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Preface

Extensive experience around the world has shown that disposing of properly
treated domestic wastewater through effective ocean outfalls is an economical
and reliable strategy for wastewater disposal with minimal environmental
effects.

Unfortunately, this is not well known. Because of extensive publicity about
“dying” oceans, polluted beaches, and failures of poorly or inadequately
designed outfalls, outfalls are often perceived poorly in the eyes of the public
and political officials. This, combined with lack of reliable information, has
resulted in outfalls often not being considered, or disposal schemes chosen that
are poorly suited to the task. This is unnecessary. The technology of marine
wastewater disposal has advanced rapidly in recent years, with improved
materials becoming available for oceanic pipelines, better marine construction
techniques, and advances in oceanographic instrumentation, mathematical
modeling, and understanding of the mechanisms that work to assimilate and
render harmless the discharged pollutants. Nevertheless, ocean outfall design is a
somewhat arcane endeavor that depends on many disciplines including, to list
but a few, oceanography, civil and environmental engineering, construction,
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economics, and public relations. These diverse disciplines are rarely brought
together in a single book, and this is the aim here.

With increasing population and economic growth, treatment and safe disposal
of wastewater is an essential objective to preserve public health and reduce
intolerable levels of environmental degradation. Effective wastewater manage-
ment is well established in developed countries, but is still limited in developing
countries. Developing countries must first expand coverage of water supply
and sanitation services and only then provide safe wastewater treatment and
disposal. The governments in Europe, the USA and Japan have been quite
generous in providing large capital subsidies to finance substantial portions of
wastewater management investments, but this does not usually happen in
developing countries. Population growth forecasts indicate that most of the
world’s population growth will occur in developing countries. This will reduce
the potential to expand coverage of wastewater treatment, unless innovative
affordable treatment technologies are made available. The key to expanding
wastewater treatment is appropriate technologies based on simple processes that
are less expensive than conventional ones in capital costs and operation and
maintenance, simple to operate, reliable, and can yield an effluent of any
specified quality. This book advocates appropriate treatment combined with
effective outfalls as the best viable technology for wastewater management in
coastal communities.

More than half of the World’s population lives within 60 km of the coastline.
The natural receiving body of the wastewater of much of this population is the
sea. In developing countries, where wastewater is often discharged as raw
sewage to urban ditches and creeks, there is a strong incentive to explore the safe
discharge to the sea using an appropriate combination of pretreatment and an
effective outfall. As explained in this book, this option is an affordable, effective,
and simple to operate solution with minimal environmental impacts and a
proven track record in many coastal cities worldwide, and is therefore often a
good solution. The technology presented herein is not specific for developing
countries, and it is hoped that this book will contribute to sound wastewater
management in all coastal cities and communities.

This book concerns the design of marine wastewater disposal systems: that is
an ocean outfall plus treatment plant. The emphasis is on the outfall, and
discussions of wastewater treatment are limited to those issues most relevant to
marine disposal. The outfall design is particularly concerned with the use of
High Density Polyethylene (HDPE) pipe, whose use is increasing rapidly around
the world. In the past, this would have restricted interest to “small” diameter
outfalls serving small communities. Advances in construction technology,
however, now means that HDPE pipes can be constructed in diameters up two
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meters or more and delivered almost anywhere in the world. The emphasis on
HDPE is therefore not overly restrictive, and much of the material in this book is
relevant to outfalls built of other materials such as concrete or steel, and even
tunneled outfalls.

Our initial goal was to write a “design manual” for ocean outfalls. This
proved to be impossible, however, due to the wide range of disciplines involved,
rapid advances in all of them, the unique nature of many outfalls, and
particularly the complexity of the tasks involved. To cover them all adequately
would require making each chapter into a book. Indeed, an entire book has been
recently published (Grace, 2009) that covers marine outfall construction, the
topic discussed in Chapter 10. Similar comments could be made about modeling,
etc. Therefore, we elected to cover essentially all of the issues and topics related
to marine wastewater disposal, albeit at a less detailed level, with references to
where the reader can go for more information.

In addition to scientific articles, the extensive, and rapidly growing, literature
on marine wastewater disposal includes publications such as books and manuals.
These include text books that cover all issues, such as Grace (1978), Gunnerson
and French (1996), Wood et al. (1993); books that specialize on policy issues,
such as NRC (1993); engineering design manuals such as WRC (1990), Pipelife
(2002), Neville-Jones and Chitty (1996), and Quetin and de Rouville (1986); and
collected papers such as Myers and Harding (1983), and the proceedings of
specialized conferences such as MWWD (International Conferences on Marine
Waste Water Discharges). Since publication of these works, however, almost all
facets of marine outfalls have advanced rapidly. Changes include materials and
construction methods such as large diameter HDPE pipe, trenchless construc-
tion, and dredging; instrumentation for oceanographic measurements such as
recording profiling current meters and thermistor and conductivity strings,
low cost GPS drifters, and surface current radar; numerical modeling, especially
of three-dimensional coastal water dynamics and near field processes; and
knowledge of near field mixing gained by new laboratory techniques such as
laser-induced fluorescence. There is a strong need therefore for a book that
covers these new topics and presents advances. We attempt to do so, at least
partially, in this book.

The authors hope that the book will provide information that will be of value
to all who are involved in any way with wastewater disposal through marine
outfalls. This includes those involved in the decision-making process for
outfalls, those involved in their design, at least to a preliminary level, and those
concerned with their environmental impacts. We hope that the book contributes
to rational choices for sanitary schemes based on sound technical and scientific
information about the options available.
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Introduction

1.1 OBJECTIVES AND PHILOSOPHY OF MARINE
WASTEWATER DISPOSAL

The oceans of the world, which cover 70% of the earth surface, have always
been the recipient of human wastes. They have changed little, however, as
evidenced by the fact that the chemical composition of the sea has remained
essentially the same for over a million years (Alder, 1973). When compared to
the enormous quantities of organics and sediments carried to the oceans by
rivers, man’s contribution is quite small. And Dr. John Isaacs of the Scripps
Institute of Oceanography has pointed out that the fecal discharge into Southern
California coastal waters of anchovy alone is equivalent in organic content to the
sewage discharge of about 90 million persons, and this is only one of hundreds
of species of marine life (Ludwig, 1983). Dr. Peter Franks, also of Scripps, has
calculated that one upwelling event contributes more nutrients to coastal waters
than all of the Southern California outfalls combined for one year. These
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observations would seem to refute a prominent point of view, advocated by some
environmentalists and supported by the policy decisions of some developed
countries, which would eliminate ocean discharges.

Nevertheless, problems can arise when waste products are poorly disposed of
and are concentrated at one location. This may occur with large population
centers, and the rapidly increasing numbers of people who live near coasts can
exacerbate the problem. About fifty percent of the world’s population, more than
3 billion people, presently lives within sixty kilometers of the coast.

The wastewaters that these coastal populations generate are usually dis-
charged into the adjacent ocean. But whether or not this creates a health risk to
these same populations depends on how the sewage is discharged. This issue was
addressed by the World Health Organization (WHO, 2003) in their guidelines
for recreational water quality. Their findings are summarized in Table 1.1 for the
major types of treatment and disposal practiced by coastal communities around
the world.

Table 1.1 Risk to human health from exposure to sewage (including stormwater
runoff and combined sewer overflows) (WHO, 2003)

Treatment process Human health risk
Discharge Discharge Discharge
directly from short from effective
on beach outfall® outfall®
None® Very high High NA?
Preliminary Very high High Low
Primary (including septic tanks) Very high High Low
Secondary High High Low
Secondary plus disinfection® - - -
Tertiary Moderate Moderate Very low
Tertiary plus disinfection® - - -
Lagoons High High Low

@ The relative risk is modified by population size. Relative risk is increased for
discharges from large populations and decreased for discharges from small
Eopulations.

Assumes the design capacity has not been exceeded and that climatic and
oceanic extreme conditions are considered in the design objective (i.e., no sewage
on the beach zone).
¢ Includes combined sewer overflows if active during the bathing season (a positive
history of total non-discharge during the bathing season can be treated as “Low”).
9 NA = not applicable.
¢ Additional investigations recommended to account for the likely lack of prediction
with faecal index organisms.
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Coastal wastewater disposal is often posed as a choice between treatment or
outfall, but Table 1.1 shows this to be a false choice. Even treated effluent
must ultimately be disposed of through an ocean outlet or to rivers that
eventually flow to the ocean. Table 1.1 clearly demonstrates that an effective
outfall is suprisk to human health is very low, and more advanced treatment
does not significantly lower this risk. The underlying principal is that effective
outfalls physically separate people from sewage. The reliability of an outfall,
which is a civil engineering structure with minimal operation and maintenance
requirements, is also much higher than treatment plants, which require high
operation and maintenance and are subject to upsets, especially in developing
countries.

The three principal types of discharge in Table 1.1 are:

(1) Directly onto the beach;

(2) A “short” outfall, with likely contamination of recreational waters;

(3) An “effective” outfall, designed so that the sewage is efficiently diluted
and dispersed and does not pollute recreational areas.

Although the terms “short” and “long” are often used, outfall length is
generally less important than proper location and effective diffusion. An
effective outfall has sufficient length and depth to ensure high initial dilution and
to prevent sewage from reaching areas of human usage.

A typical disposal scheme consists of a treatment plant and an outfall, as
shown schematically in Figure 1.1. The outfall is a pipeline or tunnel, or
combination of the two, which terminates in a diffuser that efficiently mixes the
effluent in the receiving water. Outfalls typically range from 1 to 4 km long and
discharge into waters 20 to 70 m deep. Some may lie outside these ranges, for
example lengths of 500 m or less and discharge depths of 150 m or more when
the seabed slope is very steep, or lengths of more than 5 km when the slope is
very gradual. The disposal system can be thought of as the treatment plant,
outfall, diffuser, and also the region round the diffuser (known as the near field)
where rapid mixing and dilution occurs.

The objectives of the system are to dispose of wastewater in a safe,
economical, and reliable way with minimal impacts to the receiving water. This
means that the local ecosystem and the health of the public that are swimming
and using nearby beaches are protected, and that the outfall functions reliably
with minimal maintenance. How to accomplish these objectives is the subject of
this book.
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Treatment

mixing

Figure 1.1 A marine wastewater disposal system: Treatment plant, outfall pipe,
diffuser, and near field

1.2 WATER QUALITY ASPECTS

Receiving water quality considerations for ocean outfalls are discussed in
Chapter 4, but here we give some general comments and observations.
To ensure that water quality effects are minimal requires that:

e Concentrations of bacteria, toxics, and other contaminants are reduced to
safe levels;

e Ecosystem products of the effluent (organic carbon, nutrients, etc.) and
dissolved oxygen concentrations are kept within allowable limits;

e Local particulate deposition is not excessive;

® The wastefield is not visible on the water surface.

These can readily be accomplished by a suitable combination of outfall and
diffuser location, effective dispersion and dilution of the effluent, and treatment.
Discharges near environmentally sensitive areas such as coral reefs or shell
fishing beds should be avoided. If the diffuser causes rapid dilution and
dispersion of the effluent and is positioned so that wastefield transport to critical
areas (especially the shoreline) is minimized, only preliminary wastewater
treatment such as milliscreening may be needed. To achieve these objectives, it
is necessary for the designer to understand how wastewaters mix in coastal
waters, to design the outfall and diffuser to promote efficient mixing, and to
match the treatment level accordingly.



Introduction 5

Efficient mixing with dilutions consistently exceeding 100:1 can be readily
achieved within the first few minutes after discharge. This reduces concentra-
tions of organics and nutrients (which are characteristic of sewage) to levels
that have no adverse ecological effects. In some situations, the introduction of
such substances to a nutrient deficient ocean environment can be beneficial.
For a discharge that contains toxic substances such as PCBs (polychlorinated
biphenyls), pesticides, mercury and other potentially toxic substances, however,
source control may be needed.

Public health is protected by reducing levels of pathogenic organisms to
meet established bathing beach water quality criteria. The orders-of-magnitude
reductions required for this are achieved through physical dilution and mortality
in the ocean environment. As demonstrated by numerous studies, properly
designed ocean outfalls discharging domestic wastewaters do not cause significant
ecological impacts.

1.3 APPROPRIATE TREATMENT FOR OCEAN OUTFALL
DISCHARGES

Wastewater treatment for ocean discharges is a contentious issue that is rife with
misinformation. It is discussed in detail in Chapter 6.

According to Table 1.1, the level of treatment has little bearing on the human
health risk of discharge from an effective outfall. The risk from any effluent
discharged through an effective outfall is low, even if only treated to preliminary
or primary levels. Preliminary treatment is therefore often sufficient for domestic
sewage discharges to the sea and can be undertaken with minimal water quality
impacts.

This is illustrated by studies (see Chapter 14) around two outfalls near
Concepcion, Chile, that discharge wastewater with only preliminary treatment.
It was found that, except for fecal and total coliforms, the concentrations
of all water quality parameters at a distance of 100 m from the discharge are
comparable to background levels. Although the concentrations of coliforms in
the effluents is extremely high, their concentrations are markedly reduced 100 m
from the outfall to levels that meet the most stringent standards. And with
mortality and diffusion, concentrations fall to background levels within a
farther short distance. It was concluded that: (i) The impact of the outfalls on
ocean water quality is minor; (ii) Heavy metals and micropollutants were below
detection limits; and (iii) There were no negative effects on the benthic
communities. These findings are typical of effective outfalls.

Conversely, if a short (ineffective) outfall is used, Table 1.1 shows that even
secondary treatment cannot reduce the human health risk to acceptable levels.
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Effluents from stabilization lagoons discharged directly on the beach or from a
short outfall also constitute a high health risk. Unfortunately, this method of
disposal is common in developing countries.

A central thesis of this book is that preliminary treatment alone will usually
suffice with an effective outfall. For domestic sewage this treatment (see
extended discussion in Chapter 6) consists of milliscreens with apertures that
usually range from 0.5 to 1.5 mm. This eliminates larger particles and significant
quantities of floatable material, including grease and oil, which could reach
bathing beaches.

To understand why advanced treatment is usually unnecessary, consider an
outfall with a diffuser that effects an initial dilution of 100:1 (which can usually
be easily accomplished). This corresponds to a 99% reduction in contaminant
concentrations in the receiving water, which is far beyond the capabilities of
conventional secondary treatment. Diffuser mixing is therefore usually much
more important than treatment in mitigating environmental impacts, in fact the
diffuser and near field could be considered as a treatment plant. In addition,
oceanic mixing and mortality can reduce bacteria at nearby recreational waters
to levels comparable to or better than is achievable by secondary treatment and
chlorination alone.

For coastal cities in developing countries, the strategy of wastewater disposal
through an effective outfall with preliminary treatment is an affordable, effective,
and reliable solution that is simple to operate and with minimal health and
environmental impacts. Many such systems are successfully functioning with a
proven track record around the world. It is shown in Chapter 6 that the costs
of preliminary treatment are about one-tenth that of secondary treatment.
And mandating more advanced levels of treatment that are unaffordable often
results in “no action,” with continued contamination of water bodies and their
associated health risks. Finally, the allocation of scarce resources must be made in
the face of shortages in hospitals, schools, safe water supplies, or even the food
necessary for survival.

In spite of these observations, the WHO findings, and operating experience
from many outfalls around the world, many countries require a high level
of treatment, usually secondary, prior to outfall discharge. This is often for
political, rather than scientific or technical reasons. Developing countries tend
to copy the standards of industrialized countries, so many of their discharge
requirements are also quite stringent and require secondary treatment. These
policies are not recommended for developing countries unless there is a clear
justification for them. Some countries, such as Colombia and Costa Rica, are
now taking more enlightened approaches (see Chapter 6). They require a level of
treatment that, in combination with the processes of initial dilution, dispersion,
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and decay, guarantees compliance with the receiving water quality objectives.
The legislation recognizes that the outfall is part of a system, so that the
combination of treatment and outfall must comply with the quality standards, not
just the treatment alone.

In this book we advocate preliminary treatment as often being the only
treatment needed for outfall discharges. Some countries require more than
preliminary treatment, however, and secondary treatment may be needed if
the discharge could cause significant dissolved oxygen depletion, such as in
enclosed bays or embayments with poor circulation and flushing. Therefore,
more advanced treatment options that are especially suited to ocean discharges
are also discussed. These options can obtain a higher quality effluent at much
lower cost than conventional secondary treatment.

The negative consequences of secondary treatment must also be considered.
These include much higher capital and operation and maintenance costs, the
problems of sludge disposal, and reliability. Secondary treatment processes are
often subject to upsets, and if the discharge is through a short outfall, this could
result in direct onshore or nearshore discharge of raw wastes. This does not
occur with effective outfalls (discounting structural outfall failure which is rare
with modern designs). Furthermore, biological secondary treatment systems do
not have the flexibility to accommodate large seasonal variations in flows
resulting from population fluctuations such as occur in tourist areas, but ocean
outfalls can readily be designed to handle large flow variations.

Secondary treatment separates the effluent at great expense into two waste
streams: treated effluent, which is often chlorinated, and sludge. If both find
their way into the ocean environment via separate outfalls, such separation is
pointless. Such a practice was prevalent in California in the USA, and,
although no significant impacts were observed, the discharge of sludge was
subsequently prohibited by federal legislation. Sludge disposal then becomes a
difficult and costly problem with potential transfer of contaminants to other
media. Many toxic substances can be essentially untouched in the effluent
streams.

It is highly unlikely that tertiary treatment would be needed for an ocean
discharge. It is mainly for nutrient removal, and would only be needed for
discharges to water bodies that have very limited assimilative capacity with the
potential for eutrophication. Discharges near coral reefs (which should be
avoided), may require nutrient removal to minimize eutrophication stimulation
that could cause small changes in sunlight penetration that could have significant
impacts on coral reef formations.

Ludwig (1988) showed that the lifetime cost of a typical urban wastewater
scheme with secondary treatment is much higher than one with primary
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treatment combined with an effective long ocean outfall. This is because
effective outfalls will almost always meet bacterial bathing water standards at
beaches. If the treatment is limited to removal of floatables and grease and oil,
the economic comparison is even more favorable for the outfall. Also, increasing
use of more economical plastics (HDPE) makes outfalls even more attractive,
especially for small to intermediate communities.

Local needs must, of course, be considered. For example, in arid coastal
areas, reuse of treated sewage can be better than disposal through an outfall.

1.4 WASTEWATER DISPOSAL IN LATIN AMERICA
AND THE CARIBBEAN

To illustrate the widespread use of ocean outfalls (and also deficiencies in
wastewater management), we discuss here wastewater practice in Latin America
and the Caribbean (LAC).

The total population in LAC was 523 million in 2000 and is growing at an
annual rate of 1.4% (United Nations, 2003). As shown in Table 1.2, there are
503 cities with more than 100,000 inhabitants, containing about 57% (296
million) of the region’s population. More than a quarter of these cities, which
contain more than a third of the total urban population of 97 million, and near
coast or estuaries. This population could be serviced by outfall systems for
wastewater disposal. The total number of cities increases to 1,654 (CEPAL,
2005) when urban centers of 10,000 to 100,000 are considered (this estimate
does not include the following countries where data were not readily available:
Anguilla, Aruba, British Virgin Islands, Cayman Islands, Dominica, Grenada,
Haiti, Montserrat, Saint Kitts and Nevis, Turks and Caicos Islands, Guyana).
There are hundreds of coastal towns with populations less than 10,000.

Table 1.2 Distribution of urban centers in Latin America and the Caribbean in
2000 (United Nations, 2003)

Population Regional total Coastal or estuarine areas
greater than Number Total Number Total

of cities population of cities population

(millions) (millions)
100,000 503 295.8 115 96.7
500,000 121 215.4 42 80.9
1,000,000 53 166.9 20 64.6

3,000,000 13 99.6 5 37.6
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If the present rapid urban growth rate continues, the coastal population that
could be serviced by marine outfalls will increase from 97 million to almost
120 million by the year 2015 with a total wastewater flow of about 280 m?/s.
Proper disposal of these wastewaters is critical to the future sustainable
development and environmental well-being of the region.

Common practice in many coastal cities has been to discharge untreated
wastewaters to the nearest or most convenient water body. Due to lack of
economic resources minimal considerations are given to the environmental
consequences of this practice. Raw sewage discharges often occurred on or very
near to popular bathing beaches. This causes gross beach contamination, with
bacterial levels on the beaches at times approaching levels of raw sewage.
In addition to potential health hazards, this can cause aesthetic problems and
ecological impacts. These can often bring severe economic consequences due to
curtailed tourism.

According to a survey conducted by CEPIS in 1983 and updated in 2006, there
are 138 constructed or planned sewage outfalls in the LAC region that are longer
than 500 m. As discussed in this book, in order to meet common recreational
beach microbiological standards, modern designs require an appropriate combi-
nation of outfall length and discharge depth. The 500 m outfall length is arbitrary,
and longer outfalls would usually be required for major discharges (although
shorter outfalls discharging in very deep waters nearshore may suffice).

Puerto Rico, with a total population of about 3.9 million, has eleven operating
outfalls, with all coastal areas discharging through regional disposal systems.
This is the highest per capita use of outfalls in the LAC. At least primary treatment
is utilized. The final discharge permits are granted by the Environmental Quality
Board (EQB) which conducts extensive and detailed reviews of final designs
according to the procedures, models, and criteria of the U.S. Environmental
Protection Agency. Thus, modern criteria are applied and post-discharge water
quality monitoring is carried out to ascertain performance and compliance. In 1998,
the new outfall of Ponce was able to obtain a waiver to allow primary treatment
instead of secondary treatment.

Three of the five most populated coastal cities of Brazil (Rio de Janeiro,
Salvador and Fortaleza) are served by outfalls. Many have no treatment, but
modern criteria are usually applied to the diffuser design to ensure high dilution.
Brazil has about 22 major outfalls (six for industrial discharges).

Mexico has about nine major outfalls (three for industrial discharges), most
designed according to modern design criteria. Primary treatment is usually
applied.
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Venezuela has about 39 outfalls. Two were constructed in 1949, and are the
oldest in South America. Only 17 of these outfalls are longer than 1000 m.
Twelve shorter outfalls serve small towns and recreational facilities in the
Federal District, where the public beaches are frequented by up to two million
persons during national holidays. Based on bacteriological surveys, 75% of these
public beaches were found to have acceptable coliform levels (DMSA, 1971).
Poor water quality conditions were usually limited to the vicinity of raw
discharges on or nearshore, or tributaries heavily contaminated by animal
wastes. Beaches in areas serviced by outfalls were generally classified as
acceptable. Therefore, despite their relatively short lengths (less than 1000 m),
because of favorable oceanographic conditions the outfalls apparently performed
well. However, structural deterioration has been reported with leaks along some
outfalls so water quality has probably degraded.

Chile has about 39 operating outfalls, all constructed of modern plastics.
There are many other shorter outfalls but these are generally simply extensions
of the sewerage systems. Preliminary treatment is common.

Other countries have fewer outfalls. The Punta Carretas outfall in
Montevideo, Uruguay was constructed in 1990 and an additional outfall is
currently under consideration. An outfall in Limon, Costa Rica was constructed
in 2005. Colombia has an outfall in Santa Marta (2000), and an outfall
for Cartagena has been designed and financed and is under construction. Two
sewage outfalls in Lima and one combined sewage and fish meal industrial
wastewater outfall in Chimbote, Peru, have been designed. There are numerous
outfalls discharging fishmeal plant wastewaters along the Peruvian coast, but
only a few were designed to modern standards.

In the Greater Caribbean Sea, there are outfalls in Barbados, Bermuda, and
Jamaica. Anguilla, Dominica and Martinique (Fort-de-France) also have
outfalls. An outfall at Sosua in the Dominican Republic was constructed in 2005.

In addition to estuarine and coastal areas, outfalls may also be used for
discharging sewage into large fresh water lakes or rivers. An example is Manaus,
Brazil, where sewage is discharged into the Black River, a tributary of the
Amazon River, through a one meter diameter outfall 3600 m long. Most of the
outfall is parallel to shore, so the actual discharge occurs only 300 m offshore.
Paraguay has two outfalls discharging to the Paraguay River. This inland use of
outfalls increases the population that could be served by outfalls above the
97 million cited in Table 1.2 and further emphasizes the importance of this
technology.

Although there are about 138 existing and planned outfalls in the LAC, the
population served is relatively small. Only 43 (including Manaus) of these
outfalls, serve cities with populations more than 100,000, and most of these
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cities are only partially served. Therefore, the greater part of the wastewaters
generated by the estuarine and coastal population continues to be discharged on
or near shore without any treatment, often resulting in the aesthetic, public
health, ecological and economic problems previously mentioned.

Great improvements in water quality, especially on beaches, are often
observed when outfalls are commissioned. This is exemplified by the water
quality conditions observations on the beaches of Ipanema and Leblon in Rio de
Janeiro, Brazil. The Ipanema Outfall was inaugurated in September 1975 serving
a population of about 2.5 million of the southern zone of Rio de Janeiro with a
design flow of 12 m?/s. Continuous water quality monitoring conducted by the
local water and sewage authority at the stations shown in Figure 1.2 (CEDAEH,
1982), demonstrates significantly improved conditions. Except for coarse
screening to protect pumps, no other wastewater treatment or chlorination was
practiced on the Ipanema outfall effluent during this period primarily due to
cost and the unavailability of land. Many similar “success” stories have been
observed elsewhere around the world.

3x10°
@ Offshore stations 1
M Offshore stations 2
s B Shoreline stations 3& 4
2x10°
5 L
110 Outfall
commissioned
I N I

1974 1975 1976 1977 1978 1979 1980 1981 1982 1983

Year

(a) Outfall and monitoring sites

(b) Measured coliforms (annual average)

Figure 1.2 Total coliforms before and after construction of the Ipanema
outfall (CEDAEH, 1982).

Chile has also done extensive monitoring over the last decade that has
documented the excellent performance of two submarine outfalls in Penco and
Tome. The results of this monitoring are discussed in Chapter 14.

1.5 BOOK OUTLINE

When properly designed, marine outfalls are a reliable and economical
technology for wastewater disposal with minimal adverse environmental,
ecological, and public health impacts. This has been proven by extensive
experience with many outfalls operating around the world.
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This book considers the “system” of treatment plant and outfall shown in
Figure 1.1. It does not cover the onshore sewerage piping required to bring the
sewage to the treatment plant. We do not cover treatment plant design in detail,
just those aspects that are particularly relevant to marine discharges. The intent
is to cover most issues involved in the design of ocean outfalls and to provide
information useful to the engineers, politicians, and other stakeholders involved
in the planning and decision making process.

Designing an outfall system requires an unusual and complex mix of skills
including oceanography, environmental fluid mechanics, hydraulics, treatment
plant design, ocean engineering, environmental engineering, coastal construc-
tion techniques, and public relations, among others. Improper design can result
in structural failure of the outfall due to wave effects, resources wasted on
inappropriate and expensive unnecessary treatment, and unnecessary impacts
on the environment or public health. And poor planning and inadequate building
of support for the project can lead to unnecessary objections and delays. These
diverse aspects of outfall design and planning are rarely brought together in one
publication, and this is the aim of this book.

The emphasis is on outfalls constructed from high density polyethylene
(HDPE). This is not a severe restriction. The use of HDPE for marine outfalls
has increased rapidly in recent years, and advances in technology now permits
pipes of up to 2 m diameter or more that can be delivered to most parts of the
world. HDPE pipes therefore have wide applicability, and are no longer limited
to “small diameter” outfalls. A single HDPE pipe can serve communities of
several hundred thousand, and multiple pipelines can serve communities of up
to a million and more. They can also economically serve very small coastal
communities with populations less than 10,000. Although HDPE is emphasized,
much of the material in this book, such as water quality aspects, wave forces,
etc., are also applicable to the design of outfalls using other materials, such as
concrete or steel or even tunneled. Because of the increasing use of tunneling,
sometimes in conjunction with HDPE pipelines, a chapter on trenchless
construction is also included.

The book outline is as follows. We first address environmental issues,
particularly receiving water quality. The main issues pertinent to coastal
wastewater discharges are discussed in Chapter 2, along with a summary of the
various local and international regulations that they must meet. Water quality
impacts depend on the dilution and dispersion capability of the diffuser and the
level of wastewater treatment. Of these, dilution and dispersion is usually more
important in mitigating environmental impacts, so they are discussed in detail in
two chapters. First, in Chapter 3 the processes that govern the fate and transport
of coastal discharges are described and simple methods to predict them are
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presented. Next, in Chapter 4, the mathematical models that are now widely used
are discussed. These models (and also the structural outfall design) require
extensive oceanographic data that are gathered in field surveys. The planning
and gathering of these data to ensure their relevance and usefulness is discussed
in Chapter 5. Wastewater treatment systems with an emphasis on disposal
through marine outfalls are discussed in Chapter 6.

Structural design aspects are then addressed. Many materials have been used
for outfalls, and the considerations involved in choosing the best pipeline
material are discussed in Chapter 7. Forces on marine outfalls are discussed in
Chapter 8. Details of HDPE pipe design are given in Chapter 9, including design
for structural stability, internal hydraulics, and other considerations. Marine
pipeline construction is a specialized discipline that requires special techniques;
the extensive experience that has been gathered over the years is discussed in
Chapter 10. Installation by tunneling, microtunneling and horizontal directional
drilling is discussed in Chapter 11. Operation and maintenance is essential for
reliable operation over many years, and is discussed in Chapter 12. Before and
after discharge commences, monitoring is essential to ensure proper operation
and protection of the environment and public health as presented in Chapter 13.
Some case studies are presented in Chapter 14. Chapter 15 deals with public
acceptance issues. Appendix A discusses cost issues and presents data from
which the construction cost of an outfall can be estimated. Appendix B contains
a summary of the many abbreviations and acronyms used in the book.






2
Water quality aspects

2.1 INTRODUCTION

In this chapter, we discuss receiving water quality considerations for marine
outfalls and the regulations that they must meet. Section 2.2 discusses the main
issues, which are protection of public health, the environment and ecosystems,
and aesthetics. Environmental impacts depend strongly on the dilution and
dispersion capability of the outfall. And central to understanding these impacts is
the concept of a mixing zone (Section 2.3), which in turn has a major effect on
how the discharge is regulated. One of the first major attempts to regulate ocean
discharges that acknowledges their unique characteristics and addresses their
myriad water quality issues was the California Ocean Plan, so we discuss this in
some detail in Section 2.4. Water quality standards for toxics and bacteria (for
protection of public health) are discussed in Sections 2.5 and 2.6. Because
bacterial standards are often the primary driver of outfall design we discuss them
extensively in Section 2.6. This section includes a review of the history of the
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formulation of bacterial standards around the world and a summary of the major
international standards for human health protection.

2.2 GENERAL WATER QUALITY ISSUES

According to the National Research Council (NRC, 1993), a wastewater
constituent may be considered to be of high concern if it:

“...poses a significant risk to human health and ecosystems (e.g. if it
contaminates fish, shellfish and wildlife, causes eutrophication, or otherwise
damages marine plant and animal communities) well beyond points of discharge
and is not under demonstrable control. A wastewater constituent may be generally
considered to be of lower concern if it causes only local impact or is under
demonstrable control.”

Using these criteria, the NRC developed a list of anticipated priorities for
wastewater constituents in coastal urban areas as shown in Table 2.1. Some
general comments on this table are given below, and details of how these
constituents are controlled by outfall systems are discussed in later chapters.

Table 2.1 Wastewater constituents of potential concern in coastal waters
(After NRC, 1993)

Priority Pollutant Groups Examples
High Nutrients Nitrogen, Phosphorus
Pathogens Enteric viruses
Toxic organic chemicals PAHs
Intermediate Selected trace metals Lead
Other hazardous materials Qil, chlorine
Plastics and floatables Beach trash, oil, and grease
Low Biochemical oxygen
demand (BOD)
Solids

The high priority pollutants can be readily controlled by an effective
outfall combined with appropriate wastewater treatment. Although nutrients
are listed as high priority, they are not a concern for discharges to open
coastal waters with good flushing. They are more of a problem in enclosed
water bodies with poor flushing such as lakes, bays, or estuaries, where
eutrophication may occur. Pathogens are microorganisms that can cause
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disease in humans. They are assumed to be controlled if the level of an
indicator organism (an organism that indicates the presence of sewage) is
below some specified standard or guideline. They can be controlled by a
combination of initial dilution, oceanic diffusion, and mortality, as discussed
in Chapters 3 and 4. Toxic organic chemicals and trace metals can cause
adverse effects in aquatic organisms and humans. They can be addressed by,
for example, applying the limitations prescribed in the California Ocean Plan,
as discussed in Section 2.4. This can usually be accomplished by initial
dilution alone for regular domestic sewage, but source control may be needed
for industrial discharges.

Intermediate level constituents can also be controlled by treatment and
dilution. Plastics and other particulate floatables should be removed by treatment
such as screening (see Chapter 6). Other floatables, especially grease and oil, are
of more concern since they may contain pathogens and may be blown onshore
by winds (see Figure 1.1). As discussed in Chapter 6, milliscreening, especially
when combined with other forms of treatment such as flotation, will remove
substantial quantities of grease and oil and other floatables.

It may seem surprising that biochemical oxygen demand (BOD) is low
priority. This is because high initial dilution and the large surface area available
for re-aeration generally results in negligible depletion of dissolved oxygen.
Solids are also ranked low priority due to the ability to control them with
treatment and high dilution. The potential for accumulation on the seabed, and
their possible association with toxic organic chemicals, metals, and pathogens
should be addressed, however.

Mathematical modeling and monitoring of operating outfalls generally show
that their effects are limited to a small area, typically a few hundred meters
around the discharges. This is true even for substantial discharges of essentially
raw sewage, for example the Ipanema outfall in Rio de Janeiro discussed in
Section 1.4.

The key parameters in the design of municipal wastewater systems are
generally bacteria, floatables, and grease and oil. Toxics are readily controlled
by dilution. Bacteria are best controlled by locating the outfall so that transport
of wastewater to beaches or other water contact areas is virtually eliminated.
The outfall should be designed, however, that, in the unlikely event that
transport to beaches does occur, the combination of initial dilution, oceanic
diffusion, and bacterial mortality reduces the bacteria to very low levels.
Chlorination of the effluent is then unnecessary. As discussed above, other
parameters such as nutrients, BOD, and dissolved oxygen will not usually be a
concern unless the sewage is discharged to a shallow, poorly flushed coastline,
or embayment.
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2.3 CONCEPT OF A MIXING ZONE

Central to understanding the environmental impacts of an ocean outfall and how
they are regulated is the concept of a mixing zone. This is discussed in detail in
Chapter 3, but a brief summary is given here.

The mixing zone is a region of non-compliance and limited water use around
the diffuser. Water quality criteria must be met at the edge of the mixing zone.
Within this zone the discharge undergoes energetic mixing (see Figure 1.1) that
rapidly reduces the concentrations of most contaminants to safe levels. The
mixing is caused by the turbulence generated by the high velocity of the jets
issuing from the diffuser ports and by the effluent buoyancy that causes it to rise
through the water column. These mechanisms entrain substantial quantities of
ocean water that readily dilutes the effluent to at least 100:1 within a few
minutes after discharge and within a few hundred meters from the diffuser.
Another way of looking at this is that the concentrations of contaminants are
reduced by more than 99% within the mixing zone.

This rapid and very substantial contaminant reduction is recognized by the
concept of a regulatory mixing zone. For example, the US EPA regulations for
toxics (USEPA, 1991), defines a mixing zone as:

“An area where an effluent discharge undergoes initial dilution and is extended to
cover the secondary mixing in the ambient water body. A mixing zone is an
allocated impact zone where water quality criteria can be exceeded as long as
acutely toxic conditions are prevented.” (Water quality criteria must be met at the
edge of a mixing zone.)

Thus, water quality requirements are specified at the edge of the mixing zone
rather than by end-of-pipe requirements for conventional and toxic discharges.

There is much terminology associated with wastewater mixing processes and
the regulations that cover them. Unfortunately, there do not appear to be
universal definitions of these terms and they are often used interchangeably and
imprecisely. As summarized in Table 2.2, they include zone of initial dilution,
regulatory and hydrodynamic mixing zones, and near and far field mixing. In
this book, we will use the definitions given in Table 2.2.

The mixing zone may not correspond to actual physical mixing processes.
It may fully encompass the near field and extend some distance into the far field,
or it may not even fully contain the near field. Mixing zones can be defined
as lengths, areas, or water volumes. An example is contained in the guidelines
for the US National Pollutant Discharge Elimination System (NPDES) permits
for the discharge of pollutants from a point source into the oceans at 40 CFR
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125.121(c) U.S. Federal Water Quality that defines a mixing zone for federal

waters as:

“...the zone extending from the sea’s surface to seabed and extending laterally to
a distance of 100 meters in all directions from the discharge point(s) or to the
boundary of the zone of initial dilution as calculated by a plume model approved
by the director, whichever is greater, unless the director determines that the more
restrictive mixing zone or another definition of the mixing zone is more
appropriate for a specific discharge.”

Table 2.2 Outfall mixing and mixing zone terminology

Term Definition Comments
Mixing zone A limited area where rapid
mixing takes place and where
numeric water quality criteria
can be exceeded but acutely
toxic conditions must be
prevented. Specified dilution
factors and water quality
requirements must be met at
the edge of the mixing zone
Allocated Same as a mixing zone
impact zone
(AIZ)
Regulatory As defined by the appropriate  Can be a length, an area, or a
mixing zone regulatory authority volume of the water body
Legal mixing Same as a regulatory mixing
zone (LMZ2) zone
Near field Region where mixing is Near field processes are
caused by turbulence and intimately linked to the
other processes generated by  discharge parameters and are
the discharge itself under the control of the
designer. For further
discussion, see Chapter 3,
and Doneker and Jirka (1999),
and Roberts (1999c)
Hydrodynamic Same as near field Near field and hydrodynamic
mixing zone mixing zone are synonymous
with these definitions
Far field Region where mixing is due to  Far field processes are not

ambient oceanic turbulence

under control of the designer

(continued)
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Table 2.2 (continued)

Term Definition Comments
Toxic dilution A more restrictive mixing zone
zone (TDZ) within the usual mixing zone
Initial dilution No specific definition A general term for the rapid
dilution that occurs near the
diffuser

Zone of initial A region extending over the A regulatory mixing zone, as

dilution (ZID) water column and extending defined in the U.S. EPA’s
up to one water depth around  301(h) regulations (USEPA,
the diffuser. 1994)

The California Ocean Plan (discussed below) defines initial dilution (which is
therefore a regulatory mixing zone) as:

“...the process which results in the rapid and irreversible turbulent mixing of
wastewater with ocean water around the point of discharge. For a submerged
buoyant discharge, characteristic of most municipal and industrial wastes that are
released from the submarine outfalls, the momentum of the discharge and its
initial buoyancy act together to produce turbulent mixing. Initial dilution in this
case is completed when the diluting wastewater ceases to rise in the water column
and first begins to spread horizontally.”

Clearly, application of these regulations require much judgment, such as
which oceanographic conditions, currents, density stratification, flow rates,
and averaging times are used. These must be carefully chosen and explicitly
specified in the outfall design documentation.

Mixing zone water quality standards are usually limited to parameters for
acute toxicity protection (sometimes determined by bioassays) and to minimize
visual impacts. They are not usually applied to BOD, dissolved oxygen, or
nutrients. Bacterial standards are also not normally imposed within or at the
boundary of mixing zones unless the diffuser is located near areas of shellfish
harvesting or recreational uses.

2.4 THE CALIFORNIA OCEAN PLAN

Because of the unique behavior of wastewaters discharged from an outfall into a
coastal environment and the many water quality and other issues involved,
specification of regulations and guidelines is quite difficult. Probably the first
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major attempt to do so was the California Ocean Plan, more formally
“California Ocean Plan: Water Quality Control Plan, Ocean Waters of
California,” (SWRCB, 2005, hereafter referred to as The Plan). It was first
published in 1972 and has been updated several times since; the latest version
was adopted February 14, 2006. The Plan specifies beneficial uses of the ocean
and requirements for water quality and point-source discharges to protect
them. These include physical, chemical, biological, radioactive, aesthetic, and
particulate deposition. The Plan, or parts of it, has been adopted by many
environmental agencies around the world. Because of its importance we discuss
it in some detail here, especially the parts most relevant to planning and design
of ocean outfalls.

