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Abstract

This thesis deals with both theoretical and experimental modelling
titudies to investigate the influence that wave action exerts on the
liydraulic performance of sea outfalls. This particular research stems
from the United Kingdom's dependency upon the use of the marine
environment for the treatment and disposal of sewage, with the
consequential concern of ensuring that sea outfalls operate
natisfactorily, thereby, offering an adequate degree of environmental
protection, Clear evidence exists that sewage outfalls do suffer from
naline intrusion sometimes exacerbated by wave action, particularly

If the outfall is in shallow water, seriously inhibiting their

performance.

ixperimental work was undertaken with a newly-designed sea outfall
model which was positioned in one of the Civil Engineering
department's wave flumes. Experiments were performed to determine how
velocities within outfall risers are affected by the action of waves
over the manifold system during varying rates of controlled discharge.

Velocities within the risers were measured using an ultrasonic probe.

A series of experiments were also wundertaken to investigate the
hydraulic effects of saline wedges in open ended pipes in order to
establish validation data for the main research programme, and for the

development of one of the two mathematical models used in the studies.

The mathematical models for analysing wave action on outfalls and for
determining lengths of saline wedges in open ended pipes, were written

on the University's main frame computer, Both models are readily



transferable to the IBMPC or other comparable systems so long as a
Fortran compiler is available. Major restructuring though will be
involved as the graphical plotting routines will not be compatible,
The results produced by the calibrated models compared favourably with

those produced during the experimental programmes.

One of a number of important conclusions drawn from this research is
that wave action will enhance the circulation of seawater within an
outfall manifold system should the risers already be under intrusive
conditions. The condition of saline intrusion is clearly caused when
the rate of effluent discharge is less than the designed flow for the
outfall system. Moreover it was discovered that wave actlon causes
both high and low instantaneous velocities which could well increase

the volume of marine sediment being forced into the system.

The final part of the programme examines the effect of attaching
diffuser caps to the risers. The evidence here is that diffuser caps
reduce the inhibiting effect of wave action, simultaneously producing
increases in friction which facilitates the purging of seawater from
the outfall when the rate of discharge is lower than that of the

design parameter.
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Notation

Unless otherwise stated in individual sections the following notation

i1s used throughout the thesis.

A - Area

a - Speed of pressure pulse wave in pipe
B - Perimeter

C4 - Coefficient of discharge

D - Pipe diameter

d - Depth of water

E - Youngs modulus of elasticity

F - Force (also occasionally used to denote Froude number)
Fp - Froude number

£ - Friction factor in pipes

£y - Interfacial friction factor

g - Acceleration due to gravity

g - Reduced gravitational acceleration
H - Total Head

H, - Wave height

h - Difference in hydraulic head
hijg = Head loss due to friction

L - Length of outfall pipe

L, - Saline wedge length inside pipe
Np - Reynolds number

P - Pressure

Q - Flow rate in pipes

dgo = Flow rate in riser pipes

v



T - Waveperiod

t - Time
t” - Thickness of pipe wall
U - Vertical velocity in drop shaft
v - Velocity
Ve - Pipe velocity
Va - Densimetric velocity
vy, - Volume
W - Width of interface between liquids of different density
Z - Height of pipe above datum
o, f = Angles of salt/fresh water interface
6 - Longitudinal slope of pipe
Py = Py
€ - X
by - Wave length
¥ - Weight of fluid
o - Density of fluid
T - Shear stress acting on fluid
7 - Viscosity
v - Kinematic viscosity
V = mean velocity

Vf = flow ratellocal cross -sectional area

-
n

pilpe diameter

Unless otherwise stated all units are expressed in S,I.
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CHAPTER 1

INTRODUCTION

The trading pre-eminence of Britain grew because of its strong links
with and ready access to the sea. Small coastal and river mouth
settlements swelled into large communities in response to increases in
maritime commerce and other related 1Interests. In turn, these
communities developed into major connurbations whose industrial and

commercial Interests became diverse.

Human activity creates waste; in the past this was municipal only.
Since the unprecedented industrial development during the nineteenth
century industrial waste has also had to be dealt with. Almost all
coastal towns in Britain discharge sewage to the sea as an economical
method of disposal. It is done either without treatment or with
screening and maceration (or disintegration) only. Many of the
outfalls through which domestic sewage and trade wastes are discharged
were constructed in the nineteenth century, and are still in use
today. A great many of them discharge sewage at a point not much
further out than low water mark under ordinary spring tides. At some
of these places, where the current regimé is favourable or the outfall
1s remote from accessible beaches, there are no visible signs of
sewage pollution and no smell or other indication of the presence of
sewage In any frequented locality. At other places signs of sewage
detectable to the eye or nose occur near or on beaches occasionally.
In winter and very wet weather, this may cause little or no concern,
but in summer if pollution of the beaches occurs then most people
find it highly objectionable. At a few places such objectionable

conditions occur quite frequently and there may be accumulations of



sewage solids both offshore and on the beach. Situations of this kind
are a source of concern to the public who are becoming increasingly
avare that many beaches and foreshores in the United Kingdom are an
affront to the standards a civilised society should demand of {its

environment.

This need to alleviate pollution along shorelines, together with
improving water quality because of the growing popularity of water
contact sports, has seen the adoption of the European Economic
Community (EEC) standards for bathing waters; involving over 300

beaches around the coast of Britain.

To implement the EEC standards will require a great deal of economic
funding,(most of which will have to come from central government)and
this is bringing to general awareness that the economy of Britain can
be influenced by its environment. The economy is now so complex, and
the environment so finely balanced, that a clear regime of sensible
environmental regulation and control is vital to avoid a process of
environmental degeneration which would bring in its wake serious
economic consequences. Indeed, it can be argued that in the United
Kingdom the degeneration process has already begun, too frequently
manifesting itself through infrastructure dereliction arising from
failure to respond to the need to agree, plan and implement asset

replacement programmes.

The absence of such programmes has, among other things, sometimes led
to the collapse of major sewers and water mains serving large
connurbations, and bringing disruption to the city centres concerned.
Other instances point to the neglect of known malfunctioning sea

outfalls causing gross pollution of foreshores, beaches and water



courses, all of which are now recognised as being high amenity areas.
So it is wvital to preserve and improve the quality of life and to
recognise that as the economy grows money should be made available for

improvements to the environment.

A major consequence of the EEC bathing water directives is that new
marine outfalls are being constructed further out to sea, to discharge
into greater depths of water. Increases in distance between shoreline
and outfall discharge location demands greater capital investment, as
well as higher design and construction skills., It is to be expected
that intense interest is now being given to producing efficient and
trouble-free outfall pipes and diffusers with a view to minimising

maintenance expenditure and enhancing cost-benefits.

As outfalls become longer and start discharging into greater depths of
water it becomes essential to determine the behaviour of the marine
discharge in terms of dilution and dispersion. These are governed by
a variety of physical factors such as sea temperature and salinity,
tida} and ocean currents, winds and waves. Yet only in recent times
have we begun to look closely at the effect of these physical factors

within the outfall conduit and its manifold.

For many years it has been known that the performance of some long sea
outfalls fell short of design expectations, although the underlying
reasons for this were never fully investigated and, 1in consequence,
not understood, Often it was assumed that the problems were, in the
main, related to faulty diffusers; however, now that more intensive
investigations are being carried out on the determination of hydraulic

characteristics of outfalls during their operation, it has been

observed that both saline intrusion and marine life cause a variety of



problems such as blocked risers and diffusers(“*?) and corrosion
causing the breaking away of risers from the manifo1d(24) Both
problems result in very different effluent dilution and dispersion
values when compared with those for which the outfall was designed.
Whilst the foregoing difficulties are sometimes construction related,
the problem of blocked risers Is more probably caused by poor design

leading to an inhibited outfall system.

The aim of this thesis is to investigate the effects wave action and
saline intrusion have on a sea outfall and to shed light on some of
the problems they may cause. The main area of laboratory
investigation centres on the effect that wave action has on a
submerged marine outfall diffuser system, whilst a series of
complementary experimehts were also undertaken to examine in detail
how saline wedges might develop during a cycle of steady flow within
an open ended outfall pipe. Both investigations were implemented
using experimental and mathematical modelling thus providing, through

the numerical model, a basis for the analysis of prototype outfalls.

An important feature within the experimental programme was the design
and assembly of a scaled model outfall whose physical characteristics
are described in Chapter 4. This was placed inside a wave flume
capable of generating both random and sinusoidal wave forms. Data
collection apparatus, comprising pressure transducers, velocity meters
and wave gauges, were connected to a computerised data collection
system and the results stored on tapes. A second outfall model was
used for measuring saline wedge lengths and profiles forming in a

horizontal pipe. Results from this latter experiment were obtained

manually.



Mathematical models were also developed to run parallel with the
experimental models so that results from both could be compared.
Analysis was undertaken in several stages with the eventual aim that a
single mathematical model could be used to describe the behaviour of

a multiport diffuser system for future design purposes.

The thesis therefore is divided into eight sections, with this, the
introduction being section 1. Section 2 is a literature survey in
which a brief outline is given of the present 'state of the art' on
both two layer flow and outfall behaviour. The next section, section
3, deals with the theoretical modelling, including the derivation of
equations and their development into equational mathematical models -
which in turn are outlined in appendix D. Three mathematical models
were developed, one to perform an analysis of saline wedges in pipes
and two to investigate outfall behaviour, the first looked at single

port outfalls whilst the second looked at multiport diffuser systems.

Sections 4 and 5 deal with the design of the experimental apparatus

and the experimental procedures respectively. Appendices A and B also

form an integral part of section 4.

Sections 6, 7 and appendix E cover ‘the results obtained, both
experimentally and theoretically, for saline wedge analysis and
multiport diffuser analysis. Section 8 presents the conclusions
deduced the work carried out and recommends further work which could

be undertaken to extend the understanding of outfall behaviour.



CHAPTER 2

LITERATURE REVIEW

2.1 Saline Wedges and Two Density Flow

A great deal of work has been undertaken by various researchers in an
attempt to analyse stratified flow phenomena and its consequential
effects; much of the research has been carried out on fresh and salt
water stratification caused by changes in water temperature (thermal
stratification). A major proportion of these investigations has been
restricted to either open-channel or estuarial flow situations, with
very little research having been directed towards the stratification

of flows in conduits.

One of the earliest papers to cover this subject is that by Schijf and
Schonfeld(5?) which describes a survey of the theoretical
investigations carried out in Holland to examine the motion of salt
and fresh water in estuaries and canal locks. Within their paper the
authors look at the long wave phenomena at the interface of two
sharply separated liquids and the effect of critical flow at the end
of the wedge. They also consider the stability of the interface and
finally they look at how the mixing process in a brackish water region
can be clarified. The authors also list the basic equations for
motion and continuity in open channel flow situations for salt wedge

analysis which are cited by various researchers in subsequent papers.



Harleman(2®) and Keulegan(aa) have both written chapters, for
specialist texts, dealing with the effects of saline intrusion in open
channel flow situations; that by Harleman is principally theoretical
and looks into the effects of turbulent and laminar flow situations on
the saline wedge and how internal wave action develops. The chapter
written by Keulegan deals primarily with experimental data collected
during both field and laboratory tests to examine the lengths and
profiles of saline wedges in open channels and estuaries. A paper
written by Partheniades, Dermissis and Mehta(45) also deals with
experimental data collected over a period of time and produced in
graphical form to enable practising engineers to determine the
approximate length of potential saline wedges developing within
estuaries. The importance of this is that if an estuary is dredged
then it is possible to determine the extent to which sea water

intrusion will change.

Turning to work carried out solely in connection with open channels,
as opposed to estuaries, a paper by Smith and Elsayed(sz) focuses
attention on gradually varied flows in a two layer system where
significant energy losses arise due to boundary and/or interfacial
friction. 1In their paper the authors consider channels of arbitrary
geometry and derive relationships for energy gradients and surface
slopes of the upper and lower layers in terms of shear stresses at the
solid boundaries, as well as at the interface. One result of their
work has been the production of a suite of computer programs to solve
a range of problems involving gradually varied two-layer stratified
flow. The authors then compare the predictions obtained with
published laboratory and field data, such as that produced by
Keulegan(34). Of particular note, however, is their discussion

relating to the calculation of interfacial friction factors. These



define the levels of interfacial shear stress between the layers of
salt and fresh water. The shear stress equations contained in this
paper were produced by various researchers using field data and are

outlined below: (all equations are shown in Smith and Elsayed(sz)) ‘

(1) From Ippen and Harleman for lower layer flowing

£, = 11.3/NRz (2.1)
here N V’(Az )
wiiere -
R2 2 B2 + W

and £y interfacial friction factor

Ng = Reynold s number

V, = wvelocity

v = kinematic viscosity

A = area of flowing layer

B = wetted perimeter

W = width of interface

and subscript '2' indicates lower layer.

(11) From Bata for one layer flowing

384 (3 + N)
TNy (344N (2.2)

£y

3 B
where N = (;‘)- (“ )
1

and subscript 'l' denotes stagnant layer, and u is the

dynamic viscosity.



(1ii) From Bata for one layer flowing

- 3/2
(384 - £; Np) 31.2 (2.3)
- T ‘2 .
4 £, Np - 384 (Ng 1)/

where M = hydraulic radius.
(iv) From Keulegan for one layer flowing

£, = K/Néiz (2.4)

where N - ¥x

Ry v
(v) From Dick and Marselak for lower layer flowing

£; = 0.316/Np"?% (2.5)
2

where N - ( )
R, v, B, +W

Smith and Elsayed then determined which of the above five equations to

use by determining the value of the ratio

Richardson number
Reynolds number

The foregoing suggests that interfacial shear stress is strongly
dependent upon boundary conditions, and that interfacial shear stress

values for flows within pipes could be markedly different to those

calculated for open channel situations.



A paper prepared by Holley and Waddel1(2®) dealt with stratified flow
in a series of regulating culverts constructed at specific locations
through a railway causeway which effectively splits the Great Salt
Lake, Utah, USA, into two separate lakes. The culverts are designed
to keep the 1levels of water and salt concentration at specified
tolerances within each section of the lake. Perhaps the most
interesting feature of this work was that it dealt with both the
experimental and theoretical analysis of stratified flows in an
enclosed conduit, rather than in open channels or estuaries. The
theoretical work was undertaken using open channel equations as the

culvert was rarely flowing in a full condition.

A paper by Abraham, Karelse and van 0s{') elaborates on the reasons
why subcritical stratified flows may be treated as two layer flows
without mixing; they also give a summary of experimental data used to
determine interfacial shear. Here the authors find that the values of

Ki' where

decreases with increasing Reynold s numbers, but tending to a constant
value for larger Reynold s numbers. Again all of the results arise

from research carried out for open channel flow situations.

The words detailed above were those which had been utilized in the
present study of two density flows. In addition,a paper by Hino, Hung
and Nakamura(ze), on entrainment and friction at the interface of a

salt wedge, proved useful whilst investigating interfacial friction.

10



One interesting feature relating to saline wedges is the way Dutch
engineers have employed the inhibiting effect of stratified flow to
their advantage, enabling sea locks to be operated to permit seagoing
vessels to move from existing inland fresh water lakes out to sea,
whilst preventing sea water contamination. This operation is carried

out in a number of ways which are illustrated in a paper by Van der

Kuur(54).

Research into the consequences and motion of stratified flow within
pipes 1is relatively limited, when compared with that work already
carried out to analyse similar problems in open channels; moreover,
current knowledge of the problem is meagre, and has only been acquired
in recent years. One of the earliest papers on the subject, produced
by Ellison and Turner(zz), investigates the behaviour of a layer of
dense salt solution on the floor of a sloping rectangular pipe in
which there is turbulent flow. Another early paper was written by
Sharp and Wang(s') and this presents the results of a series of
experiments to determine how an arrested saline wedge was formed
within a modelled sea outfall pipe. To facilitate experimental work
they inverted the outfall system so that salt water was passed through
the pipe and into a large body of fresh water, leaving a fresh water

wedge to form along the soffit of the pipe as shown in Figure 2.1.

11
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Sketch of inverted outfall showing position of wedge

Figure 2.1

Sharp and Wang then compared their experimental results of both wedge
length and profile with open channel theoretical and experimental
results which had previously been determined by other authors,
including Keulegan(34), Polk and Benedict(*®), No additional
theoretical work dealing with the problems of saline wedges in
pipeflow was undertaken by Sharp and Wang, but the concept of running
salt water, as opposed to fresh water, through the outfall pipe was a
procedure adopted for all initial experiments on a new outfall model

facility constructed at Liverpool University and reported upon in this

thesis.

12



In 1981 the Water Research Centre (WRc) recognised the existence of
potentially serious problems arising from the intrusion of sea water
in outfall pipes. A short report dealing with the problem of saline
wedge formation was produced by Munro(*') in which a number of
suggestions are made as to how the problem of wedge formation can be
alleviated. At the time of issue of the WRc reportbthere was still no
in depth experimental work being carried out to assess what was
actually happening within the outfall structure, consequently the
recommendations made by WRc are based primarily on predictions of what

may occur within the outfall pipe.

During the last few years, however, more research has been undertaken
to determine the effects and causes of saline wedges in both open
ended outfall pipes and outfalls comprising risers and diffusers at
their discharge end. To date the main thrust of research activity
within the United Kingdom has been carried out at the University of
Dundee under the direction of Dr. J. Charlton and latterly by Dr. P.
Davies, At Dundee they have carried out experiments both in the
field, using prototype outfalls, and in the laboratory to observe the
formation and effect of saline wedges in pipelines having either open

ended discharge arrangements or with diffuser systems (Figure 2.2).

13



LEVEL
MANIFOLD SECTION
V' N N
DIFFUSER
SEA BED
AR 7R 7777 CNZZNY ENZGN\ZZ

INFLOW J'?
ﬁ

1

Schematic Sketch of Outfall with Riser/diffuser system

Figure 2.2

The work carried out at Dundee has been published e#tensively and
covers a number of issues relating to saline intrusion. Two early
papers published by Charlton look at saline intrusion into multi-port
sea outfalls{'3)  together with the hydraulic modelling of the effects
of saline intrusion into sea outfalls('4%). Dealing firstly with the
paper on hydraulic modelling, it 1is noted that Charlton initially

divides the various outfalls into four main groups which are:

(1) Sea bed outfall pipes with the diffuser section being entirely

above the sea bed,

(i1) Shallowly buried outfall pipes with the diffuser section

consisting of a number of short riser pipes,

14



(i1i) Tunnelled outfalls where the diffuser section consists of a

number of shafts connecting the soffit of the tunnel to sea bed

diffuser heads and

(iv) Tunnelled outfalls were the diffuser section consists of a
number of staggered shafts (connections made on alternate sides
of the main outfall pipe) joining the invert of the tunnel to

sea bed diffuser heads.

The paper then 1looks at various criteria for designing diffuser
systems and proceeds to describe the experimental model, a scaled
model of the Aberdeen sea outfall, which was at that time under
construction. Charlton discusses the model requirements and scaling,
before finally giving informative observations on the operation of the
model. His observations show that downward intrusive seawater flow
will occur 1in the seawater filled risers if the disgharging fresh
water velocity is not great enough to purge the system; moreover, the
greater the riser length the greater the required flow. If the risers
are connected to the invert of the outfall then the interface between
fresh and salt water tends to be horizontal and whilst some risers
will eventually be purged as more fresh water enters the system, other
risers will still permit an inflow of sea water. Finally, the
intrusion of sea water will attenuate as the rate of fresh water

discharge increases.

15



In the paper on the subject of saline intrusion into multi-port
outfalls('?) Charlton describes the intrusive process in greater
detail and promotes the concept of the action of events taking the

form of a hysteresis loop (see Figure 2.4) which is described later in

this chapter.

Charlton('S) also defines the scale of saline intrusion within an
outfall as being either 'primary’' or 'secondary'. Primary intrusion
is the term given to a salt wedge which 1s contained within a diffuser
cap and can be readily cleared by a small increase in flow rate. This
form of intrusion 1is unlikely to cause serious hydraulic problems
within the outfall system. Secondary intrusion occurs when the salt
water wedge passes through the diffuser piece and down the riser into
the main outfall pipe. This will possibly cause a wedge to form in
the main pipe so causing changes in the hydraulic characteristics of
the system and requiring a large increase in flow rate to remove it.
Secondary intrusion frequently occurs during outfall shutdown periods.
In a satisfactory outfall design it is assumed that initial peak flow
rates, upon first commissioning, are such that the system will be
purged of all saline water, In conclusion, Charlton states that
because of the general configuration of outfalls all will be
susceptible to saline intrusion but, depending on their design and
construction, some will be less prone than others. Whilst
investigating the consequences of sea water intrusion Charlton also
observed that 1little harm will come to the outfall system if the
intrusive process 1s cyclic and the outfall is purged of salt water
during operation. Should this not be the case then problems, such as

sediment deposition, are likely to occur.
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At this stage only those papers giving descriptive preliminary studies
undertaken by Charlton had been studied. The way forward was to
examine other documented experimental work that had been undertaken in
this field. Early research by Charlton{'?) to establish both profiles
and lengths of saline wedges developing in open ended pipes, similar
in scope to the work of Sharp and Wang(s') involved simulating a
submerged marine outfall arrangement, conveying fresh water along the
pipe discharging into a tank of salt water. From the results of the
experiments on an open ended pipe they produced a formula based on
early work by Keulegan(34). Keulegans work was undertaken in open
channels, and by converting the terms from an open channel system to a
pipe flow system, the length of a saline wedge within a submerged open

ended pipe could be estimated empirically. The formula is given as:

-3.4 -0.78
EE « 2 v, Vp D (2.6
D VA 14 )
where L, = saline wedge length
D = pipe diameter

V., = free stream velocity in full pipe
v = kinematic viscosity

Va = densimetric velocity and is given by

P, - P
Vy =1lgD ("‘?—3)]'/2]
1

g = acceleration due to gravity

and p,1p, = density of salt and fresh water respectively.

Charlton et al{'?) give the value of K as being approximately 12000 so

that the theoretical and experimental results are comparable.
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This work has recently been superceded in a paper produced by Davies

et al(z'), in which the formula given in (2.6) has been refined to

give:
' -7.93 b
S L VaP (2.7)
D VA 1 4
0.89
where b = 0.56 _2__‘_7£ ; and
Va

-3,69
K - 0.054 [ﬁ] Ln [EE]
VA Va

From a rigorous investigation of the theoretical and experimental
results produced by Charlton, Davies et al, and by comparing the
results obtained from the equation with experimental results acquired
herein it was found that the expression for K, given above had been
wrongly derived. Consequently, the equation in its published form is
subject to large errors. Once the revised expression for k has been
introduced, see Section 6.4, the results obtained from the equation

(2.7), compare favourably with the experimental results.

Another equally interesting point arising from the report by Charlton
et al{12) is the boundary condition at the discharge section of the
pipe. They found that if the Densimetric Froude number of a particular
discharge was calculated using the mean (pipe full) velocity and the
depth of flow at the exit, then the densimetric Froude number remained
at a constant value of unity. They do mention that the measurement of

the depth and mean velocity depends upon observations of the interface
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discharge profile and the establishment of where a realistic depth

value should be measured. Further experimental work has recently been

accomplished on this subject by Porter(47).

Focusing attention on the more complicated modelling of multiport sea
outfalls, work at Dundee concentrated on the configurations

illustrated in Figure 2.2 as opposed to-a pipe with a series of ports

along one side only (Figure 2.3).

PORTS
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Sketch of an outfall with ports along its axis

Figure 2.3

Comprehensive experimental modelling was undertaken at Dundee, all of
which served to demonstrate that if an outfall is not continuously
discharging at its design flow rate, then sea water will penetrate the
system unless mechanical means are installed to prevent this. In a
paper by Charlton, Davies and Bethune<'7), they discuss some of the
results obtained from their experimental model. Here thgy discuss the
problems of primary and secondary intrusion, and how to overcome this
during the purging process. During a simulated outfall purging

process they examined how the driving head changed as each riser was
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purged (see Figure 2.5) and compared the purging performance of soffit

and invert connected risers.

connected multi-riser system purged more efficiently than

connected arrangement,

In this case it was found that an invert

a soffit
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Diagram showing the effect of seawater intrusion on the

head loss in a complete outfall system.

Figure 2.4

20

(From Charlton('s)).



HEAD h

B 4 o
$ N &
/A A
7
/ ,//
V4
A\ 4
i
R
of #
’ o / Cevermbie characheisic
/ S S with e imtrusen
("h‘ / 7
/ S T+
/ H
7 —ith X
Ly, st s i

DISCHARGE Q

The head/discharge characteristic for a four riser outfall

with and without saline intrusion. (From Charlton('s)).

Figure 2.5

Mention should be made of the fact that both Munro(*') and Charlton
observed that saline intrusion often causes severe operational
difficulties, principally because tunnelled outfalls are invariably
constructed with slack backfalls to facilitate drainage during
construction and to enable the system to be emptied for inspection and
maintenance purposes; consequently, sea water can, if allowed,

gravitate along the pipeline towards the headworks dropshaft.

Another important area of work carried out by Charlton et al was the
monitoring of discharges from prototype outfalls('®) . In this paper
the authors give a brief outline on how the work was implemented using
remote sensing. It is known that other studies of prototype outfalls

are currently being carried out by WRc, the results of which have not

yet been published.
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Significantly, Charlton's research has led to the possibility of
development of pressure charts which can be used as a guide, to the
operators of sea outfalls, of outfall performance, indicating the
likely number of risers discharging and the various st.ages of purging.
Moreover, the experiments assisted with the determination of the most
efficient location of risers on an outfall in order to facilitate the
purging process. Charlton has also examined some novel ideas for
preventing intrusion into multiport diffuser systems('s), and these
include the installation of  venturi constr:[ct:ions(1 ¢)either
immediately upstream of the diffuser manifold or within the diffuser

head, and the use of Taylor-Dunlop valves positioned at the outlet of

each riser, (see Figures 2.6 and 2.7 respectively).

PLAN

ELEVATION END VIEW

Venturi intrusion control

Figure 2.6
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At the present time little information about the operational
performance of these innovations has been made known, although a
venturl has been incorporated into an outfall built at Aberdeen; it is
also known that other outfall designs include the provision of a
venturi. Taylor-Dunlop valves have been used successfully on the
Weymouth outfall which is operated by Wessex Water Authority(4g).
There are, however, disadvantages to the use of these devices, one of
which is the increased head required to overcome the additional
constriction incurred by the devices. A major shortcoming of the valve
can arise when used on a pumped system as the rubber membrane, which
is an integral part of the valve, often suffers 'blow back' under the

development of mnegative pumping pressures In the pipeline, thus

inhibiting flow from the outfall.

Research into the effects of saline wedges on diffuser manifolds has

been carried out in Australia by Wilkinson(%%» 59 §0)  Injeially
studies were undertaken to examine the effect of seawater circulation

within outfall manifolds and, in so doing, he produced both
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theoretical and experimental results for his work(S®» €9)  A1] the
results obtained by Wilkinson are restricted to a two riser system .
In his first paper(se) Wilkinson discusses the various problems and
effects of saline intrusion and intrusive conditions and then moves on
to discuss circulation blocking (the drawing of seawater down landward
risers), which he says occurs after a shut-down of sewage flow into
the outfall tunnel or the premature commencement of sewage discharge
following a shut-down. Wilkinson then produces a theoretical analysis
to determine the sewage flow required to purge a blocked riser and
discovered that his agreement between theoretical and experimental
results was close. He concludes, however, that unlike saline wedge
blocking of an outfall tunnel, circulation blocking cannot be
prevented by modification of the maﬁifold system but that it can be
avoided by ensuring that all transient motion has ceased before the
system is restarted. In his second paper(®?) Wilkinson arrives at the
following theoretical equation to determine the flow of seawater

circulating around the manifold system, the equation is based on Fig.

