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Jeremy Charles McCabe
Abstract

Laboratory studies show that turbulence controls the size of flocs by
disrupting those flocs which exceed a critical diameter. Estuarine floc sizes have
been shown to vary with the spring/neap cycle and turbulence has been suggested
as the mechanism.:

A survey of the tidal variations of cohesive sediment floc size
distributions and turbulence parameters has been undertaken in the Tamar estuary
in south-west Britain. /n-situ particle size distributions have been obtained using a
'marinised’ version of the ‘Maivern’' laser diffraction sizing system. Turbulent
current speeds were obtained using 10 cm diameter annular electromagnetic
current meters. Velocity data Is analysed using the inertial dissipation method to
provide turbulent dissipation rates.

Turbulence and size data, along with profiles of current, salinity,
temperature and suspended solids concentration, record the passage of turbidity
maximum and salt intrusion over four complete tidal cycles.

Time series of observed particle size distributions vary smoothly over
timescales of about one hour and these variations are linked to the flow
conditions. Eight subsections of the tidal cycle were selected over which size
distributions and flow conditions were slowly varying and the size distributions
were time averaged over these subsections, and the resulting distributions
compared.

Size distributions in the turbidity maximum are strongly influenced by
the mean current speed and this is found to be due to the different resuspension
characteristics of newly formed aggregates and consolidated primary particles.
Distributions are less dependent on tidal range at other stages during the tidal
cycle.

The size dependence of settling velocities strongly influences the size
distribution of particles reaching the bed during the final stages of erosion of the
salt intrusion, when the salt/fresh interface descends at a rate less than the
settling velocity of large flocs but greater than that of small particles. This tends
to sharpen the downstream edge of the turbidity maximum and preferentially retain
floc aggregates in the upper reaches of the estuary.
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CHAPTER ONE INTRODUCTION

1.1 Importance of Estuarine Sediment Transport.

Estuaries are widely used by shipping as waterways to many important
ports, as commercial and recreational fisheries, as drains for cities and industrial -
areas, and increasingly as yachting, boating and windsurfing centres. Some of the
more inaccessible mudflats and marshes are vital to the survival of wildfowl and
are very productive biologically.

All of these uses are affected by the movement of sediments within
the estuary. Navigation may be impeded as mudbanks and bars change their
position and configuration, and wharves and docks may be made unusable due to
rapid silting-up; areas of tidal marsh may be eroded or expand when dredging or
other changes alter the sediment fluxes. The health of people and wildlife may be
affected when pollutants attach themselves to sediments and become trapped in
the estuary. Nelghbouring coastal regions may be affected by these industrial
effluents if they do leave the estuary.

These effects are complicated by the cohesive nature of some
estuarine silt particles and their ability to adsorb pollutants on their surfaces. In
many estuaries particle properties combine with the water circulation to form a
turbidity maximum where high suspended solids concentrations accumulate and
settle out to form mudflats. Associated with the silt particles are dissolved
metals, and bacteria and plankton which can have their own effect on the food

chain.
1.2 Problems of Modelling Sediment Transport.

The prediction of the movement of cohesive sediments is hampered by
the wide range of sediment properties. These are reviewed by -Partheniades [19861]
and van Leussen and Winterwerp [1990] with the following major features. A mud
bed has a critical shear stress below which no erosion takes place but above
which particles may be resuspended into the water. The value of the critical
erosion stress depends on particle properties as well as on the history of the
bed. Once in suspension particles may aggregate to form larger fiocs which have

varying degrees of porosity and a large range of settling velocities, moreover the




degree of flocculation may change while the particles are in suspension. Deposition
and consolidation in the bed occurs only below a critical deposition stress which in

general is lower than the critical erosion stress.

The complexity of flow in estuaries adds to the difficulty of modelling
transport of sediment, Many estuaries are stratified over some of their Iengthl
with a net circulation over several tidal cycles that is seaward at the surface and
landward near the bed [Dyer 1986]. Vertical mixing is affected by the
stratification [West and Shiono 1988] and the dispersal or formation of a turbidity

maximum Is related to the geometry of the particular estuary.

Owen [1976] considers the factors contributing to sedimentation
processes and highlights the critical shear stresses for erosion and deposition, the
erosion rate coefficient, and the particle settling velocity, as crucial to any
modelling. Much work has been carried out on these estuarine processes, ranging
from long timescale sediment flux studies [eg Bale et al. 1983], detailed surveys
of tidal resuspension events [eg Schroder and Siedler 1989], and measurement of
particle settling characteristics [eg Owen 1971). Laboratory work has involved
study of erosion and bed properties using a variety of flumes {eg van Leussen and
Winterwerp 1980, Scarlatos and Mehta 1990]). The results of these, and many
other, studies have been incorporated into simplified mathematical models of
sedimentation in estuaries {eg Uncles and Stephens 1389], but the variable settling
rates of flocculating particles have as yet been included only indirectly (as a

function of concentration) [Dyer 19891,

Our work is concerned with the characterization of particle settling
characteristics and the nature of their variability over the tidal cycle. The starting
point for this is Owen's [1971] observation in the Thames estuary of the higher
particle settling flux during neap tides than during spring tides. It was proposed
that this effect was due to the greater disruption of flocs in the increased
turbulence at spring tides. Since then much work has been carried out on
characterizing floc properties such as structure [eg Krone 1978], strength [eg
Alani 1987), settling velocity [eg Gibbs 1985], and coagulation rates [eg Burban et
al. 1989)].




1.3 Approaches to Prediction of Sediment Transport.

Erosion is usually modelled using a critical shear stress tr, with the
rate of erosion m, proportional to the excess of the bed shear stress r over the
critical shear stress - mg~1-1,. The bed shear stress can be obtained from the
mean flow profile and usually is based on the form t~UJUI. The depositional flux,
my, of a suspension of particles with settling velocity, wg, and concentration, C,
near the bedis my~Cw,; the transport of these particles can also be predicted if
the flow structure is known as the particle is advected with the flow velocity while
continuing to settle [Partheniades 1988]. However for a suspension of estuarine
particles of differing sizes, shapes, densities and porosities the correct form of

w is difficult to find.

Settling velocities can be predicted using modifications of Stokes’
formula refating w, to particle diameter and weight, and this is very successful in
laboratory studies. However the inclusion of buoyant material in estuarine flocs is
a complicating factor. Adequate models of settling require knowledge of particle
size distributions found in the estuary and also of the relation of size to density.
Theoretical and laboratory studies can provide the size/settling data but in-situ
particle size distributions present serious problems because of the fragility of the
flocs.

The fragility o;‘ estuarine flocs precludes standard particle-sizing
procedures such as seiving or Coulter counting [Bale and Morris 1887], although
such measurements can provide information on floc structure [Kranck and Milligan
1988]. Settling column measurements yield size/density relations but the transfer
of a suspension from the water to the column is impossible to accomplish without
floc breakage; the Owen tube [Owen 1971] is an attempt to reduce breakage but
provides no information on sizes. The .Iasgr sizing technique used in this
experimental work is the least destructive of available methods for obtaining size
distributions [Bale and Morris 19873, but has the disadvantage of not providing any

settling information.

Two possible influences on settling velocities are the concentration of
the suspension and the extent to which flocs are disrupted, or aggregated, by

their environment. Studies with the Owen tube relate settling velocity to
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concentration, which in turn may be derived from flow parameters (via erosion).
Laboratory studies (and water treatment industry experience) relate the size
distribution of particles in a turbulent environment to the turbulent dissipation rate

which again may be derived from flow measurements.

erosion! /disruptioni
| \ gaggregation

......... Z.eeeeeeeannnid
< ~ /

transport W,

"’ - -
deposition

Fig. 1.1 Approaches to Sediment Transport. The flow controls erosion through the
bed shear stress, and controls transport by advection. Particle size
distributions, Z, are controlled by the turbulence, e. Settling velocities
may be estimated either from the suspended solids concentration or
from the size distribution.

There are thus two routes linking the flow to deposition rates: (1) by
assuming the floc size distribution to be determined wholly by the concentration
and using empirical settling velocity/concentration relations, or (2) by measuring
particle size distributions and deriving settling velocities from size/density relations
(Fig. 1.1). Our experimental work aims to quantify the turbulence/size relation

which controls particle size distributions, to give more accurate deposition data

than can be estimated using the Owen tube.

Very little survey work on the in-situ size of estuarine flocs has been
carried out however (but see Gibbs et al. [1983] for an axial survey of particle
sizes in the Gironde, and Bale et al. [1989] and West et al. [1980] for work in
the Tamar with laser particle sizing) and the present work combines such a
survey with an appraisal of which floc processes are occuring during the various
flow conditions during the tidal cycle. The experimental work is based on Owen's
(19711 (indirect) observation of a floc-size/turbulence relation and Alani's [1987]

laboratory work on the quantification of this relation.




This work has been carried out in the upper Tamar estuary for which
a large body of information is already available on flow conditions (eg Uncles et al.
1983, West and Oduyemi 1989, West and Sangodoyin 1991), sediment movement
{eg Bale et al. 1985), and the relation of suspended solids to biological and
chemical processes [eg Morris et al. 1982, Ackroyd et al. 1986, Owens 1986,

Plummer et al. 1887, Reeves and Preston 1991].
1.4 Organisation of Thesls.
Chapter One introduces the work.

Chapter Two reviews the previous work on the effects of turbulence
on floc sizes. There are two threads leading to a predicted floc-size/turbulence
relation; one looking at the composition and structure of flocs, and the other
surveying turbulence and methods available for deriving th;e required statistics.
Some aspects of estuarine flows are also reviewed.

In Chapter Three details of the experimental work are presented. The
instrumentation and its characteristics are described in the first section and
followed in section two by details of the data processing hardware and software.
Section three discusses the theoretical and practical constraints on the details of
the experiment and the resulting sampling strategy is presented in the fourth

section.

Chapter Four discusses the data obtained in three parts. In part A the
measurements from each instrument are presented and the main features of each
data set picked out. Part B draws together related features from each instrument
and characterises different stages of the tidal cycle in terms of flow parameters
and size distributions. The third part (C) describes and discusses the processes
believed to be contributing to the observed size distributions and the evidence for

these processes.

In Chapter Five the main conclusions of this work are presented
followed by an appraisal of the experimental work and recommendations for future
work,

Data plots and computer output are collected in Appendix X and
referred to by figure numbers. Printouts of the files used to produce the figures

are collected in Appendix Y.




CHAPTER TWO THEORY AND LITERATURE REVIEW

General.

The study of sedimentation in estuaries is complicated by the variable
nature of cohesive sediment flocs. The most important effect of flocculation is
that larger, heavier, flocs settle more quickly than smaller, lighter, ones and this is
a controlling factor in sedimentation rates. However the structure of flocs is
important in determining both floc density: which affects settling velocity, and floc
strength: which influences the floc size distribution, again with effects on
sedimentation rates. Also, the turbulence of the environment acts on flocs in two
opposite directions, with turbulence being necessary for production of flocs and

also being responsible for limiting their growth.

This chapter reviews the literature on the relevant aspects of
flocculation and turbulence. The chapter is in four parts with the intention (except
in part A) of moving from small scale processes to larger. The inter-relation of
the sections is depicted in Fig. 2.t where it should be observed that the object of
this work is to establish an experimentally measurable link from turbulence

parameters (part A) to deposition rates (section B3).

Part A deals with the measurement of flow and turbulence parameters,

and in particular the inertial dissipation method used in the experimental work.

Part B describes the composition and structure of individual flocs as
revealed by microscopy and settling data together with factors which affect floc

structure.

Part C discusses the dynamic behaviour of numbers of flocs: this falls

into two parts dealing with aggregation and with disruption.

Part D links parts A and C by discussing the influence of turbulence
on floc size distributions. The formation of estuarine turbidity maxima is reviewed
and the Tamar estuary described. Also reviewed are some results of previous
workers in measuring relevant parameters, with particular reference to the Tamar

estuary.
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Fig. 2.1 Inter-relation of Parts of Chapter 2. (Section labels are shown bracketted)

Showing the chain of reasoning linking settling velocities (section B3) to

flow (section A).

Published work on floc size distributions comes from a variety of
sources with much of the study on floc strength coming from the water treatment
industry where floc quality has economic ramifications. Work in estuaries has until
recently tended to bypass flocculation processes, mainly because of the difficulties
in observing undisturbed flocs in highly turbid waters. Marine snow has attracted
attention and some of the theoretical work may be adapted to estuaries although
estuarine turbulence is far more energetic than in the sea. Tﬁere is, however, a
large body of work on the hydrodynamics of estuaries, including the modelling of
suspended solids concentrations from mean flow parameters. The gap in knowledge
with regard to estuarine flocculation is in knowing which of the turbulent
processes involved in aggregation and breakup are most important to the particle

size distribution.




Part (A) Jurbulence

2A1 Fluld Dynamics
2A1.1 Physlcs.

The motion of a parcel of fluid is determined by (i) the forces acting
upon each particle: here gravity, and (ii) those acting on each part of the surface:
the pressure and viscous shear stress. The effects of these forces are summed
up in the Navier-Stokes equations (Eqns. 2.1) below). The accelerations produced
depend on the inertia of the parcel: the ratio of inertia to viscous forces can be
indicated by the dimensionless number (Reynolds number) Re=UA/v, where v is
the kinematic viscosity v=p/p and U and A are, respectively, a velocity and length
characteristic of the region of flow being considered.

A high Reynolds number indicates that inertia dominates over the
frictional terms and such flows have instability: perturbations of the flow increase
chaotically and turbulence sets in. At small scales in the flow however, the
Reynolds number is small and viscosity dominates: kinetic energy is dissipated as

heat at molecular scales.

There are a number of Reynolds numbers associated with estuarine
processes. The flow as a whole has a value for Re of the order 105 at LW (1 m
depth, 20 cm/s mean flow), and up to 5x10% on spring floods (at the experimental
site on the Tamar), while the boundary layer (see section 2A3) is defined as the
region near the bed for which the local Reynolds number is of order one and less.
For suspended particles settling under gravity, grain Reynolds numbers range from
1 for millimetre sized flocs down to 10=4 for 10 um particles: suspended matter

'sees’ the water as being dominated by viscosity.

The main property of turbulence is its chaotic redistribution of fluid at
all scales. The importance of turbulence is this redistribution, or diffusion, of fluid
properties such as momentum, salinity, heat, and suspended solids concentration.
In many flows, turbulent diffusivities are far higher than the corresponding

molecular diffusivity values; this applies particularly in estuaries.




2A12 Navier—Stokes Equations.
o,u + W.Vu = -Vp +vV?u (2.1)

The inertial term (u.V)u is the non-linear term responsible for the chaotic nature
of turbulence. The fluid density is included in the pressure term; p:=press./p.

A turbulent velocity field w(r) may be split into a mean flow U(r) and a
fluctuating part w'(r), where v =U +u’ and <u»>=0. This may be substituted into
the Navier-Stokes equations which are then time averaged to obtain, (dropping the

prime on u, and using cartesian coordinates: i, j, k=1, 2, 3).

atu' " ufu,;. = =9,( Psl+ U'leub -uu,j.) (2.2)

The second term on the RHS involves the Reynolds stress, -<{wu™>,
which is responsible for the transfer of energy between the mean flow and the
turbulence. Note that the term {wuT) is found to be negative in wall flows thus

acting to slow the flow.
2A1.3 Energy Equatlons.

The mean kinetic energy (MKE) carried by the flow is U.U2 per unit
mass, and the turbulent kinetic energy (TKE) is {u.w/2> per unit mass. The time
averaged energy equations may be obtained by taking the product of the equations
(2.1) with U and v [Hinze 19751:

D, (MKE)

% UIP - Ululudy + WIUj ) + UlKWuld - vU U] (2.3)

D (TKE) = ¢;<-ujp + vluluiz + vulu)p - U,Z.(u’u!) - wWuhulp {2.4)

In a steady homogeneous channel flow the gradient terms make no net
contribution to the eguation, and only the last two terms in each equation are

important.

The Reynolds stress term occurs with opposite sign in each equation
and corresponds to the transfer of energy from the mean flow to the turbulence
by means of the work done by the (vertical) Reynolds stress -<{uv) against the

mean shear (dU/&z). This term is the_‘production’ term.
The last term of each equation represents the dissipation of MKE and

TKE to heat by the action of the mean/turbulent viscous shear stress against the

mean/turbulent shear.




The transfer of enmerqgy through a section of the estuary is represented
in Fig. 2.2. The supply of gravitational potential energy is maintained by the
surface slope and modified by the mean velocity profile. In a steady flow the rate
of supply of gravitational energy to the mean flow is balanced by the rate at
which energy is removed from the mean flow by viscosity and turbulence. The
transfer rates of these two processes are shown in Fig. 22 as O and 7
respectively and correspond to the terms vU';U'; and U/Ku'ud in the energy
equations (2.3) and (2.4). Hou and Kuo [1987] obtain laminar and turbulent flow
profiles by assuming that the required profile minimises the overall rate of

dissipation of energy; the method is further illustrated by Yang and Song [19861.

The introduction of flocs into the system provides an alternative route
by which energy may be dissipated, that is by the removal of turbulent energy to
disrupt flocs. Application of the theory of Yang and Song [19861 suggests that
energy will be dissipated in this way with a corresponding decrease in the energy
dissipated by turbulent viscosity and 'mean flow viscosity’. The model of van de
Ven and Hunter [1977], discussed in section 2B2, provides a theoretical discussion
of the details of energy dissipation processes within flocs, while the observations
of Gust and Walger [19763, (section 2A3), in a turbid boundary layer suggest that
the modifiction of velocity profiles due to floc related enerqy dissipation may be
measurable. The work of Alani et al. [1990], (section 2D2) in defining the range
of floc sizes which interact with turbulence might be used to parametrize the
interaction of mean flow profile and ‘floc dissipation’ via turbulent dissipation rate.
This approach might merit some further theoretical work but has not yet been

pursued.

'nl ll‘l'\l"
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P=cuovrydd d
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Fig. 2.2 Flow of energy through estuary.
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2A2 Turbulence
2A2.1 Correlation Tensor.

A turbulent flow consists of many variously sized parcels of fluid
moving with varying velocities. In order to study the properties and evaluate the
effects of turbulence at different scales, we wish to partition the turbulent energy

according to the size of parcel.

The size of a parce! of coherent fluid motion can be estimated by
considering the two point velocity correlation tensor Clr)={ulx)ulx+r)D
=(ulix). W (x+r)>). If the velocities at the two points x and x+ (separated by
distance r=ir/) are correlated then the two points are likely to be within the same
eddy; if this correlation persists when the correlation is time-averaged an
estimate of the energy contained in motions with a length sca;le r can be made. In
order to obtain statistically reliable results the average of wuvT, where v=ulx+r}
over a large volume (or more usually a long time) is taken and denoted by {uvT).
The energy contained in motions with characteristic length A, or wavenumber

k=2m/A, is given by I712 where (k) is the Fourier transform of ulr):

(-]
Glk) = 3= [ ulr) exp(-tkr)dr (2.5)

r=o

2A2.2 Autocorrelations.

The two point velocity covariance C(r) can be used to derive
parameters describing the small scales of turbulence. The Taylor microscales A,
Ag describe the sizes of the smallest eddies, and are derived from the curvature
of the longitudinal and transverse correlations [Hinze 19751]:

Cn (r) = U*(1 - r¥/23) (2.6)

Czz (r) = U3(1 - rZ/J{;) where U=(U,0,0) and r={r,0,0) 2.7)

The longitudinal and transverse autocorrelations, Crr and Cz2 respectively, are
obtained from velocity time series using the ‘frozen turbulence’ substitution r=Ut,
which assumes that the time scales of turbulent eddies are large compared with

the time taken for them to advect past the origin. Thus

T-1
Cytt) = =L [ullr)uilr+t) dr (2.8)

=0
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The scale of the largest eddies present may be estimated as r=As Ag,
known as the integral scales of the turbulence, and are found as the smallest
values which satisfy C,,(Ag)=0 and C,,(A5)=0.
2A2.3 Dissipation Rate.

The turbulent dissipation rate, &, measures the rate at which turbulent
energy is dissipated as heat through the action of viscosity. Viscosity is most
important at the smallest scales (for which the Reynolds number is small) and it
is here that most energy is dissipated. From the equations (2.4) for homogeneous

turbulence the dissipation rate is

The velocity gradients may be obtained from the velocity covariances
fHinze 1975] and under under the assumption of isotropy the dissipation rate can
be estimated from ¢ = 15w2/2% . This is the derivation of £ used by many
workers in floc disruption [Parker et al. 1972, Tambo and Hozumi 1979].

In order to compare experiments using turbulent flows with those

made under laminar flow conditions the laminar shear rate G=dU(z)/dz, is equated

with the root mean square turbulent shear derived from the dissipation rate as

G~ o(e/v). Cleasby [1984] discusses the merits of using turbulent mean shear
as a flocculation parameter and concludes that the dissipation rate g, is the most

relevant to the floc size distribution.
2A2 .4 Inertlal Cascade.

Turbulence consists of vortices of random strength, orientation and
size, the action of larger vortices on smaller is to stretch them, decreasing their
size and Increasing their vorticity, as well as altering their orientation. This results
in the passing of energy from large scales to smaller with the eventual dissipation
at the smallest scales. Where the production of turbulent motions occurs at
scales far removed from the dissipation scales, that is where A» A, the
turbulence at intermediate scales is governed mainly by the inertial terms in the
energy equations. Kolmogorov made the suggestion [Hinze 1975] that there might
be a universal turbulent energy spectrum determined by the mechanics of this
transfer process and independent of the details of how the turbulence is
produced. -

- 12 -




Assuming the energy spectrum to have a universal form where the
energy is transfered from larger to smaller scales at rate P and dissipated at
small scales at rate g with P=g¢, dimensional analysis gives a characterisﬁc
length, 7=4/(v3/¢) - the Kolmogorov microscale, and a wavenumber energy

spectrum:

Ek) = ae P k¥ kel (2.10)

This spectrum has been observed in many flows [Williams and Paulson 1977,
Champagne 1978, Huntley and Hazen 1988] and the value of the constant « found

to be approximately 0.5.

The Kolmogorov spectrum assumes isotropic turbulence and although
eddies are generally produced highly anisotropically, the straining action of larger
eddies on smaller tends to smooth out the anisotropy at smaller scales, so that
an assumption of isotropy is justified in many situations. However Anwar [1981]

observes that the -5/3' decay can occur in non-isotropic flows.
2A2.5 Subranges.

The molecular diffusivities of heat and particles become important in
the transport of heat and suspended solids as scales become smaller. Microscales,
¥= 4f(vx2/¢) where x is diffusivity, similar to the Kolmogorov microscale may be
defined to compare the importance of turbulent and molecular processes (for
example as ratios of the diffusivities of heat, salinity, suspended solids to that of
momentum). The relative sizes of the different microscates have effects on the
forms of the temperature and suspended solids concentrations fluctuations. In

particular a viscous convective subrange may exist beyond the inertial range,

where molecular diffusion acts to smooth out fluctuations; beyond this subrange

lies the viscous dissipative range of wave numbers, where viscosity rapidly reduces

velocity gradients. In. a viscous convective range (7>2r/k>y) the spectrum is

expected to vary as k~' [Hinze 1975, Garrett 1989].
2A2.6 Inertlal Dissipation Method.

The inertial dissipation method of obtaining turbulence statistics uses
the tendency towards isotropy of turbulence at scales removed from the

production range to simplify the derivation of turbulence parameters from current
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measurements [Grant et al. 1984, Huntley and Hazen 19881]. Since isotropy may
be assumed in the inertial range (under non-stratified conditions), the alignment of

velocity sensors is not critical; misalignment by 90° results in an error in the one
dimensional turbulent energy spectrum of only 33%, or 50% in the dissipation rate
{since the ratio of transverse to longitudinal spectra, E,,:E,, is 4:3) [Huntley-
1988]). If a valid inertial range of dissipation is present then the theoretical
spectrum E(k)=as2/3k-5/3 may be fitted and the dissipation rate, &, obtained.

It should be noted that the dissipation rate, £, does not account for
the dissipation of all the turbulent energy produced but only that reaching to
scales. smaller than the production range; mixing against salinity or suspended
solids gradients and erosion may be removing energy at larger scales.

Use of the inertial dissipation method is essentially a filtering system
for removing the influence of variable large scale energy from the turbulence
statistics applicable to the smallest scales.
2A3 Estuarine Aspects
2A3.1 Boundary Layer.

In open channel flow friction is applied at the bed and this bed shear
stress is transmitted through the bulk of the flow resulting in a mean velocity
profile, U(z), that reduces to zero flow at the bed and has zero stress at the
surface. In laminar flow the velocity profile is parabolic while in turbufent flows
the parabolic form is modified because the turbulence transports momentum
vertically. Theoretical turbulent profiles can be derived [eg Dyer 1986 or,
somewhat differently, Hou and Kuo 1987] and the main feature is a boundary layer
near the bed in which vertical turbulent fluctuations are suppressed and mean flow

is reduced.

A turbulent boundary layer can be considered as having three layers:
(1) the viscous sublayer in which mean flow increases linearly with height and
which transmits the fluid stress to the bed; (2} the ‘logarithmic’ layer in which
turbulence becomes important for momentum transport; and (3) the outer region
in which the effect of the bed is less apparent [Dyer 1986). For estuarine flows

the viscous sublayer is of the order millimetres in thickness (and does not exist in
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a rough turbulent boundary layer) and the logarithmic layer includes most of the

flow. The friction velocity, u* parametrizes the near bed flow

w*)’z/v viscous sublayer
uz) = (2.1

v* [2.5l0g, (u*z/v) + 5.5] log. layer

so that the bed shear stress is p(u®)2.

Anwar [1981] compares laboratory and estuarine turbulence
measurements and documents the main observable features of turbulent tidal
flows. In particular the logarithmic ‘profile is observed in estuaries and the
variation of turbulent intensity with height above bed is presented. The intensity,
Cu2)'2/U(z), decreases by a factor of two between the bed (where the value is
0.05 to 0.1) and the surface. Turbulent .intensities and drag coefficients,
Cp=w U, face . also vary depending on whether the tidal flow is accelerating
or decelerating. Typical values for the drag coefficient are around 2x1073 over
mud beds (and taking Ug,, face t0 be the mean speed at Im above the bed) [Dyer
19861]; thus u*® 0.05U approximately.