2.4.1 General provisions

The general provisions of The Plan specify:

e ... limits or levels of water quality characteristics for ocean waters to
ensure the reasonable protection of beneficial uses and the prevention
of nuisance. The discharge of waste shall not cause violation of these
objectives.

e The Water Quality Objectives and Effluent Limitations are defined by a
statistical distribution when appropriate. This method recognizes the
normally occurring variations in treatment efficiency and sampling and
analytical techniques. . .

e Compliance with the water quality objectives. . .shall be determined from
samples collected at stations representative of the area within the waste
field where initial dilution is completed.

2.4.2 Bacterial characteristics

Bacterial standards are specified for areas used for water contact recreation and
shellfish. The most recent standards add enterococcus as an indicator organism
to total and fecal coliforms and replace percentage exceedance limits with
geometric means.

The water contact standards are applied “Within a zone bounded by the
shoreline and a distance of 1,000 feet from the shoreline or the 30-foot depth
contour, whichever is further from the shoreline, and in areas outside this zone
used for water contact sport...the following bacterial objectives shall be
maintained throughout the water column:”
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The 30-day geometric means of:

e Total coliform density shall not exceed 1,000 per 100 ml;
e Fecal coliform density shall not exceed 200 per 100 ml;
e Enterococcus density shall not exceed 35 per 100 ml.

Single sample maximum:

e Total coliform density shall not exceed 10,000 per 100 ml;
e Fecal coliform density shall not exceed 400 per 100 ml;
e Enterococcus density shall not exceed 104 per 100 ml; and

The standards for waters where shellfish may be harvested for human
consumption state that, throughout the water column:

® The median total coliform density shall not exceed 70 per 100 ml,
® Not more than 10 percent of the samples shall exceed 230 per 100 ml.

The Plan specifies that samples should be obtained weekly and the five most
recent samples are to be used in computing the geometric mean. If any single-sample
standards are exceeded, the sampling becomes more frequent. Other international
bacterial standards that are frequently used are discussed in Section 2.5.

2.4.3 Physical characteristics

Physical characteristics specify that there be no visible floating particulates and
oil and grease, no aesthetically undesirable discoloration of the ocean surface, and
natural light should not be significantly reduced outside the initial dilution zone.

2.4.4 Chemical characteristics

The standards for control of chemical substances specify that:

e The dissolved oxygen concentration shall not at any time be depressed
more than 10 percent from that which occurs naturally;

e The pH shall not be changed at any time more than 0.2 units from that
which occurs naturally;

® The dissolved sulfide concentration of waters in and near sediments shall
not be significantly increased above natural conditions;

e The concentration of substances set forth in Table B, in marine sediments
shall not be increased to levels which would degrade indigenous biota;
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® The concentration of organic materials in marine sediments shall not be
increased to levels that would degrade marine life;

* Nutrient materials shall not cause objectionable aquatic growths or degrade
indigenous biota.

Possibly the most important of these requirements are the numerical water
quality objectives as set forth in “Table B.” The portion of this table that applies
to protection of aquatic life is reproduced as Table 2.3. It specifies three different
limiting concentrations: a 6-month median, a daily maximum, and an instant-
aneous maximum.

Table 2.3 Table B of the California Ocean Plan: Water Quality Objectives for
Protection of Marine Aquatic Life

Compound Limiting concentrations
Units 6-month Daily Instantaneous
median maximum maximum

Arsenic ug/l 8.0 32.0 80.0
Cadmium ug/l 1.0 4.0 10.0
Chromium (Hexavalent) ug/l 2.0 8.0 20.0
Copper ug/l 3.0 12.0 30.0
Lead ug/l 2.0 8.0 20.0
Mercury ng/l 0.04 0.16 0.4
Nickel ug/l 5.0 20.0 50.0
Selenium ug/l 15.0 60.0 150.0
Silver ug/l 0.7 2.8 7.0
Zinc ug/l 20.0 80.0 200.0
Cyanide ug/l 1.0 4.0 10.0
Total Chlorine Residual ug/l 2.0 8.0 60.0
Ammonia (as nitrogen) ug/l 600.0 2400.0 6000.0
Acute™ Toxicity TUa N/A 0.3 N/A
Chronic™* Toxicity TUc N/A 1.0 N/A
Phenolic Compounds ug/l 30.0 120.0 300.0
(non-chlorinated)

Chlorinated Phenolics ug/l 1.0 4.0 10.0
Endosulfan ug/l 0.009 0.018 0.027
Endrin ug/l 0.002 0.004 0.006
HCH* ug/l 0.004 0.008 0.012

Not to exceed limits specified in Title 17, Division 1,
Chapter 5, Subchapter 4, Group 3, Article 3, Section
30253 of the California Code of Regulations.
Reference to Section 30253 is prospective, including
future changes to any incorporated provisions of
federal law, as the changes take effect.

Radioactivity




24 Marine Wastewater Outfalls and Treatment Systems

It is important to note that these limits are specified at the completion of
initial dilution according to the following equation:

¢, =C,+D,(C,—Cy) 2.1

where C, is the effluent concentration limit, C, is the concentration to be met
at the completion of initial dilution (the water quality objective), D,, is the
minimum probable initial dilution, and C, is the background seawater
concentration. Minimum initial dilution is defined as:

“...the lowest average initial dilution within any single month of the year. Dilution
estimates shall be based on observed waste flow characteristics, observed receiving
water density structure, and the assumption that no currents, of sufficient strength
to influence the initial dilution process, flow across the discharge structure.”

Background levels for arsenic, copper, mercury, silver, and zinc are specified
in The Plan; the background levels of all other constituents are assumed to be zero.

Concentrations of other constituents for protection of human health are
also specified in “Table B”. They include non-carcinogens such as antimony,
and carcinogens, such as benzene. These will not normally affect outfall designs,
however.

2.4.5 Biological characteristics

The requirements for protection of marine organisms specify that:

(1) Marine communities, including vertebrate, invertebrate, and plant
species, shall not be degraded;

(2) The natural taste, odor, and color of fish, shellfish, or other marine
resources used for human consumption shall not be altered;

(3) The concentration of organic materials in fish, shellfish or other marine
resources used for human consumption shall not bioaccumulate to levels
that are harmful to human health.

2.4.6 Radioactivity

Discharge of radioactive waste shall not degrade marine life.

2.4.7 Discussion of the plan

The California Ocean Plan contains many other details such as how to perform
computations and how to sample, and defines terms such as significant, shellfish,
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etc. These, and other appropriate local regulations, should be consulted in an
actual outfall design. We have attempted to summarize the most important
features above from which we make the following observations.

The Plan does not generally specify effluent limitations or treatment levels.
Instead, it specifies effluent limits that will achieve water quality objectives after
initial dilution, i.e. at the edge of the mixing zone. To emphasize this, it states that:

“Waste effluents shall be discharged in a manner which provides sufficient initial
dilution to minimize the concentrations of substances not removed in the treatment.”

It does set some limits in the waste stream for grease and oil, suspended
solids, settleable solids, turbidity, pH, and acute toxicity, but other limits are
determined as above.

It is important to note that bacterial levels are not specified at the edge of the
mixing zone. Rather, they are specified at actual water contact areas, whose
extents are defined. Because of the wide variations that always occur in bacterial
sampling, the standards are generally expressed in statistical terms rather than
instantaneous values. Indeed, The Plan states that:

“Itis state policy that the geometric mean bacterial objectives are strongly preferred
for use in water body assessment decisions... because the geometric mean
objectives are a more reliable measure of long-term water body conditions. In
making assessment decisions on bacterial quality, single sample maximum data
must be considered together with any available geometric mean data. The use of only
single sample maximum bacterial data is generally inappropriate unless there is a
limited data set, the water is subject to short-term spikes in bacterial concentrations,
or other circumstances justify the use of only single sample maximum data.”

2.5 STANDARDS FOR TOXICS

The issue of toxics frequently arises in discussion of marine wastewater
discharges. They can be readily controlled by satisfying the requirements of
Table B of the California Ocean Plan (Table 2.3). For regular domestic sewage,
this will usually be accomplished if an initial dilution of 100:1 is maintained.
The USEPA maintains two water quality criteria for toxic substances
(USEPA, 1991). The CMC (Criteria Maximum Concentration) is for protection
of the aquatic ecosystem from acute or lethal effects; the CCC (Criteria
Continuous Concentration) is for protection from chronic effects. The CCC is
like a regular water quality standard and must be met at the edge of the mixing
zone. It is “...intended to be the highest concentration that could be maintained
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indefinitely in receiving water without causing an unacceptable effect on the
aquatic community or its uses”. The CCC limits may be sometimes exceeded, as
organisms can tolerate higher concentrations for short periods so long as peak
concentrations are limited. In other words, the CCC relates to average
concentrations, which are in turn related to time-averaged dilutions. It is
assumed that the CCC are the appropriate water quality criteria to apply in order
to protect the aquatic ecosystem from chronic effects.

2.6 BACTERIAL CONTAMINANTS
2.6.1 Introduction

Prevention of microbial contamination is an essential part of outfall design;
indeed, the main reason for an outfall project is often to solve a microbial
contamination problem. Because of the importance of bacterial contamination,
and ensuring that public health is protected at beaches and bathing waters, we
deal with it in some detail in this section.

To provide context and background for the many bacterial standards have
been adopted around the world (summarized in Section 2.6.3), we first present a
review of the history and application of microbiological water quality standards
for primary contact recreation and shellfish harvesting. Special note is taken
of the first investigations conducted in the United States which concluded
that enterococcus, as an indicator organism, provided the best correlation with
gastrointestinal symptoms attributed to swimming in contaminated waters. The
linear relationship developed between mean enterococcus density per 100 ml
and swimming associated rate for gastrointestinal symptoms per 1000 persons
is presented along with the US Environmental Protection Agency (USEPA)
adaptation of enterococcus as the primary indicator organism in lieu of total and
fecal coliforms.

After an extensive review of 33 epidemiological investigations conducted in
marine waters worldwide, the World Health Organization (WHO) presented
Guidelines for Safe Recreational Water Environments in 2002 using intestinal
enterococcus as the indicator organism. These guidelines are based primarily on
the controlled randomized epidemiological trial studies conducted in the coastal
waters of the United Kingdom.

Existing international, national and local microbiological guidelines and
standards in the marine environment are presented to provide a range for the water
quality planner. Simply adapting a particular set of standards is inappropriate
without a thorough review of local circumstances and local/national economic
factors. Also, caution should be exercised in directly applying quantitative
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relationships between health risk and indicator organism in other areas where the
general health and immunity of the local population may be different.

A recreational water quality criterion is defined as a quantifiable exposure-
effect relationship based on scientific evidence between the level of some
indicator of the quality of the water concerned and the potential human health
risks associated with the recreational use of that water. A water quality guideline
derived from such a criterion is a suggested maximum density of the indicator in
the water which is associated with unacceptable health risks. The concept of
acceptability implies that social, cultural, economic and political, as well as
medical factors are involved. A water quality standard obtained from the
criterion is a guideline fixed by law.

2.6.2 Historical review
2.6.2.1 The United States of America (USA)

The first evaluations of water contact recreation and disease incidence were
conducted in the USA by the American Public Health Association with studies
in the early 1920s to ascertain the prevalence of infectious diseases, which
may be conveyed by swimming pools and other bathing places (Simons et al.,
1922). As reported by Moore (1975), the application of bacterial guidelines to
seawater can be traced back to the cautious suggestion by Winslow and
Moxon (1928), in a pollution study of New Haven Harbor, where typhoid
fever was attributed to bathing in grossly polluted water, that the coliform
count of samples from bathing waters should not exceed 100/100 ml. No
logical basis for this figure was provided, however. Coburn (1930) suggested
a maximum permitted coliform count of 10,000 per 100 ml and quoted a
bathing area where counts were consistently higher than this without
apparently causing ill-health in bathers. Ludwig (1983) notes that the
California coliform standard of 1,000 MPN/100 ml, which has been adopted
in many other areas, was developed during the 1940s based entirely on
aesthetic considerations, in that investigators found that when total coliform
counts remained consistently (more than 80% of the time) below 1,000 MPN/
100 ml, the beaches remained aesthetically satisfactory with no visual
evidence of sewage pollution.

Cabelli et al. (1983) reports that the U.S. total coliform limit of 1,000/100 ml
“apparently developed from two sources: the predicted risk of salmonellosis
as obtained from calculations made by Streeter (1951) on the incidence of
Salmonella species in bathing waters and attainability as determined by
Scott (1951) from microbiological surveys conducted at Connecticut bathing
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beaches.” This Connecticut standard was then adopted by many other USA State
agencies.

As noted by the Committee on Bathing Beach Contamination of the Public
Health Laboratory Service (1959), Garber (1956) reported on an inquest of
different public health and control agencies in the USA concerning ‘“‘how
bacteriological standards were determined and why they were decided upon.”
The most frequent reply was that there was no analytical background for the
limits set other than the fact that epidemiological experience under the given
standards had been satisfactory. This argument was used for standards ranging
from a median coliform count of less than 2,400/100 ml down to a requirement
that no coliform organisms should be present.

Major epidemiological studies aimed directly at assessing the health risk of
bathing in polluted waters were conducted during the years 1948—1950 by the
United States Public Health Service. The findings (Stevenson, 1953) were that
statistically significant epidemiologically detectable health effects at levels of
2,300 and 2,700 coliforms/100 ml were demonstrated by the studies on Lake
Michigan at Chicago, Illinois in 1948 and on the Ohio River at Dayton,
Kentucky in 1949, respectively. The third study conducted in 1950 in the saline
tidal waters of Long Island Sound at New Rochelle and Mamaroneck, New
York showed no relationship between total coliform levels and swimming
related diseases. Subsequent work in the same stretch of the Ohio River
indicated that the fecal coliforms represented 18% of the total coliforms
(Cabelli et al., 1983) and therefore would indicate that detectable health effects
would occur at a fecal coliform level of about 400 MPN/100 ml. Applying a
factor of safety, in that water quality should be better than that which would
cause a health effect, the National Technical Advisory Committee (NTAC,
1968) to the USA Federal Water Pollution Control Administration developed in
1968 a national fecal coliform guideline of 200 MPN/100 ml for fresh and
marine waters which was based primarily on the two fresh water studies of
Stevenson (1953).

However, in 1972, the Committee on Water Quality Criteria of the National
Academy of Sciences of the USA (1972), in a USEPA funded project, came
to the following conclusion: “No specific recommendation is made concerning
the presence or concentration of microorganisms in bathing water because of
the paucity of valid epidemiological data.” Subsequently in 1976, the USEPA
(1976) presented fecal coliform guidelines which were essentially those
presented in the NTAC (1968) document. Notwithstanding, the primary
rationale was based on the relationship of fecal coliform densities to the
frequency of Salmonella isolations in surface waters and the findings of the
Stevenson (1953) studies were essentially abandoned as a rationale. The final
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guideline proposed by the USEPA (1976) was as follows: “based on a minimum
of not less than five samples taken over not more than a 30-day period, the fecal
coliform content of primary contact recreational waters shall not exceed a log
mean of 200/100 ml, nor shall more than 10% of total samples during any
30-day period exceed 400/100 ml.”

Based on a three-year (1973—-1975) study conducted at New York City
beaches, Cabelli et al. (1983) concluded that Enterococci (analytical procedures
presented in USEPA, 1985), as an indicator organism, provided the best
correlation with gastrointestinal (vomiting, diarrhea, nausea or stomachache)
symptoms attributed to swimming in contaminated waters. Other indicators
evaluated included total coliforms and their component genera (Escherichia,
Klebsiella, Citrobacter-Enterobacter), fecal coliforms, Escherichia coli (E. Coli),
Pseudomonas aeruginosa, Clostridium penfringens, Aeromonas hydrophila,
Vibrio parahaemolyticus and Salmonella. Subsequent USA studies confirmed
the superiority of enterococci as an indicator organism and Cabelli (1983)
developed a linear relationship between mean enterococcus density/100 ml and
swimming associated rate for gastrointestinal symptoms per 1000 persons as
presented in Figure 2.1. Cabelli concluded that enterococci better mimicked
the survival characteristics of the etiological agent which Cabelli (undated)
concluded to be the human rotavirus with regard to gastroenteritis. A critique of
this work is presented by Fleisher (1991).

It must be recognized that the pathogen to indicator organism ratio is
variable due to its dependence on the overall health of the discharging
population. As noted by Cabelli (1983), the swimming associated outbreak of
Shigellosis on the Mississippi River below Dubuque, Iowa, USA (Rosenburg,
1976), appears to represent an instance where, although the 200/100 ml fecal
coliform guideline was probably exceeded for some time, the outbreak did not
occur until there was a large enough number of ill individuals and carriers in the
discharging population. Also, comparisons made by Cabelli (1983, undated) of
epidemiological studies conducted in Egypt with those conducted in the USA
suggest the important role of population immunity in that gastrointestinal illness
rates in the USA studies were associated with bathing in waters with relatively
much lower enterococci densities. These studies also demonstrated that
swimming-associated gastrointestinal symptoms were much more prevalent
among children (10 years of age and under) with lesser developed immune
systems than adults. This further suggests the importance of immunity in the
epidemiology of the observed swimming-associated gastroenteritis. These factors
imply that caution should be exercised in directly applying the relationships
developed to other areas.
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Figure 2.1 Effect of enterococcus on gastrointestinal symptoms for swimmers
in marine waters (Cabelli, 1983)

The USEPA (1984) first presented the recommendation that enterococci be
adapted by the States of the USA as the primary indicator organism for primary
contact recreations in lieu of the indicators applied at that time (primarily total
and fecal coliforms). After a review and recalculation of the data the USEPA
(1986) adopted the following criteria:

Freshwater: E. Coli: not to exceed 126/100 ml, or
Enterococci: not to exceed 33/100 ml
Marine water:  Enterococci: not to exceed 35/100 ml

These guidelines were based on studies conducted by Dufour (1984) and
Cabelli (1983) applying the empirical equations developed for highly credible
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gastrointestinal symptoms (HCGI) associated with swimming in fresh and
marine waters, respectively. These guidelines were based on risk levels of 8
and 19 gastrointestinal illnesses per 1000 swimmers at fresh water and marine
beaches (see Figure 2.1), respectively, which were estimated to be equivalent to
the risk levels for 200/100 ml fecal coliform criteria. The USEPA (1984)
premise was that by using the existing criterion of 200 fecal coliform bacteria
per 100 ml the health risks mentioned above for fresh water and marine beaches
have been unknowingly accepted.

These criteria are calculated as the geometric mean of a statistically sufficient
number of samples, generally not less than five samples equally spaced over
a thirty-day period. Single sample maximum allowable densities were also
promulgated based on beach use and are presented in Table 2.4 taken from
Dufour and Ballentine (1986).

As per footnote 5 in Table 2.4, the Single Sample Maximum Allowable
Density is based on the observed log standard deviations during the USEPA
studies: 0.4 for freshwater E. coli and enterococci; and 0.7 for marine water
enterococci. It is also stated that each jurisdiction should establish its own
standard deviation for its conditions which would then vary the single sample
limit.

Based on the above log normal distribution, different confidence levels (CL),
ie., 75, 82, 90 and 95 percentiles, were assigned to different designated beach
uses (see Table 2.4 and Figure 2.2). The geometric mean (CL = 50 percentile)
remains at 35 enterococci/100 ml and all the CLs specified in Table 2.4 form
part of the same log normal distribution with a standard deviation of 0.7, which
would theoretically be equivalent 19 gastrointestinal illnesses per 1000
swimmers for marine waters.

For the category, Designated Beach Area (75% CL) in Table 2.4, there would
be a 75% probability that the specified value of 104 enterococci/100 ml would
not be exceeded in a statistically sufficient number of data. Consequently there
would be a probability that 25% of the measurements would indeed exceed the
specified value.

The Single Sample Maximum Allowable Density approach adopted in the
USEPA guidelines essentially applies a safety factor under the apparent premise
that bathers should not be exposed to the higher indicator levels of the log
normal distribution, which is applied based on beach use ranging from the
75 percentile for a designated beach area to the 95 percentile for an infrequently
used full body contact recreation beach area. This single sample maximum
criterion would inherently drive down the geometric mean substantially for most
data sets and consequently the gastrointestinal illness rate would be lower.
Compliance would also be that more difficult to achieve.
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Table 2.4 Indicator criteria for bacteriological densities
(from Dufour and Ballentine, 1986)

Acceptable Simple sample maximum allowable density*®
swimming Steady- Designed Moderate  Lightly  Infrequently
associated state beach  full body usedfull  used full
gastro- geometric  area contact body body
enteritis rates ~ ggn (Upper  recreation  contact contact
per 1000 indicator  75% CL)  (Upper recreation recreation
swimmers density 82% CL)  (Upper (Upper
90% CL) 95% CL)
Freshwater:
Enterococci 8 33’ 61 89 108 151
E. Coli 8 1262 235 298 406 576
Marine waters:
Enterococci 19 35° 104 158 275 500

(1) Calculated to nearest whole number using equation:

iliness rate/1000 people + 6.28

t i density) = antil
(mean enterococci density) = antilogqg 9.40

(2) Calculated to nearest whole number using equation:

illness rate/1000 people + 11.74

E. Coli ity) = antil
(mean E. Coli density) = antilogyo 940

(3) Calculated to nearest whole number using equation:

iliness rate/1000 people — 0.20
1217

(mean enterococci density) = antilogqg

(4) Single sample limit = antilogm{( log indicator geometnc)

mean density/100 ml

factor determined from areas under

+ (the normal probality curve for the )
assumed level of probality (see below)

x (logyo standard deviation)}

The appropriate factors for the indicated one sided confidence levels are:
75% C.L. —.675
82% C.L. —.935
90% C.L. -1.28
95% C.L. —1.65

(5) Based on the observed log standard deviations during the USEPA studies: 0.4 for
freshwater E. Coli and enterococci; and 0.7 for marine water enterococci. Each jurisdiction
should establish its own standard deviation for its conditions which would then vary the
single sample limit.

C.L. Confidence level
Dufour and Ballentine (1986)
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Figure 2.2 USEPA ambient water quality criteria

In 1997, the EPA embarked on the Beaches Environmental Assessment,
Closure, and Health (BEACH) Program which included a program of epidemio-
logical studies conducted in the USA in 2003-6 to substantiate the USEPA
Guidelines (results are pending).

2.6.2.2 International organizations

In 1974, the World Health Organization (WHO) convened a Working Group of
European Experts on Guides and Criteria for Recreational Quality of Beaches
and Coastal Waters (WHO, 1975) in Bilthoven, Netherlands, which “agreed
that the recommended upper limits for indicator organisms should be expressed
in broad terms of orders of magnitude rather than rigidly stated specific
numbers. Highly satisfactory bathing areas should, however, show E. Coli
counts consistently less than 100 per 100 ml and to be considered acceptable,
bathing waters should not give counts consistently greater than 1000 E. Coli per
100 ml”. Subsequently, in 1977 a group of experts jointly convened by WHO
and UNEP in Athens, (WHO, 1977) concluded that there was no basis for
recommending changes in the conclusions reached by the WHO Working Group
in Bilthoven in 1974.

Saliba and Helmer (1990) reported that, in 1983, UNEP/WHO (1983) proposed
that the Mediterranean governments adopt interim criteria for coastal recrea-
tional waters using, as a basis, the 1974 Bilthoven conclusions extrapolated to
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Mediterranean conditions based on the results of the WHO organized pilot project
on coastal water quality control within the framework of the UNEP-sponsored
MED POL program (carried out between 1976 and 1981). These criteria were
based on concentrations of both fecal coliforms and fecal streptococci. The part
of the proposal concerning fecal coliform concentration limits, that is, 100 per
100 ml in at least 50% of the samples and 1,000 per 100 ml in at least 90%;
minimum of 10 samples, were subsequently adopted in 1985 by the Mediter-
ranean States on a joint basis as an interim measure (UNEP, 1985).

The European Economic Community (EEC 1976) published Quality
Requirements (microbiological) for Bathing Waters as presented in Table 2.5.
The latest European Union (EU) guidelines for coastal and transitional waters
that were published on 15 February 2006 (EU 2006) are presented in Table 2.6.

Table 2.5 EEC microbiological requirements for bathing waters (EEC 1976)

Microbiological parameter Guide® Mandatory® Minimum sampling
frequency
1. Total coliforms/100 ml 500 10,000 Fortnightly
2. Fecal coliforms/100 ml 100 2,000 Fortnightly
3. Streptococci fecal/100 mi 100° - *
4. Salmonella/l - 0 *
5. Enteroviruses PFU/10 | - 0 *

@ 80% of samples less than.

P 95% of samples less than.

¢ 90% of samples less than.

* Concentration to be checked by the competent authorities when an inspection in
the bathing area shows that the substance may be present or that the quality of
the water has deteriorated.

Table 2.6 Coastal and transitional waters (EU, 2006)

Parameter Excellent Good Sufficient  Reference methods
quality quality of analysis
Intestinal Enterococci 100* 200* 185** ISO 7899-1 or
(I.E.) (cfu/100 mL) ISO 7899-2
Escherischia coli (E.C.) 250" 500" 500"* ISO 9308-3 or
(cfu/100 mL) ISO 9308-1

* Based upon a 95-percentile evaluation.
** Based upon a 90-percentile evaluation.

The Caribbean Environment Programme (CEPPOL) held Regional meetings
in 1991 and 1993 on Monitoring and Control of Sanitary Quality Bathing and
Shellfish-Growing Marine Waters in the Wider Caribbean. Due to the economic
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dependence of the Caribbean on tourism, both the bacteriological and aesthetic
water quality are very important. It was concluded at these meetings that
Member Countries should adopt EEC, WHO or USEPA (prior to 1986) standards
and guidelines for bacteriological quality of bathing waters until sufficient
information is available, based on future epidemiological studies conducted in
the Caribbean, to modify the current standards (CEPPOL and UNEP, 1991).
As reported by Saliba and Helmer (1990), prospective cohort epidemiological
studies similar to that conducted by Cabelli (generally referred to as “Cabelli
style studies”) were carried out in a number of countries between 1982 and
1989. Saliba and Helmer (1990) state that “...practically all studies showed
higher morbidity among bathers as compared to non-bathers, but correlation
between specific symptoms and bacterial indicator concentrations varied
considerably”. Furthermore, they conclude that although difficult to quantify
“...the evidence clearly indicates that health risks do exist and are most
pronounced in areas directly exposed to pollution by untreated sewage.”

2.6.3 Standards for human health protection

2.6.3.1 WHO guidelines

In 1994, the World Health Organization (WHO) embarked on the development
of guidelines concerning recreational use of the water environment. Guidelines
of this type are primarily a consensus view amongst experts on the risks to health
represented by various media and activities and are based on critical review of
the available evidence. WHO convened several experts’ meetings:

e Bad Elster, Germany, June 1996

e St. Helier, Jersey, Channel Island, United Kingdom, May 1997

e Farnham United Kingdom April 1998 for the development of a Code of
Good Practice for Monitoring

The WHO Guidelines for Safe Recreational Water Environments, which resulted
from this process, were released in two volumes. Volume 1, released at the AIDIS
(Spanish acronym for the Inter-American Association of Sanitary and Environ-
mental Engineering) Congress in Cancun, Mexico in 2002 (hard copy released by
WHO, 2003), addresses coastal and fresh waters. Volume 2, released in 2006
addresses swimming pools, spas, and similar recreational water environments.

The preliminary publication of the guidelines was made in 1998 (WHO,
1998). As part of this process, Priiss (1998) summarized the epidemiological
studies conducted worldwide. Of the 37 studies evaluated, 22 qualified for
inclusion in the evaluation. Figure 2.3 presents the relation between indicator
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organism density and illness risk for marine waters. Of the 22 studies selected,
18 were prospective cohort studies, two retrospective cohort studies and two
were randomized controlled trials, as summarized in Table 2.7. In 19 of the 22
epidemiological studies examined in Priiss’ (1998) review, the rate of certain
symptoms or symptom groups was significantly related to the count of fecal
indicator bacteria in recreational water. Hence, there was a consistency across
the various studies, and gastrointestinal symptoms were the most frequent health
outcome for which significant dose-related associations were reported. The
overwhelming evidence provided by most of the epidemiological studies
conducted worldwide over the past 30 years and reviewed by the WHO (WHO,
2003) has shown that the indicator organisms which correlate best with health
outcome were enterococci/fecal streptococci for marine waters. Other indicators
showing correlation were fecal coliforms and staphylococci.

! 1000
Legend:
FC: faecal coliforms Gl: gastrointestinal symptoms
Ec: E. coli HCGI: highly credible gastroenteritis
Ent: enterococci Ear: Ear symptoms 4 500
Sa: Streptococcus aureus El: Ear infections
FS: faecal streptococci  AFRI: acute febrile respiratory iliness
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Figure 2.3 Risks of illness for swimmers in marine waters (WHO, 2003)

In marine bathing waters, the United Kingdom randomized controlled trials
(Kay et al., 1994; Fleisher et al., 1996) probably contained the least amount of
bias. These studies gave the most accurate measure of exposure, water quality,
and illness compared with observational studies where an artificially low
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threshold and flattened dose-response curve (due to misclassification bias) were
likely to have been determined.

Table 2.7 Epidemiological studies evaluated for WHO guidelines

First author Year Country Study design Water Notes

Fleisher 1996 UK Randomized marine d
controlled trial

Haile 1996 US Prospective cohort marine

Van Dijk 1996 UK Prospective cohort marine ¢

Bandaranayake 1995 New Zealand Prospective cohort marine d

Kueh 1995 Hong Kong  Prospective cohort marine b

Medical Research 1995 South Africa Prospective cohort marine a, ¢

Council

Kay 1994 UK Randomized marine d
controlled trial

Pike 1994 UK Prospective cohort*™  marine a, b, ¢

Corbett 1993 Australia Prospective cohort marine a, d

Fewtrell* 1992 UK Prospective cohort fresh d

UNEP/WHO 1991 Israel Prospective cohort marine b, d

no. 46

UNEP/WHO 1991 Spain Prospective cohort marine a, b, d

no. 53

Cheung 1989 Hong Kong  Prospective cohort marine a, b

Ferley 1989 France Retrospective cohort  fresh a, b, c

Lightfoot 1989 Canada Prospective cohort fresh

Fattal, UNEP/ 1987 lIsrael Prospective cohort marine b, d

WHO no. 20

Seyfried 1985 Canada Prospective cohort fresh

Dufour 1984 US Prospective cohort fresh a,b

Cabelli 1983 Egypt Prospective cohort marine a, b, c

Cabelli 1982 US Prospective cohort fresh & a, b

marine

Mujeriego 1982 Spain Retrospective cohort*™™ marine b, a

Stevenson, 1953 US Prospective cohort fresh b, c,d

3-day study

a. Only use of seasonal mean for analysis of association with outcome reported.
b. Control for less than three confounders reported, or no reporting at all.

c. Exposure not defined as head immersion/head splashing/water ingestion.

d. <1700 bathers and 1700 non-bathers participating in the study.

* Exposure is whitewater canoeing; similar to swimming, water intake is likely,
while turnover or through ingestion or inhalation of droplets.

** Cross-sectional study.

Remark: Two studies analyze the same data sets 5, 10 but come to different
conclusions.

Source: WHO (1998), “Guidelines for safe recreational-water environments.”
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The United Kingdom randomized controlled trials were therefore the key
studies used to derive the guideline values for recreational waters. However, it
should be emphasized that they are primarily indicative for adult populations in
marine waters in temperate climates. Studies that reported higher thresholds and
case rate values (for adult populations or populations of countries with higher
endemicities) may suggest increased immunity, which is a plausible hypothesis.
Most studies reviewed by Priiss (1998) suggested that symptom rates were
higher in lower age groups, and the United Kingdom studies may therefore
systematically underestimate risks to children.

WHO concluded that the controlled randomized trial studies were the most
accurate and the WHO Experts’ Committee based the new guidelines for marine
waters on the only study of this type for enteric illness, reported by Kay and
Fleisher et al. (1994), in the United Kingdom. It is noted that these are temperate
waters and not characteristic of tropical waters.

The guideline values for microbial water quality given in Table 2.8 are derived
from the key studies described above. The values are expressed in terms of the
95th percentile of numbers of intestinal enterococci per 100 ml and represent
readily understood levels of risk based on the exposure conditions of the key
studies. WHO defined a 1% risk for illness occurrence due to bathing as “an
excess illness of one incidence in every 100 exposures,” compared to non-bathers.
The values may need to be adapted to account for different local conditions.

Figure 2.4, on which the WHO guideline values of Table 2.8 are derived,
shows the dose-response relation between health risk and the 95th percentile
value of the intestinal enterococci indicator for contracting gastro-enteritis
and acute febrile respiratory illness (AFRI) (Fleisher 1996) by bathing in micro-
biologically contaminated water.

The 95th percentile approach

WHO and many agencies have chosen to base criteria for recreational-water
compliance upon either 95% compliance levels (i.e., 95% of the samples must lie
below a specific value in order to meet the standard) or geometric mean values of
water quality data collected in the bathing zone. Both have significant drawbacks.
The geometric mean is statistically a more stable measure, but this is because the
inherent variability in the distribution of the water quality data is not characterized
in the geometric mean. However, it is this variability that produces the high values
at the top end of the distribution that are of greatest public health concern.

The 95% compliance system, on the other hand, does reflect much of the
top-end variability in the distribution of water quality data and has the merit
of being more easily understood. However, it is affected by greater statistical
uncertainty and hence is a less reliable measure of water quality, thus requiring
careful application to regulation.
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Other options include the percentile approach, in which a specified percentile,
most commonly the 80th, 90th, or 95th, is calculated. A limit can then be set for
making judgments about the water quality, depending on whether the specified
percentile value exceeds it or not. A simple ranking method by which a specified
percentile may be calculated from the sample series being evaluated is given
in Bartram and Rees (2000). Other methods for calculating sample series
percentiles are given by Ellis (1989). Ninety-fifth percentile values calculated in
this manner suffer from some of the same drawbacks described above for the
95% compliance system.

A more appropriate method of calculating the 95th percentile, which makes
better use of all the data in the sample set, is to generate a probability density
function (PDF) based on the distribution of indicator organisms over a defined
bathing area and then to use the properties of this PDF to estimate the 95th
percentile value of this distribution. In practice, the full procedure is rarely carried
out, and 95th percentiles are calculated using the lognormal distribution method
given in Bartram and Rees (2000). This is called a parametric method, since it
requires the estimation of the population parameters known as the mean and
standard deviation of the lognormal distribution. One limitation of the method is
that if the samples are not lognormally distributed, it will yield erroneous
estimates of the 95th percentile. Also, if there are data below the limit of detection,
these data must be assigned an arbitrary value based on the limit of detection.
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Table 2.8 WHO Guidelines for microbial water quality of recreational waters

95th percentile

Basis of derivation

Estimated risk per exposure

intestinal
enterococci
per 100 ml
=40 This range is below <1% Gl iliness risk
A the NOAEL in most <0.3% AFRI risk
epidemiological studies.
The upper 95th percentile value of
40/100 ml relates to an average
probability of less than one case of
gastroenteritis in every 100 exposures.
The AFRI burden would be negligible.
41-200 The 200/100 ml value 1-<5% Gl illness risk
B is above the threshold 0.3-<1.9% AFRI risk
of illness transmission
reported in most The upper 95th percentile value of
epidemiological studies 200/100 ml relates to an average
that have attempted to probability of one case of
define a NOAEL or LOAEL gastroenteritis in 20 exposures.
for Gl illness and AFRI. The AFRI iliness rate at this upper
value would be less than 19 per 1000
exposures, or less than approximately
1in 50 exposures.
201-500 This range represents a 5-10% Gl iliness risk
C substantial elevation inthe | 9 3 9o, AFR] risk
probability of all adverse
health outcomes for which  This range of 95th percentiles repre-
dose-response data are sents a probability of 1in 10to 1in 20 of
available. gastroenteritis for a single exposure.
Exposures in this category also
suggest a risk of AFRI in the range of
19-39 per 1000 exposures, or a range
of approximately 1in 50 to 1in 25
exposures.
>500 Above this level, there may >10% Gl illness risk
D be a signifi_cant_risk of high ~3.9% AFRI risk
levels of minor illness
transmission. There is a greater than 10% chance of
gastroenteritis per single exposure.
The AFRI iliness rate at the 95th
percentile point of >500/100 ml would
be greater than 39 per 1000 exposures,
or greater than approximately 1 in 25
exposures.
Notes:

1. Abbreviations used: A-D are the corresponding microbial water quality
assessment categories (see section 4.6 of WHO,2003) used as part of
the classification procedure (Table 4.12 of WHO, 2003); AFRI = acute febrile
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respiratory illness; Gl = gastrointestinal; LOAEL = lowest-observed-adverse-
effect level; NOAEL = no-observed-adverse-effect level.

The “exposure” in the key studies was a minimum of 10 min of swimming
involving three head immersions. It is envisaged that this is equivalent to many
immersion activities of similar duration, but it may underestimate risk for longer
periods of water contact or for activities involving higher risks of water ingestion
(see also note 8).

The “estimated risk” refers to the excess risk of iliness (relative to a group of non-
bathers) among a group of bathers who have been exposed to faecally
contaminated recreational water under conditions similar to those in the key
studies.

The functional form used in the dose-response curve assumes no further iliness
outside the range of the data (i.e., at concentrations above 158 intestinal
enterococci/100 ml; see Box 4.3 of WHO, 2003). Thus, the estimates of illness
rate reported above this value are likely to be underestimates of the actual
disease incidence attributable to recreational water exposure.

The estimated risks were derived from sewage-impacted marine waters.
Different sources of pollution and more or less aggressive environments may
modify the risks.

This table relates to risk to “healthy adult bathers” exposed to marine waters in
temperate north European waters.

This table may not relate to children, the elderly, or the immunocompromised,
who could have lower immunity and might require a greater degree of protection.
There are no adequate data with which to quantify this, and no correction factors
are therefore applied.

Epidemiological data on fresh waters or exposures other than swimming (e.g.,
high-exposure activities such as surfing, dinghy boat sailing or whitewater
canoeing) are currently inadequate to present a parallel analysis for defined
reference risks. Thus, a single series of microbial values is proposed, for all
recreational uses of water, because insufficient evidence exists at present to do
otherwise. However, it is recommended that the length and frequency of
exposure encountered by special interest groups (such as bodysurfers, board
riders, windsurfers, sub-aqua divers, canoeists and dinghy sailors) be taken into
account (Chapter 1 of WHO, 2003).

Where disinfection is used to reduce the density of index organisms in effluents
and discharges, the presumed relationship between intestinal enterococci (as an
index of faecal contamination) and pathogen presence may be altered. This
alteration is, at present, poorly understood. In water receiving such effluents and
discharges, intestinal enterococci counts may not provide an accurate estimate
of the risk of suffering from gastrointestinal symptoms or AFRI.

Risk attributable to exposure to recreational water is calculated after the method
given by Wyer et al. (1999), in which a log10 standard deviation of 0.8103 for
faecal streptococci was assumed. If the true standard deviation for a beach is
less than 0.8103, then reliance on this approach would tend to overestimate the
health risk for people exposed above the threshold level, and vice versa.

Note that the values presented in this table do not take account of health
outcomes other than gastroenteritis and AFRI. Where other outcomes are
of public health concern, then the risks should also be assessed and appropriate
action taken.

Guideline values should be applied to water used recreationally and at the times
of recreational use. This implies care in the design of monitoring programs to
ensure that representative samples are obtained.
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Guidelines for seawater

The guideline values for microbiological quality given in Table 2.8 are derived
from the key studies described above. The cutoff or bounding guideline values
(40, 200, 500) are expressed in terms of the 95th percentile of numbers of
intestinal enterococci per 100 ml and represent readily understood levels of risk
based on the exposure conditions of the key studies. The values may need to be
adapted to account for different local conditions and are recommended for use in
the recreational-water environment classification scheme discussed in the WHO
Guidelines document.

