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ABSTRACT

Field measurements were made at a vertical section near the centre of the
River Taw estuary over a 12 hour period during a spring tide. Mean velocity
profiles were measured within 1.40m from the bed. Instantaneous mean
velocity components in the horizontal and vertical direction and
instantaneous concentration of suspended solids with a median particle
diameter in the order of 0.04mm were measured near the bed and at 0.95m and
1.40m above the bed, at which were also measured the mean concentration of
suspended solids in the particle size ranging between 0.04mm to 0.25mm.
Mean velocity profiles were logarithmic, and the friction velocity agreed
well with the near bed Reynolds shear stress in the peak region. The
Reynolds shear stress was higher than the friction velocity in the
accelerating and decelerating phases of the current.

Suspended solids in the particle size of 0.04mm were distributed uniformly
throughout the depth, but the mean concentration of coarser sand decreased
with increasing distance from the bed. The mean concentration of coarser
suspended solids, its horizontal flux and the turbulent kinetic energy
reveal hysteresis in relation with the mean velocity. No hysteresis effect
was obtained between the Reynolds shear stress and the turbulent kinetic
energy, indicating the applicability of the turbulent kinetic energy
numerical simulation.

In practice the results of the study presented here can be used to calculate
the velocity profile, bed shear stress and suspended solids flux in the peak
region of an estuarine flow. They can thus be used in numerical models,
using the one-dimensional energy equation given in Appendix A, to compute
the flow parameters and the suspended solids flux in the accelerating and
decelerating phases of a tidal current. In this way they are directly
applicable to engineering studies of sediment movement, affecting flood
discharge capacity or navigation, in sandy tidal channels.
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INTRODUCTION

In recent years numerical models have been widely used
to calculate the transport of sediment and pollutant
in estuaries. These models can produce reasonable
agreement with most measured data, when empirical
coefficients are suitably chosen, but the results are
very sensitive to the choice of these coefficients.
This indicates that a better understanding of the
structure of unsteady flows is required in order to
improve any predictions which may be attempted for
cases in which there is limited field data (Refs 1 to

3).

When the turbulence in a boundary layer flow is
subject to the time variation of the mean flow, it was
shown (Refs 4 and 5) that the relationships between
the mean flow parameters and the turbulent parameters,
varying across the flow, is time-dependent. In other
words, the response of turbulence to the temporal
variation of the mean flow varies with time, and it
was shown (Refs 4 and 5) that this response is not the
same in the accelerating and decelerating phases of
the tidal current, hence the occurrence of

hysteresis.

It can be assumed in a numerical model that there is
some form of similarity arguments by the fact that the
turbulence and the mean flow parameters depend on
instantaneous parameters, not on the history of the

flow, so that the friction velocity, U,, and the

*?
roughness height, z,» can be used as normalized
quantities to specify the flow. This similarity
concept, which leads to the quasi-steady flow state
of a tidal durrent, is only justified, when phase
shifts between the mean flow parameters and the
turbulent parameters are not omly small, but also

remain practically unchanged across the flow. This

can, of course, be verified by measuring the mean flow



parameters and the turbulent parameters, namely the
turbulent kinetic energy and the Reynolds stresses,
throughout the tidal flow. With this in mind a series
of field measurements have been carried out at a
vertical section near the centreline of the River Taw
(see Fig 1). The river was carrying sand in
suspension, and measurements were made during two full
spring tidal periods. From the measured data
parameters of the mean flow, the turbulence, and the
suspended sediment, were determined together with the

variation of salinity.

The objective of the study presented here is to
determine the terms required for the development of
turbulence closure models in the presence of |
suspended sediment, and also to examine the
applicability of the turbulent kinetic emergy closure
model (see Appendix A) developed by Bradshaw et al
(Ref 7) when the flow parameters do not obey a
similarity concept. Moreover, it is hoped that the
results presented here will give a better
understanding of the complex flow structure of

estuarine currents.