Gust and Walger [1976] find that the thickness of the viscous sublayer
is increased in the presence of high concentrations of cohesive sediments with
consequent reduction in shear transmitted by the layer. This effect may be
important in the turbidity maximum region of the estuary where it would tend to
augment the accumulation of fluid mud by inhibiting erosion and aiding deposition.
Adler and Milis [1979] also predict this shear thinning behaviour in their

mathematical model of flow through flocs.

Mixing length models of turbulence scale the size of turbulent eddies
with distance from the wall (and surface), resulting in the logarithmic mean
velocity profile. In order for an inertial dissipation range to exist the turbulence
must be isotropic and this in turn requires that the eddies observed are not
flattened by proximity with the‘. bed (or surface). Thus isotropy requires
k» V/(height of sensor). Huntley [1988] discusses the use of the inertial dissipation
method in boundary layer flows; howéver in the present work bed stresses are

not required and it was not necessary to measure in the non-isotropic range of

eddies.
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2A32 Decelerating Flow.

In the equations for the rate of change of mean kinetic energy (Eqn.
2.3) a positive pressure gradient makes a negative contribution to D, (MKE) and
increases the turbulent kinetic energy. This effect has been observed in estuaries
and shows up as a tidal hysteresis in turbulence parameters as the surface slope
varies during the tidal cycle [Gordon 1975). Gordon [1974) and others
[Heathershaw 1974, Jackson 19761 draw attention to the increased ‘bursting’
phenomenon in decelerating flows which increases the bed shear stress and
results in increased resuspension. Bursts are coherent vortex structures in the
flow which carry fluid from fast moving outer layers into the viscous sublayer, or
cause ejection of slower (sediment laden) fluid outwards. The structure of bursts
and statistics of their duration and frequency are studied by quadrant analysis of
the vertical and horizontal velocity perturbations. The four types of event are:
sweeps - for which faster moving fluid moves downward; ejections - where
slower moving fluid moves outward; and outward and inward interactions where
the product uw is positive [Offen and Kline 1975; Jackson 1976]. Anwar [1981]
finds that ejections and sweeps make the largest contribution to the Reynolds
stress and that the increased Reynolds stress in decelerating flows is due to

increased duration of bursting events rather than increased frequency.

The effect of bursting is to increase resuspension of sediment
{Jackson 19761 and this is borne out by the quadrant anmalysis of suspended solids
fluxes in the Tamar [West and Oduyemi 1989] and the theoretical study of Wei
and Willmarth (1991].

2A3.3 Richardson Number.

When less dense water overlies more dense, or there is a vertical
density gradient, any mixing of the two requires the raising of the centre of
gravity of the fluid. The extra energy needed for mixing comes from the mean
flow via turbulence. The (dimensionless) Richardson number (Ri =-gp./pUZ ) of
a flow compares the potential energy needed to overcome buoyancy with the
kinetic energy available from the flow. Theory [Turner 1973] predicts that a
stratified flow becomes unstable when the Richardson number at some level

within the flow falls below a critical value of Ri=V4. Conversely, when the
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Richardson number is large, vertical turbulent mixing is suppressed and internal

waves may form [West and Shiono 19881.

The data obtained during this experimental work is not sufficiently
accurate for the evaluation of usable Richardson number estimates at each depth
in the flow but, following New et al. [1986], a bulk Richardson number for the
flow is obtained as

Ri =—gqAph/pU? (2.12)

where 4p= pgiurface™Poed, U is the depth mean current and h is the water depth.
Based on the form of observed salinity spectra §(k) in the Tees, New et al.
[1986] suggest that the Richardson number may be used to distinguish between
flows where internal waves dominate (§~k™?} and those where turbulent mixing is
occurring (£ ~k=573), a value of Ri~30 separated turbulent flows (Ri>30), from

internal wave flows (Ri <30).




2B1 Primary Particles
2B1.1 Primary Particles and Bonds.

The cohesivity of cchesive sediments is due to the presence of clay
particles. These clay particles are in the form of platelets of minerals such as-
illites, montmorillonites and kaolinites which, because of their chemical structure,
tend to carry negative electrical charges on their faces and positive charges along
their edges [van Olphen 1976, Dyer 1986]. The platelets have sizes up to about 2
urmn.

In water containing few ions electrostatic attraction causes aggregation
of platelets in an open ‘edge to face’ structure. (see Fig. 2.3, also Partheniades

£19881).
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Fig. 2.3  Arrangement of flocculated clay platelets (Microflocs).

When immersed in an electrolyte positively charged ions gather around
the negatively charged faces of the platelets forming a 'screen’ around them. In a
weak electrolyte the assemblage of platelets and ions is positively charged with
respect to the bulk of the solution; that is the icns swarm most densely near the
clay particles, with the result that the assemblages become mutually repulsive. In
this state the suspension is colioidal [van Olphen 18761

If the concentration of dissolved salts is increased the excess of
charge near the clay particles over that of the bulk of the solution is reduced and

so the repulsive forces are reduced. Particles can now approach each other




closely enough to bond electrostatically or by van der Waal's forces. Relatively
dense structures can form in this destabilised suspension and these constitute
‘microflocs’ [Krone 1978). Microflocs have diameters in the region of 5 to 20
microns and are effectively indestructible with regard to physical estuarine
processes. Microflocs, then become the basic building blocks for estuarine
flocculation processes. In laboratory experiments on microfloc formation with
various clay minerals, Krone [1978] concludes that flocculation occurs when the
salinity exceeds 0.6%bo0 to 2.4%p0 and and is not greatly enhanced when salinity
increases beyond about 4%o. Salt flocculation is thus important mainly in the head

waters of the estuary where suspended material first enters the marine system.

In the estuary microflocs acquire a coating of organic molecules from
various sources, including mucopolysaccharides [Eisma et al. 1983, 1986; Hicks
1988] secreted from mud-dwelling organisms, such as diatoms and bacteria. The
mucus is used to bind the microbe to sediment particles on the mud surface
which may later be eroded and form part of the suspended load. Mucus is also
produced by diatoms during locomotion. Paterson [1989] relates the ercdibility of
mud beds to the diatom activity at the surface and gives evidence for the bonding
of sediment particles by mucillages. When the mud beds dry out, mucillages may
degrade and become easier to erode [Paterson 1989), and rafts of bound
microbes and sediment may be lifted off the mud surface by surface tension
[Hicks 1988]. Tsai and Lick [1988] find that biological bonding of bed sediments
significantly alters their resuspension characteristics and, in particular, introduces

a time dependence in the critical erosion stress.

The flocs taking part in estuarine processes are microflocs and

aggregates of microflocs which are held together by biological polymers.
2B12 Factors Affecting Bond Strength.

Salinity may affect both biological and electrostatic flocculation
mechanisms. Seawater contains dissolved salts and the nature of these determines
the thickness of the electrostatic double layer around clay platelets and hence the
probability that colliding flocs can come close enough to bond. However, Eisma
[1986] finds that estuarine flocs are not as sensitive to salinity as might be

expected from consideration of the electrostatics involved; observing the organic
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content of flocs in the Ems he suggests that seawater at larger salinities has a
deflocculating effect on aggregates of microflocs because of the action of

dissolved borates on the carbohydrates in the organic coating.

"The pH of the water is of great importance in the aggregation of clay
platelets to form microflocs [(Krone 1978]. The mineral composition of the primary-
particles Is also important (clay minerals involved are illites, montmorillonites and
kaolinites in varying proportions [Dyer 1986]). These factors influence the strength
of the microflocs which are produced in the low salinity head waters of the
estuary, however at larger scales microfloc-microfloc bonding by organic molecules
occurs. The electrostatic properties of the organic coatings of estuarine particles
are found to vary relatively little within and between estuaries and, moreover, their

organic coatings are the controlling factor for flocculation [Hunter and Liss 1982].

2B1.3 (Table 2.1) Relative Scales of Turbulence and Particles.

1pm
5 clay particles
10 microflocs T
50 small flocs laser
sizer
00 (pA-pAT)  "59°  Kolmogorov micrescale afe)
=00 large flocs _\,IL (smallest eddles)
1 mm (1000)= 60um (v.turbulent)
I t fl 7 um (v, en
3 e e 2(100) = 100 pum
1 cm n( 1) = 320 um (qulet)
5
10 inertial range
turbulence
im

production of turbulence

282 Flocs
2B2.1 'pAA’ Structure.

it has been observed in a variety of experiments, including microscopy
[Krone 1978], settling columns [Tambo and Watanabe 1979] and laser diffraction
(Sonntag and Russel 1986], that flocs become more diffuse in structure with

increasing size. This has been observed in estuarine and laboratory flocculation

_20_




processes involving varicus particles and coagulants [eg Sonntag and Russel 1986
- latex beads; Bache and Alani 1989 - alum flocs; Rarity 1989 - colloidal goldl}
and can be explained on the supposition that flocs of a similar size tend to
aggregate.

Van de Ven and Hunter [1977) proposed the structure of Fig. 2.4. A
floc consists of a hierarchy of aggregates of larger and larger flocculi: primary
particles (p) aggregate to form floceuli (pA) which in turn aggregate to form flocs
(pAA) and so on. (The notation p, pA, pAA,.. follows Krone 1963 [Krone 1978])

Floc Agsresete (pDAM..) Flocs (pMh)

Microfloce (PR

Primary particles
tp)

fvan de Vet and Hunter 190771

Flg. 2.4 Floc as aggregate of aggregates.

2B2.2 Fractal Description of Flocs.

The ‘aggregate of aggregates’ model of van de Ven and Hunter {1977]
describes the decrease in density with floc size and suggests that floc structures
have a fractal dimension [Mandelbrot 1883]; that is, the structure of flocs is
similar at widely different scales. An often quoted example {(due to Richardson
[Mandelbrot 19831) of a fractal curve is the coastline of Britain which seems to

be similarly indented whatever the scale of map used.

Although not explicitly using fractal dimension Tambo and Hozumi
(19791 use the approach to estimate -the number of bonds holding flocs together
and derive strength relationships. By noting that the intersection of a plane with
an object of fractal dimension D has dimension D-71 the cross-sectional area of

flocs can be estimated and the number of bonds crossing this cross-section
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obtained [Tarmbo and Hozumi 1979). (Sreenivasan and Meneveau [1986] use this
result in their analysis of the fractal dimension of turbulence). Tambo and Hozumi
[1979) obtain the fractal dimension of flocs from settling column data [Tambo and

Watanabe 1979].

Mandelbrot [1983] defines a ‘self-similar’ object as being similar
geometrically to an enlarged portion of itself. If the scaling factor required is R
then the fractal dimension D, is defined in terms of the number of repetitions, N,
of itself that are used in producing a larger version of itself: N=RD or
D=logN/logR. Fig. 2.5 illustrates flocs of various dimension, with floc volume
expressed as number of primary particles used, n, and floc diameter as multiples
of primary particle diameter, d. For any two stages i, j, the scale factor and

volume factor are given by R=d;/d; and N=n,/n; respectively.

[~ )
nn
[

W
AL

n={4 n=8 -
d=1 d=2 Y

Fig. 2.5 Examples of Fractal Flocs. The solid floc (D=3) gives the usual
mass /diameter relationship m=p,d3, while a more ‘stringy’ floc which
grows by attaching similar flocs to its arms, and has dimension D=1.77,
becomes more and more tenuous as its diameter increases and gives
m~p,dD so that p.e~p,dd3 The floc which grows by surrounding
itself at each stage with similar sized flocs has intermediate dimension,
D=2.33.

The effective density of a floc is defined by its weight in water. In the
notation of Fig. 2.5 effective volume is md3/6 while weight is given by np,nds/6
where p, is the primary particle effective density and d, is primary particle

diameter. Thus floc effective density is given by np,dp,?/d3 or p,NR=3, and a
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power law dependence of effective floc density on floc diameter is expected:
= adD-3 (2.13)

The data of Tambo and Watanabe [1979] shows this behaviour with a
fractal dimension of 2.1 down to 1.5. Work done by Alani et al. [1990,
unpublished] on estuarine mud gives D=1.8 to 2.0. Sonntag and Russel [1986) find
D= 1.6, 2.2, 2.5 depending on the shear history of the flocs.

2B2.3 Umiting Effect of Turbulence.

The processes that bring flocs into contact with one another are
discussed in part 2C; however it is important to note here that aggregation by

collision proceeds fastest in a turbulent environment.

An opposite effect of turbulence is to apply stresses to the surfaces of
flocs which result in deformation of the floc. Normal forces, due to turbulent
pressure fluctuations, and tangential viscous shears can each cause breakup of a

floc if the internal bonds are stressed enough.

A large straggly floc has fewer internal bonds than a more compact
floc of the same diameter and would not be expected to withstand as high fluid
shears across its body. The number of bonds can be estimated as proportional to
cross~sectional area, which in turn varies as diameter to the power D-1. It can
be seen that small flocs will be more likely to survive in a turbulent environment,
while the same turbulence will also be tending to re-aggregate the fragments of

larger flocs that have been disrupted.

Adler and Mills [1979] derived theoretical conditions for the rupture of
a porous sphere of uniform density in a linear shear field, and Sonntag and Russel
[1986] obtain the radius at which this rupture occurs. Due to the limited
penetration of the flow into the sphere the rupture occurs at the centre of small
diameter flocs, but moves rapidly to the surface as the diameter increases above
a critical value. In the Adler and Mills theory, uniform density (D=3) flocs may
grow indefinitely when the shear is less than a critical value. The critical shear is
given by the asymptote of rupturing shear as diameter increases: for the fractal
floc it seems unlikely that this asymptote exists {since the strength of floc
decreases more rapidly than in the model considered): that is - fioc growth is

limited in even low energy environments. (This difference in radius of floc rupture
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corresponds to the difference between the 'bulgy' fracture and surface stripping of
flocs which are further discussed in section 2C2).

2B3 Floc Behaviour

2B3.1 Settling Velocitles.

Particles settling under the action of gravity through a fluid reach a
terminal velocity, or settling velocity, w,, where their (immersed) weight is
balanced by the frictional drag. Tambo and Watanabe [1979] document the

equation for flocs of diameter, df as:

ws & 5T poft H (2.14)

They then go on to obtain floc effective densities from observations of settling
velocities of flocs formed under varying conditions. Their results have been used
by McCave [1984]) to mode! floc properties in the sea and typical values are
presented in Table 2.2.

Table 2.2 Settling Velocitles and Effective Densitles of Flocs

dla tpml  Wg Imm/s) Pegrlgm?3] poroslity K D

0.1 4x1078 1 0.375 0 3

1 4x1074 1 0.375 0 3

5 5x1073 0.506 0.68 042 2.58

10 0.01 0.378 0.76 0.42 2.58

50 0.17 0.191 0.88 - -

100 0.28 0.078 0.95 1.3 17  McCave 1984
200 0.46 0.032 0.98 1.3 1.7

500 0.87 0.010 0.994 1.3 17

tmm 1.41 0.004 0.998 1.3 17
100um 0.4 0.06 0.988 1.0 2.0 .
o 10 2.0 t0 0.02 to 0992 to 148 to 1.2 Alani 1980

K is exponent in the density/diameter relation - Oefr = ad K
D is the fractal dimension D = 3-K

Approaching from the opposite direction many studies have been made
of settling velocity of particles taken from flows. Typical estuarine flocs have
median settling velocities (ws, ) of 0.1 to 3 mm/s [Bale et al. 1988). Because of
the _difficulties in measuring floc sizes most of these studies present median
settling velocity as a function of concentration [Owen 1971, Bale et al. 1988, West

et al. 1990] A power law dependence of settling velocity on concentration is
generally fitted:
Wso= aC™ m ~ 1.0-2.0 " {2.15)
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Results from the Thames indicated that m varies over the spring-neap
cycle of tides with greater settling velocities being obtained at neap tides (ms2.2)
than at springs (m®~1.08) [Owen 19711, with the implication that the higher
turbulent energy at springs was responsible for breaking up flocs into more slowly
settling parts. The reduction of particle sizes during strong ebb and flood
conditions has also been observed using in-situ sizing in the Tamar [Bale et al.

1589].

It should be noted that although Burt [1984] found comparable settling
velocity/concentration relations and m values in other muddy estuaries, he found -
no spring/neap variation in m.

2B3.2 Effect of Concentration.

There are a number of ways in which the suspended solids
concentration may be expected to influence settling velocity and it is not obvious
which, if any, is dominant. Field observation of settling velocities of estuarine
particles consistently provide positive m values for equation 2.15, that is median
settling velocity increases with increasing concentration. In laboratory experiments
on the settling of estuarine particles Lick and Lick [1988] found that the median
size of particles is reduced when the concentration in a stirred vessel is
increased. This suggests that the observed increase in estuarine settling velocity is
due to increased floc density. Burban et al. [1990] find floc density increases
when the flocs are produced at high concentration or under conditions of strong
shear. A complicating factor in the understanding of these phenomena is that
significant disaggregation must be attributed to three body collisions [Burban et al.
1989] (see also section (2C2.1).

If concentrations are very high and the volume fraction of solids large,
settling is slowed hydrodynamically, since the space between particles is
considerably restricted. The influence of this hindered settling may be strong in
fluid mud layers but for floc samples obtained at practical heights above the bed
is not important. Note that a typical estuarine suspended solids concentration is
1000 mg/! (eg in the turbidity maximum); if this suspended matter were in the
form of flocs of porosity 0.98, with primary particle density 2.65 g/cm?, the
volume fraction would be just under 1% - concentrations in fluid mud layers near

the bed are of course much higher.
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The concentration is also important in determining the rate of
interparticle collisions and hence the degree of flocculation - this aspect of the

effect of concentration is dealt with in part 2C.
2B3.3 Effect of Turbulence on Settling.

The settling velocities obtained from settling columns relate to particles-
settling vertically through still water. The rate of settling for a particle in a
turbulent fluid has been observed to be reduced, due to the action of non-linear
drag forces. lLudwick and Domurat [1982] review previous work and model
turbulent settling. They find the maénitude of retardation to be negligible for
quartz partictes of diameter 100 pum but suggest that the effect increases with
decreasing diameter. It seems likely that the uncertainty in the density of particles

settling in the estuary is more important in influencing deposition rates.

Turbulent diffusion of particles will affect settling velocities when a
gradient in dissipation rates is present since the fluid velocities, and hence particle
displacements, will not be isotropic. Turbulent intensities are known to vary with
height above the bed [Hinze 1975, Anwar 1981] with the intensity slowly increasing
towards the bed: this will have the effect of increasing settling velocity due to the
increased length of turbulent random walk as particles settle downwards. The
magnitude of this effect will be masked by the turbulent diffusion of any

concentration gradient which is likely to exist under such circumstances.

The effect of suspended particles on turbulence has been investigated
by Gore and Crowe [1988] who find that a suspension of particles with small
diameters compared to eddy size removes energy from the turbulence, while
particles with large diameters relative to eddy size introduce turbulence by causing
a turbulent wake. The work used in their review was mostly with jet and pipe
flows so that it is difficult to relate it directly to estuaries, although the cut off
at the Kolmogorov microscale seems reasonable. However floc breakup and

aggregation processes are likely to be complicating the problem at these scales.
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Part (C) Floc Aggregation and Disruption
2C1 Agaregation
2C1.1 Aggregation Kernels.

Aggregation occurs when two particles are brought close together and
stick. There are several processes that bring particles together in a turbulent flow
and these can be modelled by their effect on particle size distributions. There is
less known about the ‘collision efficiency’ - the fraction of collisions which lead to
new aggregates. McCave [1984] uses a nominal efficiency of 10% but observes
that the organic coating of particles may play a large part in determining th_é':r
'stickiness’; here it is the processes which are of interest and the collision
efficiency is taken to be unity in order that the different processes may be

compared.

McCave [1984] also points out that the biota may also be responsible
for producing aggregates on scales from that of faecal pellets to that of
agglomerations of bacteria [Muschenheim et al. 1989]. The interactions of
suspended matter with microbes are discussed further in relation to the turbidity

maximum in section 2D3.

in modelling the aggregation, by two body collisions, of a distribution of
particles in suspension, there are two contributions to the overall change in
number of aggregates in any size band; (i) there are additions when two smaller
particles collide and stick, entering the band; and {(ii) there are collisions involving

particles in the band which are then removed to iarger bands.

This can be represented by ‘collision kernels' which characterise the
various coagulation mechanisms [Jeffrey 1982]. A survey of the main collision
kernels is presented in McCave [1984]. The number distribution, nlv), of.particles
of volume v, and diameter d, in each size band d, <d<d,, satisfies -

dn, sdt = %2: K,-jn,..jnj - Z K,jn, nj (216)

je all j
(K includes the ‘sticking’ efficiency)

The collision kerne! has the dimensions of ‘collisions per unit time per
unit volume' so that dn,/dt is the rate of increase in number of particles in the

i-th band. The first term counts all collisions between particles that combine to
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form a particle of diameter d, (counted twice - hence the factor of 14). The
second term counts all collisions involving particles of diameter d; since these

increase the size of the aggregate.

The collision kernels K, [from Glasgow and Kim 18891 are

- 2T {d*+d))? = _ 127
By = H G5 LT P0G’ Ty= Py Ry (d 40N lo g

Ty =2.3/&(d+q) Gy =0.7 3Pe (d;+d;) Id,—d! (2.1
and describe the rates at which two particles come close to each other under the
mechanisms of Brownian motion B, laminar shear L, turbulent shear T, turbulent
inertia / and differential settling G, but do not take into account the liklihood of
particles not sticking after collision. Inspection of the theoretically derived kerhels
highlights the more important mechanisms. (Note that the kernels given above

assume no density change with floc diameter.)
2C12 Brownlan Motlon.

Small particles in suspension are buffetted by the thermal motion of
fluid molecules. The random nature of this buffetting results in particles
performing random walks through the fluid. Particles which approach each other
closely enough stick. This process is most efficient where the suspended particles
are small. McCave [1984] considers a monodisperse suspension typical of oceans
and obtains the time (t.) over which half the particles coagulate,

te = 3/ekTN {2.18)
(where u is dynamic viscosity, k is Boltzmann's constant, T is absolute
temperature and N is the initial number density of particles). Substituting typical
estuarine values (C= 100 mg/l, d= 10 um) gives (.= 1 hour suggesting that
Brownian motion may not be the most important mechanism in high energy

environments.
2C1.3 Shear.

In a shear flow particles are brought into contact with each other
when carried along when an overtaking particle hits or approaches closely a
slower particle. This mechanism is obviously affected by the rate of shear and
size of particles. The shear may be laminar, when the kernel is given by L, or due

to turbulent motions in which case the kernel is T.
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Comparing kernels for Brownian motion and turbulent shear under
typical estuarine conditions (C= 100 mg/l , £=100 cm2/s3) shows turbulent shear
to be the more important mechanism in the size range of flocs. Note that the
ratio Tj/Ly depends only on the ratio of turbulent mean shear Y(e/v) to shear
dU/dz. In estuarine flow the mean shear is generally smaller than the turbulent
mean shear except in the regions closest to the bed. Typical values observed

during this fieldwork were dUsdz <1 s™' over the lower 50 cm and Y(e/v}210 s
2C1.4 Turbulent Inertia.

In turbulent flow particles of differing density may be brought into
contact due to the inertia of the larger particle; the heavier particle does not
follow the fluid motion as closely as the smaller. This is most effective when
particles are very different in size. Again the kernel may bé compared with that
for turbulent shear, however the relation varies with the particle size distribution.
A comparison of / and T is plotted in Fig. 2.6 (plot X1 in Appendix X} using the
density-size relation from McCave [1984]. The greatly increased collision rate

when flocs of greater than 500 pm are present with small particles is apparent.

The plots in Fig. 2.6 were produced by evaluating the kernels of
equations 2.17 for values of d;, d; e{ fum, 2um, Sum, 10um, 20um, 50um, 100um,
200um, 500um, tmm} and corresponding densities from McCave [1984]. Contour
plots of log,, K; against log,,d; and log,,d; were made for T and / for two
dissipation rates 1000 cm2/s3 and 1 cm2/s3. The sum of T and / is also plotted,
viz. log,o{Tjj+l;). The distinctive form of I highlights the dependence of turbulent

inertial aggregation (and differential settling) on size differences.
2C1.5 Differential Settling.

The collision kerne! is similar in form to that for turbulent inertia.
Different sized particles settle at different rates and the largest 'sweep up’ the
smaller. Gjj is proportional to the difference in settling velocities so that when
widely dissimilar sized particles are present differential settling can be a major
contributer to aggregation. Comparison of the kernels for gravitational capture and
turbulent inertial capture shows that they are equally important in high energy
environments (e&1000 cm2/s®) while under quiet conditions (e~! cm2/s3)

differential settling is approximately 200 times more effective. The plot of
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aggregation kernels (Fig. 2.6 Appendix X) can be interpreted as showing that
knowledge of the turbulent shvea.r aggregation rates gives the correct order of
magnitude of aggregation processes over the range of particle sizes, although
gravitational settling must be taken into account during quiet periods when large
and small particles are present - such conditions exist in the Tamar at HW>

springs in the reglon of maximum deposition.
2C1.6 Summary.

As far as estuaries are concerned turbulent shear is the most
important mechanism of aggregation since it is relatively fast at all ‘'scales.
However in quiet conditions differential settling gives the maximum aggregation

rates.

Consider a suspension of particles having mass concentration C, If all
the particles are in the form of flocs of diameter d and density p then the
number density will be n(i)= C/pd?. If the concentration is C=100 mg/l and all
the particles are microflocs of diameter 10 pgm, and density 14 g/cm?® (see
section 2B3.1), then the number density is n(i)~ 7x10* [per cm3]. If these
particles are flocculated to give flocs of diameter 500 pm (density 1.01 g/cms3)
the number density is n(i)~0.8 [per cm3).

If the suspension were 90% microflocs of diameter 10 pm and 10%
flocs of diameter 500 pm then the kernel G,gum sooum for gravitational settling
(small ;rvith large flocs) is of the order 1, giving an initial aggregation rate of order
(0.9x7x104 x(0.1x0.8)x1 & 5x103 {small particles swept up per second per cm3l.
If this rate’ of aggregation is continued all the smaller particles (~7x104) are
scavenged by the larger particles in less than a minute. The initial aggregation
rate is, of course, not maintained since it is proportional to the number of small
particles remaining and hence decreases exponentially with time. However the vast
majority (~89% using n~e¢~At, A the initial rate) of all particles will be removed
in one hour, over which time the larger particles settle through about 3 m. These

figures are representative of conditions at HW conditions in the upper Tamar.
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2C2 Break-up
2C2.1 Disruption Kernels.