For the purposes of water quality monitoring, the terms fecal streptococci,
intestinal enterococci and enterococci are considered to be synonymous
(Figueras et al., 2000). Intestinal enterococci are used in the WHO Guidelines
for Safe Recreational Environments. Exposure to recreational waters with these
measured indicators refers to body contact that is likely to involve head
immersion, such as swimming, surfing, white-water canoeing, scuba diving, and
dinghy boat sailing.

Available evidence suggests that the guideline values presented in Table 2.8
provide a lesser degree of health protection than that considered tolerable in
other areas of environmental quality regulation. However, the central “200” cut-
off or upper bounding value represents a stricter standard than is encountered in
many areas at present. Measures to discourage water use at times or in locations
of greater risk may provide cost-effective means to improve health protection
and water quality classification.

2.6.3.2 Other standards

Many international, national, and local agencies have established guidelines and
standards for water quality indicators to protect human health that can provide a
reference point for planning. They are summarized in Table 2.9. The standards
vary widely, reflecting different philosophies, levels of risk, and/or levels of water
use protection. The principal factor responsible for the range of standards is the
origin of the supporting criteria, be they epidemiological, aesthetic, or ecological.

It is noted that, except for Brazil and Peru, most of the countries in Latin
America that have promulgated national standards have adopted them directly,
with minor modifications, from those applied in the USA prior to 1986 with
perhaps minimal considerations given to economic realities and development
priorities. Developing nations, such as in Latin America, differ from indus-
trialized nations, where most of the research is conducted, in that the developing
country must allocate limited financial resources to a greater number of basic
public works and economic development projects. It is important that the
planner conduct a thorough review of the prevailing local water quality
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guidelines/standards (if any exist) to insure that local economic development
priorities are reasonably accounted for. Control systems, such as ocean outfalls,
are among the most capital intensive means of wastewater disposal although life
time costs will be considerably less in comparison to secondary wastewater
treatment with onshore disposal. Consequently, the decision to design the system
for other than minimum water quality standards should be supported by
demonstrated need, or a stated local/national policy decision.

We have not found any epidemiological investigations which were used as a
basis for the Brazilian standard for primary contact recreation, which is
essentially five times that of the USEPA guideline for fecal coliforms which was
applied until 1986 (see Table 2.9). It is reasonable to conclude that the Peruvian
standard, which is identical to that of Brazil, was highly influenced by the
latter. In 1987, the “Companhia de Tecnologia de Saneamento Ambiental of Sao
Paulo (CETESB)” (Garcia Agudo, 1991) embarked on an epidemiological study
to ascertain the relationship between swimming associated illnesses and
microbiological indicators for Brazil (publication pending). CETESB (1999)
has subsequently conducted additional prospective cohort studies. A similar
epidemiological study was conducted during 1991-1993 in Trinidad Tobago
(CEPPOL/UNEP, 1991). The studies in Brazil and Trinidad and Tobago
demonstrated that the indicator organism which correlated best with health
outcomes was enterococci.

As can be seen in Table 2.9, the microbiological standards are frequently
expressed as a permissible mean concentration and a maximum value that
should not be exceeded a given percent (90% is common) of the time. However,
the relationship between these two criteria should be evaluated. For example,
Kay et al. (1990), show that the 1976 EEC mandatory criteria that 95% of the
samples be less than 2000 fecal coliforms/100 ml was more strict than the
geometric mean of 200/100 ml used by the USEPA prior to 1986. This analysis
assumes a log normal distribution with a standard deviation of 0.7 (log;() that
implies that for a mean of 200/100 ml, 95% of the samples would have to be less
than 2834/100 ml. However, it is noted that the pre-1986 USEPA guidelines also
specified that 90% of the samples be less than 400/100 ml which translates to a
geometric mean of about 50 fecal coliforms/100 ml utilizing the same assump-
tions of Kay et al. (1990). The present USEPA guidelines and the implications
of the Single Sample Maximum Allowable Density approach adopted in these
guidelines have already been discussed in Section 2.6.2.1.

The establishment of water quality objectives (standards) is dependent on
existing or planned water uses in an area, and, as such, are site specific. The
discussions in this document have been and will continue to be limited to the
presentation of past and present guidelines and standards and there adaptation
and application to protect different water uses.
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Table 2.9 Guidelines and standards for Microbiological Water Quality for primary
contact recreation (per 100 ml) (Salas, 2002)

Country Coliforms Other Reference
Total Fecal
USA (EPA) Enterococci 35° USEPA (1986), Dufour and
(see Table 2.3) Ballentine (1986)
USA 10002" 200" Enterococci 35"  SWRCB (2005)
(California) 10000™" 400™"  1o00™h
EECP, Intestinal EC (2006)
Europe Enterococci
10061,d1 ,
20002,d1’
18503,d2
E. Coli 250°"4",
50002,d1’ 50Q3.92
UNEP/ 50% < 100% WHO and UNEP (1978)
WHO 90% < 1000"
Brazil 80% 80% <1000/ Ministerio del Interior
<5000 (1976)
Colombia 1000 200 Ministerio de Salud (1979)
Cuba 1000? 200? Ministerio de Salud (1986)
90% <400
Ecuador 1000 200 Ministerio de Salud Publica
(1987)
Mexico 80% < 1000° SEDUE (1983)
100% < 10,000
Peru 80% <5000° 80% < 1000° Ministerio de Salud (1983)
Puerto Rico 2009 JCA (1983)
80% <400
Venezuela <5000 90% <200 Venezuela (1978)
90% <1000  100% <400
France <2000 <500 Fecal WHO (1977)
streptococci
<100
Israel 80% <1000 Argentina INCYTH (1984)
Japan 1000 Japan Env. Agency (1981)
Poland E. Coli <1000 WHO (1975)
USSR E. Coli <100 WHO (1977)
Yugoslavia 2000 Argentina, INCYTH (1984)
People’s <200' Coli index SEPA (1998)
Republic <1000'
of China

a. Logarithmic average for a period of 30 days of at least 5 samples
b. Minimum sampling frequency — fortnightly
c. Excellent quality (c1); Good quality (c2); sufficient (c3)
d. Based upon 95-%tile (d1); Based upon 90-%tile (d2)
e. At least 5 samples per month

. Minimum 10 samples per month

g. At least 5 samples taken sequentially from the waters in a given instance

h. Within a zone bounded by the shoreline and a distance of 1000 feet from the shoreline or

f
the 30 foot depth contour, whichever is further from the shoreline
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i. No sample taken during the verification period of 48 hours should exceed 10,000
j. “Satisfactory” waters, samples obtained in each of the preceding 5 weeks

k. Maximum permitted value in unit item determination

I. Sampling frequency no less than once a month. More than 95% of the samples in a year
should accord with the standard.

m. Single sample maximum

2.6.4 Standards for shellfish

An ancient reference concerning the danger of eating certain marine animals is
found in the Bible, where Moses in Deutoronomy alerts his people that “Of all
creatures living in the water, you may eat any that have fins and scales. But
anything that does not have fins and scales you may not eat; for you it is
unclean” (Deut. 14:9-10).

The most stringent bacterial criteria are associated with shellfish harvesting
areas. Various shellfish standards are summarized in Table 2.10. Certain
shellfish such as oysters, clams, mussels and scallops, etc. feed by filtering
water, and consequently, tend to concentrate contaminants, providing a
favorable environment for the continued growth of harmful organisms. It has
been demonstrated that water containing a relatively small number of harmful
microbes can produce shellfish containing pathogen concentrations which will
transmit disease. As reported by Wood (undated), the transmission of entero-
pathogenic diseases by polluted mollusks was first documented for typhoid fever
in the latter part of the nineteenth century. Since then, Wood (undated) reports,
contaminated shellfish have been associated with the transmission of a wide
range of diseases including paratyphoid fever, cholera, viral hepatitis and many
other gastro-enteric conditions.

The USEPA (1976) recommended that the “evaluation of the micro-
biological suitability of waters for recreational taking of shellfish should be
based upon the fecal coliform bacterial levels. When possible, samples should be
collected under those conditions of tide and reasonable rainfall when pollution is
most likely to be a maximum in the area to be classified. The median fecal
coliform value should not exceed an MPN of 14 per 100 ml and no more than
10 percent of the samples should exceed an MPN of 43”. As stated in the
USEPA (1976) report, the primary source of these guidelines was the inter-
nationally accepted microbiological criterion for shellfish water quality of 70
total coliforms per 100 ml, using a median MPN, with no more than 10 percent
of the values exceeding 230 total coliforms per 100 ml. The fecal coliform
guidelines recommended were simply derived from the fecal to total coliform
ratios (approximately 20%) based on more than 3500 sets of data measured in
the USA.
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Table 2.10 Guidelines and Standards for Microbiological Water Quality for
Shellfish Harvesting (per 100 ml) (Salas, 2002)

Country Coliforms Reference
Total Fecal
USA (EPA) 142 USEPA (1986),
90% <43 Dufour and Ballentine (1986)
USA 70° Cal. Sta. Water Res. Board
(California) (undated)
UNEP/WHO 80% <10 WHO and UNEP (1978)
100% < 100

Mexico 70° SEDUE (1983)

90% <230
Peru 80% < 1000 80% <200 Ministerio de Salud (1983)

200% < 1000

Puerto Rico 70°¢ Puerto Rico JCA (1983)

80% <230
Venezuela 702 142 Venezuela (1978)

90% <230 90% <43
Japan 70 Environmental Agency (1981)
People’s Coli index<50 14 SEPA (1998)
Republic
of China

a. Logarithmic average for a period of 30 days of at least 5 samples
b. Monthly average
c. At least 5 samples taken sequentially from the waters in a given instance

The above mentioned internationally accepted total coliform standard was
originally established in 1925 (Committee on Evaluation of Safety of Fishery
Products, 1991) based on typhoid epidemiological investigations conducted
from 1914 to 1925 by the states and the Public Health Service of the USA.
It was believed that typhoid fever would not normally be attributed to shellfish
harvested from water in which “not more than 50% of the 1 cc portions of water
examined were positive for coliforms” (FDA, 1989). This equates to 70 MPN
total coliforms/100 ml, which is equivalent to the fecal material from one person
diluted in 8 million cubic feet (226,700 m3) of coliform-free water. Later, these
standards were extrapolated to fecal coliforms on the basis that fecal coliforms
were more accurate indicators of fecal contamination.

Table 2.9 shows that most Latin American countries have adopted this
internationally accepted criterion with the exception of Peru that has a standard
that 80% of samples be less than 200 fecal coliforms per 100 ml and 100% less
than 1000 in shellfish harvesting waters.
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WHO/UNDP current criterion on shellfish harvesting waters is that 80% of
samples should be less than 10 fecal coliforms per 100 ml and 100% less than
100 fecal coliforms per 100 ml (Helmer et al., 1991).

2.6.5 Standards for indigenous organisms

There are few standards for protection of indigenous organisms. Apparently,
only Mexico and Peru have formulated such standards. They are shown in
Table 2.11.

Table 2.11 Standards for Microbiological Water Quality for Protection of
Indigenous Species (per 100 ml) (Salas, 2002)

Country Coliforms Reference
Total Fecal
Mexico 10,0007 SEDUE (1983)
80% < 10,000

100% < 20,000
Peru 80% < 20,000 80% < 4,000 Ministerio de Salud (1983)

@ Monthly average

2.7 RECOMMENDATIONS

Tables 2.8 and 2.9 provide a range for the water quality planner principally for
total and fecal coliforms as indicator organisms. Although more than 80 years
have passed since their first application, a range of three orders of magnitude
continues to exist around the world. The number of epidemiological studies
that justify these total and fecal coliform standards is very limited, although the
application of these standards can result in significant costs for control systems.
As such, the simple adaptation of a particular set of standards is inappropriate
without a thorough review of their origin and the local socio-economic
circumstances.

The Cabelli (1983) studies provided for the first time a quantitative relation
between health risk and indicator organisms (enterococci) level, although factors
such as the general health and immunity of the local population imply that
caution should be exercised in directly applying the relationships developed in
other areas. Furthermore, in epidemiological studies conducted after those of
Cabelli, correlation between sickness symptoms and bacterial indicator concen-
trations varied considerably.

As such, it is recommended that the countries, especially in developing
countries where priorities often must be established for projects of first
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necessity in the context of limited economic resources, conduct local
epidemiological studies directed at establishing the relationship between health
risk and indicator organisms. There is significant controversy concerning the
type of study that should be adopted. The majority of studies conducted to date
are prospective cohort studies (Pruss, 1998) as were the Cabelli (1983) studies
(protocol available in WHO, 1986). However, in the recent WHO efforts, only
controlled randomized trial studies have been considered by the experts’ group
as more accurate (Pruss, 1996) and the only study of this type conducted in
marine waters by Kay, Fleisher et al. (1994) in the United Kingdom, has been
used as the basis for developing the WHO guidelines for recreational marine
waters for enteric illness. The application of these guidelines to the tropical
waters is of concern.

The cost of epidemiological studies is justifiable in the context of the large
potential capital expenditures associated with control systems. Also, the adapta-
tion of a particular risk level for human health should be based on the local
socio-economic situation if it is to be viable.

Furthermore, at the global launching of the WHO Guidelines for Safe
Recreational-water Environments during the XXVIII AIDIS Congress held in
Cancun, Mexico on 30 October 2002, the following conclusions were made:

“...Concerns were expressed about the broad applicability of the WHO
Guidelines to Latin America and the Caribbean. Issues discussed included:
tropical waters, local endemic illnesses, susceptibility of children and the elderly,
tourists, and length of exposure.

It was concluded that epidemiological studies should be conducted in the Region
to evaluate the applicability of the WHO Guidelines to Latin American and the
Caribbean temperate and tropical environments. It was also recommended that
pilot studies be conducted applying the Annapolis Protocol for beach manage-
ment. Generally, there was recognition of the need for the guidelines and an
appreciation was expressed for the efforts of WHO/PAHO.”

An International Experts Consultation to develop a protocol for epidemio-
logical investigations in recreational bathing waters to determine the applic-
ability of the WHO Guidelines for Safe Recreational Water Environments to
the tropical waters and conditions of Latin America and the Caribbean (LAC)
and elsewhere took place in Mexico City from the 28 to 30 November 2005.
The Summary Report (Salas and Robinson, 2006) of the Experts Consultation
presents the major issues, conclusions and recommendations of the world-
renowned experts who participated and includes epidemiological bathing beach
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protocols worldwide with their associated questionnaires that were conducted in
Great Britain, upon which the numerical values of the WHO Guidelines are
based, in the USA, in Germany for freshwaters, in Brazil and in Trinidad &
Tobago. The Epidemiological Protocol for LAC developed is available in Salas
and Robinson (2008).

In the interim, it is recommended that the WHO Guidelines for Safe
Recreational Water Environments be adopted in developing countries until
further epidemiological investigations are conducted. Intestinal enterococci that
best relates to disease burden should be adopted as the primary biological
indicator for surveillance water quality monitoring of bathing beaches and the
transition from other indicator organisms should begin as soon as possible based
on the capabilities of the countries to do so.






3

Wastewater mixing and dispersion

3.1 INTRODUCTION

The manner in which wastewaters are discharged has a crucial effect on their
environmental impacts. It also determines their public health impacts, as
demonstrated by the relative health risks of different discharge and treatment and
alternatives shown in Table 1.1. A discharge near a beach will contaminate it,
will be visible to all, and will cause considerable health risks; a discharge from
an open-ended pipe into a shallow bay with poor flushing will contaminate the
bay. But these and other impacts can be almost completely eliminated by an
effective outfall with an efficient diffuser that discharges into moderately deep
water some distance offshore. This eliminates shoreline impacts (and hence most
health risks), and the high dilution and efficient dispersion that occurs in coastal
waters will reduce any impacts on receiving water quality and the ecosystem to
minimal levels.

© 2010 IWA Publishing. Marine Wastewater Outfalls and Treatment Systems. By Philip JW Roberts,
Henry J Salas, Fred M Reiff, Menahem Libhaber, Alejandro Labbe, and James C Thomson.
ISBN: 9781843391890. Published by IWA Publishing, London, UK.
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Designing an ocean outfall to meet these objectives requires an understanding
of how wastewaters mix in coastal waters and what governs their fate and
transport. This mixing has unique and complex characteristics because domestic
sewage is less dense than seawater and is released from a diffuser into coastal
waters that have their own complex hydrodynamics. The purpose of this chapter is
to review and discuss the dominant mixing processes of ocean outfalls discharges.

Although mathematical models are now widely used for fate and transport
predictions, the emphasis in this chapter is to explain basic processes and present
practical methods to predict the various phases of mixing. The reason for this
approach is that knowledge of basic mechanisms is essential to good outfall
design, to informed use of more complex mathematical models, and as a check on
their reliability. Indeed, the equations presented here will often suffice for fairly
straightforward outfall designs and can, in some circumstances be more reliable
than the predictions of more “sophisticated” mathematical models. Mathematical
models commonly used for outfall mixing processes are discussed in Chapter 4.

The essential features of a typical ocean outfall discharge are shown in
Figure 3.1. The wastewater is usually ejected horizontally as round turbulent jets
from a multiport diffuser. The ports may be spaced uniformly along both sides of
the diffuser or clustered in risers attached to the outfall pipe. See Chapter 9 for a
discussion of diffuser and port designs.

Far field | Neer field

Figure 3.1 Typical behavior of wastewater discharged from an outfall
into coastal waters

Buoyancy and oceanic density stratification play fundamental roles in
determining the fate and transport of marine discharges. Because the density of
domestic sewage is close to that of fresh water, it is very buoyant in seawater.
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The jets therefore begin rising to the surface and may merge with their neighbors
as they rise. The turbulence and entrainment induced by the jets causes
rapid mixing and dilution. The region in which this occurs is called the “near
field” or “initial mixing region” (these terms are defined in Table 2.2 and their
hydrodynamic meanings are discussed in Section 3.3). If the water is deep
enough, oceanic density stratification may trap the rising plumes below the water
surface; they stop rising and begin to spread laterally. The wastefield then drifts
with the ocean current and is diffused by oceanic turbulence in a region called
the “far field.” The rate of mixing, or increase of dilution, is much slower in the
far field than in the near field. As the wastefield drifts, particles may deposit
on the ocean floor and floatables may reach the ocean surface to be transported
by wind and currents. Finally, large scale flushing and chemical and biological
decay processes removes contaminants and prevents long-term accumulation of
pollutants. In reality, there is not a sudden transition between the near and far
fields as implied in Figure 3.1. The transition is gradual, but for predictive
purposes it is convenient to model it as if it were instantaneous.

It is instructive to think of these processes in terms of their length and time
scales. These scales increase as the effluent moves away from the diffuser, in a
way that Brooks (1984) has referred to as a “cascade of processes at increasing
scales.” The most important of these processes, illustrated graphically in
Figure 3.2, are:

® Near field mixing: Mixing caused by the buoyancy and momentum of
the discharge; it occurs over distances of 10 to 1,000 m and times of
1-10 minutes;

e Far field mixing: Transport by ocean currents and diffusion by oceanic
turbulence; it occurs over distances of 100 m to 10 km and times of 1 to 20
hours;

e Long-term flushing: Large scale flushing, upwelling or downwelling,
sedimentation; it occurs over distances of 10 to 100 km and times of 1 to
100 days and longer.

Further complicating the situation is that these processes can overlap, and
there may be transitions between the various phases.

The mixing mechanisms in each of the three major phases and methods to
predict them are discussed in Section 3.3. Of these phases, near field mixing is
the only one that is under the control of the designer. But it can also have a
substantial effect on all of the subsequent transport phases, so it is dealt with in
more detail than the others. For a review of the difficulties of modeling water
quality and dispersion in coastal waters, see James (2002).
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Near field Transition Far field Long-term flushing
Jet and plume
turbulence;
internal jumps
Buoyant spreading

Ambient diffusion
Advection byocean currents

Large-scale flushing;
upwelling; sedimentation

1 hour 1 day 1week 1month
T T T T T —>
10 10? 10° 10 10°
Time scale (min)
1km 10 km 100 km
10 107 10° 104 10°
Spatial scale (m)

Figure 3.2 Approximate time and length scales of the main processes affecting
ocean outfall discharges

Because of the wide range of time and length scales involved, it is not usually
feasible to model them in one overall “omnibus” model. Instead, sub-models
that are linked together are often used. The procedures to accomplish this are
discussed here and in the following chapter.

3.2 FEATURES OF COASTAL WATERS
3.2.1 Introduction

Coastal waters have particular hydrodynamic characteristics that greatly
influence the fate of pollutants discharged to them, as discussed in this section.
For further details see review papers such as Csanady (1979, 1983b), Gross
(1983), Winant (1980), and Allen (1980); the discussion below follows the
reviews of Csanady.
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3.2.2 Water motions

Coastal waters are driven primarily by winds and tides, although freshwater
runoff from the land can also be an important forcing mechanism. Because
of differing climate, bathymetry, and density stratification, responses to these
forcing mechanisms vary widely. Up to about 10 km offshore the motions are
strongly influenced by the coast. They may differ significantly from those farther
offshore even though offshore motions, especially deepwater gyres, can drive
circulation close to shore. All motions can be modified by the earth’s rotation
(Coriolis forces), and the sloping bottom. Although the complexity and
unsteadiness of these motions make them difficult to predict, they result in
near coastal waters being quite energetic and able to mix and disperse effluent
quite efficiently. Evidence of this efficient mixing or ‘“assimilative capacity”
can be seen, for example, in the rapid disappearance of freshwater runoff away
from shore.

The ultimate fate of wastewater released into coastal waters is determined
by currents, turbulence, and shear. These result from motions that have widely
differing time scales, including surface waves, tidal currents, wind-driven
longshore currents, and large-scale mean circulation. These differ for “Atlantic”
type continental shelves, which are shallow for considerable distances from the
coast, and Pacific or Caribbean shelves, where the depth increases rapidly with
distance offshore. Pollution problems are generally less critical for coastlines
with steep bottom slopes.

Contrary to intuition, surface waves do not contribute substantially to mixing
because they are closely irrotational. Waves may break, however, causing
turbulence, mixing, and transport at the air-sea interface. And storms may
cause wave-induced motions at the seabed that lead to resuspension of waste
particulates. Wave-induced velocities decrease with water depth, but storm
waves are capable of stirring up fine particles at depths up to 30 to 40 m.

Tides are often the major constituent of the kinetic energy of coastal currents.
Typical tidal velocities over Atlantic shelves are around 20 cm/s. Particles
experience elliptical displacements over a tidal cycle, the major axis of the
ellipse being parallel to shore and typically several kilometers long. The minor
axis of the tidal excursion vanishes right at the coast. At one or two km from the
coast, cross-shore tidal excursions are restricted by the coast to distances less
than about one kilometer. Obviously, outfalls should be longer than the onshore
tidal excursion to prevent sewage from coming to shore.
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These tidal oscillations make a major contribution to mixing because they
distribute the effluent over a large area. As the coastal waters oscillate over an
outfall, the water discharged is distributed over a considerable water mass that
extends several kilometers alongshore and about one km wide. This process can be
thought of as the waters being still and the outfall moved over an elliptical area of
similar dimensions. This effect is discussed further and analyzed in Section 3.3.3.

3.2.3 Density stratification

Coastal waters that are deeper than about 20 m are usually density stratified, i.e.
the seawater density varies with depth. This is due to salinity and/or temperature
variations, and there are many equations and procedures from which seawater
density can be calculated, for example, Bigg (1967), Millero et al. (1980), and
Millero and Poisson (1981). In areas remote from freshwater inflows, such as
estuaries, the stratification is mostly due to temperature, with warmer, less dense
water near the surface, and colder, more dense water near the bottom. Near to
significant freshwater sources, however, the stratification may result more from
salinity variations. Salinity stratification can be much stronger than that due to
temperature alone.

Although the absolute density variations are very small, of the order of a few
percent, they have profound implications for wastewater behavior. Typical
horizontal and vertical variations of density in coastal waters are shown in
Figure 3.3. The planes (isolines) of constant density are approximately horizontal.
Vertical variations often show a well-mixed surface layer a few meters thick
(the surface mixed layer), a region with a rapid change of density (the pycnocline),
and deeper water below that is weakly stratified. Effluent released in deep waters
below a strong pycnocline will be trapped in the bottom layer.

Offshore distance (km) Density (oy)
% 1 2 3 4 5 6 7 8 9 23 24 25
I 234 Surface
mixed layer
B \ >Pycnocline
10 24.2 1 L
£ \
<
g
fa 246~ Weakly
120 1 r \ stratified
30

Figure 3.3 Typical horizontal and vertical density variations in coastal waters
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A very important consequence of density stratification is that, because the
planes of constant density are approximately horizontal, a trapped plume will
remain submerged and not reach the shore. This is illustrated in Figure 3.4.
The density stratification can also cause internal-mode tidal motions (internal
waves), which can cause large vertical motions of the constant density surfaces
and considerable cross-shore mass exchange. It has been suggested that internal
waves may be a mechanism for bringing a submerged plume to the shoreline
(Boehm et al., 2002), but the authors know of no documented cases of this
occurring. Another important consequence of density stratification is that it
inhibits vertical mixing. The vertical thickness of waste fields can therefore
remain almost constant for long distances from their source.

\

Spreading wastefield

Rising plume

Figure 3.4 Trapping of plume by density stratification and prevention
of shoreline contact

3.2.4 Winds

Wind-driven currents can dominate flows near coastlines, especially if tidal
motions are small. They can have the same amplitude as strong tidal currents
(30 cm/s or so) but occur much less regularly, depending on the passage of
weather cycles. Although periodicities of a few days may occur, the winds can
be quiescent for much longer.

Wind-driven currents under well-mixed conditions are approximately parallel
to shore. They are not exactly parallel, however, so intense shear and cross-shore
water movements can occur near the surface that may be compensated by an
opposite flow at greater depth. Because wind-driven currents generally persist
for a day or two, Coriolis forces due to the earth’s rotation are also important.

Wind effects are strongest in waters that are deep enough to remain strongly
stratified during the summer (deeper than about 30 m). In this case, the wind
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mostly affects the surface waters, which move faster than the lower levels and
in a different direction than in a well-mixed water column. This can cause
upwelling or downwelling and tilt the isolines of constant density. The most
important aspect of this wind-induced upwelling or downwelling is a massive
cross-shore exchange of water. The entire water mass can be effectively renewed
in a nearshore band following intense episodes.

Intense mass-exchange episodes can also occur in nontidal waters that are not
subject to the damping influence of tidal friction. Strong winds may propagate
along shore as long (Kelvin) waves and cause mass-exchange episodes long
after the wind event has passed. In coastal regions with strong tidal currents these
waves do not seem to be frequent, and wind-induced upwelling and downwelling
are relatively less intense.

The mean circulation over a coastal shelf is important in limiting the buildup
of long-lived (conservative) waste constituents, such as heavy metals. Longshore
mean velocities are generally of the order of three cm/sec which will effectively
“flush” a coastal zone. Methods to estimate this flushing are given in Section 3.3.3.

The mean circulation of coastal waters is generally a boundary-layer
component of the deep oceanic gyres, which impose a longshore sea level slope.
This large-scale pattern is modified by wind-stress, which “sets up” portions of
the shelf according to its topography, especially in semi-enclosed basins. The
wind-related setup is a pressure field trapped within relatively shallow water,
typically within the 50 m depth contour. Where outfalls are located on Atlantic-
type shelves, the water is typically 10 to 30 m deep and the mean wind stress
is generally stronger than the gravity force associated with the local longshore
mean sea-level slope, so that mean flow is along the mean wind.

There are other components of coastal zone flow, such as those due to internal
wave motions, edge waves and topographic waves, local flows produced by
seamounts or canyons, discharges from coastal lagoons, large eddies in the wake
of promontories or islands, river plumes and floating lenses of somewhat fresher
or warmer water originating from a distant river. Although these add to the
complexity of water movements, they are only occasionally as important as
those discussed above.

Discharges may be into waters deeper than about 50 m where the seabed
slope is steep. These occur in Pacific-type continental shelves or in the
Caribbean. Motions due to surface waves are not important in such locations, but
density stratification and vertical movements of the constant density surfaces are
very important (Roberts, 1999b). Most of the kinetic energy in the bottom layer
is provided by motions associated with transient pycnocline movements, such
as internal tides, inertial oscillations, and, especially important, wind-induced
coastal upwelling and downwelling cycles. While these motions will tend to
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transport pollutants away, and also promote mixing by turbulence and shear-
diffusion, they may also bring bottom waters to the surface, usually very close to
shore, in a strong upwelling event. The frequency of such events may be a
design consideration.

Coastal environments can therefore differ widely from one outfall site to
another. The typical values given above may not always apply, so reliable
estimates of flow characteristics must be obtained by oceanographic measure-
ments, preferably extending at least for a full year. Sometimes, and for fairly
small discharges, there may be enough general information on oceanographic
conditions to be certain that dispersion will take care of the disposal problem.
For example, in an open coastal location, with strong tidal currents, which are
usually known to the inhabitants of the sea coast, one can confidently predict
effective dispersal over the range of tidal excursions. Long-term buildup of
persistent toxic chemicals can be checked using a conservative mean (flushing)
velocity. In most cases, however, oceanographic investigations will be needed,
and extensive studies are becoming increasingly common, even for fairly small
projects. The gathering of the oceanographic data needed for outfall design is
discussed in Chapter 5.

3.3 MECHANISMS AND PREDICTION OF WASTEFIELD
FATE AND TRANSPORT

3.3.1 Introduction

The three major phases of mixing shown in Figure 3.2: Near field, far field, and
long-term flushing, are discussed in this section. The emphasis is on presenting
simple practical equations that can be used to predict mixing in each phase and
that aid in understanding the mixing processes and therefore result in effective
outfall design. These simple equations will suffice for many outfalls, especially
smaller, simpler, ones, but for larger or more complex cases, more extensive
modeling may be needed. The mathematical models needed for this are
discussed in Chapter 4.

3.3.2 Near field mixing
3.3.2.1 Introduction

Prediction of near field mixing requires understanding of the dynamics of jets,
plumes, and buoyant jets. These are defined according to the notation of Fischer
et al. (1979): a jet is a flow driven by the source momentum flux only, a plume is
driven by the source buoyancy flux only, and a buoyant jet is driven by both
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momentum and buoyancy fluxes. Discharges from an outfall diffuser have both
momentum and buoyancy and are therefore buoyant jets, but we will show that
the buoyancy flux is usually dominant so that ocean outfall discharges can often
be approximated as plumes. This leads to considerable analytical simplification
and to useful equations for predicting plume behavior and dilution.

In this section, we derive and present these equations to predict near field
behavior for the cases most relevant to ocean outfalls. The analysis follows that
of Fischer et al. (1979) and others, in that we mainly use dimensional analysis with
the source fluxes as independent variables combined with length scales and
experimental data. Although this method of analysis may initially seem to be rather
arcane, it is a powerful method that yields usable answers with little analysis.

We begin with the simplest discharge case, a single horizontal buoyant jet into
a stationary, homogeneous environment, and gradually build to the most complex
case of merging buoyant jets in a flowing, density-stratified environment.

We will extensively use images obtained by laser-induced fluorescence (LIF)
laboratory experiments to illustrate the mixing processes. In this technique,
a fluorescent tracer dye is added to the flow. A laser causes the dye to fluoresce
and the emitted light is captured by a camera. By suitable calibration, quantitative
tracer concentrations can be obtained, and the images can be color-coded to
visualize and show the concentration (and therefore dilution) distributions in the
flow. It is beyond the scope of the present book to describe this technique in detail,
but descriptions are given in many publications, for example, Koochesfahani and
Dimotakis (1985). In addition, we will show three-dimensional LIF (3DLIF)
images obtained by the techniques described in Tian and Roberts (2003).

3.3.2.2 Horizontal buoyant jet in stationary, homogeneous
environment

The simplest case is that of a single buoyant jet discharging horizontally into a
stagnant, unstratified receiving water of depth H, as shown in Figure 3.5. This
case also has considerable historical significance in that it was the first one
studied for ocean outfalls by Rawn and Palmer (1929).

Because of its buoyancy, the jet follows a trajectory that curves upwards
towards the water surface. As it rises, it entrains ambient fluid that mixes with
and dilutes the effluent. After impacting the water surface, it makes a transition
to a horizontal flow that spreads laterally where it may undergo an internal
hydraulic jump and other mixing processes that result in additional dilution. We
are most interested in the centerline dilution at the surface, S,,,, the thickness of
the spreading layer after the jump, %, and the dilution after the jump, §,,. As will
be discussed later, the subscript n refers to the near field.
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Figure 3.6 LIF images of a horizontal buoyant jet into stationary
homogeneous environment

LIF images of a horizontal buoyant jet are shown in Figure 3.6. They are color-
coded to show the concentration (and therefore dilution) distributions. Two
images are shown: an instantaneous “snapshot” and a time-averaged image.

Tracer concentrations decrease (and therefore dilution increases) along
the plume trajectory. The instantaneous image (Figure 3.6a) shows a patchy,
intermittent concentration field, with regions of high and low concentrations
separated by steep concentration gradients. This is contrast to the time-averaged
image (Figure 3.6b) which shows concentrations varying smoothly in space.
The instantaneous values can be considerably higher than averaged ones. The
dilution occurs because the rising plume entrains ambient fluid into itself, which
is then mixed by turbulent diffusion. This entrainment and mixing is quite
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efficient, and results in rapid dilution in the rising plume. Although the time-
averaged image is the classical way in which turbulent jets and plumes are
illustrated, it should be kept in mind that the averaged picture never exists in
nature; it is an artifact of the averaging process. Nevertheless, water quality
regulations are usually expressed in time-averaged values.

A buoyant jet is characterized by the exit velocity, u;, the jet (nozzle)
diameter d, the effluent density, p,, and the receiving water density p,. If the
density differences are small (this is true for ocean outfalls, where the effluent
density is typically 2.5% less than seawater) the densities can be combined into a
single parameter:

- A
g, =gla"lo_ ,fo 3.1)
Pa Pa
This is commonly known as the Boussinesq assumption, and g}, is known
as the modified acceleration due to gravity. A dimensionless parameter that can
be formed from u;, d, and g, is the densimetric Froude number, F;:
Fi=— 3.2)
" Jed ’
The significance of the Froude number is that it expresses the relative
importance of buoyancy and inertial forces on the buoyant jet.
Although u;, d, and g are commonly used variables, more insight can be
obtained by using the source kinematic fluxes of volume, Q;, buoyancy, B, and
momentum, M:

T T
0 = Zdzuj M =uQ; = Zaﬂuf B=g,0 (3.3)
Following Wright (1984) and others, we define the following length scales:
0 /2 M3/
lo == (Z) d =2 (3.4)

The length scales are related to the Froude number and nozzle diameter by:

Z /4 4,
(B TR aa R =(F) ™ 35
oF, (4) 4 (4) o 53)

Their dynamical significance is that /, characterizes the distance from the
origin over which the source volume flux influences the flow field; this length
scale is essentially the nozzle diameter, d. [, is almost always very small for
ocean outfalls discharging domestic sewage so Q; can be usually be neglected as
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a dynamical parameter. More important is /,;, which characterizes the distance
over which the source momentum flux is important relative to the buoyancy flux.
For distances much less than /), the flow is dominated by momentum, i.e. the
flow behaves like a jet. For distances greater than [, the dynamics are governed
by buoyancy, i.e. the flow behaves like a plume. This leads to a very important
conclusion: Given enough depth, a buoyant jet will always turn into a plume
where the effect of the source momentum flux can be neglected. This will often
be a good approximation for ocean outfalls, as discussed below.

Consider, for example, the dilution at any height z. An expression for this can
be obtained by taking the local buoyant weight, ¢ = g(p, — p)/p. = gAp/p, as
the dependant variable:

¢ =f(z.0,M B) (3.6)

In Eq. (3.6) and in what follows, the flows are assumed to be always
fully turbulent and therefore independent of viscosity and Reynolds number
(Fischer et al., 1979). Following a dimensional analysis of Eq. (3.6) and some
manipulation we can derive an equation for the minimum (centerline) dilution S,,,:

=fl—,— 3.7
slos(2) .
If z/[p>>1 the effects of Q and [, are negligible and Eq. (3.7) becomes:
l Z S z
s 2 _ om_ el 3.8
=) o g f(dFj) (3.8)

These arguments were also given by Roberts (1977) who gathered
experimental data on centerline dilutions and plotted them, with corrections for
the increases in momentum flux due to the use of sharp edged orifice nozzles, as
shown in Figure 3.7. It can be seen that, for z/dF;>>1 (which is the same as
#ly>>1), the effect of the source momentum flux is “forgotten” and the flow
becomes a plume. Dilution is then predicted by (Fischer et al., 1979):

s 5/3
F‘O 107<dF) 3.9)

which is plotted in Figure 3.7 and describes the results for zdF;>10.
In other words, the source volume and momentum fluxes can be neglected
for z/dF;>10 and the pure plume formula, Eq. (3.9), can be used. A more
general semi-empirical equation that applies for z/dF; > 0.5 has been suggested
by Cederwall (1968):
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S z 5/3
= 0.54] 0.66 + 0.38 — 3.10
F; ( i dFj) 10

which is also plotted on Figure 3.7.
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Figure 3.7 Centerline dilution of a horizontal buoyant jet into a stationary
homogeneous environment

Ocean outfall discharges usually operate such that z/dF; >10 so a very
important conclusion from Figure 3.7 is that they can usually be approximated as
plumes. From now on, we will assume this to be the case; in other words, the
source is characterized by its buoyancy flux only, and the effects of the source
volume and momentum fluxes are dynamically insignificant. Note that this has
an important design consequence: Because the density difference between the
sewage and seawater is essentially fixed, dilution depends only on the flow per
port, and not on the port diameter (and therefore exit velocity).

The thickness of the surface layer, 4, can also be estimated by dimensional
analysis. For a fully turbulent plume in water of depth H:

h,=f(H,B) ie. %zcl @3.11)

where C; is an experimental constant. Because B contains units of time, it cannot
be eliminated from Eq. (3.11), so the layer thickness is independent of the
buoyancy flux and is proportional to the water depth. Tian et al. (2004a) suggest
the value of C; constant is 0.11, so Eq. (3.11) becomes:
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h
—=0.11 3.12
- (3.12)

The interaction of the plume with the free surface can also be important, as
shown in Figure 3.8. The surface layer interactions were analyzed for three-
dimensional flows (round jets) by Lee and Jirka (1981) and for two-dimensional
flows (slot jets) by Jirka and Harleman (1979). They showed that, for a vertical
discharge of low buoyancy, the flow may become unstable and the horizontal
layer may be re-entrained back into the rising plume, resulting in lowered
dilutions.

One water
depth
Im P End of
paint l near field

(a) Instantaneous

(b) Time averaged

Figure 3.8 LIF images of horizontal opposing buoyant jets into a stationary
homogeneous environment

More commonly for ocean outfall discharges, however, the horizontal layer is
stable and the diluted effluent flows away as a surface density current. An
internal hydraulic jump or spreading vortices may form (Figure 3.8) that entrain
additional ambient fluid, further increasing the dilution in the spreading layer.
According to Tian et al. (2004a), the near field dilution for a round plume source
is a factor of about three higher than the surface centerline value, S,,, so Eq. (3.9)
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becomes, for the near-field dilution:

S 5/3
on 0.32(Z) (3.13)

F drF;

3.3.2.3 Multiple buoyant jets in stationary, homogeneous
environment

Next, we consider multiple buoyant jets discharged from a multiport diffuser, as
shown in Figure 3.9. The spacing between the ports is s. (The diffuser is shown
with the ports contained in Tee-shaped risers, but the same analysis applies for
ports along the diffuser side walls.)

U

/, | 6,
e——— X——>

Figure 3.9 Plumes from a multiport diffuser into a stationary,
homogeneous environment

The effect of port spacing depends on the ratio s/H. If the ports are widely
spaced, i.e. s/H >1, the individual plumes do not merge and they behave like the
isolated, point plumes discussed above. As the ports are brought closer together,
the plumes merge and dilution decreases. Eventually, when the plumes are very
close together, they rapidly merge and behave as if discharged from a continuous
slot; this is known as a line source.

The source fluxes from a multiport diffuser are better characterized by line-
source parameters, i.e. fluxes per unit length of the diffuser, rather than fluxes per
individual port. The point and line source fluxes are summarized in Table 3.1. Here,
Qris the total flowrate discharged from the outfall and L is the diffuser length.