2.8 and is given as:-

Q
Q—S = ([1+2r + (4 - F ) g—z] (1L + 1) /2172 (2.8)
C

thus indicating that the ratio of circulating sea water to sewage flow
(r) 1is determined by the ratio of sewage discharge (Qg) to the
critical purging discharge (Q.) and the critical outfall Froude number

(Fo).
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Figure 2.8

Wilkinson produces experimental data using his model outfall and
demonstrates that the experimental results agree closely with the
theoretical results obtained from equation (2.8). After examining the
circulatory effects within the manifold system, Wilkinson then
progressed with further work relating to the purging of saline wedges

from outfalls having manifolds attached at the downstream end.

In his paper on purging flows(5%) he deduces an equation, using Fig.
2.9, to determine the critical flow required for purging a riser once

the upstream risers had been purged. The equation is given as:
5 fh, ,D -
Qe = VZ [2 S, + (L + (P + Kk, - 1] /2 (A (g')'/?] (2.9)

where Q, = critical discharge

Sm = dimensionless momentum factor
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f,k, = respective friction factors of riser pipe and bend
h = height of riser from outfall tunnel centreline

D = diameter of outfall tunnel

d = diameter of riser

A = area of riser

and g' 1s the reduced gravitational acceleration, caused by the change

in density and is given by

N v //
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Schematic diagram of critical flow

condition for calculation of equation 2.9,

Figure 2.9
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Again Wilkinson carried out experimental modelling to compare with the

results obtained from the theoretical analysis and again good

agreement was achieved.

Leaving aside for a moment the problems of outfall behaviour, and
moving along to deal with the physical modelling of outfalls, it
should be noted that great care is necessary when building an outfall
model to ensure that it truly represents a prototype outfall. The
problem originates from the choice of scaling parameters, i.e. whether
to size the outfall using densimetric Froude numbers, which would
cater for the possibility of stratification occurring within the
outfall, but would not accurately model shear stresses within the
system, or use Reynolds numbers which would take into account shear
stresses but not stratification. In a discussion document('s) written
by Charlton et al, they appear to be sceptical about whether the
results obtained by Wilkinson could be used to predict what was
happening in a prototype outfall, since they believe that his model
was too small. The outfall model used by Wilkinson has a tunnel
diameter of 25mm, whereas the model used by Charlton et al
incorporates tunnel diameters of between 88mm and 120mm. This
criticism is refuted by Wilkinson{'®) and, to prove his point, refers
work carriéd out by Keulegan{??) on the effect of viscosity on shear
instabilities and how this can be used with the densimetric Froude

number to establish appropriate scales for model studies.

It can be concluded from the foregoing discussion that very 1little
numerical modelling has been undertaken to analyse the profile of flow
stratification within enclosed outfall pipes, both with and without a
diffuser section when compared to the large amount of work which has

been successfully completed on open channel flow conditions. However,
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this situation is steadily changing and research has recently been
undertaken in France by Viollet(5®) dealing with the numerical
modelling of two density currents. The reason for Viollet's work
however was to examine thermal stratification in pipes caused when hot
water passes along the pipe after it has left the cooling system of a
fast breeder reactor. This method of numerical modelling could be

used as a possible extension to the work performed herein.

2.2 Outfall Hydraulics and the Behaviour of Manifolds under Wave

Action

2.2.1. The hydraulics of flow manifolds.

Before the consequences of wave action upon an outfall can be
investigated, it is essential that the hydraulics of the outfall and
its manifold are examined and understood. Several papers were looked
at to investigate possible methods of modelling outfall behaviour,
The first 1is a publication by Acrivos, Babcock and Pigford(z)
describing the one dimensional fluid mechanics calculation method,
together with pertinant experimental data, relating to manifolds of
the simplest type in which the main pipe has a constant cross-section
terminating in a closed end, and provided with equally spaced
uniformly-sized side tubes attached to the main pipe at right angles.
Experimental and theoretical models for both blowing and sucking
manifolds were studied, and a series of graphs were produced from
which it should be possible to determine what was happening within the

manifold systenm.
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The second paper by Ramamurthy and satish{?®) 1looks at the internal
hydraulics of diffusers with uniform lateral momentum distribution.
Again they use a main pipe of constant cross-section, but then assume
the manifold to be large, subsequently using the equations for a
porous manifold system. After having carried out both theoretical and
experimental investigations on this system, they found that the two

sets of results agreed fairly well.

2.2.2 The effects on outfall headworks of wave action in receiving

waters. (Unsteady flow analysis)
The first reference  on this subject 1is that prepared by F.M.
Henderson(27). This report outlines a desk study in which the
equations of motion and continuity are applied to an outfall to yield
the storage volume required in the head works to accommodate the

fluctuations in flow rate as a wave passes over the outfall's

manifold. The equation of motion is given as:-

2t fL A%y VI Lav
h-—z'sinT- [B—-’-E! '2—g+gc—iz (2.10)

and the equation of continuity as:-

h
Q =4, T +a, vV (2.11)

where h = difference in levels between water in the upstream tank
and sea water level
H, = wave height
T = wave period

f = Darcy friction factor
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L = outfall length
D = outfall diameter
AO,A1,A2 = areas of outfall pipe, upstream tank and discharge port
area respectively
Q, = inflow into upstream tank

and V = velocity of flow in pipe.

The equation Henderson derives for the additional storage (s) is,

A, gH, T?
0
T T8l (212

In obtaining the above results, two simplifying assumptions have been
made as follows:- (1) the change of water level in the upstream tank
is negligibly small, and (ii) the change in resistance plus velocity
head term on the right hand side of equation 2.10 is negligibly small.

These two assumption reduce equation 2.10 to:-

2zt L aV

PR T (2.13)

From which Henderson derives equation (2.12). He then offers reasons
for the two assumptions, for the first he states that 1t 1s desirable
to keep the change in water level small and consequently the objective
of his design study is to find out whether, and under what
conditions, these variations can be kept small. He then states that
the second assumption is plausible in view of the considerable length
of the outfall being studied, and hence the large inertia of the

water-column contained within it, The conclusion reached is that the
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additional storage required within the system as a wave passes over
the manifold is negligible, but this would only be the case for long
outfall pipes and will not necessarily apply to short outfalls(s),
This simplified approach by Henderson provides no indication of
possible problems that might arise within the outfall caused by wave
induced oscillation and circulation within the manifold structure, and

this {s a matter that is examined in detail herein.

2.2.3 The effects of wave action on the internal flows in multi

riser outfalls,

Larsen(?%) has reported a numerical study of the problem which he
addresses to the case of small diameter plastic pipe outfalls
constructed in shallow water off the coast of Denmark. Larsen's
theoretical analysis uses the method of characteristics to solve the
equation of motion and continuity. For his time simulation he models
a random wave field acting over the outfall by a JONSWAP (Joint North

Sea Wave Project) spectrum,.

Prototype outfalls in Denmark have riser heights of between 1 and 2
metres which are small when compared to the overall outfall length
which may vary between 500 and 2000 metres. For his analysis Larsen
used an outfall consisting of "off pipe" diffuser ports (i.e. no
risers Fig., (2.10) as opposed to Fig. (2.2)) and a tunnel in which the

cross sectional area varied (Fig. 2.10).
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Figure 2.10

He found that under certain wave conditions, a reversal of flow will
take place within at least one of the diffuser ports of the outfall

system signifying saline intrusion, even though all would be

discharging in the absence of waves.

Another problem which is cited by Larsen is the effect of resonance
within the outfall pipe; from the numerical model it is shown that the
damping of standing waves is very small and the pressure fluctuations
are large. This phenomenon could be further investigated
experimentally in the new model facility at Liverpool University

developed as part of this study but has not been pursued as part of

the present work,
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Apart from the references given above, there 1is wvery little
documentation of the possible effects of wave action on outfall
manifolds. It is understood, however, that a confidential report by

Palmer(44) also addresses this topic.

2.3 Other Aspects of Outfall Design

The design of outfalls has now become a very complex procedure and is
reflected by the large number of papers dealing with the subject,
particularly in relation to dispersion and dilution of effluent.
Several papers have examined this subject in a variety of ways, for
instance, a publication by Vigliani et a1(ss) investigates the
dilution of a domestic sewage source discharged to sea, under various
conditions of the dispersion plume,. In this case dilution was
determined by measurement of the salinity and concentration of
silicates within the plume, together with the physical properties
(velocity, temperature and dimensions) and was compared with the
values obtained using available theoretical formulae and graphs. The
theoretical formulae and diagrams used in this publication are the
Cederwall formula, the Cooley and Harris formula, the Rawn, Bowerman
and Brooks diagram and the Fischer and Brooks diagram. These have

also been used in many other technical publications.

Another report by Isaacson et al{3®)  1ooks at plume dilution for
diffusers with multiport risers. Each riser was evenly spaced
containing two to eight ports, and the plume dilutions were measured
in a two dimensional hydraulic model. Experimental results from this

model were compared with a mathematical model developed previously by

one of the authors.
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The two aforementioned papers are laboratory investigations into plume
dilutions, but a third paper by Bennett(g) looks at the plume dilution
from an outfall already in use, in this case the Hastings long sea
outfall operated by Southern Water Authority. To measure the
diffusion Rhodamine WT dye was injected within the riser and the
resulting dye-sewage concentrations were measured at the mouth of the
port and at the sea surface. Tidal stream, salinity, temperature and
depth measurements were also taken during the study. The information
obtained by Bennett(®) was correlated and the results compared with
the theories of the Water Research Centre and the Hydraulics Research
Station, It was found that the results from the Hastings outfall fell
between the two theoretical curves produced by the two aforementioned

research institutes.

In a paper on staged multiport diffusers Almquist and Stolzenbach(7)
investigate the efficiency of this type of diffuser arrangement on
mixing between effluent and the receiving body of water. A schematic
diagram of a staged diffuser configuration 1s shown in (Fig.2.11l)

along with two other typical diffuser sections.
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Elsayed(?%) also considers a staged multiport diffuser but he
investigates the effects of the fluid buoyancy on the mixing
characteristics from such a diffuser. This paper,is another dealing

with the effects of thermal rather than density stratification.

Earlier in this chapter, reference was made to the design of valves to
prevent the intrusion of sea water into an outfall during periods of
low or zero flow through the system('s). Other references have also
been noted regarding the development of valves(25). During the
design stages of the new San Francisco outfall it was decided to
include valves on the riser heads because of the large differences in
discharge requirements between summer and winter conditions. During

summer the expected flows were approximately between 50 and 150 mgd
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(180 and 570 mld) but during winter, peak flows exceeded 1500 mgd
(5700 mld). The type of valve being investigated in this case was a
"poppet” type, i.e. a type of valve which would open when pressures in
the pipe become greater than the extended pressure of the seawater.

Once the valve opened the effluent passed through a multiport diffuser

and into the receiving water,

Another paper by Larsen(?®) deals with the dispersion of sewage plumes

discharged into the coastal zone. Larsen's paper describes a numerical
model based on the Monte Carlo (or random walk) principle. The model
traces the 3-dimensional path of every particle and the stochastic
element of the movement is controlled by random numbers. The model
can simulate the unsteady case of dilution from a sea outfall were

both wind induced and tidal currents are taken into consideration,

The mathematical modelling of diffusion and dispersion of effluent
discharged from sea outfalls is now becoming more widely used for
determining the siting and length of any new marine discharges. For
example, extensive simulation using a mathematical model coupled with
information from field studies, has determined the 1length and

positioning of the new outfall at Cowes on the Isle of Wight(aa).

One of the major reasons for the development and use of computer
models is the stricter requirements being imposed on outfall designers
to achieve higher levels of diffusion and dispersion of sewage leaving
the outfall and discharging into the receiving water. One of several
new codes of practice published on outfall design is the European

Community directives which were introduced to restore and improve the
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quality of bathing beaches around the coasts of Europe. In response
to this document, the Water Research centre began a series of studies

and experiments into the operation of sewage outfalls.

Previously WRc had undertaken work on various aspects of outfall
design, such as initial dilution(?®) from sewage outfalls to achieve
efficient dispersion, 1in addition to comparing the effects of
different discharge velocities(4®). The report on initial dilution(?’
summarised available data on jet dilution in still water so that it
could be applied to engineering design; 1t also indicated how jet
dilution 1s affected when the body of receiving water 1s moving
relative to the outfall; it also discusses the relevance of initial
dilution to water quality criteria together with the determination of
outfall length. The second WRe paper(“°) deals with a topic which is
probably the most disputed in outfall design, that 1s whether to
provide high or low velocities of discharge from the diffuser section
of the outfall. Unfortunately, the conclusions stated in the report
are vague; mention being made that at the outfall sites examined there
was no apparent advantage in producing a high jet velocity at the
outlet ports. It also argues that because extra costs are involved in
the need for a pumping system to produce high velocities, and extra

land space required for storage, it is on balance better to use low

discharge velocities.

WRc has continued with its research and has now produced, in 'draft'
form, a design guide(43) which hopefully will be used for the design
of all future outfalls. It is surprising that the United Kingdom
which has been constructing outfalls for over a hundred years has only
recently had published a design guilde, whereas countries, such as New

Zealand(®1) have had guides for many years. The new WRc design guide
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has been written to assist engineers in the design and construction of
efficient outfalls in order to achieve the standards and objectives
laid down by the European Community. The guide covers the philosophy
of outfall design, the environmental characteristics and impact
predictions, the arrangement of headworks, the arrangements for
outfall and diffuser arrangements and general hydraulic design.
Incorporated withiﬁ this document is a state of the art review of the
methods of outfall design which includes several of the works cited

and discussed earlier in this chapter.
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CHAPTER 3

UNDERLYING THEORY AND NEW DEVELOPMENTS

3.1 Single Port OQutfall

3.1.1 Analysis of a Single Port Outfall Under Wave Action

As a wave passes over the diffuser section of an outfall, changes in
pressures acting on the diffuser occur, which causes fluctuations in
the rate of sewage flows leaving the system. This change in pressure
varies depending upon such factors as wave height and the ratio of
wavelength to water depth (see section 3.2.5) - and 1is usually
referred to as the attenuation of pressure. For this initial analysis
it will be assumed that the wavelength to water depth ratio is such
that the effluent discharge system will operate in a shallow water
regime, and that the whole of the pressure exerted by the wave action
will act upon the outfall. It will be seen later that this is a
condition that leads to the greatest fluctuations in the rate of

discharge and can, in consequence, be described as the worst case.

To begin the analysis, an outfall such as that shown in figure 3.1 is
to be examined; this is a basic outfal]: arrangement in which flows
enter the screening chamber at a constant rate prior to being
discharged to the piped section of the outfall comprising a single
outlet port at its downstream end. It is worth mentioning at this
point that this technique of examining the behaviour of a single port
outfall was previously undertaken by Henderson{2??) as part of his

investigation of the wider issues relating to multiport diffusers; the
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authors research of a multiport diffuser is described later in section

3.2 of this thesis. From Figure 3.1 the following symbols are

defined:-

H, = waveheight

oy
]

difference in water levels between mean sea level and the water
level within the screen structure

A, = area of screen structure

A = area of outlet port

A, = area of outfall pipe

y = depth of sea water

T = wave period

L = length of outfall pipe and

Q, = steady flow into screen structure.

Taking figure 3.1 and applying the Bernoulli equation between the
water level in the screen structure and the mean sea water level under

steady conditions (no wave action) it can be seen that

fL A%y V?
h = D—+ 1—\:2] EE- (3.1)

t+h
]

where Darcy-Weisbach friction factor

D = pipe diameter and

<
[ ]

velocity of flow in pipe
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In equation (3.1) the first term (fL/D) represents the head lost due
to frictional resistance within the pipe and the second term (A %/A,%)
gives the head lost at the exit of the pipe. For this simple analysis
it was assumed the density of inflow into the outfall was equal to the

density of the receiving water.

If waves act upon the end of the pipeline it can be seen from Figure
3.1 that the difference between the head in the screen structure and
mean sea water level must vary as the waveheight varies, hence the
difference in head between the screen structure and sea water level is

given by

27t

h - - sin T (3.2)

where t = the instantaneous time at a particular point during the

wave perilod.

It is therefore necessary to ensure that the total head obtained from
expression (3.2) is of sufficient magnitude to overcome the frictional
resistance within the pipeline, supply on adequate velocity head at
the outlet port and provide any acceleration head that may be required

within the pipeline.

3.1.2 cCalculation of Acceleration Head

If it is assumed that the liquid passing down the outfall pipe is
incompressible then the assumption can aiso be made that within the
pipeline a column of water will behave like a rigid rod; hence any
change brought about at one end of the pipeline will immediately be

transmitted to the other end, (see Webber(57)).

42



Figure 3.2 shows a uniform pipeline of length L and cross-sectional
area A, connected to a reservoir or surge tank. The headloss due to
friction is given by h; . The discharge from the pipe is controlled by
a valve (the increase in pressure due to wave action passing over the
end of the outfall has a similar effect) at the downstream end of the
pipeline. The mass of water in motion at any time is given by pAL,
where p 1is the density of the water,. ' ﬁuring a period of flow

adjustment, caused by the closing of the valve, the
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Fipure 3.2

instantaneous velocity is V and the retardation is given by -dV/dt
(negative because in this case +dv/dt would be seen as an acceleration
term). Thus 1in accordance with Newtons second law of motion the

pressure force at the valve is given by

dav

Ap A = - pAL T

where Ap is the surge pressure superimposed onto the normal pressure.

The dynamic, or acceleration, head term (h,) at the valve is given by
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N — | (3.3)

3.1.3 Formulation of General Equation

From the foregoing analysis it can be deduced that the dynamic
equation of motion for the outfall shown in figure 3.1 is

(Henderson( 27) )

H, 27t vZ L av
h - - sin [ ] [-— +——- — 4 - — (3.4)

2g g dt

and from the equation of continuity

dh

Q= A, 35 + AV (3.5)

3.1.4 Solution of Equations 3.4 and 3.5

Equations (3.4) and (3.5) can be solved using either a simplified
method such as that used by Henderson(2?) or by using a numerical
solution which is described below. In the simplified method Henderson
obtained equation (2.12) which computes the extra storage required at
the upstream end of an outfall as waves pass over its downstream end.
Use of numerical techniques 1s more versatile as it permits the
systematic variation of the parameters used in equations (3.4) and
(3.5) so enabling the user to determine the optimum design for the

outfall.
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(a)

The 1initial numerical model derived here was based on
Escande's(3') finite difference method.
Using equation (3.5) initially, and letting Q, = AV it follows

that

A, dh

V=V, - K: Ic (3.6)

Equation 3.4 can be rewritten as

T

h - —& sin

[ZWt] f'v? L av
2

2% + g Py (3.7)

fL Ao2
h f! - —+—
where D

2
AZ

As friction will always act in the opposite direction to the

motion of the fluid equation (3.7) can be rewritten as

h - — sin T

2

H,, 2rt £'V{V] L av
- (3.8)

2g + E dc
Differentiating equation (3.6) 1leaves an expression for the

acceleration of the fluid within the main pipe, which is

dv A d*h

at A, de?
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and so by substituting for both V and dV/dt in equation (3.8) and
by letting u equal dh/dt and du/dt equal d%h/dt? the main

equation for use in Escandes finite difference is obtained, as

2zt £ A A, LA du
h-'z—-sin[——,r—] -EE(VO'X;U‘)I(VO'X;“)I 'EA_OEE
(3.9)

By rearranging equation (3.9) and replacing the differentials dt
and du by small but finite differences, At and Au respectively,

equation (3.9) becomes

£ A, At A A, g A, At
Au = _EE—XT__ v, - X: U.)I(V° - Z: u)| - —E—XT—— h
B A Hy 27t
Z—LX:— At sin(T) (3.10)

Equation (3.10) is used to investigate theoretically the effects
wave action has on an outfall. It is solved for successive time
steps of At within the computer program called FINDIF2 VFORTRAN,
described in Appendix D. For each iteration the values of surge
velocity and surge height within the screen structure are

increased as follows:-

u =u + Au

Ah = u At

h = h + 4h.
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(b)

The second numerical method of dealing with equations (3.4) and
(3.5) is to use Runge-Kutta forward integration.
The necessary equations required for using this method are

outlined below.

If a function is given such that

y" = £(x,y,¥")

where y' and y" are time differentials, then it can be solved

using an iterative procedure by utilising the following equations

b2
kl = o= [£(x,y,¥")]
b? 1 k1 ., .kl
b? 1 b k1l ., , k2
k3-'2—[f(x+§b,y+§'y'+'&—-, +g-)]
b? 2
k4 = 2 [f(x + b, y + by' + k3, y' + 5 k3)]

Ay = % (K1 + k2 + k3)

Ay' = i (kL + 2K2 + 2K3 + ki)

Therefore,
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y(x + b) = y(x) + b(y'(x)) + 4y

and

y'(x + b) = y'(x) + Ay'

where b is the step length for each iteration., The starting

point for this analysis is equation (3.9) which 1Is rearranged to

give
an L D v, - — B Pl N
dt? 2L A, 0 A dt ) A al * oL A, T
gA, h
- T (3.11)

Equation 3.11 is then substituted into the Runge-Kutta equations

to give values for kl to k4.

)
-0t Bet o A %1 dn

2 [2L A v, - A dt)l(v B A, dt)l

+ g Ao Hw i 27t & Ao h
2L a,  stnCp) - TR

(dey? o ' ,dh kL dh k1
k2 o "5 et a1 x, (ae * ol

dt dh
+gA N sin (27r(t+2 )) - £ % (h+——-———dt dt:+Q)]
2L A, T LA, 2 4
2 A f! A A
13  (dE) - dh 1 g K2y

2 [2LA O'X:(d—t+?1€))|(V0'A_O(EE+E))
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dt dh

570w 27(t + 2 ) 0 ) dt k1l
*awa, T ) o, G )l
A £ A A
(dey? o _1 dh  2k3 . ' dh  2k3
k& 2 3L A, v, - A, Ge * ac 1Y, A, (Ge * ac VI
g Ay Hy 2r(t + dt) g &g dt x dh
+ EE—XT—— in( T ) - LA (th + —ac + k3)]

As in the previous finite difference method, small time steps of dt

are required for a satisfactory solution to be obtained from the

equations kl to k4.

Computer program FINDIF VFORTRAN (Appendix D) was written to solve the
equations kl to k&4 and the results were compared with those obtained
using Escandes finite difference method. The results were utilised in

the production of the paper by Ali, Burrows and Mort(s) - a copy of

which is included in Appendix F.

3.1.5 Boundary Conditions

Before either set of equations can be used in a mathematical model, a
set of equations have to be obtained to model the boundary conditions

at the upstream and downstream ends of the outfall,

The upstream boundary condition is determined by the amount of liquid
in the screen structure while the downstream condition 1is determined
by the 1Instantaneous water depth over the outfall, The 1initial

conditions within the outfall (time (t) = 0) are assumed to be steady,
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and the wavehelght acting over the outfall set to zero. The flow rate

passing through the system is equal to Q, and so from equation (3.7)

it can be deduced that

where h represents the driving head required to overcome the friction
head in the pipeline, and provide a constant discharge at the

downstream end.

It was found from preliminary applications of the computer programs
that a time step (dt) 6f between 1/5 and 1/10 of the ambient wave
period produced the best results within a reasonable time limit, if
the time step selected was too large some of the minor oscillations
were omitted and the oscillatory motion within the outfall would not

be completely defined. (See appendix D and paper by Ali, Burrows and

Mort($) given in appendix F).

3.2 Multiport Outfall

3.2.1 Analysis of a Multiport Outfall

The analysis of a multiport outfall 1is more complex than that of a
single-port system, because each riser on the manifold will be subject
to different driving heads as waves pass across the system.
Furthermore, it may be envisaged that should individual risers
consist of several separate outlet ports, then each port will be
subjected to various increases or decreases in wave pressure, which
will dictate instantaneous discharge. However, these differences

should be small due to the limited spatial separations and hence these
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effects can be neglected in analysis of the complete outfall system.
Because there would be a need to analyse each riser individually, it
is not feasible to employ the earlier technique described in Section
3.1.1. Moreover it would be difficult to understand the behaviour of
an outfall whose multiport system 1s subjected to wave action. 1In
addition effluent output is dependent on the upstream head which is

probably different for each of the adjacent risers.

Mathematically modelling a multiport manifold is complex, requiring
the application of continuity and momentum equations for unsteady flow
within the system. The approach adopted for a solution to the problem
is similar to that followed by Larsen{?%). The derivation of the

equations used in the model is given below.

3.2.2 Equation of Motion

The equation of motion is derived by the application of Newtons second
law of motion, in the axial direction, to the element of fluid shown

in Figure 3.3, (see Streeter and Wylie(5%)).
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Definition sketch showing forces acting on an element of fluid

within the outfall pipe

Figure 3.3

Applying Newtons second law of motion to the free body gives

PA - [pA + %; (pA) 6x] + p %% 6x + yA ox sin 6 - 7, «D &x

dav
- pA 5% Gr (3.12)

where p = pressure

»
1

cross sectional area of body
vy = specific weight of fluid (= pg)
p = density of liquid

Ty ™ wall shear stress
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o
1

pipe diameter

V = velocity of fluid in pipe
t = time and
6 = inclination of pipe to horizontal.

Equation (3.12) is divided through by the mass of the element, pAdx,

to give

4 r :
2P L&
Sx + g sin ¢ oD ac (3

O =

The pipe pressures can be expressed in terms of the elevation of

hydraulic grade line; so

p = pg(H - 2) (3.

which leads to

oH -¥4 :
o r8(5x - ax) 3

From figure 3.3 3z/3x = - sin 6 and so by substituting equation (3

into equation (3.13) the equation of motion becomes

e+ 75 *ac - O (3.

In the case of steady turbulent flow
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where f = Darcy-Weisbach friction factor, and the assumption is made
that the friction factor in unsteady flow is the same as in steady

flow. So the equation of motion becomes

SH  4av £ v?
B tac*t 2 ~ 0O (3.18)

Since friction always acts in the opposite direction to the equation
of motion, V? must be written as V|V| to provide the correct sign. So
by introducing this into equation (3.18) and expanding the accelera-

tion term the equation of motion for use in this analysis becomes

& 3x s« Foe T T 0 (3.19)

3.2.3 Equation of Continuity

The equation of continuity for the unsteady flow situation is applied

to the control volume of fluid shown in figure 3.4.

T —

7 S -- -
- CONTROL
H-2 : SECTION
T
H oAV\J; :' ' o
x 1 T-- J /,»f ——
Ox 9

DATUM

Control volume for derivation of continuity equation

Fipure 3.4

54



The continuity equation obtained from the control volume is given by

Rate at which mass enters the control volume
= Rate at which mass leaves the volume

+ Rate of increase of mass within the volume

and in equation form
PAV = [pAV + 2= (pAV)6x] + 2= (pA 5%) (3.20)
X at )

in which éx is not a function of t. Equation (3.20) can be reduced to

give
d 3
" 3% (pAV) 6x = ST (pA &%)

By expanding this equation and dividing through by the mass, pA éx

leaves
VoA, 13 Vi, 13,6
A dx + A ot + p X + p ot + X 0 (3.21)
Now
1 da 1 dx 1% Vs 1A
A dt - Ad dt TASt ASX ADSt (3.22)
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therefore (dA/dt/A} can be substituted into equation (3.21) in place
of the first two terms. Similarly it can be shown that ((dp/dt)/p)

can be substituted for the third and fourth terms, so equation (3.21)

becomes

> i
&5

ldp  3v
+ b dt + - 0 (3.23)

The first term of equation (3.23) deals with elasticity of the wall
and its rate of deformation as the pressure within the pipe changes

and the second term takes into account the compressibility of the

liquid,.

Initially whilst looking at outfall pipes in general, it was not
anticipated that compressibility would be a major factor in the
behaviour of the fluid; so this 1is now considered more closely. If a
pipe is flowing full of water, considered incompressible, and the wall
of the pipe is perfectly rigid then if a decrease in fluid velocity
at the downstream end of the pipe occurred, (caused for example by an
increase in pressure due to wave action or a valve being closed), all
the particles of fluid within the pipe would have to decelerate
together. From Newtons second law of motion the force acting on the

valve or other constriction at closure is given by

av
Fem ac

where F = force and

m = mass of fluid

56



and so if the closure was instantaneous then dt - 0 and the force
would become infinite, This indicates that deceleration of the fluid
within a pipe does not take place instantaneously and that the fluid
within the pipe must be to some extent compressible. This 1s shown in

the following diagram which demonstrates how the fluid in the pipe

reacts on sudden closure of a valve.