Collision kernels can be used to describe empirically the breakup of
flocs although little is yet known of the theoretical form or applicability of such
functions. The general form of the disaggregation equation, corresponding to
equation 2.16, involves the probabilties that particles breakup due to the action of
turbulence, and the probabilities that particles breakup after collisions with other
particles. The terms involving turbulent breakup are linear in the concentrations n,,
while the terms involving collisions between particles from bands i and j involve -
quadratic terms n;n;. Burban et al. [1989], observing that experiments show
median floc diameter to decrease with increasing concentration, show that there

must be cubic terms, mnny, involved in the rate equation. These terms they

account for by three-body collisions causing disaggregation at high concentrations.

For a distribution that is limited by floc breakup in the largest sizes,
the most useful parameter is the maximum floc diameter dp,,,. This may be
defined rigourously as the diameter below which, say, 90% of floc diameters fall
[Alani 19871, although it is of most use for distributions which are highly skewed
towards large sizes where d,,,, approximates a cut-off in the distribution. Since
particles of many different sizes and origins are present an estuary, Jmax is not
an absolute cutoff size. However it has been found in this work that it can usually

be approximated by inspection of the laser sizer histograms.
2C2.2 Floc Model.

As indicated in 2A1.3 flocs can be expected to remove energy from
their surroundings during breakup - it is this energy which causes fracture. A floc
which is about to rupture is first distorted so that the internal bonds,
electrostatic or organic, are stretched to the limit of their tensile strength. During
this distortion the fluid within the floc also dissipates energy. Van de Ven and
Hunter [1977] use their model of floc structure (Fig. 2.4) to estimate the
amounts of energy dissipated in the three processes illustrated in Fig. 2.7. Part of
the energy is dissipated in stretching the internal bonds to breaking point: as the
constituent microflocs, or flocculi, are stretched apart their motion is resisted by

the viscosity of the water contained within the floc: this drag is estimated from
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Stokes' equation; the internal fluid must also move to accommodate the change in
shape of the floc, and viscous dissipation within the fluid accounts for further
energy loss. Van de Ven and Hunter [1977] concluded that the viscous dissipation

within the internal water was the most important of these mechanisms.

@ ponds stretched
/uork done against viscosity

—, ,
85 & * >

vigcous dissipation in fluad

Fig. 2.7 Energy disslpation mechanisms during rotation of floc In shear flow.

2C2.3 'Bulgy Fracture'.

When turbulent eddies are large, the floc is carried along by the eddy.
As the size of eddy decreases, the flow varies with position over the surface of
the floc, and this results in pressure fluctuations across the floc. For oil droplets
this can result in rupture and Thomas [1964] proposed that a similar process
might be the cause of floc breakup. The magnitude of the pressure difference
across the floc may be estimated from the turbulent dissipation rate using

Batchelor's result [Hinze 1975)]

Upa- Pp)2> = Llug- up)2 )

and
€= fsvuz/lg2 . 2, the Taylor microscale. (2.19)

Tambo and Hozumi [1979] use this with estimates of the number of bonds within
a floc to predict the maximum stable floc size in a given turbulent regime. Alani
[1987] (see section 2D2 below) refined the experimental verification of Tambo and

Hozumi [1979] results (T&H ) and gave the result (for d<n)

0.33¢yc0.38 d«py LAlani, T&HJ

0.4 ¢y<0.5 d»y [T&H] (2.20)

dmax = AE-Y .
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2C2.4 Surface Stripping.

If the turbulent eddies are small compared with the floc then the floc
as a whole cannot respond to each influence but, if the local shear is strong
enough, particles or flocculi may be stripped from the surface of the floc. Parker
et al. [1972] estimate d,.,,, and the rate‘of erosion from the surface of (fractal
dimension D=3) flocs, by considering the maximum fluid shears produced by
turbulence; the fluid velocities are obtained for both inertial range and viscous
dissipation range turbulence. Filament fracture’ is an alternative mechanism,
similar in principle to ‘'bulgy fracture’, where it is the viscous shear stress
difference across a floc which causes fracture. The results of Parker et al.

[1972] for floc disruption exponent v, are:

2 d«
_ { i } surface stripping

Y=g 1 dm (221
172 filament fracture

2C2.5 Summary.

The ‘bulgy fracture’ breakup mode seems to agree best with the
experimental determination of floc breakup exponent y for macroflocs [eg Bache
and Alani 1989), although both mechanisms give similar qualitative behaviour. Note
that Adler and Mills’ [1979] porous sphere, which predicts a difference in breakup
mode depending on turbulent scale (2B2.3), is discussed in terms of viscous flow
equations and does not pre-select either mode of break up. Sonntag and Russel
(1986] use it to predict the radius at which the sphere will rupture — their
results show the two modes of fracture dependent on how far into the floc the

external fluid motion penetrates.

Both ‘bulgy’ and 'stripping’ models predict inverse power law
dependencies of floc maximum diameter on tqrbulent dissipation rate, witl'-\ surface
stripping having the strongest effect on d,,,. Experimental work, however, points
to an exponent in the range 0.3 t 0.5 [Tambo and Hozumi 1979, Bache and Alani
1989].
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Part (D) Flocs and Turbulence

2D1.1 Equllibrium Distribution.

The particle size distribution in a turbulent flow is brought about by the
processes of aggregation and disruption working against each other. At the
smallest scale are the primary particles which are not broken down even under
the highest turbulent dissipation rates. At the largest scale are the flocs whose
growth is limited by the turbulence - any further aggregation at this scale results
in floc rupture. At each intermediate.scale the size distribution is controlled by

turbulence - a balance between aggregation and disruption is maintained.

Parker et al. [1972] present a distribution for a process controlled by
surface stripping of primary particles and their subsequent re-aggregation. As
expected this distribution is bi-modal with peaks in the primary particle range and
at the size of maximum stable floc. Where fracture dominates, a less pronounced
distribution is expected. However Burban et al. [1988, 19891, in laminar shear
flows, obtain peaked distibutions with the mode size controlled by the shear rate.
In turbulent flow, shears at many rates affect each floc and distributions are

expected to be flatter.

Hunt [1982] used a dimensional argument, similar to that of
Kolmogorov for inertial transfer of turbulent energy, to obtain a self-similar size
distribution, and presents supporting experimental data. In Hunt's argument the
(constant) particle volume flux (E) through the size distribution is analogous to
the turbulent dissipation rate s. Hunt [1982) expresses his results in terms of
particle volume distribution: dV/d(logd} - the suspended volume in a logarithmic
particle volume interval. /8/, IL/ and IG!/ parametrize the coagulation mechanisms

and are independent of particle size; af.) are dimensionless constants.

aBW(E/IBI). d°% Brownian motion
ﬁoid—)- = awsM(EALI). laminar shear (2.22)
9 a(DS)I/(ENGI). d V2 diff. settling

These results are verified experimentally by Hunt [1982) for Brownian motion and
laminar shear using kaolinite particles and, by computer simulation of particle

collisions, by Pearson et al. [1984].
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Maximum stable floc size, dq,.x. is the parameter of distributions most
useful in describing aggregating/disaggregating systems, as it forms a cut-off
scale above which there are few flocs; the floc distribution near d,,,. is not
affected by the breakup of larger particles. Several laboratory studies have been
made of the variation of d,,,, With turbulence dissipation rate (and in some cases
shear rate - though Cleasby [1984] argues that dissipation rate is the more
relevant parameter) resulting in a relation of the form d,,,.=Ae™” (egn. 2.20),
where the exponent takes values in the range 0.3 to 0.5 [Parker et al. 1972,
Tambo and Hozumi 1978, Bache and Alani 1889].

2D1.2 Timescales.

The time taken to reach a stable distribution after altering the local
shear rate was also investigated by Burban et at. [1989] (unaer conditions not too
dissimilar to estuarine). A time of the order of ten minutes was needed for
stabilisation of the median diameter at the new value and fluctuations from the
stable median diameter were observed over similar times. Turbulent intermittency
of the flow is therefore expected to affect the final distribution since intermittency
has shorter timescales than floc distribution alterations.

Gibbs et al. [1989] observed flocculation processes in muds from the
Gironde estuary and give a time scale over which a steady distribution is built up
of 30 to 120 minutes. For clay particles flocculated in the laboratory Gibbs [1983]
found particle-number half-lives of between 10 and 40 minutes, comparable with

the above characteristic timescales.
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2D2 Floc strength
2D2.1 Vibrating column experiment.

In the experiments of Bache and Alani [1989, Alani 1987] flocs were
disrupted as they settled in a column through increasing turbulence. The turbulence
was maintained by a vibrating plunger at the base and the turbulent dissipation

rates throughout the column were calibrated both calorimetrically and using tracer

particles.
5
v
t| L i
e | <Pn| Flocs settle through "
- | ‘ increasing turbulence s
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Fig. 2.8 Principle of laboratory floc-strength experiments.

As individual flocs were introduced at the top and settled they were
recorded on a video camera and their size and the position at which they
fragmented were noted. This enabled a d,,,, versus dissipation rate relation to be
derived. Note that flocs were disrupted individually in clear water and so a
possible disaggregation mechanism due to floc collisions [Burban et al. 1989] was

not involved.
2D22 Tamar mud strength

Experiments were performed with the vibrating column apparatus using
flocs sampled from the surface water of the Tamar at Calstock {Alani et al
1990]. The results are shown in Fig. 2.9, and indicate the type of interaction
between floc-size and turbulence to be expected. Turbulent dissipation rates in the
vibrating column are in the range 10 to 3000 cm?/s3, comparable with the very

highest rates expected in an estuary, (and measured in this fieldwork).
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Fig. 29 Strength/size relationshlp for flocs sampled directly from Tamar.

In similar experiments using mud which had been reflocculated in the
laboratory under various conditions of concentration and salinity, floc strength was
found to be dependent on the salinity and the concentration at which the flocs
were produced. Removal of the biological coating on the particles followed by
reflocculation resulted in flocs of approximately 25% of the density of the

unstripped flocs [Alani et al. 19901].

An in-situ version of this apparatus has been used by Alldredge et al.
[1990] to measure the strength of marine snow and similar size-dissipation

relations have been found, although with lower turbulent energies.

2D3.1 Particle Slze Distributions.

Floc size distributions have only recently begun to be measured with
any accuracy [Bale and Morris 1987]. Previous estimates have been biased by
damage to flocs during sampling, as in Coulter counting, or have used settling
velocity data to characterise the size distribution. Since the particle distribution is
expected to vary with turbulence, and settling velocity also varies with
concentration [Owen 1971, Bale et al. 1988, West et al. 1990], it is necessary to

measure each of these factors to quantify deposition rates.

Information on particle populations in estuaries has also been obtained
from studies of the bacterial and organic chemical properties of sediments.

Plummer et al. [1987] measured the bacterial activity associated with two types of
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particles at points along the Tamar estuary (during a neap tide). Permanently
suspended particles were identified as those that remained in suspension 12 hours
after sampling; periodically resuspended particles settled out within 12 hours. The
permanently suspended particles had sizes in the range 20-60 pm (larger than the
periodically resuspended fraction), and in the turbidity maximum were completely
covered by bacteria. It should be noted that the samples were collected using a
submersible pump and transported to the laboratory, so that the larger particles

are unlikely to be flocculated material.

_ Reeves and Preston [1991) made a similar study (in the Tamar, during
a neap tide) of the distribution of lignin in suspended particles and found that the
permanently suspended particles contained on average three times more lignin than

periodically resuspended particles.

These results suggest that the larger particles, those favoured by
bacteria, are those with the highest vegetation content and hence most bouyant.
This aspect is discussed further in section 4C4 along with discussion of the

assignment of the phrase ‘permanently suspended’ to these particles.
2D32 Turbldity Maximum.

The turbidity maximum is a feature of many estuaries [Allen 1980,
Postma 1980]. High concentrations of suspended material are formed when the
net suspended solids flux is directed to seaward in the upper reaches of the
estuary while in the lower reaches the net transport is landward. Many factors
contribute to the formation and maintenance of a turbidity maximum; geometry,
stratification and sediment characteristics being major influences [Postma 1980,

Dyer 1989]

The turbidity maximum is also important in the cycling of chemicals
between the sediments and water. Anderson [1986] found the abundance of
bacteria in the turbidity maximum zone to be reponsible for removal of silicic acid
from the riverine water and its incorporation into diatoms which later reach the
sediment. Cloern [1991], although not presenting any data on turbidity, has linked
phytoplankton populations in an estuary to the spring/neap cycle, which is
suggestive when taken in conjunction with the results of Plummer et al. [1987].
Morris et al. [1982ab} have observed the link between estuarine chemistry and

the turbidity maximum, and Ackroyd et al. [1986] found the turbidity maximum to
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be a region of removal of dissolved metals, which are transported with the

sediments and which dissolve into the water in the mid estuary region.

Bale et al. [1985] have studied the mobility of muds, reporting the
turbidity maximum to lie between Calstock and Morwellham during the summer
months, and associated transport of mud onto the mudbanks in this region. Uncles
and Stephens [1989] have observed and modelled the turbidity maximum, in the
upper Tamar estuary. This forms just upstream from the salt intrusion and
concentrations within it vary with the spring/neap cycle. The main cause is tidal
pumping of eroded sediment due to the strong flood and weaker ebb in the upper
part of the estuary. At High water (during summer and with low freshwater
runoff) the turbidity maximum is just below the upper limit of tidal flow at Weir
Head and travels approximately 10 km downstream during the ebb [Bale et al.
1988]. The concentrations within the turbidity maximum vary with the spring/neap

cycle and its position varies with the freshwater runoff.

The model of Uncles and Stephens [1989], based on resuspension
under the asymmetrical and longitudinally varying tidal flows of the Tamar, predicts
a broader turbidity maximum than their fieldwork observed and this was thought
to be related to the presence close downstream of the freshwater/saltwater
interface which did not feature in their model. Festa and Hansen [1978] predict a
turbidity maximum based on tidally averaged residual circulation and without
erosion, and find its strength dependent on particle size - via fall velocity - with
larger particles producing a stronger maximum.-Many observers report that the
turbidity maxima of various estuaries select small particles of the order 5-20 um
for retention [Postma 1980, Gibbs et 1989, Hamblin 19891 which is to be
expected since erosion from the bed is their source. However the chief observable
effect of the existence of a mrBidity maximum is the accumulation of mudbanks
[Bale et al. 1985] and this requires that settling particles are large enough to
reach the bed when currents reduée; Allen et al. [1980] consider the influence of
the spring neap cycle, and van Leussen and Winterwerp [1990] note the
importance of HW slack flows as an opportunity for aggregation and settling to

take place.

The timescales for the variation of turbulence, following a variation in
production, are discussed by Nunes Vaz et al. [1989). Vertical stratifcation,
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resulting from an initial longitudinal density gradient, has a typical estuarine
timescale of the order of 5 minutes (obtained from a horizontal Brunt-Vaisala
frequency calculation), while the decay of turbulence has timescale of the order of
15 minutes. Thus there is ample time for the establishment of stratified, quiescent

flow at the HW stand.
2D3.3 The Tamar Estuary.

The Tamar drains the high ground of NE Cornwall and Dartmoor, and
flows into the English Channel at Plymouth. The estuary in its present form was
formed when the sea began to rise after the retreat of the last ice age 10,000
years ago, and the drowned river valleys have been silting up ever since; mining

activities accelerated the silting up over the last 200 years [Perkins 1971].

The estuarine Tamar begins at Weir Head, Gunnislake, where a weir
halts the tidal influence. Between Weir Head and Hole's Hote, 17 km below the
weir, the estuary is narrow and runs through a steep sided valley; below Hole's
Hole the valley widens and there are extensive mudflats. Below the Brunel Bridge,
24 km below Weir Head, the estuary deepens and is joined by the Lynher river, to
form the Hamoaze - used as a naval port. The estuary flows into Plymouth Sound

through the Narrows, off Cremyll, 31 km below Weir Head.

The Tamar is a partially mixed estuary; Uncles et al. [1985], and
Uncles and Stephens [1990] present data on stratification and circulation for
various stations in the Tamar, showing significant stratification in the upper
estuary during the ebb. During conditions of low runoff the sait intrusion reaches
almost to Weir Head. Minchow and Garvine [1991] model the flow in channel
shaped estuaries based on three parameters, £ specifying the tidal forcing at the
mouth, ¢ the ratio of friction scale to estuary length, and 7 the ratio of tidal
wavelength to estuary length. Substitution of values for the Tamar (and taking the
‘mouth’ to be at the Brunel bridge where the estuary deepens) gives em0.6(sp)
0.3(Np), p~0.3(sp) 0.4(np), y~O.1. The qualitative behaviour of the estuary can be
obtained from their diagram “Fig.}1", and varies between that of a weak tidal bore
at spring floods and of a damped tida! wave at neaps. Asymmetry between flood
and ebb currents and duration is observed in the data presented here and is
modelled by Uncles and Stephens [1989]. An important consequence of this
asymmetry is the production of a turbidity maximum which forms because the tidal
currents set up a net landward flux of eroded sediments in the mid-estuary
region [Uncles and Stephens 19891].
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Oblectives of the Experimental Work
Settling velocity is an important input to sedimentation models. When
cohesive sediments are present settling velocity is strongly dependent on floc
density and size. Laboratory experiments show that (i) floc size distribution is
limited by turbulence, with the turbulent dissipation rate being a controlling
parameter, and (ii) floc density is modified by the turbulence experienced during
floc formation. It is proposed that turbulence plays a similar role in estuaries [Dyer

1989].

if the influence of turbulence on floc size distributions in the estuary
could be predicted then deposition rates could be obtained using settling velocity
results. Suspended solids concentrations can be obtained relatively easily, either by
observation or from models, and partitioning this matter by size would enable
better values of ccohesive sediment deposition rates to be obtained. Turbulence
parameters can be estimated from mean velocities so that this last step of linking
floc sizes to turbulence would greatly improve tidal models and the estimation of
settling rates from easily obtained field data. This chain of reasoning is illustrated
in Fig. 2.1.

In order to test the Owens (19711 hypothesis, .(confirmed in the
laboratory work of Alani [1987, Alani et al. 19903]), that increased dissipation rates
reduce maximum floc size (and conversely that decreased dissipation rates
promote floc growth), the turbulent dissipation rate and particle size distribution
are measured and compared for a site in the Tamar estuary.

The measurements of floc size distributions are themselves interesting
as few surveys of this type have yet been undertaken. Flocs form the home of
many marine organisms [Plummer et al. 1987] so that their size variations over
the tidal cycle may shed light on ecological, and also chemical, aspects of the
estuary.

The near bed region was chosen for study since this is where the
greatest turbulence is experienced. During deposition the near bed region presents

a ‘barrier’ through which flocs must settle intact if they are to be incorporated

into the bed; flocs which are disrupted will remain in suspension. During erosion
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particles close to the bed will indicate the mechanism by which they were
resuspended - that is whether they were resuspended as aggregates or as
primary particles - since aggregation processes will not have had time to work.

Also erosion rates are determined by the bed shear stress which is more readily

estimated where the velocity gradient is steepest.
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CHAPTER THREE EXPERIMENTAL WORK

introduction.

The object of this experiment was to obtain turbulence and
particle-size data in one region of the flow, during a variety of flow conditions.
This data would then be used to test the hypothesis that floc-growth is (strongly)
limited by the local turbulence. Theory suggests that it is the turbulent dissipation
rate that is the relevant parameter of the flow; however this cannot be measured
directly but must be obtained from the high frequency fluctuating velocity
components (see 2A2.4 above).

The size of particles ranges from silt particles and microflocs of up to
about 20 pm, to large flocs of maybe 1-mm diameter. Whilst the size distribution
of the primary particles could be obtained in a variety of methods most of these
would destroy the larger flocs and bias the distributions. The sizer system used
for these experiments measures the scattering of a laser beam as the flow
passes through the sampling volume and is the least disruptive of available

techniques.

The measurements were taken from as close to the bed as practicable

as this is where the greatest turbulence is expected.

In order to relate the turbulence and flocculation to the tidal cycle the
large scale flow was monitored by profiling salinity, current velocity, salinity and
temperature.

3A Instrumentation
3A1 Electromagnetic Current Meters.
3A1.1 EM Flowmeters.

In order to measure the high frequency turbulent. velocity fluctuations
two 10 cm diameter annular 'Colnbreok’ [Valeport Scientific Marine Ltd, Dartmouth,
Devon] electromagnetic flowmeters were used. These instruments measure the
voltage produced across the annulus when the flow cuts the magnetic field
produced by coils in the annulus. The induced voltage is a linear function of the
component of flow parallel to the amnulus and perpendicular to the electrodes.
Each instrument has two pairs of electrodes across one coil and measures two
perpendicular components of a three dimensional flow.
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The field is alternmated at high frequency in order to minimise
electrolytic effects at the electrodes and the induced (alternating) voltage output is
rectified and low-pass filtered. The resulting frequency resolution of the output is
5 Hz and produces approximately 1 mV per cm/s. The spatial resolution is
determined by the size of the annulus. The induced voltage across each pair of
electrodes is a volume averaged response to the flow in the region between the
electrodes. Soulsby [1980] discusses possible transfer functions: here the smallest
resolvable eddies are taken to be of the order of the electrode spacing, this gives

a lower limit of 10 ¢m in diameter,
3A12 Calibration.

The two EM current meters were calibrated in the towing tank at 10S
Deacon Laboratory (Wormley) both shortly after building, and again after the first
period of fieldwork during late June 1988.

The two instruments were labelled with serial numbers 26 and ‘27,
and the two channels labelled ‘X' and 'Y’ on each. The data was labelled uO,..,u3

as indicated in Table 3.1 below and their relation to the flow Is shown in Fig. 3.11.

Each of the two components on each instrument was towed at nominal
speeds from O cm/s to 120 cm/s in both positive and negative directions. The EM
output, filtered and converted to digital signals, was recorded on an 'Opus’
microcomputer {(the data logging system is described in section 3B). The speed of
the towing frame was recorded when it had reached a steady value for each run
and this was later compared with the steady section of the EM record to provide
a calibration. Calibration curves are plotted in Fig. 3.1 {(plot X2 in Appendix X) and

finear regression coefficients tabled below:

Table 3.1
EM response (mV) to flow u (em/s)
June 1888 July
26x w0 5112 - 1.0u 5141 - 103 u
26y ul 517 - 1.0u 513.8 - 103 u
27x u2 526 - 1.0u 512.2 - 102 u
27y u3 511.5 + 10u 513.5 + 102 u

(The sign of the calibration depends on the electrical wiring. An offset of 512 mV
is introduced in the data storage process.)
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In processing the field data a nominal calibration of V=512-u (VImVJ],
v fem/s]) was used on each channel in order to speed up processing: mean
speeds are affected by up to 3% and have an offset error of up to 2 cm/s,
spectra will be affected by up to 6%. This nominal calibration corresponds to the
designed output of the system - the actual output is thus found to be very close

to this. Using the nominal calibration enables the processing to be speeded up.
3A1.3 Nolse.

Previous to, and twice during, the field work the rig was ‘bucket
tested’ in still water in order to assess the noise limits of the instruments in as

close to working condition as possible.

In the laboratory the instruments were immersed in a glass sided tank
of water approximately 4 ft. square and 3 ft. deep, taking care to orientate the
flowmeters so that their magnetic fields did not interact. During the field work, at
slack water, a large GRP tank was floated into position between the hulls of the
barge and submerged by filing from the river. When full the rig was lowered into
the tank and suspended without touching the tank floor or wall. The leading edge
of the tank was held under water during the test to avoid electrically isolating the
rig from the river - this did have a noticeable quieting effect on the EMs, the
effect was particularly obvious if waves were allowed to slop over the leading
edge.

The results of ‘bucket’ tests in the laboratory using just the EM
flowmeters (run J15-2), and at Calstock using the complete experimental rig (runs
BO4, CO4) are shown in Table 3.2. Power spectra from run '‘C04" {recorded at
24 Hz) are shown in Fig. 3.2 below. A comparison of data and ’'bucket test’
spectra is also made in Fig. 3.2: the difference between ‘bucket test’ CO5
(recorded at 12 Hz), and run N13 is shown shaded. Run N13 (1130 on 5th July)
provided a particularly low dissipatiqn estimate and so exhibits the poorest signal

to noise ratio.

It can be seen that the noise levels are low (r.m.s. values of order 1
cm/s are indicated in Table 3.2) and—that the filters are removing most of the
energy above 5 Hz. Channel t (EM26Y) however exhibits a pronounced peak at
about 7.5 Hz which suggests that one of the anti-aliasing filters is unreliable. The
same peak {aliased to ~4.5Hz) appears in channel 1 of N13.
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Fig. 3.2 EM current meter nolse tests. CO4 and CO5 bucket tests at Calstock,
N13 low dissipation data run. The shaded area highlights the difference
between N13 and COS5: the signal N13 is significantly higher than the
noise of COS.
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Table 3.2

Means (mV) Varlances (mV)?
26x 26y 27x 27y 26x 26y 27x 27y
J15—2 122 6.39 -E£.56 10.93 0.40 0.29 061 030 (Lab. 1SJure)
BO4 6.03 2.59 0.48 6.55 6539 13.56 4.49 6.14  (Bucket 3Juiy)
Co4 7.20 3.27 -0.08 5.8 0.43 069 0.35 0.36 (Bucket BJuly)
CO5 8.00 3.25 0.00 10.25 1.06 2.87 128 1.2 (Bucket 6July)
N13 48.50 1.25 1.60 10.00 4569 25.22 22.61 30.29 (Caistock S5duly)

3A2 Optical BackScatter Sensors.
3A2.1 OBS

Two Optical BackScatter sensors (OBS) were used to study the high
frequency suspended solids concentration structure, and to obtain concentration
gradients near the bed. The instruments used were OBS-1 [Downing and

Associates, Washington State, USA]

OBS work by measuring the light scattered backwards from a light
source within the instrument by a suspension of particles. The source, an
infra-red LED, is pulsed very rapidly (500Hz), and the return signal detected at

that frequency and then smoothed at 30 Hz.

The insiruments themselves consist of a cylinder approximately 5 cm in
length and 2 cm diameter connected io electronics, which are housed in a
pressure case, by 2 m of cable. A flattened face houses the light source and is
surrounded by the sensor {see Fig. 3.3). Their size makes them very versatile as
they can be taped into position, and removed, very easily. The sampling volume
extends 10 about 3 cm from the instrument under estuarine conditicns (and during

the calibration described below).

Fig. 3.3 Photograph of OBS sensor.
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3A22 Callbration.