2 EXPERIMENTAL SITE
The estuary of the River Taw is located in southwest
England and discharges to the Bristol Channel (see Fig
1). The estuary bed is fine sand with a median
diameter of about 0.20mm, and becomes actively in
motion during a spring tidal current; slightly finer
sand was brought up into suspension. Small quantities
of silt and clay, about 50mg/l, not sufficient to
cause any flocculation, were also suspended, which may
have slightly increased the mean density of the
current. Tﬁe measurements were carried out near the
centreline of a section at the eastern end of the

power station jetty (see Fig 2).
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EQUIPMENT

A streamlined mast, supporting five Colnbrook
Electromagnetic current meters (ECM) and five
Braystoke current meters, was attached to the front of
an "A" shaped bed-frame, which was fitted with a
vertical vane to ensure that the frame aligned with
the flow (see Fig 3). The mast was free to slide
vertically in the frame to ensure that a circular base
plate at its foot was resting on the bed. A pitch and
roll sensor was also mounted on the bed-frame to
monitor the orientation of the frame relative to the
bed. The ECM heads were annular in design with an
overall diameter of 25mm, their output representing a
mean velocity within a spatial averaging width of

20mm.

These sensors were fixed at heights 0.125m, 0.35m,
0.65m, 0.95m and 1.40m measured from the circular base
plate. 1In addition three infra-red suspended solids
monitoring heads, adjacent to three pumped sample
nozzles, were fixed to the mast at elevations of
0.125m, 0.35m and 0.95m. Braystoke current meters and
pumped sample nozzles were also used to give field

calibrations for the ECMs and infra-red heads.

Signals from the ECM heads and infra-red suspended
solids heads were recorded continuously on a 14
channel FM tape recorder. A UV chart recorder was
used to ensure that sensors were not picking up
extraneous noise. A multi-channel digital counter was
employed to register the revolutions of the Braystoke
current meters and the pitch and roll sensor over a

450s period.

Pumped samples were taken at 10 to 20 minute intervals
at the measuring point; about 15 litres were passed

through a 40y filter on each occasion for suspended

.solids analysis.



On the other side of the measuring vessel salinity and
temperature profiles were measured throughout the
depth at 30 minutes intervals using a roving unit
"Severn" unit. This unit comprises a
salinity/temperature bridge; the resolution of
salinity and temperature were * 0.1 (ppt) and # 0.1°C

respectively.

The analogue signals from the EMC heads and infra-red
suspended solids heads were passed through Chebyshev
low-pass filters set at a cut-off frequency of 10 Hz.
The signals were then digitized at 25 Hz, using an

Intercole Spectra 11 data logging system, programmed

in FORTRAN.

In an estuary the mean flow changes its direction in
each cycle, and the flow may veer around the bed
features as the tide rises (Ref 8). The veering flow
is slow, with fluctuations much smaller than that of
turbulence, hence the averaging periods of the
fluctuating signals obtained from sensors should be
short enough to exclude the veering effect, but
sufficiently long to contain the contribution of all
turbulent eddies. With this in mind continuous
signals of one accelerating phase of the current were
divided into a sequence of records of 5, 10 and 15
minutes durations, and from each record a linear trend
was removed. It is to be noted that the trend may not
be linear when the duration is long. Various
parameters were thenicalculated for these three record
lengths and the results are given in Table 1. It
shows that the mean velocity Um remains almost

independent of the record length, but the rms value in
1
—_—3
the mean flow direction, (u?), the vertical direction
1

— 2

(wd  and the Reynolds stress uw increase with
increasing record length. By examining the Um—
variations throughout the cycle it was found that the

mean velocity, U , did not vary
: m



4 RESULTS

4.1 Velocity profiles

linearly with time for the record length longer than 5
minutes. In view of this, and the possible veering
effect, 5 minutes record lengths were used for all

analyses,

The data analysis revealed that the EMC heads produced
spurious data during the flood tide of the 7 June, and
also at elevations 0.125m and 0.65m during the other
tidal periods, hence these data were not included in

the final analyses.