V.P,p,A
—

a) Initial conditions: valve open

X ———
A
V.P. oA P+&p
—_— p+p
A+ OA
V=0
X

b) Valve just closes
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P+lp
pP+dp V=10
A+ BA

¢) A short time later

Fipure 3.5

Just before closure of the valve the pipe is flowing full of water
(figure 3.5a) moving with a velocity, V; if the valve is now shut the
fluid immediately next to the valve is brought to rest whilst the
fluid upstream continues to flow as if nothing has happened.
Consequently, the fluid next to the valve is compressed slightly and
its pressure is increased. To accommodate this increase in pressure
the pipe, which is no longer assumed to be perfectly rigid, expands.
The next element of fluid now finds an increased pressure in front of
it and so it too comes to rest, is then compressed and expands the
pipe slightly. This process continues until all the fluid in the pipe
has been brought to rest. The line across the pipe, denoted by x-x in

figure 3.5 represents a discontinuity and is usually termed the

pressure wave Or pressure transient.

In the case of wave action acting upon the end of the pipe the fluid
within the pipe may not actually come to rest. In this case it is a
reduction in the velocity of flow which causes the pressure transient

as shown in Fig. 3.6.
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Diagram Showing Pressure Transient as Wave Pressure

Over the End of the Pipe Increases

Figure 3.6

After deriving equation (3.23) it can be deduced that values have to
be obtained for the speed at which the pressure wave passes along the

pipe as this will govern rate of deformation of the pipe.

As previously mentioned, the first term of equation (3.23) deals with

the elasticity of the pipe wall and its rate of deformation with

pressure, From Fig. 3.7 it can be deduced that the rate of change of

tensile force per unit length is given by

o
&l

T e

pD B

T —

Tensile Force in Pipe Wall

Figure 3.7
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Dividing this by the wall thickness gives the rate of change of unit

stress
D |, dp

and dividing by the Young's modulus of elasticity for the pipe wall

gives the rate of unit strain,

rate of unit strain = (§%TE) %%

wvhere E = Young's modulus of elasticity.

Multiplying this by the radius gives the radial extension and so by

multiplying the radial extension by the perimeter the rate of area

increase is obtained, viz

éa D _dpD
dt ~ 2¢'E dt 2 7

hence

e
&l
&

D
©'E (3.24)

(=%

t

The compressibility of a liquid 1is given by its bulk modulus of

elasticity

k___dp___ép_d
@y (@

VL ]
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where VL = volume

and k = bulk modulus of elasticity

and the rate of change of density divided by density gives

&le

(3.25)

o I
o Nfe]
&8
|
=l

Substituting the values obtained in equation (3.24) and (3.25) into

equation (3,23) gives

kD oV
Et') + el 0 (3.26)

==

dp
at (1 +
By dividing equation (3.26) through by p(l + kD/Et') and setting

2 _ (E)
a+ &E

))

equation (3.26) becomes

i e (3.27)

The equation which gives a? is sometimes written as

k
)

a+ &eEne)

az
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where C, is unity for a pipeline with expansion joints. The value of
'a' is defined as the speed with which the pressure wave is

transmitted along the pipe. From Fig. 3.4 it can be seen that

P = pg(H - 2)

therefore

>H dZ oH dZ
at sx T ot - VP8 (f 7 ) *ee(

ot ot

The change of p with respect to x or t is much less than the change of
H with respect to x or t, so p is considered constant; also as pipes

are generally fixed in position 3z/3t = 0 and 3z/3x = - sin 6; hence

3H
5t

-3 Ll

dp _ ., (M
at Vg (bx + sin 9) + g (3.28)

and the continuity equation for a compressible liquid in an elastic

pipe is obtained by substituting for 1/p dp/dt in equation (3.27)

leaving

a’ > oH OH
g % + V 5K + St +Vsin =20 (3.29)

3.2.4 Solution of equations (3.19) and (3.29)

Equations (3.19) and (3.29), the equations of motion and continuity,
are used In the mathematical model to determine the effects that wave

action has on a complete outfall system so enabling unsteady flow
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analysis. These equations open the way for calculating the velocity
of flow inside each individual riser and the hydraulic head across the
system. The equations are solved using the method of characteris-

tics(53) golution which is outlined below.

The two equations are combined and rearranged using an wunknown

multiplier N so that they become

H H > 2
[%(V+xg)+%]+>\[§—}: (V+'Z—)\)+§-€]+Vsin6
+xf‘—’—%l-o (3.30)

The equation has been arranged in such a way that the first term,

would be equal to dH/dt if

Eaveag (3.31)

and similarly the second term in brackets would equal dv/dt if
Loy L ' (3.32)

As equations (3.31) and (3.32) must be equal then

a2

V+)\g-V+5

implying that
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By substituting for M in the above

I+

0 |

characteristic equations) are obtained such that

a dv af v|v| _
g dt + V sin ¢ + 2D 0

B+
V+a
a dv _af vlv| _
2 dt + V sin 6 2D 0]

B-
V-a

equations, four equations (called

In the calculations to follow it 1is generally found that the value of

lal

is much greater than the value of V and so dx/dt =

t a. The

calculation using the method of characteristics can now be carried out

using the rectangular mesh indicated in figure 3.8.

At

At

At

Ax Ax Ax Ax Ax Ax
Qm
Hm
ﬂ+ B-
Qiet Qi -1
Hi+ 1. ' Hi -1
-1 ] i+1 N+1

& X

Rectangular Grid for Solution of Characteristics Equations

Fipure 3.8
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The horizontal lines on the grid represent the outfall pipe and the

positions of points 1 to N + 1 are shown in Fig. 3.9 below.

el
TEL Jouttsll BIPR oo o —tmbrrml—y
}—'-'—1: HOL _ .- —
! E_L,—‘F‘ . _2 Dropshaft
AHI—L",.—I’HGL ) Ve area Ap
£ LT e B 9 [~
I Hw.T ;PI
Outfall | ax  bx
f 4 Plpe ; Hp
- M area A
Sea bed | | )= 1= J /:
TR £

ail |

=] | 7% N3 | -

EDrL
¢+t

+

+ +

+

|
Ax | Bx|BX% |
| NOT TO SCALE

Datum *

Figure showing positions of points 1 to N+l in

outfall pipeline

Figure 3.9

The mesh only calculates the conditions within the horizontal section
of the outfall and the risers are dealt with separately and this is
detailed later within this section. For the mesh at time t = 0 the
pipe is realising its initial conditions, i.e. there is zero flow
passing through the pipe or there is steady flow passing through the

pipe but in each case there is no wave action acting on the system.
The program then steps through values of At, changing the values of
the conditions for points 1 through to N + 1. In the case of the mesh
drawn in Fig. 3.8 the lines (+ and (- are straight as the value of 'a'
is greater than the value of V. If the value of 'a' was not very much
larger than V, V would remain in the dx/dt equations and the
characteristic equations would be curved. They would then not
necessarily meet at such a clearly defined point, as shown in Fig.
3.8. In the case of curved characteristic lines further interpolation

would be required to find the point of intersection. From the diagram
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(figure 3.8) it can be seen that the time step of each calculation is
At = Ax/a and that at time t = O the value of H and 'a' at each grid
point along the pipe must be known. Hence the solution is carried out
along the characteristics, starting from known conditions and by
finding new intersections so that heads and velocities are found for

later times.

3.2.5 Boundary Conditions

As previously mentioned all outfall pipes have basically two boundary
conditions. The upstream condition is dependent upon the type of
inlet arrangement to the outfall, this may be either a gravity fed or
pumped system, the downstream condition is governed by the normal
pressure of the sea water caused by its density and height above the
outfall and the additional pressure caused by wave action at the sea

water surface. A detailed description of the boundary conditions is

give below:-

(a) Upstream Boundary Conditions

The program (SFLOW FORTRAN) offers a choice of two upstream boundary
conditions; they are either a pumped flow into the outfall, or a
header tank allowing flow to gravitate into the outfall,. The
essential difference between the two upstream boundary conditions is
that when the flow is pumped it is assumed that the pump generates a
constant head whereas in the case of the header tank the head within
the tank will vary. If the outfall to be modelled mathematically uses
a pump to move the water from storage tanks to a drop shaft then the
upstream boundary condition should be taken as an upstream reservoir

with an area equal to that of the drop shaft.
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(b) Downstream Boundary anditions

The downstream boundary is governed by the wave condition, the sea
water level and density, coupled with the number of risers contained
within the manifold or diffuser system. The wave form generated by
the program is that of a sinusoidal wave, the height of which varies
from riser to riser depending upon the ratio of the riser spacing to
wavelength. The variation in pressure acting upon each riser due to a

change in wave height is obtained using the following expression:-

cosh 2z (H. - 2)
XL s
Ap = pg g | 77 | ] (3.33)
s
cosh

59

where Ap = pressure change due to wave action
pg = density of sea water
A, = wavelength
H, = water depth

z = distance from mean sea water level to top of riser and

=5 sin 2« (%— - %) = water surface elevation (3.34)
L

where H, = wave height
X = distance along the direction of propagation of the wave
measured from the point directly above riser 1 (see Fig,
3.10)
t = instantaneous time

T = wave period
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Figure 3.10

Equation (3.33) effectively reduces the change in pressure caused by
the wave action as the depth to the top of the riser increases. Under
a shallow water wave, one in which Hs-z/xL ¢ 1/20, all the pressure
caused by an increase in waveheight will act on the outfall, in
intermediate depth this will vary and in deep water, Hg-z/A > 1/2

very little of the pressure will act upon the outfall.

3.2.6 Modelling of Individual Risers

a) Velocity in Risers

The risers themselves are not modelled mathematically using the finite
difference mesh shown in figure 3.8, Instead an inertia method is used
(usually termed lumped inertia, Wylie and Streeter(54)) as the speed
with which the pressure wave passes through a short narrow pipe is
substantially quicker than for the main pipe. Due to the high speed

of the pressure wave and the short length of the riser pipe the

68



change in flow within a riser pipe is almost instantaneous along its
length as the pressure changes over the outlet port, The lumped

inertia method uses the initial equation

s A2 L2 av
F, - F, - Fg - F, = ———E——— ac (3.35)

where referring to figure 3.11

]
1

. pressure force at section (1)

F, = pressure force at section (3)

]
o}
1

frictional force on fluid caused by wall shear stress

1]
]

w = force due to weight of fluid

2
1

welght of fluid

The remaining symbols are derived in figure 3.11.

Fy SEA WATER
/RISER
w
L2 /ﬁ<

N—

@;;

—_— @* Fy

Figure 3.11
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b) Riser/Main pipe connection
One of the more important areas of mathematical modelling within the

outfall structure is the junction between the individual risers of the

manifold and the main outfall pipe itself.

‘,.WSER

@Tq,

Q Q- 2~
—"6@*i-1 ¥i ¥ ON—»

Diagram Showing Main Pipe to Riser Connector

Figure 3.12
Where from figure 3.12 q, = flow in riser

* = the calculation points which correspond

with the mesh shown in figure 3.8.

At a connection such as the one shown in figure 3.12 above, it is
essential that the continuity equation and equation of momentum be
satisfied at all times; the method used by Streeter and Wylie(®3) to
calculate this particular type of boundary conditions 1Is to assume
that there is a constant head loss across the intersection. This may
be a valid assumption for the analysis of long pipelines but when
relatively short risers form the junctions and there is a relatively
short length of pipe between them, it is obvious from the Bernoullil
equation that there is a rise in the pressure head across the
junction, as shown in Fig. 3.13, if the main outfall pipe remains a

constant diameter throughout. The rise in pressure head is not as
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large as that calculated from the Bernoulli equation due to additional
'energy' losses caused by a disruption to the flow field as some of
the fluid enters the riser. If no correction is made to accommodate

the change in pressure head then the numerical model will produce

inaccurate results.

T ——__ TOTAL HEAD
T~ HYDRAULIC
T~— -~ _ . — HEAD
RISER 4 3 2 T

Ik t
L= _

Diagram Showing how Hydraulic Head Varies Across a Manifold which is

Q
~
Fol
w
£0
~

Attached to a Pipe of Constant Cross Section

Figure 3.13

To overcome this problem of unbalanced flow many outfalls are tapered
towards the end riser, but because this was not the case with the
model, the analysis had to be changed to accommodate the actual
system. If the equations had not been corrected the analysis would
have produced incorrect flow rates within the individual risers. With
reference to Fig. 3.12 the equations used for calculating the
discharge and hydraulic head at a 'riser-outfall' intersection are

given by Streeter and Wylie(®?) as
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Wi = -cw tom
Hpi Cm
- Qpy4, CH + R
Hpi C1
“%r T ¢ to

where

Qpy. Qpy,, = flow rates at

CH

TP

A

2 L,

¢ - g A, At

L

where v

= length of riser

A

r = area of riser and

(3.36)

(3.37)

(3.38)

Hpy = common hydraulic head at intersection

points i and i+l respectively

= area of outfall tunnel and

At = time step for calculations.

The values of Cp, C, and C, are calculated using the following
equations

Cp = Hy, + Q. [CH, - Ry, Q][]

Cn = Hyyy + Quyy  [Ryyy |Qpy,| - CHyy,l
and C, = Hp - Hg + g, [Ry |q,| - C]

where with reference to Fig. 3.12
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Hi-!'Hi+1

Q- 19Q444
Ri-t'Ri+1

Ri-l

and Ri+1
where f

For the equation

the hydraulic heads at points (i-1) and (i+l)
respectively one time step previous

the flow rates at points (i-1) and (i+l)
respectively one time step previous

the pipe friction losses and are given by

fi., &

2gD A; _,°*

fi+1 Ax

2gD Ai+12

friction factor.

to calculate C‘

Hp = the hydraulic head at the top of the riser one time step

previously

Hp = the hydraulic head at the bottom of the riser one time

~step previously and

Rp = the friction losses due to flow in the riser and is given

by
£ L,
Rp =
R 2gd A2

where d = diameter of riser pipe.

So from these equations it can be seen that C_, C,  and C,  are

P m

calculated from the values obtained for the parameters one time step

earlier. Equation (3.37) is modified to take into account the change

in head across a riser/main pipe junction, and so becomes
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m

QQi+y ="y YCHO CH (3.39)

where H; is the change in head across the junction.

H; 1increases or decreases depending upon the conditions within the
outfall and the iterative procedure for the calculation is repeated.
If the outfall being modelled is tapered through the diffuser section
then the value of H; is set to zero as it is assumed that the tapering

should balance the the flow rate through the risers under steady state

conditions.

3.2.7 Outstanding Limitations of the theoretical modelling

Introduction of a density difference between the discharging fluid and
the heavier sea water creates no serious difficulty in the numerical
model until a point is reached where internal driving heads at certain
sections become inadequate and saline intrusion into the system
results. At this point the numerical model becomes inadequate and a
mass balance model must be added to describe the dispersion of the
saline influx through the diffuser manifold. The resulting changes in
fluid densities within the outfall system will affect the

hydrodynamics of the system.

As observed, both in the field and in the laboratory,'there is a great
resistance to mixing between the two fluids and stratification
normally occurs in the main outfall pipe as a consequence of saline
intrusion. This in turn leads to the formation of a saline wedge.
This, therefore, may entail a knowledge of the characterisatign of a

saline wedge, as this may have an influence on the flow hydrodynamics

within the outfall pipe.

74



3.3 Saline Wedges

3.3.1 Analysis of Saline Wedges in Pipes

To complement the previous work on oscillations within an outfall it
is essential to predict the length to which the saline wedge will
extend once it has penetrated the outfall tunnel. The initial method

of investigating this was to determine the profiles and lengths of

saline wedges in open ended outfall pipes.

Although work has been carried out by various researchers into the
effects of saline wedges within open ended pipes, it has been mainly
experimental observations that have been made with little or no
theoretical work being produced to model the effects (see Chapter 2).
It was therefore relevant to undertake an investigation into the
theoretical mechanics of a salt wedge before carrying out experimental
investigations so that an attempt could be made to compare the

theoretical predictions with the experimental results.

The mathematical model is derived here and draws from references cited
in part 1 of Chapter 2. Definition sketches for the analysis are

shown in Fig. 3.14, where the notations are

PP, = respective densities of wupper and lower layers
(py > py)

V, = respective velocities

d, = respective depths of upper and lower layers

z = height of pipe invert above datum

S_ = slope of outfall pipe

7 = wall shear stress
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74 = interfacial shear stress
P,,P, = pressure in fresh and salt water respectively

ALA, area of fresh and salt water respectively

W = width of interface between two layers

B,,B, = respective perimeter lengths.

Taking the total energy equations for the upper and lower layers at

section 1 in Fig. 3.1la it is found that

2
P1‘l Vl'l

' p,8 2g

1
+§d” +d21 + z +th1 (3.40)

and
P v, ?
21 21 1
H2-9—2§+ 28 +§d21 +z, +th2 (3.41)
where H, = total energy head at upstream end of pipe

H, = total energy head in lower layer, taken originally
as the sea water level and
by ¢, hy g, = head losses due to friction in the upper and lower

layers respectively
As mentioned earlier within this chapter, for calculations involving

the flow of water the equations of continuity and momentum must at all

times be satisfied.
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From Fig, 3.15 the equation of continuity for the upper layer is given

as

oV, SA

1
VA, = (V) + 5 8 (A, + 3 %) (3.42)

and so by expanding and neglecting second order terms

3V, 2,

Ay TV —0 (3.43)

and similarly for the lower layer

v, %A,

A, pe +V, = 0 (3.44)

The next stage is to look at the momentum equations for each layer,
these are found by applying Newtons second law of motion to the
element of fluid which is éx long and lies between boundaries (1) and

(2) in Fig. 3.15. For the upper layer
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op SA bAI

1 1
p,A, - [(p, + po 6x) (A, + Sn 6x)] + p, = 5%
3, | 3B,
+ 'y(A1 + 3% 0x)6x cos B8 - Tos 6x(B1 + Fem &%)
W v,
- Ty 0X(W + 3% 6X) cos o = Qo((V, + e 6x) - V,) (3.45)

By expanding equation (3.45) and neglecting second order terms the

equation becomes

5 34, 1 ad, ad, Sz v,
TA I T PBA T G Sttt T T
(3.46)
B oW
where T1 = -ro(B1 + 3 8x) f ri(W + 3% &%)
and cos o =1 and cos 3 = % Efl + 333 + 22
2 d3x X p-$'4

The derivation of the angles o and f 1is given in Appendix C.

Taking equation (3.46) and letting Q = V,A, and then dividing through

by p,A g leaves

(3.47)
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The equation of momentum for the lower layer is given as

op %A, A

2 2
PA, - e+ 5 (A, + 52 8X)] + p, 5 8

24, 3B,

- ng(A2 + Sw 6xX) éx cos 62 -

Y

oW 2
-ty (W + = 6x) éx cos a = Q,p,((V, + Fem 6x)-V,) ‘ (3.48)

and expanding and eliminating second order differentials produces

op dA 1 %4, 3V
A, —2 2 2y —2  (3.49
23 PaEA, OGS 3D T, = Qe 5 (3.49)

sz W
where T, = Toa(B, + F 6x) + 74(W + pe 6%)
bd BZ
and -
cos o = 1 and cos B, (2 5% BX)

By letting Q, = V,A, and dividing through by p,A_g leaves

pawe EMt iRt ¥ spa T ow
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Equations (3.47) and (3.50) are the momentum equations for the upper
and lower layers in a form in which they are ready to use for further

analysis.
If a saline wedge develops within a pipe it is obvious that the

pressure across the interface of the two liquids must be constant and

so from Fig. 3.14
1 1
P,+5p,8d, =P, -50p,84,

Differentiating this equation with respect to x leaves

¥, ¥, ¥, , 3,
x T2PB % T T 2P

Substituting for 3p,/3x into equation (3.50) and rearranging leaves

ap, 1 -Y: | 1 p-Ye ! P,E 2A, 1 ad

1 2 SZ

=34 = 5 P8 3 E P8 5x Az (A2 + oxX 6x)(2 =54 + bx)
T2 v >z 3.51)

TA. T P22y - 3.

ad ad P.g A a2d
1 1 1 2 2 1 2 oz
oy (- 5 P83 -3 P8 3% e (B, + 57 G 37 + 3%
T oV A od ad T
2 —2 L L v, 2, %2 1
TA, P2 Vasx ! A, A+ QR T P,8 A,
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v, o,

- ——— 3.52
z ( )

upon expansion this becomes

13d1 lpzf_z__'_ pz A +?ﬁax)(l§i+§_z_)+ Tz

23 V2 p, 9% p,A, (&, X 2 3% -4 p,g A,
o, WV, A, ¥, ¥, o, T,

toe Vi Ta BT WG Y5 Y% T bg A,

-—— (3.53)

Taking the equations of continuity for the upper and lower layers it

can be found from equation (3.43) that

A A ¥V
S (3.54)
-3 4 V, ax
and from equation (3.44) that
3V V, oA
2. 22 (3.55)

3.4 A, 9X

and substituting for 3A /5% and dv,/3x in equation (3.53) gives
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od p, dd, f, dA ad T

11, 172_2 2 Lz, 22 2
2 3t 2 p, 3x M p,A, (A2 + b5 4 6x)(2 34 + ox + r,8 A,
Py V0 8, AV, L ¥, ¥, T,
Th A, x A My s WER TR YW T hsa,
v, 3,
= g— pon (3.56)

Restricting attention now to a stationary salt wedge, it follows that

V, = 0 and substituting this into equation (3.56) and rearranging

L3, e, 3, o, A, >d T

—_— —

2 3x * 2 ;T X P, A, X

1 oY, 13, 3, T, v, oV,

TRy WO N Y Y T ogA T B =

Substituting small but finite differences for the differentials

produces
28 T 2p, &x T p, fs2 Q& * S 0.8 A,
1 Ad1 Ad2 T1 V1 AV1
A O ta *S0) T pga TE & (3.58)
AV,
where Ag, = (L - V:_)
aa,
AS2 = (1 + X_—) and
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Az .
S, = ax ~ Pipe slope.

Then rearranging equation (3.58) leaves an equation for Ax in the form

Ad, P2 1 v,
[—2— + %0, Ad2 + _2p—1 Ag, Ad, - 2 Ag, Ad1 - Ag, Ad, - — av. ]
ax = T, T, P2
[plg A, " p,g A, + gy So - o, Agy Syl
(3.59)

3.3.2 Shear Stress Parameters

The shear stress parameters estimate the head losses within  the
flowing layer caused by the wall and interfacial friction acting upon

it. The wall shear stresses for the upper and lower layers are given

as

i) for the upper layer

P
Toy = £ 5= V.V, (3.60)
ii) and for the lower layer as
!
Toa = £ T [v,1v, (3.61)

where f = friction factor.

The friction factor 1is determined by wusing the Colebrook-White

equation which is written as
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- 2.0 1og[iz$§§ + 231, (3.62)

R VE

IH
llll
1

where k = roughness of the pipe

=
[]

e = Reynolds number of flowing layer and

o)
1

hydraulic radius of flowing layer.

The interfacial shear stress is given as

LE fi % |V1 - Vzl v, - vz) (3.63)

for the upper flowing layer, and as

Ty = £y % |V2 - v V, -V (3.64)

for the stagnant lower layer

where fi = interfacial friction factor and

- p'l+p2
bom T

As noted in Section 2.1 there are many expressions derived from field
and laboratory data for the value of the interfacial friction factor,
but as no data is available for the interfacial friction factor within

a pipe then the values of friction factor had to be treated with

caution.
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3.3.3 Boundary Conditions

There are two boundary conditions taken for this mathematical model;

these are (i) the upstream condition and (ii) the exit condition.

NNYZANYZA AN NZIN /AN ONYYZA, |
h B
Py \
-— D
P WEDGE Jr J,
ANZZANNZZ N\NLZaS TR 7 RN )

Horizontal Outfall Pipe Showing Assumed Position of Saline Wedge

Fipgure 3.16

At the upstream boundary condition it is assumed that the height of
the wedge is zero and so the pipe is flowing full of sewage. At the
exit to the pipe, which is taken as the downstream condition, an
expression has to be found for calculating the value of h as shown on
Fig. 3.16. The problem to be confronted at the exit of the pipe is the
high curvature as the fluid with the lower density is acted on by
buoyancy effects and redirects itself towards the sea surface. This
emerging flow then form the plumes around which Brookes('") and
others have carried out research work on the trajectories of circular
jets. The boundary condition required for the saline wedge model is
the height, h, of the flow stream at exit and the local curvature
within the pipe. A detailed analytical study of this was recently

undertaken by Ali(“) in an unpublished derivation and is reproduced

here in full.
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ii) Analytical Study of Exit Condition

Diagram showing boundary conditions at exit of pipe

Figure 3.17

Figure 3.17 shows the flow conditions at the downstream end of an open
ended outfall. In the region being investigated it is assumed that

the shape of the exit jet from just inside the pipe to just past the

exit remains unaltered. Assuming irrotational flow at section OB
gives

oV v

on - T x (3.65)

where v = local tangential velocity
r = local radius of curvature and

n = normal distance from O.

It is next assumed that the local radius of curvature (r) varies

linearly with n, hence
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r = R0 + mn (3.66)

where R = average radius of curvature at 0 and

m = constant.

Substituting for r in equation (3.65) and rearranging gives

v on
S w . —— 3.67
v (R0 + mn) ( )

and by integrating this with respect to n
nv=- i fn (R, + mn) + k (3.68)

where Lk = constant of integration.

From Fig. 3.17 it can be seen that when n = 0, v = v and so

1
k = fn v, + - n R0

Substituting for k in equation (3.7.8) and simplifying leaves

R
Y o_—2°% i/m (3.69)

v, [(Ro + mn)]

The variation of the length of normal N with h is given as

h= f «cos 6 dn (3.70)
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and the variation of 8 with n, which is assumed to be linear, is

f = 6, +k,n (3.71)

This equation is differentiated to give df = kdn and substituting for

dn in equation (3.70) gives

6
B
h = % f cos 8 dé
8y
1 2
- % [sin fg - sin 00] (3.72)

where 03 - 00 + kN.

The next stage 1is to investigate the discharge equation for the
flowing upper layer leaving the pipe. If it is assumed that 6§ is
small then it can also be assumed that h = N, The area of flow

leaving the pipe is determined with reference to Fig. 3.18.

y
A Y

A R-Y
Figure 3.18
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The area of the upper segment of the circle is given by

D? 2 cos™! (E—ﬁ-l) D? sin (2 cos™! (g—é—z))
A= 3 - 3 (3.73)

where D = diameter of pipe

R = radius of pipe and

~
1

normal distance measured from the top of the pipe.

Equation (3.73) gives an exact result for the area of flow, but the
overall equation is difficult to handle so by using a series expansion

equation (3.73) becomes

2ea, @ b, BD7 v e (3.74)
A
where A = total pipe cross sectional area
a, = -1.1622
b, = 1.7416 and
c, = 0.4196.

The values of a,, b, and ¢  are the constants obtained when equation

(3.74) is derived from first principles.

Differentiating equation (3.74) with respect to y gives

aa-51a@D?+bd) +clay (3.75)
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where a = -3,4866
b = 3.4832 and

c = 00,4196,

The velocity distribution across the outlet area is given by equation

(3.69) and by putting n = y equation (3.69) becomes

R

v i/m 76
v Vo[(RO gy (3.76)

hence the discharge through a differential area, dA, is given by

v R 'VMmg
aQ = ——2 [a(d)? + b(¥) + cldy (3.77)
DR, + my)'/m D D

therefore the total discharge is given by

DA Y
v X R,/m h a(D) + b(D) + c

e d 3.78)
A D d R, + my)'/™ 7 (

This equation can be integrated by putting ¢ = y/D, and so making dy =

Dd and dy = Ddyp yielding

R
Q=v K y/m B (apiabot o) g (3.79)
D 0 (R + mp) /™
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By putting

YB 2
I= g ap® + bp + ¢

0 (® + mp) /™

de
the final equation for the flow rate through the section is

R
— 0
Q=V, & (5 yr/m g, (3.80)

The equation for I can be solved in the following way; putting
I =aI + bl, + cI,

leaves

d
and I, = f ——

where J = 1 .
m

The equations for I,, I, and I, are now in a standard format and so an

explicit solution can be obtained for I.
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w bR CR oR !
m(l - n)

-J

m?J - DRIY w?@ - DRI

where X = R + mp.