A working calibration was obtained for each OBS sensor using mud
taken from the surface of the mud layer at the bottom of the slipway at
Calstock. This was used to make a slurry of known concentration which was
progressively stirred into a large black plastic dustbin of clear water. At each’
addition the OBS voltages were recorded and the new concentration in the dustbin
worked out. The resulting calibrations are shown in Fig. 3.4 (plot X3 in Appendix
X). A calibration of voltage [mVJ = concentration’4 L[mg/1] was used for data
processing (this simplified calibration speeds up processing). The regression lines
shown In Fig. 3.4 are given by -

OBS response(mV) to concentration(mg/I)

C5 OBS | (42%8) + (0.26%<0.01)xC . r2=0.99
C4 OBS Il ( 18*10) + (0.27%-0.01)xC r2=0.99

3A3 Laser Sizer.

A ‘marinised’ version of the 'Malvern Instruments’ laser particle sizer
has been developed at Piymouth Marine Laboratory for the in-situ sizing of
estuarine particles _[Bale et al. 1987, Bale et al. 1989].

A ‘Malvern Instruments’ 3600E type laser sizer is mounted in a
pressure case and incorporates optics to enable laser and sensors to be mounted
together. Fraunhoeffer diffraction of the laser beam by suspended particles results
in light being detected at an array of concentric circular photocells. The intensity
of light diffracted at each angle depends upon the particle size distribution in the
sampling volume. The sizer computes the size distribution by comparing the
scattering produced by successive trial distributions to the observed scattering
pattern. Size distributions are presented as percentage weight of particles in each
of sixteen size bands (Table 3.3). It should be noted that the weight is calculated
on the assumption that particles are solid (Have dimension D=3), and thus

measures floc volume.

The underwater part of the system consists of a cylindrical pressure
case of diameter 50cm and length 80cm. Power and data are carried by cable to

the surface where a microcomputer controls the system and processes the data.

The sampling volume is 2 cm wide, to reduce the reduce the possibility
of shearing flocs during measurement, and situated at one end of the pressure

case. Perspex fairings reduce the turbulence produced by edges of the casing.
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The Sizer system was calibrated against particles of known size prior
to each depioyment [Bale, personal communicationl. The relability of sizer
distrituticns is irdicated by the obscuration and log error statistics produced by

the sizer software; these are discussed in section 3B4.

Table 3.3 Laser Sizer Bands

Band lower dia. upper dia. Band lower dia. upper dia.

1 less than 5.8 um diameter Q 30.3um 39.0um
2 5.8 um 7.2 um 10 39.0 50.2

3 7.2 g.1 1 50.2 646

4 9.1 11.4 2 64.6 84 .5

5 1.4 14.5 13 84.5 112.8

6 14.5 18.5 14 112.8 160.4

7 8.5 237 15 160.4 261.6

8 23.7 30.3 6 2616 564.0

3A4 Bead Thermistor.

A rapid response bead thermistor was available, with associated
electronics, courtesy of D Sturley [Sturley 19801. The thermistor system obtains
the temperature of the water passing the thermistor bead by measuring the
varying resistance of the bead as the temperature varies. The bead is
approximately 0.5 mm in diameter and is mounted at the tip of a 3 inch long, %
inch diameier cylinder, see Fig. 3.5. The thermistor system output produces a
signal of 50 mV per °C and is accurate to 0.1 °C with a resolution of better than

0.01 oC.

Fig. 3.5 Photograph of thermistors
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In order to monitor the noise levels in the system the thermistor is
run in parallel with a ‘dummy’ thermistor which has a very stable known
resistance. The time series of the dummy shows noise rarely exceeding one bit

(0.25 mV) from the mean. The electronics also provide anti-aliasing filters at 5 Hz.
3AS5 Slitmeter.

The ‘Partech’ [Partech (Electronics) Ltd., Charlestown, Cornwalll
suspended solids meter measures the attenuation in intensity occuring when a
beam of light passes through a suspension. The instrument consists of a box,
about 5 x 10 x 20 cm, open at each end through which the suspension passes. A -
cable to the surface carries power and data. Gravimetric calibrations of SPM as
measured by ‘Partech’ instrument were made throughout the fieldwork, with the
results below [Bale, personal communication]: where C iIs the 'Partech’ siltmeter
reading. No corrections were rn::de in using the concentration readings.

[ 12619 Cs 380 mg/l
SPM=1 6c/7  €> 380 mg/l

3A6 Current meter.

An 'NBA' [NBA (Controls) Ltd., Farnborough, Hampshirel DNC-3
current meter provided mean current speeds and directions. Speed is proportional
to the rate of rotation of the rotor and the vane ensures that the instrument is
aligned with the flow. An internal compass provides direction information. Speeds
in the range O to 2.5 m/s are measured to ¥~ 2% and directions are accurate to
Y- 100.
3A7 T-S Bridge.

The ‘Electronic Switch Gear Ltd." MC-5 T-S bridge measures the
temperature of the water by matching the sensor resistané:e with the bridge
resistance. The salinity is then measured by balancing the resistance of the water
with the bridge. Salinity is accurate to %-0.1%o0 and temperature %- 0.1 °C.
Salinity calibrations were made regularly throughout the fieldwork and the

instrument calibration found to be correct [Bale, personal communication].
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3A8 Pitch and Roll Sensor.

The pitch and roll sensor provides information on the attitude of the
rig by producing a voltage in proportion to the deflection of an intermal pendulum

from the zero position. The output was:

Tiltmeter Output (Volts]
Pitch 1.1+ 0.025x( degrees upward pitch)
Roll 1.25 + 0.025x{ degrees tilt 10 starboard)

3A9 Rig.

The instrumentation was mounted on a steel tetrahedral frame standing
75 cm in height and having a pole added at the forward cormer of the base to
carry the current meters. The layout of the rig is shown in Fig. 3.6. Details of

the positioning of individual instruments on the frame are discussed in section

3C2.

laser sizer

salinoneter tilthoter

thermistor detachable fin

EM flowneters

lead weights r:ssur. Cases

ectronics)

Fig. 3.6 Layout and Photographs of Experimental Rig.
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3B Data Processing
General.

Since the data is to be processed digitally the continuous velocity record
must be sampled at discrete intervals to produce a time series of velocity
measurements; this means that events happening on time scales of less than the
sampling interval will not be observed; nor will events be recorded that take longer
than the total record length. The upper frequency limit is known as the Nyquist
frequency (f,) and Is entirely determined by the sampling interval (4t), with
fo=1/24t. Tﬁe process of approximating the continuous Fourier transform’ by a
discrete Fourier transform assumes that there is no energy at frequencies higher
than f,. If high frequency energy is present it will be ‘aliased’ into lower frequency

bands. This Is avolded by low-pass filtering the continuous data before digitising.

The turbulence statistics to be used depend for their reliability on
observing large enough regions of turbulence. The reliability of an estimation of the
energy in a given frequency band of a spectrum is quoted in terms of its 90%
confidence limits which indicated the probable error range of that energy estimate.

Confidence limits are discussed in section 3B3.1.
3B1 Analogue to Digital Conversion.

Analogue to digital conversion of rig data was performed at the
surface using a Microlink [Biodata Ltd, Manchesterl 12 bit A/D converter
controlled from an 'Opus PC V' microcomputer running ‘Microlink Applications

Software’ 'HSDC' data collecting software.

The EM and OBS channels were passed through 5 Hz digital low-pass
anti-aliasing filters immediately prior to A/D conversion. The thermistor and
dummy channels were internally fitered at 5 Hz before passing to the A/D
system. The frequency response of the filters was obtaii‘ned by comparing the input
and output, using an oscilloscope, _while applying a low frequency signal from a
signal gemerator. The filter response is shown in Fig. 3.7. Filter characteristics

" were roll-off of 35 dB per decade and 5 Hz half-power point.
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Fig. 3.7 Filter response.

382 Data Storage.

The eight channels (u0..., u3, ¢4, c5, temp., dummy) were multiplexed
and converted for passing to the microcomputer and storage on hard disc. Data
was stored as the bit pattern obtained from the A/D unit - each sampled voltage
was stored in two bytes with the lo byte first; channels were cycled from high to
low starting with t}.19 highest channel (viz. 7o, 7hi. 6lo, 6hi ,..., Olo, Ohi, 7lo,...}.
Each file contained 4096 samples of each of the 8 channels: total filesize was
65539 bytes including an ASCHl header of 24 lines.

Data was backed up onto floppy disc regularly and these discs
processed on an ‘Atari 1040 ST’ computer.

EM
OBS (see '.MPX
and "FLO files)
° :
sizer (see ‘LAS' files)
U
ST (see '.DAT
Cc and '.PFL files)

Fig. 3.8 Schematic of data collection and storage. Rig data was stored as a bit
pattern on computer; sizer data was printed and later tabulated; profile
data was recorded on paper and tabulated. Computer filenames are
indicated and these (except ‘®*.DAT' and '#.MPX')are shown in Appendix Y.
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383 Processing.

Processing was performed in three stages. The operations used to
convert stored EM current meter data to dissipation estimates are shown in Table
3.4. Data was read into RAM from floppy disc, calibrated (for convenience of

de-bugging), and the mean for each channel obtained.

The use of ‘nominal’ calibrations (u=x/4-512, c=x/4, 9=x/4) enables
the processing to be faster than if the experimentally obtained calibrations were
used as bit-shift operations may be used. As shown in 3A12 the accuracy of
resulting spectra is acceptable - this calibration may Introduce an error of up to
6%. The OBS calibrations in the laboratory and in the field differ by a factor of
about four and this is thought to be due to different properties of the mud used
In the two calibrations - see 4A2.2. The thermistor sy.stem was calibrated

electronically to produce the stated output [Sturley 19801

The discrete Fourier transformation of 256 samples from two channels
was evaluated using a FFT routine documented by Brigham [1974]. Daniell
windowing ‘was performed over each 3 adjacent frequency estimates in order to
improve the stabi!iiy of the estimate. The resulting power spectrum (Sk) was
converted to a 'dissipation’ spectrum (k) which was plotted against k so that an
inertial dissipation range of frequencies, (showing the characteristic -5/3

spectrum), showed up as a range of k with constant ¢k

'Dissipations’ obtained from each 256 point block in one channel's time
series (of total length 4096 points) were averaged and this spectrum smoothed by
averaging neighbouring freque'ncles. The turbulent dissipation rate (g) could then

(when present) be obtained from the constant range of the plot.

Note that all averaging was done by software in order to increase the
repeatability of the dissipation estimates. The only non-automated part of the
operation was in finding the limits of an observed inertial range.
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Table 3.4 Data Processing Program.

= z.lo +256#z.hi where z Is read from disc.

(x! -2048)/4 EM channels
X4 OBS, 8
N-1

ul= u -y where g = J3 N7 u! (remove mean)

{approx. calibration)

o = 33 0 Wexp(-2mjk/N) by FFT) k= O..N-1  (DFT)
Sk = ([0 + IGN-* )/2 where k=0.K-1and KsN/2 (Power)
Sk = gsk=1,4 + Ssk/o + sk*14  (Daniell window)

k ={;—Z: SKb) (segment averaging)

x, = 2rfgk/K converting to (radian) wavenumber x,= Zrf, /U
with f; the Nyquist frequency and U the mean current.

E6X-) = (Z%f-)s* (so that fEdx = ISk = w?)

5
so that (Zn-f) S(fi )= E(x)=ae¥3x™% = ac?3k™ 5'6('2’rf) 73 ]
where a is the Kolmogorov constant

2rf;
ac= V(5K ) iehaz)
gk = Hlog,, Sk + Zlog,, k
gk =gk 1+ gk + gR*)r3 (plot smoothed ‘dissipation’ spectrum)
log,,6 = ¥ - log,oU + C where C= log,q(2nf,/a® K)
log,o & gives ‘log dissipation’ when the dissipation spectrum is constant, ¥

over a valid inertial range of k. Values used were fq=6 Hz, a=0.5, K=128
giving C=-0.08)

3B3.1 Rellabiity of Spectra.

The data was processed In segments of -N=256 points using a fast
Fourier transform routine tBrighﬁm 1974] and transforming two channels
simultaneously. The resulting power spectrum, SX partitions the variance, «w?,
among the K=N/2 power estimates of-bandwidth /K, each having 2 degrees of
freedom. The Nyquist frequency f for the sampling rate used was 6 Hz giving an
initial bandwidth of f,/K=0.05 Hz: the block length of 21.3 seconds limits the

detection of low frequency variations of frequency less than 0.05 Hz. Daniell
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windowing over three adjacent frequencies increases the bandwidth by a factor of
2 Clenkins and Watts 1968) and increases the number of degrees of freedom to
4. Segment averaging over 12 blocks raises the degrees of freedom to 48. The
confidence limits for the spectra can be obtained from tables of x? distributions
[eg. Newland 19841].

Following Newland [1984]) the number of degrees of freedom v, Is
related to the total record length 7, and effective bandwidth B, by v=28_T: for
the program outlined above using 12 blocks of 256 points at 12 Hz, By= 2f /K=
0.094 [Hz] and T=12N/(2fy)= 256 [s] so that v=48. From tables of the .
distribution of y2 for v=48 we find that p(y2>X~)=0.95 and p(x2> X*}=0.05
gives X~ =33.098 and X*= 65.171. That is, 90% of the values of the x2? distribution
with mean v=48 lie within 33.098< x2<65.171. Supposing S to be distributed as
x2 about the true spectral density E, then Q0% of the values of S lie within
X-/v<S/EcX*/v. Rearranging gives vS/X*<E«vS5/X- and substituting from the
tables gives the 90% confidence limits for the spectrum as 0.745¢E¢1.455. On Iog
axes these limits are given by log,,$-0.13¢ log,,E ¢ log,, S+0.16.

Smoothing the ‘log dissipation’ plot further increases the bandwidth with
the estimate being a geometric average of three adjacent frequencies: however the
estimate is only used where the spectrum is constant. The 90% confidence limits

for the ‘log dissipation’ values are given approximately by log,,e¢ ¥~ 0.25.

Several programs were developed at different stages for analysing the
data. All are compiled from Pascal source to run on an ‘Atari 10405T which,
although slower at running the pr'ograms‘than an IBM type PC or mainframe,
reduced the time spent in transfering files. Program Calstock views the time
series for one channel and obtains mean, variance and the power or dissipation
spectrum of one block of 256 points, and adds speoti'a to produce an average
spectrum from several blocks. Program Batch processes one disc (of ten data
files) and saves the averaged ‘dissipation’ spectrum, with means and varlances for
inspedion later (using Calstock). Program Tamar prints the full time series of
each channel, averaged power spectra, and mean, variance and other statistics (eg
Fig. 3.9 (a)-{d), plot X21 in Appendix X). Various Pascal and FORTRAN routines,

using NAG graphics were written for plotting data and results.
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3B32 Test of data logging system.

In order to check that the data processing routines and electronics
were performing correctly the frequency response of the data processing system
was tested. This was done by supplying an oscillating signal from a signal
generator to the input of the anti-aliasing filters and logging the output via the
A/D converter and microcomputer. The files produced were analysed using the
program Calstock and the resulting spectra shown in Fig. 3.10 and Table 3.5
below. Note that the energy of the input signal Is faithfully reproduced in a peak
at the correct frequency and that in each case at least 90% of the output energy
is in the peak. Some broadening of the peak is apparent in run J9—2 although this
was not thought to be important in the analysis of smooth inertial range

turbulence records.
384 Slzer Data.

The 'Maivern Instruments' program which runs the laser particle sizer
outputs volume distributions, in roughly logarithmically spaced bands, as
percentages. Also output are the obscuration and log error which indicate the
reliability of the data. The log error measures the difference between the
calculated diffraction pattern and the observed pattern — values of less than 5.0
are considered good, and less than 5.5 are usable. The cbscuration measures the
fraction of light that fails to penetrate directly through the suspension. Data may
be used with obscurations of up to 95% but above this sizes are underestimated
[West et al. 1990).

During the fieldwork obscurations exceeded 95% only during the periods
4/1642-1701 and 5/1721-1745. Obscurations exceeded 90% only during 4/1621-1701
and 5/1702-1804 and concentrations near the .bed during these periods were
greater than 1000 mg/l on the 4th and 630 mg/I on the 5th. |
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Table 3.5 Frequency response of system

Input Output (in peak)
Ru f A mean variance f log,cA wikith area
nun Hz mV mvV mvy)»? Hz # Hz (mv)?
JO-1 30 20 =-0.20 183 3.03 1.63 0.24 91.6
Jo-2 25 20 -o0.20 182 2.53 1.46 0.52 846
Jo9-3 50 20 -om3 179 5.00 1.58 0.42 859"
Jo-4 40 20 -o0.8 1 3.99 1.63 0.28 88.0

% Output amplitude, A, I1s from ‘raw" spectrum for which units are (mv)? per
band, where the bandwidth is 10/128 Hz. Peak width Is measured at
A=1, area Is area under peak. NB Area wvariance/2.

: .2 220
X
r 3 JI_1.HPX chiD vi8D.B Vee JO_B.MPX ChIZ v179.2
M
. frequency tHz) oleo 5 N
; b.o e D .00 ™) 10
-]
a -1.c0
o
-} -3.20
(]
-3 .8 -.80
»lze 3i20
1e0 OB HMPX chit vie1.0
0,00 3 : —
::7&“ )
3,20
-, 80

Fig. 3.10 Frequency response of system. The input signals are shown in Table 3.5.
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3C Deployment of Gear
3C1 Theoretical Constraints on Posltioning of instruments.

In order to derive turbulence statistics from the data use is made of
Taylor's frozen turbulence hypothesis; this requires the turnover time of eddies to
be much greater than the time for them to be advected past the sensor - the’
eddies must appear to the sensor to be frozen into the mean flow. Frozen

turbulence requires that k»e/LP, which can be shown as follows.

Supposing an eddy to be spherical of diameter X, mass m and spinning
with angular velocity w its energy can be estimated as 7= Y3/w? ~mw?k=2 where
k~VA and I is the moment of inertia of a sphere about its axis. The energy
spectrum E(k) gives the energy in a volume of mass m due to eddies of
wavenumber sk to 33k as mE(k)k. Equating the two estimates gives «?~Ek?® and
substituting the Inertial range spectrum gives w?~g25 k45 or equivalently an eddy
turnover time Lo~ (ek2)~1”3. The time taken for such an eddy to advect past a
point in a flow of mean speed U is A/U and Taylors frozen turbulence hypothesis
requires this to be small compared to the eddy turnover time, thus /kU«(ek2)~"/3
or k»e/LP .

Upper limits on the wavenumbers for which inertial ranges may be
observed are imposed by the sensor sampling volume (if sensor diameter is D
then k</D), and by the sensor sampling frequency f, (k<fo/U ). Together with
the frozen turbulence requirement these give a minimum mean speed for which an
inertial range may be observed: U» ¥(e/kp) with kp= ¥D. The sampling volumes
for each of the instruments are indicated in section 3A above. The fower limit on
k is imposed by requiring the turbulence to be isotropic: for this to be so k>VH
where H is the height of the sensor above the bed [Huntley and Hazen 19881.

s - 24 NS
LB 1 37\ 6
SR “

as /\

uz
B 1
« (3-

[y

Heights (cm) of instruments above bed.

Fig. 3.1 Posltions of Instruments and assignment of labels.
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For the EM current meters the range of valid inertial ranges is
shown against wavenumber and speed in Fig. 3.12. Note that the upper
wavenumber limit of the inertial range of turbulence, the Kolmogorov (wavenumber)
microscale, /7, Is much larger than that of the sensors, except possibly the

thermistor bead [ 7~ 300 ym for €= 1 cm2/s3].

704

U [em/s]

40+

304

mean current

104

b of :

-3 -2 ;1‘ 0
log, wavenunber k [en™)

Fig. 3.12 Range of wavenumbers and currents for valid Inertial range spectrum. For
a given current speed the range of wavenumbers in which a valid
inertial range may be found is indicated by the unshaded region.

The limits for which a valid inertial range may be expected are plotted
in Fig. 3.12 against mean flow velocity. Spectra obtained from the observed time
series were compared against the diagram to find the relevant wavenumber range
- the unshaded region. it can be seen that below about 15 cm/s the dissipation

estimates are likely to be less reliable and that at ver:y high flow rates the filter
roll-off at 5 Hz masks any inertial range.
3C2 Practical Constraints.

Other considerations involved ensuring that the flow reaching the EMs
and sizer was affected as little as possible by the presence of the rig, and
reducing the risk of trapping weed and debris on the frame. These resulted in the
rig shown in Fig. 3.6 with the EMs on a pole at the front of the rig and
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measuring vertical velocities, and components of horizontal velocities at 45° to the
longitudinal direction. The pole was stayed to reduce movement and all obvious
causes of excessive vibration, such as loose cabling and large flat surfaces, were

removed or secured.

The sizer was mounted horizontally with the sampling volume at the
same height as the EMs but offset to be In clear flow. The sizer casing is
buoyant when submerged and so had to be placed centrally. The delicacy of the
thermistor bead precluded pointing it into the flow and it was placed in behind a
strut at the sampling height; although this strut certainly produced turbulence it

was felt that the temperature information could still be useful.

The OBS presented no problems and were taped to the frame, facing
outwards, and at heights above and below the other measurements. A ‘Partech’
suspended solids meter and a salinity meter were secured to the frame where
they would not interfere with the primary measurements and as close to the
sampling height as possible. A pitch and roll sensor was incorporated in order to
check that the rig was on a flat bed and to warn if movement occured during

deployment.

This arrangement had a definite forward direction and it was
necessary to point the rig into the flow during both flood and ebb. The whole rig
thus had to be heavy to keep it in position and also recoverable at least every six
hours for turning. In order to achieve this a mooring-lifting barge was hired from
Tozer and Scons' at Calstock (Fig. 3.13) who also provided head and stern
moorings. The barge carried a diesel powered hydraulic winch for recovery of the
rig. Housing and power for logging and monitoring equipment was provided on
board m/v Tamaris’ (PML).

Fig. 3.13 Deployment of rig.
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A plywood fin was fitted to the rig prior to each deployment and the
rig lifted under power from on deck and swung under the I[ifting frame.
Deployment was made soon after the flow at the bed had turned, as measured
with the NBA current meter. The vane aligned the rig along the river as it
grounded and, when the pitch and roll sensor had been checked, the vane was -
released and recovered after it had floated clear. The only deployment problems
with this arrangement were met at low water when it was possible for the barge
to have ridden over the rig and damaged it; veering the barge downstream on the

mooring lines solved this.
3C3 Site of Experiment.

In order to sample flocs and turbulence from as wide a variety of
conditions as possible, a site within the excursion of the turbidity maximum was
chosen. As the turbidity maximum forms just upriver from the tip of the salt
intrusion this site gives high salinities at HW, while at LW freshwater is
experienced. In summer the turbidity maximum Is located between Cotehele and
Morwellham [Bale et al. 1985). In order to minimise the effect of bed topography
on the turbulent character of the flow, a relatively straight stretch of river was
needed, and so that the rig could sit level and not move, the bed needed to be
level and firm. These considerations were met reasonably well at a site 0.5 km
upstream from the Calstock viaduct (see Fig. 3.14). There are gentle curves above
and below the site and the bed is level, although the bank is steep and rock
covered on the Devon side, while consisting of mud banks on the Cornish side.
Water depths at LW of over a metre enabled sarmpling to continue throughout
most of the day. The availability of head and stern moorings at the site reduced
the liketihood of damaging consolidated bed by anchoring, and the disruption to the
flow by boats moored further upstream was thought to be small and confined to
the surface.

- 62 -




x

gkn!  uDriven

site of' o:porlnontf D

A NS 5

[lL 500 10003
T gj“"ﬂ s-r Coe i

‘“““"c abl es‘“‘ i

L‘L]

Lblstanccs L) to I-lol‘r]

Fig. 3.14 Location of experiment site.
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3D Sampling Strateqy
Turbulence and size data were required from differing periods
throughout the tidal cycle and although it was expected that slack water and
maximum flood or ebb might provide the greatest contrast in turbulence it was
useful, with regard to assessing the refiability of the results, to have a nearly
continuous record of 1h-e turbulence. Less was known about the expected parﬁgle
size distribution changes which again pointed to the need for a continual sampling

scheme.

The data aquisition package used in the Calstock experiment could have
sampled continuously for six hours (only limited by the space available on hard
disc), however for ease of handling of the data for processing, and for flexibility in
operation, a standard length of record of 4096 samples on each channel was

chosen, giving a record length of just under six minutes when sampling at 12 Hz.

In order to record as continuously as possible the rig was deployed at
the start of the ebb or flood, and remained on the bed until the mean flow at the
bed became slack. The rig was then raised for cleaning and calibration of the
sizer. While the rié was submerged sampling continued at twenty minute intervals
on all instuments. Six-minute turbulence records started on the hour, and at
twenty and forty minutes after, and were in many cases augmented by records
starting ten minutes later. Sizer samples consisted of two thirty-second runs,
starting every twenty minutes. Concentration and salinity from the rig were
recorded at the time of sizer runs. (Also recorded were pitch and roll readings -
these in no case varied after deployment). Profiling at half-metre depths from just
below the surface to within half a metre of the bed continued at twenty minute

Intervals during the whole pericd that we were afloat.

The preliminary experln-'rent at Cotehele in June/July 1988 sho;ved that
the six minute, 12 Hz turbulence records provided usable spectra for the
derivation of dissipation rates. The‘. Cotehele experiment also highlighted the need
for back-up data of salinity and concentration variations in order to relate the
differing velocity records to physical processes in the estuary. A twenty minute
profiing scheme has been used in other work in the Tamar and proved

satisfactory [Sturley 19901.
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While the rig was submerged, output from the EMs was monitored
using a chart recorder, in case weed became entangled or the pressure cases
leaked, or any malfunction occured, as the data acquisition package gave no
real- time Indication of what was recorded. It was interesting to note that there
was a large variability evident while the instuments were apparently behaving well, .
and this gave confidence when confronted by seemingly very noisy records during

the processing stage.

Table 3.6 Instuments used, parameters measured, and sampling strategy.

4x EM U u 12Hz 5 mins. ev. 20 mins.

2x OBS C, c 12Hz 5 mins. ev. 20 mins.

1x thermistor o 12Hz 5 mins. ev. 20 mins.

Sizer Zx 30s 2 runs ev. 20 mins.

Profiles s C 6 at 0.5m depths

o } from 0.5m below surface to bed.
U, dirf ev. 20 mins.
Pitch/Roll sensor at rig ev. 20 mins.
Salinity at rig ev. 20 mins.