A 3DLIF image of plume merging is shown in Figure 3.10. According to
the experiments of Tian et al. (2004a) the flow behaves like a line plume (fully
merged) for s/H < 0.3, like a point plume (i.e. no merging) for s/H >1, and
with a transition in between. As for point plumes, the line plume characteristics
can be derived by dimensional analysis. The resulting equations, expressed in
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terms of the flux variables, are summarized in Table 3.2 for both point and line
plumes. For further details, see Tian et al. (2004a).

Table 3.1 Discharge fluxes from multiport diffusers

Variable Point source Line source
_ T2 _ Qr
Volume flux Q= Zd u; =7
Momentum flux M = u;Q; m=ugq
Buoyancy flux B=g,Q b=g,q

9 1316 20 23 27 30 ug/L
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Figure 3.10 3DLIF image of merging plumes from a multiport diffuser
(from Tian et al., 2004a)

Table 3.2 Equations for near field properties of point and fully merged (line)
plumes in a stationary, homogeneous environment (after Tian et al., 2004a)

Point plume (s/H > 1) Line plume (s/H < 0.3)
S San _ an —
Dilution SR 0.26 S 0.49
. h, h,
Layer thickness = 0.11 H= 0.36
Xn _ X _
Length = 2.8 o 0.9
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These equations have important consequences for the effects of port spacing
and diffuser length on dilution. For most multiport diffusers, dilution depends
mainly on the buoyancy flux per unit length, b. Because the density difference
between effluent and seawater is essentially constant, this means that dilution
depends primarily on the volume flux per unit length, ¢ = Q7/L. Therefore, for a
fixed flowrate (Qp), the diffuser length (L) primarily determines the dilution,
which increases as the diffuser length increases. If the diffuser length is fixed,
dilution increases as more ports are added and the plume spacing is decreased,
despite the increased plume merging. This applies until the ports are close
enough that the line plume limit is reached, which occurs when s/H = 0.3.
Adding more ports that are more closely spaced will not increase dilution any
further.

This is contrary to the oft-stated recommendation that diffusers should be
designed so that the plumes do not merge. But it should be noted that this only
applies for fixed diffuser length; increasing the number of ports or the port
spacing so that the diffuser length increases will result in higher dilution. Again
there are limits, however. If the number of ports is maintained constant,
increasing their spacing will increase dilution only until the spacing reaches the
point plume limit (s/H=1). Further increasing the spacing (and therefore making
the diffuser longer) will not result in higher dilution.

3.3.2.4 Effect of flowing currents: single plume

The cases discussed above were for discharges into a stationary ocean. This is
the worst case that results in lowest dilution. Usually there will be a current
flowing over the diffuser as sketched in Figure 3.11. The current, of speed u,
sweeps the plume downstream and increases its dilution.

Near field dilution, S,

N L Ll L 2 .l
l«<— x,length of near field ——

Figure 3.11 Single plume in an unstratified current
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Time-averaged 3DLIF images of a vertical buoyant jet discharged into a
crossflow is shown in Figure 3.12. The variation in centerline dilution can be seen in
the longitudinal profile, Figure 3.12(a). The lateral profiles, Figure 3.12(b), show the
characteristic “horse-shoe” shapes thatresult from paired trailing vortices generated
by the interaction of the vertical momentum and buoyancy with the crossflow.
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Figure 3.12 3DLIF images of a vertical buoyant jet in a current

Because the dominant parameter for ocean wastewater outfalls is the buoyancy
flux, the most useful length scale that describes the effects of currents is:

ly=— (3.14)

For z > [, the flow is said to be an advected thermal (also called the
buoyancy-dominated far-field, BDFF, by Wright (1977). The flow shown in
Figure 3.12 has been analyzed by Chu (1979). For a plume, i.e. neglecting effects
of the source volume and momentum fluxes, he obtained an expression for the
centerline dilution S, at any height z above the source:

S}’Z?’ = Cz(%) (3.15)
where C, is an experimental constant. Lee and Neville-Jones (1987) report
measurements of surface dilution in laboratory and field experiments that they
correlated with Eq. (3.15) by replacing z with the water depth, H. For the field
experiments, they obtained a value of the constant equal to 0.32, so Eq. (3.15)
becomes:

SmQj

H2

=0.32 (3.16)

u
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The more recent experiments on multiport diffusers in flowing currents of Tian
et al. (2004b) found, however, that Eq. (3.16) did not describe the measured
dilutions even for very wide port spacings and a better fit to the data over the
range 0.5 < s/H < 4.5 for near field dilution was:

S -1/2
Ond _ o.ss(i) (3.17)
uH H

The difference between Egs. (3.16) and (3.17) may be due to merging of
the plumes that are emitted from the upstream and downstream diffuser ports,
as discussed further below.

3.3.2.5 Merging plumes in a flowing current

Merging plumes in a current are sketched in Figure 3.13. The dynamical effect
of the current is expressed by a type of Froude number (Roberts, 1979):

F= (3.18)

where b is the buoyancy flux per unit diffuser length (Table 3.1) and the other
parameters are as before. The discharge can be characterized by the port spacing and
by either point or line fluxes of volume, momentum, and buoyancy (see Table 3.1).

Near field dilution, §,
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Figure 3.13 Definition diagram for plumes from a multiport diffuser in an
unstratified current

Different flow regimes can exist, depending on the value of F. For F < 1 the flow
is dominated by buoyancy, and for F > 1 the flow is dominated by the ambient
current. Based on experiments with a slot source, Roberts (1979) found three possible
flow regimes for a current perpendicular to the diffuser, as sketched in Figure 3.14.
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(a) F<0.2. Plume and upstream wedge
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Figure 3.14 Flow regimes for a diffuser approximating a line plume in a current
(after Roberts, 1979)

For weak currents (F < 0.2), the flow has a normal plume-like pattern and
forms a surface layer that spreads upstream (as a wedge) and downstream.
As the current speed increases to F > 0.2 the plume cannot entrain all of the
oncoming flow and maintain a free plume pattern. It becomes attached to the
lower boundary and mixes over the depth; this is sometimes called the forced
entrainment regime. Finally, when F > 1, the upstream wedge is expelled. The
same flow regimes were reported by Davidson et al. (1990) from experiments
with multiport discharges. In contrast, experiments with multiport diffusers
reported by Mendez-Diaz and Jirka (1996) did not indicate mixing over depth
even for Froude numbers as high as F = 8. This observation is also supported
by the experiments with a multiport diffuser in stratified flows of Roberts et al.
(1989a), as seen in Figure 3.23. The implication is that mixing over depth with
bottom attachment for a multiport diffuser with gaps between the ports does
not occur until the Froude number exceeds a critical value that lies somewhere
between 1 and 10.

The complexity of merging plume dynamics in a flowing current is evident
from the instantaneous and time-averaged planar LIF images shown in Figure 3.15.
The jets discharging upstream (counter-flowing jets) are quickly bent back by
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the current and experience rapid dilution. The jets discharging downstream
(co-flowing jets) are somewhat sheltered from the current so their deflection and
rate of dilution is less than that of the upstream jets.

(a) Instantaneous

(b) Time-averaged

Figure 3.15 LIF images of plumes from a multiport diffuser in an
unstratified current

Plume merging is shown in the 3DLIF images in Figure 3.16. Depending
on the port spacing, the jets may first merge with their lateral neighbors and
then with their upstream or downstream counterparts, or the upstream and
downstream jets may first merge and then merge with their lateral neighbors.
In all cases, however, lateral mixing and spreading will eventually result in a
fully merged wastefield at the water surface, as shown in Figure 3.16. This full
merging may or may not occur within the near field.
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Figure 3.16 Lateral tracer concentrations showing merging of multiport plumes
with distance from the diffuser (Tian et al., 2004b)

The presence of a current flowing past a multiport diffuser introduces a new
variable, the angle of the current relative to the diffuser axis, ®. For a diffuser
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approximating a line plume, the near field dilution is expressed by (Roberts,
1979):

Snq
uH

=f(F,0) (3.19)

Experimental results for currents flowing perpendicular, parallel, and at 45°
to the diffuser are summarized in Figure 3.17, which is based on Roberts (1979),
updated by the experiments of Tian et al. (2004b). For other results, including
the length of near field and layer thicknesses, see Tian et al. (2004b).
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Figure 3.17 Near field dilution for a diffuser approximating a line plume in an
unstratified current of various directions. From Roberts (1979) updated with
Tian et al. (2004b)

As would be intuitively expected, a diffuser perpendicular to the current
results in highest dilution, and one parallel to the current the lowest dilution.
Even for a parallel current, however, the dilution is always higher than for zero
current speed.

3.3.2.6 Single plume into stationary, stratified flow

Density stratification in the receiving water can have a profound effect on the
rising plumes. As can be seen from the photograph of a laboratory plume issuing
into a stationary, linearly stratified environment in Figure 3.18, it can trap the
plume beneath the water surface. A definition sketch of this situation is given in
Figure 3.19.
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Figure 3.18 Photograph of horizontal buoyant jet in a stratified environment
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Figure 3.19 Definition sketch for horizontal buoyant jet in a stationary,
stratified environment

If the ambient density stratification varies linearly with depth, it can be
characterized by the buoyancy frequency, N:

gdpa g Ap,
N= -2 |2 3.20
\/ p dz \/ p H (3.20)

where p,(z) is the ambient density at depth z and Ap,, is the density difference
over the water depth, H. This introduces new point and line length scales that
relate to the flow behavior (Fischer ef al., 1979; Wright 1984, and others):

ek BU/A4 pl/3
=" = L = =2 (3.21)
B / N3/4 b2/3 N

The effects of source momentum flux can be neglected for a point source
when [,/Ip<1 (Wong and Wright, 1988), and for a line source when /,,/1,, < 0.2
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(Roberts et al., 1989a). According to the experiments of Daviero et al. (2006),
dilution is given by:

——==0.90 (3.22)

the near field length by:
=41 (3.23)

and the rise heights and layer thickness by:

_pq o35 M_yg (3.24)

lp lp lp

3.3.2.7 Merging plumes into stationary, stratified environment

A sketch of merging plumes from a multiport diffuser into a stationary, stratified
environment is shown in Figure 3.20 and a photograph of laboratory plumes is
shown in Figure 3.21. The rising plumes are again trapped by the density
stratification, but the spreading layer occupies a much higher fraction of the
plume rise height than does a single point plume (Figure 3.18).

Density
profile
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Figure 3.20 Definition diagram for merging plumes into stationary
stratified environment

The effects of source momentum and port spacing are expressed by the length
scale ratios [,/1;, and s/I, (Roberts et al., 1989). The flow behaves like a line
plume for /,,/I, < 0.2 and s/I, < 0.3. For that case, according to the recent
experiments of Daviero and Daviero (2006), the near field dilution is given by:

S, gN
b2/3

=0.86 (3.25)
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and the length of the near field and the rise heights by:
h,

x,, Zn Zm

=23 =15 =17
Ly Ly Ly Ly

=25 (3.26)

Figure 3.21 Photograph of merging plumes into a stratified environment

3.3.2.8 Merging plumes into a flowing, stratified current

A definition sketch of plumes from a multiport diffuser into a flowing, density
stratified current is shown in Figure 3.22.

| Apy Y
A " Near field dilution, S,

Density
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Figure 3.22 Merging plumes into a flowing, stratified current

Photographs of multiport diffuser discharges that approximate a line plume
in density-stratified perpendicular currents of various speeds are shown in
Figure 3.23. The Froude number (Eq. 3.18) is again the most important
dynamical parameter that expresses the effect of the current, and, as for the
unstratified case, different flow regimes can occur depending on the value of F.
For zero current speed (Figure 3.21) the two plumes from each side of the
diffuser partially merge before entering the horizontally spreading layer; they
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overshoot their equilibrium rise height before collapsing back to form a
wastefield which occupies a substantial fraction of the total rise height.

F=01

e m—

F =100 : ‘

Figure 3.23 Photographs of multiport diffusers in stratified flows
(after Roberts et al., 1989)

The plume behavior depends on current speed (Figure 3.23). For slow
currents (F = 0.1), the upstream layer is expelled and all of the flow is swept
downstream. Increasing the current speed to F = 1 causes the plumes from the
opposite sides of the diffuser to rapidly merge, and the wastefield takes on a
wave-like form. Different mixing processes occur at different current speeds. At
low current speeds (e.g. F' = 0.1) the flow has the normal plume like pattern
with the plume bent downstream. At higher current speeds (e.g. F = 10) the
plume cannot entrain all of the oncoming flow while maintaining the free plume
pattern and the wastefield bottom stays at the nozzle level. This is the forced
entrainment regime (see also Figure 3.14 for the unstratified case), and it occurs
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when the Froude number exceeds a value that lies somewhere between 1 and 10
for the stratified case. The rise height and thickness decrease with increasing
current speed in the forced entrainment regime.

For diffusers approximating a line plume, the near field dilution can be
expressed as:

S,gN
553 — f(F,®) (3.27)

where © is the angle of the current relative to the diffuser axis. Measurements
of near field dilution reported in Roberts et al. (1989a), are reproduced in
Figure 3.24.

Eq. (3.25)
0 1 1 vl 1 Lol 1 L1 1

0 0.1 1 10 100

Froude number, F = u3/b

Figure 3.24 Near field dilution of multiport diffusers in stratified currents
(after Roberts et al., 1989a)

The near field dilution is unaffected by the current when F' < 0.1 but thereafter
increases with increasing current speed. Dilution is highest for a diffuser
perpendicular to the current and lowest for one parallel. Even the parallel case,
however, shows an increase in initial dilution with current speed and in no case
does the current cause dilution to be lower than for zero current speed.

Dilution increases with distance from the diffuser until it reaches a limiting
value, after which it remains constant. The location of the limiting value of dilution
defines the end of the near field. The length of the near field for perpendicular
currents for F > 0.1 can be reasonably estimated by (Roberts ez al., 1989b):

tn _g5p!/3 (3.28)
Ly
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More recent experiments (Tian et al., 2006) give a slightly smaller value of the
constant equal to 8.0. Current directions other than perpendicular result in shorter
near field lengths, so Eq. (3.28) is an upper limit. 3DLIF images presented in
Tian et al. (2006) show that, for perpendicular currents, the effluent concentra-
tion profiles become very uniform laterally, even when the port spacing is very
wide. This uniformity results from the merging and gravitational collapse of the
individual plumes.

Measurements of rise height, z,,, are shown in Figure 3.25. The rise height
decreases rapidly with increasing current speed for perpendicular currents in
the forced entrainment regime (as can be seen in the photographs, Figure 3.23).
The rise height also decreases for parallel currents, but not as rapidly as for
perpendicular currents.

4 [ T T ALl T ]
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Froude number, F = u3/b

Figure 3.25 Rise height for multiport diffusers in stratified currents
(after Roberts et al., 1989a)

The width of the wastefield at the end of the near field is governed by lateral
gravitational spreading. This is particularly important for diffusers parallel to the
current and can result in a wide wastefield, as illustrated by the photographs in
Figure 3.26. The spreading is linear, and the width w up to the end of the diffuser
is given by (Roberts et al., 1989b):

Y 0.70F 13 (3.29)
X

Because of this spreading, the width of the plume at the end of the
diffuser is typically of the order of the diffuser length, regardless of the
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current direction, for typical outfall conditions. This spreading also occurs
when the current is perpendicular to the diffuser, but is not as rapid as when
parallel.

i

Overhead view

Figure 3.26 Photographs of multiport diffusers in parallel currents showing
gravitational spreading (after Roberts et al., 1989a)

3.3.2.9 Discussion and summary

A great number of equations were given above. They are summarized for
stationary stratified and unstratified environments for point and line plumes in
Table 3.3. These equations are useful for the limiting cases of line and point
plumes under “worst-case” dilution conditions with no current. For other cases,
such as intermediate port spacing, flowing currents, etc. see Roberts et al.
(1989a, b, c¢), Tian et al. (2004a, b, 2006) and Daviero and Roberts (20006).

These equations, along and others for flowing currents, higher momentum
fluxes, and wider port spacings, have been incorporated into a mathematical
model NRFIELD, which is available from the US EPA. This model also
incorporates the effects of nonlinear density stratification. It and other mathe-
matical models for plume predictions are discussed in Chapter 4.
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Table 3.3 Equations for predicting near field properties for point and
fully merged (line) plumes in stationary environments. After Tian et al. (2004a)
and Daviero and Roberts (2006)

Unstratified Point plume (s/H > 1) Line plume (s/H < 0.3)
S San _ an _
Dilution FlTIEN 0.26 5BH 0.49
Length of near field Xn _ 2.8 Xﬁ” =0.9
Layer thickness hn _ 0.11 hn _ 0.36
y H=Y H™Y
Rise height H H
Stratified Point plume (s/lg > 3) Line plume (s/lg < 0.5)
- S,QNY* S,gN
Dilution - 0.90 V2B 0.86
Length of near field Xn _ 44 Xn_ 23
Is Iy
Layer thickness & =16 & =15
/B Ib
Rise height Zm_35 Zm_ 55
I I

3.3.3 Far field mixing
3.3.3.1 Introduction

Following completion of initial mixing, the established wastefield drifts with the
ocean currents and is diffused by oceanic turbulence in a phase of mixing often
referred to as the “far field.” The complexity of coastal currents makes it
difficult to predict transport in this phase. In the past decade or so, however, the
development of recording current meters, which has allowed collection of long
time series of horizontal currents, has greatly increased our knowledge of coastal
circulation processes. The use of these meters is now routine in major outfall
studies, and the combination of data obtained from them with appropriate
models has led to much improved predictions of wastefield behavior in the
far field. Approaches to this problem, and their implications for design, are
discussed in this section.
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3.3.3.2 Oceanic turbulent mixing

Consider first the role of turbulent diffusion. The presence of density stratifi-
cation inhibits vertical mixing, so that mixing of a submerged or surfacing field
is primarily effected by lateral diffusion, as sketched in Figure 3.27. This process
is usually estimated by application of Brooks (1960) solution to the turbulent
diffusion equation with a variable diffusion coefficient.

Wastefield

<

<"

Diffuse/'

Figure 3.27 Diffusion from a continuous line source of finite length

The governing advective-diffusion equation is (Roberts and Webster, 2002):

u%zg(s%)—kc (3.30)
Ox Oy\ Oy

where c is the concentration of some contaminant contained in the wastewater,
such as bacteria, whose initial concentration after near field dilution is ¢, and ¢ is
a turbulent diffusion coefficient for transverse mixing. Equation (3.30) assumes
steady-state conditions and neglects diffusion in the vertical and longitudinal
directions. Bacterial decay is incorporated in the decay term, —kc, which
corresponds to a first-order decay process with k the decay constant. Bacterial
decay is more commonly expressed in terms of Ty, the time for 90% reduction
in bacteria due to mortality, which is related to k by:

1
= (3.31)
Toglogyg e

Solutions to Eq. (3.30) for various assumptions about the diffusion coefficient
were obtained by Brooks (1960). A common assumption for coastal waters is
that ¢ follows the “4/3 power law:”

e=al*’ (3.32)
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where o is a constant whose value depends on the rate of energy dissipation,
and L is the diffuser length. Values of o are given in Figure 3.5 in Fischer et al.
(1979), and range (in cgs units) from 0.002 to 0.01 cm??/s. For this case, Brooks
obtained a solution to Eq. (3.30) for the centerline (maximum) concentration, c,,:

\(1 +§ﬁz> 1

where ff = 12¢,/uL and erf() is the standard error function. For a conservative
substance (i.e. zero decay rate), k = 0, and Eq. (3.33) can be expressed in terms
of a “far-field dilution” S; = ¢,/c,, that depends only on the travel time, ¢ of the
effluent to any location:

3/2 2

This equation is plotted, along with solutions for far field dilution for other
various common assumptions about the lateral diffusion coefficient, in Figure 3.28.

Cp(x) = c{,e_kx/”erf (3.33)

1y 1
\
s 05 \ 2
:E ~ €& \,_?
- \;\ Uo
.E i T~ r3
S 03 £ _W U’__
2 e L I
g 02 5 2
o ko]
2 ~ r6 %
E 4/3 r7 &
g -85 It i
e L
© o1 0 10
0.05 20
0 5 10
Bx/L

Figure 3.28 Centerline dilution for various diffusion laws (after Brooks, 1960)
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The wastewater field width w at distance x is given by:

w 2 x\?

—=|14+=p- 3.35

£ (1+55) 639
To show the magnitudes of far field dilution for ocean outfalls, some typical

values (using Figure 3.28 or Eq. 3.34), are given in Table 3.4 for the common

4/3 power law assumption. Dilutions are given for a short and long diffuser,

assuming an upper value for o = 0.01 cm??/s (Fischer ef al., 1979, Figure 3.5).

Table 3.4 Far field dilutions for diffusers of
various lengths assuming 4/3 power law

Travel time t (hr) Far field dilution S
Diffuser length, L (m)
L=35 L =700
1 2.4 1.0
3 7.4 1.4
10 35.5 3.2
20 95.9 6.9

An important conclusion from Table 3.4 is that dilution by oceanic turbulence
can be quite effective for short diffusers, but is relatively minor for long
diffusers. The physical interpretation of this result is that the time needed for the
centerline concentration to be reduced is the time required for eddies at the
plume edges to “bite” into it. For a wide field produced by a long diffuser, the
eddies have farther to go so it takes them longer to get to the centerline. Much
effort is often devoted during outfall designs to field studies aimed at measuring
the rate of oceanic diffusion. Even allowing for the uncertainties in the calcula-
tions, this example suggests that these efforts are misguided for large outfalls.
It is more important to know where the wastefield goes, rather than whether the
far field dilution is 3 or 5, and ways to estimate this are discussed below.

3.3.3.3 Statistical far field model

The above analysis is for steady-state conditions. However, currents in coastal
waters fluctuate widely under their various forcing mechanisms (Section 3.2).
They often consist of a fluctuating component, #/, whose magnitude is much
larger than the mean drift, U. This can cause the wastefield to wander in the
vicinity of the diffuser for an extended period before being flushed away. And
the unsteadiness of the currents results in a continuously shifting plume whose
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location at any instant is best treated as a stochastic variable. As shown above,
for a long source, the centerline concentrations may not be substantially reduced
by turbulent diffusion for travel times of a few hours after release. Pollutant
concentrations at any location then alternate between near-background and
near-maximum levels. The first problem we face, then, is how to quantify the
environmental impact of such a situation.

This problem has been considered in detail by Csanady (1983a). He considers
that a measure of environmental impact consists of computations of background
concentration, the maximum concentration, and the frequency of immersion
of any point in the plume. Csanady suggests that the modeling approach be
based on a division of the plume into contaminant puffs of distinct “ages.”
“Young” puffs are those which have traveled for a few hours after release and
are advected by local currents; “old” puffs have traveled for days or more and
contribute to what may be called the background concentration. The modeling of
young puffs, which we identify with the far field, is discussed in this section.

The frequency of immersion of any point in the plume is termed the
“visitation frequency” by Csanady. He presents methods to compute this
quantity from the statistics of currents measured by a meter at a fixed location.
A somewhat similar approach is given by Koh (1988), who refers to “advective
transport probabilities.”

Target point, X

Plume centerline:

t+t

/%)= [u (@) de

Wastefield at timet + t' dueto
releasesfromttot + t'.

t+t'

Predict transport probability K(tt) = IUE (r) dr

from current meter records:
Visitation frequency: (X tg) = If P(x,t)dxdt
Figure 3.29 Statistical far field transport model, FRFIELD
A model based on this procedure, illustrated in Figure 3.29, was developed by

Roberts (1999b). This is a statistical model in which the wastefield is discretized as
a series of puffs released at the current meter sampling interval, typically 10 to
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30 minutes. Each puff is allowed to grow by turbulent diffusion according to
Eq. (3.35) and is followed up to a maximum time horizon. A grid is superimposed
on the area, and if a puff overlays a grid square, this is counted as a “visit.”
The number of visits by a puff of age younger than the maximum time horizon is
summed and divided by the total number of releases. An example of this procedure
applied to the San Francisco outfall is given in Roberts and Williams (1992).

The visitation frequency vy at a target point X is defined as the fraction of time
for which the plume center is within vector w/2 of X, where |w]| is the expected
plume width. This is the same as the probability of finding the plume within
+w/2 of X. Consider a puff released at X =0 at time = 0. The probability
distribution function for the puff center at a later time ¢ is P(¥, ) such that the
probability of the puff center being between X and X + dx is P(X,1)dX . The
probability that the puff is overlapping a point X is given by:

P, 1) = J P(X, )d% (3.36)
A

where the area of integration A is the area of the puff at time ¢. For a continuous
source, the probability of impaction, or visitation frequency, of the plume for
all prior releases is obtained by integrating over release time #'. For stationary
conditions:

t )

y = J JP(X’, t—1)dxdf = J J P, H)dxdt (3.37)
—00 A 0A

Csanady defines a dividing time 7, to distinguish between “young” and “old”

puffs. In a tidal environment, it would be expected that ¢, is of the order of the
tidal period. Eq. (3.37) then becomes:

V(X 1)) = J JP()‘@ 1)dxdt (3.38)
0 A

which is the visitation frequency of all the “young” puffs of age less than or
equal to 7, Equation (3.38) is analogous to Eq. (26) of Csanady (1983a).

The displacement probability, P(X, ), of the puffs can be computed from their
trajectories, if known. The location of the puff center at various times ¢, is:

X(1) = f ug (df (3.39)
0

where u; is the Lagrangian velocity of the puff center. Csanady (1983a)
discusses howP(X,t), i.e. the statistics of X.(f), can be computed from the
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statistics of u;, and Koh (1988) discusses similar computations from simulated
currents. The fundamental problem in air and water pollution, however, is that
the Lagrangian velocities of the puffs are not generally known. Instead, what are
commonly available are Eulerian velocity measurements at a fixed point such
as from a current meter. The usual assumption, often applied in air pollution
(Pasquill and Smith, 1983), is to infer Lagrangian displacement from an Eulerian
record by the approximation:

X.(f) ~ JZ up(t)dr (3.40)
0

where ug is the fixed point (Eulerian) record of velocity. The trajectory computed
for various travel times ¢ by Eq. (3.39) is a path line; the trajectory computed
by Eq. (3.40) is known as a progressive vector diagram in oceanography. Clearly,
the displacement predicted by Eq. (3.40) becomes increasingly unreliable as the
distance from the source increases. Furthermore, Zimmerman (1986) has pointed
out that regularly varying tidal flows over irregular topography can produce
“Lagrangian chaos,” that is, unpredictable and non-repeatable trajectories.
Therefore, even if we had perfect Lagrangian information for an individual
release, we could not use this to predict future trajectories even under identical
forcing functions. For these reasons individual plume trajectories should not be
inferred by these methods, but it is usually assumed that statistical inferences
of the pattern and scale of the dispersion can be made. Support for this assumption
is provided by List et al. (1990) who found good general agreement between
diffusivities in coastal waters computed from drogues and from fixed current
meters. Because of the complexity of the dispersion process and the relatively
poor spatial resolution of coastal measurements, it is clearly not possible to
pretend for great accuracy in any predictive method. But the statistical approach
is very useful in assessing the probability of exceedance of some threshold
concentration at particular locations such as near the coastline.

Outfall studies usually produce current meter records that consist of discrete
measurements at a fixed point with a fixed sampling interval Az. To use these data,
we discretize the plume as a series of puffs released at a rate equal to the sampling
frequency (Ar)~'. The location of a puff released at time 7, = nAt after travel
time T = mAt is then assumed to be given by the discrete form of Eq. (3.40):

i=n+m
Xt,|Ty= > diAt (3.41)
i=n
where #;(1) is the local measured velocity at time ¢ = iAt. This computation is

repeated for all releases during the whole data record, and each puff is followed
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up to the maximum travel time or “time horizon,” 7, This procedure would
typically include thousands of releases, each release being tracked at each time step
as it travels. The area around the diffuser is overlain with a grid, and if a puff is
within £w /2 of a grid node, this is counted as a “visit.” The number of visits by a
puff of age younger than 7, is summed and divided by the total number of releases to
obtain the visitation frequency at that location. Koh (1988) presents similar
computations in which the probability of travel of the plume centerline into a grid
square is computed.

As the plume travels it is diffused and grows due to oceanic turbulence.
We use a gradient diffusion model for this process rather than a particle tracking
model due to its computational simplicity and the difficulties of keeping track
of the huge number of particles that would be necessary for an extended
simulation over many months. It is assumed that the diffusion coefficient is
proportional to the 4/3 power of the plume size (Eq. 3.32). List ef al. (1990)
observed good general agreement with this relationship for Southern California
coastal waters.

The decay of peak concentration is assumed to be given by Brooks (1960)
solution to the diffusion equation, Eq. (3.33). This applies to a continuous
line source whose concentration is reduced by lateral diffusion only. For an
isolated puff growing in three-dimensions the diffusion rate will be greater
and the plume dilution will increase away from the puff center. We neglect
these effects and use the conservative assumptions that the dilution in the
puff is given by the continuous solution and is constant across the puff.

The puff size w is allowed to grow by diffusion as it travels according to
Eq. (3.35), which can be written as:

2
w= L1+ 12(2-‘) (3.42)

where s, is the standard deviation of the lateral concentration distribution:

L 8¢ 1\3
s, =——.1 o7} -1 3.43
REIT ( * Lz) (343)

The actual dilution S at any location when the plume is present is the product
of the near field dilution §,, and the far-field dilution Sg:

§=8,x5 (3.44)
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where S, is the dilution at the end of the near field (computed, for example, by
the methods of Section 3.3.2). The corresponding contaminant concentration is
then given by:

C
= Soo 4
c= (3.45)

where ¢, is the contaminant concentration in the effluent leaving the treatment
plant. The concentration estimated by Eq. (3.45) is the maximum expected at
any location. This will occur very infrequently, however, and time-average
concentrations will be much lower.

An example of visitation frequencies computed using this approach are
shown for Mamala Bay, Hawaii, in Figure 3.30 for travel times up to 12 hours.
The plots give a good visualization of wastefield impact. The contours elongate
in the East/West directions in accordance with the direction of the main current
components. These currents are strongly tidal, with the result that the wastefield
is swept back and forth in the vicinity the diffuser. This causes the visitation
frequency to diminish rapidly with distance from the diffuser with very low
probability of shoreward impaction. The wastefield is spread over an area whose
dimensions are equal to the maximum tidal excursion within a time scale of
about six hours. The visitation frequency at ~5 km from the diffuser is about
1%, or conversely the plume is not present for about 99% of the time. Note that a
visitation frequency of one percent is about seven hours per month. Expansion of
the contours for travel times longer than about six hours is primarily caused by
the mean drift.

Figure 3.30 Visitation frequencies for the Sand Island outfall, Hawaii
(after Roberts, 1999b)
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Modeling bacteria is usually more important than visitation frequencies.
This can be done by allowing bacteria to decay according to a first order
process (see also Eq. 3.31) so that the bacterial concentration after travel time
t is given by:

Cc —
— =10 To (3.46)
c,
where Ty can vary diurnally. The bacterial concentrations are predicted by
Eq. (3.33). Modeling of this type is discussed in Chapter 4, and the predicted
bacterial concentrations for Mamala Bay corresponding to Figure 3.30 are
shown in Figure 4.17.

An obvious goal of outfall design would be to move the diffuser far enough
offshore that the outer contours do not intersect the shoreline for any travel time.
The probability of effluent reaching the shore will then be vanishingly small,
and shoreline bacterial standards will likely be met without chlorination. It is
highly desirable to meet shoreline bacterial standards without chlorination, or,
if this is not possible, to estimate the frequency and amount of chlorination
required.

Shoreline bacterial concentrations estimated in this way are more realistic and
lower than those obtained by traditional methods that assume that currents flow
steadily and directly onshore. This method underestimates travel times to shore
and overestimates the probability of shoreline impingement. This is because
currents rarely remain steady for long nor do they maintain their onshore
direction as they get close to shore. The traditional approach can lead to overly
conservative outfall designs.

Even the approach advocated here is probably quite conservative. This
is due to several factors. First is plume submergence, which considerably
reduces the probability of shore impaction as explained in Section 3.2.3 (see
Figure 3.4). Second, nearshore currents are usually slower and more parallel to
the coast than currents farther offshore. Thus, if currents measured offshore are
used to predict nearshore currents (as is usually the case), the travel times to
shore (if the shore is reached at all) will be considerably underestimated. The
longer actual travel times afford greater opportunity for bacterial decay and
diffusion.

Plots of visitation frequencies are very useful when comparing alternative
discharge locations. An example is given in figure 10 of Roberts (1986),
which shows four candidate discharge sites. For only two of these was zero
onshore transport predicted. The visitation frequencies are also very useful for
assessing and showing impacts on areas of particular significance, such as
shellfish areas.
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3.3.4 Long-term flushing

Finally, we consider the long-term buildup of contaminants in the vicinity of the
discharge, or coastal “flushing” which occurs on long time scales (Figure 3.2).
In the previous section, we divided the plume into “young” and “old” puffs.
The young puffs, whose travel times are of order a day or less, contribute most of
the local bacterial impacts and can be analyzed by means of the statistical model
presented above. The “old” puffs are subject to considerable decay and diffusion
and generate a concentration that can be considered to be a “background” mean
concentration field in the vicinity of the diffuser. The level of this concentration
is governed primarily by flushing due to the mean drift, horizontal diffusion, and,
for non-conservative substances, chemical and biological decay. One approach
to predicting the physical dilution caused by these processes is to estimate it
from a solution to the two-dimensional diffusion equation (Csanady, 1983a;
Koh, 1988). We here consider a simpler method, however, which is particularly
useful for comparing the relative orders of magnitude of the various processes.
This is a mass-balance box model (Csanady, 1983b) as shown in Figure 3.31.
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Ve, Cross-shore exchange

Figure 3.31 Box model for estimating long-term buildup of contaminants
(after Csanady, 1983b)

Tidal currents distribute the effluent over an area, or “box” whose dimen-
sions are approximately equal to the tidal amplitude. These dimensions are
approximately X = u,7/2 and Y = v,T/2, in the alongshore and cross-shore
directions, respectively, where u, and v, are the amplitudes of the tidal currents,
and 7 is the tidal period. Csanady (1983b) calls this area the “extended source
region.” It would be comparable to the outer edge of the visitation frequency
contours, for example Figure 3.30.

Long-term average current speeds are usually much slower than instanta-
neous values. They lead to an average dilution equal to UhY/Q7, where Qr is the
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total effluent flowrate, /1 the average depth of the plume over the extended area,
and U the long-term average “flushing velocity.”

This can be extended to include the other processes by applying a mass
balance to the box. This yields a “long-term average dilution” S,

o _UY | vhX | kXY
P0r Or Or

The first term on the right hand side is the dilution due to flushing by the
mean current. The second is dilution due to cross-shore mixing. This is
parameterized by v,, a mass transfer “diffusion velocity,” which can be assumed
equal to the standard deviation of the cross-shore tidal fluctuations (probably an
underestimate). The third term is “dilution” due to chemical or biological decay,
where k is a first-order decay rate. It can be seen that the total effective dilution is
the sum of these individual dilutions.

Consider a typical outfall problem. Suppose we have a discharge Q7 = 5 m’/s
into a tidal current whose alongshore amplitude is #, = 0.25 m/s, and cross-shore
amplitude is v, = 0.08 m/s, and cross-shore rms velocity isv, = 0.04 m/s. Suppose
the average current speed (the flushing velocity) is U = 0.06 m/s. For a semi-
diurnal tide, the period T is about 12 hours. Suppose further that the average depth
(thickness) of the wastefield is 15 m, and the bacterial decay rate (averaged over
24 hours) is Tog = 10 hours, corresponding to k = 6 X 1072574

Then the extended source area (size of the box in Figure 3.31) is:

(3.47)

X =u;T/2 =0.25x%12%3600/2 = 5400 m = 5.4km and
Y =v;T/2=0.08x12x3600/2 = 1700 m =~ 1.7 km
and the dilutions are (Eq. 3.47):
UnhYy 0.06x15x1700

Due to the mean current : ~ 300
Or 5
Due to cross-shore exchange : vehX _ 0.04x15x 5400 650
Or 5
khXY 6107 x 15 x 5400 x 1700
Due to decay : 0 =2 % ;( % ~ 1650
T

The total effective dilution, the sum of these dilutions, is about 2,600.

These are obviously only approximate order of magnitude calculations, but
they are very useful for estimating long-term impacts. They can be applied to
other substances such as toxic materials to estimate their potential accumulation.
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3.4 CONCLUSIONS

This chapter has focused on the main processes that determine the fate and
transport of wastewater discharged from ocean outfalls, means to predict them,
and their implications for outfall design. It will usually be possible to design an
outfall that achieves initial dilutions of 100:1 and greater. The conclusions from
the far field modeling examples are typical of many coastal discharges.
An unsteady and spatially variable current field is a very dispersive environment.
It results in rapid decrease in visitation frequency, mean contaminant concentra-
tion levels, and other measures of bacterial impact with distance from the
diffuser. This will ensure that any measurable environmental impact is confined
to a small area around the discharge, even with minimal treatment. This has been
confirmed in many outfall field studies. Mean current circulation patterns and
other mechanisms will usually prevent significant accumulation or “background
levels” of contaminants around the discharge. The calculations presented in this
chapter confirm the importance of diffusion and dispersion in coastal waters,
and why they are usually more important than treatment in minimizing the
environmental impact of a marine disposal system.






4

Modeling transport processes and
water quality

4.1 INTRODUCTION

Mathematical (i.e. computer) models are now widely used to predict the fate and
transport of ocean discharges. Because of the very wide range of length and time
scales of the various mixing processes (see Figure 3.2), it is not possible to
simulate them with one overall “omnibus” model. Linked sub-models of the
various phases are therefore usually used. In this chapter, we discuss the main
modeling approaches that are commonly used and give examples of them.
Modeling has a very extensive literature, and because of the complexity of the
transport mechanisms, different methods have been adopted to model them.
Therefore we can only here give an overview of the main issues and modeling
approaches. We also give examples of modeling to illustrate the methods and
especially their implications for outfall design.

© 2010 IWA Publishing. Marine Wastewater Outfalls and Treatment Systems. By Philip JW Roberts,

Henry J Salas, Fred M Reiff, Menahem Libhaber, Alejandro Labbe, and James C Thomson.
ISBN: 9781843391890. Published by IWA Publishing, London, UK.
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4.2 NEAR FIELD AND MIXING ZONE MODELS

Models of near field processes (see Section 3.3.2) are sometimes called plume
models. They fall into three major categories as shown in Table 4.1. The three
model types are discussed in this section.

Table 4.1 Near field model types

Types Comments Examples
Length-scale Based on dimensional analysis and NRFIELD (RSB)
models experimental data. Interpolation CORMIX

between flow cases
Entrainment Useful for nonlinear stratification,
models: non-uniform velocity
Eulerian Fixed control volume Fan and Brooks (1969)
Lagrangian Moving control volume UM3 — Visual Plumes
Turbulence CFD (Computational Fluid Hwang and Chiang
models Dynamics) Based on turbulence (1995)

closure assumptions. Tang et al. (2008)

Not yet widely used

4.2.1 Length-scale models

Length scale models are based on analyses similar to those presented in Section
3.3.2. The relevant length scales and their ratios are first computed to determine
the type of discharge involved and to classify the flow case. Plume properties
are then computed using appropriate semi-empirical equations or by calling an
appropriate entrainment model (Section 4.2.2). Examples are NRFIELD and
Cormix (Section 4.3).

4.2.2 Entrainment models

The entrainment hypothesis was first suggested by Morton et al. (1956) and has
since been applied to a variety of engineering and natural flows, as reviewed in
Turner (1986). It is particularly relevant here as it has found great utility for
predicting the jet and plume-type flows typical of ocean discharges. Below we
summarize the essential features and limitations of these models; for details, the
original references should be consulted, and for recent extensive reviews of
entrainment models, see Jirka (2004, 2006).