The next stage of the analysis is to look at the total energy head at
the end of the pipe. With reference to figure 3.17 the total energy

head at point B relative to the pipe invert can be given by

Vg? P
B
H= 5 + —— 4 (D - h) (3.81)
2g P,8
where p, = density of sewage
Vg = velocity at point B and

Pp = pressure at point B.

If any centrifugal pressure corrections are ignored then the pressure

at point B is given by
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pg = p,8(h + h)) (3.82)

£

=2

o

[a]

o
©

~
]

density of sea water

o
1

depth of flow at exit and

o
L]

0 depth of sea water to top of pipe.
Substituting for pg from equation (3.82) into equation (3.81) gives

H Vif+f3(h + h) + (D - h)
2g p, ~°

therefore Vg becomes
p2
Vg = [2g(H - = (g + 1) - D - h))'/? (3.83)

Applying the energy equation to point O on figure 3.17 gives

H=—+ — +D (3.84)

Once again ignoring the centrifugal pressure effects P, can also be

given by
Py = p,8 Ny

Substituting for P, into equation (3.84) leads to
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and therefore an expression for V, can be found

)
vV, = [2g(H - p—’ h, - D)]'/? (3.85)
1

hence by combining equations (3.69), (3.83) and (3.85) the following

expression for the velocities are obtained

Ps
H-— (h,+h) - (D -h)
\Y 0 R
B _ fr /2 0 /M (3.g6)
v, P, (R, + mh)
(H - ;T hD - D)

Using the equations for velocity and flow rate (equations 3.80 and
3.86) and an initial estimate for the boundary condition, a calculated
downstream boundary condition was obtained by iteration until the
theoretical and experimental flow rates were equal. The saline wedge
problem could then be solved by computer to determine the length and
profiles of saline wedges which will form in open ended pipes. This
analysis for the end condition is only valid for pipes which are laid

to within a few degrees either way from the horizontal.

In a vertical riser there is no change in the angle of exit of the
buoyant plume and this analysis is the invalidated for this situation.
From experimentation the flow appears to exit from a vertical riser in

a manner similar to that shown in Figure 3.19.
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3.3.4 Numerical Models

Four computer models were developed using the equations derived in
this chapter, These are; two models for looking at a single port
outfall - one using Escandes finite difference method, called FINDIF
VFORTRAN, and one using Runge-Kutta forward integration method called
FINDIF2 VFORTRAN; a model representing the effects of wave action on
a multi-riser outfall, called SFLOW VFORTRAN; and finally a model for
the description of saline wedges within an open ended outfall pipe
called SALWED VFORTRAN, A listing of the programs along with their
respective flow diagrams can be found in Appendix D of this report.
Results of application of these models and their comparison against

experimental observation follows in Sections 6 and 7.
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CHAPTER 4

EXPERTIMENTAL APPARATUS

4.1 Experimental Apparatus

4.1.1

The model outfall testing rig was designed for versatility to enable
the implementation of a variety of experiments into different aspects
of outfall behaviour. The principal components of the model were a
header tank, a small stilling basin which incorporated a 'V' notch for
measuring small flow rates, an inflow manifold, a venturi for the
measurement of larger flows and a 5 metre long perspex pipe
representing the outfall. Provision had been made with the perspex
pipe to facilitate the connection of riser pipes, thereby enabling the
development of a multiple riser/diffuser arrangement. The outfall
system was installed within a wave flume as illustrated in Fig. 4.1. A

description of the various components comprising the model is outlined

below,

4.1.2 Header Tank

This was located so that its base was at a height of 3.5 metres above
the outfall pipe and 1its dimensions were such that it held
approximately 1700 litres of water. The water level can be maintained
using mains watef supply. ‘The elevation of the header tank was
governed by the presence of an existing structural steel support
frame. If the outfall was to be operated in its inverted position
(i.e. with saline water instead of fresh water being discharged from
the header tank, see section 5) then the tank was regularly refilled
with salt water for each set of experiments - the density of the salt

water being measured using a hand held digital density meter.
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From the header tank the flow of water could be directed to either the
stilling basin and 'V' notch arrangement or through the venturimeter
depending on the required rate of flow. The maximum flow capacity was
approximately 2.5 litres/second (1/s) which gave a densimetric Froude
number greater than unity for an open ended outfall, i.e. an outfall

without risers.

The densimetric Froude number is calculated from

where Fpp = densimetric Froude number
V = velocity of flow
¢ = density factor and is given by (p, - p,)/P,
g = acceleration due to gravity
D = pipe diameter
p, = fresh water density and

p, = density of salt water.

For a given flow rate of 2.5 1/s it can be found that for the size of
outfall pipe that was used (see section 4.1.5) a value for P, (the sea
water density) of 1080 kg/m® was required to give Fpp & value of
unity. This 1is a wvery High value which was never used during
experimentation. Hence the flow capacity was sufficient to ensure
that there was enough water to purge the outfall when using a salt

water density similar to that of sea water ( 1025 kg/ma).
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4.1.3 Stilling Basin and 'V'-Notch

This arrangement was used for the measurement of small flow rates. The
whole assembly, as shown in Fig. 4.2, was constructed from perspex;
the stilling basin had dimensions of 500mm x 300mm x 250mm deep and
the 'V' notch was set at an angle of 20° and was 200mm high, (see
Appendix B)., Water levels within the stilling basin were controlled
by both an inflow valve and a wvariable overflow weir which was
fabricated as a sector welr, see plate 4.15. From the stilling basin

the flow was conveyed to the inflow pipe manifold.

4.1.4 Inflow Pipe Manifold

This was assembled from a 50mmbore PVC pipe and it allowed the outfall
pipe to be positioned and operated at one of three levels. The upper
level was used when the outfall was Qperated in its inverted position
and the lower level used during the outfalls operation in its normal
position; this position offers the greatest receiving water depths and
is the only position in which the vertical risers could be wused.
However, early experiments were undertaken with the outfall installed
in its upper position on the manifold and the risers pointing
vertically down, these experiments are described iIn section 5.

Diagrammatic sketches of the manifold and outfall positions are shown

in Fig. 4.3,

4.1.5 Outfall Pipe

This was connected to the inlet manifold with a transition plece as
the pipe and the manifold connections had different diameters. The
transition piece incorporated a venturimeter for the measurement of
the larger flow rates which were passed through the system. The
outfall pipe was constructed from perspex and is 5m long with a bore

of 105mm. The pipe, when located in the normal position on the bottom
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of the wave flume, had connectors attached to it at 500mm centres at
soffit level, so that a riser/diffuser arrangement could be fitted.
This facility enabled observation of the effects of wave action on

either an open ended outfall or one with a diffuser system.

Pressure tappings were also located along the pipe at 500mm intervals,
spaced midway between the riser connections. These consisted of
tappings on both sides of the pipe at each measurement section, see
Fig. 4.16. One side was connected to a multi-tube oil/water inverted
'U' tube manometer which provided approximate visual recordings of
pressure changes, whilst the other side of the pipe had electronic
pressure transducers installed which accurately recorded small and
fluctuating pressures. The transducer system was connected to the
Departmental Data General Eclipse computer which collected and

analysed the data received during operation of the model.

All riser sections used with the model were constructed from 50mm bore

perspex pipe, each being 400mm in length.

4.1.6 The Venturimeter

Figure 4.4 shows the venturimeter which was designed to measure the
larger flow rates and in addition allow the larger diameter outfall
pipe to be connected to the smaller diameter manifold pipe. As water
leaves the manifold it passes through a 500mm 1length (10 pipe
diameters) of pipe to ensure that near uniform streamline flow is
attained before the flow passes into the venturimeter. The flow then
passed into a throat of 25mm diameter before finally discharging to
the 105mm bore section, which is the same diameter as that of the main
outfall (all diameters are measured internally). The short length of

pipe preceeding the venturimeter is the minimum length recommended to

104



HILIWIHNLINIA 777 3UN9I4

HILIWONYW Ol

SZ

GZ

T
.

0§ b T4 S-led

105



ensure accurate results from the venturimeter. The throat of the
venturimeter also acts as a control on the upstream migration of any
saline wedge forming within the outfall by virtue of the high velocity
at this section. This ensures that the flow rate being measured 1is
only fresh water being discharged and not a mixture of both fresh and
salt water as often occurs near or within the diffuser manifold
section. It is worth mentioning that the use of the venturimeter as a

practical method of reducing saline intrusion has been suggested by

Charlton(’s).

4.1.7 The Wave Flume

The outfall pipe was installed within, and discharged to, a wave flume
12 metres long by 0.75 metres wide and operates with a water depth of
up to 0.920m (920mm), This placed the water surface at approximately
340mm above the top of the risers when the outfall was used in its
normal position and 720mm above the open end of the risers when the

outfall was operated in the inverted position.

The wave generator was constructed by a specialist firm, Keelavite
Hydraulics, and it can generate either a regular sine wave or a random
wave spectrum. The height and frequency of regular sine wave was
controlled by the operator at the wave paddle operating console,
whereas randomly generated wave spectra were specified and controlled
using the Departmental Eclipse computer forming part of the control
data aquisition facility. The random wave spectrum is generated by
first running a prégram described in Appendix 1, which creates a wave
spectrum for the paddle using the Pierson-Moskowitz spectrum. The
output from this program is converted into a series of small paddle
movement steps which are passed down a series of cables from the

computer to the control console for the paddle; this produces the
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signal which the wave paddle follows. In general waves up to 150mm in
height with periods in the range 0-5 seconds were employed and either
surface piercing wave gauges or pressure transducers were used to

measure wave heights.

4.2 Desipgn of Outfall

4.2.1 The main outfall pipe

Perhaps the most vital part of the apparatus was the pipe which models
the main outfall and riser/diffuser system, Consequently, great care
was taken when designing this part of the apparatus. However, despite
being meticulous on this point of detail, a few problems did arise
which could not, unfortunately, be readily overcome, as they were

inherent within the model.

The main outfall pipe was modelled by using a perspex tube having an
internal diameter of 105mm. It was also decided that a minimum of
four risers be attached to the discharge end of the outfall and that
this would prove adequate for experiments to examine the effects of
various physical factors on the diffuser section. The model itself
was not physically scaled from any existing prototype outfall as it
was an exploratory model to investigate a variety of hydraulic effects
upon the outfall system. Nevertheless, to put the results obtained
into a meaningful perspective a comparison does have to be made

between the model and prototype outfalls.
The model scaling was performed using similar densimetric Froude

numbers, the equation for Fpp is given in equation 4.1 and the

equation for similar densiometric Froude numbers is given as
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where suffix m indicates model and p indicates prototype. It was
decided to use this rather than Reynolds number similarity because it

was felt that gravitational rather than shear effects would be more

important,

Calculations carried out in Appendix B show that the apparatus can
operate with a flow rate in excess of 4.0 1l/s. Knowing this and
taking into account the possibility of unforeseen losses, and the fact
that this flow rate will cause the main tank density to quickly
reduce, it was decided to use 2.0 1l/s as the design flow rate. The

following assumptions were then made for application of equation 4.2:-
(i) the prototype pipe diameter was taken as 2.7m; and
(11) the model salt water density would be 1016 kg/m® and the sea

water density is 1025 kg/m?.

This second assumption gave values for e, and ¢ as 0.0244 and 0.0157

P m
respectively. By rearranging equation 4.2 an expression for Vp is
obtained such that
V. Je gD
V w2 P~ P (4.3)
N
‘m & Yn

For the model it is found that for a flow rate of 2.0 1/s and a model
diameter of 105mm the velocity, V,, is 0.23 m/s., By substituting this

into equation 4.3, V_ is found to be 1.45 m/s, which represents a flow

P
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rate of 8.3 m3%/s (8300 1/s). The prototype pipe diameter of 2.7m was
deliberately chosen as this is the size of the proposed outfall for
the new Liverpool Sewage treatment works. The flow rates which the
North West Water Authority based its calculations on are as follows:-

Minimum flow for phase 1 of construction 1.5 ma/s

Minimum flow for phase 2 of construction = 1.8 m?/s
Dry weather flow - 4,0 m¥/s

Maximum flow : = 13.0 m¥/s

It can therefore be seen that the model flow rate of 2.0 1/s gives a
value equivalent to approximately twice the dry weather flow of the
Liverpool S.T.W. This indicates that the results produced by the
experimental model will give a reasonable indication of what happens

in a prototype outfall as the hydraulic characteristics will be

similar.

The length scale of the outfall was found by dividing the prototype

diameter (Dp) by the model diameter and it gave a value of

£ 571

The 1length of the model outfall is 5 metres so the equivalent

prototype length is given by

5.0 x 25.71 = 128.6m
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This value of 128.6 metres is small when compared to the lengths of
prototype outfalls but as it was the diffuser section which was of
principal importance in this study, the 1length of the model was

considered adequate.

The spacing of risers on prototype outfalls can range upwards from as
little as 2 metres up to much higher values depending upon the
required conditions for dilution and dispersion. For the Weymouth and
Portland outfall{“4®) risers where positioned at 50 metre centres. On
the model the riser spacing was 0.5 metres (500mm) which corresponds
to a prototype spacing of 12.8 metres, within the range of values for

typical outfalls.

The diameters of risers on outfalls also vary a great deal, as
dictated by the design for good effluent diffusion and dispersion. In
practice, they generally have diameters of between 400 and 600mm

The model outfall has a riser diameter of 50mm which corresponds to a
prototype value of 1.28 metres. This is larger than the risers
generally installed on prototype outfalls. To model the risers so
that they had equivalent prototype values would have meant the use of
23mm diameter pipes to be used on the model - these would have given
an equivalent prototype diameter of 600mm. This diameter of model
riser pipe would have made the measurement of velocities within the

riser impractical with the equipment then available,

The scaling factor of 25.71 when applied to water depth gives a
prototype water depth above the top of the risers of just over 8
metres. This is probably shallower than the normal depth over
outfalls but it enabled the investigation of a larger range of wave

conditions within the wave tank, which would affect the internal pipe
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hydraulics, 1Increasing water depth leads to the attenuation of wave
induced pressure fluctuations for waves of shorter period and there
was a restriction on the largest wave periods considered as a result

of standing wave formation in the flume.

If the outfall pipe itself had been modelled using a scaling factor of
such a wvalue that the model riser diameters, of 50mm, would have an
equivalent prototype diameter then several problems would have
presented themselves in the construction and operation of the model.
The resulting increase in flow rates required would have caused

delivery problems with the intended supply system.

From the publication by Miller(®®) it can be found that using four
risers of 23mm diameter a flow balance would be achieved at the higher
range of experimental flow rates but in the case of the model using
50mm risers this is not so. Consequently, the flow through the risers

had to be balanced and this is discussed in the next section (4.2.2).

It was eventually decided to use 50mm diameter riser pipes, 400mm in

length (which corresponds to a prototype length of 10.28 metres) for

the following reasons

(1) model risers of 50mm diameter had previously been used by

Charlton et al¢'?) at Dundee University; and
(11) this size not only enabled velocity probes to be used within the

riser but would also reduced the problematic effect of wall

shear on measurements taken within the riser.
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4.2.2 Flow Balancing

In practice, particularly in tunnelled outfalls, the manifold section
is designed to have a decrease in its cross-sectional area after

several riser/diffuser positions as indicated in Fig. 4.5:-
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Figure Showing Change in Cross-Sectional Area of Manifold

After Riser Position

Figure 4.5

This type of arrangement is used to enable the outfall to maintain
self cleansing flow velocities along its length and to ensure that the
hydraulic head is maintained at a sufficient level to provide an equal
rate of flow through the risers. As the series of experiments being
considered for this study looked at various aspects of general flow
behaviour, it was decided early on in the programme to adopt a
uniform diameter for the outfall pipe. The riser flows were later

balanced by inserting orifice plates into the base of each riser.
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The calculations for balancing the outfall system were performed with
reference to the work on minor head losses at pipe junctions by
Miller(29) In addition the November 1986 WRC Engineering
publication(43) on outfall design may also be used to advantage,
although it was not available for the early stages of this research

programme which began in the Autumn of 1985.

A cqmprehensive set of design parameters for the outfall model was
prepared which should enable the establishment of equal rates of flow
through all risers. However, Miller(ag) highlights the likelihood of
varying flow distributions, which is quantified for 'short', 'medium'
and 'long' manifold lengths with associated 'low', 'medium' and 'high'

branch loss ratios. The branch loss ratios (Lp) is given by

- Total branch cross-sectional area
Iz Manifold cross-sectional area

For the outfall model adopted it was established that the branch loss
ratio approximated to 0.91 and as the overall manifold length was
short, the theoretical flow distribution through the risers is given
by application of the procedure as being high at the seaward riser and

low in the landward riser. This is shown in Fig. 4.6.
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Figure 4.6

To achieve uniformly distributed flows across the manifold system, a
loss ratio of approximately 0.5 is required. This would necessitate
the installation of four risers each with an internal diameter of
approximately 36mm, an arrangement that would lead to difficulties in

attempting to measure flow velocities in the riser.

Even after completing the design appraisal using Miller's techniques,
problems will still be expected to arise with the precise balance of
flows on the experimental model because some of the parameters used
will be subject to slight changes, for example the salt water density,
The complete calculation set for the flow balance appears in Appendix
B, which also details the final in-situ tuning of orifice insertions
required to effect the necessary flow balance in the experimental

facility under the design flow rate.
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4.2.3 Diffuser Ports

A final series of experiments were conducted towards the end of the
study period into the effects of wave action on the manifold when flow
constricting in the form of diffuser heads with smaller diameter
ports are fixed to the top of each riser pipe. Two different riser

heads were looked at for experimental purposes:-

(i) the first was the initial proposal for the Weymouth and Portland
outfall in which riser pipes of 400mm diameter were to have a
diffuser head which incorporated two ports of 250mm diameter

-this gave a ratio of port area (Ap) to riser area (Ar) of 0.78;

and

(1i) the second was the designed diffuser head for the Great Grimsby
outfall. This had risers of 500mm diameter and each diffuser
head had two ports of 300mm diameter. This gave an Ap/Ar ratio

of 0.72.

It was decided that a ratio of Ap/Ar should be set at 0.72. The
experimental diffuser head therefore consisted of two ports, with each

port being 30mm diameter (Fig. 4.14).

4.3 Measuring Devices

4.3.1 'V' Notch

The 'V' notch, for outfall flow measurement, was initially designed
using the relevant British Standard, BSB680(9) Part 4a. The notch
adopted had an angle of 20° (see Fig. 4.2b) selected to ensure an
acceptable range of upstream head measurements under the range of
experimental flow rates, as detailed more fully in Appendix B. Once

the 'V' notch had been constructed it was calibrated, in accordance



with the normal equation, given below, by adopting the procedure laid

down in Section 5.1.2. The equation for calculating the height of a

'V' notch is given by

h5/2 - Q
8 —— [
(Ig C4q J2g tan E)

(4.4)

where h

height of water over 'V' notch
Q = flow rate
Cq = coefficient of discharge

§ = total angle of 'V' notch.

4.3.2 TInlet Manifold and Venturimeter

The inlet manifold section of the outfall model was required to
enable the outfall to be positioned at one of three different levels,
in order that a variety of experiments could be undertaken. A typical
example of the need for this versatility is illustrated when the
outfall was modelled in the inverted position, the inlet manifold was
then employed to hold the outfall and prevent the ingress of fresh

water into the pipes upstream of the manifold.

One serious problem encountered whilst using these two pileces of
operational equipment, (the 'V' notch and the manifold) was that when
the flow rate passing through the 'V' notch was high, it tends to form
a vortex when passing into the downstream pipe and so draws air with
it into the outfall system. When the outfall is modelled in its

correct position, i.e. with the risers pointing upwards any entrained
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air will discharge through the first open riser it reaches; if,
however, the outfall is inverted air will gather along the soffit of

the pipe causing experimental impediment.

In the first situation, there is the likelihood that air rising up the
outfall port would cause discrepancies in the readings registered by
the ultrasonic velocity probe as well as possibly modifying the flow
properties, In the second case trapped pockets of air would create
constrictions in the pipe leading to a significant loss of effective
operational area resulting in serious experimental errors. This latter
condition could, however, be readily overcome by fitting air release

valves to the soffit of the pipe.

The prevention of air entrainment occurring in the system during
experiments with high flow rates was achieved by using the main
venturimeter which was free from such problems. The venturimeter was
not of standard specification and was designed as described in

Appendix B. 1Its calibration is outlined in Section 5.1.3,

4.4 Instrumentation

4.4.1 Pressure Measurement

Two types of pressure measuring devices were used during the course of

experimental work, they were:-

(1) an oill/water manometer; and

(ii1) electronic pressure transducers.

The oil/water manometer system was a purpose built multi-pipe inverted
'U' tube arrangement fitted to a scale graduated at 5mm intervals. The

principal wuse for this device was to allow observation of the
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distribution of mean pressures within the outfall pipe, since the
system would not respond adequately to the high frequency oscillations
induced by waves. As it turned out during experiments little attempt
was made to use this system. The oil used in the manometer was chosen
to have a specific gravity close to unity (the specific gravity of
water) to maximise the sensitivity of the instrument, so that small
changes 1in pressure produces relatively large movement on the

manometric scale. (The specific gravity was approximately 0.9).

Some problems did occur when using the manometer, not least the
difficulty of making accurate measurements manually. This proved
especially difficult during periods of wave action as the inertia of
water in the manometer pipes ensured that there was a delay between
the time at which the pressure change acted on the pipe and the

corresponding deflection on the scale.

The electronic pressure transducer system was more extensively used
because of its ability to automatically record instantaneous
pressures, with the signals being fed to the data acquisition system
and stored on computer files for subsequent analysis. For these
reasons it was clearly advantageous to adopt the use of electronic

measuring devices for the experiment.

The pressure transducers used were type PDCR42 and are manufactured by
Druck Ltd, a photograph of one is shown in Fig. 4.7. One difficulty
when using electronic transducers is that whilst the front face of the
device is in contact with the fluid, care has to be taken to ensure
the back of the transducer is also kept dry otherwise it will become
irreparably damaged. To avoid this happening each transducer 1is

mounted within individual housings attached to the side of the pipe as
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shown in Fig. 4.8. The electrical leads from the transducer were then
passed out of the tank through a hose attached to the back of the
housing. This method of protecting the transducers was very effective
and proved satisfactory for the measurement of pressure along the pipe

for either salt or fresh water tests.

The transducer operates by picking up a change in electrical signal as
the diaphragm at the front of the transducer moves, as this is only a
small signal it has to be amplified before the data acquisition system
can record it, so each transducer 1s connected to an individual
amplifier, manufactured by Fylde Ltd, and then the signal from the
amplifier is recorded by the data system. Before any measurements are
recorded the transducers have to be set to zero for Fhe initial
conditions; this is carried out by fitting a bridge circuit, also

manufactured by Fylde, in line with the amplifier and transducer.

4.4.2 Wave Measurement

The measurement of the wave height and period within the tank was
required in order that the change in pressure with time across the top
of the manifold/diffuser system could be calculated. During initial
testing and experimentation the wave tank was filled with fresh water
and Churchill (capacitance) wave gauges were 1installed to measure
wave height (see Fig. 4.9). These gauges proved very successful in
operation and were linked to the data acquisition system so the
results could be stored on computer file. One difficulty with this
type of wave gauge arises when both fresh and saline water is
introduced to the system causing stratification. The gauges operate
by using capacitance generated by liquid lying between two parallel
wires, and as the level of liquid rises, a corresponding increase in

reading is recorded on the monitors.
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When salt water is used in the wave tank and fresh water is discharged
from the outfall a layer of fresh water forms across the top of the
salt water and causes varying changes of capacitance at the wave
gauges, in conseduence true readings of wave heights cannot be
obtained. 1In an attempt to overcome the problem other techniques of
measuring wave height were considered, and one finally selected was
the use of a pressure transducer located at an elevation as close to
the water surface as possible whilst being submerged at all times
during tests for the entire range of regular and random wave trains.
This method gave a change in pressure which corresponded to a change
in waveheight above that point. The position of the transducer, close
to the trough of the wave was chosen to prevent errors caused by
reductions in pressure due to depth attenuation. The transducer was

calibrated as outlined in Section 5.1.4.

The transducer was mounted inside a water-tight container with only
the front membrane exposed to liquid; connections were made between
the transducer and the bridge and amplifier, and the whole system was
connected to the data acquisition system. During the performance of
an experiment it was found that the change in density and change in
water level above the transducer were neéligible and so this system of

wave measurement proved most satisfactory.

4.4.3 Density Measurement

The density of the saline water held within the main wave tank or in
the header tank (during experiments when the pipe was in the inverted
position) was measured using a hand held density meter which is
manufactured by Paar Scientific, This instrument enabled measurements

to be taken during experiments to ensure that the density of water
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within the tank did not change dramatically during a series of
experimental runs. The density meter was also equipped with a
thermometer to enable the operator to check the temperatures in both
the header tank and the main tank were equal. This ensured that
thermal stratification within the pipe was kept to a minimum and so

the only stratification would be due to a change in density.

Density measurements were taken over a grid of points along the wave
tank at the surface, at a set depth below the surface and also at a
draw-off point located at the base of the tank to detect possible
stratification within the tank. If the water 1in the tank was
stratified then a pump was used to circulate and mix the water until
the density was considered uniform. The same pump was used to
circulate the water if salt had béen added Iin order to increase the
receiving water density. VWhen saline water was required from the
header tank, when the outfall was modelled in 1its inverted position,

salt and water were mixed using a stirrer powered by a small motor.

4.4.4 Velocity Measurements

One of the most difficult areas of measurement proved to be that of
obtaining velocities within individual risers of the manifold system.

Various methods were tried, the details of each being outlined below.

(i) Video method

Initially a video camera and a flat screen video monitor were used to
track the movement of dye released into each riser. - The dye was
injected using a hypodermic needle, positioned at the midpoint of the
riser section and supplied with potassium permanganate dye, of equal
density to the receiving water, from small header tanks positioned

along the side of the main tank. A predetermined scale was fixed to
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the back of each riser and the video camera was used to record the
movement of the dye during an experimental run. The time taken for
the dye to move over various distances could be recorded on the video
display unit by a stop watch incorporated within the camera. The
velocity was then calculated by re-running the tape in slow motion and
recording the time taken for the dye to move between two points on the
scale. This method was reasonable for obtaining an approximate mean
value of the flow rate within the riser but it was impossible to
estimate instantaneous velocities as waves passed over the manifold
system. Another problem with this technique is that over a period of
time the dye disperses into the rest of the fluid so rendering it

impossible to conduct visual analysis.

(ii) Miniature propeller meter

The miniature propeller meter was wused so' that the instantaneous
velocity of flow within the riser could be determined as a wave passed
over the manifold system, The device used was a special type
instrument fitted with a 90° angle change on its shaft so that flow
velocities perpendicular to the water surface could be measured (see
Fig. 4.10). This was positioned over the top of the riser and the
experiment was performed. During the experimental run it was found to
be difficult to determine the orientation of the flow, i.e. whether it
was either positive (discharging) or negative (intrusive),
additionally, because the instrument was positioned over the top of
the riser and not within the pipe section, there was doubt as to
whether the measured velocity was the actual velocity of flow within
the riser or a mixture of the velocity of flow and the particle
velocity caused by wave action. The propeller meter system was

consequently abandoned because of the problems outlined above and the
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additional drawback that the propeller system was unable to respond to
rapid changeé in velocity, so rendering it of 1little use for the

planned wave action tests.