The velocity profile in a steady two-dimensional shear
flow of clear water over a hydraulically rough bed
obeys a logarithmic profile of the following form
within an elevation z = 0.25D (Ref 10), D being the

boundary layer thickness:

ln Z_ (1
%o

| -

L
U*

Where U is the mean velocity at elevation z, measured
from the base-plate (see Fig 3), and U, = ('%/;j% is
the friction velocity, A being the bed shear and o)
the mass density of water. In Eq (1) z is a
roughness height indicating the bed texture, and k is
the Karman constant equal to 0.4. In a steady
boundary layer shear flow with suspended solids it was
suggested (Refs 11 and 12) that in the bed region,

(z €0.1D) k remains constant equal to 0.4, and in the
upper region (z 0.1D) k remains constant, but its
value depends on the concentration of suspended
materials, decreasing with increasing concentration.
In an unsteady shear flow of clear water over a
hydraulically smooth bed (Ref 5) and a rough bed

(Ref 6) it was shown that the velocity profiles are



logarithmic with k=0.4. The applicability of the
logarithmic profile expressed by Eq (1) in the
boundary layer region of the present tidal flow with

suspension will be examined.

It was mentioned previously that the mean velocity
profiles were measured within 1.40m from the bed,
starting at 2z=0.125m. Total water depths 2m <D< 5m
for two flood flows and 4m <D< 8m for two ebb flows.
This implies that the measured height was well within
the logarithmic region by assuming that there is an
analogy between the estuarine flow and steady boundary

layer shear flow.

The measured velocities, obtained from the 5 Braystoke
current meters were plotted against their height on a
semi-log paper, and the results are shown in Figs 4 to
7, indicating that the velocity profiles are
logarithmic with various slopes within 1.40m height.
As may be seen the logarithmic layer exceeds the 0.25D
limit mentioned previously for a steady boundary layer
shear flow of clear water. Moreover, Hamilton et al
(Ref 13) have shown that the log-profile agrees
reasonably well with the measured profile practically
throughout the water depth D over 85% of the tidal
cycle. Hence Eq (1) was fitted to the measured
profiles by a least squares regression within 95%
confidence limits (Refs 8 and 14). By choosing a
zero-plane (Ref 15) for each profile to obtain the
best fit with the correlation R20.996, it was
possible to calculate the friction velocity U, by
assuming that the Karman constant k=0.4. The results
of these evaluations are shown in Figs 8 -10, together
with variations of the mean velocity U at z = 1.40m
with the water depth D and the salinity S during the

measuring periods. In Figs 8-10 are also shown values
1
— 2
of the Reynolds stress (uw) obtained from the EMC

heads at 2=0.35m, 0.95m and 1.40m. Figs 8 and 9 show



that the values of U, agree reasonably well with those
1

of (;;ﬁ at z=0.35m in the peak regions of the two ebb
flows; the Reynolds shear stress remains generally
higher than the U, in the accelerating and
decelerating phases. Hence it can be concluded that
the height 2z=0.35m in the peak region of the two ebb
flows was within the constant shear-layer, within
which the Rarman constant k=0.4 was not affected by
suspension. Moreover, the flow in this region can be
considered as quasi-steady flow, with U, and z as
scale quantities to specify the near-bed flow in the

peak region. The results shown in Figs 8 and 10
1

indicate that U, <G;;>2in the accelerating and
decelerating phases of the two ebb flows. This
implies that the flow unsteadiness affects the
accelerating and decelerating phases of the ebb flow
by assuming that the effect of suspension on the
Karman constant is negligably small, as was the case
in the peak region. A similar conclusion can be drawn
from the results of a simulated two-dimensional tidal
flow of clear water investigated by Anwar et al (Ref
5). Due to lack of measurements in the large part of
the flood tide shown in Fig 10, it is difficult to

examine the effect of the unsteady flow on the
1

—_— 2
relationship between U, and (uw) . It, however,
1

appears that the trend between U, and (uw) is very
similar to that obtained for the ebb flow. Figs 8 to

10 further show that the Reynolds stress decreases
1

— 2
with increasing z, and the (uw) values are almost the

same at z=0.95m and 140m.

