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ABSTRACT

Within estuaries, sea outfalls and some deep service reservoirs, two chemically and
sometimes physically different water environments exist. In the estuarial regions of a
river, fresh water overrides the much denser seawater leading to the formation of a tailing
upstream salt-water wedge. Also in sea outfalls intruded seawater undercuts the much
lighter effluent and in some reservoirs seasonal climatic changes results in formation of
thermal stratification. The boundaries of ocean currents with river flow or effluent
discharge often involves a direction of shear, which is not collinear with the vertical
direction of stratification. This leads to stagnation and the depletion of water quality in

the lower regions of these systems.

In all cases the desirability of the stratification formed depends on the issue at hand. For
the purposes of water quality management and sometimes design capacity requirements,
stagnancy in estuarial dams, service reservoirs and outfall tunnels are unacceptable.
However for the segregation of fresh water for downstream reuse, offshore facultative
ponds as well as pollutant segregation in rivers with high tidal reaches, stable

stratification implies much longer retention times in these cases.

This research seeks to examine the hydraulic concepts that describe the stratification
process and its management in some of these systems. In particular the evaluation of
retention times and expulsion rates are investigated. Along side these hydraulic goals,
other aspects of the feasibility or operational viability of some proposed concepts have

been incorporated.

Laboratory flume tests were conducted for various stratified systems and mitigating
scenarios were simulated. Utilizing ultrasonic flow profiling, various density-flow
conditions have been stimulated for the open bottom system where the denser seawater
undercuts the fresh water pond. Similar testing was done for the buoyant shoreline
transport of fresh water as well as hydrodynamic experimentation on salt influx into

estuarial barrages.
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Large-scale investigations of predominate mechanisms (i.e. shear-entrainment, heavy
jetting and plunge-line conditions) enable the mathematical formulation of time
dependent expressions for the mixing rates in such environments. The use of flexible
curtains was also proven to be a viable concept. An extension of the study to the de-
stratification of service reservoirs via the inlet showed amongst others that, a heavy three-
dimensional wall jet is more efficient than a surface jet of same densimetric Froude

number.

Mixing rates arising from the hydraulic systems investigated have been analyzed and in
most cases predictive formulations proposed. Comparison with other recent works and

traditional entrainment laws were also made.
In general focus was put on the interfacial entrainment and the resulting observations and

formulations presented herein are intended to form or initiate a fundamental basis for

further research into the concepts investigated.
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GLOSSARY OF TERMS

The notations listed here have also been defined in the text where the parameter is first

used. The following list is intended reference and covers only frequently featured

notations.

A Cross Section Area of Layer (m®)
B Breadth of Layer (m)

b Amplitude of Surface Waves (m)
C Celerity (m/sec)

c Constant of the Entrainment Law

C1 Constant defined by Moore and Long

Dn  Molecular Diffusivity of Salinity (m%/sec)

d Depth of Intermediate Layer (m)

do Smallest Value of Thickness of Intermediate Layer with Disturbances of all Wave
Length being Stable (m)

E Entrainment Coefficient

Fp Densimetric Froude Number

g Gravitational Acceleration (m/sec2)

Reduced Gravitational Acceleration = gAp/p (m/sec?)
h Depth of Layer (m)

k Wave Number (m™)

ki Interfacial Shear Coefficient

Kib Interfacial Shear Coefficient due the Effect of Bottom Generated Turbulence

kij Interfacial Shear Coefficient due the Effect of Generated Interface Turbulence
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Q.
Qm

Re

&

Sg

So

=]

Ue

Length Scale (m)

intrusion length,

Exponent of Power Law Velocity Profile

Angular Frequency (rad/sec)
Exponent of the Entrainment Law
Perimeter of Layer (m)

Hydrostatic Pressure (N/m?)

Peclet Number

Non-Dimensional Buoyancy Flux
discharge per unit width

Buoyancy Flux (m%/sec’)
Entrainment Discharge (m?/sec)
Mass Flux per Unit Area (Kg/rnzsec)
Reynolds Number

Gradient Richardson Number
Overall Richardson Number
specific gravity

slope of energy gradient at interface
bottom or bed slope

Time (sec)

Velocity Scale (m/sec)

Mean Velocity of Layer (m/sec)
Velocity at a Point in the Flow (m/sec)

Entrainment Velocity (m/sec)



us Shear Velocity (m/sec)

v Volume of Entrained Fluid (m3)

Z Total Depth of Flow (m)

z Distance from Bed (m)

o Amplitude of Internal Waves (m)

n Vertical Displacement (m)

1l Coefficient of Dynamic Fluid Viscosity (kg/msec)
\Y Kinematic Viscosity (m*/sec)

p Density (kg/m’)

Po Reference Value of Density (kg/m”)

T Shear Stress (N/m?)