(iii) Ultrasonic probe

The ultrasonic probe had the capability of measuring both positive and
negative flows in three directions (see Fig. 4.11). For this
experimental study only the vertical direction (Z) was required. When
this probe was placed at the top of the riser in early trials, it was
found that the uncertainty regarding the velocity information still
remained but the probe itself responded quickly to changes in flow

rate.

The method which was eventually adopted was to drill two small holes
in the riser to receive the vertical velocity probes of the meter. By
using this method it was certain that the velocity measured was that
within the riser and not a combination of other possible velocity
components. The velocity meter output was connected to the data

acquisition system so that all the readings could be stored on file,

(iv) Pitot method

The method used for obtaining riser velocities outlined in section
(ii1) was the technique used for most of the experiments reported.
However, 1t was decided to investigate a novel system of measuring
velocity using a dual pitot arrangement connected to electronic
pressure tranéducers. The reason for this was that in an ideal
situation each riser would have its own velocity meter and within the
department the equipment was available to install this type of
velocity meter within each riser, whilst no funds were available for

the purchase of multiple ultrasonic probes.
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FIGURE 4.12. POSITION OF ULTRASONIC VELOCITY
PROBE INSIDE RISER
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This velocity meter development entailed construction of a riser and
placing two small diameter pitot tubes within it, each tube positioned
in such a way as to be pointing in opposite directions along the line
of flow, see Fig. 4.13, Each pitot tube was connected to a small
reservoir attached to the side of the riser and each of the reservoirs
had a side wall incorporating a pressure transducer, the whole unit
being enclosed in a water tight container to prevent damage by
moisture. The velocity of flow from the riser at any instant was
calculated from the change in pressure indicated by the pressure
transducers. This arrangement of the apparatus enabled the
determination of the flow velocity, in both the positive and negative

directions, from the change in pressure recorded on the transducers.

4.4.5 Data Acquisition

The data obtained from the experiments was collected automatically
using the Department of Civil Engineering Data General Eclipse
computer, The analogue to digital acquisition system stored and
analysed information using a variety of existing programs and some
written specifically for this project. Each individual component of
the apparatus, such as the wave gauges, pressure transducers and the
velocity meter, was connected to one channel of the computer for the
collection of data. The computer can record up to 32 channels of
information at. any one time and all the channels are read
simultaneously. The computer can read the channels at a speed of up
to 100 readings/second (100 Hz) but it was found that a speed of 20 Hz
was adequate for the experiments performed for this project, and the

number of channels required varied between 8 and 12.
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In addition to collecting the data, the computer also had a digital to
analogue converter which was used along with the program outlined in
Appendix A to generate a random wave signal for the paddle in the wave
tank. This enabled experiments to be undertaken to establish the
effects that real sea conditions might have on an outfall. The random
wave signal from the computer was fed to the paddle console which in
turn drives the paddle; if regular waves were used then the wave
period and waveheight were selected by the operator and the wave

generator produced a sine wave using the selected values directly.
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CHAPTER 5

EXPERTMENTAL PROCEDURE

5.1 Calibration

5.1.1 General Outline

The experimental results discussed herein were taken from either the
new outfall model as described in Chapter 4, or from a smaller model
detailed by Porter{%?). The new outfall model was used for both flow
distribution studies and saline wedge experiments, whereas the smaller
model was used specifically for collecting data on saline wedges and
plume characteristics. This section is wholly concerned " with

procedures undertaken on the larger model.

The model was designed to be versatile so that various experiments
could be performed to determine the effect of a range of physical
factors influencing outfall operation. The intention was that this
would eventually produce an overall picture which would provide

knowledge of how outfalls performed during their operating periods.

Before work could commence, however, the physical components of the
outfall had to be calibrated to ensure that reliable results were

obtained. The procedure for calibrating the various components is

outlined below,

5.1.2 Calibration of the 'V'-Notch

The 'V'-notch was calibrated twice, firstly in isolation and secondly
in its final operating position over the outfall drop shaft. In the
first instance, the V-notch was positioned over a tank and water was

allowed to fill the stilling basin; once a steady head above the base
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of the V-notch had been established volumetric flow measurements were

conducted using the collecting tank.

The V-notch and stilling basin arrangement was subsequntly placed in
its final operating position on the outfall test rig and recalibrated.
This was performed by installing a 'U' shaped riser in the most
downstream part of the outfall model, to facilitate wvolumetric

measurements as illustrated in Fig. 5.1.

‘U’ SHAPED RISER

'd

MAIN OUTFALL PIPE

\ ,

Q ¢——

Figure 5.1

Before readings could be recorded for the calibration the system was
allowed to discharge for a short period to ensure that initial flow
surges had decayed and steady flow was passing through the outfall.
The range of operational flows for the V-notch was O to 1.0 1/s -above
this wvalue too much air was drawn into the system, as discussed

earlier in Chapter 4.
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5.1.3 Calibration of the Venturimeter

Because of its non-standard geometry a volumetric calibration of the
venturimeter was performed insitu using the same apparatus as used
above for the calibration of the V-notch. In this case the rate of
flow was controlled by a valve linked to the main header tank over.
range from 0 to 2.0 1/s. Once the flow had stabilised head differences

were measured on a water manometer.
The results were plotted to produce head/discharge relationships which
enables accurate estimation of the flow rate during experimental

tests. These are presented in graphical form in figures 5.2 and 5.3.

5.1.4 Calibration of Electronic Instruments

Electronic measuring systems were calibrated before test runs using
algorithms developed for, and built into, the data acquisition and
processing system. In the case of pressure measurements and wave
gauge readings the calibration was achieved by varying the depth of
water in the wave tank over a known range. At each change in level
the computed pressures (kN/m?) and water levels are input and related
to the analogue signals received from the transducer and wave gauges
respectively. Once complete the analogue signals are automatically
converted to digital signals before storage. The data acquisition -
system then calculates the required calibration factor to convert the

digital readings to analogue values.
In the case of wultrasonic velocity measurement, calibration was

performed by electronically changing the potential across the velocity

probe. The same packages were used on the data acquisition system for
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the calibration as were utilised for the other electronic components.
The velocity meter was then checked in known flows of water and the

calibration was generally found to be good.

5.2 Experimentation

5.2.1 Series 1 - Saline Wedge Experiments

The initial series of experiments using the outfall model were the
measurements of the lengths of saline wedges which form in an open
ended pipe. For these experiments the main outfall pipe was attached
to the centre mounting of the inlet manifold (see figure 4.3), the
remainder of the pipe being supported by hangers fastened to bars
placed across the top of the wave tank. The open ended pipe condition
was created by removing the downstream flange plate and sealing off
the riser ports and creating a similar situation to that used by

Charlton{'2:2') and Sharp and Wang(5') for measuring wedge lengths.

Charlton's experiments('z'z‘) allowed fresh water to flow into a tank
of salt water therefore permitting the saline wedge to form along the
bottom of the pipe. However, for initial experiments reported here it
was decided to follow the procedure employed by Sharp and Wang(s‘) and
to permit saline water to flow into a tank of fresh water. The salt
water was mixed in the header tank and the water in the main tank was
kept at a density of 1000 kg/m®. The density of the saline water was
varied between experiments to cover a wide range of potential

significance.
The salt water was released from the header tank and allowed to flow

through the main pipe where it induced fresh water to form a wedge

along the top of the pipe as sketched in figure 5.4.
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The water level in the main tank was kept constant by drawing off the
salt water through a valve located in the bottom of the tank. To
measure the length of the wedge a scale was attached to the‘side of
the pipe which was graduated in 50mm intervals; to define more clearly
the position of the wedge a red dye (Rhodamine B liquid) was mixed
into the saline solution whilst in the header tank. The principal
disadvantage with this method is that the water within the main tank
eventually becomes discoloured and prevenﬁé the scale on the pipe from
being read; consequently at frequent intervals the main tank was
completely emptied, cleaned and refilled with fresh water, Velocity
readings within the stratified flowing layer were measured using a
propeller type velocity meter. This was instélled within the pipe
through a specially designed outfall port cap so that it would be free
to move vertically, allowing a velocity profile through the layers to

be obtained.

143



The results produced from these tests were compared with those
published by Charlton et al('z) using a smaller diameter pipe. A more
extensive examination has recently been undertaken by Porter(*?) in a
complementary study to the present one, in which he investigates both

wedge and length profiles, as well as novel diffuser sections,.

The effects of wave action on wedge lengths was looked at in several
exploratory tests but it proved to be difficult to obtain instantane-
ous results from within the pipe as the wedge was seen to oscillate in

length,

5.2.2 Series 2 - Experiments Performed on an Inverted Outfall

Before any experiments could be performed using the manifold system it
was important to ensure that under design flow conditions gll risers
discharged at an equal rate - this is the situation for which most
outfalls are designed. Head loss computations (see Section 4 and
Appendix B) to establish the necessary flow constrictions, using
orifice tubes, to achieve this balance proved insufficient and fine
tuning by trial was necessitated - this involved the removal or
addition of small sections of orifice tube. Once this had been

completed the base of each riser was marked to ensure the correct

positioning in all experiments.

The experiments for series 2 were performed with the outfall
positioned at the top of the inlet manifold and the risers pointing
downwards towards the base of the wave tank. Risers where placed in
the four downstream ports and the end of the pipe was sealed with a
flange plate. Then the header tank was filled with saline water and

the wave tank with fresh water. The initial experiments where
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performed with waves passing over the manifold which was wunder
shutdown conditions, i.e. Q = 0; the velocity was measured using dye
tracing techniques outlined in Section 4.4.4(i). It should be noted
that the dye used should have the same density as the receiving water
otherwise velocity measurements could be subject to errors due to the
buoyancy of the liquid introduced. The mean velocity and overall

direction of flow could therefore, be determined for each riser from

the results.

The next set of experiments within this section dealt with the normal
operation of flow passing through the system. For these the salt
water was allowed to flow through the pipe and discharge to the fresh
water regime with the velocity measured by dye tracing techniques.
Two problems occurred with this experiment that rendered the results

unsatisfactory and these where

1) air gathered along the top of the pipe which restricted the area
of flow in the main pipe and
ii) the dye used in measuring the velocity dispersed too quickly for

the velocity to be measured.

The first problem was overcome by installing two valves which removed
the air from the pipe and the second problem was overcome in

subsequent test series by use of a velocity probe for direct

measurement.
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The most serious drawback with the dye trace method is its inability
to record instantaneous velocities within the risers as the
progression of wave crests and troughs pass over the system. It is
also 1impossible to synchronise the velocities with pressure

measurements taken within the pipe.

For all these experiments a sinusoidal wave pattern was generated
using the wave paddle generator system for which waveheight and
periods could be specified. The actual heights in the tank were
measured using Churchill wave gauges attached to the eclipse computer
system. In all the experiments the water level was maintained at a
constant level by drawing off water from the bottom of the tank as

experiments proceeded.

Overall these experiments were useful in that they gave an early
insight into the effects of wave action on an outfall and pointed the

direction for the main experimental studies.

5.2.3 Series 3 - oOutfall in Upright Position Under Shutdown

Conditions
For operation in the more conventional position the outfall was
attached to the lower connection on the inlet manifold and the
ultrasonic probe was used to accurately record time varying velocities

in the risers under wave action.

This series of experiments which looked at the outfall during shutdown
conditions, was carried out for several different wave heights and
periods and the wave tank was either filled with fresh or salt water.
Because only one ultrasonic probe was available the experiment had to

be carried out four times to enable the measurement of flows in each
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riser in turn. The probe was positioned through holes in the side of
a riser, see figure 4.12, and the holes in the remaining risers were
blocked off by dummy probe arms. Once the velocity-meter had been
positioned results were recorded by activating the computer data
collection program; the results from each instrument being recorded
for a duration of 100 seconds at a sampling rate of 20 readings/second
(20 Hz). The results were then analysed and plotted using purpose

written programs within the computer system.

5.2.4 Series 4 - Outfall in Upright Position with Flow Passing

Through the Manifold System (Normal operating conditions - no

waves)
Series 4 experiments examined what effect varying outfall flow rates
have on the flow distribution within the manifold/riser system of an
outfall. The aim was to extend the earlier reported work of
Charlton{17:19) and Wilkinson(so). For all experiments the outfall
was positioned in its conventional (upright) position, the main wave
tank was filled with salt water and the header tank contained fresh
water. Saline water within the wave tank was circulated using a
submersible pump to ensure the removal of density stratification. Both
tanks of water were allowed to stand for several hours so that each
would have approximately equal temperatﬁre thereby avoiding thermal
stratification. Again four tests were completed for each varying set

of conditions so that the velocity fluctuations in all four risers

could be recorded.

The experiment was carried out by establishing a flow rate over the
V-notch or through the venturimeter, then allowing this to continue
until the velocity in the riser being measured had reached a steady

value, the pressure of water above the manifold system was kept
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constant by the removal of salt water from the base of the tank. The
pressure was gauged from the pressure transducer used for surface
elevation measurement. Once the system had achieved a steady balance

the data collection system was activated.

Due to the large volume of the wave tank it was found that when small
flow rates where discharged from the outfall, volume and density
changes within the wave tank were small. After each set of four
experiments, the wave tank and outfall model were left for several
hours to stabilise and then the water in the wave tank was remixed to
ensure an overall uniform density. The results obtained were analysed

using similar procedures to those described in Section 5.2.3.

5.2.5 Series 5 - Effects of Wave Action on a Discharging Outfall

System
Series 5 experiments were designed to investigate the effects that
wave action has upon the manifold/riser system whilst the outfall is
discharging. Experiments where carried out In the same way as
outlined in Section 5.2.4, except that after the flow had stabilised
and before the data collection system was activated waves were
generated to pass over the outfall, for the required 100 second run
period. The waves were of a sinusoidal form and target values of
heights and periods were specified, The flow rates used in both

Sections 5.2.4 and 5.2.5 ranged from 0.1862 1/s up to the design flow

rate of 2.0 1/s.
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5.2.6 Series 6 - Effects of Wave Action on an Outfall with Diffuser

Heads Fitted to the Risers

The experimental procedures outlined in Sections 5.2.4 and 5.2.5 were
repeated to investigate the effects of wvariations in flow and wave
action on riser flow distribution when diffuser heads are fitted to

the tops of the riser pipes.
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CHAPTER 6

SALINE WEDGE RESULTS

6.1 Introduction

The major part of the work reported here is concerned with the effects of
two density flow regimes within pipes. Because of this 1t was felt at an
early stage that a greater understanding of the mechanism and formation of
saline wedges within conduits was required 1if reliable means of
numerically modelling flows through multi-riser systems are to be

developed in circumstances where stratification is present.

To examine the form of saline wedges two experimental models were used.
The first was an open-ended pipe of 105mm diameter enclosed within the
wave flume described earlier in Section 5.2.1. The second was a 50mm
diameter pipe which discharged into a tank of saline water(4?). Rhodamine
B liquid dye was introduced to show more clearly the position of the
wedge; however, the injection of the dye did create some problems as
outlined in Section 5.2.1. and in this respect the 50mm diameter pipe was
less troublesome because it was located outside of the tailwater tank.
Consequently, the detailed profile measurements of saline wedges were
restricted to the 50mm pipe, and wedge lengths only were recorded using
the larger model facility. Wedge length data produced by Charlton et
a1(12) employing an 88mm diameter perspex pipe, was utilized for
comparison purposes, and proved to be useful during the calibration of the

associated numerical models.
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6.2 Results of Series 1 Experiments

6.2.1 Saline Wedge Lengths

The experimental results for wedge lengths in the larger (105mm) diameter
pipe are shown in Figure 6.1 and are compared with the results obtained by
Charlton(’z). All experiments were performed in a horizontal pipe and the

density of saline water was varied for the different tests.

Figure 6.1 shows the results plotted in the dimensionless form L/D against
the densimetric Froude number (Fpp); where L is the wedge length and D is

the pipe diameter. The densimetric Froude number is obtained from

74
Fap = _Y0p (6.1)
JE gD

where Q = flow rate through the outfall pipe

area of pipe

g
1

E = density factor -(p2 - pI)/p2
g = acceleration due to gravity and
D = pipe diameter

It can be seen that a trend is followed by all of the results; that is as
the densimetric Froude number increases,‘the value of L/D decreases. They
also show that as the value of Fpp tends towards unity, the value of L/D
tends towards zero indicatihg that the wedge will be purged from the pipe.
Conversely, the Froude number falls towards zero when the wedge length
becomes infinite; in other words the length of the wedge will frequently

be constrained by both the length and position of the outfall.
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The set of results produced when using a sea water density of 1021 kg/m?
and a pipe diameter of 105mm show a marked deviation from other results.
This 1is possibly attributable to experimental error since all other

results follow a consistent pattern.

It should be noted that Charlton‘'?) and Davies et al{?") in their
equivalent plots use a value of (2 FRD) for the horizontal axis, following
from work carried out by Keulegan(34). This was termed by Keulegan as the
river flow parameter and used to describe the depth of the salt wedge at a
river mouth. By a combination of both experimental and field data it was
possible to determine the effect of an open channel on the profile of
saline wedge. The use of this factor in relation to pipes is open to
question and Davies et al{?") note that there are potential pitfalls in
applying two dimensional open channel results to a three dimensional

problem. This is considered later in Section 6.5.

6.2.2 Velocity Profiles

Whilst the experiments for determining wedge lengths and profiles were
underway, it was decided that velocity profiles should also be recorded to
justify assumptions made during theoretical developments reported upon in
Section 3.3. The theoretical assumption was that the flow in the saline
layer was zero, and the velocity in the moving upper layer had a uniform
distribution. The results produced were used to determine the required

calibration of the velocity dependent components in the mathematical

model.

Initial experiments were performed using a sea water density of 1026 Kg/m®
and a flow rate of 0.41 1/s, giving a densimetric Froude number of 0.293.

Velocity meters were inserted at three positions, 500mm, 1500mm and 2500mm
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from the open end of the pipe. Figure 6.2 shows that velocity profiles
steepen towards the open-end of the outfall in the upper layer, hence the
maximum velocity increases. It 1is interesting to note that as the
velocity profile narrows it steepens near the pipe wall and the slope
tends to be more gradual nearer the wedge, suggesting that there could be
a positive velocity within the wedge caused by interfacial shear. This
however, is thought to be small because the velocity probe was unable to
trace any movement within the saline layer. The velocity meter could not
accurately record values below about 1 cm/sec; also, velocity values
within the interfacial region are subject to small errors due to

interfacial wave action.

The velocity profiles in Figure 6.3 indicate the variation in velocity
between the toe of the wedge and the exit of the flowing layer from the
outfall pipe. Figure 6.3 shows the results for a flow rate of 0.537 1/s
and a seawater density of 1015 kg/m®. These gilve densimetric Froude
number of 0.503 and a Reynolds number (not densimetric) of 5712,
indicating a turbulent flow regime. Figure 6.3 also shows that at the toe
of the wedge, the velocity profile is similar to that expected for a

turbulent flow regime and as the flow passes over the wedge, the velocity

profile steepens.

The final results are presented in Figure 6.4 for a flow rate of 0.427 1/s
and a seawater density of 1022 kg/m®. These give values for the Reynolds
and densimetric Froude numbers of 4542 and 0.331 respectively. All
profiles show results that are consistent with turbulent flow characteris-

tics, indicating similar trends to the previous results given in Figures

6.2 and 6.3.
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The experimental results of velocity profiles show that as the flow

reaches the outlet point of the pipe the velocity profile becomes more

peaked. However the ratio of Ve/Vnax does not show this. The possible

explanations are

1)

ii)

iii)

experimental error in determining V using the propeller meter

max
the calculation of Vg required an accurate valuation of the depth of
flow. As the depth of flow was constantly changing due to
interfacial wave action it seems feasible that an accurate value was
not obtained

towards the outlet section of the pipe the veloc?ty of the flowing
layer will have both horizontal and vertical components. As the

propellor meter only measured the horizontal flow this could also

lead to errors in measuring V...

6.2.3 VWedge Profiles

Wedge profile experiments were conducted in the smaller 50mm diameter pipe

both by the author and by Porter(4?). The results obtained are discussed

more fully by Porter and are utilised in this report for calibration of

the numerical model.

6.3

Numerical Model

6.3.1 Introduction

The application of the numerical model for obtaining saline wedge lengths

and profiles is based on Equation (3.59) which is
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Figure 6.5.

The notation used in equation (6.2) is given in Section 3.3 and details of

the numerical model are provided in Appendix D.

The saline wedge occurs as a result of seawater/freshwater contact, and
one of the governing factors determining the shape of the wedge is the
shear stress acting at the interface of the two fluids, each of different
densities. Wall and interfacial shear stresses are given by equations

(6.3) and (6.4) respectively;

[a}
o=tz V|V (6.3)

and Ty= £ 5 (Y, - V)V, - V) (6.4)
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The symbols have previously been defined in Section 3.3.2 herein. The
equation wused for obtaining 'f' in the mathematical model was
Colebrook-White, utilizing a Reynolds number based on the hydraulic radius

of the flowing layer so that
V., R
Re = = (6.5)

where R = hydraulic radius.

Modelling the interfacial friction factor (fi) also creates problems; from
Section 2.1 it has been noted that several researchers have derived
empirical relationships for the magnitude of the interfacial friction
factor, and that they generally offer different values. Moreover the
relationships have been deduced for flows in open channels and estuaries,

and to date no research has been found relating to interfacial friction

factors for flow in pipelines.

It is known that at the pipe wall friction factors and shear stresses
depend on the boundary layer'along the wa11(32). Hence it can be
assumed that ihe magnitude of interfacial shear stress will depend
upon the various processes taking place at the boundary between the

salt wedge and the flow of fresh water.

This 1is a highly complex situation and generally it is found that
equations for numerically modelling this condition have been derived
empirically from experimental data. The equation used to determine the
friction factor in the numerical model used herein is that developed by

Dick and Marselak (see Smith and Elsayed(sz)); the equation is gilven as

f; = 0.316/R,°" 25 (6.6)
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Vl A1
wvhere Re =4 ;: [iT—IT;T]

This equation is the same as that given in Section 2.1 except that the
suffixes have been changed so that 'l' represents the upper flowing layer.
Dick and Marselak obtained their equation for a lower flowing layer, (when
the salt water layer was in motion with a static upper layer), but Smith
and Elsayed(S') npention that it would be reasonable to assume that the
relationship for the interfacial friction factor would still hold if the
parameters were changed to suit an upper flowing layer. As this friction
factor was found from open channel flow experiments, it was expected that
some corrections may need to be made because of possible different flow
conditions within a pipe and that of an open channel.In both the pipe and
channel situations the velocity of flow will increase as the area
decreases but in the pipe situation any interfacial effects are subject to
variation as the pipe width changes. Up until the spring point the width
of the wedge increases, once this point is passed the width of the wedge
will decrease to the pipe exit. This will not occur in an open channel or

rectangular conduit as the width remains constant.

The numerical modelling procedure computes the wedge profile in the

following manner,

1) the depth of the wedge of salt water at the pipe exit 1is

determined using the theoretical equations in Section 3.3.3,
ii) the value for Ad, as shown in Figure 6.5 is obtained by dividing

the depth of the salt wedge at the pipe exit by 50 to ensure an

acceptable resolution for the results,
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iii) the value of Ax is then calculated for each interval of Ad using

equation (6.2)

iv) graphical plots are then produced showing the saline wedge

profiles.

6.3.2 Boundary Conditions

The boundary conditions used within the numerical model play an important
role in determining the calculated length of the saline wedge, as well as
providing an accurate prediction of the wedge profile. The way in which
the numerical model is developed involves realistic predictions of salt
wedge height at the exit of the pipe to ensure a reasonable calculation of
wedge profile and length. Therefore, initial calculations were made using
the numerical model to compare theoretical and experimental boundary
conditions, and the results are shown in Table 6.1, together with the
theoretical and experimental wedge lengths. The theoretical boundary
conditions are obtained from the equations in Section 3.3.3. Figures 6.6
and 6.7, lines (a) and (c) show a comparison of the boundary condition at
the pipe exit in respect of the 50 mm diameter conduit. It can be seen
from both Table 6.1 and Figures 6.6 and 6.7 that there is very little
difference between the theoretical and experimental boundary condition
(height of the salt wedge) at the pipe exit. The difference between the
theoretical and experimental salt wedge heights at the boundary is, apart
from one result, between 0 and 7 mm. Errors could be due to experimental
error as interfacial waves could cause these differences in the height of
the salt wedge. Consequently it was decided to leave the boundary

condition equations in their original form as shown in Section 3.3.3.
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€91

Numerical Experimental % Difference % Difference

Flow Seawater Densimetric Wedge Height Wedge Height Numerical Experimental 1in Wedge Height in Wedge Length
Rate Density Froude at Pipe Exit at Pipe Exit Wedge Length  Wedge Length

Number D, - D, L, - L
L/S kg/m® F
(L/8) - Ckg/m") Frp) (cm) (cm) (m) (m) ( ) ( )

(0,) (D,) (L, (L) D, L,

0.125 1044 0.443 3.2 3.2 2.13 1.05 0% -39%
0.105 1026 0.480 3.2 3.5 2.21 1.50 8.6% -8.6%
0.167 1041 0.612 2.9 3.0 0.801 0.85 3.3% -20%
0.175 1033 0.712 2.7 3.0 0.622 0.95 10.0% 5.8%
0.197 1042 0.714 2.7 2.0 0.717 0.35 -35% -141%
0.210 1036 0.819 2.5 1.0 0.437 0.15 -150% -385%
0.197 1028 0.868 2.4 2.0 0.375 0.35 -20% -102%

Results for 50 mm diameter pipe

Table 6.1
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6.3.3 Application of the Numerical Model

When the numerical model was employed in its original form using equation
(6.2) throughout, it was found that this equation became unstable at the
pipe exit; which was due to the steep curvature of the saline wedge at
this point. The upward curvature is caused by the buoyancy of the
freshwater which, on exit from the pipe at the seabed, forms a plume and
disperses upwards towards the surface. These plumes are referred to as

buoyant jets and are discussed in more detail by Brook s ang

Wright(81.82)

The instability of equation (6.2) is due to the rapid change in the saline
wedge characteristics. The numerical model calculates the value of Ax by
taking plane sections through the pipe. At the downstream end of the pipe
this is inadequate and the original analysis becomes invalid. To improve
this analysis the streamlines could have been modelled using curvi-linear
Bernoulli's equation, demonstrated by Ali and Ridgeway(s). Before
adopting this technique it was felt that more experimental data would be
required. Therefore, to enable partial completion of the study, the

numerical model was altered empirically to reflect the change in wedge

profile.

The empirical routine was developed in the following way. Initially the
boundary condition in the numerical model was set equal to the experimen-
tal value for the relevant flow conditions. Calculations using equation
(6.2) were performed from the boundary condition to a point A (the
transition point shown in Figure 6.5). At this point equation (6.2) gave
sensible results for the value of Ax. Assuming the numerical model took N
steps of Ad to reach point A then the wedge length from point A to the

pipe exit was obtained by multiplying N by the first positive value of Ax,
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It was also assumed that for every change in Ad up to point A the
horizontal distance for each interval was the first sensible value of Ax.
On comparison with experimental data it was found that a more accurate
result was found by dividing the value of Ax by 15. This empirical
numerical procedure was then retained for deriving the downstream wedge
profile. From point A the wedge length was calculated using equation
(6.2) in its original form. The extent of the instability experienced
with equation (6.2) at the downstream end of the wedge was found to be
between 10 and 20 % of the computed wedge length, with very few results

falling outside this range.

6.3.4 Reappraisal of Numerical Model

6.3.4.1 Velocity Profiles/Friction Aspects

Daly and Harleman¢'®) show that for a pipe flowing full, the velocity
distribution is such that the ratio of mean velocity to maximum velocity
approximates to 0.8 in respect to turbulent flow. The results given in
Figures 6.2 to 6.4 show asymmetrical distribution vertically through the
pipe and indicate that the ratio of mean velocity (Vf) to maximum velocity
(Vpax) ranges from approximately 0.8 at the toe of the wedge to about 0.9
before the flow exits from the pipe, although these results could well be

subject to errors as outlined in section 6.2.2.