From the results shown in Figs 8 and 9 it is difficult
to concede that the constant shear layer in the peak
region did extend much beyond z ~0.35m, although the
thickness of the log-layer was in the order of 1.40m.
Hence, it is reasonable to assume that the log-profile
can hold to a larger depth, possibly to a good

approximation throughout the water depth, as was the

7



4.2 Turbulence

Intensities

case of the experimental results obtained by Hamilton
el al as discussed previously (Ref 13). The values of
the bed roughness height z, are also shown in Fig 8 to
10 which indicate that the bed roughness is time
dependent, This, in turn, can be attributed to the
suspension of solids, which varied with time (to be
shown later), and also changes in the ripple
dimensions. From the results shown in Figs 8 to 10 it
can be deduced that the drag coefficient CD =

- 2 . . . .
(U*/Uz=145 )<1is also time dependent; a similar

result was obtained elsewhere (Ref 6).

Figs 8 and 9, and, to a certain extent, Fig 10
indicate that the maximum of the Reynolds shear

stress, and the friction velocity U, lag the peak
z ::]‘,410::
of these parameters, being time~dependent, are not the

velocity U s with the conclusion that the values
same in the accelerating and decelerating phases of
the tidal current, hence the hystersis effect which

will be discussed later.

1

]

The rms horizontal velocity (u? and that of the

— 3

vertical velocity (w2 were evaluated from the

measured data; their turbulence intensities, using
1

(;;32 at z=0.35m as a scale quantity, are displayed in
Figs 11 to 12 for two spring ebb tides and in Figs 13
for a spring flood tide. Figs 11 to 13 show that
turbulence intensities in both directions, being large
at z=0.35m, decrease with increasing z as is to be
expected. There is no obvious reason for the
substantiall§ low horizontal turbulence intensity at
z2=0.35m of the 7 June ebb tide (see Fig 11). The
horizontal turbulence intensities, embracing as they
do a wide range of eddy sizes, are lower in the

accelerating phases than those when the currents were



5 SUSPENSIOR
DISTRIBUTION

5.1 Sand grains
dgg <40p

5.2 Sand grains
40m dg, <250

decelerating in the ebb tides shown in Figs 11 and 12,
implying that the development of eddies was completed
when the flow passed the peak region. Comparable
information cannot be obtained from the results of the
flood tide shown in Fig 13, due to lack of measured
data when the flow was decelerating. It is
interesting to note that the vertical turbulence
intensities, containing mainly the contribution of
large eddies (Ref 9), remain almost unchanged in the
accelerating and decelerating phases (see Figs 11 and
12). These figures further show that the differences
between the turbulence intensities in the vertical
direction at z=0.95m and z=1.40m are very small, this
is not the case for the horizontal turbulence
intensity, implying that the contribution of small

eddies decreased with increasing z.

From the measured instantaneous solids concentration
Ci’ using infra-red suspended solids heads, the mean
concentration C and its rms value were evaluated. It
was found that C=0.03kg m~ 3 at 2=0.125n and 0.35m with
the rms values in the order of 0.00lkg m~ 3 remained
the same throughout the tidal period. Similar values
were obtained from some measurements made near the
free surface. It can therefore be concluded that sand
grains of about 40pm remained in suspension throughout

the water depth most of the time.

From the three pump sample nozzles the mean
concentration C of suspended solids for grain sizes

ranging between 40 im and 250 pm was determined at



2=0.125m and 0.95m.  Fig 14 shows a typical

cumulative size distribution. The measured mean
concentration C for two spring ebb tides, and two
flood tides are shown in Figs 15 to 18, in which are
also given the variation of the mean velocity U at the
relevant height z. Figs 15 to 18 generally disclose
that the concentration C increased with increasing:
mean velocity U, reaching a maximum later than that of
U, it then decreased as the velocity decreased.
Similar patterns can be obtained for the mean sediment
concentration C and its flux, UC, in the mean flow
_giregzipni_fnd also for the turbulent kinetic energy
q2=(u?+ w? which are shown in Figs 15, 16 and 18.
It is noted that due to the uncertainity of the
measured data at z=0.125m, as mentioned previously,
t:he-:lm2 -values at z=0.35m are given in Figs 15, 16 and
18 by assuming that the turbulent kinetic energy at
these two heights in the constant shear stress layer
are very close. 1In other words, Figs 15, 16 and 18
disclose that the C, UC and—;}‘values are out of phase
with the mean velocity U, resulting in the hysteresis
effect which can be seen in Figs 19 for an ebb tide.
As may be seen, flow parameters given in Figs 19 are
higher in the decelerating flow than those when the
flow is accelerating. The highj;avalue during the
decelerating phase is due to the large value of (:75
(see Figs 11 to 13), causing a large movement of the
bed materials, which, in turn, will be picked up from
the bed by (;75, which remained almost unchanged in
the accelerating and decelerating phases of the
current. The Reynolds shear stress, the friction
velocity U* (see Figs 8 to 10), and the flow
parameters shown in Figs 15, 17 and 18 are time
dependent, hence dimensional arguments cannot be used
for the estﬁarine flow as discussed previously. On
the other hand, it is possible to use the one-equation
turbulent model (see Appendix A), if a clear