The concept of entrainment, as applied to a simple round rising plume in a
stationary environment, is shown in Figure 4.1. The rising plume entrains
external fluid that then mixes with and dilutes the plume fluid. The entrainment
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hypothesis (Fischer et al., 1979) states that fluid is entrained at the plume radius
b with a velocity u, that is proportional to the mean centerline velocity, u,,:

U, = o, “4.1)

where o is the entrainment coefficient (whose value is different for jets and
plumes). The rate of change of volume flux Q in the plume with distance s is
then given by:
d
0 = 2noabu,, 4.2)
ds
Equations (4.1) and (4.2) are the essence of the entrainment hypothesis, and
form the basis for most entrainment models.

Mean
velocity
profiles

Entrained fluid
ismixed by
turbulence

Entrained
ambient fluid

Figure 4.1 Entrainment and dilution in a simple plume

Entrainment models fall into two categories, Eulerian and Lagrangian, that
differ basically in the definition of the control volume. In an Eulerian model
the conservation equations are solved on a fixed control volume, and in a
Lagrangian model on a moving control volume. Lagrangian and Eulerian
integral flux models give similar results given similar assumptions.

An early application to outfalls was the Eulerian buoyant jet model of Fan
and Brooks (1969). They analyzed unstratified and stratified environments as
shown in the definition diagram, Figure 4.2. Fan and Brooks assumed that the
profiles of velocity, density deficit, and tracer concentration were self-similar
and Gaussian.
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Figure 4.2 Definition diagram for entrainment model of Fan and Brooks (1969)

For example, the velocity profile is given by:

rZ
u = u,(s)e 4.3)
where u is the local velocity at radial distance r from the jet centerline, and u,,(s)
is the maximum (centerline) velocity at distance s along the jet trajectory. The
flow is therefore assumed to be radially symmetric. The equation for continuity,
Eq. (4.2), then becomes:

d (o]
—J u2nrdr = 2nobu,, “4.4)
ds)o
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On substituting Eq. (4.3) and integrating this becomes:
d
= (u,,b*) = 20m,,b (4.5)
ds

Similar equations are derived for conservation of horizontal and vertical
components of momentum, buoyancy, and tracer. Horizontal momentum is
conserved; vertical momentum is not conserved if there are density differences
that cause buoyancy forces. The resulting equations, along with the equation
for the geometry of the centerline, are then solved numerically along the
jet trajectory. Because the conservation equations are integrated over the jet
cross-sections, entrainment models are also known as integral models.

Lagrangian models are also widely used. The following example is based on
the Lagrangian model UM3 that is incorporated into the U.S. EPA model suite
Visual Plumes (Section 4.3.2) and follows Baumgartner et al. (1994). For a
thorough discussion of Lagrangian models, see Lee and Chu (2003).

The control volume (called the plume element in UM3) is shown in
Figure 4.3. The effluent fluid does not flow across the boundaries, although
ambient fluid is entrained. This element is tracked through space by integrating
through time, the independent variable, to continuously recalculate its position
and other variables.

Displacement
of leading face

of trailing face

/ Displacement

Figure 4.3 The round plume element in a Lagrangian model

The plume is assumed to be in steady state so that successive elements follow
the same trajectory, i.e. the plume envelope remains invariant while elements
move through it, changing their geometry and position with time. The envelope
initially coincides with the edge of the port and the subsequent plume volume is
calculated from the entrained volume and the assumed element geometry.
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UM3 uses two entrainment models: the Taylor entrainment hypothesis
(Morton et al., 1956) and the projected area entrainment (PAE: Frick, 1984)
hypothesis. The PAE hypothesis is a statement of forced entrainment — the rate
at which mass is incorporated into the plume due to a current. The element
geometry determines the surface area, to which the Taylor entrainment term is
proportional, and the projected area, to which forced entrainment is proportional.
Overlap and curvature of the plume element is also incorporated (Figure 4.4).
The element length changes with time due to the different velocities of the
leading and trailing faces.

(b)

Line of
overlap

Figure 4.4 The round plume element at three stages of development

The mass conservation (continuity) equation for the plume element is

dm R,
E = _puAp ' Ua + paATVe (46)
where m is the element mass, p, the ambient density, A'p is the upstream area

vector of the plume element, f]u is the ambient current vector at the depth of the
plume center line, v, is the Taylor entrainment velocity, and Ay is the scalar
Taylor plume element surface area. The first term on the right of Eq. (4.6)
represents projected area entrainment and the second term the Taylor
entrainment. The Taylor entrainment velocity is:

l_}s - l_}a

v, = 4.7)

where o is an entrainment coefficient. Thus the entrainment velocity is
proportional to the velocity difference (shear) between the plume element and
the ambient fluid.
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These equations show the general ideas behind UM3. It uses vector routines
to define the different contributions to entrainment and can predict fully three-
dimensional trajectories.

Entrainment (integral) models have been applied to a wide variety of jet and
plume flows. They now include effects of merging of round plumes, ambient
flows, and ambient stratification. They are simple and efficient to use and have
great utility as an engineering tool.

The limitations of entrainment models should be kept in mind, however.
The entrainment coefficient is often assumed to be constant, but even for the
simplest case of a buoyant jet (Figure 4.2) it varies along the trajectory from a
jet-like value at the origin to a plume-like value at large distances. To account for
this, variable entrainment coefficients that depend on local conditions have been
suggested (Fischer et al., 1979). With crossflow, the mechanism of entrainment is
less well-understood, and more complex entrainment mechanisms have been
postulated. For example, the model of Schatzmann (1979) has five coefficients
to account for various factors such as curvature. Other difficulties include
uncertainties in the dynamics of merging and interactions of multiple plumes,
especially those discharged from both sides of a multiport diffuser (see, for
example the photograph in Figure 3.21), transition to horizontal flow at a free
surface or terminal rise height, and turbulence collapse. It should be noted that these
features are implicitly included in length-scale models based on experiments, such
as NRFIELD. Given the uncertainties in entrainment models, we repeat the
admonition given in Fischer ef al. (1979) that the user should always perform
checks on their model predictions by comparing them with predictions of the
asymptotic jet and plume solutions such as those presented in Chapter 3.

4.2.3 CFD models

Computational fluid dynamics (CFD) modeling is being increasingly applied to a
wide variety of turbulent flows in nature and engineering. There are several
major CFD techniques; for a review, see Sotiropoulos (2005).

One method is direct numerical simulation (DNS). The unsteady, three-
dimensional Navier-Stokes equations are solved over scales that are small enough
to resolve the entire spectrum of turbulence, from the largest eddies, whose size is
comparable to the flow domain, to the smallest Kolmogorov scales where turbulent
energy is dissipated as heat. In principle, DNS could model turbulent flows
with virtually no modeling uncertainties. Because the computational resources it
requires increase dramatically with Reynolds number, however, it has mainly
been applied to relatively simple, low Reynolds number flows. DNS is therefore
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not (at least within the foreseeable future) a practical modeling tool for simulating
flows at engineering-relevant Reynolds numbers.

A more realistic approach is Large Eddy Simulation (LES). The spatially
filtered unsteady Navier-Stokes equations are solved to resolve motions larger
than the grid size, and smaller-scale motions are modeled with a sub-grid model.
In flows where large-scale structures dominate the accuracy is close to DNS as
the influence of the small scales on the large scales is small (hence the sub-grid
scale model performance is not so important). However, for high Reynolds
number flows of practical engineering interest very high grid resolutions and
supercomputers are still required.

The most common CFD models are Reynolds-decomposition models. Flow
quantities are decomposed into time-averaged and fluctuating values and the
Navier-Stokes equations are then time averaged, producing what are known
as the Reynolds-averaged Navier-Stokes (RANS) equations. Assumptions are
made about the new terms that arise from this averaging. Examples are the
“constant eddy-viscosity” model and turbulent mixing-length models. Probably
the most common is the k-¢ model that assumes an empirical relationship
between turbulent kinetic energy, k, and the rate of energy dissipation, €. Various
adaptations of this model have been applied to a wide range of engineering flows.

There have not been many applications of CFD to jet and plume-type flows.
Hwang and Chiang (1995) and Hwang et al. (1995) simulated the initial mixing
of a vertical buoyant jet in a density-stratified crossflow. They employed a
RANS model with a buoyancy modified k- model. Blumberg et al. (1996) and
Zhang and Adams (1999) used far-field CFD circulation models to calculate near
field dilutions of wastewater outfalls. Law et al. (2002) used a revised buoyancy-
extended k-¢ turbulence closure to investigate the dilution of a merging
wastewater plume from a submerged diffuser with 8-port rosette-shaped risers in
an oblique current. Davis et al. (2004) used the commercial codes ANSYS and
FLUENT to simulate several case studies of effluent discharges into flowing
water, including a line diffuser, a deep ocean discharge, and a shallow river
discharge. They concluded that CFD models are becoming a viable alternative
for diffuser discharges with complex configurations.

The paucity of CFD applications to near field mixing is because of the major
challenges that they face. These arise from the geometrical complexity of realistic
multiport diffusers, the large difference between port sizes and the characteristic
length scales of the receiving waters, buoyancy effects, plume merging,
flowing current effects, and surface and bottom interactions. To overcome these
difficulties, Tang et al. (2008) applied a three-dimensional RANS model using
a domain decomposition method with embedded grids to model diffusers
with realistic geometries. They employed an algebraic mixing length model with



Modeling transport processes and water quality 103

a Richardson-number correction for buoyancy effects. They applied their model to
simulate negatively buoyant wall jet flows and found good overall agreement with
experiments and to the turbulent mixing of thermal discharges from single-port and
multiport diffusers into a prismatic channel and a natural river. The CFD model
showed the complex three-dimensional features of the flows, including jet merging
and the interplay between the jets and the ambient flow.

Although promising, the complexity of CFD models and the effort required to set
them up and run suggests that entrainment and length-scale models will continue
to be used for many years. This is particularly true for the cases of interest to outfall
design discussed in this book that may involve running thousands of simula-
tions with different oceanographic and discharge conditions (see Section 4.7.2).

4.3 SOME NEAR FIELD AND MIXING ZONE MODELS
4.3.1 Introduction

Some commonly used models for near field and mixing zone analyses are briefly
discussed below.

4.3.2 Visual Plumes

Visual Plumes (VP) is a near field and mixing analysis suite developed by the
U.S. EPA that is freely available." Operating instructions, tutorials, and some
theoretical discussion may be found in the Visual Plumes manual (Frick et al.,
2003) and in Frick (2004). In the United States, VP is often used to assess outfall
performance in mixing zones to obtain or write NPDES permits, but it is also
used for other purposes, such as:

® Near- and far-field plume modeling;
Outfall design;
Beach bacteria estimates;
Plume contouring such as concentration, temperature, salinity;
Brine and desalination discharges.

VP features include (for an extended discussion see Frick et al., 2003):
User specified units and automatic units conversion;

Multi context columns with inconsistent units;

Sensitivity analysis with changing inputs;

[ ]
L]
L]
® Time-series inputs of effluent and ambient variables;

http://www.epa.gov/ceampubl/swater/vplume/index.htm
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e Conservative tidal background-pollutant build-up;

® A multi-stressor pathogen decay “Mancini model” to predict coliform
mortality based on temperature, salinity, solar insolation, and water column
light absorption.

VP can model submerged and surface buoyant discharges from single port
and multiport diffusers (with merging plumes) into flowing, stratified waters.
VP is a model platform with a graphical user interface that supports several
independent models, including:

e UM3, a Lagrangian model for single and merging plumes;

e DKHW, an Eulerian model for single and merging plumes;

e NRFIELD (RSB), a semi-empirical model for multiport diffusers;

e PDSW, an Eulerian model for surface discharges.

The basic steps in using VP are shown in Figure 4.5. After entering the input
data, any of the main models can be executed. In addition, other specialized
sub-models and extensions can be invoked with any model, including the
Brooks algorithm for far field diffusion, and the Mancini model for bacterial
decay.

Input to VP is accomplished through tabs for the diffuser, ambient, and
program settings. The diffuser and effluent variables are inputted to the diffuser
tab, an example of which is shown in Figure 4.6. Variables include:

e Number of ports, diameter and depth;

Port orientation to the vertical and horizontal;
Total flowrate;

Start, end, and time interval for time-series;
Mixing zone distance;

Contour plotting variables;

Effluent salinity and temperature (or density);
Effluent pollutant concentration.

Ambient variables are inputted on the ambient tab, an example of which is
shown in Figure 4.7. Variables can be specified at multiple depths and can include:
Current speed and direction;

Salinity and temperature (or density);
Background pollutant concentration;
Decay rate;

Far-field current speed and direction;
Diffusion coefficient.
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Figure 4.5 Visual Plumes run procedure

Runs can be made in sequence, or as all possible combinations of cases.

Model outputs can be displayed in text format or graphically. A typical
graphical output is shown in Figure 4.8 for a horizontal buoyant jet in a linear
stratification (similar to that shown in Figure 3.18). Outputs for two models,
UM3 and DKHW, are shown to illustrate how results for different cases
and/or models can be compared. The graphs show the plume boundaries, the
centerline trajectory in plan and elevation, average and centerline dilutions, and
vertical density profile. The dilution (or tracer concentration) results can also
be shown as contour plots, which are useful for comparing regions of elevated
concentration to mixing zone dimensions.
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Figure 4.8 Typical Visual Plumes graphics output

4.3.3 NRFIELD

NRFIELD is based on the experimental studies on multiport diffusers in density-
stratified currents of arbitrary direction described in Roberts ez al. (1989a,b,c)
later updated with Tian et al. (2004a,b; 2006) and Daviero and Roberts (2006).
These experiments cover a wide range of parameters typical of actual ocean
outfalls. NRFIELD is available as part of Visual Plumes or as a stand-alone
version. NRFIELD is specifically oriented to marine wastewater discharges and
has been applied to many outfalls around the world.

The primary predictions of NRFIELD are the wastefield characteristics at the
end of near field as defined in Figure 3.22. These include near field dilution, S,,
rise height to the top of the wastefield, z,,, thickness h,, and length of the
near field, x,,. The model includes the effects of: arbitrary current speed and
direction (including parallel currents), density stratification, port spacing, source
momentum flux, discharges from both sides of the diffuser (and the resulting
merging of the plumes from both sides), re-entrainment and additional mixing in
the spreading layer, direct plume impingement in parallel currents, and lateral
gravitational spreading.

As with all models, the limitations of NRFIELD should be kept in mind. First,
it is based on experiments with linear density stratifications. NRFIELD solves
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for the rise height in a non-linear stratification by an iterative procedure in which
the density profile is linearized over the rise height. Comparisons with field
and other laboratory measurements show this to be usually a good assumption.
Second, the experiments are based on a uniform current, i.e. the current has
constant speed and direction over the rise height. Coastal currents can sometimes
exhibit strong shear in speed and direction. To account for this, depth-averaged
currents over the plume rise height can be used. Third, the experiments are based
on straight multiport diffusers. It should be kept in mind that the entrainment
models are also ultimately based on coefficients derived from small scale
laboratory experiments. Comparisons of NRFIELD predictions with field studies
on outfalls in Boston, Rio de Janeiro, and San Francisco, showed the major
wastefield characteristics to be well predicted.

NRFIELD executes very quickly and so can be used to run thousands of cases
with long time series of current speed and direction, density stratifications,
wastewater flowrate. This enables a much more reliable estimate of the
statistical properties of wastefield such as rise height and dilution. This approach
was taken in the modeling studies in support of the successful application for a
waiver from secondary treatment for the San Diego outfall. For an example, see
Section 4.7.2.

4.3.4 Cormix

CORMIX? is a proprietary expert system originally developed at Cornell
University. It classifies the momentum and buoyancy of the discharge in relation
to boundary interactions to predict mixing behavior. Boundary interactions can
be surface or bottom contact or terminal layer formation in a stratified ambient.
The hydrodynamic simulation system contains regional flow models that are
based on integral, length scale, and passive diffusion approaches to simulate the
hydrodynamics of near-field and far-field mixing. The algorithms provide rapid
simulations for mixing zone problems with scales of meters to kilometers and
time scales of seconds to hours.

Cormix has a graphics interface with tabs for input. The system analyses the
data to determine the type of discharge involved and computes the appropriate
length scales whose ratios classify the flow case. The results of experiments
and field data are then used to generate algebraic expressions that make the
predictions. Depending on the flow classification, CORMIX chooses the
predictive equations to use. In some cases, it uses an integral model similar

2 www.mixzon.com
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to DKHW for the initial phase of plume development, and empirical algebraic
expressions for the rest. CORMIX gives predictions for a wide array of
discharge conditions and diffuser configurations. It simplifies most multiport
diffusers to an equivalent slot discharge that has the same buoyancy and
momentum fluxes as the actual diffuser. Output is in tabular and graphical
format. More recent versions of CORMIX have expanded the graphical
capability of the model and improved the hydraulic calculations. Because of the
classification of flows into discrete cases, its predictions can have discontinuities
and large changes in response to small changes in input parameters.

CORMIX has extensive input and graphics capabilities that are too extensive
to discus here. For details, consult the website and manuals.

4.3.5 VISJET

VISJET was developed at the University of Hong Kong (Lee and Chu, 2003).?
It is an interactive virtual reality-based initial mixing prediction model that
combines the Lagrangian model JETLAG (Lam e al., 2006) with visualization
technology. VISJET is Windows-based and can be used for a wide range of
effluent discharge and ambient environmental conditions. It has a number
of graphic features that can be useful for studying environmental impact, plume
merging in a stratified crossflow, and outfall design. It can be used to simulate
and visualize merging buoyant jets from a rosette-type diffuser (for example,
Figure 4.24) in a crossflow.

VISJET has been coupled with a far field model using a Distributed
Entrainment Sink Approach (DESA) to predict effluent mixing and transport in
the intermediate field. For further discussion, see Section 4.6.

The capabilities of VISJET are too extensive to discuss here, and the model’s
website should be consulted for more details.

4.4 FAR FIELD MODELS
4.4.1 Hydrodynamic models

In the past few decades hydrodynamic models of coastal circulation have
matured and are being increasingly used to predict the fate and transport of
coastal discharges. Most models have been two-dimensional (depth-averaged)
and this may be adequate for fairly shallow (unstratified) waters. But in deeper

3 http://www.aoe-water.hku.hk/visjet/
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waters, especially if there are wind-shear effects, baroclinic processes, and
density stratification, three-dimensional models are needed. In contrast to near
field models, far field hydrodynamic models require extensive data input. These
include currents, bathymetry, winds, density stratification, tides, and their spatial
and temporal variability. Most models assume the vertical pressure distribution
to be hydrostatic, and this is adequate for most coastal processes of interest.
The models are either finite element, finite difference, or finite volume, of which
finite difference is the most common. The models should be combined with field
studies to ensure reliable results.

Ocean circulation models can be combined with mass transport models to
predict contaminant transport. Examples are bacteriological pollution in
nearshore areas due to storm water runoff (Carnelos, 2003) and marine outfalls
during different flow conditions such as flood and ebb tides (Liu et al., 2007).
Hydrodynamic models have also been used to predict near field plume behavior
(Blumberg et al., 1996; Zhang, 1995).

Some commonly used ocean circulation models are listed in Table 4.2. These
models are applicable to oceans, coastal waters, lakes, rivers, and estuaries.
Some are commercial and some are open source (free). Free surface, terrain-
following (sigma or s-coordinates) ocean models emerged about 20 years ago
from the need to model turbulent processes in surface and bottom boundary
layers and to simulate flows in estuaries and coastal regions. These efforts led to
the development of models such as POM, ECOM, and ROMS. These models use
curvilinear orthogonal horizontal coordinates, a horizontal numerical staggered
“Arkawa-C” grid, and a vertical staggered grid with either a sigma or a more
general s-coordinate system. Although the basics of the models are similar, there
are considerable differences in numerics and parameterizations.

A widely used 3D hydrodynamic model is the Princeton Ocean Model (POM)
(Blumberg and Mellor, 1983, 1987). POM is a nonlinear, fully three-dimensional,
primitive equation, finite difference model that solves the heat, mass, and
momentum conservation equations of fluid dynamics. The model includes the
Mellor and Yamada (1982) level 2.5 turbulence closure parameterization.



Table 4.2 Examples of hydrodynamic ocean circulation models

Name Assumptions TCM Extensions/ Comments
Application
Delft3D SW, HY k-g, k-L, algebraic, GG, WQ, SD, W, Delft Hydraulics. Commercial; pre- and
(FVM) constant PT, MD, EC post-processing packages are available
POM BO, HY Mellor-Yamada None Blumberg and Mellor (1987). Open source,
(FDM) no pre or post-processing packages
ECOM Based on Mellor-Yamada wQ, SD, W HydroQual. Blumberg and Mellor (1987).
POM Open source, updated version of POM,
post processing packages are available
ROMS BO, HY Mellor-Yamada, TR, WQ, PT, Rutgers University (1994). Open source,
(FDM) k-g, k-w ST, W well documented. Updated POM, pre and
post processing packages available
Mike (FVM) BO, HY Constant eddy TR, EC, ST, DHI Group. Commercial, pre- and
viscosity, MT, WQ, PT post-processing graphical user interface
Smagorinsky packages are available
subgrid, k-g, mixed
Smagorinsky/ k-¢
Telemac BO, HY and Mixing length SD, wWQ, W, Sogreah Consult. Commercial, pre- and
3D (FEM) non-HY GF, HA post-processing packages are available
ELCOM BO, HY Eddy-viscosity or CAEDYM (WQ) CWR, University of Western Australia,
(FDM) mixed layer open source, well documented

BO = Boussinessq Approximation
EC = Ecology and Water Quality Model
EFT = Ekman Flow Theory

FEM = Finite Element Method
FDM = Finite Difference Method
FVM = Finite Volume Method
GG = Grid Generator

HA = Harbor Agitation

HY = Hydrostatic Assumption
WQ = Water Quality

LWT = Long Wave Theory

MT = Mud Transport

PT = Particle Tracking

RANS = Reynolds-Averaged Navier-Stokes
RLT = Rigid Lid Theory

SD = Sediment Transport Module

SW = Shallow Water Approximation

TCM = Turbulence Closure Model

TR = Transport Module

UF = Groundwater Flow

W = Wave

Anrenb 191em pue sassaooid jrodsueny 3uropoin
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Most models assume incompressibility and are hydrostatic and Boussinesq,
so that density variations are neglected except where they are multiplied by
gravity in the buoyancy force terms. The basic equations of a hydrodynamic
model (such as POM) are based on continuity, momentum, and thermodynamics
including temperature and salinity, and an equation of state as follows:

v. v+aa—W=o “8)

s vu+w%—fv——é2—‘:+§z[w%—g]+& 4.9)
%‘;+V~VV+W%‘Z/—J‘U= pIOZI;Jr;Z[ M%—:]JrFy (4.10)
?+V V0+W?—§Z[sﬂg]+% (4.1D)
§+v.vs+wz_j:a%[gf,2—j]+n 4.12)

p = p(6,5) @.13)

where ¢,, is the vertical eddy diffusivity for momentum and ¢ is the vertical
eddy diffusivity for heat and salt. The horizontal viscosity and diffusion terms

are:
R R YR I
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Ay = CAxAy%|VV + (VV)T| (4.17)

Ay and Ay are horizontal eddy diffusivities that damp small-scale computational
noise. Horizontal momentum diffusion is commonly assumed to be equal to
horizontal thermal diffusion where the primary mixing process is eddy diffusion.
The Smagorinsky diffusivity, Ay, is small for computations with high resolution
and small velocity gradient.
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A turbulence closure sub-model is defined in terms of kinetic energy (¢°).
The turbulence field is described by prognostic equations for the turbulence
kinetic energy and turbulence length scale as:

o ’ 04> 0 oq* oU\? (oV)?
bl . hi L I o B BTSN N bt °r
ax TV VAW =5 Kegy [T (az) +(az)

2¢  0p 24°
CKy——""+F 4.18
+p° " ox Bl+ q (4.18)
and
A’D | & o 2 og’h) _ o . gD
. 1 =—|K
5 TVV@H+w o 5l K e
: > 1E -
+1EKy, (a—U> +<a_v> L8 4y (4.19)
0z 0z Do 0z B,
Ky =19Sy; Ky =1q9Sy; K, =148, (4.20)

where Sy, Sy and S, are vertical eddy diffusivities.

The governing equations are solved numerically using the finite difference
method on a staggered grid. The model uses time-dependent wind stress and heat
flux forcing at the surface, zero heat flux at the bottom, free-slip lateral boundary
conditions, and quadratic bottom friction.

Three-dimensional models are probably needed for waters deeper than
about 30 m or so that are stratified. This is because the currents can be strongly
sheared, not only flowing at different speeds over depth but in different directions
also; two-dimensional models would not capture this variability. But for reliable
results, three-dimensional models require extensive data on currents and density
at the boundaries and intensive efforts to set up and verify. For these reasons they
are not commonly used for smaller outfall projects, but may be part of larger ones.

4.4.2 Nesting technique

Specification of the boundary conditions for hydrodynamic models of open
coastal waters is major problem. Detailed information is needed on the
variations of currents and water level, stratification, and other parameters
and their temporal variations around these boundaries. Due to computational
restrictions, it is usually not practical to model an area large enough that the area
of interest is independent of these boundary conditions. Therefore, a common
approach is to model a large area with a coarse grid and to embed a finer-scale
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model within it. The grid size of the smaller model is small enough to resolve
scales of interest to outfall dispersion. The fine-grid model derives its boundary
conditions from the larger model and is said to be nested within it.

An example of nesting is the models used to predict the transport of pollutants
from the Grand River, Michigan, to adjacent beaches in Lake Michigan (Nekouee
et al., 2007). Circulation and thermal structure in the whole lake was modeled in
three dimensions on a coarse grid (2 km resolution) using a version of POM
(POMGL) that has been developed and adapted for the Great Lakes (Schwab
and Bedford, 1994; Beletski and Schwab, 2001). The model employs a terrain-
following vertical coordinate system (sigma-coordinate) with 20 vertical levels
(sigma levels, which represent a proportion of a vertical column) with finer spacing
near the surface and the bottom. A nested model with a domain of 6x24 km
and a 100 m grid size was implemented around the river mouth (Figure 4.9).
The model uses the 3D currents and temperatures extracted from the coarse grid
model along its open boundaries. The models are calibrated by comparing their
predictions with measured currents. The nested model provides more accurate
hydrodynamics in higher resolution as a basis for a mass transport model.

Figure 4.9 Whole-lake simulation with a 2 km grid (left) and the nested simulation
with a 100 m grid (right) (Nekouee et al., 2007)
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4.5 WATER QUALITY MODELS
4.5.1 Introduction

The two main mechanisms for transporting dissolved constituents in coastal
waters are transport due to the flow velocity, usually called advection, and
turbulent diffusion, due to random velocity fluctuations. Advection is a very
important transport mechanism, so reliable knowledge of currents is essential.
This may be obtained by a hydrodynamic model, as described in the previous
section, current measurements, or, best of all, both. Other chemical and
biological transformations may also occur.

A water quality model predicts the far field transport of constituents
contained in the wastewater and their chemical or biological transformations.
The objective is to predict pollutant concentrations and their temporal variations,
in other words water quality. Two main model types are used, gradient diffusion
and particle tracking, either of which may be Eulerian or Lagrangian. The models
are reviewed briefly below.

4.5.2 Eulerian models

Eulerian concentration models numerically solve the mass transport equation on
a fixed grid. The beginning point is usually the time-averaged mass conservation
equation:

%+u%+v%+w%—g<s%)+g(s%)+g(s%)
ot ox dy oz oax\Max) oy\oy) oz\*az

+ S+ W, .21

where ¢, is the concentration of the kth constituent, S is production of formation of
species due to chemical or other processes, and W), is a source term. ¢,, &y, &, are
turbulent diffusion coefficients in the z, y, and z directions, respectively. The
diffusion coefficients may be calculated from a hydrodynamic model. In order to
solve Eq. (4.21), information is first needed on the current field (assuming the water
quality constituents don’t influence the current field). This is usually obtained from
a hydrodynamic model such as discussed in Section 4.4.1. The hydrodynamic
model is run first, and then the resulting current field is inputted to the water quality
model. Equation (4.21) is then solved numerically for the pollutant constituents of
interest with a separate module. An example is Delft3D-WAQ.

Models of biogeochemical processes to predict, for example, nutrients,
eutrophication, and dissolved oxygen (DO) via the source, sink, and
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reaction terms in Eq. (4.21), can be very complex. An example is CAEDYM*
(Computational Aquatic Ecosystem DYnamic Model) which is a freely available
model developed at the University of Western Australia that simulates the major
processes influencing water quality. Itis a set of routines for primary and secondary
production, nutrient and metal cycling, oxygen dynamics, and sediment
movement. It may be run independently or coupled with hydrodynamic models
such as ELCOM. The biological model includes up to seven phytoplankton groups,
five zooplankton groups, six fish groups, four macroalgae groups, three
invertebrate groups, and models for seagrass and jellyfish. Phytoplankton growth
is dependent on both environmental factors and internal nutrient storage. Each
phytoplankton group has its own set of coefficients to define its characteristics
associated with the maximum growth rate, limiting factors, and internal nutrient
storage. DO processes include exchange at the air/water interface and the
sediment/water interface, oxygen production and consumption, water column
biochemical oxygen demand, nitrification, and respiration of higher organisms.
The models for metals such as iron, manganese, and aluminum are similar and
simulate processes that include oxidation, reduction, release from sediments and
settling and resuspension.

4.5.3 Lagrangian models

Eulerian gradient concentration models based on Eq. (4.21) are widely used in
coastal areas and estuaries. They give erroneous results near the source, however,
due to high numerical diffusion, and cannot resolve concentrations on scales
smaller than the grid size. Lagrangian models bypass these problems and are
particularly useful for ocean outfalls. They either follow puffs of material that are
allowed to advect and diffuse according to some solution of the diffusion equation
(for example, FRFIELD, Section 3.3.3.3), or track multiple particle releases.

Particle tracking models are also known as random walk particle tracking
(RWPT) models. The discharge is represented by a number of particles that
are advected (transported) by the local current with a simple random walk
formulation to represent turbulent diffusion. The flow field (currents) can be
either supplied by a 3D hydrodynamic model or measured by a recording device
such as an ADCP. To determine concentration, a three dimensional grid
is overlain on the simulated area and the concentration in each grid cell is
computed from the number of particles in the cell.

4 Jfwww.cwr.uwa.edu.au/services/models.php?mdid = 3
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The particle-based approach is robust and has a number of advantages over
Eulerian models. It is not subject to artificial diffusion near sharp concentration
gradients. It retains exact mass conservation. The particles can be assigned
properties, such as mass and age, which makes the method particularly well
suited to bacterial predictions. The sources are easily represented and can be
readily coupled to the near field model (see the next section for further
discussion of coupling). But it also has shortcomings. It is not well suited to
prediction of water quality parameters such as nutrients that involve chemical
reactions between constituents. The numbers of particles may be restricted by
memory and computation time. RWPT models have been extensively used in
ocean outfall design and predicting wastewater transport in coastal areas;
examples are the models of Chin and Roberts (1985) and Zhang (1995).

A recent example is the particle tracking model used for predicting nearshore
bacteria in Lake Michigan that was discussed above. The model is illustrated in
Figure 4.10.

Figure 4.10 Conceptual diagram for the proposed hybrid model

The domain is represented as an array of square boxes (Bennett and Clites,
1987; Beletsky et al., 2006). The particles are introduced at the end of the near
field and are advected, diffused, and decayed over the nested domain. The
z-coordinates are transformed to the sigma coordinate system before the tracers
are transported, and after particle propagation are transformed back. The
procedure is illustrated in Figure 4.11.

At each time step the particle displacement is computed from an advective,
deterministic component and an independent, random Markovian component.
The deterministic component is taken from the POMGL simulations. The
random velocities that represent diffusion are defined as a function of
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the turbulent diffusion coefficients as:
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Figure 4.11 Flow chart of the proposed hybrid method
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The particle coordinates at the end of each time step are:

x(t 4+ 1) = x(t) + u(t)At + E+/2¢,At (4.24)
y(t + 1) = y(t) + V()AL + ENJ2e,At (4.25)
2t + 1) = z(0) + w(n) At + E/J2e, At (4.26)

where &, &, &, and y are independent random numbers in the range [—1, 1]
(Chin and Roberts, 1985), and ¢;, and ¢, are the horizontal and vertical diffusion
coefficients, respectively. In some studies two other terms (e.g. in the x direction
(dey,/dx)At and (g,/h)(dh/dx)At) have been added to the stochastic displace-
ments. These terms represent artificial velocities due to the rate of change of
the horizontal dispersion coefficient and to uneven bathymetry (Dimou, 1992;
Suh, 2006).

4.6 MODEL COUPLING

The need for separate near and far field models brings about a somewhat
complex and difficult problem — how to introduce the output from the near field
model into the far field model? This procedure is known as coupling, in which
the flow quantities, such as volume, momentum, and pollutant mass are
transferred between the models, possibly in both directions.

The problem is illustrated in Figure 4.12. The near field dynamics are
characterized by entrainment and small-scale turbulence. The plume entrains
fluid that induces a current around the diffuser. For a typical long multiport
outfall, the velocity of this current is approximately 0.3b"° (Roberts, 1979)
where b (Table 3.1) is the buoyancy flux per unit length of the diffuser. This will
usually be a few cm/s and its magnitude decreases with distance from the
diffuser so it will generally be negligible compared to ambient currents. Also,
the net momentum flux of a diffuser is almost always zero (the momentum of the
jets from the opposing sides of the diffuser cancels out). Therefore, typical
wastewater outfalls do not significantly affect coastal circulation patterns (this
may not be true for large cooling water discharges from power plants). The
coupling is therefore usually considered to be one way, i.e. local currents affect
the discharge, but not vice versa. The main question then is how, and where, to
introduce the effluent flow and its pollutant mass into the far field model.
A number of studies have considered this problem.
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j«— Near fidd —»|e—— Far fidd —>
Figure 4.12 Model coupling (after Bleninger, 2006)

Chin and Roberts (1985) coupled a near field model with a far field particle
tracking model (see Section 4.5.3). Their approach is illustrated in Figure 4.13.
The source is defined as a vertical rectangular plane whose width is assumed
equal to the diffuser length, L (or the width at the end of the near field computed
by the methods of Section 3.3.2.7) and height equal to the wastefield thickness
at the end of the near field. Mass flux is normal to the plane and distributed
over it. The rectangular source configuration can be further discretized into
rectangular elements as shown. Chin and Roberts used ULINE (a predecessor to
NRFIELD) to predict the near field plume properties. A similar approach was
used by Zhang (1995) who adapted a version of NRFIELD and coupled it to the
far field hydrodynamic model ECOM. Zhang discusses different means of
introducing the effluent into the far field grid.

The coupling problem has also been avoided by using a far field model to
compute near field properties directly. Blumberg et al. (1996) applied the
hydrodynamic model ECOMsi to predict the near field characteristics of the
Boston outfall. The source was put into a bottom grid cell. They found good
agreement with predictions of plume rise height and dilution compared to
ULINE. Zhang and Adams (1999) also used ECOMsi to predict near field plume
characteristics, and compared the results to NRFIELD (RSB) predictions.
They found that rise height and dilution were reasonably predicted. Because far
field models do not properly reproduce the physics of the near field processes,
they can only give approximate estimates of near field plume properties.

Connolly et al. (1999) used a hybrid modeling approach to predict bacterial
impacts from outfalls in Mamala Bay, Hawaii. They constructed a three-
dimensional hydrodynamic model using ECOM to simulate advective and
dispersive processes in the bay. NRFIELD was run with the measured density
stratification and currents (see Section 4.2.7) to predict the time-variable
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structure of the effluent plume in the water column. The predicted near field
characteristics were directly inputted into grid cells at the predicted plume rise
height following the methodology of Zhang and Adams (1999).

Near field Far field
I(— —)’(— —>

Figure 4.13 Coupled particle tracking model of Chin and Roberts (1985)

The far field statistical puff model described in Section 3.3.3.3 can be easily
coupled to a near field model. This is particularly useful for predicting bacterial
impacts. The near field model is first run to predict plume properties using time
series of density stratification and currents. For each time step, the bacteria
concentration is computed as the concentration in the raw wastewater divided by
the near field dilution. This becomes the source concentration co for Brooks’ far
field model. “Puffs” of effluent with this concentration are then advected by the
ocean currents and followed for a fixed period. As the puffs travel, the bacteria
diffuse and decay according to Eq. (3.33). Thousands of releases can be readily
simulated to build up a statistical picture of the spatial variation of bacterial
levels around the discharge. For an example of this procedure, see Section 4.2.7.

Dynamic, i.e. two-way, linkage between the near and intermediate fields was
addressed by Choi and Lee (2007). They applied a distributed entrainment sink
approach (DESA) to model the intermediate field by coupling a 3D far field
model with a Lagrangian near field model (JETLAG). The action of the plume
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on the surrounding flow is modeled by a distribution of sinks along the jet
trajectory, and a diluted source flow is injected at the predicted terminal rise
height. This establishes a two-way dynamic link at grid cell level between the
near and far field models. The predictions agreed well with laboratory
experiments, including the interaction of a confined rising plume with ambient
stratification, and the mixing of a line plume in a cross-flow.

Bleninger (2006) describes an approach in which output from the near
field model CORMIX is linked to a far field hydrodynamic model, Delft3D.
Bleninger assumes passive, i.e. one-way, coupling. The source is introduced into
the far field grid cells as a volume flux that is equal to the source volume flux
multiplied by the near field dilution with a contaminant concentration equal
to the source concentration divided by the near field dilution. Although this
preserves the contaminant mass flux, it does not satisfy volume continuity as the
entrained flow is not removed from any cells. As discussed above this is usually
a good assumption for marine wastewater outfalls.

A similar approach was used by Roberts and Villegas (2006) for the
Cartagena outfall (see Section 4.7.4) except that NRFIELD was used to predict
the near field dilutions directly from the measured field data. Far field diffusion
and bacterial decay was computed from the water quality module Delft3D-
WAQ.

Ding et al. (2008) discuss the application of a 3D hydrodynamic model
(ELCOM) with an embedded near field model to the design of the proposed
tunneled outfall for Los Angeles. The near-field model needs the local ambient
conditions, particularly the velocity and density profiles. These are extracted
from the simulation at the beginning of a time step from a vertical column of
grid cells above the diffuser. The near field model is then applied and the
average dilution along the plume trajectory in each cell is computed. Water is
withdrawn from each of these cells based on this dilution and mixed with the
effluent to form the effluent plume that is then passed to the cell above. Finally,
the diluted effluent is inserted into the cell where the near field model indicates
trapping or surfacing. Flow rate, temperature, salinity, and tracer concentrations
within the inserted inflow are determined by mass conservation.

Swanson and Isaji (2008) simulated total and fecal coliforms and
enterococcus impacts from the same outfall using a Lagrangian particle tracking
far field model. NRFIELD was first run using actual measured data that included
stratification from thermistor strings and currents from ADCPs. Particles were
then injected at the predicted plume rise heights. One million particles were
released for each simulation and each particle was assigned a mass based on the
effluent flow rate and predicted dilution. The currents in the far field were
obtained from the extensive ADCP data that was available, with interpolation
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between the mooring locations. Bacterial decay was assumed to depend on solar
radiation and depth. The horizontal diffusion coefficient was assumed to be
constant and equal to about 8 m%/s, and the vertical diffusion coefficient was
assumed to be dependent on local density stratification, equal to 40 cm*/s during
low stratification, and 0.3 cm?/s during high stratification. Note that vertical
diffusion is much slower than horizontal because of density stratification.

Suitable coupling between the near and far field models is essential for
reliable prediction of outfall impacts. If near field dilution is not accounted for,
predicted far field dilutions will be much too low, leading to considerable
overestimates of environmental impacts. If the correct plume rise height is not
used, far field transports can be significantly in error. As this review has shown,
numerous approaches to the coupling problem have been adopted. Simplest
is coupling to a far field Lagrangian model, where satisfying continuity of
entrained flow is not an issue. Even if continuity is not strictly satisfied,
however, the effect on local currents is usually small. Because near field plume
behavior is very dependent on local density stratification, the models that take a
“hybrid” approach and use actual measured density stratifications, rather than
modeled values, are particularly useful.

4.7 NUMERICAL MODELING CASE STUDIES
4.7.1 Introduction

Case studies of numerical modeling of ocean outfalls are discussed at various
points in this book. Here we summarize some to illustrate modeling techniques
and the issues involved and particularly their implications for outfall design and
environmental impact.