- 65 -




CHAPTER FOUR RESULTS AND DISCUSSION

General.

This Chapter is in three parts dealing successively with: (A} the _
observed data, which 'is presented In the figures of Appendix X; (B) the
interrelations of the data sets acquired from each instrument (and which are
founa to be best characterized with reference to the averaged size distr_ibutions);

and (C) In which the implications of the observations of part B are considered.

P 4A Measurements.

4A1 Auxillary Data.

The experimental work took place over a period of a fortnight during
late June and early July of 1989 and resulted in the acquisition of four full tidal
cycles of data. The first week of deployment was just after neap tides, during
which data was obtained from two tidal cycles (28th June and 28th June}). The
second week begari with spring tides and two further tidal cycles of data were
obtained (July 4th and July 5th). Intervening days were used for setting up the
system and making tests. An axial profile of the section of estuary above Calstock

was made at HW on the morning of 6th July.

An abridged log of the fieldwork is given in Table 4.1. Tidal information,
obtained from the Admiralty Tide Tables, is shown in Table 4.2 along with the
measured maximum and minimum water depths observed from the mooring barge
at Calstock. Table 4.3 is a brief description of the weather at Calstock. It is
worth noting that wind waves never became larger than ripples of about 5 em
height. Table 4.4 shows the attitude in which the rig was sitting on the bed for

each set of EM current meter records.
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Table 4.1 1989 Emﬂment at Calstock.

Xnn: 5% minute runs recording 4 EM current meter components
2 OBS concentrations
1 thermistor + 1 ‘dummy’
at 12 Hz, 4096 samples each channel.
Salinities, temperatures and concentrations as measured at rig ('s.PFL’ files).
Height is total water depth at rig. Tide times and heights for Devonport.

Tuesday 27th June 1889

AM: Tamaris moored alongside barges 3 cables above Calstock bridge.
PM: Trial deployments of rig. Runs TO1 - TOS.

Wednesday 28Bth June 1889

0734 16 Weather: SW 3/4, overcast with occasional light rain.
1348 46
2006 17 range 2.9m
H S I C Ht Remarks
9 0.5 17.4 120 2.0 osos WOO. 0908 commence profiling.
10 o5 17.8 350 2.8 Setting up system. Experimenting with
11 3.0 185370 3.9 earthing and interference.
12 81 1898 4.5 1248-1308 rig raised.
1 95 18950 4.7 1350 W17, 1355 rig raised.
2 13.2 19.0 35 5.0 1443 rig deployed.
3 136 19.1 25 4.6 1500 VOO. Standard earthing config.
4 131 191 20 4.0
5 79 18840 35
6 0.6 17.7 210 3.0
7 05 17.4 220 2.5 1920 ceased profiling. 1927 rig raised.

V: 28 records, O urusable, 8 poor.
Thursday 28th June 1589

0845 16 Weather: SW 4, intermittent light rain, clearing and
1500 47 becoming E 2/3, cloudy.
2120 1.7 range 3.0m -

H S I C H Remarks

10 0.5 6.5 150 1.8 1005 comm. profiling. 1015 rig deployed.

11 0.5 16.8 240 2.6 119 HO7, rig raised to clean. w40 HOB8.

12 2.0 17.8 400 3.8

1 75 18.4 180 4.3

2 18 18835 4.9 ) K

3 134 18930 5.0 1500 H32. 1511 rig raised for turning.

4 144 18910 4.9 1630 rig deployed, vane left on. 1632 GOO.
S 129 BB 1O 43 1720 GOS. 1728 rig realigned, vane removed.
6 104 187 30 3.8 1730 GO6.

7 1.8 18.2 140 3.

8 0.5 .17.7 240 2.4 2032 G32 cease profiling. 2045 rig raised.

H: 33 records, 4 unusable, 5 poor.
G: 33 records, 3 unusable, 3 poor.

Monday 3rd July 1889
'‘Bucket' tests of EM flowmeters. Runs B0O4, BOS, BO7.
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Tuesday 4th July 1989

o ppp—y
mﬂmmhwmdﬁ‘owmﬁ

* i

2.3
9.7
2.8
06
0.6
0.5
0.5
0.5
2.0
10.6
15.2
16.4

0736 5.1 Weather: Light Airs, partly cloudy.

1334 10

1852 54 range 4.4m

T € Ht Remarks

- 0840 comm. profiling. 0850 rig deployed. 0854 SO0.
19.5 50 4.6 , 0920 SO03. Rig raised to clean. 0954 S04.

19.4 35 4.0 1019 SO08. Rig raised to install transducer. 1034 S09.
19.3 140 3.3

19.2 430 2.3

19.0 460 1.8

19.1 310 1.5 1420 S33. 1430 rig raised for turning.

19.6 250 1.4 1538 rig deployed. 1541 ROO.

20.2410 1.8 :
211 M+ 4.0 M+ indicates concentrations exceeding 1000 mg/1]
21.0 430 5.0

20,9180 5.5

20890 5.5 2020 R34, cease profiling. 2026 rig raised.

S: 34 records, 1 unusable, 3 poor.
R: 35 records, 2 unusable, 6 poor.

Wednesday Sth July 1989

I
.

—

D~NOLEwn =P =3l

*

7.2
6.8
1.7
0.7
0.6
0.5
0.5
0.6
5.9
14.0
16.9

0818 5.1 Weather: E 3/4, partly cloudy, showers later

1417 11

2031 54 range 4.3m

T C Ht Remarks

.. 0940 rig deployed, comm. profiling. 0347 NOO rig
201 50 47 not level. 0955 rig redeplioyed. 1000 NO1.
20.255 3.9

20.1 230 3.4

20.0 410 2.4

19.5 450 1.9

19.2 340 1.5 1501 N33. 1506 rig raised for turning.

19.2 290 1.3 1630 rig deployed. 1632 DOO.

20.0 M+ 2.5 [M+ indicates concentrations exceeding 1000 mg/I]
20.4 630 4.6 .

20.4 350 5.2 1947 D24. 1959 D26.

20420 56 2000 cease profiling. 2005 rig raised.

N: 34 records, 5 unusable, 3 poor.
D: 27 records, 2 unusable, 3 poor.

Thursday 6th July 1989

AM:
PM:

‘Bucket' tests CO4 (24Hz), COS (12Hz). Axial profile above Calstock.
Tamaris return to Plymouth.

Comments (11/89)

Profiles for 4 full tidal cycles were recorded. Rig was deployed during 3%

tidal cycles. 224 runs obtained and disssipations evaluated for horizontal channels.
17 (8%) records provided no identifiable inertial range, 31 (13%) provided poor
spectra; this occured mostly when low turbulent energies coincided with low mean
flows (below ™10 cm/s). 79% of runs were usable.
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Table 4.2 Tides (Admiralty Tide Tables)

Predicted Observed

Devonport Cotehele Calstock

June 28 0734 16 0800 0.8 {oso0 2.0)
1348 4.6 1220 3.8 1340 5.0

2006 1.7 1940 1.0 (1820 2.0)

29 0845 16 0900 0.9 (1000 1.8)

1500 4.7 1500 37 1500 5.0

_ 2120 1.7 2200 1.4 (2040 2.1)

July 4 0736 5.1 0740 4.0 0840 4.8
1314 1.0 400 0.7 1520 1.3

1952 5.4 2000 4.2 1940 5.8

5 0813 5.1 0836 4.1 (0540 4.7)

117 1.1 1440 0.7 1520 1.3

2031 5.4 2100 43 2000 5.4

(Calstock depths are as measured at the barges)
(Bracketted readings are not at HW or LW)

Table 4.3 Weather. (Beaufort notation)

21 pm: 1400 W 45 prak, 1645 W4 be
og &m: 0920 S 3/4 o, 1000 SW 3/4 c/ak, 1110 SW 3/4 o/dz
pm: 1430 SW4 c/dz, 1720SW 4 0, SW 4 dz
g am: 0940 SW 4 dz/0, 1235 W4 o
pm: 1300 It.airs c/bc, 1720 It. airs be, 1945 E2/3 be/c
am: 0830 It.airs b, 1120 E 3 b/be/b
4 pm: 1400 E 1b, 1525 SW2 b, 1645 It.airs b, 1820 calm bc
g am: 0930 E 3/ c, 115 NE 4 b/besk, 1235 NE 3c/o
pm: 1410 NE 40, 1600 E 4 o/c, 1740 NE 3 c/b,

1800 pr, 1840 pr, 1900 calm ir
Rainfall over the previous month was slight [PSW METENQI]

Table 4.4 Phch and Roll.

Date Time Runs Pitch Roll

0805-1240  WOO-W15 0 1 Pt

28 1310-1350  wWiB-W17 -6 16 St
1450-1920  VOO-V27 -4 0

1020-1120  HOO-HO7 +4 1 St

og 1140-1500  HOB-H32 +6 6 St

1630-720  GOO-GOS - -3 2 St.

1730-2000  GO6-G33 -4 "3 5t

0852-0920  S00-S03 -2 2 st

4 0940-1020  S04-S08 -1 2 St

1034-1440  S09-S533 -3 4 St

1540-2000  ROO-R31 -1 6 St

5 0955-1500  NOO-N33 0 2 st
1632-1920  DOO-D23 -2 0

1940-2000  D24-D26 0 3 Pt

Pitch is given as degrees tilted up at forward corner.
Roll is given as degrees tilted to port (Pt) or starboard (St)
All changes in attitude correspond to redeployments of rig.
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4A2 Boundary Layer.
4A2.1 Velocity. (Fig. X4)

The mean current (6 minute average from each EM current meter
record) shows a short, rapid flood followed by a stand and longer lasting ebb .
(with the flood less pronounced during neap tides). This is expected in the upper
Tamar, which narrows and shelves rapidly in its upper reaches. The ebb, near the
bed, begins with a rapid increase In mean current at both springs and neaps; the
acceleration of the flood is dependent on the tidal range. Approximate mean flow

maxima are, at 50cm above the bed:

Flood Ebb
Spr 80 50 cm/s
Neal:g 45 45

The relative angle of attack (defined as a=tan™ (“%%4s)) was generally
between 60° and 80° - indicating a flow arriving at the rig from 15¢ to 35° left
of ahead; this applied on both flood and ebb, with the current tending to come

more ahead as the mean speed increased.

The vertical mean velocities lie within ¥4 cm/s of zero, with maximum
inclination to the horizontal of about 10°, and with the two channels fairly well
correlated (see Fig. X4 (a)-(d)). The pitch-and-roll sensor indicated the rig to be
sitting on a flat bed at each deployment (with no shifting during deployment) so
that the non-zero mean flows and angle of attack are thought to be due to
secondary flows; the experiment site was on a slight curve of the river and the
bed was steeper on the Devon side than the Cornish side. The rig was deployed
at slack water, when only the weak main flow influenced the vane.

For angles of attack near to 90° (or 0°) turbulence data is suspect due to
blanking and vortex shedding by the upstream flowme_fer, however such records
were not used for dissipation estimates as ;'nea.n flows were too small; mean

current speeds were used as recorded.
4A22 Suspended Solids Concentration. (Fig. X5)

The two OBS sensors (mounted at 23 and 56 cm above the bed)
record similar concentration variations to the 'Partech’ SPM meter (section 4A3

below). However in order to get approximate agreement of magnitude between

‘Partech’ and OBS, the OBS data needed further division by a factor of four. This
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is thought to be due to the different reflective characteristics of the mud at the
sampling site to that used in the original calibration. Adjusted OBS concentrations
reached approximately 1600 mg/! in the spring turbidity maximum. The divergence
of the two concentrations with time (eg 29/1300 4/1200 5/1400 [notation is
DAY/TIME]) is thought to be due to differing rates of silting over of the OBS-
sensor windows ; the effect does not persist over periods when the rig is raised
and cleaned. If the effect were due to settling out of sediment on decreasing
currents both series would be expected to fall but at differing rates. There was
occasional fouling of the sensors by strands of weed, showing up as a large
oscillating signal on one instrument; however this was readily detected and was
not a major problem. The OBS windows were cleaned with a detergent solution
before each deployment although silting up was not apparent at the time. Spectra
obtained from the OBS data were generally good with little contamination by
spurious frequencies. An inertial range, with '-5/3" slope, was easily discernible in
most records, and a possible viscous convective range, with -1 slope, was

observed In several.
4A2.3 Temperature. (Fig. X4)

Temperature is well correlated with salinity, (see Fig. X16) with
temperatures highest at HW. The increase in temperature over the flood tide of
the 4th July is thought to be due to solar heating during the day which was
almost cloudless, unlike the other days which were more or less overcast. The
obvious explanation, that the sun heats the drying mudbanks which in turn heat
the incoming flood, is backed up by the observation that temperature starts to
increase with the flood. Heating may also be occuring while thé mud banks are
draining; however each of the four days shows the same temperature fall over low

water.
4A2.4 Turbulent Intensities. (Fig. X6)

The turbulent intensities, Ylvariance)/mean, of EM current meter and
OBS sensor records provide an indication of the quality of the data. Estuarine
turbulent intensities are generally in the range 0.0 to 0.3 [Anwar 1981; West et
al. 1986; Bowden and Ferguson 19B0; see section 2A3]. Excessive intensities are
presumed to be due to instrument noise or fouling rather than to turbulence. Figs.

X6 (a)-(d) show the intensities recorded; values of above 1.0 are deemed noisy
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and these records are only used for the derivation of mean values. This
interpretation of large intensities Is borne out by inspection of the time series
which show an obviously different character and which begin and end abruptly.

There are periods in each day during which the turbulent intensity is
recorded as 0.5 and above, and these are in some cases coincident with' flow
events, such as the change in salinity on the ebb or the flood turbidity maximum,
but there is no consistency between each of the days. There are also occasions
when all four EM channels show peaks In intensity at the same time but of
different magnitude. However inspection of the time series reveals that the
variance increases instantaneously and it seems very unlikely that such a change
In the flow would not show up In Increased signal on, for instance, the OBS
channels. Since the EM heads are separated by about 40 cm, only long strands of
weed would be likely to affect both instruments at the same time: only short
strands of weed were ever apparent on the rig on recovery. The cause of these
periods of high noise is thus unknown. However such periods are identifiable from
inspection of the time series and discarded from further processing.

it is somewhat surprising that the ratio of vertical to horizontal
intensity is greater than unity over most of the sampling period whereas other
surveys have found a typical ratic wiu's~ 0.7 [Anwar ‘i981. West et al. 1886]. it
should be noted that a ratio closer to unity is expected in this case since each
horizontal channel is measuring (u+zv)cos ;. Similarly the ratio of vertical to
horizontal dissipation rates is expected theoretically to' be (4/3)7-5:1 [since the
horizontal Kolmogorov constant has been used for both vertical and horizontal
dissipation calculations] but Is measured here as greater. It is known from the
laboratory tests of noise levels that the channel u2 (EM27X) was noisiest and for
this reason this channel was oriented to measure one of .the two vertical
components. Field ‘bucket tests’ however show w2 as no noisier than other
channels. See Fig. 3.2.

If & is assumed that the intensitity and dissipation ratios measured
here are correct, then they indicate either increased vertical fluctuations - possibly
due to internal wave activity - or decreased longitudinal or transverse fluctuations.
Neither of these possibilities is indicated by the proximity of bed, bank or barge

hulls, nor by the stratification of the flow.
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Inspection of velocity time series reveals a different character to the
vertical fluctuations rather more clearly than the spectra do. It should be noted
that the horizontal dissipations e0 and e3 have been ‘cleaned’ by recalculating
'dissipation spectra’ block by block and removing sections of the time series with
excessive variances. No dissipation value is obtained for vertical channels with

large variances.

Temperature varlances were too small too show up with the program
used to derive the other components, howevever inspection of the time series
reveals that the largest turbulent fluctuations of temperature occur while the
temperature is changing most rapidly; this is partly due to the fact that turbulent
mixing only shows up where there are temperature gradients but inspection of the
temperature records reveals wavelike fluctuations on the ebb tide. No further work
has been done on the temperature records except to note that they may provide

information on mixing on the ebb.
4A2.5 Turbulent Disslpation Rates. (Fig. X4)

Turbulent dissipation rates were obtained as described in section 3B3
and those with no valid inertial range discarded, with the exception of those
indicating low dissipation rates on low mean flows: the dissipation estimate is not
accurate but is still correctly indicating low turbulence.

The turbulent disslpation rate values (g) that remain after removing
records with noise are shown as time series in Fig. X4. There seems to be little
structure to the time series except for the period during which the top of the
salt wedge passes the sensors and which sﬁows up as a period of increased
dissipation with a pronounced brief drop at its centre. This period has a marked

influence in each data set.

-

Plots of dissipation rates against mean current are shown In Fig. X7
and comparisons of the two horizontal channels can be made in Fig. X4, where
reasonable agreement is found.

'Dissipation rates’ were obtained from the fluctuating concentration
data but time series of 'dissipations’ revealed little; the concentration spectra were
generally good and little contaminated by spurious peaks. An inertial dissipation

range Is discernible in most OBS spectra.
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4A3 Sizer. (Figs. X7 to X11)
4A3.1 Histograms.

The laser sizer partitions the floc data into sixteen (very) roughly
logarithmically spaced size bands which may be plotted as histograms of -
percentage weight (assuming fioc density to be constant) in each band. These

provide information on the floc distribution at one time.

In order to appreciate the variation of the size distribution over time the
size bands are plotted together in Fig. X7; the width of each band corresponds to
the percentage weight in that band, with largest flocs at the top of the plot. '
Obvious features are the large percentage of small particles in the flood turbidity
maximum during springs (and less so at neaps), and the retreat of the salt

intrusion which is accompanied by a pronocunced change in the size distribution.

Absolute band weights, shown in Fig. X8, are obtained by
proportionately distributing SPM concentrations obtained from the ‘Partech’
siltmeter profiles according to the sizer results. (Note that the siltmeter
effectively measures the cross-sectional area of a floc by light obscuration; /e

(vol)273).

The ‘weight’' obtained from the sizer is based on the assumption that
the particles all have the same density and is thus more a measure of floc
volume than mass. A correction may be made to the distribution if a size/density
relation is assumed and this considerably reduces the mass contained in the larger
size bands which is important in considering deposition and erosion rates. in Fig.
X9 the size/density relation of Table 2.2 is used to obtain a mass distribution. In
order to maintain comparability with the ‘Partech’ SPM concentrations it is
assumed that flocs of 50 pm diameter have “Partech density” - that is that the
‘Partech’ siltmeter is calibrated correctly for a suspen'sion of 50 pm flocs. (This
correction is not applied to other sizer plots since it tends to obscure the larger
size bands).

[The notation Z= (Z1, Z2, ... Z16) is used to denote the particle size
distribution with Z1 being the (absolute) weight in the smallest size band {<5.8um)
and Z16 that in the largest size band. ZX is similarly the relative size distribution.
It is useful to split the distribution into two populations (Ep and ZA), divided by the
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diameter 502 pm, so that Ze=(Z1, Z2, .. Z10) and ZA=(Z1, Z12,..Z16). This
decomposition is justified in section 4B2, and plotted in Fig. X10].
4A3.2 Quality.

The quality of the observations is indicated by the distributions being
mostly centered within the range of the sizer, and by the fact that pairs of
observations taken conéurrmt!y are closely matched. The particle sizer program
provides two statistics to indicate the reliabity of the sizer data: (i) the log error
indicates how well the calculated distribution fits the observed diffraction, values
for the log —errar of less than 5.0 are considered good, and are usable if less
than 5.5; (i) the obsauration indicates how little light passes through the
suspension; values for obscuration of between 0.10 and 0.60 are good, and up to
0.95 gives reduced accuracy, above 0.95 results are unreliablé.

Most of the time both obscuration and Jog error were in the
acceptable range; however at times of high turbidity the obscuration rose to
between 0.60 and 0.95 with 0.97 being reached in the spring flood turbidity
maximum. The sizer results from the peak of the spring flood turbidity maximum
show distributions -strongly biased to the smallest size bands and the ‘Malvern
Instuments' manual suggests that these sizes should be doubled (see also West et

al. 1990).

This problem could be avoided by reducing the optical path length
(different path-length lens sytems may be bolted on); this would have meant
raising the rig just before a strong flood started - this in fact occurs very shortly
after LW and would have presented no problem. Replacing the longer path lenses
after the passage of the turbidity maximum would have been less acceptable as
continuity of data would have to be lost and rapidly decreasing bed currents could

make alignment of the rig difficult on redeployment.
4A4 Proflle Data.
4A4.1 Profiles.

Vertical profiles of current, salinity, concentration and temperature
provide information on the flow at twenty minute intervals and at half metre
depths from 50 cm below the surface. (Profile plots are not included here - see

contour plots Fig. X12).
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Current direction information has been used only to provide a sién for
the mean velocity: all currents with an upstream component are recorded as
positive regardless of the cross-stream strength. Depths are less accurate for
currents above about 40 em/s due to drag on the cable and current meter.
Maximum deflection of the current meter cable from the vertical was around 30°,
giving an error in depth.of up to 15%, or about 0.4 m, during periods of strongest
flow. No attempt has been made to correct for this in the plots.

Note that the concentration gradient is inverted at high water when
muddier, less saline water begins to ebb at the surface before the flood of
clearer salty water ceases at the bed.

4A42 Contour Plots. (Figs. X12)

In order to show the time variation of the profile data the components
are plotted against depth and time and contoured (Fig. X12 (a)-(d)). (Note that the
time is on the horizontal axis so that care must be taken in interpreting the plots
as a spatial description of the salt intrusion).
4A4 3 Features.

The salt intrusion is an obvious feature of the salinity plots. Salinity,
with its low molecular diffusivity, is a very good marker of the water body, which
advances up the river as a ‘wall’ on the flood and then drains out of the upper
reaches during the ebb. The stratification of the river as the ebb begins is also
apparent, resulting in a sharp interface between fresh and saline water which
lasts for three to four hours.

In the velocity plots the interface between ebbing and flooding water
corresponds to the fresh- salt water interface, showing the fresh water riding
over the salt intrusion. The interface is also, more weakly, apparent in the
concentration contours. . _ '

Concentration plots show the turbidity maximum as it passes the
station twice each cycle. The turbidfty maximum Is closely related to the maximum
current speeds and also shows some settling of suspended solids iIn the rear
(later} of the maximum. The conceritration maximum lags behind the current
maximum slightly (approx. 20-40 mins.) on the ebb but not at the flood; this
suggests that the ebb turbidity maximum is a ‘passive’ feature formed from the

decaying flood turbidity maximum.
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4B1 Average Tide Model.

The profile data for each of the four days show many common
features. In order to compare measurements obtained on different days the data
are related to a model of a ‘typical tidal cycle' at Calstock, which is based on the

contoured profile data.
481.1 Flood.

The main feature -of the mode! is the salt intrusion which pushes up
the estuary to varying distances dependent on the tidal range. On the flood the
narrowing of the estuary above Cotehele steepens the advancing tidal wave which
continues upriver as a wall of vertically well mixed water of increasing salinity -
see salinity contours (Fig. X12) for 28/1100, 2971200, 4/1700, 5/1800.

As the salt intrusion advances upstream, outflowing (low salinity) river
water is slowed and pushed back upriver. By the time the intrusion reaches
Calstock the front of the tidal wave is formed of fast moving, low salinity water
which has recently ceased to be part of the ebb.

The current accelerates rapidly after low water reaching its maximum
about 1 hr. after LW at springs, 2 hrs. at neaps. The tide continues to rise for
another 2 hrs. with gradually slackening current speeds until the stand occurs and
the salt intrusion is halted - or almost so. The velocity profiles are medified by
bed friction and are roughly parabolic during the flood. Greatest shears occur near

the bed at the time of maximum current (and maximum rate of rise of tide).

There is a background of suspended solids in the river water of
between 100 mg/l and 200 mg/l. Suspended solids concentrations on the flood
reach their maximum at the same time as maximum shears are measured
suggesting that much of the material involved in the turbidity maximum is
resuspended on each flood. After the turbidity maximum has passed the clearer
watér of the salt intrusion itself passes and concentrations reduce as the salinity

Increases.
Note that continuity requires that the region of greatest velocity - the
front of the advancing salt intrusion - is moving upstream faster than the water

particles.




Conservation of mass glves € At (H=h) = (HU+hulAt
{ conservaticn sf mameatun gives C=J(9"—'ah) 1

Fig. 4.1 Speed of advance of tidal wave.

in Fig. 4.1 the flood is flowing with speed U and depth H, stopping and
turning back the ebb which has speed u downriver and depth h; the speed of
advance of the front of the flood is given by € and mass conservation over the
region containing the front requires €= (HU+hu)l/(H-h). ‘Substituting observed
(spring) values of H=300cm, h=100cm, U=100 ecm/s, u=10 cm/s, €= 160cm/s; the
region of maximum current - at the salinity front ~ is thus travelling about 50%
faster than the water itself. This means that the position of the turbidity
maximum must be moving faster than its constituent particles. The leading region
of the turbidity maximum therefore consists only of recently resuspended material

plus the background river SPM concentration.

As the current slows the SPM profiles show greater concentrations
near the bed indicating settling out of particles or limited resuspension. Note that
this Is not due to shearing of the turbidity maximum by vertical velocity gradients
as the salinity contours would then also show stratification. The slopes of the
concentration contours after the turbidity maximum indicate settling velocities of
between 2 mm/s and 0.5 mm/s (large flocs and dense particles) at springs and
neaps respectively; sizer data shows large particles at neaps but small particles at
springs - see section 4B2.2. If this is assumed due to settling out then the

depositional flux may be estimated from the contour plots X12(a)-(d), as follows.

Supposing that the sediment Is completely mixed at the time of
resuspension into the turbidity maximum and that after its passing sediments
settle out with their respective settling velocities, then each contour records the
settling of those particles which were at the surface when the turbidity maximum

passed. For the 500 mg/! contour at springs the settling velocity is 2 m in 3 hrs

- 78 -




(aliowing €=15 m/s, U=1 m/s), that Is wg~19x10™*m/s (0.2 mm/s),
corresponding to a particle size of 50-100 pm. The depositional flux s then
Cwg~10™4 kg/m2/s. Neap values are for the 200 mg/| contour give w ~3x1074,
corresponding to 100-200 um flocs, and depositional flux Cw ~6x10™5 kg/m2/s.
These being reasonable results (eg Oduyemi 19B6) suggests that the SPM
distribution is dom'rnatéd at this time by setting out of particles resuspended

during the current maximum.