relationship can be established between the turbulent

10
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kinetic energy ¢ 2 and uw. The values of ;—2 are
plotted against uw in Fig 20 (a, b, ¢) during the
accelerating and decelerating phases of two ebb tides
and a flood tide at z=0.35m. The results given in Fig
20 do not show a hysteresis effect. Solid lines drawn
by inspection in Fig 20 (excluding the last result in

Fig 20c) reveal a linear relationship between q 2 and

uw of the following form:

a=- (2)
2

where a=0.25 for the results given in Fig 20 (b and c)
increases to a=0.45 for the 7June ebb tide. In a
two-dimensional boundary layer shear flow of
hamogeneous fluid a~0.15 (Ref 7) increasing to a 0.17
for a two-dimensional heat transfer flow (Ref 17).

The high a-value of the present data is to be
expected, because the rms value of the lateral
velocity component was not included iniga. The
results shown in Fig 20 and Eq 2 indicate that the
one-equation turbulent model can be used for estuarine
flow to calculate the mean velocity components and the

-

Reynolds shear stress (see Appendix A).
6 CONCLUSION

Field measurements were conducted in the estuary of
the River Taw during the spring ebb and flood tides

with the following results:

1  Mean velocity profiles were logarithmic within the

measuring depth of 1.40m from the bed.

2 Friction velocity, with the Karman coustant of
0.4, agreed well with the near-bed Reynolds shear
stress in the peak region, but otherwise the

Reynolds shear stress was higher than the friction

11



velocity in the accelerating and decelerating

phases.

The Reynolds shear stress, being large near the
bed, decreased with increasing distance from the
bed. The values of the Reynolds shear stresses
were practically the same at elevations 0.95m and

1.40m.

In the decelerating phase the horizontal
turbulence intensities were higher than those in
the accelerating phases. The turbulence
intensities in the vertical direction remained the

same in the accelerating and decelerating flows.

The turbulence intensities in the vertical and
horizontal directions, being large near the bed,

decreased as the distance from the bed increased.

Sand grains of about 40 m remained in suspension
throughout the depth during the measuring tidal

cycles.

The concentration of sand grains with d 5, varying
between 40pm and 250 pn, was out of phase with the
mean velocity variation. It increased and then
decreased with the increase and decrease of the
mean velocity, producing a hysteresis. Similar
hysteresis patterns were obtained for the
horizontal sediment flux and the turbulent kinetic

energy.

Variation of the turbulent kinetic energy was in
phase with the increase and decrease of the
Reynolds shear stress without a hysteresis

effect.

12
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APPENDIX A

The turbulent energy closure numerical simulation is
based on the turbulent energy equation, which can be
written in the following form for a two-dimensional

unsteady flow:

2 — —_
9 .0, 2 .0 ,—
%Pg;‘— + UptW)q” - ‘az+az"(Pw+%pq2W) + pe= 0 (14)
advection production diffusion dissipation

in which it is assumed that the Reynolds number is
sufficiently high to neglect the viscous term. Eq
(1A) indicates the rate of turbulent kinetic energy

along a streamline. The experimental results of the

. T
present study revealed that the ratio = = a
Pq

remains counstant for a given flow, hence Eq (1lA) can

be written as:

0

T o] o] T =

o
In Eq (2A) it is assumed that, to a first

approximation, the diffusion term is small, and the
existance of the local-equilibrium, ie the turbulent

production is equal to dissipation; which leads to

03)3/2

_'p
E=7

y Where L can be approximated to the mixing

length.