T, Bed Shear Stress (N/m?)

T Interfacial Shear (N/m?)

® Component of Velocity Vector of the z-axis (m/sec)
Subscripts

Fortimet=0
Upper Layer
Lower Layer
interface
critical condition
Freshwater Layer

Saltwater Layer
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 RIVER QUALITY MANAGEMENT & FRESH WATER CONSERVATION CONCEPTS

Within some service reservoirs, estuaries and sea outfalls, two chemically and sometimes
physically different water environments exist. In the estuarial regions of a river, fresh
water overrides the much denser seawater leading to the formation of a tailing upstream
salt-water wedge. Similarly in sea outfalls intruded seawater undercuts the much lighter
effluent reducing pipe capacity and seasonal changes results in the formation of

undesirable thermal stratification in some service reservoirs.

Water quality has become a key issue of practically every hydraulic endeavour and to a
larger extent it is the underlying basis of the recent so-called ‘environmental debate’.
Changes in the world’s oceans are going to be important factors in any global change
processes. Gradual melting of the global ‘ice store’ in the polar regions is affecting
climates and movements of the oceans. Rising sea water levels linked to global warming
issues have also implied further upstream reaches of saline water in tidal rivers. At risk
are aspects of such systems like the fertility of marshlands, storage capacity of estuarial

dams, yield of some costal boreholes etc. (Figure 1.1)

In all cases the desirability of the stratification formed depends on the issue at hand. For

the purposes of water quality management and sometimes design capacity requirements,
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stagnancy in estuarial dams, service reservoirs and outfall tunnels are unacceptable.
However for the segregation of fresh water for downstream reuse, as well as in pollutant
spill containment in rivers with high tidal reaches, stable stratification implies much

longer retention times in these situations.

The boundaries of ocean current and the river flow or effluent discharge often involves a
direction of shear flow, which is not collinear with the vertical direction of stratification.
This leads to stagnation or depletion of water quality in the lower regions of these
environments. Regardless of the extent of the problem at hand or the environment
involved, if the lower layers remain motionless, eutrophication sets in. Extracted water
quality from such systems depends on the hydrodynamics of transport and mixing in both
fresh and salt-water layers. The tasks that faces the modern environmental or hydraulic
engineer is to accurately predict or maintain the quality of extracted water, and underlying

this prerequisite, is the ability to well manage the system’s strata.

Figure 1.1 illustrates some of the problems of rising sea water levels in costal areas and
Figures 1.3 and 1.2 shows that of capacity reduction in estuarial dams and long sea

outfalls respectively.
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Salt Water Intrusion in Coastal Areas
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Figure 1.1 Salt intrusion in coastal areas
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Figure 1.2 Reduced outfall capacity
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Entrapped Salt Water
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Figure 1.3 Reduced dam capacity

1.2 MIXING PROBLEMS AND SOLUTION CONCEPTS

Post war industrial developments on major watercourses in the UK led to the construction
of downstream flood barriers to protect these sites or towns. Also in recent years the need
to utilize and rehabilitate some derelict industrial lands for commercial and amenity
interest, have promoted the use of tidal barrages. Formation of a permanent water body to
replace the tidal regime hides unsightly mud banks and facilitates ready access to modern
riverside developments and recreational facilities. Unfortunately in times of high spring
tides many such barriers were designed to be overtopped by the incoming tides. The
presence of the saltwater behind the barrages creates stratification and a stagnant salt
layer in the impounded water. In times of low freshwater flows negligible mixing takes
place and the natural action of surface winds and internal circulation offers little in terms
of aeration in the saltwater layer. The consequence is an entrapped salt wedge with little

re-oxygenation and high possibility of anoxia.

Often it is considered unlikely that simple sluice provisions can prove effective in rapidly
expelling the saline layers and surface releases through fish-passes only offer preferential

release of the freshwater rather than provide a comprehensive solution to the salinity
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problems. The problem therefore accumulates with successive influxes until a major

fluvial flood is able to effectively flush the system.

1.2.1 Solution Concept

Traditional uses of mechanical mixers and air columns have the disadvantage of requiring
external energy input and result in the loss of fresh water quality through dilution of the
stagnant seawater. The fundamental basis for an effective solution is to utilize the natural
separation tendency of the fresh and salt waters to displace the stagnant salt water and
retain as much freshwater as possibly in the process. These goals can be achieved by
introducing a boom/flexible skirt assembly just upstream of the barrier. This idea taken
from the technology employed for offshore oil spills is novel but has been shown to be
very effective for salinity problems in estuarial impoundments. A schematic view of such

an assembly can be seen in Figure 1.4 taken from, Burrows and Ali (2000).

Figure 1.4 Boom/Skirt Arrangement for estuarial water quality remedial
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