4.7.2 Mamala Bay

Mamala Bay, Hawaii, was the subject of intensive studies related to the potential
impacts and treatment upgrades of two wastewater outfalls (Colwell e al.,
1996). As previously discussed, Connolly et al. (1999) developed a three-
dimensional hydrodynamic model of the flow in the bay and around the island of
Oahu. Extensive field measurements were undertaken, including measurements
of currents at several locations by ADPCs and electromagnetic current meters,
and density stratification by recording thermistor strings. The following is a
summary of the modeling discussed in Roberts (1999a,b).

The bathymetry, location of the outfalls and instrument mooring sites are
shown in Figure 4.14. An ADCP and a moored thermistor string that recorded
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temperatures at several depths through the water column were placed near the
Sand Island outfall at mooring D2. The data are discussed in Hamilton et al.
(1995) and Petrenko et al. (2001). The current speed and direction and density
stratification over the water column varied widely over a range of time scales
from minutes to months and longer. This would cause the near field plume
behavior to vary widely, and rapidly.

Pearl

Mooring D2

Figure 4.14 Bathymetry, outfalls, and mooring locations in Mamala Bay

To model this effect, the data were used as input to NRFIELD using the
procedure shown in Figure 4.15. Time series of current speed and direction
(measured by the ADCP), density profile (measured by the thermistor string),
and wastewater flowrate were input at 30 minute intervals. Over 20,000
simulations for a period of almost one year were run.

Some typical measurements of currents and temperature difference over
the water column and the resulting plume behavior are shown in Figure 4.16.
The currents are tidal with significant unsteady low frequency content. The
temperature difference over the water column varies widely, from essentially
zero to 5°C over a few hours. This is caused by the divergence of the diurnal
tidal wave around the island and then convergence in Mamala Bay which causes
a large vertical movement of the thermocline. This results in the density
stratification varying rapidly from strongly stratified to homogeneous. Finally,
the wastewater flow rate also varies diurnally. These simulation results are the
same as those used by Connolly et al. (1999) with a hydrodynamic model that
were discussed in Section 4.6.
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Figure 4.15 Schematic depiction of near field modeling with time-series input data

The varying conditions significantly affect the near field plume hydro-
dynamics. Dilutions range from about 100:1 to several thousand and rise heights
from deeply submerged to surfacing. The high dilutions occur when peak current
speed, weak stratification, and low flow rates coincide. Conversely, low dilutions
occur at slack water, high stratification, and high flow rates. The highest
predicted dilution exceeded 4,000, and the median was 320. The median rise
height was 25 m (the water depth is about 70 m, so the plume is submerged
about 45 m below the water surface). The plume is submerged most of the time,
surfaces briefly when the water column becomes homogenous, and then
submerges again. The plume was predicted to be submerged 89% of the time, or
conversely to surface about 11% of the time. For reasons discussed in
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Roberts (1999a) this is believed to be a conservative estimate of plume
surfacing. These results show the extreme variability of dilution and the
impossibility of assigning a single number to it.
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Figure 4.16 Measured currents, temperature difference over water column,
dilution, and plume rise height for the Sand Island, Hawaii, outfall

Because surfacing plumes are most likely to impact the shoreline, their far field
transport and shoreline impact was then modeled with the statistical model
discussed in Section 3.3.3.3. When the plume was predicted to surface, it was
advected as a puff using the measured currents in the near surface ADCP bin. The
resulting visitation frequencies were shown in Figure 3.30. To predict bacteria, far
field diffusion was computed by Eq. (3.33) and bacteria were assumed to decay
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according to a first order process (Eq. 3.46) with Ty varying diurnally from 6.9
hrs during daytime and infinity (i.e. no decay) at night. The resulting frequency
with which total coliforms exceed 10,000 per 100 ml are shown in Figure 4.17.
The bacteria levels decrease very rapidly with distance from the diffuser and the
probability of exceeding shoreline bacterial standards is very small. Similar plots
for an exceedance level of 1,000 per 100 ml are shown in Roberts (1999b) where
it is concluded that the bathing water standard of less than 20% exceedance (the
standard at that time) would be met right over the diffuser. For another example of
this procedure, and other assumptions concerning the diurnal variability of T,
see the discussion of the Cartagena outfall in Chapter 14.

Figure 4.17 Frequency of total coliforms exceeding 10,000 per 100 ml for the
Sand Island outfall, Hawaii (after Roberts, 1999b)

Finally, the long-term flushing model (Section 3.3.4) was applied. It was
predicted that flushing, horizontal diffusion, and decay would result in high
dilutions with no significant contaminant accumulation.

4.7.3 Rio de Janiero

An example of application of a hydrodynamic model is Carvalho (2003) who
used a two-dimensional depth-averaged model to simulate circulation of the bay
and coastal waters near Rio de Janiero as shown in Figure 4.18. He predicted
the behavior of the Ipanema beach outfall with a near field model and far
field dispersion with a Lagrangian particle tracking model. Bacterial decay was
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predicted as a function of several variables, including plume submergence
(Carvalho et al., 2006). Examples of simulated coliforms at various periods in
the tidal cycle are shown in Figure 4.19.
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Figure 4.18 Grid for numerical hydrodynamic model of the Ipanema outfall
(Carvalho, 2003)

The dispersion of the sewage field was evaluated for oceanographic
characteristics typical of the different seasons. It was predicted that the
Brazilian primary water contact standards would be met in all cases at the
beaches. The plume can extend for long distances, more than 25 km, along
the coast, however, and can be trapped by stratification and restrained by the
Cagarras Island.

4.7.4 Cartagena

The proposed Cartagena, Colombia, outfall is discussed as a case study in
Chapter 14. Its bacterial impacts were simulated using two approaches:
Lagrangian far field modeling using measured currents at one location, and
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three-dimensional hydrodynamic of the adjacent coastal waters. The Lagrangian
and near field time-series modeling are discussed in Section 14.2.4. The
hydrodynamic modeling is discussed below.
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Figure 4.19 Simulations of coliforms discharged from the Ipanema outfall
(Carvalho, 2003)

Two three-dimensional hydrodynamic models were used: a large-scale
model and a nested model. The model domains are shown in Figure 4.20.
The large scale model, ELCOM, was used to predict regional-scale currents in
the Caribbean. Its domain was large enough that the open-ocean boundary
conditions would not affect the results in the vicinity of Cartagena. The small
scale, nested, model was Delft3D whose purpose was to predict the fate and
transport of the wastefield in the vicinity of the proposed outfall. The horizontal
and vertical sigma-coordinate grids for Delft3D are shown in Figure 4.21.
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The boundary conditions for the nested model consisted of the measured
currents spatially modified according to the ELCOM predictions. Locally
measured winds and water levels were used in addition to the measured currents
to drive the model. Modeling was conducted for the two main seasonal
conditions: dry and wet that included the highest occurrence of onshore
directions and would therefore be “worst-case” conditions.
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Figure 4.21 Nested model domain for Cartagena (left) and vertical grid cell
configuration (right)
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The hydrodynamic predictions were then employed in a water quality model
(Delft3D-WAQ) to predict bacterial fate and transport. The source conditions for
the water quality model were obtained from NRFIELD.

Some typical time series of predicted total coliform levels at six locations
around the outfall over a 28 day period are shown in Figure 4.22. It can be seen that
the levels are generally low and are very intermittent. They are close to zero for
long periods that are interspersed with relatively high values when the plume is
over the target location. Bacterial levels at the shore are always very low or zero.
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Figure 4.22 Predicted total coliforms around the Cartagena outfall.
Units are per 100 mlx 10*

The exceedance frequencies and geometric mean values of total coliforms at
the shoreline were predicted to be much lower than the WHO and California
water quality standards given in Tables 2.8 and 2.9. These conclusions are the
same as those derived from the modeling studies using a Lagrangian approach
based on the measured currents at one location (see Figure 14.4).

It should be noted that the Lagrangian and Eulerian modeling approaches
used here are quite different.

In the Lagrangian approach, the actual currents measured by the ADCP were
used to generate plume trajectories (progressive vector diagrams). Thousands of
simulations were performed to generate a statistical picture of the bacterial
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impact around the source. The advantage of this method is that the measured
currents are used. It is not necessary to model them and all of the observed
variability of the currents is automatically included. Relative diffusion
(assuming the 4/3 power law of diffusion) is easily incorporated along with
time-varying bacterial decay. Wind effects are incorporated inasmuch as the
measured currents include them. However, the current measurements do not
usually extend to the water surface, so surface wind transport may be
underestimated. This effect was modeled by adding a wind-induced surface
drift (Roberts, 2005). The other disadvantage of this approach is the assumption
of spatial homogeneity of the currents. In reality they are not, and they also have
a random component, so individual plume trajectories cannot be predicted
although average displacements can be estimated. Therefore, the decrease of
bacterial impacts with distance near the diffuser (for example, Figures 4.17 and
14.4) should be reasonably estimated, and shoreline impacts are probably
overestimated. The conservative estimates, use of actual current data, and
relative ease of making the calculations, make the Lagrangian approach a useful
engineering tool. For further discussion of the theory and application of
Lagrangian statistical modeling, see Roberts (1999b).

The Eulerian approach numerically solves the hydrodynamic equations on a
fixed grid to predict currents and stratification. The advantage of this approach is
that the full hydrodynamic variability in space and time, including near-surface
currents, can, in principle, be predicted. The difficulty is that extensive boundary
condition information, such as current speed and direction and density over
depth, their variability with time and along the boundaries, and the temporal and
spatial variability of the winds over the surface, are required to drive the model
and produce reliable results. Coastal waters are usually very much under
sampled, especially spatially, so such detail is almost never available, and even
with good boundary data, currents are difficult to model. This is a significant
problem for outfalls, as the transport on scales that most affect local bacterial
impacts is advection-dominated. Correct prediction of the current field, in other
words, where the water goes, is therefore essential for reliable predictions of
bacterial impacts.

Notwithstanding the above comments, the two modeling approaches led to
the same conclusion: Shoreline bacterial standards will be met by a large margin
with only preliminary wastewater treatment.

4.7.5 Boston

Extensive numerical modeling of the Boston outfall has been performed.
See Blumberg et al. (1996) and Signell et al. (2000).
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4.8 PHYSICAL MODELS

Physical models, that is small-scale hydraulic models, are sometimes used in
complex cases that cannot be reliably modeled by mathematical models.
They are mainly restricted to near field processes; physical models of far field
processes or currents are rarely used for open coasts. They have been used for
semi-enclosed estuaries, for example Helliwell and Webber (1973), but have
now been mainly replaced by numerical models. Physical models to simulate
internal outfall hydraulics, particularly of saltwater purging in tunneled outfalls,
are often used, for example Adams et al. (1994) and Lee et al. (2001). Examples
of near field physical models for outfalls are Isaacson et al. (1983), Roberts and
Snyder (1993a,b), and Couriel (1993). Near field models are typically done in
towing tanks with the diffuser towed through stationary water. This is a
convenient way to simulate a flowing stratified environment, which is difficult to
produce in a laboratory.

An example is the physical model (Roberts and Snyder, 1993a) of near field
plume behavior of the Boston outfall. The wastewater may contain stormwater
runoff up to a peak design flow of 1270 mgd (56 m*/s). To accommodate such a
huge flow, the outfall, shown schematically in Figure 4.23, is a deep rock tunnel
with an internal diameter of approximately 24 feet (7.3 m) and a length of
approximately 9 miles (14 km).

Figure 4.23 Boston outfall schematic and photograph of riser (MWRA)

The tunnel terminates in a diffuser 6600 ft (2012 m) long that consists of
risers that extend to the sea floor where they are capped with multiport outlets.
The risers are about 250 ft (76 m) long from the tunnel to the seabed and are
constructed by drilling downwards with an oil drilling rig. This is expensive
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(on the order of 1.5 million for each riser), and a considerable cost savings
would be achieved if the number of risers could be reduced (without impairing
the dilution capability of the diffuser). Little was known about the behavior of
such discharges, especially in currents flowing parallel to the diffuser axis
(which could occur often) with the possibility of "shading" of downstream risers.
A study of a section of the diffuser was therefore performed in a density-
stratified towing tank. The objectives were to determine the minimum number
of risers consistent with the dilution requirements and to establish the
characteristics of the wastefield formed for the final design under typical
oceanic conditions.

Photographs from the model study showing the plumes in a stationary
stratified environment are shown in Figure 4.24. It was found that, due to
merging of the rising plumes, entrainment was restricted if too many ports were
used. This is contrary to conventional diffuser wisdom, and resulted in the design
having eight ports per riser, rather than 10 or 12. As a result of this model study,
the number of risers was reduced from 80 to 55, with considerable cost savings.
The model results were subsequently confirmed in field studies on the outfall
(Roberts et al., 2002).

Figure 4.24 Photographs of plumes from the physical model study of the Boston
outfall (Roberts and Snyder, 1993a)

4.9 DISCUSSION

The fate and transport of wastewater discharged from ocean outfalls is complex
and difficult to model. Consequently, conservative assumptions and approaches
are commonly used, with the result that outfalls readily meet environmental
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standards and criteria. But modeling is becoming more realistic, and less
conservative. For example, the results shown in Figure 4.17, that use measured
time-varying currents and stratification, show much lower shoreline bacterial
levels than would be predicted by the traditional method of assuming a constant
onshore current and constant near field dilution. Similarly, time-series modeling
of near field mixing, for example Figure 4.16, shows highly variable dilution
whose median value is much greater than the lowest worst-case estimate. Worst-
case conditions are extremely improbable, and their use could lead to overly
conservative outfall designs and treatment levels.

Because of the widely varying scales of the major transport processes,
sub-models of near and far field processes are needed. Many model types exist,
but whatever models are used they must be properly coupled. Near field models
are either length-scale, entrainment, or CFD. Presently (and for the foreseeable
future) most models are length-scale or entrainment, or a combination of the
two. Water quality models are either Eulerian or Lagrangian, and account for
diffusion either by concentration gradient diffusivity or by tracking multiple
particle releases. The currents and circulation patterns needed by these models
are either measured directly by moored instruments, such as ADCPs, or
predicted by two- or three-dimensional hydrodynamic models. Two dimensional
hydrodynamic models are useful for fairly shallow waters, but three-dimensional
models are needed for deeper, stratified waters. However, three dimensional
models require extensive field data to produce reliable results, and are complex
and expensive to set up. Most outfall projects won’t justify the considerable
expense of three-dimensional models and the difficulty of implementing them.
Hybrid approaches that combine oceanographic measurements with near and far
field models, and Lagrangian models that use measured currents are especially
useful for engineering purposes. Good data are essential to any successful
modeling effort. The means to acquire such data are discussed in the next
chapter.

Even though numerical models may not accurately predict water quality in an
absolute sense, they can be very useful in predicting relative effects, for example
the difference in water quality resulting from different treatment levels.
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Field surveys and data
requirements

5.1 INTRODUCTION

Many types of information and davata are needed for planning, designing,
constructing, and operating marine outfalls. Some are used with mathematical
models to predict environmental impacts and to ensure that environmental
criteria are met, and some to ensure its reliable operation over many years.
To accomplish these objectives, data are needed on currents, density
stratification, winds, waves, and bathymetry, among others.

Information is sometimes available from previous studies or measurements
made for other purposes. These data are often insufficient or of the wrong type,
however, and it is almost always necessary to conduct specially designed
studies. Careful planning is essential to ensure that the correct type of data is
obtained, and diligent quality assurance and control (QA/QC) must be exercised
© 2010 IWA Publishing. Marine Wastewater Outfalls and Treatment Systems. By Philip JW Roberts,
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to ensure the veracity of the data obtained. The campaign must be tailored to
the specific needs of the outfall project, such as the mathematical modeling
discussed in Chapters 3 and 4, and the structural design issues discussed in
Chapters 8, 9, and 10. These campaigns can be expensive, costing from tens of
thousands of dollars for a small outfall to more than a million dollars for a major
project. But experience tells us that it is money well spent. Properly conducted
studies at the early stages of outfall planning can significantly smooth the
project’s progress and ultimate success; conversely, poorly executed field studies
can delay or even derail otherwise good projects.

Oceanographic instrumentation has advanced rapidly in recent years, and the
cost has decreased to the point where adequate surveys can be readily made even
in developing countries. But field campaigns can be very extensive and complex,
and are quite site and project dependent. Therefore, we can only provide
here some general guidance on the types of data needed and the means for
obtaining it.

5.2 PHYSICAL OCEANOGRAPHY AND METEOROLOGY
5.2.1 Introduction

Physical oceanographic data are essential. They are used for the outfall structural
design, prediction of the fate and transport of the wastewater, and in mathematical
models to ensure that environmental criteria, such as near field dilution
and shoreline bacterial levels, are met. Particularly important is information on
bathymetry, currents, waves and tides, and the temperature, salinity, and density
structure of the water column.

5.2.2 Currents

The use of current data falls onto several categories:

Analysis and understanding of the hydrodynamics of the coastal region;
Calibration of coastal hydrodynamic circulation models (Chapter 4);
Prediction of initial dilution (Section 3.3.2);

Prediction of far field transport (Sections 3.3.3 and 3.3.4);

Prediction of horizontal or vertical pipeline movement, erosion beneath a
seabed pipeline, removal of material around a buried pipeline, sedimenta-
tion around and burial of the diffuser (Chapters 8 through 11);

® Planning for the outfall installation.
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The coastal ocean is a complex hydrodynamic regime whose special
characteristics were discussed in Section 3.2. The main driving forces of coastal
currents are tide, winds, and major ocean currents such as the Gulf Stream, the
North Equatorial and South Equatorial Currents of the Atlantic, the Humboldt
Current, and the Kuroshio Current of the Pacific. At any particular location,
some or all of these drivers may dominate and some may be negligible.
Bathymetry will always significantly affect local circulation patterns and storm
surge during hurricanes can generate very strong local currents.

Tides often dominate. They can cause very strong currents, such as in
southeastern Alaska, where tides can exceed 15 m and generate currents as high
as 17 knots (8.7 m/s) in narrow entrance fjords. Strong currents can also occur
where tides pass around islands, through archipelagos with narrow passages, and
into or out of entrances to atolls. In open coastal waters tidal currents are
typically much slower, however.

Currents can also be caused by waves. Wave-generated currents that run
away from shore in an approximately perpendicular direction are known as
rip currents and those that that run parallel to the shore as littoral drift. The
velocities of these currents are influenced by the wave energy (which determines
the onshore runup) and the geomorphology of the coastline. The currents can be
strong enough to transport sufficient seabed material to change the water depth
and bottom profiles by several meters, posing a significant threat to outfall
stability.

Currents often show considerable variation with horizontal distance and over
depth. Current speeds generally decrease somewhat with increasing depth, and
their direction can also change, so measurements through the water column are
desirable, especially in deeper water. Variations in the horizontal depend on the
local topography. For a long straight shoreline, most variations occur in the
offshore direction rather than alongshore. For a complex topography, however,
such as with large depth changes, islands, or a nearby estuary mouth, they can
vary in any direction. The required number of current meters will depend on the
degree of spatial variation along with the needs to verify mathematical models
and to provide their boundary conditions. The authors have worked on projects
involving one or two current meters up to projects involving 18 meters.

Ocean currents also vary considerably in time over a wide range of scales
from minutes to years. To capture seasonal variations, they should ideally be
measured as long time series for one year with measurement intervals as short as
15 minutes. If this is not possible, they should be measured at least hourly for
shorter periods that cover diurnal tidal variations. If continuous measurements
for one year are not possible, they should be made during the months most
representative of the various seasonal conditions.
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The means of obtaining long time series of ocean currents has changed
radically over the past twenty years or so. Previously, it was common to obtain
point measurements with current meters such as electromagnetic instruments.
To obtain readings over the water column, several instruments were required,
strung at various depths on a cable. These have now been almost entirely
supplanted by the Acoustic Doppler Current Profiler (ADCP).

ADCPs and some typical installations are shown in Figure 5.1. They can
measure current speed and direction throughout the water column (except near
the surface and bottom) at specified intervals and record the data internally.
They can be deployed on the seabed looking upwards, or from the surface on a
buoy or a moving boat looking downward. Some units operate horizontally to
measure the lateral variation of currents at one depth, such as across a river or
narrow estuary. The data are retrieved either by recovering the instrument by a
diver and replacing it, by an acoustic modem, or by cable to a surface buoy.
By transmitting the data to a surface buoy, it is also possible to telemeter the data
to shore in real time. ADCPs are self contained and powered by a battery for up
to (and sometimes exceeding) one year.

Figure 5.1 Typical ADCP and installations (Images courtesy of SonTek/YSI, a
division of YSI, Inc.)
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ADCPs operate by sending sound waves (pings) of known frequency through
the water column. By measuring the Doppler frequency shift and time of travel
of echoes from scatterrers such as particles or bubbles in the water column, they
can measure velocity through the water column in up to 128 layers (bins).
Different sound frequencies are used for different profiling water depths. Higher
frequency units, up to 3 MHz, are used for shallow water a few meters deep
with bin sizes as small as 15 cm, and lower frequency, down to 0.25 MHz, for
depths up to 200 m, with bin sizes around 2 m. Sensors can be added to measure
other parameters, such as temperature, conductivity, depth, turbidity, and
waves. The cost of a unit depends on how it is configured, what sensors
are added, battery options, etc, but is of order US 10,000 and up. This is
considerably cheaper and easier to deploy than a string of point meters such as
electromagnetic instruments. ADCPs can be configured to surface buoys that
measure wave and meteorological parameters and the combined data
telemetered to shore in real time as shown in the right-hand image in Figure 5.1.

The richness of the data that can be obtained by an ADCP is illustrated in
Figure 5.2. This shows current vectors at various depths and times obtained off
the coast of Hawaii. Such data frequently reveals the complexity of coastal
currents, which can flow in different directions at different depths. The spatial
variation of currents over a wide area can be obtained from a moving boat
equipped with a downward-looking ADCP; an example is shown in Figure 5.3.
The use of ADCPs has expanded our understanding of coastal circulations
considerably and their data can be used directly in models to predict the near and
far field transport of an outfall plume and bacterial contaminations as discussed
in Chapters 3 and 4.
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Figure 5.2 ADCP data obtained off the coast of Oahu, Hawaii
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Figure 5.3 Data from vessel-mounted ADCP (Ocean Surveys, Inc.)

Considerable insight into current behavior can be obtained by visualizing the
current data in different ways. For example, Figure 5.4 shows five polar scatter
diagrams of currents at one depth over about one month in the Pacific Ocean
near San Francisco, California. These plots are a useful way to see a quick
“snapshot” of the current speeds and directions and their major characteristics.
The diagram near the diffuser location shows the principal current axes (labeled
PC1 and PC2) and the first principal axis at the other locations. The first
principal axis maximizes the kinetic energy of the currents when projected onto
them; the second principal axis is orthogonal to the first. It is often useful to
decompose the currents onto these axes. The component of the currents along
the first principal axis is the first principal component. The diffuser is oriented
perpendicular to this axis to obtain the maximum beneficial effect of the currents
on initial dilution (see Chapter 3). The first principal axes of the currents at each
mooring are shown at each site. Several characteristics of the currents can be
concluded from Figure 5.4. The first principal components point towards the
mouth of the Golden Gate (because they are dominated by the tidal current
flowing through the Golden Gate). The magnitude of the currents decrease with
distance from the Golden Gate, and onshore current speeds are slow.

Although polar scatter diagrams indicate the currents’ spatial variation, they
tell us nothing about their temporal variation. A common method of showing
current time series is the feather plot (Figure 5.5). This shows the current vectors
at one location and depth by placing the origin of each vector sequentially at its
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measurement time on the horizontal axis. The tidal variation of the currents is
now readily apparent. More sophisticated digital analyses are used for time
series analyses of ocean currents, such as computation of energy spectra, rotary
spectra, filtering to extract low or high frequency content, spatial correlations,
polar histograms, etc. Such analyses are beyond the scope of this book, but some
examples in the context of ocean outfalls are given in Roberts (1999a,b).

Figure 5.4 Polar scatter diagrams of currents obtained near San Francisco, California
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Figure 5.5 Feather plot of currents obtained near San Francisco, California

Current data are also used directly as input into wastefield simulation models.
Examples, to predict time series of near field dilution were discussed in Section
4.7.2, and prediction of far field characteristics such as visitation frequency and
bacterial concentrations in Sections 3.3.3.3 and 4.7.2.
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Surface currents can have important consequences. If the plume surfaces, it
may be transported by the surface current, and floatables such as grease and oil
can also move with the surface current and wind. It is usually assumed that the
wind can induce a surface current whose magnitude is 1% to 3% of the wind
speed.

ADCPs do not measure all the way to the surface so surface currents are best
measured by drogues or floats (Figure 5.6). A recent development is low-cost
transmitting GPS units (around $200) that can record the drogue’s position and
trajectory. These drifters can be set at different depths and are particularly useful
to obtain Lagrangian water motions (as opposed to the Eulerian data at a point
that are obtained by recording current meters). This enables better prediction of
travel from a potential diffuser location to a point of particular significance such
as a water intake or beach. Drifter data can be visualized as progressive vector
plots (sequential “tail to head” plot) such as shown in Figure 5.7. ADCP studies
should be supplemented by periodic drogue releases at the proposed discharge
sites. Their positions should be recorded continuously for one to five days
depending on study area characteristics.

Figure 5.6 Surface drifters (Right, Courtesy Ocean Surveys)

Another important recent development is the use of surface current radar that
can continually map out surface currents over a wide area. Such data have been
used in delineating mixing zone areas for ocean outfalls (Chin et al., 1997).
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Figure 5.7 Trajectories of drogues released at different depths
(courtesy Ocean Surveys)

5.2.3 Density stratification

Coastal waters deeper than about 20 m are usually density stratified, i.e. the
density varies with depth. For the water column to be hydrodynamically
stable, density must always increase downwards. As discussed in Chapter 3,
this stratification plays a critical role in the plume dynamics, particularly
in determining plume rise height and dilution. By submerging the plume, it
can prevent shoreward plume impaction (see Figure 3.4). It also affects how
the wastefield is transported to distant locations, as currents at different
depths can move differently. Measurement of stratification and its variability
is therefore essential. Even very small density differences, as small as 1 o
(1 kg/m®), over the water column can have profound effects on the plume
behavior, so density must be measured to an absolute precision of around
0.1 o,

Seawater density depends on salinity and temperature. The stratification is
often primarily thermal, but a nearby freshwater source such as an estuary can
dramatically increase stratification. Density is not measured directly, it is
calculated from measured salinity and temperature, and salinity is usually
computed from conductivity.

Traditionally, stratification data has been obtained by an instrument package
traversed up and down through the water column from a boat (Figure 5.8). These
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packages typically measure conductivity, temperature, and depth (CTD) and
transfer the data to a recorder on the ship deck. They can also be attached to a
“V-fin” (Figure 5.8) from a moving boat. This is “flown” though the water and
winched up and down so it follows a “tow-yo” pattern, or it can be winched up
and down with the boat stationary to profile at a fixed location. The data are
typically recorded in a deck acquisition system at, say, 1 Hz. Other sensors that
measure parameters, such as dissolved oxygen and pH, can also be used. These
instrument packages are manufactured by several companies.

Figure 5.8 Instrument package and V-fin for CTD profiling

Another option is to measure stratification continuously by a string of
moored instruments (Figure 5.9). The strings usually consist of thermistors to
measure temperature, and conductivity probes to measure salinity. The probes
are set at prescribed depths through the water column and their data are
saved on a recorder at the bottom. A considerable advantage of instrument
strings is that they can record long time series of density stratification at
prescribed time intervals by simultaneously measuring densities at multiple
depths. The sampling interval and time should be equal to and synchronized
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with any current meter recordings. The long time series of density are
especially useful for predicting time series of near field plume behavior. An
example of this procedure is given in Section 4.7.2. Figure 4.15 shows some
sequential density profiles measured by a thermistor string off the coast of
Oahu, Hawaii, and Figure 5.10 shows vertical profiles of temperature,
salinity, and density obtained at two hour intervals on the north coast of the
Dominican Republic by a temperature-conductivity string moored in water
150 m deep.

Surface bury

»>0O0|

Near-surface temperature sensor

Mid-depth temperature sensor ——l

40-1bs weight

=—— Sub-surface bury

'+——— Near-bottom temperature sensor

200-1bs weight

Figure 5.9 Long term mooring (courtesy Ocean Surveys, Inc.)
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Figure 5.10 Example of salinity, temperature and density profiles at
two hour intervals
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As with currents, stratification varies over a wide range of time scales from
minutes to years. Ideally, stratification should be measured continually (say at
15 to 30 minute intervals) over one year to capture seasonal variations.
The instrument strings described above now make this possible. If this is not
feasible, stratification should be measured several times during the major
seasons over one year and during representative tidal conditions by a profiling
instrument deployed from a boat (Figure 5.8). After processing, the data are
usually presented in tabular and graphical forms for use in plume analysis.

5.2.4 Waves and tides

Many failures of unburied submarine pipelines are related to surface waves.
They cause hydrodynamic forces on the pipe, differential erosion of the seabed or
bedding material on which the pipe is laid, mass movement of seafloor materials,
deposition of material over the diffuser, and liquefaction of the supporting
seabed. Knowledge of waves and the forces, accelerations, and velocities
beneath them is therefore necessary to enable design of an outfall that precludes
such failures.

This requires determination of the most severe wave that is likely to impact
the outfall during its lifetime, referred to as the deepwater design wave.
Determination of the height, period, and direction of travel of the wave front of
the design wave is described in Chapter 8.

Information on tides is important for several reasons, in addition to their
influence on currents. Bathymetric maps are usually referenced to mean low low
water level (MLLW). In areas with large tides, the elevation difference between
high and low tides can be significant and must be accounted for when analyzing
the internal outfall hydraulics. This can be especially important when the outfall
operates on gravity head rather than pumps.

For low slope seabeds with large tides, the surf zone, where waves break, can
move dramatically during the tidal cycle. The area of extra or special outfall
protection in the surf zone must be adjusted accordingly.

Note that the capacity to simultaneously measure water depth and wave
characteristics can be added to ADCPs.

5.2.5 Meteorology

Meteorological information, particularly wind speed and direction, is important
to many aspects of an outfall project. Although historical data are often
available, such as from nearby airports, additional measurements are usually
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needed. The data are needed to predict surface wind-induced currents, as input to
hydrodynamic coastal circulation models (Chapter 4), and are essential for
planning and carrying out construction, especially in timing the outfall flotation
and submergence. It is highly desirable to conduct these activities during the
time of the year and time of day when wind speeds are low.

If there is no permanent meteorological station nearby, a temporary
meteorological station should be set up as close to the diffuser area as possible.
The data should be correlated with that obtained at the nearest permanent station
to enable projection of winds based on long term historical data.

The meteorological station can be shore-based (Figure 5.11a), or on a floating
buoy (Figure 5.11b). Either can be equipped with telemetry to transmit data to
a central location in real time. A floating buoy can be equipped to measure
surface waves, air temperature, wind speed and direction, and can also serve to
telemeter data from a submerged ADCP. The advantage of a floating buoy is that
winds can be significantly affected by local topography, and measuring wind
directly over the water is more representative of actual conditions near the
proposed diffuser.

(a) Shore-based (Ocean surveys, (b) Floating
Inc.)

Figure 5.11 Meteorological stations

Wind speed and direction should be measured at least hourly in summer and
winter. They should be recorded concurrent with the hydrodynamic surveys.
Wind data should be correlated with current measurements to determine
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how they affect them. This is especially important if the discharge plume is
expected to surface as the wind may induce a surface drift current as previously
discussed.

Wind data can be presented in many forms. One of the most useful for initial
planning purposes is the wind rose, which is a radial plot of the frequency with
which the wind blows in each of the major 16 compass directions. The plots
are divided into speed ranges to provide a histogram of speed and direction.
This enables an estimate of the frequency with which a surfaced plume might
reach a particular area of interest and the time for it to get there.

Wind conditions are also important to divers working on outfall construction
tasks such as route surveys, drilling, blasting, and guiding the outfall into its
final seabed location. Wind can also decrease visibility by stirring up the seabed,
especially when it consists of fine sand, silt, or clay.

Heavy rains during various months of the year can also be important because
runoff can greatly increase the turbidity of streams discharging into the ocean,
reducing visibility near shore. This makes it difficult, if not impossible, to make
videos and visually inspect the seabed along the outfall route. Poor visibility can
also seriously complicate outfall construction during the process of sinking, as
well as hinder inspection of the constructed outfalls.

Historical information on tropical storms and hurricanes is especially
important for the estimation of the design wave.

5.3 BATHYMETRY AND GEOPHYSICAL STUDIES
5.3.1 Bathymetry

Because bathymetric information is essential for the planning, design, and
construction of an outfall, obtaining it should be one of the first tasks. This
usually begins with a search for existing information such as navigational
and nautical charts, topographic maps of coastal areas, harbor maps,
oceanographic maps, and sounding records. Sometimes sufficient bathymetric
information is available to conduct a feasibility study or preliminary design,
but additional studies will usually be needed to obtain additional or more
detailed information. The savings in time and money associated with the final
design, construction, and monitoring of an ocean outfall will usually justify the
investment.

The precision and level of detail of the bathymetric chart should be
compatible with the magnitude and complexity of the outfall project. It is now
possible, with modern multibeam echosounders linked to GPS navigational
equipment, to cover an area of 250,000 square meters in one day. The raw data
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are then entered into computer programs with graphics capabilities to produce
a detailed bathymetric chart with isobath intervals of 1 m and horizontal
precision less than 1 m. Examples are shown in Figures 5.12 and 5.13.

Accurate bathymetric charts provide information on the physical relief of the
seabed. This is necessary for selecting the optimum outfall alignment and
diffuser location, especially where the seabed is particularly convoluted, has
abrupt escarpments, numerous reefs or other obstacles to be avoided.

Even with this accuracy, however, experience indicates that these surveys can
miss anomalies that may affect the outfall design and construction. These can be
disclosed by direct observation, so it is recommended that the route be visually
inspected by divers before finalizing the design. Diver investigation of the
seabed materials and classification of reefs and other anomalies can supple-
ment a bathymetric chart with sufficient geomorphologic information to enable
planning and design. An ROV can also be used for this purpose, but if visibility
is poor its view can be narrow and limited, increasing the possibility of
overlooking important features. Terms of reference for the divers could typically
consist of:

® Place a permanent concrete marker (anchor) on the seabed at the diffuser
site and attach a temporary buoy to it;

* Dive between the onshore entrance point and the diffuser site and determine
the most direct route that is free of obstructions and escarpments;

e Set concrete markers along the route at specified intervals of 50 or 100 m.
The markers should be color coded and/or numbered and the depth at each
marker should be recorded;

e Make a video of the route following the markers that include close-ups
and details of any anomalies. Use artificial light when needed;

e Record bottom conditions in relation to the markers, such as seabed
material, reefs, escarpments, obstacles, and marine life attached to the
seabed, if any;

® Note direction of bottom currents.

For depths beyond diver limitations, if greater precision is needed for
identification of anomalies not indicated on the bathymetric chart or identification
of seabed materials and characteristics, sidescan sonar (Figure 5.14) should be used.

Nearshore bathymetry should be checked at different seasons of the year and
compared to each other as well as to historical data to determine if wave action
and currents cause sufficient fluctuations in the profile of the seabed to warrant
increased depth of burial or other special considerations for the outfall in the
surf zone.
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Figure 5.12 Bathymetric chart prepared with data obtained by a multibeam
echosounder

For outfall diameters less than 300 mm the cost of multibeam echosounders
for bathymetry and mapping can be very high relative to the cost of outfall
construction and may not be justified. If the diffuser depth is less than about
30 m, an adequate alternative is to use a team of divers trained for outfall site
exploration to identify suitable routes, measure distances along the routes, and
determine depths with sufficient accuracy to construct bathymetric profiles for
planning and preliminary design.

5.3.2 Geophysical

Geophysical information is essential to selecting the best route for the pipeline,
estimating construction costs, designing facilities to stabilize the outfall on the
seabed, and evaluating the need for a trench and its design.
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Figure 5.13 Bathymetry chart prepared with data obtained by a single
beam echosounder

Knowledge of seabed geomorphology is needed to determine the best diffuser
location and select the optimal alignment. In addition to the surface features of the
seabed it is also necessary to know its composition. For example, whether it is soft
clay, silt, fine sand, gravel, or stone, boulders, or solid rock affects the system used
to fasten the outfall to the seabed and the method of trench excavation.

If a trench is needed, the seabed material should be determined preferably
before final design and definitely before construction. Sub-bottom profilers are
being increasingly used to detect the depth and type of different density layers.
These are basically devices that direct a narrow beam of very high energy pulses
of sound, usually 3—4 kHz, through the water into the seabed. At each change in
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density some sound will be reflected and some will pass through to the next
layer. The reflected returns from each layer are recorded, analyzed, and an image
of the various strata below the seabed is plotted. Interpretation of sidescan sonar
data can also provide a general classification of the seabed material. Figure 5.14
shows an imaging system that is specially designed for sidescan sonar imaging
and subsurface profiling.

Figure 5.14 Teledyne Benthos SIS-1625 sidescan seafloor imaging system

When the seabed is comprised of sedimentary deposits, samples should be
taken along the outfall route and classified according to the Udden-Wentworth
grain-size scale. If construction in the surf zone may require piles or sheet piles,
test borings in the seabed and penetration tests are usually recommended.
Seismic evaluations are required in earthquake zones to determine vulnerability
to liquefaction of the seabed and potential displacement at fault zones.
If microtunneling or directional drilling is to be used (see Chapter 11), detailed
geological information is essential.

5.4 WATER QUALITY

Background water quality surveys during the design and planning phases around the
disposal area and at nearby beaches with significant recreational use are usually
imperative to enable pre- and post- construction comparisons of water quality. These
data can also serve as input to any required Environmental Impact Assessment
(EIA). Background water quality monitoring as well as post-construction
monitoring to verify the outfall’s performance is discussed in Chapter 13.
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5.5 BACTERIAL DECAY (Ty)

As discussed in Chapter 3, an important parameter for outfall design is the rate at
which indicator bacteria decay as they travel in the ocean. This is usually
quantified by Ty, the time required for 90% mortality (one order of magnitude
mortality or disappearance) of the bacteria. The use of Toy assumes a simple
first-order decay (Eq. 3.45):

L o107

C()
where c is the indicator bacterial concentration after time ¢, and ¢, is the initial
indicator bacterial concentration, usually at the end of the near field.
As discussed in Chapter 3, this equation, combined with detailed current data
and estimates of oceanic diffusion are key to determining the outfall length
needed to comply with bacterial water quality standards.

Although models are available for estimating Ty, (such as in the EPA model
Visual Plumes), its value depends on local conditions. Ty also varies diurnally;
for an example of modeling with a variable To, see Carvalho et al. (2004). Some
typical values that have been observed in tropical and semi-tropical waters
during daylight hours are summarized in Table 5.1. Because of the wide
variability of Ty and its dependence on local conditions it must usually be
measured in-situ. Three of the many techniques that have been used to measure
Tyo are presented below.

Table 5.1 Indicator bacterial decay rates in tropical
waters (Ludwig, 1988)

Location Tgo (hours)
Honolulu, Hawaii =0.75
Mayaguez Bay, Puerto Rico 0.7
Rio de Janeiro, Brazil 1.0
Nice, France 1.1
Accra, Ghana 1.3
Montevideo, Uruguay 15
Santos, Brazil 0.8-1.7
Fortalleza, Brazil 1.3*0.2
Maceio, Brazil 1.35+0.15

5.5.1 On-site measurement in artificial plume

In this method, some wastewater is mixed with a suitable conservative tracer, such
as Rhodamine WT or a radioactive substance, and the mixture discharged into the
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ocean as a slug release. Samples are taken in the center of the diffusing cloud and
the concentrations of dye and indicator organisms (e.g. enterococci and/or
fecal coliforms) are measured in subsequent laboratory analyses. An on-board
fluorometer can be used to provide rapid dye measurements to locate the peak dye
concentrations where subsequent samples should be collected. Pearson (1971)
suggests that samples be drawn at depths of 0.6 to 0.9 m and about 3 m at the initial
drop point and then at times of 10, 20, 30, 45, 90, 120, 180 and 240 minutes.
Judgment in the field is required, but the key factor is that samples be collected at
the location of the peak dye concentrations.