The boundary layer momentum equation in the horizontal

direction will be:

a
Px

el Ao 1 ot
=+ D) = - = A
+ p (U + az) 5 + = (34)

®|

13



Eqs (2A) and (3A) together with the continuity

equation, ie

%+ =0 (44)

®le
|

will form a set of three equations to calculate U, W

and v.

It is to be noted that a transport equation similar to
(1A) can be written for the suspended solids transport
to calculate the flux UC in the accelerating and

decelerating phases of the flow.

14
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Fig 1



Fig 2



Fig 3 Bed frame with the streamlined mast supporting Electromagnetic
current meters, Braystoke current meters, three infra-red
suspended solids monitoring heads and three pumped sample nozzles,
With vertical vane, circular base plate and 2 pitch and roll sensor
fitted to the bed frame.
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Fig & Mean velocity U verses height z for the ebb flow on 7 June 1986,
Solid lines are logarithmic profiles.



o
e R
<
- o
e |
bt
-1 o
—
T
w
1=
] -
pum }
% ~43
[~}
—
[
£
T oMo nono a
g MO O M
E s oD
P i R R
™~
e + XOQ0 -1 <
-~
| ] | i ] <
o
o~ - © K-} ~ o~ -—
< o < < =
(w) z

Fig 5. Mean velocity U verses height z for the flood flow, 7 June 1986,
Solid lines are logarithmic profiles.
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Fig 6 Mean velocity U verses height z for the ebb flow, 8 June 1986,
Solid lines are logarithmic profiles.
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Fig 7 Mean velocity U verses height z for the flood flow, 8 June 1986,
Solid lines are logarithmic profiles.
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Fig 8 Variation_of mean velocity U, friction velocity Us, Reynolds shear
stress {uw) 2at three heights, roughness height z_, salinity S
and the water depth D during the ebb tide, 7 June 1986.
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Fig 9 Variafio_rJ__on mean velocity U, friction velocity U., Reynolds shear
stress (uw)*at three heights, roughness height z,, salinity S and
the water depth D during the ebb tide, 8 June 1986.
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Fig 10  Variation of mean velocity U, friction velocityU,, Reynolds shear

stress (uw)?at three heights, roughness height z,, salinity S and
the water depth D during the flood tide, 8 June 1986.
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Fig 11 Variation of turbulence intensities in the horizontal and vertical
directions during the ebb tides, 7 June 1986.
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Fig 12 Variation of turbulence intensities in the horizontal and vertical
directions during the ebb tide, 8 June 1986



Z,t(Aﬂ) l/‘(ﬂn)

1700

time (hr)

1600

1500

1.0
0.5
0.0

Fig 13 Variation of turbulence intensities in the horizontal and vertical
directions during the flood tide, 8 June 1986.
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Fig 14 Cumulative grain size distributions at height z = 0.125m
during the ebb tide on 7 June 1986
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Fig 15 Variation of suspended solids mean concentration C, mean velocity
U, and mean flux UC at height z=0.125m, turbulent kinetic energy
q* at z=0.35 during the ebb tide, 7 June 1986.
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Fig 16 Variation of suspended solid mean concentration C, mean velocity U
and mean flux UC at height Z = 0.35m during flood tide, 7 June 1986.
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Fig 17  Variation of suspended solid mean concentration C, mean velocity U,

mean flux UC and turbulent kinetic energy q* at height z=0.95m
during ebb tide, 8 June 1986.
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Fig 18 Variation of suspended solid mean concentration C, mean velocity U,
mean flux UC at height z=0.125m, and turbulent kinetic energy q:
at z=0.35 during flood tide, 8 June 1986.
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Fig 19  Hysteresis curves of suspended solids mean concentration C,
mean flux UC and turbulent kinetic energy q* at height
2=0.95m for ebb flow, 8 June 1986.
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Fig 20  Variation_of turbulent kinetic energy ? with the Reynolds shear
stress (uw)% at height 2=0.35m, (a) ebb tide 7 June, (b) ebb tide
8 June, and (c) flood tide 8 June 1986.