Temperature followed salinity in general (see Fig. X16), with the salt
intrusion warmer than the river water. The largest temperature variations over a
tidal cycle were of about 2°C so that any temperature effects on density were

less than 3% of those due to salinity.

There are several likely mechanisms whereby the time of low water
might have a considerable effect on erosion and floc strength. The effect of
temperature (due to solar heating of the mud banks) on the biology of the estuary
may alter the strength of mucal bonding; light also could affect the growth rates
of organisms in the estuary and this would be strongly dependent on the time of
day during which the mudbanks were uncovered. At the spring low water the mud
banks could be seen to be covered by a greenish-yellow film. It seems likely that
a complete description of resuspension and erosion should include ‘time of
exposure’ of mud bank effects, however this work will concentrate on the
erosional and floc-strength properties of the muds as observed; future work may

shed light on the variabllity of these properties of mud beds.
4812 Ebb.

The ebb begins at the surface earlier than at the bed; that is, fresher
water from upstream begins to -overide the _salt water which Is still moving
upstream at the bed. An interface is apparent in each component of the contour
plots and divides the fresher, ebbing, muddier, (cooler) water upstream from the
saltier, flooding/stationary, clearer, (warmer} water below and downstream.

The height above the bed “of the interface reduces steadily over a
period of about 3 hours. During the stand over HW the lower layer -is stationary
and is eroded from above by entrainment into the surface layer (section 4C2.3

below). As the tide begins to drop the lower layer begins to ebb so that
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eventually, at about half tide, the tip of the salt wedge retreats downstream, at a
rate rather more slowly than the 30 to 40 an/s of the surface layer.

As the tip of the salt wedge passes, the near bed current speed
increases rapidly to that of the upper layer and the ebb continues as one layer

with roughly parabolic current profiles and Increased velocity.

The hu-easé of current after the salt wedge retreats (to a speed
greater than that of the initial upper layer) is probably due to the surface water
slope increasing as the mud banks downstream drain. (Less water is trying to get
out of the estuary. There are no mud flats above Calstock so that the ratio of -
water volume above Calstock to that below Calstock changes when the mud flats
above Cargreen begin to dry).

About 20 to 40 minutes after the current speed and bed shear
maximum the SPM concentration reaches its maximum. After this both current
and concentration decrease slowly to approximately 20 em/s and 100 to 200 mg/I
respectively. The SPM concentrations here represent a ‘background’ of suspended

matter which is present in the fresher end of the estuary.

Note that the river water has become muddy in its journey from Weir
Head where it enters the estuary. Water at the very top of the estuary is clear
although the turbidity maximum reaches to within a quarter of a mile of Weir
Head, see axial profile at HW (Fig. X18 (a)). Fresh water flowing downstream

from the weir at LW erodes the bed and acquires the background suspension,

481.3 Comparisons.

Using the above model, features of each day may be c.ompared.

At spring tides the salt intrusion pushed further up the estuary and
bed salinities reached 17 %o compared with 14%o at neaps. This is expected with
the larger spring tidal range but will also be related to the freshwater input; the
second half of June was dry and the only rain during the experimental period was
on 5th July.

Larger tidal ranges produced greater current speeds on the flood, but
had no effect on the ebb, and with higher current speeds the SPM concentrations
increased (see Table 4.5).
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Table 4.5 Varlabliity of Turbldity Maximum.

EBB FLOOD
Date gmmzh;’ ‘ua U Salinity goncen;_r:ﬂ:\A U  Salinity
28 240 éo 0 41 0.5 520 10 360 47 07
29 250 s0 200 44 06 520 60 370 48 07
4 430 200 270 49 06 1000+ 1000 460 72 08
5 450 230 290 53 06 1000+ 950 330 77 09

[ Current speeds(cm~ss) and concentrations (mg-1) are the ebb or flood maximum;
salinities (9bo ) are for maximurm concentration. NB ZA and Zp reach thelr maxima
at different times.]

The major difference between the flood and ebb is brought about
because during the flood the velocity distribution is acting to. reduce stratification
whereas during the ebb the velocity distribution is acting to increase stratification.
(On the flood, bed friction acts on a longitudinal salinity gradient to create an
unstable salinity profile as more saline water is carried upstream faster near the
surface than near the bed. On the ebb the velocity profile acts to carry lower
salinity water downstream faster near the surface than near the bed, thus
creating stable stratification.) This gives a well mixed flood and a stratified ebb.
The ebb velocity time series are very similar in magnitude and form whereas the
flood velocities are influenced by the tidal range.
4B1.4 Fluxes.

Longitudinal fluxes of salt, SPM and heat (Fig. X13)} are readily
obtained from the profile data. Tidal average fluxes are not obtained as it is not
possible from the few days -of observation to reliably defire the start and end of
each tidal cycle. Null-velocity times are not a suitable reference point when tidal
ranges are varying and this is especially true when the processes under
investigation are due to tidal range dependent flux differences; A net upstream
flux of sediment is apparent during spring tides and this is due to the asymmetric
tides experienced at Calstock. The spring flood erodes material from the bed and
carries it upstream; no erosion, or little, occurs on the weaker ebb. Little of the
eroded material returns downstream.

The sizer data shows the spring turbidity maximum to be composed of
predominantly fine particles (however see comment on obscuration in 4A3.2)

Particles which have settling velocities of less than about 1 m in 8 hrs. (d~20um)
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will remain In suspension until the ebb carries them out again. The upstream SPM
flux indicates that a proportion of the eroded material must be settling out
upstream: either eroded particles are much larger than the sizer has recorded or

are flocculating further upstream.

Salt is pumped upstream as tidal ranges increase, and downstream as
ranges decrease. The upstream heat flux at springs and not at neaps is explained
by the fact that the mud flats were covered over midday at neaps while being
exposed over midday at springs. The temperature/salinity plots (Fig. X16) show
this occuring on July 4th which was fine while the mud banks were exposed. July
5th was cloudy and there was little temperature change on the flood.

4B2 Slze Distributions.
482.1 ZA and Zp. (Fig. X10)

As noted in 4A3.1 there is a difference in the behaviour of the largest
and smallest size bands. From the relative size plots (Fig. X7) it can be seen that
the distributions are roughly bimodal with the two peaks separated by bands 8 to
10; there are two populations - large particles with diameters greater than
approximately 50 ym, and small particles with diameters less than approximately
30 pum. Sternberg et al. [1988], using nephelometer profiles, similarly found that
particles of greater than about 10 pm diameter were likely to be flocs in San

Fransisco Bay.

The smaller sized population is dominated by the smallest sizer band
consisting of particles with diameters less than 5.8 um. Note that this smallest
size band might better be plotted in the histograms with a width of at least 5
bands if the same roughly logarithmic scale were used throughout, and that this
would considerably alter the appearance of the histograms. However particles
smaller than 5.8 pm will be primary particles and microflocs and their structure is
thought to be stable under the conditions we are investigating (the initial
flocculation processes, which form ‘t.he microflocs from freshwater input, occur at

the head of the estuary).

Particles of diameter less than approximately 50 um have settling
velocities of the order tenths of millimetres per second which enables them to

remain in suspension over periods greater than 6 hours, and which consequently
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remain suspended indefinitely as tides ebb and flow. Plotting the absolute weights
of Fig. XB as two populations, Zp=Z1..10 and ZA=Z11..16, shows the differing
behaviour of large and small particles (Fig. X10).

The larger bands are more closely linked to the mean current and -
Z11..16 correlates well with near bed velocities, except at spring flood, suggesting
that these large particles and flocs are being eroded from the bed rather than
aggregating whilst in suspension.

The smaller size bands Z1..10 have a maximum at the peak of the
spring flood whilst at the ebb these small particles form a broad maximum at the

upstream end of the turbidity maximum.

Based on this the two populations may be considered as: a permanently
suspended load, Zp (~Z1..10 consisting of primary particles and microflocs), and a
periodically resuspended load, ZA (~Z11..16 consisting of aggregates).

4B2.2 Behaviour of ZA and Zp.

The larger particles, ZA, follow the mean velocity at 50 cm above the
bed fairly closely at periods other than in the spring turbidity maximum (Fig. X15).
At current speeds above about 45 cm/s the numbers of large particles fall off
rapidly This suggests that flocs (and perhaps other large, low density materials)
are being easily resuspended by the action of the near bed shear, but that at
higher velocities these flocs are broken up on resuspension. Lavelle et al. [1984]
used similar observations of cohesive sediments resuspended at low shear

stresses to argue against the concept of a critcal erosion velocity.

The smaller particles, Zp, are almost entirely absent at neap tides, and
at spring tides are associated most obviously with the flood turbidity maximum;
this is. likely to be due to erosion deeper into a more consolidated bed during
periods of high current and/or breakup of larger resuspended particles. Based on
the near bed velocities during the turbidity maximum on the 4th and 5th July, a
critical erosion speed of about 50 cm/s is suggested (see Table 4.5) - in broad
agreement with other observers [Oduyemi 1986, Uncles and Stephens 19839]. On
the ebb these fine particles reach their highest concentration up to 2 hours fater
than the larger particles. Without knowing the longitudinal distribution of particle
sizes there are two obvious ‘explanations for these observations, one an advective

effect and the other local, and these are discussed below.
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4B2.3 Time Varlation of ZX.

Assuming erosion of fine particles on the flood, these remain in
suspension during the remainder of the flood and over the start of the ebb, but
the action of velocity shear will broaden out the longitudinal distribution. Larger
particles wifl settle out earlier, and not reach so far upstream. When the current
picks up again on the ébb (just after the retreat of the salt wedge) the large
particles will be resuspended and form the first section of the turbidity maximum;
the smaller particles having travelled further upstream, and not now being tied to
the current speed maximum, will return later as the later part of the ebb turbidity

maximum.

Alternatively, ignoring advective effects, the gradual increase of smaller
particles at the expense of the larger during the ebb could be due to the
turbulent disruption of flocs; this would apply also on the flood. Dissipation rate
data, however, does not support this second mechanism as the primary cause of
the observed variations. (See Fig. X11 where dissipations are plotted with dp,, -

defined in section 4C3).

A striking feature of the relative size distributions (Fig. X7} is the
smooth way in which they vary with time. The only exceptions to this are the
spring flood turbidity maxima - which pass in a relatively short time, and the

retreat of the salt wedge.

Overall the distributions change relatively slowly during the tidal cycle:

this suggests that typical distributions may be attached to periods of the flow.

In order to compare size data for different days, and to relate it to
hydrodynamic processes, periods during which the relative distributions varied little
were identified for each day and labelled by reference to the Idealised model of
section 4B1. The averaging periods used are shown in Table 4.6; note that during
‘max.ebb’ the smallest size band is increasing at the expense of the largest band.

The time averaged distributions are shown in Figs. X19 (a)-(d) and
their relation to the ‘model’ is shown in Fig. 4.2. There was only one observation
of a ‘last.ebb’ distribution as the rig was lifted just before low water for turning
and cleaning ready for deployment on the incoming tide.
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Fig. 4.2 Relation of Averaged Slizer Data to Average Tlde. This diagram indicates
the flow conditions (surface slope, current and water depth)
experienced during each of the sizer averaging periods. The diagram
may be interpreted as showing the variations in size distributions as
the salt intrusion and turbidity maximum are advected past the sizer
on the flood (bottom left ~ well mixed rapid flood), and ebb (top -
stratified followed by long ebb of low salinity water). Note that the
surface slope determines the current and that the position of the bed
is determined by the surface and the water depth - the bed slope is
not intended to indicate a longitudinal section of the river bed.

Table 4.6 Sizer Averaging Perlods.

June 28th June 20th July 4th  July Sth
Flirst Flood - - _1541-1620 1640-1700
™ Flood 1035-1140 11189-1220 1638 1719
Last Flood - 1401-1500 1822-1841 1947-1959
First Ebb 1520-1600 .1720-1800 1940-2020 -
SW Passes 1639-1720 1821 1019 0947-100
Max Ebb - - 1059-1201 1150-1320
T™ Ebb 1741-1800 1839-2039 1240-1320 1340-1359
Last Ebb - - 1340-1420 -
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B3 Averaged Size Distributions.
These descriptions apply to the time averaged histograms Fig. X19(a)-(d).

First Flood Fig. X19(a). The first of the flood occupies a period of
duration between 30 mins. (sp) and 90 mins. (np) immediately after low water
and before the passage of the turbidity maximum. Salinity is less than 2%eo . SPM
concentrations are 100 mg/| {(np) to 200 mg/l (sp) - ‘background’ levels. Currents
are low and increasing to between 20 and 30 cm/s. This water has recently been
flowing downstream and is ‘backing-up' ahead of the salt intrusion. Z is biased

towards the smallest band.

TM Flood Fig. X19(a). The passage of the turbidity maximum (a period
of about 30 mins. (sp) to 80 mins. (np)). Salinity is less than 2%o.
Concentrations are high and range from about 400 mg/l (np) to over 1000 mg/I
(sp). OBS (calibrated aginst the ‘Partech’ siltmeter at lower turbidities) give
concentrations to about 1600 mg/l at springs. Currents are high: 100 cm/s (sp)
and 60 cm/s (np). River water is being pushed upriver and is' resuspending
sediment. This distribution shows the greatest difference between springs "and
neaps. At neaps the distribution is biased towards the larger bands and there
appears to be a maximum diameter of about 400 um. At springs almost all the
particles are in the smallest band (<5.8 gm) and nothing larger than 150 gm
appears (but note remarks on obscuration iIn section 4A3.2.

Last Flood Fig. X19(b). The tail end of the flood, after the turbidity
maximum has passed. Salinity is about 10%o0 and increasing. The flow is beginning
to stratify. Concentrations are low 150-300 mg/i (sp}, 50 mg‘/l {np). Current
speeds are about 15-20 em/s. £ contains large flocs with max. diameter
exceeding 600 pum.

First Ebb Fig. X19(b). The surface ebb begins although salt water may
still be flooding near the bed. Maximum salinities are reached at the bed: 14%o0
(np) to 17%o (sp) with surface salinity about 2 to 3%o. less. Turbidity is fow
with concentrations largest nearer the surface: 20-100 mg/l. Currents are small,
either upatream or downstream. The size distribution is still biassed towards large

flocs. (The rig was out of the water here on the 5th)

- 86 -



Salt Wedae Passes Fig. X19(c). This period lasts from 30 minutes to
an hour (and lasts longest at springs) during which the water is stratified and the
the tip of the salt intrusion retreats downstream. The salinity at the end of this
period is about 7 %o . Concentrations are about 50 mg/l and OBS records show
fluctuations over timescales of seconds. Current speeds increase to approxirﬁately-
20 cm/s. At least 50% of the particle volume Is of greater diameter than 260
um. and there is very little less of than 100 pm. In the time series of sizer data
(Fig. X7) this period stands out from those before and after due to the rapid
changes in distribution.

Max. Ebb. Fig. X19(d) (NB Fig. out of sequence). The period of
maximum ebb current speed. This section is only discernible during springs and is
marked by a steadily increasing proportion of particles in the smallest: band.
Salinity is low at 2 to 3%eo. Turbidity is high: 300-400 mg/i, and current speeds
reach their ebb maximum of 60 cm/s. Floc sizes are reduced and a maximum
diameter of around 300 pm is indicated.

TM Ebb. Fig. X19(c) (NB Fig. out of sequence). The turbidity maximum
passes downriver. Salinity drops below 2%o. Concentrations are about 400 mg/|
{sp) and 200 mg/l (np). Currents are falling slowly from 60 cm/s at springs and
40 cm/s at neaps. Distributions are similar to ‘'max.ebb’ with somewhat higher
percentages of smallest particles at spring tides; there is a continuous variation

from ‘'max.ebb’ to "TM.ebb’ at springs.

Last Ebb. Fig. X19(d). River water continues to flow downstream.

Profiles show the flow to be about 20 cm/s and moderately turbid at about 200

mg/l. {The rig was raised during this period for turning ready for the flood).
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Part 4C Interpretation.

This section attempts to describe the observed features of the data in
terms of the processes thought to be occuring in the estuary. Many of the
features are expected, on the basis of previous work, to be related to the
spring/neap cycle [Bale et al. 1985; Uncles and Stephens, 1989]. it must be
stressed that this experiment covers just four tidal cycles during one period of a
fortnight in the summer of 1989.

4C1 FLOOD Formation of turbidity maximum.

4C1.1 Resuspension.

prinnr= particles
upriver

carrie

- SRR -1} WEPTY S Wy el R . 4
AR ¢ '_-:-_-p‘;f-'.‘_:__g'-:-‘ = AN LI =0
'.' . . : C-.-"_-..“ *» - '. & p‘q:’-
sasanasan g ar..:.a 4 ." : ‘.‘"b"“ ’r‘.‘ﬁ"’-:'.’-'.:'.'n ::ﬂ.’l:‘.’-’-?’.";:‘.‘-’.’.‘f-",
NTRERERE ’Mﬂaﬁi ‘3 MM:&.» w:'..w.‘az NESERPRENTR P
flocs nrlnlrg aggregates
settle particles resuspended
eroded

flocs disrupted?

Fig. 4.3 Formation of turbidity maximum.

Suppose that the bed of the river is lined with two types of mud -
large flocs (pA) which settled out only recently and have not become consolidated
into the bed, and the bed itself consisting of consolidated mud which becomes
stronger and less erodible with depth. Fig. X15 indicates a critical erosion velocity
for large particles of between 20 and 30 cm/s. Recently settled aggregates are
expected to have a range of (low) critical erosion stresses.

Applying the observed tidal currents to the bed would result in a pulse
of ~all the available large particles being resuspended beneath the region of
maximum current and settling out .when the current slackened. This pulse would
continue up the river on the flood with flocs being resuspended at the upriver end

and flocs settling out at the rear. -

During the spring flood, when near bed current speeds exceed the
critical erosion velocity (~50 ecm/s), smaller particles (p) would be eroded from

the bed and remain suspended after the passage of the current maximum.
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On the ebb the flocs will be resuspended just after the salt wedge
retreats and carried out at the rear as the current maximum reached ahead of

the incoming flow.
4C12 Settling.

The profiles show stratification of the suspended solids as the currents
slacken in the rear of the spring flood and particles begin settling out (see 4B1.1);
the sizer shows that these are large particles and that the small particles have all
been advected upstream, (or removed by flocculation). Plotting the percentage of
large particles, ZA, against dissipation, €0, failed to show any obvious limitation of
floc size by turbulence (Fig. X17b).

These processes would result in a long turbidity maximum with a bias
towards smaller particles at its upstream end and more flocs at the downstream
end. This does not explain the distribution at the spring turbidity maximum (entirely
in the less than 5.8 um band) nor the floc dominated distribution as the salt

wedge recedes.

Turbulent dissipation rates in the maximum currents of the flood at
springs are high and this may cause the breakup of large particles here. However
measured dissipations are not higher than at other times when flocs are present
so this cannot be the full explanation. The obscuration measured by the sizer at
these periods is very high and the complete lack of larger sized particles is
somewhat suspect.
4C2 EBB Salt Wedge.
4C2.1 Salt Wedge.

The passing downstream of the tip of the salt wedge is one of the
major features of the data and appears to sharpen the downstream edge of the
turbidity maximum by accentuating the effect of differing particle settiing velocities.

Several features of the salt wedge show up in this data. From the
contour plots (Figs. X12} it can be seen that there is a period of 2 to 3 hours
during which the lower layer of saltier water is stationary or moving very slowly
up- or down- stream. The thickness of the salt wedge reduces over the first half

of the ebb and eventually becomes zero.
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The presence of the tip of the salt wedge near the rig has a
characteristic effect upon each set of measurements. The sizer data (Fig. X7)
shows an increasing percentage of large particles followed by an abrupt change to
a more evenly spread distribution. The turbulence data records (Fig. X4) show a
peak in dissipation rates followed by a Wli. The time of passing of the salt wedge
can be found sepa.ratel_lv from each of the data sets and the coincidence of all
three times Indicates a common cause. The times of occurence of these features

on each day are presented in Table 4.7.

Table 4.7 TNime of passing of salt/fresh Interface.

HwW Proflles Dissipations Sizer
Date Calstock - S$=6%o Peak Dip From To
28 1340 1720 1720 w30 1640 - 1720
29 1500 1820 1815 1825 ' 1820
0840 1020 1030 1040 0800 - 1020
5 0940 1050 1100 n20 0950 - 1100

Partch and Smith [1978] have observed somewhat similar abrupt onset
of turbulence in the Duwamish Waterway on the ebb, when an internal hydraulic
jump was thought to be the cause of intense mixing. Our results indicate that the
turbulence peaks observed at Calstock are associated with the tip of the salt
wedge. In our case there is also evidence of velocity shear within the interface
which was not present in the Duwamish results. Mixing due to the breaking of
internal waves has however been observed lower In the Tamar estuary at

Cargreen [Sturley 19891].
4C2.2 Lowering of Interface.

The salinity difference across the interface averaged about 6%o but
reached 10%eo0 at 2 hours after HW on the 28th and .29th of June; this gave a
density difference of between 5 and 8 mg/l. The thickness of the interface goes
from 1.5 m soon after high water to 2.5 m as the bottom of the interface
reaches the bed. The interface thickens with time and drops at a rate of about
1.5 m/hr.

Two processes could be reducing the height of the lower layer: the
body of the salt wedge might be advecting slowly downriver and decreasing in

thickness near to the tip, or the surface layer might be entraining water from the
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top of the salt wedge. The latter possibility is investigated in the following section,
followed by consideration of the effects of the advection of the salt wedge.

4C2.3 Entralnment Rate.

If the height of the interface is given by 2(x,t} then the longitudinal

slope is dn/dx and the rate of entrainment {rate at which height of interface is "

reduced due to entrainment) is d7/0t. If the salt wedge is bodily retreating with
speed v then the rate at which the height of the interface changes is

Aadn = netun, (4.0)

In time At: Amomentum=pUAn
In sheaar layer ocupkUsb

Fig. 4.4 Definltion of varlables for sectlon 4C2.3. Densities of upper and lower
layers are p. and p. respectively. Interface thickness is 3. Shear
stress In interface is 6. Kinematic vertical eddy viscosity is K.

Considering the forces acting on a column of water and starting at the

bed we observe that:

(i} There is no current near the bed, and consequently no shear nor shear
stress. The absence of a bed shear stress must be balanced by an absence of
pressure gradient at the bed. Sin;e the lower layer is homogeneous the pressure
gradient produced because of the interfacial slope ‘must be balanced by an
opposing surface slope. (A reversed longitudinal salinity gradient In either layer is

not observed.)

(i) The surface slope of(x,tl/ox drives a flow in the upper layer which is
limited by the friction (or wavemaking- or entrainment) at the interface. With a
steady flow in the upper layer the pressure gradient at the height of the interface

is balanced by the interfacial shear stress.
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Considering the lower layer, a balance must be made between the
pressure gradients due to the slopes of the surface and interface. Thus
Pully + PAELn,) =0 and so 7,7 ~{p-/Ap)f,. substiiting Ap~v0.005 and
p~1.002 gives an interfacial slope 7,~ -200f , .

The rate of supply of momentum to the saltier water Is readily
obtained as the mass of water which is entrained and accelerated to the speed of
the upper layer, viz. pUn . per unit (horizontal) area and time. This is effected by
the working of the shear stress o, which may be written o=pKU/4z, where K is
the kinematic vertical eddy viscosity, and Az the interface thickness, so that
K=n.4z. Substituting the observed values 47150 com, At=3600 s, 4z=150 cm
gives an estimate of K6 [ecm2/s], (or in Sl units K& 6x1074 m2/s) This value is
comparable to those of between 0.5 and 6 cm2/s cbserved during mixing by
Partch and Smith [1978] in the Duwamish Waterway, Seattle and 2 to 10 cm?/s
by Oduyemi [1986] In the Tamar.

Balancing the vertical gradient of shear stress in the upper layer
against the surface slope pressure gradient gives pgf , = pUn/Az. Substituting
U=40cm and the above values gives £ ,~ 1.1x10"5 a not unreasonable surface
slope. The interfacial slope is now 7 ,~& 2.2x1073, which would put the furthest
upstream reach of the tip of the salt wedge about 2 kilometres upstream from

the barges (assuming a HW depth of 5 m).

The alternative to entrainment of the lower layer as the reason for
decreasing salinity is advection. If the salt wedge is now assumed to be advecting
bodily downstream with speed u the siope of the interface may be found; with
u=5 cm/s (an absolute maximum limit on the currents which might have been
recorded as zero) the slope Is 7 ,~1/100. Smaller advection speeds will give a
steeper slope. Since we assume no mixing, conservation of-mass requires the
river to double its breadth over the distance in which the depth of the upper layer
halves, this distance is (less than) 1500 m. There is no widening at Calstock seo
that entrainment must be the cause of the apparent motion of the salt interface.
in the above analysis a (small) velocity in the lower layer affects dn/dt only in the
term won/ox~0.01 [em/s); this leaves the shear stress estimate unaffected.

The lowering of the interface is thus due to entrainment and is not an

advective effect.
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4C2.4 Mixing and Turbulence.

The turbulence in the lower layer Is low, but increases towards the
interface. At the interface the ‘dissipations’ are high and then drop as the current
speed increases. The wave number turbulent velocity spectra show a change at .
this time becoming closer to the -5/3 inertial range spectrum, having been ﬂatter.
earlier. The earlier rise in ‘dissipation’ may therefore not be due to Inertial range
turbulence but to internal wave or mixing activity. In any case the turbulence is
not expected to be isotropic In the region of large salinity and current gradients.

The period during which the rig sensors are within the entrainment

layer Is revealed by the various instruments as follows:

(8) the temperature time series becomes very noticeably more variable over
the period of passage of the interface.

(C) the concentrations rise rapidly in the fresher, faster water and in thé
time series this can be seen to occur over less than half a minute, preceeded by
a smooth rise in concentrations over two or three minutes. In each case the
concentrations change character with current speed of close to 30 ocm/s and
coincide with the peak in the dissipation rate (see Fig. X4).

(S) the time at which the salinity decreases most rapidly coincides each day

with this onset of increased concentration variance.

The peak in turbulent dissipation occurs in the middle of the period of
rapidly increasing current at the rig and corresponds to the middle of the
interface where the shear is greatest (Fig. X4 for 28/1720, 29/1815, 4/1030,
5/1100). The peak thus reflects the increased production of turbulence in the
shear zone. See also Fig. 4.5 which shows how the stability of the lower 50 cm

layer varies as the tip of the salt wedge is eroded.