The data are corrected for physical dilution by multiplying the observed
bacterial concentration by the ratio of the initial dye concentration to the observed
dye concentration. T is then obtained from a best-fit line drawn on a semi-log
plot of corrected indicator bacterial concentration versus time. This procedure may
be expensive due to the large volumes of wastewater and dye required.

5.5.2 In-situ measurement in existing wastewater discharge

If there is already a wastewater discharge, an alternative procedure is to release
floats and/or dye, and collect samples as above. The samples are analyzed for the
indicator organism and some conservative wastewater constituent. Although not
strictly conservative, dissolved orthophosphate has been used by ENCIBRA
(1969) with the justification that its decay rate is much slower than that of the
indicator organisms. The data are analyzed as described above. Alternatively,
dye can be directly added to the wastewater as a tracer.

5.5.3 Bottle method

Transparent bags or large bottles are filled with raw sewage diluted with ambient
ocean water at levels expected after initial dilution, e.g. 1:100. They are placed
at fixed locations nearshore just below the surface to maintain ambient
temperature and light conditions. Samples are extracted every 15 minutes. This
procedure substantially reduces cost and equipment by eliminating the use of a
conservative tracer and reducing required waste volumes. The results are plotted
versus time on semi-log paper to obtain Tgy. Simultaneous use of opaque
receptacles, (e.g. painted black) to simulate nocturnal conditions can provide
information on diurnal variations.

Although this procedure has been criticized by some investigators, (Ludwig,
1976), satisfactory results were obtained in the study of Guanabara Bay in Rio de
Janeiro (Hydroscience, 1977) and the coastal areas of Mar del Plata (INCYTH,
1984). It is noted that Acra et al. (1990) reports that ordinary glass transmits
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90% of incident ultraviolet radiation, which is considered to be the most
important germicidal component of sunlight. Plastic transparent materials, such
as Lucite and Plexiglas, and translucent materials such as polyethylene can also
transmit the germicidal components of sunlight. This method has the advantages
of simplicity and low costs. Other techniques for measuring 7o, are presented
by Britto (1979).
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Wastewater management
and treatment

6.1 INTRODUCTION

About 50% of the world’s population resides in or near coastal areas, and in the
developing world much of this population lacks access to safe sanitation. Rapid
population growth is outstripping capabilities to provide basic sanitation to much
of the world’s population beyond the meager limits that already exist in too many
places. For developing countries, where resources for treatment and disposal are
limited, low cost, reliable solutions are essential. The most probable receiving
bodies of the sewage generated by coastal communities are the oceans and seas, so
management, treatment, and ocean disposal of sewage are very important issues.

The level of treatment required before discharge is often a controversial and
contentious issue. Unfortunately, in many countries, the tremendous capability
of the oceans to assimilate wastewater without harm when discharged through a
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well-designed outfall is not recognized in the effluent quality requirements.
Frequently, treatment to arbitrarily specified levels is legislated that are the same
as for discharges to inland waters. The National Research Council of the US
National Academy in its major study Managing Wastewater in Coastal Urban
Areas (NRC, 1993) specifically recommended against this “one size fits all”
treatment approach, stating:

“Coastal wastewater and stormwater management strategies should be tailored
to the characteristics, values, and uses of the particular receiving environment
based on a determination of what combination of control measures can effectively
achieve water and sediment quality objectives,” and

“Coastal municipal wastewater treatment requirements should be established
through an integrated process on the basis of environmental quality as described,
for example, by water and sediment quality criteria and standards, rather than by
technology-based regulations.”

Treatment to arbitrary levels beyond these can waste scarce financial resources,
require excessive energy use, and generate large quantities of sludge that must
be disposed of on land.

Further guidance on appropriate treatment is provided by the World Health
Organization (WHO). In October 2003, they published a report (WHO, 2003)
that contained guidelines for the protection of recreational water quality. They
considered the relative risks to human health of exposure to effluent from various
combinations of sewage treatment and disposal; their results were shown in
Table 1.1. They assumed three principal types of discharge: (i) directly onto the
beach; (ii) through a “short” outfall, where sewage contamination of recreational
waters is likely; and (iii) through an “effective” outfall, where the effluent is
efficiently diluted and dispersed and does not contaminate recreational waters.

The WHO concluded that, if an effective outfall is provided, the level of
treatment has minimal bearing on the risk to human health. The risk from
effluent discharged through an effective outfall is low regardless of whether the
treatment is secondary, primary, or even preliminary. On the other hand, if a
short (ineffective) outfall is provided, even secondary treatment does not reduce
the risk to safe levels. These findings are very important for developing
countries, since they imply that only preliminary treatment is required with an
effective outfall. Preliminary treatment is relatively inexpensive and is
especially appropriate where financial resources are scarce. The investment
and O&M cost is about one-tenth that of conventional secondary treatment.

The WHO also concluded that stabilization lagoons that discharge directly on
the beach or via a short outfall constitute a high health risk. This is important, as
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stabilization lagoons are commonly used in developing countries, where it is
wrongly believed that their effluent does not constitute a health risk and can be
safely discharged directly on the beach.

For coastal cities, preliminary treatment followed by discharge through an
effective outfall is therefore an affordable, effective, and reliable solution. It is
simple to operate and free of negative health and environmental impacts. Many
outfalls of this type are successfully functioning and they have a proven track
record in many coastal cities all over the world. A monitoring program should be
initiated prior to and continuing after the discharge commences in order to verify
the performance of the outfall and to determine if higher treatment levels are
needed. This prevents unnecessary investment in expensive treatment plants, or,
even worse, advanced treatment that is unaffordable and results in “no action,”
and continued contamination of beaches. Overly stringent treatment require-
ments (and misplaced faith in the efficacy of treatment) can also result in
shoreline discharges with considerable risk to public health.

An outfall system (see Figure 1.1), including the outfall and near field, could
in fact be considered a treatment plant. It provides a high level of treatment that
is much superior to that which any conventional land-based plant can achieve.
Land-based plants can, in extreme cases, remove up to 95%, of BOD and TSS.
If the effluent is not disinfected, they remove 50-80% of pathogenic organisms,
leaving it with practically the same health risk as raw sewage, although
stabilization lagoons can achieve up to 99% pathogens removal with a long
detention time. But a well designed outfall system reduces the concentrations of
all contaminants by more than 99% by physical dilution. For pathogenic
organisms even this may be insufficient, but taking into account their mortality
in the marine environment, a well designed outfall can ensure levels below that
which could cause health risks on beaches.

The efficacy of preliminary treatment combined with an effective outfall has
been demonstrated in many field studies. Their impacts are small and contained
in a limited area. For example, five years of observations of two outfalls in
Chile, each consisting of preliminary treatment followed by an effective outfall,
are discussed in Chapter 14. The results show that the concentrations at 100 m
from the diffusers for all parameters, except fecal and total coliforms, are similar
to background values. Although the concentrations of coliforms in the effluents
are extremely high, their concentrations are reduced to levels that meet stringent
standards about 100 m from the diffusers, and with mortality they quickly
fall to background levels beyond this. The study concludes that: (i) The effect
of the outfalls on the ocean water quality is insignificant; (ii) Heavy metals
and micropollutants were below detectable limits around the outfall; (iii) There
were no negative effects on benthic communities.
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In spite of these and other similar findings around the world and the
recommendations of the WHO and the NRC, many industrialized countries
require a high level of wastewater treatment, often secondary, prior to discharge.
Developing countries tend to copy industrialized nations, so standards in many
developing countries are quite stringent and practically require secondary
treatment. An exception is the effluent quality standards for outfalls that were
adopted in 2000 in Colombia. They recognize the importance of outfalls as a
legitimate and capable method of wastewater disposal. It requires that the level of
treatment, in combination with initial dilution, dispersion, assimilation and decay,
will guarantee compliance with the quality objectives of the receiving body. In
other words, the combination of treatment and the outfall must comply with the
quality standards, not just the treatment alone. Other wastewater treatment
standards in developing countries are discussed below.

In this chapter we discuss wastewater management and appropriate treatment for
outfall discharges. We address the implications of population growth and propose
guidelines for good practice in wastewater management. The staging of construc-
tion of the treatment installations is also discussed. Treatment technologies are
compared based on their environmental impacts, cost, and practicality.

It is concluded that discharge through an effective outfall often requires only
preliminary treatment. Rotating fine screens, discussed in Section X.x.x, are
especially appropriate. Because some developing, and certainly industrialized,
countries require higher levels of treatment, we also present an overview of
treatment methods with a particular focus on appropriate processes for
developing countries. Preliminary and physico-chemical treatment processes
are discussed in some detail as they can provide high-quality effluent that is
well-suited to ocean discharge at much lower cost than conventional advanced
processes. Either will provide an effective and reliable means of wastewater
management and disposal with minimal environmental and health risks.

We advocate preliminary treatment for outfall discharges and argue that
advanced levels of treatment are often counterproductive. Although the
emphasis is on developing countries, much of the discussion, especially of
preliminary and physico-chemical treatment for ocean discharges, is equally
applicable to developed countries. Water quality standards can usually be met
with only preliminary treatment if an effective outfall is used.

6.2 GLOBAL WATER SUPPLY AND WASTEWATER
DISPOSAL

Most of the World’s population lacks access to safe sanitation. At the United
Nations Conference on Sustainable Development held in Monterrey, Mexico in
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March 2002, the goal was set (among other Millennium Development Goals,
MGD) of reducing, by 2015, the number of people lacking access to safe water
by 50%. The Johannesburg World Summit, held in August 2002, identified
deficient water and sanitation as a priority issue affecting developing countries
and drew up an action plan aimed at increasing access to water and sanitation
services. These goals were ratified in the Third World Water Forum held in
Kyoto, Japan in March 2003.

UN and World Bank studies show that: about 1 billion people (1 out of 6
inhabitants of the planet) mostly in low and middle income countries lack
satisfactory access to safe water supplies; about 2 billion people (2 out of 6
inhabitants of the planet) mostly in low and middle income countries lack access to
sanitation services; about 4 billion people (4 out of 6 inhabitants of the planet) are
not connected to wastewater treatment systems; about 30,000 children die daily
from water borne diseases; and mortality is high but morbidity is even higher.

A forecast of the world’s population growth for developing and high-income
countries is shown in Figure 6.1. It indicates that almost all the growth will
take place in developing countries, and a strong migration from rural to urban
areas will take place. These pose enormous challenges to the water sector.
For example, meeting the MGD sanitation goals would require construction of
sanitation facilities for populations of around 500,000 every day for the next
twenty years! The consensus from the Second World Water Forum held in the
Hague in March 2000 was that the annual investment required by 2025 to meet
the world’s needs for drinking water and sanitation, irrigation, industry, and
environmental management will increase to US$180 billion from the current
level of about US$75 billion.

The trends of population growth and urbanization have major implications
for the water sector. They include: increased urban water demand; increased
generation of municipal wastewater; and increased demand of water for
agriculture. Future water resources management strategies must therefore be
based on: efficient irrigation; water conservation; small scale solutions for
better use of all available resources; reuse of municipal effluents for irrigation;
effluent recycling for non-potable industrial and municipal use; application
of adequate tariff policies that cover costs; application of effective regulations;
and desalination.

A major deficiency in developing countries is inadequate disposal of
wastewater. The percentage of wastewater that undergoes any type of treatment
is often very low, typically less than 10%. Nevertheless, we consider that for
most developing countries the highest priorities should be increasing the safe
drinking water supply and increasing the area of sewerage coverage rather than
sewage treatment.
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Figure 6.1 World population growth forecast (World Bank, 2003)

Because of expected population growth and prevailing priorities, it seems
unlikely that the percentage of wastewater that is treated will increase substantially
in the future, unless innovative affordable treatment options become available.
Physico-chemical treatment may provide this, as discussed in Section 6.7.3.

6.3 PROPOSED GUIDELINES FOR GOOD
WASTEWATER MANAGEMENT PRACTICE
IN DEVELOPING COUNTRIES

6.3.1 Overview

Many cities in developing countries suffer major deficiencies in water and
sanitation infrastructure, especially in wastewater management. Suggested
guidelines for correcting these deficiencies are:

® Ordering investment priorities as:
o water supply;
o sewerage (i.e. expanding wastewater collection);
o wastewater treatment.
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e The greatest health benefits result from removal of wastewater from
neighborhoods, not from treatment. Therefore, wastewater should be
conveyed downstream of the city limits for treatment and disposal.
Construction of multiple treatment plants within city limits should be
avoided (microtunnels can be used for wastewater conveyance in
congested areas; see Chapter 16);

e Realistic standards for effluent quality should be adopted. They should be
flexible in terms of quality and timing, and take into account the
assimilation capacity of the receiving water bodies;

® The type of treatment must be adjusted to the receiving water body.
Wastewater contains many types of pollutants, whose relative impact on
the environment depends on the characteristics of the receiving water
body. Emphasis should be given to removal of critical pollutants, and
unnecessary removal of pollutants that cause insignificant impacts on the
environment should be avoided);

e Appropriate technologies for wastewater treatment should be used.
They should be based on simplified processes which are cheaper than
conventional processes, simple to operate and maintain, and can provide
the required effluent quality;

* Wastewater management schemes should be developed in stages in
accordance with financing availability. They should account for the
system’s construction time to enable more stringent ultimate effluent
standards to be met while maintaining acceptable environmental standards
in the early stages. This can often be achieved by taking into account the
assimilation capacity of the receiving body;

® Involve, from the start of project planning, all stakeholders through
participatory processes to ensure support and mitigate opposition;

e Secure subsidies for developing countries. Contrary to the position held by
many, users in developing countries cannot pay the full cost of wastewater
treatment, so it is necessary to secure subsidies for these users. Such
subsidies are well justified.

6.3.2 The utility perspective

Steps that water utilities can follow to achieve these goals are:

® Develop the wastewater management scheme in stages, taking into account
the assimilation capacity of the receiving body (using water quality
simulation models), to ensure that even during the first stages no
environmental problems are caused. This is usually a feasible task;
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® Apply a comprehensive water quality monitoring program prior to and
following the construction of the treatment installations;

¢ If monitoring results demonstrate no environmental impacts after the first
stage, delay or eliminate construction of subsequent stages, to prevent
waste of resources;

o If the monitoring results demonstrate environmental problems, implement
the subsequent management stages.

6.3.3 The government perspective

Governmental subsidies are usually needed to solve wastewater management
problems. Since financial resources are scarce in developing countries, their
governments must develop sound strategies of wastewater management. High
priority and support should be given to municipalities whose wastewaters cause
significant public health or environmental problems such as contamination of
critical water bodies or water resources that are used as downstream water
supplies. Cities whose wastewater discharges do not cause severe problems, for
example cities that discharge to waters with high assimilation capacity, are
lower priority. The priority cities must be identified prior to beginning the
support program.

Governments must also ensure that the utilities which receive support have
a sustainable institutional structure to ensure that the treatment installations are
put into operation. Institutional improvements should be included in projects
when necessary. Finally, governments must ensure that its resources are used
for appropriate, simple, and low cost technology, and not on costly and
difficult to operate processes. The appropriate technologies that each
government will support should be identified prior to initiating the support
program.

To achieve these goals, governments in developing countries should
provide subsidies (grants) for wastewater projects to communities that meet
the following conditions (eligibility criteria):

e High priority communities whose wastewater causes significant environ-
mental or human health threats (these communities should be identified
upfront);

e Communities that agree to apply the appropriate technologies as defined by
the government;

e Communities that agree to undertake strict institutional strengthening to
ensure sustainability, preferably through participation of specialized
private operators.
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The amount of the grants should be based on a financial analysis of the utility
and on the institutional improvement commitment that the utility is willing to
undertake. The issue of establishing levels of subsidies is beyond the scope of
this book.

The international community can help to promote good wastewater manage-
ment practice in developing countries by setting up and contributing to an
international fund (similar to the Global Environmental Facility, GEF). This will
enable transfer of funds to governments, in the form of grants, loans or a
combination of the two, for financing national projects based on the strategies
and principles presented above.

6.4 EFFLUENT STANDARDS

6.4.1 Standards in industrialized countries

We consider now specific issues relating to wastewater treatment for marine
outfalls. Defining the level of treatment and selecting the unit processes often
depends on effluent quality standards prescribed by law rather than on actual
impacts on the receiving waters. Industrialized countries often have stringent
wastewater standards (which are becoming more stringent with time) that
require almost complete elimination of pollutants prior to discharge.

Secondary treatment is often mandated in industrialized countries for ocean
discharges, the same as required for inland waterways. This is the case in the US
and the EU, although not all cities in industrialized countries comply with this
standard. The level of treatment is often primary, although the tendency is for
more stringent enforcement of the regulations. In the US, effluents discharged
through ocean outfalls are usually treated to the secondary level. A few cities,
particularly San Diego, California (Union Tribune, 2002) and Honolulu, Hawaii
(Grigg and Dollar, 1995) provide only Chemically Enhanced Primary Treatment
(CEPT, see Section 6.7.3.2) prior to ocean discharge. These two cities succeeded
in proving that upgrading to secondary would not have any perceptible benefits
to the environment, so they received a waiver from the secondary treatment
requirement under the US EPA 30I1(h) provision of the Clean Water Act
(USEPA, 1994) that allows less than secondary treatment if the discharge is
shown to not adversely affect the marine environment.

Application of such stringent discharge standards may be reasonable for
industrialized countries, where users can pay for high levels of treatment and
governments usually provide significant subsidies for construction of treatment
plants. These standards evolved over many years, however, and were initially
less stringent, since the need for phased development was well understood.
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6.4.2 Standards in developing countries

In developing countries, wastewater treatment and reuse standards are often
based on those in industrialized countries, especially the US and the EU. They do
not account for financing and construction time limitations, however. The
standards often prescribe an effluent of such quality that secondary treatment or
higher is required to achieve it. Since the cost of complying with these standards
is very high, they are usually beyond the reach of developing countries, resulting
in “No Action” with devastating public health and environmental impacts.

For example, Colombia used to require removal of 80% BOD and 80% Total
Suspended Solids (TSS) prior to discharge to any receiving body, and applied
discharge fees to violators that multiplied every six months. Only 8% of the
country’s wastewater is treated, however, mostly to lower levels. Recently, the
discharge fee approach was changed (the fees were reduced, since most violators
did not pay them) and a major modification for outfall discharges was made in
2000 (see below). Another example is Costa Rica which requires an effluent
quality of 50 mg/l BOD and 50 mg/l TSS for all municipal wastewater, even
though only 4% of the country’s wastewater is treated. Costa Rica has also
recently modified this requirement (see below).

The populations of developing countries deserve the same rights as those of
industrialized countries, so their effluent quality standards should ultimately
approach those of industrialized countries. Such high levels cannot be achieved
immediately, however. They must be achieved in stages in accordance with their
financial capabilities and actual impacts on the receiving waters.

Unfortunately, the concept of achieving quality standards in stages is not
widespread in developing countries and is almost completely absent from their
legislations. An exception was recently adopted in Costa Rica, where Supreme
Decree 32133-S was enacted on December 7, 2004. It allows compliance with
prescribed effluent standards by implementing the required investment program
in stages. It allows the first stage to be directed to priority investments in
wastewater collection and its conveyance downstream of the city limit, without
treatment, to focus on improving public health within the urban areas.

Another interesting approach to setting effluent quality standards for ocean
outfall discharges was adopted in 2000 in Colombia. The Technical Norm of the
Water and Sanitation Sector in Colombia — RAS (Resolution 1096 of November
17, 2000 del Reglamento de Agua y Saneamiento) in Article 180, which was
amended in 2000, states that: “The level of the required pretreatment prior to
wastewater discharge via submarine outfalls is such that, in combination with
the processes of initial dilution, dispersion, assimilation and decay it will
guarantee compliance with the quality objectives of the receiving body,
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indicated by the environmental norm in effect and with other provisions which
modify, expand or substitute it.” This legislation is notable in that it recognizes
the importance of outfalls as a disposal method and the fact that the outfall is
part of the treatment system. So the combination of treatment and outfall must
comply with the quality standards, not just the treatment alone. Articles 177-179
of the RAS specify procedures for design and construction of outfalls, the
studies required prior to design, and the mathematical modeling required.

Despite the requirement in many developing countries of secondary treatment
prior to discharge, in most cases the level of treatment (if any) is only
preliminary. Experience has shown that this is satisfactory (with effective
outfalls) so there is little demand to upgrade treatment.

6.5 KEY POLLUTANTS IN WASTEWATER

Typical municipal wastewater consists of about 99.9% water and 0.1% pollutants.
About 60 to 80% of the pollutants are dissolved and the rest are suspended matter.
The pollutants include mineral and organic matter, suspended solids, oil and
grease, detergents, nitrogen (in various forms such as ammonia, nitrate, and
organic nitrogen), phosphorous in various forms, sulfur, phenols, and heavy
metals. The organic matter consists of many compounds, and since it is
practically impossible to identify and quantify all of them, it is usually
represented by the Biochemical Oxygen Demand (BOD), which is the amount of
oxygen required to biologically decompose the organic matter, or by Chemical
Oxygen Demand (COD), which is the amount of oxygen required to chemically
decompose the organic matter. Municipal wastewaters also contain large
amounts of bacteria and viruses, some of them pathogenic. Total bacteria counts
in raw wastewater are typically about 10’~10® MPN/100 ml. As with organic
matter, since it is difficult to identify and quantify all organisms present in a
sample of wastewater, organisms are usually represented by indicator organisms.
The most commonly used indicator organism is fecal coliforms (although others
are now being used, such as intestinal enterococci). Fecal coliform counts in raw
municipal wastewater are typically in the range 10°~10” MPN/100 ml.

The environmental impacts of the many pollutants depend on the outfall and
diffuser design and the characteristics of the receiving body. The treatment
should therefore be tailored to the particular conditions. BOD is a key pollutant
for wastewaters discharged to rivers, especially low flow rivers, since it may
result in oxygen depletion. Nutrients (nitrogen and phosphorus) are important in
wastewaters discharged to lakes, lagoons, or enclosed bays, as they can lead to
eutrophication.
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The impacts of pollutants discharged to open coastal waters are different from
inland waters. The National Research Council (1993) prioritized the pollutants
of main concern for coastal waters as shown in Table 6.1 (see also Section 2.2).
Note that most traditional contaminants are of low importance. For example,
BOD is low priority due to the high dilution and large reaeration capacity that
can be achieved with long outfalls equipped with effective diffusers.

Table 6.1 Constituents of concern for coastal wastewater discharges
(after National Research Council, 1993)

Priority Pollutant Examples Notes
groups
High Nutrients Nitrogen, An excess of nitrogen and

phosphorus  phosphorus may cause
eutrophication

Pathogens Enteric Organisms harmful to humans,
viruses cause many illnesses and
deaths in developing countries
Toxic organic PAHs
chemicals
Intermediate Trace metals Lead
Other hazardous  Oil, chlorine
materials
Plastics and Beach Fats, oil, and grease (FOG)
floatables trash, oil, may float on the surface of
and grease  receiving waters, interfering
with natural re-aeration, and
can create an unsightly film
on the water surface
Low Biochemical A measure of the oxygen
oxygen demand demanding materials. High
(BOD) BOD levels in natural waters
cause a drop in dissolved
oxygen (DO) concentration.
Solids High levels of total suspended

solids (TSS) can damage
benthic habitats and cause
anaerobic conditions on the
bottoms of lakes, rivers, and
seas
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The impacts of these constituents can be controlled by suitable outfall design
and wastewater treatment. Near field dilution alone will rapidly reduce the
concentrations of all pollutants, including toxic materials, by factors of at least
100 rendering their contamination risk insignificant. Nutrients will usually not
cause eutrophication due to the high initial dilution and flushing capabilities of
most coastal waters (see Chapter 3). The constituents of main importance are
therefore microbial contaminants, which, due to their high concentration in the
wastewater can remain in high levels even after near field dilution and cause
potential health risks. The combination of treatment and outfall design is
intended to minimize health risks by ensuring that diluted wastewater does not
reach areas of human usage. To accomplish this, the outfall should be long
enough and preferably in deep water so that currents dilute and transport the
wastes offshore. Ocean currents should be measured and modeling performed
(see Chapters 3, 4, and 5) to ensure that water quality standards are met and the
wastes are not transported to bathing beaches or other sensitive areas. If a short
outfall is unavoidable, disinfection may be needed to ensure compliance with
bathing water standards. Floatables may also be of concern since they can
contain bacteria and may be driven onshore by local winds.

Preliminary or primary treatment will therefore often suffice because dilution
will quickly reduce contaminant concentrations below those required by water
quality standards. Even in sensitive areas such as estuaries or near coral reefs,
the diluting capacity of the ocean can lower pollutant concentrations enough to
prevent harm. In deep water the plume may be trapped by the stratification
(Chapter 3) and not impinge on coral reefs.

6.6 PRINCIPALS AND PROCESSES OF WASTEWATER
TREATMENT AND DISPOSAL

6.6.1 Introduction

The treatment process chosen must be tailored to the proposed disposal method,
which may include discharge to an ocean, river, lake, or groundwater, reuse for
irrigation, or recycling for other purposes. The size and design of wastewater
treatment plants depends on the expected wastewater flowrate and contaminant
loads (ton/day).

Reliable forecasts of wastewater flows and contaminant loads are important
since treatment plants are designed to handle conditions typically 10 to 20 years
in the future. Plants are sometimes constructed in a modular form, with new
modules added as the flow increases. Predictions of flows and contaminants are
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based on forecasts of population growth, changes of water consumption,
contribution of contaminants per capita, and evolution of the sewerage coverage
area. Flow forecasts should be prepared with care, since the flow may not always
grow much with time, especially in developing countries. Changes of tariff
policy may induce more efficient water use and moderate the evolution of water
consumption and generation of wastewater. An example is Bogota, Colombia,
where water consumption has been constant over the past 15 years in spite of
significant population growth. This resulted from: (i) periods of severe failures
in the water supply, with consequent severe rationing that brought people to
consume less, and (ii) significant tariff increases which decreased consumption.

In this section, we give an overview of the main processes used for wastewater
treatment. For more details, see specialized texts such as Tchobanoglous er al.
(2003).

6.6.2 Treatment processes

The main wastewater treatment processes are shown in Figure 6.2. Treatment is
conventionally divided into preliminary, primary, secondary, and tertiary
processes. Preliminary and primary treatments are based on physical processes,
secondary on biological processes, and tertiary usually on physico-chemical
processes, although it sometimes includes biological processes. For each of these
four unit processes there are several alternatives that can achieve similar results,
so the total number of combinations is large. Many treatment processes also
generate sludge as a byproduct. There are several alternatives for sludge
treatment and disposal (see Section 6.6.3) so the number of combinations of
treatment methods is myriad; one can find treatment plants with completely
different unit processes that achieve similar results with widely differing costs.
The main conventional processes are:

Preliminary Treatment: All treatment processes, with the exception of septic
tanks and household systems, require some sort of preliminary or screening
process to remove large and floatable objects. Most widely used are screening
and grit removal, which also removes floatable material and rags. Because of the
importance of preliminary treatment for ocean discharges and as an appropriate
treatment for developing countries, it is discussed in detail in Section 6.7.2.

Primary Treatment: Primary treatment often precedes biological treatment in
conventional secondary wastewater treatment facilities; its main purpose is to
reduce BOD and suspended solids. Sedimentation tanks are the most common
form for domestic sewage. The suspended solids settle on the bottom, are
scraped to a central point and then removed by a sludge pump. Scum, primarily
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oil and grease, floats to the surface where it is collected by a mechanical arm and
periodically drawn off. A dissolved air flotation (DAF) process can remove oil
and grease in less space. The wastewater and air are pressurized and released
into a tank open to the atmosphere. Small bubbles float to the top and become
enmeshed in the light solids and oils and bring them to the surface where a
skimmer collects them. The clarified liquid continues to downstream processes.
DAF is more commonly used for industrial wastewater.

Preliminary Secondary
—_—  adprimay  |je— biological
treatment treatment

Preliminary and

—> Physical

Anaerobic (no oxygen consumed, no

Biological treatment < sludge produced, methane produced)
Aerobic (Consumes oxygen and produces sludge)

primary treatment

Mostly chemical, but can be biological

Tertiary treatment > (Nitrification/Denitrification and P removal)

< Chemical products (Chlorine, Chlor Dioxide)
Disinfection
Radiation (solar or artificial UV)

Figure 6.2 Main wastewater treatment processes

A conventional sedimentation tank removes 25-40% of BOD, 40-60% of
total suspended solids, and about 50% of the bacterial load. The main residuals
collected are solids, scums, and oils. For a medium-strength wastewater, the
amount of sludge generated is about 0.10 to 0.17 kg/m’ of wastewater (about
half that generated in full secondary treatment).

The cost of primary treatment is about half that of full secondary treatment.
Although primary treatment mechanical processes are relatively simple, some
routine maintenance is necessary. This mostly consists of upkeep of pumps,
sludge scrapers, scum collectors, and motors. The Operation and Maintenance
(O&M) costs of primary treatment are mainly due to treatment and disposal
of sludge. The capital cost of the sludge treatment unit is a significant part of
primary treatment.

Secondary Treatment: The main original purpose of secondary treatment was
BOD removal. Aerobic, anoxic, and anaerobic bacteria feed on organic matter,
transforming the BOD to bacterial mass. Aerobic processes are by far the most
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common for large treatment facilities. In suspended-growth systems, aerobic
bacteria need sufficient oxygen to metabolize the organic material. Oxygen is
provided by aeration through mechanical aerators, a diffuser, or some other
process. The bacteria must be subsequently separated from the wastewater. Most
secondary processes have a separate secondary sedimentation tank to settle the
flocculated cell mass. The effluent continues to discharge or to downstream
processes. The sludge is returned from the sedimentation tank to the aeration
tank, which maintains a viable concentration of bacteria to metabolize the
incoming organic material. This is called return activated sludge, or RAS.
A portion of the sludge must be removed and not returned to the aeration tank in
order to prevent sludge concentrations increasing to levels that would be too
high to sustain sedimentation. The removed sludge is called excess activated
sludge or Waste Activated Sludge (WAS). Sludge return is not necessary for
fixed film processes or the Sequencing Batch Reactor (SBR) process.

Lagoons are often used in developing countries. They are natural systems that
can provide secondary treatment. In aerobic lagoons the oxygen is provided by
algae that develop in the lagoon; in anaerobic lagoons oxygen is not required
since the metabolism of the organic matter is by anaerobic bacteria that do not
consume oxygen.

Common high-rate secondary treatment processes that require less land than
lagoons and wetlands are:

e The activated sludge process (Figure 6.3), where effluent is brought into
an aeration tank, air is bubbled into the wastewater mixture (mixed liquor),
and aerobic bacteria metabolize the dissolved and suspended organic
material. From the aeration basin, the effluent flows into a secondary
sedimentation tank, where the cell mass settles out.

e The oxidation ditch process is an activated sludge process where
wastewater flows into a ring-shaped channel. Oxygen is not evenly
mixed throughout the ditch as in a conventional activated sludge process.
This provides zones of varying reaction, allowing more operational control.
Cell mass is settled out in a secondary sedimentation tank and recycled
back to the oxidation ditch.

® In a trickling filter, primary effluent is evenly distributed over a circular
bed of fist-sized stones 900 to 1800 mm deep. Bacteria, fungi, and algae
grow on the rock surface. As wastewater flows between the rocks, aerobic
bacteria metabolize the organic material in the wastewater. As the biomass
grows, the influent wastewater flow sloughs off the excess, which settles
out in a secondary sedimentation tank.
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¢ In sequencing batch reactors (SBRs), all the treatment steps take place in
a single completely mixed tank to which influent is intermittently directed.
The treatment consists of discrete, timed processes: fill, mix/aerate, settle,
withdraw effluent, and withdraw sludge. Historically, SBRs have been used
for only small treatment facilities. There has been a recent resurgence of
interest in the SBR process because it eliminates the need for secondary
sedimentation and pumps.

Primary Aeration Secondary
sedimentation tank sedimentation
tank tank

i

ML SE
sludge
! Recirculated sludge
RS — Raw sludge
Excess activated PE — Primary effluent
sludge ML —Mixed liquor
Sludge treatment SE — Secondary effluent

Figure 6.3 The activated sludge process

These secondary treatment processes are usually best for large, high
population density communities because of their high cost and the high skill
levels required for O&M. In industrialized countries, they are also used for
medium and small communities. They can produce good quality effluent if
operated and maintained properly, but very poor effluent if operated improperly.
They generate 0.10 to 0.15 kg of sludge per day per m> of wastewater, whose
treatment and disposal is complicated and expensive. It is generally high in
volatile solids and can become septic quickly, producing offensive odors if not
treated or disposed immediately. Sludge treatment installations form part of the
treatment plant and should not be omitted (as sometimes happens). Flies can be a
serious nuisance with trickling filters, as they live and breed within the filter
medium. Energy costs can be substantial and a standby generator must be
provided, especially in developing countries, in case of power failures lasting
longer than a few hours.
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Anaerobic processes present an interesting option for secondary treatment in
hot climates. This is because they produce little sludge, so sludge treatment costs
are low, allow energy recovery from the methane they produce, and have low
capital and operation costs. They are not in widespread use, however, and have
been used only for small communities. This because they are highly temperature
sensitive and function well only in hot climates, so are not of interest in
industrialized countries, most of which have cold climates and where most new
technologies are developed; they do not require sophisticated mechanical
equipment and are therefore not interesting to equipment manufacturers and do
not enjoy their aggressive marketing of aerobic processes. In recent years the use
of Upflow Anaerobic Sludge Blanket (UASB) reactors has spread in Latin
America, especially Brazil and Colombia. This process does not produce a high
quality effluent, however, and when such an effluent is necessary, the UASB
effluent needs a further polishing process. UASB in Brazil is commonly
followed by trickling filters.

Tertiary Treatment for Nutrient Removal: Conventional secondary treatment
removes some nitrogen and phosphorus; specialized processes are needed to
remove more. These include nitrification and denitrification for nitrogen
removal, partial phosphorus removal by biological processes, and chemical
precipitation for complete phosphorus removal. Nutrient removal processes are
more complex and expensive than secondary treatment. They are rarely required
in developing countries, except for discharges into enclosed water bodies where
eutrophication may occur such as lakes, estuaries, or bays. Capital costs are high
and include construction of additional tanks, pipes, and recirculation pumps.
O&M costs increase significantly when nutrient removal is included. It includes
maintenance of the aeration systems, pipes, and pumps. The processes are
complex and require skilled labor for efficient operation. Chemical costs for
phosphorus precipitation can substantially increase O&M expenses.

Disinfection: removes pathogens and other bacteria from treated wastewater
effluent. Common processes include chlorination, ultraviolet (UV) radiation,
ozonation, and pond disinfection. Chlorine and ozone are strong oxidizing
agents, which oxidize organic and inorganic matter and quickly kill all the
pathogens they contact. Chlorine can be added to wastewater in gas, liquid, or
tablet form; ozone is added as a gas only. UV radiation sterilizes pathogens and
is applied through low-pressure mercury lamps. Pond disinfection is a natural
process that occurs in successive stabilization ponds due to visible light
and ultraviolet radiation from the sun, sedimentation, and natural die-off.
Wastewater effluent discharged below ground generally undergoes significant
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pathogen and bacteria removal as it travels through the soil, so a properly
designed discharge of effluent to groundwater can also achieve disinfection.

Typical maintenance of disinfection installations includes replacing chemi-
cals, adjusting feed rates, and maintaining mechanical components. Most
chlorine systems are designed for minimal maintenance; UV radiation requires
little maintenance other than regular cleaning and lamp replacement. Ozone
generating and feeder equipment uses large amounts of electricity and is
complicated. The USEPA estimates that 8 to 10 kW-hours are used for each
pound of ozone generated.

Chlorination is the most widely used disinfection process around the world.
UV radiation performs less well with effluents that are high in turbidity or
suspended solids so sand filtration prior to radiation is common. Ozonation
disinfects more powerfully than chlorine, with no harmful by-products. It is
usually used to disinfect highly treated secondary or filtered effluent. Ozone
must be generated on-site, which can be costly and requires a reliable power
supply. Pond disinfection is a simple technology and maintenance-free but
requires a large land area. Chlorination produces many undesirable organic
compounds that are toxic to humans and aquatic life. For this reason, it is
desirable to remove as much of the organic material as possible before
adding chlorine. Dechlorination may be needed to lower the residual chlorine
concentration in the effluent. Chlorine gas is very hazardous, and robust safety
features must be employed where it is stored. Because of these safety
concerns, liquid sodium hypochlorite is now commonly used instead of
chlorine.

6.6.3 Sludge treatment and disposal

The solids, or sludge, generated by treatment processes must be disposed of
safely and economically. There are various processes for this including sludge
thickening, sludge stabilization, sludge dewatering, and drying and cold
digestion/drying lagoons. These processes are described below.

Sludge thickening removes water from sludge to reduce the cost of subsequent
treatment or sludge disposal as a concentrated liquid. Typical processes include
thickening by gravity, lagoon, gravity belt, and centrifuge. Gravity thickening
feeds liquid sludge to a tank. The effluent is discharged over a weir and the
thickened sludge is pumped from the tank bottom to be digested or disposed as a
liquid sludge. Lagoon thickening is gravity thickening in an earthen basin.
Gravity belt thickening (GBT) uses the gravity zone of a belt filter press for
sludge thickening. Centrifuge thickening involves pumping the sludge to a solid
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bowl centrifuge rotating at up to 3,000 rpm. Lagoon thickening is appropriate for
many applications in low to medium population density communities; it is
simple and inexpensive but requires a large land area. Gravity thickening
uses less land area, but requires more operator attention and equipment
maintenance. GBT and centrifuge thickening are appropriate for high population
density communities and industrial use. GBT thickening requires higher
operator attention and regular maintenance by qualified technicians. Centrifuge
thickening has high power requirements. Maintenance can require highly skilled
maintenance workers and expensive shipment of spare parts from outside the
country of use.

Sludge stabilization is performed on thickened waste solids to reduce the volatile
solids and pathogen content so they can be safely disposed or used for land
application. It also reduces the solids volume. Typical processes include:
anaerobic digestion; aerobic digestion; composting; lime stabilization and air
drying. Anaerobic digestion is oxidation in the absence of free oxygen in closed
tanks; aerobic digestion is oxidation in aerobic conditions. The stabilized sludge
is drawn off the bottom or from the mixing tank. Composting is a process where
aerobic organisms degrade and disinfect already thickened sludge. The sludge is
mixed with bulking material, such as wood chips, to provide porosity for aeration
and then laid over a network of porous piping and aerated. The stabilized sludge
can be used as fertilizer. Lime stabilization is the addition of alkaline compounds
to raise the pH of the sludge mixture. Equipment and O&M costs can be very high,
and trained operators are needed for proper operation. Air drying beds are shallow
paved or earthen basins where thickened waste sludge is allowed to naturally dry.
Composting and air drying require large land areas and large quantities of organic
materials such as wood chips or waste plant material as a bulking agent. Air
drying is easiest to operate, but may not be suited to rainy areas.

Sludge dewatering removes water from sludge to reduce the cost of subsequent
treatment processes or prior to sludge disposal as concentrated solids.
The processes are similar to thickening processes, but higher solids concentra-
tions are achieved. Typical processes include belt filter press dewatering,
centrifuge dewatering, screw press dewatering, and plate and frame dewatering.
Belt filters press the sludge with belts that apply pressure and squeeze out the
liquids. In centrifuge dewatering, sludge is pumped to a solid rotating bowl.
In screw press dewatering the sludge is pumped into a perforated cylinder
surrounding a rotating screw. The screw forces the sludge toward the end of the
container and progressively dewaters it by the pressure of the screw against the
sludge. Plate and frame presses are an established, but high maintenance, and
high cost dewatering processes. Belt filter press, centrifuge, and screw pump
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operations require close operator attention for control of loading rate. The
equipment requires regular maintenance and may require periodic import of
maintenance parts from outside the country of use.