Another condition which will cause the velocity profiles to change is the
effect of interfacial waves within the pipe. These waves were visually
apparent during the experimental procedures for the Series 1 experiments,
They appear as -small undulations at the toe of the wedge gradually
increasing as they move along the length of the wedge towards the exit

port. This creates difficulties in measuring the wedge height at the exit
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port . It should be noted that these internal waves are not caused by
external waves passing along the sea surface, but arise from turbulence

within the flow whilst steady external conditions exist.

The presence of waves at the interface must increase the effect of
interfacial friction and may also induce localised turbulence around the
saline/fresh water interface, whilst fresh water flowing near the smooth
pipe wall will probably remain unaffected. Due to a lack of experimental
data demonstrating interfacial velocities and forces it was not possible

to improve the model formulation for these processes.

6.3.4.2 Upstream Wedge Condition

Figures 6.6 and 6.7 show wedge profiles from both experimental and
numerical data based on the 50 mm pipe. The figures show the results

obtained using two different boundary conditions.

One boundary condition is defined by the theoretical equations in Section
3.3.3, the other being fixed and equal to the experimental condition. For
the higher Froude numbers it can be seen that when boundary conditions are
the same, the wedge profiles and lengths between the experimental and
theoretical results are similar. For low Froude number situations the
numerical and experimental profiles are of a similar shape wuntil
approaching the toe of the wedge when marked differences occur between the
results. It was therefore resolved that the only remaining problem was to

predict the form of the wedge toe more accurately.

The existing numerical model.predicts that the toe of the wedge is formed
by the asymptotic approach of the liquid interface to the pipe invert,

and this 1is shown in Figure 6.8 line A below:
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1 SLOPE OF SALINE Q
WEDGE

P,

Sketch showing predicted slope of wedge

Figure 6.8

From earlier experimental observations it was discovered that the toe of

the wedge was generally steep and turbulent as sketched in Figure 6.8 line

B.

The steep slope of the wedge is caused by turbulence and is referred to by
Viollet(58) 35 a 'shock' and occurs when flows of differing velocities and
densities meet, No reference can be found of this phenomenon in open
channel flow research, which leads the writer to the conclusion that the
condition is more pronounced in pipe flow. However Simpson (63) makes
reference. to this in the case of gravity currents.

In order to model the steeper slope at the toe of the wedge it was
necessary to increase the interfacial friction factor during the final
steps of the interactive procedure. In effect the numerator of Equation

(6.6) would change and the equation for fi would then become
£y = (kg x 0.316)/R %" ?® (6.7)
An intuitive solution for the wvalue of ki was obtained in the following

way. The theoretical procedures adopted to calculate the wedge height at

the pipe exit were discontinued(only for the purpose of calibration to
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model the toe) and the boundary condition was set to equal to the
experimental value for the 50 mm pipe. This eliminated the effect of
disparities between the theoretical and experimental downstream boundary
condition before attempting an assessment. The numerical model then

generated the wedge length and profile,

Following several trials Equation (6.8) was developed to give an

appropriate adjustment for the interfacial friction factor as the wedge

approached the pipe invert.
ki - [(Ik - Ap) x 0.5] +0.5 (6.8)

where k; = multiplication factor used in Equation (6.7)
I, = step number of iteration of wedge profile calculation, see
Figure 6.5 and

A) = integer as outlined below.

This calculates the increase in friction factor in a way which avoids
discontinuity occurring at the toe of the wedge and results are shown in
Figures 6.6 and 6.7. The graphs are drawn for when Fpp is equal to 0.443
and 0.480. The value of 'A)' varies depending upon the densimetric Froude
number (FRD). For a value of Fpp < 0.45, the value of Ay was taken as 30
and Equation 6.8 was wvalid for Iy > 30. For a value of Fpp > 0.45, the
value of Ay was taken as 40 and the equation valid for I, > 40. When the
value of Fpp, was greater than 0.5 the value of k was taken as 1 on the

basis of the calibration data available.
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By increasing the interfacial friction factor in Equation (6.7) the
Procedure is expected to represent more realistically the complex
Processes occurring within the pipe, and in the absence of more extensive

experimental evidence it is considered adequate.

6.3.5 Calibration for Larger Diameter Pipes

The numerical model was supplied with data used for the Series 1
e*periments (see Section 6.2.1) to establish if it could produce
equivalent wedge length results. Table 6.2 shows the initial outcome and
demonstrates that large discrepancies exist between the experimental and

the theoretical wedge length values.

On investigation it was found that when the boundary conditions from
Section 3.3.3 were applied to the larger diameter pipes the results
produced for the wedge height at the pipe exit were too large. For
example, large densimetric Froude numbers gave wedge heights greater than
half the pipe diameter which, from experimental observations, is
misleading. This in turn gave rise to computed wedge lengths being

greater than the experimental results.

From various tests carried out it was found that by multiplying the
boundary condition result by the factor D/50, where D is the pipe diameter
in millimetres, and 50 is the diameter of the pipe from which the base
calculations were produced, the computed wedge lengths then approached
values similar to those obtained experimentally. The results are shown in

Figures 6.9 to 6.13 and discussed in Section 6.3.6.
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6.3.6 Comparison of L/D against Fpp for Large diameter pipes

Figures 6.9 to 6.13 inclusive show comparisons of L/D against Fpp for both
experimental and numerical model results. The numerical data has been
obtained from the theoretical model after calibration, as well as from the
equation produced by Davies et al(z'). From Figures 6.9 to 6.13 it can be
seen that at high densimetric Froude numbers the margin between numerical
and experimental data tends to be small whilst at low Froude numbers the

error tends to be larger.

Figure 6.10 shows the largest deviation between the experimental and
theoretical results which reinforce conclusions made in Section 6.2.1,

namely that there was an error in determining experimental wedge lengths

in this case.

Large deviations at 1lower Froude numbers are probably caused by a
combination of errors in determining the exact experimental wedge lengths,

and the inability of the numerical model to accurately determine the toe

of the wedge.

Equation 2.2 (given in Section 2.1) is the expression developed by Davies
et a1(21) for obtaining wedge lengths and was obtained empirically from
experimental data. As mentioned in Section 2.1 there was an error in the
equation giving the value of 'k'. The equation for 'k' should be

k = 0.054 exp[-3.69 (ln (2 Fgp))?] (6.9)

and using this in conjunction with Equation (2.2) gives the third of the

three lines shown in Figures 6.9 to 6.13.
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Table 6.2

Q P Diameter Exp Comp. % Diff.

L/S  kg/m® mm Fpp  length Length (E—’—‘PE?TL*)
1. 0.32 1029 105 0.217 .40 13.71 -212
2. 0.25 1030 88 0.259 .60 7.63 -112
3. 0.28 1014 105 0.271 .90 12.41 -218
4, 0.335 1015 105 0.314 .55 8.07 -217
5. 0.45 1021 105 0.357 .0 4.12 17.6
6. 0.37 1014 105 0.358 .85 5.79 -213
7. 0.40 1030 88 0.415 .60 2.53 -58
8. 0.64 1029 105 0.434 .20 2.14 -78
9. 0.45 1014 105 0.436 .20 3.03 -152
10.] 0.52 1014 105 0.504 .00 2.35 -135
11.1 0.75 1029 105 0.508 .825 1.52 -84
12.] 0.60 1015 105 0.562 .80 1.207 -51
13.1 0.72 1021 105 0.571 .05 0.898 -14
14,1 0.6 1030 88 0.622 .80 0.99 -24
15.1 0.675 1015 105 0.632 .65 0.543 17
l6.( 0.71 1014 105 0.688 .35 0.163 29
17.( 1.12 1029 105 0.759 .15 0.005 97
18.1 0.97 1021 105 0.770 .10 0.0004 100
19.) 0.8 1030 88 0.830 .40 0.19 | 53
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Figures 6.9 to 6.13 demonstrate that the numerical model in its present
state calculates similar values for the lengths of saline wedges as those
obtained experimentally. However, the use of an empirically-derived
scaling factor is important as this factor adjusts the numerically
calculated boundary condition upon which -the  remaining numerical
calculations hinge. The effect of this on the profile of the saline wedge
is uncertain as no experimental data was obtained for wedge profiles in

larger diameter pipes.

6.4 Numerical Model

6.4.1 Status of Numerical Model

From the foregoing, it has been found that the numerical model is able to
predict wedge lengths (for all conditions) and profiles (for 50 mm
diameter pipe only) similar to those obtained experimentally, although
discrepancies occur throughout. These are due in part to experimental
errors, coupled with the outstanding difficulties of numerically modelling
stratified flow in pipes. Consequently more research is required to
investigate the effects of boundary conditions in different pipe sizes, to
determine how the wall and interfacial shear stresses vary along the

saline wedge, as well as the conditions affecting the toe of the wedge.

The numerical model in its present form produces diagramatic print outs
showing profiles of the saline wedges for various conditions, see Figure
6.14, The first graph on Figure 6.14 shows the change in pipe roughness,

the symbol key giving the heights of pipe roughness in metres. This

179



2.56L

0.85L

CHANGE IN ROUGHNESS

DIAMETER=

DENSITY=
PIPE LEN=
SLOPE=
FLOW=
FFC=

>
i

+
T

CHANGE IN INTERFACIAL FRICTION FACTOR COEFF.(FFC)

08T

0.85L

0.00

U

CHANGE IN SLOPE

45 50

DIAMETER=
DENSITY=
PIPE LEN=

FLOW(L/S)=
ROUGHNESS= 0.0000

FFC=

OXx +4abp

X AXIS= WEDGE LENGTH, Y AXIS=WEDGE DEPTH

FIGURE 6. 14 GRAPH OF WEDGE PROFILES

X10™2
4.27%
0.1050 DIAMETER = 0.1050
1029.0000 DENSITY= 1029 0000
5.0000 3.4] PIPE LEN= 5 0000
0.0000 SLOPE= 0.0000
0.4500 FLOW= 0.4500
03160 % =i ROUGHNESS= 0.0000
0.0000 e A = 00165
0.0014 0.0500
0.0029 0.1000
0.0043 .71 0.0010
0.0057 0.0060
0.85|.
T T i OOO T T T g ; T T s |
S5 60 65 0 5 10 15 20 25 30 35 40 45
x107!
X10~2 CHANGE IN FLOW
0.1050 4.6 DIAMETER= 01050
1029.0000 DENSITY= 1029 0000
5.0000 PIPE LEN= 5 0000
0.4500 3. 73\ SLOPE= 0.0000
ROUGHNESS= 0.0000
0.3160 FFC= 03160
= 0.00000 2.80L a = 0.61003
= 0.00100 vV = 047447
= 0.00200 + = 040669
=-0.00100 1 .86 X = 0.33891
~<0.00200 : oD = 027113
0.93]2
o= T 1 O‘OO T T \ T T Y r T
22 24 26 0 1 2 2 4 5 6 7 8 9



18T

X1071

CHANGE

IN ROUGHNESS

DIAMETER=  0.1050
DENSITY= 1029 0000
8 PIPE LEN= 50000
SLOPE= 0.0000
FLOW= 0.4500
4 FFC:= 0.3160
q A = 0.0000
v = 0.0014
4 = 0.0029
. = 0.0043
=% 0.0057
2L
Ol T 1] 1 1 T 1 T T T 1
0 i 2 2 4 5 6 7 8 9 10
X107!
«10-1 CHANGE IN SLOPE
10 DIAMETER=  0.1050
DENSITY= 1029.0000
. PIPE LEN=  5.0000
8l FLOW(L/S)=  0.4500
ROUGHNESS= 0.0000
FFC= 0.3160
8l. A = 0.00000
v = 0.00100
+ = 0.00200
4 x =-0.00100
' ‘200
21 \
3 ‘\
O T . 1 1] T L 1 1] L] L}
0 | 2 3 4 5 6 7 8 9 10
X107}

CHANGE IN INTERFACIAL FRICTION FACTOR COEFF.(FFC)

X107!
1
DIAMETER= 0.1050
DENSITY= 1029.0000
8 PIPE LEN= 5.0000
SLOPE= 0.0000
FLOW= 0.4500
. ROUGHNESS= 0.0000
- = 0.0165
= 0.0500
= 0.1000
4 = 0.0010
= 0.0060
2l
O T | T L T 1 1 T 1
0 1 2 3 4 5 6 7 8 9 10
X107
x10-1 CHANGE IN FLOW
1 DIAMETER= 0.1050
DENSITY= 1029.0000
PIPE LEN= 5.0000
8l SLOPE= 0.0000
ROUGHNESS= 0.0000
FFC= 0.3160
6l A = 061003
v = 0.47447
+ = 0.40669
4 x = 0.33891
' = 0.27113
2l
0 | 1] T L] T = T T
0 1 2 3 4 5 6 7 8 9 10

X AXIS= X/L. Y AXIS=Y/YMAX
FIGURE 6.15 X/L AGAINST Y/YMAX




28I

X101 CHANGE IN ROUGHNESS X10-1 CHANGE IN INTERFACIAL FRICTION FACTOR COEFF .(FFC)
5 5

DIAMETER=  0.1050 DIAMETER= 0.1050

DENSITY= 1029.0000 DENSITY= 1029.0000

PIPE LEN=  5.0000 PIPE LEN= 5.0000

SLOPE= 0.0000 SLOPE= 0.0000

FLOW= 0.4500 FLOW= 0.4500

o FFC= 0.3160 Q ROUGHNESS= 0.0000
I = 0.0000 I a = 0.0165
= 0.0014 v = 0.0500

. = 0.0029 + = 0.1000
Z = 0.0043 2 X = 0.0010
= 0.0057 o = 00060

On 4 I . L 1 : ] T 1] T T b | ' O T T T ). 13 1
0 S 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 20 35 40
X101
10-1 CHANGE IN SLOPE x10-1 CHANGE IN FLOW
- DIAMETER=  0.1050 S DIAMETER= 0.1050
DENSITY= 1029.0000 DENSITY= 1029.0000
PIPE LEN=  5.0000 g PIPE LEN= 5.0000
FLOW(L/S)= 0.4500 4| SLOPE= 0.0000
ROUGHNESS= 00000 ROUGHNESS= 0.0000
FFC= 0.3160 FFC= 0.3160
2. A = 0.00000 2 4 = 0.61003
v = 0.00100 v = 047447
+ = 0.00200 | + = 040669
2 x =-000100 2 X = 0.33891
o =-0.00200 - oD = 027113
i IA
0 & s 1 1] T ! T T T . 1 1 0 0 T T . T T T 1
0O 2 4l 6 .8 10 12 14 16 18 20 22 24 0 1 2 3 < S 6 7 8
X101 X101

X AXIS= X/D, Y AXIS=Y/D
FIGURE 6.16  X/D AGAINST Y/D




€81

CHANGE IN ROUGHNESS

X1071
1
DIAMETER=  0.1050
DENSITY= 1029.0000
gl PIPE LEN= 50000
SLOPE= 0.0000
FLOW= 0.4500
o FFC= 0.3160
i = 0.0000
= 0.0014
= 0.0029
4 = 0.0043
o 0.0057
2
O 1 | T T T T v 1 T T R [
0 S 10 15 20 25 30 35 40 45 50 S5 60
10-1 CHANGE IN SLOPE
! DIAMETER= _ 0.1050
DENSITY= 1029.0000
PIPE LEN=  5.0000
8l FLOW(L/S)=  0.4500
ROUGHNESS= 0.0000
FFC= 0.3160
6. = 000000
= 0.00100
= 0.00200
4 =-0.00100
f =>Q,00200
2|
0 1 ) T T T B DYRE am % T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
x10!

FIGURE 6. 17

CHANGE IN INTERFACIAL FRICTION FACTOR COEFF (FFC)

X107!
1
DIAMETER = 0 1050
DENSITY= 1029 0000
gl PIPE LEN= 5 0000
SLOPE= 00000
FLOW= 0.4500
" ROUGHNESS= 0 0000
[ A = 00165
v = 00500
+ = 01000
4 x = 00010
o = 00060
2|.
0 e
0 35 40
X101
«10-1 CHANGE IN FLOW
1 DIAMETER= 0 1050
DENSITY= 1029 0000
PIPE LEN= 5.0000
8 SLOPE= 0.0000
ROUGHNESS= 0.0000
FFC= 0.3160
6l A = 061003
v = 047447
+ = 040669
4 X = 033891
? = 027113
2L
2 \
0 1 2 3 4 5 6 7 8
x10!

X AXIS= X/D, Y AXIS=Y/YMAX
X/D AGAINST Y/YMAX




P81

X107!
S

CHANGE IN ROUGHNESS

x10-1 CHANGE IN INTERFACIAL FRICTION FACTOR COEFF (FFC)

S

DIAMETER=  0.1050 DIAMETER= 01050
DENSITY= 1029.0000 DENSITY= 1029 0000
PIPE LEN= 50000 PIPE LEN= 5.0000
SLOPE= 0.0000 SLOPE= 0.0000
FLOW= 0.4500 FLOW= 04500
" FFC= 03160 . ROUGHNESS= 0 0000
i A = 00000 I A = 00165
v = 00014 v = 00500
+ = 00029 _ + = 01000
21 X 0.0043 Z X = 00010
0.0057 o = 00060
1L 1L
0 T 1 T b T T T T 1 Ol ] T ) 3 T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 B S 6 7 8 3 10
X107 X107
x10-1 CHANGE IN SLOPE <10-1 CHANGE IN FLOW
- DIAMETER=  0.1050 - DIAMETER= 0.1050
DENSITY= 1029.0000 DENSITY= 1029.0000
PIPE LEN=  5.0000 g PIPE LEN= 5.0000
FLOW(L/S)= 04500 4 SLOPE= 0.0000
ROUGHNESS= 0.0000 ROUGHNESS= 0.0000
FFC= 0.3160 FFC= 0.3160
3L a = 0.00000 2| A = 061003
v = 0.00100 v o= 047447
+ = 0.00200 . + = 040669
2 x =-0.00100 2 X = 033891
- o =-0.00200 3 o = 027113
4
1L 1T
0 1 1 1 1 1 T 1 T ) 0 1 . 1 T 1 1 T T
0 1 2 3 4 5 6 7 8 3 10 0 1 s 2 B 5 6 7 8 S 10
X107} X101

X AXIS= X/L, Y AXIS=Y/D

FIGURE 6.18  X/L AGAINST Y/D




demonstrates that there is little change in the saline wedge profile as
the pipe roughness increases; this in turn suggests that the value of the

wall shear stress only has a small effect on the wedge profile.

The second diagram shows how a change in the value of the numerator of
equation (6.6), given in Figure 6.14 as the Interfacial Friction Factor
coefficient, affects the saline wedge profile. Here changes to the value

of the interfacial friction coefficient have a noticable effect on the

wedge profile.

The change in slope of the pipe affects the length of the wedge by
altering the direction of the force due to the weight of fluid. A
positive slope (this is the usual case in tunnelled outfalls as it relates
to a backfall) shows an increase in wedge length. This would be expected
as the weight of the salt water will force the wedge back towards the
headworks dropshaft. As would be expected an outfall with a negative

slope has a decreased wedge length.

The final figure shows that as the flow rate, and hence the densimetric
Froude number increases, the length of the saline wedge within the outfall
decreases. This is expected as the results obtained from the experimental
model demonstrate this same effect and it can be shown that the critical

densimetric Froude number below which saline intrusion will occur is

unity(18)

Figures 6,15 to 6.18 show the same profiles in dimensionless form. Figure

6.15 shows X/D against Y/Y, where D is the pipe diameter and Y . 1is

ax’

the value of the wedge height at the pipe exit. Figure 6.16 shows X/D
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against Y/D and Figure 6.17 shows X/L against Y/Ymax’ where L 1is the
original length of the saline wedge. The final computer diagram, Figure

6.18, shows how X/L varies against Y/D.

6.4.2 Uses of the Numerical Model

The numerical model, at present, is a combination of theoretical and
empirical procedures which have been tuned to model wedge profiles within
a 50 mm diameter pipe and wedge lengths, with associated profiles, in
larger diameter pipes. Due to the combination of procedures and lack of
experimental data, on larger diameter pipes, with which the numerical
model could be tested the number of possible applications is restricted.
It could be used to provide an estimate of wedge lengths and profiles
within an open ended outfall pipe and accurate results of wedge profiles
In a 50 mm diameter tube could also be obtained. However until more
rigorous testing is undertaken the results obtained for larger diameter

Pipes must be treated with caution.

6.5 Comparison with Open Channel Data

Apart from work performed by Sharp and Wang(S') and Davies et a1(12,21)
all earlier investigations undertaken on saline wedges have been targeted
on the two dimensional open channel situation. Both theoretical and
experimental work has been carried out and,consequently, it would seem

appropriate for open channel results to be compared with pipe £flow

results.

A saline wedge in an open channel usually takes the profile shown in

figure 6.19 below:-
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Figure 6.19 is taken from Harleman¢?®) and it is shown that at the
downstream end of the channel the flowing layer forms a critical depth as
it passes over the top of the wedge. The water surface in channels is not
PhYSiCally restricted by a rigid boundary, unlike the case in conduits,

but the wedge shape will change in a channel depending upon the total

driving head of water.

Both Sharp and Wang(s') and Davies et al{2") compare their experimental
results with those obtained from open channel experiments undertaken by
other researchers. Sharp and Wang(®') compare their experimental work
with a theoretical equation derived by Polk and Benedict(“s); this uses
both wall and interfacial friction factors and the densimetric Froude
number, For comparison they employ the pipe diameter instead of the water
depth, H, for producing the length scales - this demands considerable care

due to the crucial role of the Froude number in open channel calculations.
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Davies et alf?') however use the hydraulic radius as the single length
scale in the formulation of the densimetric Froude number. This would
appear to be the more logical approach to the problem as it defines both

the open channel flows and pipe flows in a similar form.

The method used by Davies et a1(?") is outlined as follows. If the

densimetric Reynolds number (Rgp) and the densimetric Froude number are

re-defined in terms of Dg such that

Vi Dy
(Rgp)* = - (6.10)
o
d %
an (Fpp)* = ————— (6.11)
D (g D*)1/2

then for pipe geometry D, equals the pipe diameter D, therefore, the
Reynolds and Froude numbers also remain unchanged and L/Dy = L/D. For an
open channel of depth H and width B then

4BH

Dy = (B + 2H)

and the densimetric Reynolds and Froude numbers become

(Rep)w = (Rgp) (Dy/H)3/?2 (6.12)
and  (2Fgp)y = (2Fpp) (H/Dy)'/? (6.13)
and L/Dy = (L/H) (H/Dy) (6.14)

In a similar manner to Davies et al(z'), results were obtained from plots
by Keulegan(aq) and converted to equivalent results for comparison with

Pipe flow, using the above equations. Two sets of data from open channel
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results were used and compared against two sets of pipe flow data which
had similar values of (Rgp)x. The plots are shown in Figure 6.20 and it
is clear that wedge lengths in open channels are greater than those in

pipes for similar densimetric Froude numbers.

Figure 6.21 compares saline wedge profiles in an open channel with those
in a pipe using similar densimetric Froude numbers. The Figure shows that
for the Froude number adopted, the wedge profile of the pipe is steeper at
the toe than that in the channel, and also the height of the wedge in the
pipe at the exit is greater. (In Figure 6.21, h, is the height of the

saline wedge and K is the depth of flow upstream of the saline wedge).

The use by Sharp and Wang(s‘) of the equation derived by Polk and
Benedict(qs) appears to give accurate estimations as to the length of the

wedge forming in the pipe. The equation given(46) is

fL 2 8o
-5 A-F/H e - FYY
b (1 + ) 8 ,
e QP e (@@ - F) Q- FYY)
8a
+ 77 [A+®®-F) [fna-fn(l+a-F/%) (6.15)

where f = wall friction coefficient
L = wedge length

H = depth of channel

o)
I

densimetric Froude number ( = Fpp)

and o

ratio between interfacial and wall friction coefficient.
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Sharp and Wang(s‘) assumed the value of H to equal the diameter of the
Pipe and calculated the densimetric Froude number using Equation (6.1).
However attempts to reproduce Sharp and Wangs results using Equation

(6.15) have been unsuccessful as seen below in Table 6.3.

£L £L
Frp a D D
from Sharp and from equation
Wang 6.15
0.6 0.2 2.5 0.5
0.6 0.45 6.0 0.28
Table 6.3

The matter has not been resolved because Sharp and Wang did not indicate
how the translation from channels to pipes was undertaken, or how the

boundary conditions were defined.

6.6 Summary
1) The theoretical model was successfully fitted to the experimental

results obtained from the 50 mm diameter model pipe, but entailed

the use of:-
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2)

a) 1intuitive adjustments to numerical computational routine near to
the pipe exit to avoid instability arising in Equation (6.2),
and

b) incorporation of further empirical adjustments to the
interfacial friction factor near the toe of the wedge to reflect
the observed steepness of the wedge in this region at lower

densimetric Froude numbers.

Application of the calibrated numerical model to larger diameter
experimental model results proved inadequate, and ensuing wedge
lengths were found in many cases to be over estimated by a factor
closely related to the scale ratio between the larger model and the
50 mm pipe. The cause of this has not been resolved because the
measurement of exit boundary conditions was not possible for this
test serles,. Consequently, more extensive studies for the
determination of boundary conditions are needed before the numerical

model can be adequately tested and validated for more general use.
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CHAPTER 7

INVESTIGATION OF FLOW THROUGH MULTI-RISER OUTFALL SYSTEMS

7.1 Preliminary Results

The experimental work documented deals primarily with the effect of
wave action on marine outfalls with multi-riser systems. Initial work
undertaken to examine wave action on single port systems has been
described in an earlier publication by Ali, Burrows and Mort(s), a
copy of which is contained in Appendix F. The theoretical models used
for single port outfall investigation are outlined in Appendix D, with
the theoretical equations shown in Section 3.1l. Previous work on this

subject 1s reported upon by Henderson{?7) .

Early results, from experimental and numerical modelling, indicate
that upstream oscillations induced by wave action increase as the
Cross-sectional area of the inlet drop shaft decreases. It was also
noted that oscillations decrease as the rate of flow increases.
Another important observation was that the time period of oscillation

within the inlet shaft can be approximated by the following

equation: -

LA
T =27 J — (7.1)
&

T = time period of oscillation
L = outfall length
A, = area of dropshaft and

A = area of outfall pipe
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The above definitions are shown in Figure 3.1, and the equation is

similar to that for calculating oscillations in a variety of other

systems.

Henderson(”) dealt with the problem by assuming that the worst

condition occurred when a wave crest was positioned across the entire

diffuser system (see Figure 7.1).

A
[ 'I
Hy.
2 7 SEA WATER
~ o~ = LEVEL
DIFFUSER SECTION
.
P N
L. RISER PIPE
X
\ \
OUTFALL PIPE
Figure 7.1

This assumption may have been valid for the problem Henderson was
concerned with (the worst effect on an outfall diffuser system) but it
does neglect to take account of oscillations of flow within individual
risers and the effect that this may have on the overall efficiency of
the outfall system. To investigate these problems a more rigorous

testing facility was designed and constructed, and a more refined

numerical model developed.
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7.2 Wave action on a Multi-riser outfall

The main aim of this thesis was to investigate the effects that wave
action has on an outfall during both its operational and closedown
periods. To pursue this study an experimental model was designed and
constructed, as outlined in Chapter 4 and experiments as outlined in
Sections 5.2.2 to 5.2.6 were performed. A numerical model was also
developed using the unsteady flow equations of motion and continuity,
equations (3.19) and (3.29) respectively, so that this could be
calibrated and utilized to model a wide variation of conditions
affecting an outfall. A further development of the model is its

possible use in modelling prototype outfalls as described in Section

7.7.3.

The following sections deal with the results and conclusions from both

the experiments and numerical models.

7.2.1 Experimental and Numerical Results

Figures El to E83 1inclusive (found in Appendix E) show the
experimental and mathematical results produced during this research
Programme. Tables El1 to E39 indicate the mean, minimum and maximum
velocities within outfall risers for the complete range of experiments
performed.