At the time of the peak in dissipation, there will be approximately 50
em of shear layer still above the current meters; this will be eroded away in
approximately twenty minutes (the peak is roughly 20-30 mins wide). The tip of
the interface meanwhile is somewhat less than 100 m (3 ,~2x107? from previous
section) upstream and water passes the tip (and is lifted off the bed) three to

four minutes before passing the rig.
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Fig. 4.5 Salinity and velocity at rig during flnal erosion of stratification. The layer
below the level of the EM current meters is most unstable near the
centre of the interface.

The turbulence becomes quiet, after the peak, for about 20 to 30
minutes and then begins to rise again. This is accompanied by a gentle rise in
concentrations. The argument that the peak in estimated dissipation rate is due to
internal wave activity contradicts the evidence that turbulent mixing is occuring,
although it has been suggested that breaking internal waves may be responsible.
Another possibility is that large suspended solids concentrations are damping the
turbulence near the bed; neither the profiles nor the OBS concentrations support
this however. The dip starts as the very last of the stratification disappears and
it may be that the rig is now leaving the region of higher shear in which salt
water Is accelerated. Mean currents increase' gradually after this -and could

account for the later, less accentuated dissipation increases.

Consideration of the sources of turbulent energy and of stratification
suggest the following explanation for the ‘observed dissipation rate time series.
Dissipation rates are low in the stationary Ia;er and high in the fresher water
above the salt tip, where bed friction is producing turbulence. Turbulence is
suppressed beneath and above the interface by stratification, but production is
occurring In the central region of the_interface (see Fig. 4.5). Turbulence during
the period Immediately after the passing of the tip, when the EM current meters
are in the surface layer, Is reduced because the surface layer is isolated from the

bed by the remains of the salt tip.

- 94 -



4C2.5 Sizer Data in Salt Wedge.

The particle size distributions over the period labelled °Salt Wedge
Passes' are different in character from the periods either before or after, being
highly skewed towards the two size bands of particles larger than 160 pm in .
diameter, and with very little In the smaller sizes. The SPM concentrations are
low, between 30 and 50 mg/l, and have been increasing slowly since HW.

Concentrations near in the surface layer are about 20 mg/| higher.

The settling velocity of a 200 ym floc is 0.46 mm/s (see Table 2.2} or
185 cm/hr, and the speed at which the top of the salt wedge is eroded is
between 150 and 200 ecm/hr so that only the larger flocs are ‘out-settling’ the
mixing layer; those particles that are overtaken by the mixing layer are swept
downstream, while remaining in the fresher water, or aggregate to form larger
flocs which settle out of the mixing layer and reach the bed within the salt
wedge. Consideration of the paths taken by variously sized tracer particles
starting at various heights and times is used in the following section to show how
the size distributions become increasingly skewed to larger sizes as the tip of the

salt wedge approaches.
4C2.6 Modelllng of Particle Settling durlng Stratification.

A straightforward computer mode! of a (laminar) two layer flow with a
linear velocity gradient over the interface, with a constant entrainment rate and
interfacial slope, provides qualitative confirmation of the different transport

characteristics of small and large particles through the region of stratification.

A model of the observed stratified flow was set up having a stationary
lower layer and an upper layer having a constant speed of 40 cm/s (1440 m/hr).
The interface between the two layers had slope 2.2x1073 and thickness 1.5 m. The
velocity profile was linear over the thickness of the Interface and the interface
was lowered at the rate of 1.5 m/hr. The model is started with the salt tip well
upstream of the origin so that Initlally there is still water above x=0. Five
particles, with diameters 50 gm, 100 pm, 200 ym, 500 pm and 1 mm, were
released at time zero from each grid point (see Fig. X20) and tracked as they
settled (with their respective settling velocities obtained from Table 2.2} through

the flow. The flow was updated at intervals of three minutes and tracking of each
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particle continued for three hours, or until the particle reached the bed or passed
downstream of x=0. The particle tracks are presented in Fig. X20 where, in order
to preserve clarity, horizontal and vertical track scales are reduced by a factor of

ten.

Fig. X20 clearly shows how smaller particles are carried by the
surface layer while largér particles quickly settle out. Initially particles of all sizes
are reaching the bed near the origin, however as the swiftly moving upper layer
flow begins to appear above the origin the lighter particles nearer the surface are
swept downstream - the particle size distribution near the bed loses some of the
smallest particles. As the upper layer thickens, more of the sr'-nal'lest particles are
removed downstream and some of the larger particles, which were released near
the surface, are also removed - the size distribution near the bed becomes still
more biassed towards the larger sizes. When the lower layer is almost completely
removed only the largest particles are reaching the bed.

This model illustrates the likely mechanism for the production of the
characteristic particle size distributions observed during the period leading up to,
and including, the period ‘Salt Wedge Passes’. It should be noted that this
description depends on the observation that the fresher water of the upper layer
has less weight in the larger size bands. Future versions of this model should
include size distribution data at each grid point and should also derive explicitly the
size distribution at the origin at successive times; this requires rather more

sophisticated programming however.

4C2.7 Posslble Spring/Neap Varlation.

The distributions ‘Max.Ebb’ and 'TM.Ebb’ are also skewed to the larger
sizes so that flocs in the overriding fresher water will also add to the count of
large particles arriving at the rig, as will any ﬂ'occulation occuring in the mixing
zone; the increasing absolute concentration of flocs over this period suggests that
at least one of these processes is occurring. The lower cut-off of sizes reaching
the bed should depend on the rate at which the interface is dropping; it can be
seen from the sizer data that there is a cut-off but with just four observations it

is not possible to test this.
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4C2.8 Overall Effect of Salt Wedge.

Once the flocs have reached the bed they lie undisturbed under still
water until the tip of the salt wedge reaches them, when the current increases
rapidly and the flocs are resuspended, and possibly broken up. The particles, both
large and small, that were within the salt wedge are now all in suspension in the

lower end of the turbidfty maximum.

This sweeping up of smaller particles by the mixing layer means that
large flocs travel downstream more slowly than smaller particles: a floc and
primary particle together at the surface at HW will be separated by a distance of
at least h/n, (82 km) by the time that the floc is resuspended. The smaller
particle and the water surrounding it will be mixed on the flood with more saline
water; in effect the smaller particle is escaping to seaward (this has implications
for the maintenance of the turbidity maximum during neap tides}. The floc on the
other hand has passed into less saline water and on the flood might expect to be
resuspended into water of approximately its original salinity. In any case its
downstream excursion has been limited, tending to keep it near the downstream
end of the turbidity maximum,

As the turbidity maximum is advected past on the ebb it can be seen
that the lower end is dominated by a maximum in the concentration of larger

particles.
4C3 Turbulence and Particle Slzes.

The processes described above provfde qualitative explanation of the
observed particle size distributions. A strong dependence of suspended particle
characteristics on the spring/neap cycle is shown which is linked with the greater
mean bed shears experienced during spring tides. Turbulent dissipation rates are
expected to be linked with mean flow rates an& maximum dissipation rates occur
on the spring floods. However the observed dissipation data is much more variable
than the sizer data or the mean flow data.

During the ebb, particle sizes are mainly large and not dependent on
dissipations to any noticeable degree. On the flood, when stratification and
longitudinal effects are less Important because of the rapid mixing, there Is a

more noticeable tendency for smaller flocs to be associated with large dissipations.
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The theoretical relation (Eqn. 2.20) relates d,ax to the turbulent
dissipation rate. In order to test this relationship an estimate of d,,,. is needed
for the sizer data. The procedure used was to fit a line to the upper end of the
cumulative percentage size distribution, and then quote d..,, as the diameter at .
which this line intercepted a given percentile, usually 95%. The 1th to 15th terms’
of the cumulative distribution were used and the line fitted by least squares
regression (percentage on band number). The band number for which the given
percentilie was cut was converted to diameter as dp,; = 10223761 which
ensures a moderately good assignment of band numbers to band upper limit .
diameters. Time series of d..,, values are presented in Fig. X1 along -with
dissipations.

In order to investigate the effect of the dissipation rate, g on the
maximum floc size, d,,,x. a power law dependence of d,,,, on the parameters C,
U, 5, and ¢ was tested. Multi-linear least squares regression of 10g,5(dpax) ON
l0g,0{C), log,plU ), log,,{S) and log,,{e) was performed on two subsets of the
data; one from the freshwater flow over LW, and the other from the more saline
water around HW. The correlation coefficients (A?), obtained by omitting each of
the parameters in trn from the regression, are shown in Table 4.8. The R? value
using all four components is shown under ‘¢’. It can be seen that the inclusion of

a relationship of the form d,,,,~Ae~Y makes the least contribution to A=,

Table 4.8 Linear regression for dp,ay -

Correlations (R? as %) obtalned from Inear fit using C U S s and omitting -
o C U S 8

—

{file SW\e) S2 6% 617 60.5 537 574 616
tfile FW\e) S5 2%0 474 338 439 469 474

For S26 /00  Oona/650= (C/66) °'x (U/3.57°2 x (S/1.0F*° x (e/1.1)°°
For 5£2%0  dy,ax/213= (C/3607 "*x (U/3.5T7°% x (S/0.4T7°% x (£/19)°°

Correlations (R? as %) obtalned from linear fits using -

SW_ SWas EW__ FWha
vartables cus 58.7 61.6 37.7 471
used In cu 574 557 377 46.8
r ression
s C 548 51.8 347 434

SW - file containing data with S26%60 from all four days. SW\s - as SW and
with reliable e. FW - all data with S£2%b0. FW™a - as FW and with reliable .
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In the fresher water C and U are seen to be the most important
factors in determining floc size. In the more saline water U and S are the most
Important factors. It must be remembered that C and U are related through
erosion and that the turbidity maximum is present In low salinity water, while the
saltier water contains less suspended sediment. The power laws obtained -from
this analysis are thus (mlikely to be very realistic but do serve to show that the

laboratory floc-size/turbulence relationship is masked (or invalid) in the estuary,

These results are inconclusive as to whether a relation of the form
Omax™~Ae™Y exists and the value of y if it does. It seems likely that, while
theoretical relation may contro! individual floc breakages, the number and strength
of the flocs which are in suspension at any time are controlled by the 'bulk’
parameters of mean speed and salinity.

4C4 Processes during tidal cycle.

At Calstock at LW the river is shallow and freshwater is flowing
downstream carrying moderate concentrations of suspended matter in the form of
primary particles and microflocs: the remains of the upstream end of the turbidity
maximum. Measured dissipation values are not high, but the method of estimating
dissipation Is not really satisfactory in shallow water as isotropy cannot be
assumed and the energy containing eddies will occur at too high frequencies. This
water is the smeared out end of the turbidity maximum. The turbidity maximum
reaches almost to Weir Head at HW, this water will be pushed back up on the
flood.

LW occurs at Calstock 45 minutes later than at Devonport; and when
the water starts to rise at Calstock it consists of muddy fresh water that has
recently been flowing downstream. The particle distribution (unsurprisingly) still
consists of small particles. ' '

The flood current rapidly increases, although because of the backing -up
effect, the salinity is still low. The high bed shears erode loosely bound material,
and at springs erode small particles which had been consolidated into the bed
since earlier spring tides. The formation of the spring turbidity maximum is an
active event, with erosion of the bed occuring when the current at a height of 50

cm exceeds about 45 to 50 cm/s, a sharp pulse of small particles is produced
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which is advected upstream and augmented as the bed continues to be eroded.
The neap turbidity maximum is formed of larger particles which are resuspended
on each flood and ebb.

There is a need to explain why the larger particles remain in suspension
in the rear of the turbidity maximum after the fine particles have gone. Turbulent
disruption may be res.ponsible for breaking up the loosely consolidated large
aggregates that settled during the ebb, and which now re-aggregate; this is what
the sizer data appears to show, although the large obscurations experienced in
the turbidity maximum make this slightly suspect. Dissipations reach their
maximum values here but more observations are needed to show whether this
occurs in general during the turbidity maximum. The larger particles may get left
behind by the turbidity maximum because they settle more rapidly into the lower
velocities nearer the bed, or it may be that flocculation is taking place in the
reduced turbulence after the current maximum (again there are not encugh tidal

cycles to investigate this further).

After the turbidity maximum has passed, the mean currents gradually
decrease while welFmixed, increasingly saline water pushes up river. This water
has larger concentrations nearer the bed and the distributions are skewed towards
the larger sizes. With time a decreasing proportion of the decreasing sediment
load is in large particles and this points to settling as being the main process
occuring over this period. The content of largest particles does not decrease to
zero in the salt water though, and this may be due to the presence of low density
biological debris (such particles will be escaping to sea in much the same manner

as the finest particles).

As HW is reached, stratification begins to take place with a low speed,
less salty ebb beginning at the ‘'surface %ile the ﬂ;:w lower down is almost
stationary. The fresher surface water erodes the salt intrusion away for the next
three hours. The size distribution at HW may be considered the background size
distribution for salt water: particles having been settling out over the last two to
three hours. The salt/fresh Interface”increasingly restricts the supply of smaller
particles reaching the rig as described above, and when the interface is at the

level of the rig only the largest particles are reaching the sizer.
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The tip of the salt intrusion is now downstream from the rig and the
current increases rapidly to its ebb maximum; concentrations rise In the fresher
water with the particles being of the larger sizes. These are particles which
reached the bed since the last flood maximum; the ‘cleaning’ effect of the
entrainment layer has preferentially allowed the larger particles to reach the bed.-l
Sanford et al. [1991] suggest a similar erosion process occurring in Chesapeake
Bay and refer to the coating of ‘estuarine dust’ or fluff on the bed which is
easily eroded. As the ebb continues the currents do not increase and there is no
further erosion of small particles from the bed. At springs th-e remains of the
(Zp) turbidity maximum advect past the rig having been diffused by the vertical
current shears further up the river (that is, in the 8 km to Weir Head) and some
of the material having settled out (possibly after being incorporated Into
aggregates).

During the last of the ebb, moderately high concentrations exist in water
that has formed the top end of the turbidity maximum where mixing with the river
input occurs. There appears to be a background of larger particles which is
augmented by smaller particles at springs, but the sizer data stops here at neaps
so it is not possible to be certain. This region is important for the production of
microflocs aithough water depths are too low for the experimental set-up used; at
high water the upstream region of the turbidity maximum could be studied nearer
to Weir Head. It is also possible that erosion Is taking place in the shallow fresh
water flow; again with low water levels the profiling scheme is not accurate
enough to provide reliable SPM flux data for this period - in particular we have no
cross-sectional area information. -
4CS5 Comparisons with other Indicators of Particle Size Distribution.

The particles considered in the previous sections have been formed of
flocculated clay sediments and the settling and breakup properties based on that
structure. However other particles are present in the estuary having differing
sizes and densities such as bacteria and vegetable detritus (indicated by the

presence of lignin).
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Owens [1986] made a study of the axial distribution of nitrification and
NH,-oxidising bacteria in the Tamar and found that both maxima of nitrification
and of bacteria coincided closely with the turbidity maximum. (The survey was
'repeated during May, June, July and August 1982; samples were taken by pumping
from 0.5m below the surface). It was suggested that bacteria were attached to -
the periodically resuspended’ particles which formed the turbidity maximum. The
trapping of particles in the turbidity maximum increased the residence time of the
particles so that the population of slow-growing nitrifying bacteria could develop,
and the peric.adic resuspension ensured an adequate supply of growth substrates.

Plummer, Owens and Herbert [1987] in a similar study in the Tamar
partitioned the bacteria amongst ‘free-living bacteria’, bacteria attached to
permanently suspended particles’ and bacteria attached to periodically resuspended

particles’.

The assignment of the terms ‘permanently suspended’ and periodically
resuspended’ was based on settling rates, with permanent’ suspension referring
to particles which remained suspended in the collecting container for over twelve
hours after agitation. The terms seem likely to be misapplied in view of the high
probability of floc breakage during sampling and analysis, but results are still
indicative of increased microbial activity within the turbidity maximum.

The maximum bacterial activity was found to be associated with the
permanently suspended ' fraction. The turbidity at springs was due mainly to
resuspended * particles, with the permanently suspended’ particle concentration
being relatively unaffected over a period of 14 days. The permanently suspended’
particles were found to be larger than the 'resuspended’ particles and had
diameters in the range 10 to 60 um. The small diameters of these particles,
measured In the laboratory, suggest that larger’ sized’ﬂocs may well have been
disrupted. It is interesting to note that Cloern [1991) found the blooming of
phytoplankton in south San Fransisco Bay to be strongly dependent on tidal range,
with biomass Increasing during neap tides and decreasing at springs. Also, Logan
and Hunt [1987] found the flocculation of microbes to form permeable aggregates
to be to their advantage, by increasing the net flow of water, and nutrients, past
individuals.
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Reeves and Preston [1991] made axial profiles of the Tamar and
measurements at Halton Quay of the amounts of lignin present. Samples were
pumped from three depths at Halton Quay, and from 0.5 m below surface during
axial profiles; suspended particles were partitioned as by Plummer et al. [19871.
The axial profile, taken during a spring tide, shows that the turbidity ma.xi-mum'
consists mainly of 'resbspended particles. Lignin was more concentrated in the
permanently suspended’ particles and was thought to be the reason for their
buoyancy. The resuspended’ particles had an almost constant composition (based
on carbon and lignin concentrations) reflecting their fong resiaence time in the
turbidity maximum. The permanently suspended’ fraction was more variable, varying
by a factor of three over a tidal cycle, indicating a rapid change in the
composition of the organic fraction possibly due to microblal activity. Axial profiles
show the bulk of the lignin present in the turbidity maximum to be associated with
'resuspended’ particles - although containing less lignin they are resuspended in
large quantities during spring tides - the small amount of lignin in the turbidity
maximum due to permanently suspended’ particles was thought to originate in land

runoff.

These results are summarised in Table 4.9.

Table 4.9 Biological aspects

S S Bacterlal I

Permanently relatively 10 to high high & varies over
Suspended unaffected 60 pm . tidal cycle
Perlodicall form smaller low low & constant (but
Resus ed Sp. T™™M : most of TM lignin)

It can be seen that there must be other processes occuring since the
permanently suspended’ particles will be those escaping to seaward fastest; there
must be a continual flux of resuspended sediment becoming jpermanently’
suspended or the sampling proc.ess misleadingly produces the permanently
suspended’ fraction by breaking up periodically resuspended aggregates into
buoyant and non-buoyant parts. Note t;'nat the influx of sediment over Weir Head

is not large enough to account for this [Bale et al. 1985].
The effects on the two types of particle, Zp and ZA, of the salt

intrusion and turbidity maximum are summarised in Fig. 4.6.
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Fig. 4.6 Overall effect of salt Intrusion In upper estuary. The large prism
represents the action of the salt intrusion in retaining aggregates (pA)
further upstream than primary particles (p). During spring tides the
bed is eroded to form the turbidity maximum (peaked shape) from
primary particles. These particles are advected upstream where they
either flocculate and settlie as aggregates (pA), or remain
un-flocculated, (p) to pass downstream. The remnant of the turbidity
maximum (humped shape) consisting of aggregates is advected
downstream. Aggregates resuspended by the ebb current maximum are
retained in low salinity water by the action of the salt wedge. On neap
tides the turbidity maximum is formed of aggregates which are
resuspended at low current speeds. The position of the ‘hump’ (pA)
downstream from the ‘peak’ (p) reflects the interpretation of the neap
turbidity maximum as the remnant of the spring event and hence
residing in more saline water.
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CHAPTER FIVE CONCLUSIONS

A survey of floc size distribution variations over the tidal cycle has
been made for a station in the Tamar estuary which lies within the excursion of
the turbidity maximum and salt intrusion. The observed variations have ‘been -
related to specific periods of the tidal cycle and described in terms of measured
flow properties on the assumption that suspended particles may be partitioned into
two populations with different settling and resuspension properties.

This work has highlighted the need to consider estuarine flocculation
processes as inseparable from the tidal variations in flow. Flocculation processés
are essentially Lagrangian while the flow is largely determined by the geometry of
the estuary so that there is a complex interplay of resuspension, flocculation and

sedimentation varying over the whole tidal cycle.

Flocculation Processes

Floc size distributions vary appreciably in the observed range (6 ym to
500 um) during the tidal cycle, with periods when the distribution mode appears
to be smaller than 6 um (during the spring flood turbidity maximum) or larger
than 500 pum (during the first part of the ebb). Variations occur over timescales
of the order one hour except that there is a rapid change over the transition

from salt to fresh water on the ebb.

There are periods of up to an hour during which the size distributions
vary little or slowly; averaging of distributions over these periods allows portions
of each tidal cycle to be characterised according to the particle sizes. By
considering the common features of the tidal flow on each day, in particular the
salinity structure, it is possible to compare size distribitions obtained on different
days.

The most distinctive feature of the size distribution time series is the
passing of the tip of the salt wedge downstream past the station. From a
consideration of the flow as measured it is found that turbulent entrainment of
the salt intrusion by the surface layer is responsible for the downstream
movement of the salt tip during the ebb. Turbulence data supports this
interpretation. The generation of turbulence is damped by stratification below and
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above the interface but is increased in the interfacial mixing layer. The observed
changes In the size distribution during the first part of the ebb are explained by
noting that the entrainment rate exceeds the settling velocity of the smaller
particles; thus the smaller particles are selectively removed before reaching the

bed, or the rig, in the region beneath the salt wedge.

Averaged distributions can be identified with specific periods of the
tidal cycle; variability between observations on different days can be attributed
mainly to the spring/neap cycle, with particle size modes being reduced during
spring tides. The flood turbidity maximum distribution is most responsive to the
spring/neap cycle while distributions at other stages of the tidal cycle vary
remarkably little over the period of observation (two spring and two neap tidal
cycles).

Consideration of settling velocities suggests differing behaviour of
particles smaller than about 50 gym in diameter and those larger; the smaller
particles are likely to remain in suspension over several tidal cycles. Observations
confirm that a diameter of 50 um divides two floc populations with different

concentration variations over the tidal cycle.

The variations in each population may be explained on the assurmption
that the smaller fraction consists of primary particles - clay particles, microflocs
- which are eroded from the consolidated bed during periods of high bed shear
stress; the larger particles are assumed to be flocs of low effective density,
possibly colonised by bacteria and incorporating detrital matter, which are readily
resuspended on each flood and ebb.

Small particles are Introduced into the turbidity maximum on the spring
flood by erosion from the bed: a critical erosion velocity of 50 cm/s is indicated
by the (limited) data shown here. -

The turbidity maximum advects up and down the river, being diffused
by the action of the velocity shear and deposition, and reinforced by subsequent
erolsion. Small particles may be removed from the turbidity maximum by
aggregating and settling out or by esc-aping to seaward, assisted by the action of
the salt wedge.
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From longitudinal suspended solids fluxes it can be seen that the
upriver pumping of sediment occurs predominantly at spring tides and is due to
erosion of mudbeds seaward of the station followed by advection upstream as
small particles. Some of the small particles return downstream on the ebb but the
majority are retained upriver. These are presumed to settle out after being ‘swept -
up’ by the larger flocs during the quieter conditions at HW. There Is, however, no

direct evidence for this.

The neap. turbidity maximum consists entirely 6f large particles and
aggregates which are eroded on each flood, settle out as currents decrease and
which are resuspended in the turbulent flow following the erosion of the salt tip
downstream. The action of the ebb stratification is to keep these large flocs
within the low salinity waters: once incorporated into the turbidity maximum large

flocs tend to remain just upstream of the salt intrusion.

The main features of the observed floc size distributions can be
explained without reference to floc breakup mechanisms (except that they are
involved in eroding small particles from the consolidated bed), although aggregation
must be assumed to occur near the head of the estuary. Large particles are
present on the ebb at both spring and neap tides. Maximum particle sizes (dpax)
show a decrease with increased dissipation on the flood, though it cannot be

shown that turbulent disruption of flocs is responsible.

Evaluation of Experimental Work

Laser particle-sizing at intervals of 20 minutes is suitable to provide
information on the time variations -of the floc size distribution. The lens system
used is adequate for concentrations up to BOO mg/l, above which the high

obscuration affects the detection of larger sizes.

Profiling with the sizer was not carried out In the present series of
measurements but can be expected to provide wuseful information during
stratification and during the passage of the turbidity maximum, and should be tried
in future field work.
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Electromagnetic current meters provide usable turbulence data although
electronic and fouling problems reduced their usefulness at times: the sampling
rate was ideal for ensuring that a turbulent inertial range could be distinguished
from sensor and filter roll-off ranges. Mean data obtained from the EM current
meters is excellent and future processing strategy should include analysis of the
low frequency {(~1 cycfe/minute) variations of velocity, which would enable any
internal wave events and concentration/velocity correlations to be investigated. This
could be done by using records of up to 30 minutes In length and processing

them as single blocks after linear trend removal.

The OBS sensors proved excelient for this work and were less prone
to fouling and electronic problems than the EM current meters. Future work
should include analysis of both low frequency and high frequency concentration
variations. OBS spectra are remarkably free from spurious noise peaks and it may
be possible to derive turbulence and diffusion data from them. It would also be
useful to investigate the reflective properties of suspended sediments from
different sources and in different states of flocculation in order to calibrate the

OBS sensors more effectively.

The thermistor itself worked without problems although the data is
limited by the lack of temperature variation in the water throughout most of the
tidal cycle. Some interesting time series, suggestive of internal waves, were

obtained at 'max.flood’ and ‘SW.passes'.

Profiling of salinity, concentration and velocity is essential in trying to
interpret the other data sets. A useful comparison of advection and local effects
could be made by profiling at two points separated by about Y4km, possibly using
only a salinometer.

The rig layout used, and system of deployment, seem ideal, combining
convenience with experimental requirements, although care needed to be taken to
keep the barges and Tamaris' (which are sources of contaminating turbulence)
downstream of the rig.

The ‘Atari 1040ST' computer is quite capable of performing all the
processing required for extracting turbulence data.
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Eurther Work

The experimental work summarised above has successfully delineated the
variations in floc distributions to be cbserved in the upper Tamar and the data has
been used as the basis for a description of sedimentation processes. The major -
deficiency Is that few tidal cycles have been observed.

In order to confirm that there Is a critical erosion velocity (of
approximately 50 em/s) for small particles and to discover the behaviour of the
larger size fraction over the spring/neap cycle, the experiment should be repeated
over a two week period. A repetition of the fieldwork could be improved by
shortening the optical path length of the sizer for use on spring floods so that
the apparent absence of large particles in the spring flood turbidity maximum can
be investigated. A second profiling station upstream of the sizer would also
contribute to identification of advective effects. So far as a repetition of the
survey aspect of the experiment is concerned less emphasis need be placed on
the turbulent fluctuations of velocity and concentration. However the OBS sensor
and thermistor data have not been analysed in full and there are indications in the
spectra of these instruments that much more information about the turbulent
structure could be obtained.

