500
Wt. of dry sample - contamer
Wt. of container
Wt of dry sample, \\, 500 g
Sieve analysis and grain shape
Siave No Diam (Um) Wit rutanncc'(g) *s retained ®a PassING
20 >840 0.55 0.11 99.89
30 >590 0.78 0.156 99,734
v 40 >420 5.45 1.09 98.644
60 >246 332.77 66,50 32.144
!
80 >177 120.07 ! 24,01 8.134
100 >149 32.93 6.58 1.554
140 >106 6.94 1.39 0.164
200 > 75 0.40 0.08 0.084
270 > 53 0.13 0.026 0.058
400 > 38 0.01 0.002 - 0.056
Pan < 38 0.02 0.004 0.054
500 l

% passing - 100 — ¥ s retaned.

-
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A.2 "Woodchip" sediment
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—~5

Project _. Ottawa River PTPJ.?‘?C . Job No.
Locaton of Pro;ect‘ .. .- Zerng No
Dlescr-nption of §‘o;l —_—ete Depth ct Sample
Tested By Date of 1esuing

" Soil Semple Size
Nominal garameter ot
largest particle,

(ASTM D1140-54)

Approximate mimmum
Wt of sample. g *

P

* - Sample No.

No. 10 sieve 200
No. 4 sieve 500
3/41n. 1500
Wi, of dry samble ~ conta:ner
Wt. of container
Wt of dry sample. W, 500 g
Sicve anulysiy Ium! wrain yhape
Seve no . Diam (um) Wi retaned (E’,) l *, rotained %e passrg
I 1
20 >840 1.62 0.32 99.68
30 >590 0.96 % 0.19 99.49
40 >420 2.33 0.46 99,03 -
60 >246 38,87 7.77 91.26
80 >177 261.74 52.34 38.92
100 >149 136.50 | 27.30 11.62
140 - > 106 48.06 ‘ 9.61 2,01
200 > 75 6.03 1.20 0.81
A X
270 > 53 2.56 W 0.51 0.30
400 > 38 - ¢.57 0.11 0.19
Pan < 38 0.76 0.15 0.04
500

% passing - 100 — ¥ % retained,

-
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APPENDIX B

COMPUTATIONS OF BOUNDARY SHEAR STRESSES
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Flow Rate, Q (&/sec)

I

107

~ 146 -

Cc.1 Calibration of .the 90° triangular-notched weir

Head, H (cm)
.Fip:. .50. - Calibration curve of-the t#_eir
' B

P

— T T T T Il T T T T ]
-d 50
. / i
. obgerved
—d 20
,\ — 10
\“) am— 7
whefeC=weir coefficient -— 5
-] 3
o R
/’F
— ]
—310.7
~
-t 0.5
A T NI AN I B
5 6 7 8 g 10 11 12

‘ /)T't:au Velocity throush the Floew s {em/fs: )
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C.2 Calibration of the Preston tube

Water flowing in a channel exerts a longitudinal shear
force on the wetted periphery of the flow cross section which causes
the movement of the loose boundary resulting in erosion. Several
analytical tebhniques have been developed for determining the tractive
force distribution over the wetted perimeter of a channel cross seétion.
A simple tool is now available in the Preston tube for the experi-
mental determination of wall shear stress (28;. Ippen eE al (19) were
among the firs; to demonstrate the applicébility of the Preston tube
to determine the peripherél distribution of local boundary shear in

a stralght trapezoidal channel,

The Prespoﬁ/technique‘is based on the ekperimentally well

egtablished inner law of velocity distribution

U U'Y ‘ K

Y *
— = — c.1
U, £ \Y )

in which UY = 10fal flow velocity at distance Y from the boundary; '<

\-\}
u, = /-Eg = ghear velocity, and v = kinematic ‘'viscosity. =

When the raw veloclty data U; of a total head probe in the
immediate wall zoné of a turbulent shear flow are arranged according

to Eqn. C.l they will yield a functional relationship
. -

-

’