Figures E1 to E20 are experimental velocity and pressure results
. obtained using an outfall without diffusér caps., Flgures E21 to
E38 are the corresponding numerical model results., Figures 339'
to E65 show the experimental velocity and pressure graphs for an
‘outfall with diffuser caps fitted, and a velocity graph for the

corresponding wave conditions without diffuser caps fitted.

Figures E66 to E83 are the numerical results obtained for an

outfall with diffuser caps fitted. On the individual graphs
the term WA and W indicate wave action and the terms NO WA

and NW indicate no wave action.. 196
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7.2.2 Multi-riser outfall systems under shut-down conditions

7.2.2.1 1Initial Experiments - Series 2

The first series of experiments were performed with the outfall model
in its inverted position, and injected dye was used to track the
direction of flow. It should be noted that the use of the model in
the inverted position was essentially for test purposes only, and that
quantitative results were not recorded because the performance of the
model in this mode tended to be unsatisfactory on occasions. This was
mainly caused by the collection of air along the soffit of the pipe.
However, when performing satisfactorily, the model revealed, via the
dye trace, signs of saline intrusion which was clearly generated by
wave action, together with oscillatory velocity patterns within the
risers, in both the zero flow condition and when salt water was passed
through the system, (NOTE In the inverted position, salt water

represents the sewage flow).

Series 3 experiments were undertaken in the same way as series 2, but
with the outfall model in its normal operating position. Initial
tests concentrated on shut-down conditions in order to investigate the

effect of wave action alone on internal flows.

The velocity of induced flows in risers was estimated by recording the
speed of the dye trace within the riser after its injection at the
midpoint of the riser pipe. This method proved to be unsatisfactory
for the accurate determination of riser flows and, in consequence, was

only used as a qualitative indicator of general riser motion, thus
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enabling identification of the intrusive or discharging condition.

Table E1 1lists a set of results collected for a range of wave

conditions.

When studying Table El it can be seen that there is no consistent
pattern in respect of flow conditions in the risers, but what does
emerge is that limited flow circulation takes place. Table El also
indicates that under shut-down conditions, the mechanism which causes
Intrusion is particularly unstable. It was noted during experimental
runs that some risers behave irregularly and would change their
direction of flow over a short period of time. In other cases the dye
trace indicated that the flow was entirely oscillatory within the

riser, this being indicated by a zero in the table.

7.2.2.2 Initial Experiments Using Ultrasonic Flowmeter

This 1s an extension of the Series 3 experiments under shut-down
conditions. The results produced during the initial series of

experiments are listed in Table E2 (riser velocities) and Table E3

(outfall pressures).

Table E2 indicates that the velocity within the risers embody large
wave induced fluctuations about mean inflow or outflow velocities. It
1s also clear from Table E2 that a continuity balance does not exist

for the measurements taken and the reasons for this are outlined in

Section 7.2.2.3.

The largest mean velocity observed was 3.5mm/sec which, when using the
scaling factor given by Equation (4.3), gives a prototype velocity of

0.015m/sec in a 600mm diameter riser. This equates to a rate of flow
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of only 4.3 1/sec through the riser in the prototype system, and
circulatory flows are, in consequence, likely to be of very low
magnitude. Instantaneous flow rates, both discharging and intrusive,
will be significantly larger. For example, taking a model velocity of
0.045m/s and using Equation 4.3; it is found that this gives an

equivalent prototype velocity of 0.19m/s in a 600mm diameter riser.

From the results shown in Table E2 it can be observed that velocities
above and below 0.045m/s are encountered in the risers during
Intrusive and discharging conditions. It is therefore possible that
suspended particles could be transported into the diffuser under the
flow rates encountered. From the limited range of tests completed at
this stage, it was deduced that wave periods between 1.0 and 1.5
seconds appear to generate the strongest internal circulations. These
waves have lengths ranging between 1.56 and 3.51 metres in the flume,
which in turn will exhibit significant phase lags between

instantaneous pressures over the various risers, (see Section 7.7).

The wave pressure results given in Table E3 show that pressures
oscillate as waves pass over the outfall. It should be noted that the
pressure at the upstream and of the pipe (pressure point 5) has a
maximum and minimum difference equivalent in magnitude to the
differences shown at the other four pressure points, thereby
indicating that the fluctuations extend backwards along the outfall

Pipe and into the outfall shaft.

Figures E1 and E2 show graphical outputs for riser velocities and
Pressures along the centreline of the outfall pipe, for the experiment
involving a wave height of 4.lcm and a wave period of 2.22 seconds.

Looking first at Figure El, the mean velocities deviate little from
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the zero value indicating that very weak internal circulations take
place. The oscillatory instantaneous velocity ranges from a
discharging condition of 4bem/sec to an intrusive condition of 4cm/sec.
No evidence of larger period oscillations, equivalent to those found
in a single port outfall (see Ali, Burrows, Mort(4); Appendix F) were

detected in these results.

Figure E2 1is the graphical output of pressure fluctuations under the
same wave conditions as for the velocity graph in Figure El. The
Pressure graphs for pressure points 1 to 4 in the diffuser section,
show cyclical pressure oscillations at the wave frequency, but the
upstream pressure transducer at pressure point 5, gives a distorted
output. The distortions are probably caused by turbulence at this
section resulting from changes in water level in the drop-shaft and

varying flow conditions due to the close proximity of the

venturimeter.

Large oscillations in pressure are generated by long wavelengths
pProducing very little pressure attenuation from the surface down to
riser head elevation. The wavelength for a period of 2.22 seconds is
5.78m indicating that at some instances in time, all risers will be
acted upon simultaneously by an increase in pressure (see Figure 7.1).
More importantly, however, is that there is always a significant
pPressure lag between the most seaward and landward risers due to

movement of the wave (Figure 7.2).
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The average change in pressure along the centre line of the main
outfall pipe, under the diffuser section, was found by taking the
differences between the maximum and minimum pressure values at
pressure points 1 to 4. For a wave height of 4.2 cm and wave period
of 2.22 seconds (see Figure E2) the average change in pressure was
found to be 0.26 kN/m?. Assuming the wave to be in shallow water the
theoretical change in pressure at the pipe centreline caused by the
wave passing from a trough to a crest is 0.4 kN/m?., This indicates

that only 65% of the total wave pressure appears to act at the pipe

centreline.
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7.2.2.3 Errors and Discrepancies with Experimental Results

As mentioned earlier, Table E2 indicates clearly that a continuity
balance between the four risers does not exist. The reason for this
1s largely due to the fact that each set of velocities produced for a
single wave condition, are prepared from results produced during four
different experimental runs. As mentioned in Chapter 5, the velocity
meter was moved from riser to riser for each set of experiments.
Consequently, there 1is no guarantee that all conditions were

identical, although every effort was made to ensure that conditions

were similar,

The probe was very sensitive to density changes, and this became a
Problem when two different densities of water were used. The largest
change in the setting of the probe was found to be lcm/s leading.to
possible errors in velocity measurement and there was also an
Instability within the device of approximately 3 - 5 mm/s. The
velocity values recorded on intrusive risers will not be subject to
the larger instability because they are not influenced by changing
fluid densities, whereas the discharging risers will under some
conditions have a mixture of densities depending on the local scale

of mixing from any saline wedge present.

Because the velocity meter was moved between the risers the velocity
traces do not provide an instantaneous record of the flows in the
different risers. The graphs therefore record the flows within the

individual risers and so provide an estimate as to how the diffuser

System is acting.
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7.3 Multi-riser outfall systems under normal operation

The results reported here are for series 4 and 5 experimental groups
referred to in Chapter 5. A total of nine different rates of flow
were used and these ranged between 0.1862 1/s to the design flow rate
of 2.0 1/s. For each discharge rate, the effect of five different

wave conditions were examined.

7.3.1 Experimental results (outfalls without diffuser caps)

Tables E4 through to E21 summarise the statistics of velocity
fluctuations within individual risers, together with the variations of
pressure within the pipeline for both still water and the various wave
conditions. Figures E3 to E20 inclusive, show sampling time histories
of riser velocities, as well as pressures in the pipeline for a

waveheight of 0.066m and a waveperiod of 1.429 seconds.

In all cases it can be observed that at various discharge rates,
Intrusive conditions occur in the seaward risers, and that as the flow
Increases the number of risers subject to intrusive conditions
decreases. Under the design flow condition of 2.0 1/s, Table E20 and

Figure E20 both indicate that all risers have been purged of seawater,

The instantaneous velocity within the risers is dependent upon a
combination of flow rate and wave action. From Tables E4 to E20
inclusive, it can be seen that the largest fluctuations are caused by
longer wave periods - hence longer wavelengths, and Figures E3 to E20

show the magnitude of these fluctuations for one of the longer wave

periods.
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In general, the riser velocity plots show that if a riser was
operating in the reverse flow mode during steady flow conditions, wave
action over the system increased the intrusive velocity thereby

allowing more seawater to be drawn into the outfall.

The time traces showing the changes in pressure along the centreline
of the pipe are cyclic, with distortions appearing at the peaks,
except in the case of pressure point 5 which is distorted at all
times. The distortions are probably caused by turbulence within the
pipeline due to varying flow conditions; in the case of the pressure

point 5 the problem is exacerbated by the proximity of the

venturimeter.

All mean velocity results for these experiments are superimposed on
each other as shown in Figure 7.3. The percentage change of mean
velocity against steady flow state mean velocity is shown in Figure

7.4. These show how the mean velocity of individual risers varies

with wave action.

An interesting feature which appears on Figure 7.3 is that before a
riser can be purged of seawater, its neighbouring landward side riser
must have a velocity approaching 0.2 m/s. In addition, it was
observed that whilst a riser is being purged, the adjacent seaward
riser usually allowed higher volumes of seawater to enter the system.
This indicates that during the purging process, strong local

mechanisms appear to exist affecting the rate at which seawater is

drawn into the outfall.
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This apparent purging velocity of 0.2 m/s appears to be the critical
velocity at which the headloss of the flow moving up the riser is
equal to that caused by the flow acting against the saline wedge
within the outfall. If the flow rate is then increased the additional
flow cannot move up the riser as the headloss will be too great and so
the additional flow will force the saline wedge towards the seaward
risers and hence begin the process of purging the next seaward riser.

This flow velocity is similar to the calculated value for the design

flow rate.

7.4 Numerical Model and Results

7.4.1 Numerical Model

The numerical model was developed in the manner described in Section
3.2.  The model was run on the University's IBM 3083 main frame
computer and all results produced were compared with the experimental
values outlined in Section 7.3. Additional theoretical comparisons
were obtained from the model developed by Larsen(?%), but results from
this can not be shown because computer hardware was not available for

producing output from the comparison exercise.

The difference between the numerical model produced by Larsen and the
one developed for this research was the method of calculating the flow
rate around the diffuser section. Larsen assumes the flow to be
wholly incompressible within the diffuser and, in consequence, uses
equations similar to those in Section 3.1, for motion and continuity,
(equations 3.4 and 3.5), to calculate flows in the risers and
intermediate pipe sections. He then wuses the method of

characteristics to determine the flows along the main section of the
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intermediate pipe sections. He then uses the method of

characteristics to determine the flows along the main section of the

outfall (Figure 7.5).

DIFFUSER SECTION

P vy W

!
i
| USES INCOMPRESSIBLE FLOW | USES METHOD OF CHARACTERISTICS
i
EQUATIONS IN THIS SECTION T FOR THIS SECTION

Diagram showing basis of equation in Larsen's model.

Figure 7.5

For the model developed at Liverpool, the flow is assumed to be
compressible within the entire section of the main outfall pipe and

incompressible within the individual risers, as outlined in Section

3.2,

7.4.2 cCalibration of Numerical Model

The numerical model developed at Liverpool was calibrated by varying
within justifiable physical 1limits, headloss factors inside the
riser/outfall 'T' junctions. Initially the numerical model calculates
the headloss requirements within each riser pipe so that during design
steady state flow conditions (2.0 1/s) there was equal discharge

between all four risers. The headloss within each riser consists of
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an entry and exit loss and a frictional headloss caused by wall shear
stress. However, when the numerical model was being operated during
unsteady flow conditions, but at design discharge, the exit and entry
headloss coefficients remained at a constant value and the wall shear
stress friction factor was varied wusing the Colebrooke-White
equation(s¢) By keeping the entry headloss coefficient constant an
error is built into the model because, as demonstrated by Miller(ae),
when the ratio of flow rate entering the riser to the flow rate
passing along the main pipe changes so does the headloss coefficient.
One way to overcome this is to build a headloss database into the
model. However using Millers(ag), headloss diagrams may also lead to
discrepancies as the data was obtained from experiments using high

Reynolds numbers whereas an outfall tends to operate at low Reynolds

numbers.

From the experimental model it was observed that once the flow rate
dropped below the design flow condition saline intrusion occurred. This
led to the formation of a saline wedge within the main outfall pipe
and a more complicated process of flow distribution. The numerical
model now becomes inadequate as it does not contain the required mass
balance equations which take account of any mixing, nor does it have
the ability to recreate the flow conditions as the fresh water passes
over the saline wedge. To enable the numerical model to be used for
comparing experimental data, and to investigate other outfall
conditions, it had to be altered using empirical adjustments., To do
this one set of experimental data was obtained and the numerical model
was adjusted wuntil the numerical results were similar to the
experimental data. Two adjustments to the numerical were made and

both were made to the riser sections. The first adjustment was to set
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the density of water within an intrusive equal to that of the
seawater, the numerical model recognised an intrusive riser as the

velocity result was negative,

When the numerical model calculated the velocity in the riser to be a
positive discharge of fresh water the density of water within the
riser was changed to 1000 kg/m® and under zero flow rate conditions

all the water within the outfall was set to equal the seawater

density,

The second stage was to make minor adjustments to the entry headloss
coefficients at the base of the individual risers until the numerical

and experimental results for the one condition were similar.

The numerical model in this adjusted condition was then compared with

further experimental results without any more adjustments being made.

7.4.3 Numerical model results

Figures E21 to E38 inclusive show the numerical model output for the
nine different rates of flow during periods of still water, and when
waves of heights of 6.6cm and periods of 1.429 secs are passed over
the system. By comparing the numerical model results with those
Produced experimentally, Figure 7.6, it can be seen that the behaviour
is comparable, Figure 7.6 illustrates the numerical and
experimental mean flow velocities within risers subject to wave
action, over a range of six different discharge rates. A major
discrepancy arising is when Q/Q, = 0.09; the numerical model depicts
riser 2 to be discharging whilst the experimental model shows it to be

intrusive, When analysing the theoretical model results it was
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discovered that the discrepancy is caused by internal circulation
between risers 1 and 2. When Q/Q, = 0.09 all freshwater discharges
from the manifold via riser 4, whilst drawing seawater in through
riser 3. A smaller discrepancy is apparent when Q/Q, = 0.33. In this
case the mathematical model shows riser 3 to be in the process of

purging, whereas the experimental results indicate it to be in an

Intrusive condition.

The discrepancies will be due to the method by which the numerical
model calculates the purging process, and this is performed in the
following way. Initially there is zero flow and the wave action is
alloved to build up, so creating small amounts of salt water
circulation within the diffuser system. The fresh water flow rate is
then gradually introduced into the system and this is slowly increased
over a series of time steps until the required discharge 1s attained.
As the flow rate is being increased the fresh water begins to pass
along the main outfall pipe, and eventually begins to discharge
through the most landward riser. As it discharges the density value
within the riser is changed to 1000 kg/m®; the other risers will still
have seawater within them. Once the critical velocity 1s reached
(where the headloss along the pipe and up the riser are equal) the
flow will then move along the pipe and begin to purge the next riser.

The process then continues until a mean velocity equilibrium exists,

It can be seen that the results produced by the numerical model
compare favourably with those produced experimentally, but problems do
exist with the numerical model. The principal difficulty is that,
under certain flow conditions, when no wave action occurs, the
numerical results indicate the flow within the risers to be

oscillating. This is seen to be an inherent instability with the
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model and whilst several attempts were made to eradicate the problem
none were wholly successful. The graphical output obtained from the
numerical model demonstrates that during periods of wave action the
Inherent instability has no effect on the result as the oscillations
in velocity are equivalent to the wave period. Moreover, no account
was taken for the mixing process of salt and freshwater within the
outfall, or for changes in flow characteristics caused by the
developing saline wedge. In consequence more research is needed to

refine the theoretical model, and this is outlined in Section 8.2.

7.5 The effects of wave action on an outfall

manifold with diffuser heads attached

7.5.1 Introduction

The results discussed so far have been concerned with the effects of
wave action on open-ended risers. In practice, however, risers are
frequently capped with diffuser heads to aid both dilution and
dispersion of the discharging effluent. In addition, a well designed

diffuser system will alleviate unacceptable 'boils' and surface

'slicks' at sea level.

In addition the capping of risers increases the headloss within the
riser and so the results obtained will be similar to the effects of
using either longer risers or narrower risers, which have a similar

increase in headloss.

213



In order that the numerical model can take into consideration
situations where diffuser caps have been installed, it had to be
re-calibrated, and this was done with the aid of the experimental

model which produced the required data.
The experimental model had fitted to it replica diffuser caps, similar
to those used on the Grimsby long sea outfall as shown in Figure 4.14,

The calculation used in the design of the caps is given in Section 4.

7.5.2 Experimental Results (Diffuser Caps Fitted)

Figures E39 to E65 show the effect that diffuser caps have on general
flow characteristics within individual risers. The discharge rates
used were the same as those employed for producing the results
contained in Section 7.3, and the sample chosen for comparison was
that derived from a waveheight and period of 0.058 metres and 0.769
secs. respectively. The mean velocity results, together with maximum
and minimum values, are given in Tables E22 to E39; the results

obtained from the pressure transducers are also given.

Figure 7.7 attempts to clarify the comparison between experimental
velocity results within the risers when diffuser caps are fitted and
when they are not. It shows that lower flow rates are needed to purge

the riser which in turn ensures a reduction in the amount of seawater

entering the system.

However, it 1is interesting to note that whilst all risers are
discharging at a Q/Q, value of 0.47, it does not follow that the

outfall is completely purged. The situation shown in Figure 7.8

below, may well have developed:-
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Figure 7.8 shows fresh water passing over the salt wedge leading to a
purging of all four risers, but offering little or no indication of
the extent of saline intrusion within the manifold. Should the saline
wedge not be fully purged at frequent intervals, sediment ingress and
deposition is likely to occur, eventually causing a blockage in the
Pipe. The absence of diffuser heads does allow easier determination
of the limits of application of a saline wedge because its toe will
usually be near to the most landward riser - once this riser has been
purged. It is appreciated however, that in addition to providing more
efficient dispersion characteristics, the use of diffuser heads has
the distinct advantage of reducing the ingress of seawater. One
Possible method of preventing saline intrusion 1is to 1install

mechanical non-return values on the diffuser ports as outlined In

Section 2.



7.6 Numerical Model Results

The theoretical model was calibrated for the new set of experimental
results, which take account of attached diffuser caps in a way similar
to that described in Section 7.4.2. The data produced by the
theoretical model are given in Figures E66 to E83 inclusive, The
Instability problem mentioned in Section 7.4.3. is still presént and

could not be satisfactorily eradicated.

Figure 7.9 shows a comparison between mean velocity results within
the risers obtained from the experimental and theoretical models. It
can be seen that, whilst small discrepancies exist, the mathematical
model predicted the behaviour of the experimental model quite well.
Once it was established that the theoretical model produced

satisfactory results, it was extended as outlined in Section 7.7.

7.7 Appraisal of the numerical model

The results given in previous sections demonstrate that the calibrated
mathematical model produces satisfactory results. Therefore an
obvious extension of this work should be to vary the data relating to
outfall parameters and wave conditions, and to investigate the results
the mathematical model produces. The following sections contain a

summary of further work undertaken using the numerical model.

7.7.1 Varying the riser diameter and length

As mentioned in Section 4.2.1 the riser diameter chosen for the
experimental model represented a diameter which was larger than those

used on actual outfalls. It was suggested in Section 4.2.1 that a
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model riser diameter of 23mm would enable better representation of the
general outfall system, and that a model diameter of around 35mm would

lead to a more balanced system.

Figures 7.10 and 7.11 show the consequence of a change in diameter of
the riser. Both are subject to identical wave conditions and
discharge rates, as well as having diffuser caps fitted to the riser

outlets. Table 7.1 shows the differences in mean velocity results.

From Table 7.1 it can be seen that as the riser diameter decreases the
average velocity increases and the distribution of flow through the
risers becomes more even. Figure 7.12 shows the effect of a low
discharge rate upon a system comprising smaller riser diameters. For
this situation Riser 1 is shown to be in an intrusive condition,
whilst the remaining risers discharge. This may be compared with
Figure E22 which shows similar conditions with a riser diameter of
0.05m. This indicates that as riser diameters decrease, the amount of

seawater entering the system, via the intrusive process, also

decreases.

Riser diameter (m)
Riser| 0.035 0.05
1 0.175 0.015
2 0.175 0.09
3 0.175 0.011
4 0.175 0.011

Mean velocity results (m/s) for change in riser diameter
(riser length = 0.040 m)

Table 7.1
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Riser Length (m)
Riser | 0.40 1.0
1 0.015 -0.03
2 0.09 0.03
3 0.11 0.16
4 0.11 0.16

Mean velocity results (m/s) for change in riser length
(riser diameter = 0.05 m)

Table 7.2

Riser Length (m)
Riser | 0.40 1.0
1 0.130 0.09
2 0.175 0.19
3 0.175 0.19
4 0.175 0.19

Mean velocity results (m/s) for change in riser length
(riser diameter = 0.035 m)

Table 7.3

Figures 7.13 and 7.14 demonstrate the consequences of an increase in
riser length. Tables 7.2 and 7.3 show how the mean velocity results
vary with a change in length. When compared with Figures 7.10 and

7.11 it is clear that the effects of wave action on riser velocity is
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reduced. This may be expected because the difference in pressure
between the centreline of the outfall and longer risers will be less

when subjected to the action of waves.

7.7.2 Increase in the Number of Risers and change in Riser spacing

Figures 7.15 and 7.16 show how discharge throﬁgh outfall ports is
affected by an increase in the number of risers. Table 7.4 shows the
variation in mean velocity results for a change in riser diameter.
Assuming the seaward riser to be No 1 and the landward riser to be No
8, with a design maximum discharge rate of 2.0¢/s, it is noticeable
that all risers are purging at velocities lower than those shown in
Figure 7.10. This is due to a change in headloss characteristics
within the numerical model. However, similar behavioural patterns do
emerge in that the seaward risers draw-in seawater whilst the landward
risers are purging. Figures 7.16A and 7.16B reveal the same effect but

where riser diameters are 0.035m.

Figure 7.17 and Table 7.5 show the effect of increasing the riser
spacings from 0.5m to 0.75m. This may be compared with Figure 7.10
and serves to demonstrate that when riser spacing is changed, very
little change in mean flow velocities within risers occurs. This
outcome would appear to be specific for the conditions tested because
numerical model results obtained for the prototype outfall, Figure
7.20, show that when there is a large riser spacing the flow has
little effect in drawing in seawater. It does however influence the
oscillations of velocity. This condition is caused by the ratio of
wavelength to riser spacing, as shown in Figure 7.18. In Figure
7.18A, the riser spacing is such that when the crest of a wave is

above one riser the trough is above the adjacent riser. In the second
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case depicted by Figure 7.18B, the first riser is shown to be
immediately below the crest of the wave whilst the adjacent riser is
close to the wave node point. For the situation shown in Figure 7.17,
the riser spacing is 0.75m and the wavelength is approximately 3.0m

and, in consequence, the situation occurringis similar to that shown

in Figure 7.18B.

Riser diameter (m)
Riser 0.035 0.05
1 -0.03 -0.06
2 0.07 -0.02
3 0.095 0.03
4 0.095 0.05
5 0.10 0.06
6 0.10 0.075
7 0.105 0.09
8 0.105 0.09

Mean velocity results in each riser (m/s)
for an eight riser diffuser system

Table 7.4
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Riser Spacing (m)
Riser | 0.50 0.75
1 0.015 0.02

2 0.09 0.085

3 0.11 0.105

4 0.11 0.115

Mean velocity results (m/s) for a change in riser spacing
(riser diameter = 0.05 m)

Table 7.5
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Figure 7.18
Figure 7.10 shows the results when risers are spaced at 0.5m intervals

and clearly shows that this causes a difference in the level of

oscillatory motion in the risers.
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7.7.3 Prototype Outfall Modelling

One aim of this research programme was to attempt to produce a
numerical procedure which could ultimately be used to model prototype
marine outfalls so ensuring that wastewater is discharged in the best
practical manner. Whilst the numerical model is not fully perfected
(as discussed previously) a trial application was considered relevant.
The trial outfall chosen was the proposed Bombay Long Sea outfall
which is shortly to be designed by Binnie and Partners (Consulting
Engineers). The sketch in Figure 7.19 illustrates how the outfall may
look, since detail designs have not yet been prepared. A principal
design parameter for the proposed outfall is that it will have a

maximum discharge rate of 24.0m3/sec.

Flgures 7.20A and 7.20B show the values of velocity in all risers
under quiescent conditions when the flow rate was approximately 1.0
ﬁ?s. It can be seen that under these conditions there are no
oscillations and that the risers are too far apart to be affected by
the flow condition in an adjacent riser. Hence flow is not drawn into
the diffuser through the seaward risers, (riser 1 being the most

seaward and 8 being the most landward riser).

Under the action of waves, Figures 7.21A and B, it can be seen that
there is a mean discharge, with large oscillations through the
landward risers. In the seaward risers (risers 1 to 4) there are
large oscillations in flow velocity and there is evidence of seawater
circulation within the system, especially between risers 1 and 2. The
large velocities, up to 3 m/s for these particular wave conditions,

could carry sediment into the outfall if this is not guarded against,
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7.8 Summary

From the foregoing discussion it can be concluded that the numerical
model 1is at present able to reproduce the experimental results
obtained and also be used to predict the effects that other sea

conditions will have on outfall behaviour.

To do this it does contain empirical headloss factors to enable it to
operate whilst salt water is present within the system. Before the
model can be used to accurately predict the outfall behaviour
computational routines must be included to take into account the
mixing process between the salt and fresh water, An iInitial

Investigation into this has since been made by Larsen and Burrows(37) .

In conjunction with this a database providing headloss coefficients at
the main pipe/riser junctions would also have to be included so that a

complete picture of outfall behaviour can be predicted.

The results obtained both numerically and experimentally demonstrate
that when an outfall is not operating at design flow conditions then
there can be a problem with saline intrusion. In the presence of
certain wave conditions the intrusive velocity can be increased to
such a level that it becomes possible that sediment particles could be

transported into the outfall.
By increasing the headloss within the risers (performed in this study

by the addition of diffuser caps to the top of risers) an improved

flow balance between the risers is achieved along with the purging of
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salt water from the seaward risers at a lower flow rate. Thi

main
however create the problem of a permanent wedge remaining in the

outfall pipe.

241



CHAPTER EIGHT

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

8.1.1 Saline Wedgpe Investigations

(1)

(11)

(ii1)

The experimental results demonstrating how the ratio of
saline wedge length over pipe diameter varies as the
densimetric Froude number changes,show a consistent trend.
In all cases the wedge lengths increase as the densimetric

Froude number decreases.

Output from the numerical model developed for saline wedge
analysis compared favourably with the experimental results
of wedge profiles obtained from the 50 mm diameter outfall
model. However,to achieve this empirical adjustements had
to be made to both the toe of the wedge and the shape of
the wedge at the exit of the pipe, these were described in

Sections 6.3.4,2 and 6.3.3.

The numerical procedure was also used to model saline
wedge lengths in larger diameter pipes. To enable it to
produce results similar to the experimental results an
additional empirical factor was wused during the
calculation of the saline wedge boundary condition. As
Figures 6.9 to 6.13 demonstrate,the use of the additional

empirical factor enables the numerical model to produce
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saline wedge length results similar to the experimental
data obtained. The results also agree with those obtained

using the empirical relationship developed by Davies et
al(ZI),

The numerical procedure used for modelling large diameter
pipes has not been rigorously tested against saline wedge
profile data as none was available and so any further
results on pipes with diameters greater than 50 mm must be

treated with caution.