This work has suggested that flocculation is occuring In the region just
upstream of the furthest advance of the salt intrusion, (where turbulence is
weaker, and differential settling, coupled with high concentrations of sediment and
bacteria, enhance flocculation rates) resulting in sedimentation of recently eroded
particles. It shoud be useful to obtain time series and vertical profiles of particle
size distributions in this upper estuary region Ih order to study the rate at which
flocculation and deposition occurs. '

An axial profile with the particle sizer over the region of the turbidity
maximum is needed to confirm the proposed spatial separation of large - and
small - particle maxima. This should be performed on both flood and ebb, near
HW, and cover the region of the ‘decay’ of the turbidity maximum; that is the
region including, and downstream from, its HW position. Sizer data should be

combined with profiles of current, salinity and concentration.
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Vertical variations of particle size distribution have been observed
indirectly over the first part of the ebb, and concentration profiles indicéte greater
concentrations near the bed after the passage of the turbidity maximum. Since
this experiment has failed to find a strong turbulence/particle-size dependence .
there is now the option of separating the sizer and turbulence measurements so

that profiling could include profiling of sizer data.

(Turbulence measurements require fixed sensors and a steady mean
flow while the sizer is more mobile. During the 1988 fieldwork it was attempted
to drift with the current while deploying the sizer/turbulence rig then in use, ’
however Interpretation of the velocity data was problematic due to the presence of

large scale eddies and variable orientation of the rig.)

It is necessary to investigate the in-situ settling properties of
aggregates since it is possible that some of the larger particle load is substantially
more buoyant than laboratory studies of clay flocs indicate, due to the inclusion of
biological material. This work is already underway in the Institute of Marine

Studies, Plymouth.

Some simple modelling of the processes described here, using two
particle populations with different erosion and settling characteristics, and based
on existing one dimensional estuary models, but including the filtering effect of the
salt wedge, might provide confirmation that the physics involved in these

descriptions is correct.
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X1 (Flg. 2.6) Log aeggregation kernels.

Each plot shows contours of Jlog,(aggregation kernel} for
turbulent shear, TU' and for turbulent inertia, I, for particles of diameter
d; and d;. Blue contours are for log,,(7) and green contours are for
log,,(I), black contours are for log,,(T+I). The upper plot evaluates kernels
for a dissipation rate ¢=1000 cm2/s® and the lower plot uses £=1 cm2/s3.
Units of T and I are collisions per second per cm?.






X2 (Flg. 3.1) EM current meter callbrations.

Each plot shows the two calibrations performed for one EM
channel. Pre-fieldwork calibrations {(June {988) are shown with solid markers
in blue, and post-fieldwork calibrations use open markers in green. The

equations of the fitted lines are shown in Table 3.1.
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X3 (Fig. 3.4) OBS callbrations.

The plot shows the calibrations for both OBS sensors obtained as
. described in section 3A2.2. OBS I calibration is shown by solid markers in
blue, OBS II calibration uses open markers in green.
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X4 (a)-(d) Boundary layer measurements.

Each page ({(labelled in top right corner) relates to one day’s
. measurements of conditions on the bed. Each point is the mean value of the
parameter over one record (approx. 5'4 mins.). Each plot shows data of two
related parameters which are labelled in the upper left corner: the first
label refers to the coloured points and the second label to the black
points. The colour used for plotting the first parameter is irrelevant. The
horizontal axis is time (BST) with tick marks at twenty minute intervals.
The vertical axes are in c.g.s. units with the logarithm to the base ten of
dissipations being plotted. Data is read from “«.FLO" files.

“label parameter units
u, mean current cm/s

a angle of attack degrees
-mi, m2 vertical speeds (+ve. up} cm/s
e0, e3 log,, (hztl. dissipation} log,, cm%/s®
el, e2 log,,(vert. dissipation) log,, cm?/s?
c4, c5 OBS concentrations mg/1

temp. from thermistor °C















X5 Comparison of OBS and ‘Partech’ concentrations.

Each plot refers to one day (laBe_l.l_e_zd in uppér left). OBS
concentrations c¢4 (red) and c¢5 (black) are run averages. ‘Partech’
concentrations (line) are values from the lowest profile depth. Horizontal
axis is time (BST). Vertical axis is marked as SPM concentration (g/l). Note
that in order to roughly calibrate the OBS sensors with the 'Partech’
instrument the OBS concentrations are reduced by a factor of four from the
calibration of section 3A2.2. Data is read from "+.PFL" and "+.FLO" files.
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X6 (a)-(d) Turbulent Intensities.

Each page (labelled in top right corner) relates to one day. Each plot
relates to one parameter (labelled in upper left). Horizontal axis is time
(BST), vertical axis is the intensity ratio. Intensity is obtained as the square
root of the variance in the relevant channel, divided by the mean current,
le. Y{u2>/U. Note that c4 and c5 are also divided by U. Variances are
taken from == . vAR- files.
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X7 ZX Relative sizer data.

Each plot relates to one day (labelled in upper left). Horizontal
axis is time (BST), vertical axis is percentage of total weight (volume).
Relative weights (strictly volume) of particles in each of sixteen size bands
are plotted cummulatively, with the smallest band at the bottom and the
largest band at the top. The percentage weight of particles in the j th band
is represented by the vertical distance between the / th and i-fth plotted
lines. Bands Z1..10=Zp are plotted in green and bands Z1l..16=ZA are plotted
in red. Data is read from -s.LAS" files.
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XB Z Absolute sirer data.

Each plot relates to one day (labelled in upper left). Horizontal
axis is time (BST), vertical axis is SPM in mg/l. Total SPM ('Partech’) is
plotted In black, ZA in red, Zp in green. Data Is read from -®.LAsS" and
==, PFL" flles.
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X9 Z(D) Sizer data ‘corrected’ for floc density.

Piot X8 is redrawn allowing for a size dependent floc density
function using the model of McCave 1984 (Table 2.2), see section 4A3.1

Note that no correction has been applied to the °‘Partech’ concentration
(black).






X0 Zp, A

This plot is the same as X8 except that Zp and ZA are plotted
independently. Zp is shown in green, ZA is shown in red. Total
concentration, C, is shown in black.






X11 Time series of d,,,, and &

Values of d,,,,, were obtained as in section 4B2.2 and are plotted
here for the 90, 95, 99 percentiles. Also plotted are time series of turbulent
dissipation rates, &, from the EM current meters. Note that 950 pum particle

diameter is an arbitrarily imposed upper limit on d,,,






X12 (a)-(d) Contour plots.

Profiled current, salinity, concentration and temperature data is
presented as a time series and contoured. The vertical axis is marked in
metres such that the surface is at a height of 6 m for each profile. The
bed (marked by a black line) was obtained as the depth at which the
current meter touched the bed. Positive velocities indicate flood currents.
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Xi13 Fluxes.

Longitudinal fluxes (positive up-river) are obtained from each
profile by integrating over height. Time series of fluxes are plotted. Units
are indicated on the plot.






Xi4 Richardson numbers.

A layer Richardson number is obtained from each profiie and the
time series plotted. Also plotted are time series of terms relevant to the
Richardson number: water depth, surface/bed salinity difference, and depth

averaged flow. Units are indicated on the plot.






XiS C, Zp, ZA agalnst mean current.

Time series of total SPM concentration, C, and Zp and £A are
plotted against current speed, U {flood positive). Note that the time series
for the 28th and 29th June begin with negative speeds, and those for 4th,
Sth July begin with positive speeds.






X16 (a)-(d) Environment of rig.

Various parameters (U, C, S, 9 of the flow near the bed are
plotted against each other to indicate typical variations over the tidal cycle.
Values were obtained from "= PFL' files.
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X1ob

29th June 1989
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X1d

5th July 1989
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X17 Disalpation rates €0, eJ agalnst mean current, and ZX,.

In Fig. X17(a) log dissipation rates, e0 and e3, are shown aginst
the mean current, U, obtained from the same EM current meter record.
Both €0 (red), and e3 (black) are plotted together. The upper plot uses data
obtained on the ebb, and the lower plot uses flood data. Data from all four
days is used.

Fig. X17(b) shows , in red, the percentage weight in bands 11 to
16, Z%,, against turbulent dissipation rate, ¢. Also plotted, in green, are
percentage weights ZX,, in the bands 1 to 10. NB ZX,=100X-ZX,. Upper
plot uses ebb data, lower plot uses flood data. Data from all four days is
used.






X18 (a)-{(c) Axlal Proflles of R. Tamar.

Fig. Xi8(a) shows the results of surface observations of the
upper Tamar at HW on the Sth July 1989. Sample stations are approximately
evenly spaced along the estuary above Calstock.

Figs. X!8 (b) and (c) were obtained during the fieldwork of 1988
and result from use of the sizer at the surface. QObservations on both days
began at about half tide and continued over about three hours to arrive at
Morwellham at HW. Only the weights in bands 1 (<5.8¢m) and 16
(261.6-564.0um) are indicated. Total SPM concentration is shown by the black
line,
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X19 (a)-(e) Averaged Slzer Data.

For each of the periods described in Table 4.6 the time-averaged
size distributions are shown. (Note that "Max.Ebb' should precede ‘TM.Ebb')
Figure X19(e) compares the averaged size distributions for both flood and
ebb turbidity maxima. Neap distibutions are plotted in blue, and spring
distributions in red.
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X20 Salt Wedge Settling Model.

Output from the computer model described in 4C2.6 is shown.
Different sized particles are tracked as they settle through a two layer
flow. The vertical grid axis is height above the bed in metres, the
horizontal axis is distance upstream of the sampling station that the
particles were released. The subsequent motion of the particles is plotted
at one tenth of the vertical and horizontal scales respectively (to avoid

clutter).
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X21 (Fig. 3.9) Examples of Data Time Series.

Output from program Tamar is shown. The mean value, over the
total record length of just under six minutes, is given beneath each
component label. data is plotted as deviations from the mean value. The
horizontal scale for velocities, concentrations and temperatures is marked
with ticks at 10 cm/s, 10 mg/l, 0.05°C respectively. The time axis
(downwards) is marked at one minute Intervals. U-bar indicates the mean
current. ' '

Wavenumber spectra for each of the time series are plotted on
logarithmic axes such that a '-5/3' slope Is parallel to the diagonal. For
each velocity plot the lower left corner is k=0.01 [cm—t), E(k)=10-4 [cm2/s2]
and the upper right corner is k=10, F=10.

Run Gi18 began at 1900 on 29th June during the ebb turbidity
maximum. Run D04 began at 1700 on Sth July just before the flood turbidity
maximum.
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June 28 lowest profile data

time ht S u dir c temp
908 0.5 0.5 0.20 155 120 17.4
923 0.5 0.4 0.33 160 120 17.4
940 0.5 0.5 0.30 160 200 17.4
1000 0.3 0.5 0.45 160 350 17.8
1020 0.3 0.7 0.45 155 520 18.0
1040 0.2 1.3 0.45 155 450 18.2
1100 0.4 3.0 0.50 155 370 18.5
1120 0.2 5.2 0.25 160 160 18.7
1140 0.5 6.9 0.30 180 120 18.8
1200 0.5 8.1 0.28 160 80 18.9
1223 0.6 9.0 0.20 175 40 18.9
1240 0.2 9.5 0.10 210 50 18.9
1320 0.5 11.7 0.30 170 40 19.0
1340 0.5 12.7 0.17 190 35 19.0
1420 0.3 13.5 0.05 175 25 19.1
1445 0.3 13.6 0.10 140 25 19.1
1500 0.6 13.4 0.05 150 20 19.1
1520 0.6 13.7 0.05 130 20 19.1
1540 0.4 13.6 -0.05 15 20 19.1
1600 0.2 13.1 -0.08 10 25 19.1
1619 0.5 1.3  -0.15 330 25 19.1
1639 0.2 9.7 -0.15 330 45 18.9
1700 0.5 6.9 -0.25 340 45 18.7
1720 0.3 4.0 -0.47 335 110 18.5
1761 0.6 1.1 -0.45 350 150 17.9
1801 0.5 0.6 -0.50 350 190 17.7
1821 6.2 0.5 -0.45 335 240 17.5
1840 6.5 0.5 -0.40 345 220 17.4
1900 0.3 0.5 -0.45 340 220 17.3
1920 0.2 0.5 -0.30 350 200 17.3
June 29 lowest profile data
time ht S u dir c temp
1005 0.3 0.5 0.22 170 150 16.5
1020 0.5 0.5 0.30 160 120 16.6
1040 0.3 0.5 0.30 175 150 16.8
1059 0.6 0.5 0.45 150 220 16.8
1119 0.5 0.5 0.45 160 360 17.1
1142 0.4 0.7 0.45 155 520 17.4
1200 0.3 2.0 0.45 150 400 17.8
1220 0.5 4.0 0.40 160 270 18.2
1234 0.3 5.9 0.25 160 180 18.4
1256 0.5 7.5 0.30 160 130 18.6
1320 0.2 9.1 0.25 160 $0 18.7
1342 0.3 10.8 0.15 140 80 18.7
1403 0.4 11.8 0.10 170 35 18.8
1420 0.4 12.4 0.16 160 30 18.8
1443 0.4 13.0 0.07 155 35 18.9
1500 0.5 13.4 0.10 165 30 18.9
1521 0.4 13.7 0.05 160 30 18.9
1541 0.4 14.0 0.10 160 10 18.9
1600 0.4 14.1 0.00 120 10 18.9
1620 0.2 16.1 0.00 0 15 18.8
1640 0.6 13.7 -0.10 340 15 18.8
1703 0.3 12.¢ -0.04 2 10 18.8
1720 0.2 12.3 -0.02 350 10 18.8
1740 0.5 1.2 -0.02 350 20 18.7
1800 0.3 10.4 -0.03 330 30 18.7
1821 0.5 8.4 -0.22 340 25 18.6
183¢ 0.3 3.8 -0.35 330 95 18.3
1900 0.6 1.8 -0.40 340 150 18.2
1920 0.3 0.8 -0.35 350 240 18.0
1940 0.6 0.6 -0.33 340 250 17.8
2001 0.4 0.5 -0.37 340 240 17.7
2022 0.3 0.5 -0.28 345 230 17.6
2039 0.6 0.5 -0.35 330 200 17.6
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July & lowest profile data

time ht S u dir c temp
840 0.3 13.4 -0.10 340 40 19.5
859 0.6 12.3 -0.05 335 S0 19.5
920 0.5 1.3 -0.02 345 35 19.5
945 0.2 10.7 -0.02 345 30 19.4
1000 0.5 8.9 -0.10 330 35 19.4
1019 0.4 7.3 -0.1% 340 50 19.4
1040 0.5 4.3 -0.35 330 85 19.4
1059 0.3 2.8 -0.40 345 140 19.3
121 0.5 1.3 -0.45 345 270 19.2
1140 0.2 0.9 -0.40 330 340 19.2
1201 0.5 0.7 ~-0.35 330 390 19.2
1220 0.3 0.6 -0.40 340 430 19.2
1242 0.6 0.6 -0.33 330 400 9.3
1300 0.3 0.6 -0.30 330 420 19.0
1320 0.2 0.5 -0.28 330 410 19.0
1340 0.2 0.5 -0.17 320 350 19.0
1400 0.5 0.5 -0.20 320 310 19.1
1420 0.4 0.5 -0.12 340 280 19.2
1500 0.4 0.5 ~-0.05 340 250 19.6
1525 0.3 0.5 0.00 280 270 19.7
1541 0.5 0.5 0.10 180 300 20.0
1600 0.3 0.5 0.40 160 410 20.2
1622 0.4 0.6 0.85 160 1000 20.4
1641 0.5 0.8 0.95 160 1000 20.8
1700 0.5 1.9 0.80 150 1000 211
1722 0.4 5.0 0.70 160 840 21.2
1736 0.5 7.7 0.50 155 720 21.0
1800 0.5 10.6 0.30 160 43¢ 21.0
1820 0.3 13.0 0.15 155 360 20.9
1841 0.4 14.6 0.18 155 160 20.9
1900 0.5 15.2 0.07 160 140 20.9
1920 0.5 15.7 0.02 160 140 20.8
1940 0.3 16.0 0.12 165 100 20.8
1959 0.5 16.4 0.07 162 90 20.8
2020 0.4 16.6 0.00 180 120 20.8
July 5 lowest profile data
time ht S 1] dir c temp
941 0.2 13.7 -0.05 330 20 20.1%
1000 0.6 11.8 -0.10 350 S0 20.1
1020 0.3 10.6 -0.12 335 25 20.1
1040 0.6 9.1 -0.18 340 30 20.1
1100 0.4 6.8 -0.17 342 55 20.2
1120 0.6 4.7 -0.35 340 70 20.2
1140 0.4 3.1 -0.48 348 130 20.2
1200 0.6 1.7 -0.50 350 230 20.1
1221 0.3 1.t -0.43 350 310 20.0
1240 0.6 0.9 -0.40 345 410 20.0
1300 0.4 0.7 -0.29 350 410 20.0
1320 0.2 0.6 -0.25 345 430 19.9
1340 0.4 0.5 -0.40 340 390 19.7
1400 0.4 0.6 -0.20 350 450 19.5
1420 0.2 0.5 -0.18 340 380 19.4
1442 0.2 0.5 -0.18 345 370 19.2
1500 c.5 0.5 ~-0.15 340 340 19.2
1520 0.3 0.5 -0.10 330 310 19.1
1543 0.3 0.5 -0.11 330 310 19.1
1600 0.3 0.5 -0.10 330 290 19.2
1620 0.5 0.5 0.18 160 340 19.4
1640 0.3 0.5 0.50 155 470 19.6
1700 0.5 0.6 0.75 160 950 19.9
1720 0.5 0.9 0.85 160 1000 20.3
1740 0.2 2.2 0.65 155 950 20.4
1803 0.6 5.9 0.70 160 630 20.4
1823 0.4 8.9 0.45 160 600 20.4
1841 0.5 1.4 0.35 155 500 20.4
1900 0.2 14.0 0.13 155 350 20.4
1920 0.5 15.7 0.22 165 50 20.4
1941 0.6 16.5 0.10 165 50 20.4
2000 0.6 16.8 0.05 190 40 20.4
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June 29th variances
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July 5th Variances

T u ud u u2 ul cb
0947 9.6 8.4 8.0 12.2 1.1 4.3
1000 15.8 5.4 8.2 7.0 4.5 4.4
1010 16.5 6.0 8.1 7.9 3.4 4.1
1019 16.5 5.1 7.3 6.2 3.8 4.3
1026 18.0 4.3 7.2 6.6 2.6 2.3
1034 19.3 4.2 7.6 6.3 2.5 1.7
1040 19.1 5.2 7.4 5.9 2.2 1.7
1046 20.4 1.1 11.4 7.5 4.3 1.8
1053 20.0 12.4 11.2 8.2 4.4 3.6
1100 22.5 28.0 34 17.5 10.9 3.6
1110 26.5 22.7 22.4 18.1 10.2 7.1
113 30.7 24.4 23.8 26.5 11.8 38.7
1119  33.9 43.4 27.3 19.9 19.8 121.1
1130 49.5 45.6 25.2 22.6 30.3 30.1
1150 49.6 32.3 27.3 26.1 29.5 52.2
1200 52.8 42.7 34.1 31.4 32.2 32.4
1210 51.9 153.46 380.6 392.7 178.8 54.6
1217 50.5 483 687 740 427 49.2
1223 52.5 978 1130 922 600 56.5
1230 51.3 355 458 404 214 118
1236 49.1 56.4 95.2 127.3 35.3 86.0
1300 44.1 38.4 38.2 37.6 35.0 203.6
1306 40.1 28.8 30.7 36.2 23.2 296
1320 39.8 B84.9 308 184.0 44.0 180.3
1340 36.1 28.3 73.7 13.9 19.0 213
1350 3.9 42.6 114.4 94.9 33.1 236
135¢ 30.4 33.0 107.5 43.3 16.3 344
1410 29.5 37.2 142.4 62.9 19.7 305
1430 26.1 1220 490 263 540 298
1442 261 20.8 86.3 45,2 4.7 363
1450 24.2 78.6 108.9 44.3 38.1 280
1501 19.1 162.2 56.9 72.1 88.1 702
1632 29.0 118.6 82.5 ©6.9 127.8 51.1
1640 41.9 75.2 105.0 161.4 57.4 219.6
1647 56.3 193.8 203.8 240.8 139.4 427.4
-1654  68.7 7.5 124.1  193.1 90.3 4770
1700 77.2 177.8 190.1 233.7 T5.6 IZa)
1706 76.7 169.3 83.7 115.4 80.2 1520
1712 7.9 1.4 95.9 103.3  106.7 3110
1719 761 82.6 132.1 108.4 162.3 1870
1725 72.3 110.5 248 96.8 70.6 0.0
1731 70.5 184.9 212 139.8 82.2 115.6
1740 65.1 890 153.9 &42.1 170.8 68.7
1748  60.8 291 116.0 105.6 103.4 108.8
1755 85.5 63.0 44,7 60.5 103.2 44.0
1801 56.3 69.1 82.1 114.5 50.4 30.3
1808 50.4 74.5 109.1 1491 117.0 23.0
1815 42.8 47.9 60.0 209 900 20.8
1821  41.5 37.3 27.8 32.5 285 14.8
1830 356.8 31.8 28.4 53.7 734 34.7
1838 31.8 23.9 306 38.9 781 43.0
1850 25.2 19.7 9.4 63.0, 10.2 35.9
1858 19.6 12.8 38.4 109.8 43.4 32.7
1906 16.9 6.3 7.0 3.1 46.7 64.0
1914 16.3 7.0 7.1 27.5 741 43.7
1920 16.5 6.6 6.7 19.0 56.4 58.0
1947 15.7 4.7 4.7 6.0 42.8 0.1
1959 9. 3.6 4.8 5.5 25.6 0.0
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56315

0560

6
9
5
5
2

SPH
-57.0
-58.9
-48.7
-56.6
-61.6

5
180.7

46.

-0

6.
3.
-52.

940.8
26.59 449.7

19.03

-79.3
-105.9
-224.1
-409.6
-436.8
-435.5
-433.9
-316.6
-267.4
-196.0
2

1.38 2250
1.96 2450.0
6.57 3060.7
16.06 2175.6
26.85 1884.5

salt
«13.74
-11.37
-8.35
-7.59
-7.46
-6.87
-5.50
-4.50
-2.07
-1.22
-0.83
-0.64
=0.47
-0.39
-0.25
-0.20
-0.19
-0.11
-0.05
0.00
0.10
0.35

30.45

temp.
-4.88
-4.52
-3.75
-4.03
-4.33
4.7
4,74
-5.52
-5.08
-4.34
-3.86
-3.42
-2.57
-2.17
-1.50
-1.20
-1.20
-0.71
-0.40
0.00
0.80
2.97
9.96
11.76
19.42
18.16
18.37

15.11

10.34

mass
-1.43
-1.33
-1.10
-1.19
-1.28
-1.3¢
-1.3¢
+1.66
-1.59
-1.36
-1.18
-1.07
-0.78
-0.70
-0.50
-0.40
-0.38
-0.22
-0.1

0.60

0.20

0.7%

2.30

2.45

3.8

3.50

vol.
-1.43
-1.33
-1.10
-1.18
-1,28
-1.38
-1.3¢9
-1.66
-1.59
-1.36
-1.18
-1.07
-0.78
-0.70
-0.50
-0.40
-0.38
-0.22
0.1

0.00

0.20

time

840

859

920

945
1000
1019
1040
1059
"1
1140
1201
1220
1242
1300
1320
1340
1400
1420
1500
1525
1541
1600
1622
1641
1700
1722
1736
1800

1820
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Axial profile 6th July 1989

Station km
8arge 7.6
ST2 6.8
Rock 6.3
S13 5.7
ST4 L.9
S15 4.1
Morwel lham 3.6
Istand 3.0
bend_above *

Slimeford 1.9
MorwellRks 1.2
Weirdead 0.2
Meir 0.0

Axial profile
Station km
Narrows .0
DkYdCorner 29.2
Torpoint 28.2
OilJetty 27.2
LkGlassPt 26.4
ButlPt 24.8
Bridge 23.9
Time *
NealPt 21.5
WeirPt 20.6
Cargreen 19.9
Time -
Pylons 18.1
HolesHole 17.2
SHooe 16.2
SHooe 16.2
Ctifton 15.6
PentQuay 14.2
Hattoray 13.3
STR 1.6
DeadTree 10.5
Cotehele ¢
whiteHorse 8
8ridgel 8
sT1 7
ST2 6
Rock 6
ST3 5
ST4 4
STS 4
Morwel lham 3
island 3
Slimeford 1
Morwel IRks 1

9
9
5
6
8
3
7
9
1
6
0
9
2

Axial profile

Station km

Narrows 3.0
DkYdCorner 29.2
Torpoint 28.2
OilJetty 27.2
LkGlassPt 26.4
BullPt 24.8
Bridge - 23.9
NealPt 21.5
WeirPt 20.6
Cargreen 19.9
Pylons 18.1
HolesHole 17.2
SHooe 16.2
Clifton 15.6
PentQuay 14.2
Haltor@y 13.3
STR 11.6
DeadTree 10.5
Cotehele ¢
WhiteHorse 8
Bridgel 8
ST 7.
L é
Rock 6

c S

35 9.3
50 7.6
50 6.4
65 5.0
90 3.3
150 1.6
190 1.0
280 0.7
335 0.4
410 0.3
500 0.2
10 0.2
1 0.2

S5th July 1988

time S
0846 3.3
0858 341
0905 34.1
0910 33.5
0913 33.0
0918 33.3
0924 32.6
0933 33.0
0938 311
0944 32.0
0950 32.0
0954 311
0959 29.9
1006 29.9
1012 29.5
1013 29.5
1016 28.8
1025 25.6
1033 19.8
1044 15.9
1051 13.3
1100 11.0
1107 4.5
1114 3.2
1117 2.0
1127 1.1
1134 0.6
1141 0.4
1148 0.3
1156 0.2
1202 0.2
1207 0.1
126 . 0.1
1223 0.1

6th July 1988
time
1037
1045
1050
1055
1058
1103
1110
1126
1132
1140
1150
1200
1206
1210
1219
1227
1242
13014
1313
1321
1326
1330
1336
1345
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