. u,Y - do .
= f (—, R tip shape) C.2

in which Y = wall distance of the geometric centre of the probe
do = guter diameter of the probe
d; = inner diameter of the probe
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Tor a.given probe peometry (i.e.; ;2 , tip shape) and fixed wall
digtance (i.e., %—) any empirical rilation of the form of Eqn. C.2
becomes an expres:ion for shear veloclity in terms of measured flow
veloeity. Therefore, total head probes can be used as wall-shear
meteriﬁg devices. For the practical application of this conéﬁpt
according to Preston round tubes with square—-cut tip are used, d
the wall distance is fixed by placing the probes in wall conta t,
¢.e., by putting Y = d0/2. With this substitution and after some:

manipulation Eqn. C.2 assumes the form of tWe calibration equation

for Preston tubes ’(328):

u? Umdo
TR TR
m

A sketch of the pitot tube after Preston for the measurement
of boundary shear stress over bed 1is shown in Fig. 51. This device
was, manufactured in the laboratory. The two -tubes (total 5553 tube
and static tube) were connected with piezometer columms att;ihed with
the instrument carriage. The difference in head between the two
columns (which gives the velocity head = %%) was precisely measured
with the help of cathetometer.

If,

¥ .
was set horizontally and uniform flow was established. The Preston tube

‘was lowered to the bottom of the channel along‘its'central line, With
. d ' '
the probe touching the bottom, the velocity Um for Y = —% was evaluated.

Following thfs, the velocity distribution along the verqical line of )

symmetry of the flow cross section was determined at close intervals.

: For ¢alibration of this tube, a flume (6 m long;12.8cm x 20.4cm)
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Total head *wb‘_\

\-%/}/Srdu hend tube

t’)

%8
Em

4ANOS. O.Tmm dia, helss

It - =~ |

._,‘———h’:~_ 18 mm Ovltide dia . wilh Iu.-..,,;,.m, lp
1 ;‘ﬁ_ I-Bmm outnde dia .
gt —

Fig. 51. — Pitot tube after Preston for measurement .
of boundary shear stress :

1Y
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This procedu folllowed for different depths of flow, The tempera-

ture of the water was measured for each experiment.

ry -

Equation C.l assumes a logarthmic form given below

e

U, Y .
=A10gT+B ' C.4

in which A and B are so called universal constants. These constants
have been found to be of the order of magnitude first established by
Nikuradse, as A = 5.75 and B = 5.5. By adopting these values Eqn. C.b

was first solved for the apparent shear velocity U; for all palrs of

values of UY versug Y of different velocity profiles.

The computed values of U, were then plotted as function of
Y (Fig. 52). 1In all of the plots so prepared in the course of the
calibration procedure there occurred a vertical distance Y over which

the plotted values of U, appeared to be sensibly independent of wall

distance. This distance was assumed to correspond to region of
applicability of Eqn. C.4 and its quasiconstant value of U; was taken

to be. the correct value of ghear velocity U* (28). Each value of U,
obtained in this manner was appropriately combined with the other
parameters in Eqn.'C.B and defined one point of the calibration curve.
Table 12 gives the points for the calibration curve. The complete curve
is shown in Fig. 53. This curve waé?gged to compute the boundary shear

stress over bed sediment as presented In Appendix B.

-
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Fig. 52. - (continued)
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u, Ud
Table 12. - Computatilons of E—-and gvo for the
m
calibration curve of the Preston tube
Depth u, ud
m o
of flow T v
D m
ém
2.35 0.122 68.6
3.30 0.101 112.0 -
4.50 0.086 165.4
4.95 0.083 189.0
5.60 0.080 205.5
6.10 0.078 228.0
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C.3 vVeloeity distribution across the test section of the laboratory mod-l

50 p—

40—

30

20 p—

10 feere

[ I . sy SrPe Y A ]

0/48 17.01_

T l) “ \ | L

50 0 150 200 250 309
oss-section of the—test section

Mean water velocity = 20 cm/sec .

Mgan'flow rate f =73.2 1/sec
Reynolds Number ; =,164 x 102
Froude Numbev = )0.216 *

Fig. 54.‘— (continued)
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Cross—-sectlon of the test gection

Mean water veloecity = 25.cm/sec
Mean flow rate ® = 3,8 1/sec
Reynolds Number = 203, x 102
Froude Number = 0:2?

Fig. 54. - (continuad)
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I | | L

0 50 100 150 200 250 34

Cross-section of the test section

]

Mean water velocity = 30 c¢m/sec
Mean flow rate = 4.7 1l/sec
Reynolds Number = 246 x 102
Froude Number = 0.325
Fig. 54. - Velocity distribution across the test section.

for different flow conditions