8.1.2 Effects of wave action on a multi-riser system

(1)

(i1)

During either shut down or low flow periods of a marine
outfall, some surface wave conditions can trigger
circulatory flows within the diffuser system. The mean
flow rates within risers are wusually small, but the
instantaneous velocities can be high and frequently cause

oscillation of water level in the outfall drop-shaft,

Should the rate of flow passing through the outfall be
less than that for which it was designed, then seawater
circulation is very likely to be induced into the outfall
manifold - a phenomenon which has been clearly
demonstrated by Wilkinson(®'8%) wusing a two - riser

system, and by Charlton et a1(12,18,19)

243



(iiy)

(1v)

v)

(vi)

During conditions of low flow, the effect of wave action
1s to increase seawater intrusion into the outfall, via
the risers. The wave conditions which cause this show
noticeable pressure fluctuations at the elevation of the

diffuser ports (i.e. shallow water conditions).

The instantaneous values of velocities within risers
during periods of saline intrusion can be large and may
well be a major contributory cause of the problems
relating to the transportation of marine sediments into an

outfall system,

The numerical model developed for examining the effects of
waves on outfalls produced results which compared
favourably with those obtained from the physical model
experiments. To do this ,however ,empirical factors were
Included to enable the model to reproduce the effects of
saline intrusion. These empirical factors are described
in Section 7.4.2., The numerical model replicates closely
the intrusive mechanisms within the outfall but it did not

consistently yield closely matching velocities.

The placing of diffuser caps on outfall risers reduces the
effect that wave action has on flow velocities within the
risers. 1In addition, the caps enable risers to be purged
of sea water at lower rates of effluent discharge, thereby

reducing the volume of sea water drawn into the system.
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(vii)

(viii)

The numerical model was also used to iInvestigate the
effects of changes in risef diameter, riser length and the
spacing between the risers. The results of these tests
demonstrated that as the diameter of the risers decreased
the velocity within the risers became more balanced. As
the riser length increased the oscillation of wvelocity
within the system decreased. Both situations cause the
headloss within the diffuser system to increase, and this
will generally cause the flow through the risers to become
more balanced(®?), The reduction in oscillations caused
by the use of longer risers will be due to an increase in
inertia within the pipe along with an increase in the

velocity of flow required to successfully purge the riser.

A small change in the riser spacing had a very small
effect on the intrusive velocity conditions but the
oscillation of velocity changed. This indicates that the
oscillations within the outfall system could be a function

of the wavelength to riser spacing ratio.

The numerical model was finally used to examine a
prototype long sea outfall, as described in Section 7.7.3.
The results produced must be treated with caution due to
the empirical factors used within the numerical model.
The results obtained from this exercise show that when the
riser spacing is large then intrusive conditions within
the risers, under steady sea conditions, is mnegligible.
It also demonstrated that under the wave condition tested
(waveheight = 8 m and waverperiod = 12 secs) large

oscillatory velocities developed within the riser which
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could carry sediment into the system. The wave condition
used also induced a small amount of circulation between

the two seaward risers.

8.2 Recommendations for further work

8.2.1 Experimental Model

More work is needed to examine the effect of modifying the geometry of
the outfall diffuser systems, such as varying the spacings between
risers and altering the headlosses within the risers (by reducing the
diameter or Increasing the length), and investigating how wave action
will then affect the flow rates within the outfall system. There is
also a need to examine in detail the effects of sediment transport
within the outfall. This is because any permanent deposition of
sediment is likely to constrict the pipe area and so change the flow
characteristics of the outfall. Deposition of sediment is more likely
to occur under conditions were there is a permanent saline wedge along
the pipe invert as this has a zero velocity and particles will fall
through it and remain on the pipe invert. Unless the wedge is flushed
from the system deposits of sediment will build up until they become

irremoveable - this may have occured in the North Wirral Outfa11(42).

The model could also be used to investigate how well mechanical
devices placed at the riser outlet ports operate under various wave

conditions. The types of mechanised valve which could be investigated

are the 'Duck-Bill' valve('S) and the '*Poppet' type valve(zs).
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8.2.2 Numerical Model

Improvements to the model are required, particularly in relation to
the calculation of head losses, coupled with the way in which saline
intrusion is dealt with. Firstly, it would clearly be advantageous to
include a database for various headloss characteristics such as those
located at the 'T Junctions between the riser and the manifold, in
order that the model can select the headloss condition at each stage
of the calculation. Secondly, the model could be improved to take
account of saline intrusion when the outfall is being analysed. This
could be accomplished by incorporating the saline wedge model into the
present outfall/diffuser model which would alter the flow conditions
by reducing the area of flow within the main outfall pipe.
Alternatively, algorithms could be used to vary the cross-sectional
area of the outfall pipe. Opportunities could also be taken to
determine the extent of saline and fresh water mixing within the
outfall, because this appears (from experimental observations) to have
significant effect on the discharge performance of the structure. It
is known that Larsen and Burrows(®?) have very recently included this

feature into a numerical model using mass balance equations.

At present the numerical model calculations are based on a line of
points along the centreline of the main outfall pipe. This does not
give a completely accurate picture of the flow velocity variation
within the pipe. This could be overcome by using a mesh type

arrangement (similar to that used by Viollet(ss)) as shown in Figure

8.1,

247



CALCULATION

POINTS

PIPE BOUNDARY

J

— LN

Ay-_ v T/ v v
Ay L4 [} . ] L]
Ay"[‘" [ ] ] [} [} 'Y
Ay ’ . ) ® o . %
T A e e . [ .
Ay—‘—- [ ] [ ] ® P (] '
LL,AX e By | Bx »l By | \\
| o ] i 1

PIPE BOUNDARY

Possible mesh system for calculation of outfall hydraulics

Figure 8.1

This type of numerical procedure would operate by calculating the

velocity at each point at every incremental time step.

By using the

mesh an accurate prediction of the position of the saline wedge, 1if

one existed could be obtained, and an improved estimate of the flow

condition of the fresh water around it could be calculated.
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APPENDIX A

This appendix details the computer program (MORT1 FORTRAN) which is
used to generate random waves within the departmental wave flume.
This enables the calculation of the regular wave trains (of given
height and period) in a step sequence which, when superimposed, make
up the random sea state described by the Pierson-Moskowitz spectrum.
The program is based on the summation of equal energy slices through

the spectra where energy (E) is given by

[y

Figure Al - Sketch of Pierson-Moskowitz Spectrum

1
E--2'p2ga2 (al)

where P, = sea water density
g = acceleration due to gravity and

a4 = wave amplitude (= half the waveheight).
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From equation (Al) it can be seen that

A typical trace for a random wave can be represented in terms of 7,

the instantaneous surface elevation relative to still water level.

nit)a

N\\\,\/\J‘/\ A ~

Fipure A2 - Diagram Showing Surface Elevation

It is known that the surface elevation n can be given by

n
n(x,t) = § a; cos (kyx - ogt + ay) (A2)
i=1

vhere k = wave number
w = wave frequency
o = random phase
From equation (A2) it can be seen that the random wave train is

essentially a superposition of sinusoidal waves,
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The values for k, w and o used in equation (A2) can be found from

2%
A

where N\ = wavelength

€
]
o

where T = wave period

and a 1s found from the probability function shown in Fig. A3.

Pl
[ §

1
21

> o
2n

Figure A3

From wave kinematics it can also be shown that

where d = water depth
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The Pierson-Moskowitz spectrum shown in Figure Al is redrawn in Figure

A4 showing the approximated spectrum that 1is calculated by the

program.

GnTﬂW)
A

w, UL Wy

dw
Figure A4
An expression for Gﬂﬂ(w) is given such that
Ag® (a3)
G - e e—
(w) oS exp| o ]

where A = 0.0081

B 0.74 and

w, = g/u

where u

the wind speed at 19.5 metres above sea water level.

From wave analysis it can also be derived that
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X

/] Gn(w) dw = ¢ 2
0 n

a;?
d - —
an c;r’(wi)d‘,J > (A4)

The program requires information concerning the upper and lower
frequency values, w, and w, respectively, and by using a cumulative
spectrum method it calculates values of the surface elevation. Equal

values of variance (Unz) are used throughout the procedure. The

cumulative spectrum is given by

93
Q,,(wj) - Of Gn(w)dw (AS)

and the spectrum is shown in Figure AS.
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It is known that

2 2
N
2 m

and so the equation for surface elevation becomes

= m
n(x,t) = J% T 121 cos (kyx - wjt + oy)

and by using this method the computer calculates a series of random
waveheights and periods which are then converted to paddle strokes

using an experimentally obtained constant.

The constant is obtained by setting up a sinusoidal wave in the tank
which has the maximum waveheight required, and then by wusing an
oscilloscope the output voltage passing from the console to the paddle
to generate this waveheight can be obtained. This procedure is then
carried out for several smaller waveheights and an average value of
voltage/waveheight can be obtained. This value was used as the
initial estimate for the constant in the program, The program was
then run and the generated random wave ‘signal was played out to an
oscilloscope, The constant was subsequently refined until the

required spectrum was obtained.

It should be noted that the lower and upper limits for w, i.e. wp and

Wy, were set at 4 standard deviations from the mean frequency in each

direction,.
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0O

AUE BEMERATION COMTROL SIGNA
MORTI.FR 15 7+ SIRAST 2037 OF RONDOY WAYE GINERATION COMTROL 871G

AROGRAM SIMULATION FY SUMRATLON (OF FOLAL ENVERSEY SLICES
FILE T8 RONPL TR A4 WIRD BLOCKS -
ﬁfht“"nu %ﬂ;f;wmjhv;DTlfﬂt,fl,wa;".J).W”(ﬂ”*)-fB“th“’
DIMENSTON RP (2011, STMAF01)  STNE(Z01) . COSA (01 , COSE(210)

=] FORMAT (TOARD) ‘
10 FORMAT (A A2 7 77470 7)
<0 FORMAT (1D4E17.3)

NT= 100
NT=NJ-j
TYPE" [NPUT FILE TITLE
CALL FOPEN(Z, RANPL’ | i7h. 7 E)
READ (11, 5) (TBUF (1), 1=1,30)
WRITE BINARY (X)) IRUF
ACCERPT "NO. OF COMPORENTS " NC, "SEQUENCE LENGTH ", NL
ACCERPT "NO. OF COMPONENTS AROVE 85% "EVFL ", NCB
ACCEPT "LOWER AND UPPER SN LIMITS RADS/SEC ", Wi, WU
ACCERT "NO. OF 1/100 SEC STEPS ", NT
ACCEPT "GRAV CONST ", B, "WATER DERPTH ", H .
ACCEPT "HINGED MODE FACTOR (-1.0 PISTON) ", _AK.
DW= (WU=WL) /NT
DT=NT/100. 0
MOSCOWITZ SPECTRUM
ACCEPT "ALPHA " A1, "EETA ",E1, "WIND SPEED ", UW
WO=G/UW
AGZ=N) *¥3*03
BW=—E1% (WO*%4)
W=l
DO 1035 =1 NJ
Wa=lWw**4
SPP(I)=AGZ*EXP (BW/WA4) / (Wa*W)
1035 W=W+DW
CALCULATE STAND. DEVIATION DOF SURFACE ELEVATION
SUM=0, 0
DO 1040 I=2 NI, 2
1040 SUM=SUM+4. O%SPP (1) +2. O*SPP (I+1)
SUM=SORT ( (SUM+SPP (1) —SPP (NJ) ) #DW/ 3. O)
TYPE "STD DEV FOR SNN ", SUM
ACCEPT "SNN O/P INT OR O ", KK
IF (KK. EQ. 0)GATO 900
CALL OPM(SPP, KK, DW, WL, NJ) "
SPP NOW HOLDS TAR SPECTRUM SN N
300 ACCEPT "START TIMEGETTS,"ND. OF ADDITIONAL H(W) VALUES OR O ",NH
ACCEPT "NO. OF STD DEV OF STROKE FOR CLIPPING ",NS
IF(NH. EQ. 0)GOTO 1050
TYPE "FREQUENCY RADS/SEC H(W) 1t
DO 1045 I=1_ NH
ACCEPT HW(I, 1), HW(I,Z)
1045 CONTINUE
ACCEPT "LOWER & UPPER H(W) LIMITS RADS/SEC ", WLH, WUH
CALCULATE NORMAL LINEAR TRANSFER FUNCTION
1050 W=WL
DO 1085 I=1,NJ
AR=W*W*H /G
J=1
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R=ESORT (1. 0= 271/ TO) ¥%7)
RRE=2, 0% (QEx* ) /(TG %3-TOXDAAQ#AAO0*T O
hHrHP%(ﬁﬂml.Q+ﬁ)ﬁéﬂQiﬂhi
HTOARL BT, O O HP=HRH
SPE(I)=5802(1)/ (HP*HP)
1055 We=W+DW
C APDILY ADDITIONAL H(W) 17 REQD.
TF(NH. FDL. 0)BOTO 1200
=Wl
NIK=NH= |
DO 1080 I=1_NJ
IF (W LT, WLLH. OR. W BT, WUHY GBGOTO 1085
DO 1030 J=1_ NK
K=J )
TF(Wo L. HW(J+1, 1) . AND. W. BE. HW (J, 1)) GOTO 1035
1090 CONT INLIE
OTO 3003 _ I
1095 EQ=SN?H,2)+(HN(K+1,2)—HW(h,ZY)*(N—HN(R,1))/(HN(R+J,1)—HW(“,1))
GOTO 1100
1085 HA=1, 0O
1100 SPP(T)=8PP (I)*HA*HA
1080 W=W+DW 1 <
C FINAL STROKE SPECTRUM HELD IN SPP. CALCULATE STD DEV 0OF STROKE
1200 SUM=0., O
ACCERPT "SPP O/P INT OR O ", KK
IF(KK. EQ. 0)BOTO 2901
CALL. OPM (SPP, KK, DW, WL., N.J)
301 DO 1205 I=2 NI, 62
1205 SUM=SUM+4. O%SPP ( 1)+, O*SPP (1)
SUM= (SUM+SPP (1) -8SPP (NJ) ) *DW/3. O
SC=5S0RT (SLIM)
SLIM=NS*5C
NCA=NC~NCE
NCA1=NCA+1
NCAZ=NCA+2
ASA=0. 85%5UM/NCA
ASE=0. 15%SUM/NCE
DSA=SORT (Z. O*ASA)
DSE=SORT (. O%ASE)
TYPE "STROWE STD DEV=",6SC, "LIMIT=",6 SLIM
TYPE " DSA, DSE " DSA, DGR
SCFA=1. 0O0O0OE+0YS
SCFB=1. 7000E+5
SCFC=1.427E+03
SCFD=1. 0OBE+03 . e
TYPE "SCALES LESS THAN 0.015 0.030 0.108 0.152
TYPE "INPUT AMP VOLTAGE 10V av RTZ2V v
WRITE (10, 20) SCFA, SCFB, SCFC, SCFD
ACCEPT "SCALE FACTOR ", SCF
C © CONVERT SPP TO CUMULATIVE SPECTRUM
DWZ=DW/ 2.0
55=8PP (1)
SPP(1)=0,0
DO 1210 [=2 NJ
ST=(S5S+SPP(I)) *DW3
SB=8PP (1)
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M ER.YB0 U
COLL ORa(SR0 Wi, D, W, B
BN RAROUEND LTSS @7 ROT NS ) B TOES
SO =M+
Wl ) it
Wint C 15 =i

BlMi=fie

DO 1250 T==2_ WAL

Wb

DO 1255 TF=1{, K

=1 i

ITF(SUML 3F. 500 C0) . QND,L SUM. LE. SPP (J+1) ) ROTH 17RO
1255 W=W+Dbi

GOTO 20073

L2600 WNCT) =W+DW* (SUM=8PP (K)) / (SPP (K+1) ~SPP (K) )

1250 SUM=8SUmM+ASA
SUM=SUM-ASA+ASE
DO 1251 I=NCAZ.NC
Wa=Wl_

DO 1256 J=1_.NI
K== J
IF(SUM. GE. SPP(J).AND. SUM. LE. SPP (J+1))G0OTO 1261

1256 W=W+DW
GOTO 3003 ' .

1261 WN (D) =W+DW* (SUM=SPP (K)Y) / (SPP(K+1) =5PP (K))

1251 SUM=SUM+ASHE
DO 1265 I=2_NC1
WW=WN(T-1)

12265 WNCT=1) = (WW+WN(T)Y) /2.0
PHASE ANGL.E UNIFORM BETWEEN O &=2PI
SEED=0. 315674893
PIZ=8.0%3TAN(L. O)

DO 1270 T=1,NC
TMP=23, O*SEED
JJIJ=TMP
SEED=TMP-JJJ

1270 RP(I)=PIZ*SEED
ACCEPT "RP AND WN 0O/P OR O ", KK
IF(KK.EQ. O)GOTO 2903
CALL DPM(NN,KN,DN,NL,NC)

CALL OPM (RP, KK, DW, WL, NC)

903 DO 1275 I=1,NC
ARGI=WN (I)* (TS=DT) +RP (1)
ARGZ=WN (1) *DT
SINACI)=SIN(ARG1)
COSA(I)=COS(ARG1)
SINE(I)=SIN(ARG:)

1275 COSB (1) =C0S (ARGZ)

ICNT=1
JCNT=1
XM=0. O
XM2=0, 0
START SIMULATION
DO 2000 I=1,NL
SUMA=0, O
DO 2005 J=1,NCA
CS=COSA(J) *COSE(J) -SINA(J) *SINE(J)
55=5INA(J) *COSE (J) +COSA(J) *SINE (J)
SUMA=8UMA+CS
COSA(J) =CS

2005 SINA(J) =558
SUMEB=0, O
DO 2006 JT=NCA1. NG
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F = 1 e 0SS 400 ~ 8 Y MA LY w8 1R (5

BEREC T e TERE O T SN O T e e T
iBEG ik 0
RCTY =5
RE=SUMA*DEA+5] (AR DER
FCARS TR L T, BL D RATO 2020
TYEE ARG
MRG=3TEN(S0IN, ARG
TYPE ARG
20Z0 XM= X4 (3205 ?
XMIZ=X[+ ARG RARG
IBUF (ICNT)Y =ARG#SCF
TONT=TONT+ 1
TFCIENT. LE.BA)YGOTIH 2000
WRITE BINARY (2) IRUF
TYPE JCNT
JONT= JONT+1
ICNT=1
2000 CONTINUE o
IFCICNT. GT. 64, 0R. ICNT. E0Q. 1) BOTO 2010
DO ZOLS I=ICNT,E4
2015 TRUF (1) =0
WRITE RINARY () IRUF
TYPE JONT
2010 TYPE SIMULLATION FINISHED
X=X/ NL
SA=SGRT (XMZ/ (NL-1))
TYPE ?MEQN STROKE ", XM, " STROKE STD DEV ",SA
WRITE (10, 10)
CALL. FOLOS (2)
STOP
GOTO 9009

002 TYPE "INTERPOLATION ERROR ADDN H(W) ", W

GOTO 3003 "
3003 TYPE "INTERPOLATION ERROR FOR WN(I) ", SUM
30093 CALL FCLOS ()

WRITE (10, 10)

STOP

END

SUBROUTINE OPM (A, I,D, WS, N)
DIMENSION A(1001)
W=WG
WRITE (10, 10)
K=1-1
DO 100 J=1,N
K=K-+1
IF(K.NE. I)GOTO 100
K==0)
WRITE (10, 20)
100 W=W+D
WRITE (10, 30)
10 FORMAT (///,23H FREQUENCY VALUE 5 LY
20 FORMAT (1PZE14.5)
30 FORMAT (/ /777
RETURN
END
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APPENDIX B

DESIGN OF COMPONENTS FOR OUTFALL TEST FACILITY

1. Design Calculations for 'V' Notch (BS 3680)

/  WATER

]

~ LEVEL
Figure B.1
For a notch the flow rate is given as
=& 5o 8 ..s/2
Qe 15 Cd J2g tan 2 H (Bl)

where Cq = coefficient of discharge
g& = acceleration to gravity

Q¢ = flow rate
¢ = angle of V notch and

H = water level above V notch.
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A coefficient of discharge, Cq» 1s inserted into equation (Bl) to take
into account losses in pressure head as the flow passes over the V
notch and other assumptions in the underlying theory. If it is
assumed that the velocity of approach to the V notch is negligible

then Figure 8 from BS 3680 part 4a can be used to determine Cj.

As the V notch was not required to take the full design flow rate it
was decided to use a Qr value of 0.0015 m®/% (1.5 litres/s) which is
75% of the design flow rate. From calculations using equation Bl it
was eventually found that a V notch with an angle of 20° would be

adequate as it gave a head above the V notch of approximately 130mm.

2. Desipn of Venturimeter

Sketch Showing Venturimeter

Fipgure B2
The venturimeter was designed for a flow rate of 2.0 L/s as this was

the design flow rate of the outfall system. The equation for the flow

rate through a venturi is
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0
(1 . m2)1/2 ( W

7 X 2
Cd J2g (4) D0 P - Pc

)1/2 (B2)

5
(0]
[a]

o
pol
1

flow rate

Cq = coefficient of discharge

D, = diameter of throat

Pc = pressure at throat

P, = pressure upstream of throat

D, = diameter upstream of throat

W = specific weight of water (= pg) and

m = (Dg/D,) 7.

Cq was taken as 0.95 and ((P, - P,)/W) was equivalent to the value of

H on the manometer (where H is difference in manometer levels) hence

7e X 2
0.95J2g (A)Dc

Q = H'/? (B3)

(1 - m2)1/2

Substituting the design flow rate in equation B3 and using D, equal to
50mm, (equal to the inflow Pipe diameter) it was found that a throat
diameter (D.) of 25mm gave a value of H.of 88cm. This was adopted as
the throat diameter as the value of the H lay within the bounds

required for acceptable accuracy of the manometer system.
The subsequent calibration of the Venturimeter is shown in figure 5.3.

It was found that the actual coefficient of discharge (Cd) was

approximately 0.98,
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Calculation for Appropriate Maximum Flow Rate Through System

p‘l = 1000 @

3500

g WATER LEVEL

P, = 1020

: 5

Figure Showing General Sketch of Outfall Arrangement

900

Figure B3

Two types of freshwater supply systems were considered initially.

They were 1) a header tank and 1ii) a pumped supply system.

Most prototype outfalls are fed from a dropshaft so it was decided
that one should be incorporated into the model. This meant that if a
pumped system was used the pump would have to lift the water from a
sump to the level of the dropshaft and then discharge it into the
outfall. Hence it was just as convenient to fix a header tank to the

top of the dropshaft and fill this from the mains supply.
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To determine whether the system was adequate to provide the required
flow rates Bernoulli's equation 1s applied between Sections (1) and
(2) shown in figure B3. In the limit when the tank is at the point of

completely draining and accounting for minor and pipe friction losses,

Bernoulli's equation gives

2 2 2 2
P, V,2 fLQ, £,L.Q, kV,
3.5 = — 4 — 4+ + +
P, 28 2g DA 25 DA’ 2g

(B4)

where P, P, = seawater and freshwater densities respectively
h = height of seawater
v, = velocity of flow at exit
f,,f, = pipe friction factors for the small and large pipe
diameters respectively
L,,L, = respective lengths of pipe
D,,D, = respective pipe diameters
Q,,Q, = flow rates in the two different pipe diameters
A,A, = areas of respective pipes and

k = minor losses at bends and expansions.

Approximate values of k where obtained from Miller(°7) and taken as

the following

k for bends = 0.5
k at pipe inlet = 0.6

k at expansion of Venturi = 10.0
k at pipe exit = 1.0

k to cover any other losses = 2.0
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Therefore total value of k 1is 14.1. At a flow rate of 2.0 L/s the
velocity in the 50mm pipe is 1.02 m/s and the velocity in the 105mm
Pipe is 0.231 m/s. This gives values of Reynolds numbers for both
pipes of approximately 4.474 x 10% and 2.126 x 10% respectively. Hence
from the Moody diagram(ag) for smooth pipes the values of f, and f,
are given as 0.022 and 0.025 respectively. At this stage the value of
2.0 L/s was still arbitary and it was felt as prudent to let £, and f,

equal to 0.025. By substituting all the values into equation (B4) the

following expression is obtained

2 2
1020 Q, 0.025 x 5.5 x Q,

3.5 = —— .
1000 x 0.9 +

+ 2
2g A22 2g D1 Al

0.025 x 5 x Q,?. 13.1Q?% 1.0Q,?

+ + (B5)
2g D, A,° 2g A7 2g A,?
As Q, equals Q, in equation B5 this can be rearranged to give a value
1 2 q

for Q of 3.49 litres/sec. This demonstrated that the apparatus would

be adequate for the flow rates required.

As the header tank was not kept at a constant head of water it was
important to determine the drop in the head of water during an
experimental run. An experimental run lasted 100 seconds so it was

expected that the drop in head would take place over a period of time

of approximately 110 seconds.
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Diagram of header tank

Fipure B4

The dimensions of the header tank were 1.67 x 1.52 metres with an
initial water level of 0.7m. Initial conditions are such that at T =

0 the flow rate Q is 2.0 /s and from continuity the following

equation holds

dh

Qn = At 3¢ + Qur (26)
dh

Qour = - A 3¢ &7

where AT = area of header tank and

Qoyt = flow into pipe.

For a time interval dt it can be assumed that the quantity of flow

leaving the header tank is dq, therefore, equation B7 can be written

as
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The equation for flow through an orifice is given as

Q = A, C4J2gh (B9)

where A0 = area of orifice and

Cq = coefficient of discharge,

hence for a flow rate of 2.0 2/s to discharge from the orifice for a
vater level of 0.7m the value of (A, C4) must be equal to 5.397 x
107*m?. Also, from equation B9 it must hold that the flow rate for an

interval of time, dt is given by

dq = A, C4J2gh dt (B10)

By substituting for dq in equation B8, and then rearranging and

integrating the following expression is obtained for the change in h,

A, C4 TJ2g

/2 /2
H, H, 2 A

(B11)

where H1 = initial level of water in tank
H2 = final level of water in tank and

T = total time of operation.

This gives a value for H, of 0.62m, a drop of 8cm for the total run.
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B.1 Critical appraisal of flow supply system

Y

:
§H=008
T

DRIVING
HEAD
*2.0m

,\:(__J_)

Figure B5

From initial calculation 6H =~ 0.08m (8cm) for a 100 second test at a

flow rate of 2.0 L/s.

., percentage change in head = [ﬁ-] x 100 = 4%

2
S Ky V

2 “n2
Now H = 7% - (Sk)Q = k'Q

where ki = loss coefficients for pipes bends and entrances
dHd

H
hence i 2k'Q = 2[6]

dH (dQ
BB

» % change in Q will be 1/2 x 4% i.e. 2% under maximum operating

flow.
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As most of the flow rates investigated are lower than this then the

System was deemed satisfactory.

4 Balancing the Manifold System

4.1 Introduction

As the flow passes into the manifold section of an outfall and is
discharged at each riser, changes occur in the pressure and head
losses within the pipe which leave a situation in which the flow

Passing through the risers is not necessarily equal.

POSSIBLE

PRESSURE
HEAD

TqL TQ:a TQ2 t‘h

— y

Sketch showing possible pressure head for manifold

Figure B6

The diagram shown in figure B6 indicates that for the pressure head
shown the maximum flow rate would occur in riser 1 and the minimum in
riser 4 when the full design flow rate was passing through the system.
In order to prevent this and balance the flow orifice plates were
designed and placed in each riser. The following section demonstrates

how the analysis was performed; all the calculations follow those

shown in Miller(ag).
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If the estimated flow to purge the risers in the manifold system is
taken as being 2.0 ¢/s, it is this figure which is used to estimate

the friction factor within the risers and main pipe.

For main outfall pipe

flow rate

velocity = pipe area

= 0.231 m/s

and Reynolds 