Cold digestion/drying (CDD) lagoons are a low-technology alternative that
incorporates thickening, stabilization, dewatering, and storage in a series of
earthen basins. Digestion and stabilization takes place at ambient temperatures.
Two lagoons are needed, one for fill and one for maturation. At the end of the one-
year filling period the first lagoon is isolated and allowed to dry for up to one year
and sludge fill is directed to the second lagoon. Rooted aquatic plants grow on the
surface during the maturation period and assist in sludge drying by evapotran-
spiration. They are limited to hot climates with a prolonged dry season. CDD
lagoons require a large land area but little operation or maintenance during filling.

6.6.4 Summary and costs

The following observations can be made about the treatment processes outlined
above:

(1) Physical treatment has limited efficiency (which in certain cases may be
sufficient), it does not remove dissolved matter, is low cost;

(2) Chemical treatment increases sludge quantities, is more costly than
physical treatment but can reach a high level of treatment at much lower
costs than that of biological processes;

(3) Biological treatment by lagoons is simple to operate but requires large
areas so is not adequate for large communities. It is not easily controlled
and therefore needs to be located far from cities. The cost of the lagoon
system is low, but the cost of transporting the raw wastewater to the
lagoon can be high because of the long distance;

(4) Aerobic biological treatment is efficient and can produce a high quality
effluent. It removes soluble organic matter but produces high quantities
of sludge. It has a high and costly consumption of energy and needs
extensive electromechanical equipment. It has high investment and
O&M costs, is complicated to operate, and so is not recommended for
developing countries;

(5) Anaerobic biological treatment is simple to construct and operate but
functions well only in hot climates. It requires limited area, can reach
relatively high efficiencies, and produces low quantities of stabilized
sludge (less than 30% of that of aerobic processes). It does not consume,
but rather produces, energy and it requires low investment and O&M costs.
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A summary of the relative costs of typical treatment processes and their
removal efficiencies is given in Table 6.2, in which the processes are presented
in increasing order of sophistication. This table includes some other processes,
such as milliscreening and CEPT, which are discussed in Section 6.7. Some of
the treatment processes are unit processes that would be combined with others to
constitute a treatment plant. For example, primary treatment may include
screening, grit chambers, and sedimentation tanks. On-site treatment systems
commonly use subsurface disposal, especially septic tanks. It can be used as a
high-density treatment system if the soil is permeable enough and there is no
significant risk of groundwater contamination.

Capital costs vary widely for different plants of the same type and in different
countries for two main reasons. First, each process can be designed over a wide
range of different criteria. The choice of design criteria affects the effluent
quality and investment costs. For example, secondary treatment by activated
sludge can be designed as high rate activated sludge with a detention time of
2—4 hours in the biological reactor, or as an extended aeration activated sludge
with a detention of 10-24 hours. The cost of an extended aeration reactor is
much higher than that of a high rate reactor. Second, labor, material, and
equipment costs, land costs as well as taxes and duties, vary in different
countries. O&M costs also vary due to different design criteria, and costs of
labor, energy, chemicals and spare parts. Only typical values and not ranges are
presented in Table 6.2 for O&M costs.

The costs rise very rapidly as the level of treatment (and contaminant
removal) increases. This is shown by the estimated annual costs to treat 100 mgd
(4 m?/s) of raw wastewater in Figure 6.4. The level of treatment sophistication is
expressed by the percentage BOD removed. These costs include recovery of
investment plus O&M costs.

6.7 APPROPRIATE TREATMENT TECHNOLOGY
6.7.1 Introduction

Developing countries cannot afford expensive wastewater treatment plants such
as discussed above that are difficult and costly to operate. Experience shows that
mechanical-biological processes are usually quickly out of operation due to high
operating costs or inability to properly operate them.



Table 6.2 Costs and percent removal capabilities of typical treatment processes®

CEPTP Secondary, plus:
Constituent Milliscreening Stabilization Conventional Low High  Conventional CEPT  Nutrient
without lagoons primary dose dose primary removal
chemicals

Suspended 5-50° 70-85¢ 41-69 60-82  86-98 89-97 88-98 94
solids, mg/l TSS
BOD, mg/l O, 5-30° 75-85¢ 14-36 45-65 67-89 86-98 91-99 94
Nutrients:

As mg/l TN 10-25 2-28 26-48 NA 0-60 NA 80-88

As mg/l TP 10-25 19-57 44-82  90-96 10-56 83-91 95-99
Treatment cost 0.04 0.05 0.13 0.16 0.18 0.29 0.32 0.37
(US$/m°®)
Capital cost 5-20 20-40 50-100 50-100 50-120 100-200  100-200 150-250
(US$/Person)

aAfter NRC (1993) and other experience
®Chemically enhanced primary (CEPT)
“Depending on screen opening
9Depending on design criteria
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Figure 6.4 Annual costs of wastewater treatment for a flow of 100 mgd (4 m®/s)

Simple treatment processes, otherwise known as utilization of appropriate
technology, are therefore recommended. Treatment plants based on appropriate
technology are less expensive than high technology plants in investment and
O&M. The issue of O&M costs is very significant in developing countries.
Although they can often obtain soft loans and even donations to finance the
construction of high technology treatment plants, they are often quickly
abandoned when their owners find they cannot pay the high O&M costs.

Some appropriate technology processes are: Preliminary treatment; physico-
chemical treatment; lagoon (anaerobic, facultative and aerated); anaerobic
treatment; reuse for irrigation; and combinations of the above.

Some are often impractical. Lagoon treatment is inappropriate for large cities
because of its large land requirements. Upflow Anaerobic Sludge Blanket
(UASB) reactors have become popular in Latin America, especially Brazil and
Colombia. Their treatment capacity is limited, however, and when a higher
effluent quality is required, subsequent treatment must be added. Simpler
anaerobic processes are mainly used for small cities. Anaerobic treatment is
highly temperature dependent and does not function in cold climates, so its use is
limited to hot climates. Reuse for irrigation requires high institutional capacity
and a high level of institutional coordination. Anaerobic treatment, lagoons, and



Wastewater management and treatment 183

reuse for irrigation are not discussed further, mainly because they are not
adequate and are not recommended as treatment prior to ocean outfall discharge.
Information on these processes can be found elsewhere.

The most promising appropriate technology processes, especially for large
communities, are therefore preliminary treatment (when a low level of treatment
is sufficient) and physico-chemical treatment. These two processes are discussed
in more detail below because they are particularly well better suited to, and
recommended for, ocean outfall discharges.

6.7.2 Preliminary treatment

For ocean discharges, the WHO considers (Table 1.1) that preliminary treatment
followed by an effective outfall imposes low risk to human health, and further
treatment does not provide additional benefits. This is extremely important for
developing countries and emphasizes the importance of preliminary treatment
combined with an effective outfall for wastewater disposal.

The most widely used preliminary treatment method includes screening and
grit removal. The screens also remove floatable material and rags. Grit removal
removes inert solids and sands that could damage pumps and other mechanical
equipment. Removal of gross settleable and floating materials are very import
for marine outfalls. Grit may settle and accumulate on the seabed near the
diffuser and may also settle in the outfall and clog it. Removal of floatables is
important for two reasons: (i) large floating particles and materials (like plastic
bags) cause aesthetic nuisance; (ii) oil and grease can cause a surface oil film.
This may be an aesthetic problem and may prohibit oxygen transfer into the
water resulting in oxygen depletion.

Conventional preliminary treatment usually consists of coarse screens
followed by a grit chamber. The course bar screens usually consist of two rows
of screens, the first with an opening of about 1, and the second around %2”. There
are many different types of grit removal processes, but most include a chamber
through which wastewater flows, so that heavy, inert solids settle to the bottom.
Grit removal installation usually includes also some kind of oil and grease
removal. Aerated grit chambers are commonly used, in which the aeration causes
the oil and grease to float and be skimmed off. After being washed, drained, and
compacted, the preliminary treatment residuals are usually disposed in sanitary
landfills. The screenings and grit can be removed mechanically or manually. This
type of preliminary treatment requires extensive manual work and is inefficient.

New types of preliminary treatment equipment have been under development
for many years. These include disk form screens, revolving tray screens, and
cylindrical revolving screens. The first generations of these types of equipment
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were not very effective, were mechanically complicated and unreliable. More
recently, innovative, automatic, efficient, and reliable equipment for preliminary
treatment has been developed. The coarse bar screens and the first generation
rotating screens are being replaced by rotating drum shaped fine screens
(or microscreens) and the conventional grit chambers by compact vortex grit
chambers. These are discussed below.

Rotating Fine Screens. In modern rotating fine screen systems, the effluent is
passed through a filter screen with an opening from 0.2 to 6 mm. Various
configurations are used, but the rotating drum type seems to be the most
common (Huber et al., 1995).

A typical rotating fine screen is shown in Figure 6.5 and its operating
principles in Figure 6.6. The effluent enters the rotating drum from the inside and
passes to the outside while floating and suspended material is retained. The drum
is cleaned with a water or effluent spray. As the screen rotates, the captured
screenings are transported upwards by a screw conveyor and dropped into a
compactor that compresses them. They are then transported out by a conveyer
screw or belt conveyor into a central hopper and hauled for final disposal in
a solid wastes disposal site such as a sanitary landfill.

Figure 6.5 Preliminary treatment by rotating fine screens
(Courtesy Huber Technology)

Screen openings are available in the range of 0.2 to 6 mm, and drums in
diameters from 600 to 2600 mm. The units are made completely of stainless steel.
The wastewater flow depends on the screen opening and manufacturers provide
tables or curves that give the flow capacity as a function of screen opening.
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For example, a 2600 mm diameter rotating screen with an opening of 0.5 mm can
handle a wastewater flow about 0.5 m3/s, while the same diameter drum and
screen opening of 6 mm can handle a wastewater flow of about 1.8 m*/s. Larger
flows are accommodated by arranging several machines in parallel.

Screen Ro 2

Figure 6.6 Preliminary treatment by rotating fine screens
(Courtesy Huber Technology)

Preliminary treatment by rotating fine screen is now a well-proven
technology with robust design. It has reduced investment cost, is simple and
reliable to operate, and can be adjusted to particular hydraulic inflow
conditions. Land and maintenance requirements are low, and packaged plants
are available.

Removal of suspended solids and organic matter depends on the screen
opening. According to information from the Huber Group, for a I mm screen
opening, removal efficiencies of up to 20% of BOD, up to 90% of floatable
solids, and up to 70% of floatable oil and grease can be achieved. Koppl and
Frommann (2004) report removal of 20-30% BOD and up to 50% filterable
solids (suspended solids) in rotating screens with screen opening of 0.2 to
0.3 mm. These high removals of suspended solids result in large quantities of
sludge, similar to that of primary treatment, and would require installation of
sludge treatment. For wastewater discharge via an effective outfall, screen
openings less than 0.5 mm are not required; openings in the range of 0.7 to
1.5 mm are more appropriate.

Photographs of a preliminary treatment plant in La Plata, Argentina, are
shown in Figure 6.7. This plant consists of three drums of 2,600 mm diameter.
A drawing of a rotating fine screen installation is shown in Figure 6.8.
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Figure 6.7 A preliminary treatment plant in La Plata, Argentina
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Details of a preliminary treatment plant designed for Cartagena, Colombia,
for effluent discharge to the Caribbean Sea through a marine outfall is presented
in Figure 6.9. The design capacity is 4 m’/s and it consists of eight rotating
drums, each of 4 m diameter, with 1.5 mm screen openings. The plant also
includes a vortex type grit chamber (see below).

It is advisable to include facilities for effluent disinfection. Although a
well-designed outfall would not normally require disinfection, the capability for
disinfection is helpful in gaining the acceptance and confidence of the public
for preliminary treatment. It is also useful for emergencies, such as pipe leaks,
until the outfall can be repaired.

Vortex Grit Chambers In this type of grit removal, a free vortex is generated
by the flow that enters tangentially at the top. Effluent exits the upper part of the
unit cylinder. Grit settles by gravity at the bottom, where it is removed by a belt
conveyor or lift station, and organic solids exit with the effluent. Another type of
vortex grit chamber (Figure 6.10) uses a rotating turbine to maintain constant
angular flow velocity and to promote separation of organics from the grit.
The grit settles by gravity into a hopper, from which it is removed by a grit pump
or lift pump. Vortex grit chambers are more compact than conventional grit
chambers, and are efficient and reliable. Because of their smaller size they are
also less expensive.

Preliminary treatment consisting of rotating fine screens and vortex grit
chambers are less costly than conventional preliminary treatment that uses screens
and aerated grit chambers, more reliable, require less land and maintenance, and
remove more solids. The investment and O&M cost are about one-tenth that of
conventional activated sludge.

Preliminary treatment will often suffice as the only treatment required for
discharges to seas or large rivers. Even for small rivers, if the budget is limited it
is better to provide preliminary treatment to several communities than to provide
secondary treatment to one community. The rationale for this is explained in
Table 6.3.

For a fixed budget of €1 million (about US$1.5 million), preliminary
treatment could serve a population of 140,000, eliminating about 3,400 kg/day
of COD. But if secondary treatment were mandated, the same budget could
serve only a population of about 8,000, eliminating about 1,270 kg/day.
Therefore, to protect the river and the environment with a limited budget (which
is usually the situation in developing countries), it is better to start with lesser
treatment serving a wider population, rather than advanced treatment serving a
smaller population.
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Figure 6.10 Vortex grit chamber

Table 6.3 Comparisons of rotating fine screens and secondary treatment for a
fixed budget of €1 million (courtesy Huber Technology)

Parameter Unit Rotamat high Secondary
removal screen biological
treatment
Per capita investment €/Capita 7 125
Connected population Population 142,000 8,000
Influent COD load kg O./d 17,000 960
Influent N-NH, load kg O./d 6,700 380
Removal efficiency of COD % 20 95
Removal efficiency of N % 0 95
Eliminated COD load kg O,/d 3,400 910
Eliminated N load kg O./d 0 360
Eliminated oxygen consuming kg O./d 3,400 1270
substances load
Investment per daily unit of €/(kg O»/d) 294 787

oxygen removed

6.7.3 Physico-chemical treatment

6.7.3.1 The case for physico-chemical treatment

In view of expected population growths in developing countries and the order of
priorities in water and sanitation, it is difficult to envisage them adopting more
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advanced treatment unless innovative and affordable treatment schemes become
available. Conventional biological processes are not feasible since they require
high investment and O&M costs and are difficult to operate. Furthermore, the
effluent quality they deliver is frequently higher than needed. For large cities and
all type of climates the most promising appropriate technologies are preliminary
treatment and, when higher effluent quality is needed, physico-chemical treatment.

These treatments can provide the innovative and affordable treatment
schemes needed in developing countries. They utilize compact units for
liquid-solid separation and can achieve, at modest cost, effluent qualities that
immensely improve existing conditions (under which no treatment may exist
at all), and solve public health and environmental problems. Moreover, it is
possible to build and operate compact systems consisting of fine screens
followed by sand filtration with an option to add precipitants like coagulants and
flocculants to achieve a higher quality effluent also at relatively modest cost.
In the near future, it may be possible to replace sand filtration by microfiltration.

Consider the city of Sao Paulo, Brazil. This is one of the largest cities in Latin
America, with a population of about 17 million. About 40% of the city’s
wastewater currently undergoes secondary treatment in five activated sludge
plants. They discharge their high quality effluents, along with the other 60% raw
sewage, to the Tiete-Pinheros river system, which conveys mainly this mixture
of raw sewage, secondary effluent, and storm water. The large investment for
wastewater treatment currently bears little benefit since the combined volume
of raw sewage and secondary effluent is practically equivalent to raw sewage.
The strategy is to build secondary treatment plants in stages, so as to ultimately
achieve close to full secondary treatment of all the wastewater produced in the
city. This is not an effective strategy because the huge investments will not
improve river water quality or public health for many years.

A better strategy would have been to submit the raw sewage of the city to
chemically enhanced primary treatment (CEPT, see the following section).
This could achieve BOD and TSS removals of about 70% and 80% for the entire
flow at a cost similar to that invested for a portion of the city’s flow and with
lower O&M costs. Although the conveyance costs to the treatment plants must
also be taken into account, first providing CEPT treatment to the entire city’s
wastewater, and later upgrading to secondary treatment makes more sense than
building secondary treatment plants in stages.

This example illustrates the potential of physico-chemical treatment to
contribute to rational wastewater treatment strategies in developing countries.
Physico-chemical treatment is particularly appropriate for outfall discharges
in countries where treatment beyond preliminary is required. It can produce
effluent quality similar to that of secondary treatment at lower costs and with
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lower land requirement. This has been done in Hong Kong, Hawaii (Grigg and
Dollar, 1995), and San Diego (Union Tribune, 2002). In Hawaii and San Diego it
was shown that upgrading the physico-chemical treatment to secondary would
not provide any significant benefit to the marine environment.

6.7.3.2 Chemically Enhanced Primary Treatment (CEPT)

The first process that comes to mind when considering physico-chemical
processes is Chemically Enhanced Primary Treatment (CEPT), Figure 6.11.
Although this is a well known process that has been used for over a hundred
years, it has not yet found the widespread acceptance that would be expected
based on its performance. Its main uses are: (i) treatment prior to ocean discharge;
(ii) phosphorus reduction; and (iii) as a compact treatment unit. CEPT involves
addition of chemicals, typically salts such as ferric chloride or aluminum sulfate,
to primary settling tanks. This causes the particles to coagulate and flocculate and
settle out, resulting in higher removal rates of TSS and BOD than conventional
primary treatment. Removal rates in CEPT are 80-85% TSS and 50-70% BOD
as compared to 40-50% TSS and 30-35% BOD in conventional primary tanks.
CEPT also has higher performance efficiencies per surface overflow rate (in terms
of m*/d per m? of settling tank area) compared to conventional primary tanks.
This increased efficiency allows for smaller CEPT settling tanks compared to
conventional primary treatment for the same wastewater flow.

Bar screens
Grit Effluent
1 chamber
Coagulant Flocculent Primary
sedimentation
tank
Sludge
treatment and
disposal

Figure 6.11 Schematic diagram of the CEPT process

To upgrade a conventional primary treatment facility to CEPT, addition of a
chemical coagulant and optionally a flocculent is needed. The chemical dosing
systems are inexpensive and simple to install. Since the addition of chemicals
generates additional quantities of sludge, upgrading the sludge handling and
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treatment is also required. CEPT relies on small doses of metal salts, usually in
the range of 10 to 50 mg/l so the chemicals themselves are only a slight
contribution to the sludge. Most of the increased sludge production is due to the
increased solids removal, which is precisely the goal of CEPT. The main options
for sludge treatment, which must be part of the installation, are lime stabilization
and use of drying beds for drying the sludge, anaerobic digestion, and
composting (see Section 6.6.3).

If a CEPT unit is designed from scratch, the sedimentation tanks will be
smaller and cheaper than primary sedimentation tanks for the same wastewater
flow without chemicals addition. In this case, the additional investment required
for treating the increased sludge generated is offset by the lower cost of the
sedimentation tanks. When a primary treatment unit is upgraded to CEPT,
however, this offset does not exist and additional investment for sludge
treatment is required.

The quality of CEPT effluent approaches that of a biological secondary
effluent in terms of TSS and BOD removal. The CEPT effluent can be effectively
disinfected, which is important for developing countries where high levels of
morbidity result from waterborne diseases.

CEPT is much cheaper than conventional activated sludge. According to
Harleman et al. (1996, 1998, 2001) the capital cost of a conventional activated
sludge process is about four times that of CEPT, and O&M costs (both including
disinfection) are about twice as expensive.

Removal of 70% BOD by CEPT will often suffice for discharge to rivers with
adequate assimilation capacity. Phosphorus removal by CEPT may also suffice
for lake discharges.

CEPT treatment does not preclude additional treatment such as secondary or
tertiary. It reduces the size and cost of these subsequent treatments due to
increased removal of suspended solids and organic matter. CEPT is a relatively
simple technology, which provides low cost, easy to implement and effective
treatment.

6.7.3.3 CEPT followed by filtration and disinfection

If a higher effluent quality than can be produced by CEPT alone is required, it
can be followed by filtration and UV disinfection as shown in Figure 6.12.
The filtration can be a multimedia sand filter or membrane microfilter.
Microfiltration is a relatively new technology and its use in that combination
requires investigation.

According to Cooper-Smith (2001) the combination of CEPT followed by
sand filtration and disinfection can produce a high quality effluent (averaging
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20 mg/l BOD, 15 mg/l TSS) using a Tetra Deep Bed Filter at a filtration rate
of 5 m/h and a coagulant (Kemira PAX XL60, a polyaluminium silicate) dose
of 40 mg/l. Further, UV disinfection of the filtered effluent complied with
the required Bathing Water Directive standard, and net present value
calculations showed this option to be considerably cheaper than secondary
biological treatment. Sludge treatment in this system is identical to that of
CEPT sludge.

Chemically enhanced
primary treatment
(CEPT)

Multimedia sand filtration
or
Membrane microfiltration

Effluent of secondary level
quality without biological
treatment

Figure 6.12 CEPT followed by filtration and disinfection

CEPT followed by filtration can produce an effluent comparable to secondary
effluent at lower cost, reduced power needs, and ease of operation. The
investment and O&M costs for CEPT followed by multimedia sand filtration are
about one-half of those for conventional activated sludge (both including
disinfection).
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6.7.3.4 Chemically enhanced solids separation by rotating
fine screens (CERFS)

Multiple-stage screening and the addition to flocculants can significantly
increase contaminant removal rates. The rotating fine screen devices discussed
in Section 6.7.2 can remove up to 50% of particulate COD and up to 30% of
total COD with screen openings around 0.2 mm. Recent investigations (Huber,
2003) indicate that addition of organic coagulant to the raw sewage entering a
fine rotating screen of 0.2 to 0.3 mm opening achieves up to 60% reduction of
total COD and BOD, and TSS reduction from 50% to 95%. This process is still
under development and seems to be based (Figure 6.13) on two-stage screening
where the first screen has an opening of about 6 mm and the second is a fine
screen with an opening of 0.2 mm.

Treated effluent
50-60% COD
reduction

Raw

Anaerobic sludge
wastewater

treatment

- ) . ) Sludge production:
Pre-screening Fine screening 300-5001 per 1000 m3
6 mm 0.2mm

wastewater

Figure 6.13 Chemically enhanced solids separation by rotating
fine screens (CERFS)

This process is called chemically enhanced rotating fine screens (CERFS).
Although it may not quite reach the level of solids and BOD removed by CEPT,
it is less costly and simpler to operate. The organic matter removal achieved in
CERFS can prevent environmental problems if the effluent is discharged to a
high flow river or other receiving bodies with high assimilation capacity. CERFS
may be a better first stage goal than CEPT, especially in developing countries.

The high removal of solids in CERFS generates larger quantities of sludge
than preliminary treatment without chemicals addition, so sludge treatment
facilities must be provided. Sludge treatment is identical to that of CEPT, i.e. the
main treatment options are lime stabilization and drying beds, anaerobic
digestion, and composting.

The costs of CERFS are not yet available since it is a new concept. Rough
estimates are that the investment cost would be about one-sixth that of
conventional activated sludge, and O&M costs (both including disinfection)
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about one-half. More research is required to better establish the performance and
cost of CERFS.

6.7.3.5 CERFS followed by filtration and disinfection

Similar to the concept of improving CEPT effluent quality by filtration and
disinfection, the CERFS effluent might undergo identical processes to achieve
better effluent quality. As for CEPT, UV disinfection and filtration by either
multimedia sand filtration or membrane microfiltration could be used. The
proposed process flow diagram is presented in Figure 6.14.

Organic coagulants

Multimedia sand filtration
or
Membrane microfiltration

Effluent which might approach
secondary level quality without
biological treatment

Figure 6.14 Proposed CERFS followed by filtration and disinfection

The quality of CERFS effluent followed by filtration is not yet known. If it
approaches the levels of secondary effluent this process would be very attractive
for developing countries as it could provide a high quality effluent at much lower
cost, reduced power needs, and easy operation. Sludge treatment should be
identical to that of CEPT sludge.
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The costs of CERFS followed by filtration and disinfection are not yet
available. Rough estimates suggest that the ratio of investment cost in
conventional activated sludge to that of CERFS followed by filtration and
disinfection is about 2.5:1, and the ratio of O&M costs (both including
disinfection) is about 2:1. Note that the investment cost of CERFS followed by
filtration and disinfection is not much lower than that of CEPT followed
by filtration and disinfection. The reason is that a large portion of the cost for
both systems is in filtration and sludge treatment which are similar in both.
The difference between these systems is the cost of the rotating screens in
CERFS, which is lower than that of the primary settlers in CEPT. Future
improvements in microfiltration might reduce the cost of these systems, and
sale of the sludge for agricultural or any other beneficial use could improve
their overall economic performance.

Since CERFS followed by filtration and disinfection has not yet been
implemented, research is needed to generate information about its performance
and cost.

6.7.4 Management and disposal of solid wastes

The appropriate technologies described above generate two types of solid
wastes. Rotating screens with coarse openings larger than 0.7 mm usually
produce residual solids which are mainly mineral, consisting of sand, grit,
coarse particles and large materials like plastics, bottles, cans and other
floatable material. This material is defined as solid wastes from preliminary
treatment. Rotating fine screens with openings less than 0.7 mm (and all the
other mentioned process, like CEPT with or without filtration and CERFS with
or without filtration), produce residual solids which consist of a combination
of mineral and organic matter, defined as sludge. These two types of solids,
solid wastes and sludge, are handled and disposed of differently, as discussed
below.

6.7.4.1 Solid wastes from preliminary treatment processes

Disposal of screenings (solid wastes collected in preliminary treatment plants)
may include: (1) removal by hauling to disposal areas (sanitary landfill),
(2) disposal by burial on the plant site (small installations only), (3) incineration
alone or in combination with sludge and grit (large installations only),
(4) disposal with solid wastes, or (5) discharge to grinders or macerators
where they are ground and returned to the wastewater.
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Removal to a sanitary landfill is the most common disposal method. In a
rotating fine screen plant the solids are compacted prior to disposal. A schematic
presentation of the solids collection process is presented in Figure 6.6 and a
photograph of typical solid wastes of a preliminary treatment plant is presented
in Figure 6.15. The solid wastes container fills automatically without manual
intervention. When the container is full it is put on a removal truck by a crane
built onto the truck. The same truck leaves an empty container at the plant for
filling and then travels to the landfill site to dispose of the solid wastes.

Figure 6.15 Solid residues from a preliminary treatment plant

The quantities of solid wastes generated in preliminary treatment plants are
generally smaller than in primary and secondary plants. Estimated volumes of
screened material under hot climate conditions, based on data from preliminary
treatment plants in Florida, USA, are presented in Table 6.4.

Consider, for example, the quantities of solid waste that will be generated in
the preliminary treatment plant of Cartagena, Colombia (see Chapter 14). For the
current population of about 1 million, about 14 m?/d of solid waste will be
generated, growing to about 24 m’/d after 20 years. This would require one
truck-trip per day initially and two in the future. The materials will be disposed
of by the same method as for solids retained in wastewater pumping stations at
the La Paz Regional Landfill, located in a rural area 17 km from Cartagena.
This landfill has an environmental license issued by the local environmental
authorities and is expected to be operative for 15 years, with a capacity of more
than 600 tons per day of solid waste. The average daily weight of the solids
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wastes from the preliminary treatment plant will be about 10 ton/day, around
1.6% of the capacity of the landfill.

Table 6.4 Volume of screened material for various screen openings

Volume of screened material

Type of screen Screen opening (mm) (m°® per m® (ft® per MG
wastewater) wastewater)
Mechanical bar 19 0.90x107° 1.2
Mechanical bar 13 1.4%x107° 1.8
Mechanical bar 8 1.7x107° 23
Step 6 2.2x107° 3.0
Step 2 3.4x107° 4.5
Rotating fine 15 47%x107° 6.3
Rotating fine 1.0 8.2x107° 11.0
Rotating fine 0.5 13.2x107° 17.7

MG: Million U.S. gallons

According to Colombian legislation, the solid wastes generated in
Cartagena’s preliminary plant are not classified as toxic but rather as municipal
solid wastes. This was confirmed by laboratory analysis. The material collected
at the screening machines has a low liquid content. It will be stored and
transported in hermetic containers to the regional landfill by a contractor. This
ensures that there will be no leaks during transport and that the community will
not be disturbed, all in compliance with the Colombia’s norms and regulations.
The dry solid waste will be deposited at a specially prepared area of the landfill.

Each month the waste management company will certify the services carried
out, specifying collection dates, type and quantity, and the procedures
undertaken. This will serve for keeping records on the company’s environmental
management system and also to prove to the environmental and sanitation
authorities that the operation is being properly managed.

The quantity of screened material will not be a major problem in Cartagena.
In the first stage, the volume is equivalent to the solid wastes generated by a
population of about 7,000, and in the final stage by a population of about 12,000.
The quantity of solid wastes generated in the treatment plant will constitute only
about 0.7% of the total solid wastes generated by the city.

6.7.4.2 Sludge management

The treatment and disposal of sludge generated by rotating fine screens with
openings less than 0.7 mm (and all the other mentioned processes such as CEPT
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and CERFS with or without filtration) is basically identical to that generated by
conventional secondary treatment.

The main options for treating this type of sludge are shown in Figure 6.16.
They are anaerobic digestion, lime stabilization drying beds, and composting.
Details on the unit treatment process within each option, such as thickening,
stabilization, dewatering and drying were discussed in Section 6.6.3. Composted
and lime stabilized sludge are used as organic fertilizers in agriculture.
Anaerobic digested sludge has also been used as an organic fertilizer, in liquid
or dewatered form, for many years. It is still used in this manner in many parts of
the world, although its use has recently been prohibited in some countries due
to public health risks from pathogenic organisms. Anaerobic digested
sludge should therefore be disinfected prior to agricultural use, disposed of in
a landfill, or reused for other purposes, such as a supplement to construction
materials.

Raw sludge

f : }

Lime treatment Anaerobic
(Stabilization and Composting digesi
o - igestion
disinfection) 7 days 12-20 days
0.5-1 days
v
A\ 4 4 —Landfilling
Agricultural Agricultural —Other uses
reuse reuse —Agricultural reuse
in some countries

Figure 6.16 Main sludge management options

6.7.5 Treatment costs

Costs of the preliminary treatment process in rotating fine screens, CERFS,
CERFS followed by filtration, CEPT, and CEPT followed by filtration are
presented in Table 6.5. Removal efficiencies of BOD and total suspended solids
(TSS) are also shown.

As for Table 6.2, investment and O&M costs vary widely for different plants
of the same type and in different countries and for the same reasons as discussed
there.



Table 6.5 Costs and removal capabilities for CERFS and CEPT processes

CEPT®
Constituent Rotating CERFS?® CERFS Low High CEPT® Conventional
fine followed dose dose followed by secondary
screens by filtration treatment
filtration

Suspended solids, 5-50° 50-95¢ 70-95 60-82 86-98 85-95 89-97
(TSS, mg/l)
BOD 5-30°¢ 40-60° 60-75 45-65 67-89 75-90 86-98
(mg/l Oy)
Treatment cost 0.03 0.10-0.15 0.10-0.15 0.16 0.18 0.18 0.29
(US$/m?)
Capital cost 5-20 18-36 40-80 50-100 50-120 60-120 100-200
(US$/Person)

@ Chemically enhanced rotating fine screens
® Chemically enhanced primary treatment

¢ Depending on screen opening

9 Depending on type of chemicals and dose
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6.8 WASTEWATER TREATMENT AND GLOBAL
WARMING

The impact of wastewater treatment on global warming depends on the type of
treatment. Aerobic treatment is neutral, in spite of releasing carbon dioxide to
the atmosphere. This is because, in producing the organic matter contained in
the wastewater, the same amount of carbon dioxide is removed from the
atmosphere as is released in the treatment process. However, supply of oxygen
for the aerobic process, usually through aeration, consumes energy and the
production of this energy from fuel generates carbon dioxide. Consequently,
aerobic treatment processes contribute a net amount of carbon dioxide to
the atmosphere and thus have a negative impact from the standpoint of global
warming. Anaerobic treatment produces methane gas and carbon dioxide.
Methane is a strong greenhouse gas, 22 times stronger than carbon dioxide, so its
contribution to global warming can be significant.

Combining treatment with discharge through a marine outfall changes the
picture somewhat. Consider three scenarios:

(1) If the treatment is aerobic, the system generates carbon dioxide, as
explained above, and has a negative impact of contributing to global
warming.

(2) If the treatment is anaerobic, the system has a significant negative
impact on global warming, as explained above.

(3) If the treatment is only preliminary, as recommended, the system has
a significant positive impact on global warming. There is no on-land
release of carbon dioxide (or methane) to the atmosphere. The organic
matter is diluted in the sea and decomposes aerobically, however, the
carbon dioxide released is dissolved in the seawater, so the balance is
positive. At some future time the carbon dioxide might be released to the
atmosphere, and then the impact becomes neutral.

For developing countries the positive impact of preliminary treatment and
marine discharge is even greater. This is because, if a marine outfall is not
used, raw wastewater is usually discharged to small rivers or creeks where it
undergoes anaerobic processes that releases methane. A system that combines
preliminary treatment with an effective outfall prevents this release of methane.
Other advantages of preliminary treatment compared to advanced treatment is
that secondary effects such as greenhouse gas production from the increased
energy usage and materials transportation are also avoided. It should be noted
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that wastewater treatment plant process-related greenhouse gas emissions are
about 1% of the total emissions in developed countries.

6.9 CONCLUSIONS

The following conclusions refer particularly to developing countries, with
emphasis on appropriate treatment for ocean discharges through effective
outfalls. The observations on appropriate treatment for ocean discharges also
apply to developed countries, however.

In most developing countries the percentage of wastewater that undergoes
any type of treatment is very low. They can also anticipate rapid population
growth that will impede the expansion of wastewater treatment. Authorities must
understand that the needs of developing countries are different from those of
industrialized countries. Realistic standards for effluent quality should be
adopted that are flexible and permit staged development. Developing countries
should use appropriate treatment technology based on simplified processes that
are less expensive than conventional processes in investment and O&M, are
simple to operate, and can produce effluent of the required quality.

Wastewaters contain many types of pollutants, whose relative impact on
the environment depends on the receiving water body and outfall design. The
treatment should be chosen accordingly and not arbitrarily specified.

Wastewater management in developing countries should be developed in
stages. It should account for the assimilation capacity of the receiving water
body (using water quality simulation models) to ensure that even during the
initial stages any environmental impacts are minimal. This is usually feasible.
To support this strategy, a comprehensive monitoring program should begin
prior to and following construction of the first stage. If this indicates no public
health or environmental problems, consideration should be given to delay or
even eliminate construction of subsequent stages so as to prevent unnecessary
waste of resources. If monitoring indicates environmental problems, the
subsequent stages should be implemented. This is a logical strategy that
would prevent unnecessary investment in costly treatment installations that are
unaffordable in developing countries.

For ocean disposal, the WHO (Table 1.1), and extensive experience, indicates
that preliminary treatment with discharge through an effective outfall poses a
low risk to human health. And more advanced levels of treatment do not further
lower this risk. Preliminary treatment and discharge to the sea by an effective
outfall is therefore often the best wastewater management strategy for coastal
cities in developing countries. It is affordable, effective, and reliable, simple to
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operate and with little risk to public health and the environment. Many ocean
outfalls are successfully functioning all over the world and have a proven track
record. The most reliable and inexpensive preliminary treatment consists of
rotating fine screens and vortex grit chambers. The capability of disinfection by
chlorination or other means should be included for use in emergencies.

Unfortunately, many developing countries treat wastewater in lagoons and
then discharge it either directly on to the beach or through a short outfall. The
WHO (Table 1.1), indicates that this practice poses a high risk to human health
and should be discontinued.

Developing countries that have adopted the stringent standards for ocean
discharges of industrialized countries, such as secondary treatment, must adopt
and understood the principle of staging. This allows for construction of a first
stage with preliminary treatment and an effective outfall. Insistence on a
first stage consisting of treatment above and beyond preliminary would render
most projects in developing countries financially non-viable and will prevent
improvements in wastewater disposal. Avoiding the problem of wastewater
disposal is the worst option of all, and usually leaves the most vulnerable
population (the poor) under the worst conditions.

If advanced treatment is required or legislated, physico-chemical treatment is
a good option. It has the potential to become an innovative and affordable
technology that can boost wastewater treatment in developing countries.
For example, the CEPT process and its derivatives, such as CEPT followed
by filtration and disinfection, are proven technologies that can yield an effluent
comparable to that of secondary biological treatment at much lower cost.
This observation applies to industrialized countries as well as developing
countries.

Other technologies based on liquid-solid separation by rotating fine screens
preceded by dosing with coagulants and flocculants and followed by filtration or
microfiltration membranes also have considerable potential. They can yield high
quality effluent at costs even lower than that of CEPT and its derivatives, thereby
presenting an excellent solution to many large cities in the developing world that
need advanced treatment but cannot afford secondary biological treatment.



7

Materials for small and medium
diameter outfalls

7.1 GENERAL CONSIDERATIONS

Up to the year 2005, most ocean outfalls with diameters larger than two meters
were constructed from concrete pipe. Outfalls with smaller diameters have used
many materials including the thermoplastics polyethylene (PE), polypropylene
(PP), and polyvinyl chloride (PVC); GRP (fiberglass); reinforced concrete and
prestressed concrete; and the ferrous metals steel, ductile iron, and cast iron. The
diameters of pipes made of GRP, polyethylene, and polypropylene have steadily
increased over the years, and they are finding increased application to large
outfalls. By the year 2004 solid wall polyethylene pipe was available in
diameters up to two meters and GRP up to 2.4 meters. Polyethylene has now
become the predominant material for outfalls with diameters of about one meter
or less.

© 2010 IWA Publishing. Marine Wastewater Outfalls and Treatment Systems. By Philip JW Roberts,
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Each material has advantages and disadvantages and the ultimate success of
an outfall depends greatly on selecting that most appropriate for the specific
oceanographic and site conditions, adequate mitigation of any weaknesses of
the material chosen, the capabilities of the entity responsible for outfall
construction, and the capabilities of the agency responsible for operation and
maintenance.

Factors that enter into the material selection include:

e Cost of the pipe and ancillary materials:
Shipping and transportation

Import and/or export duties

Construction

Outfall operation

Outfall maintenance

Quantity of effluent discharged

Characteristics of the effluent

Corrosive effects of the marine environment
Hydrodynamic effects of the marine environment
Geomorphology of the seabed

Ocean traffic conditions

Availability of necessary skills and equipment.

o O O ©O

o

The most important characteristics of the most common materials used for
marine outfalls and their relative costs are summarized and compared in Table 7.1.

The cost of the pipe delivered to the site usually ranges from 8% to 20% of
the total outfall construction cost. However, the pipe with the lowest cost may
entail more expensive construction methods, more expensive protection against
physical oceanic forces, more expensive monitoring and surveillance, and/or
more expensive maintenance and repair. Different kinds of pipe often require
different ancillary facilities, for example steel pipe requires cathodic protection
but polyethylene and GRP pipe do not. A polyethylene outfall requires concrete
ballast weights to prevent it from floating whereas ductile iron pipe usually does
not. It is important to consider the total life cycle costs associated with all
components of an outfall when selecting the type of pipe to be used.

Flowrate is important. For example, small flows that require pipe diameters
less than 400 mm would usually be limited to pipes that can be installed by
flotation and submergence because the cost of pipes that necessitate submarine
assembly is much greater. High flows may necessitate diameters that are so large
that installation by flotation and submergence is not possible or is not cost
effective.



Table 7.1 Characteristics and relative costs of common outfall pipe materials

Type of pipe Resistance against Axial flexibility Relative costs
Internal External Corrosion Pipe Joint Material Construction
pressure impact

Steel Excellent Excellent Poor Good Excellent Low Low

Cement Excellent Good Fair Poor Poor Moderate Moderate

coated steel

Ductile iron Excellent Very Poor None Fair Low to Moderate

good moderate

Reinforced Good Good Good None None Moderate High to

concrete very high

Prestressed Very Good Good None None Moderate High to

concrete good to high very high

Polyethylene Fair Good Excellent Very Very Moderate Low

good good to high

Polypropylene Fair Good Excellent Very Very Moderate Low

good good to high

GRP Good Fair Very good Poor Poor Moderate to Moderate

high to high

PVC Fair Poor Excellent Fair Poor Low Low
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The effluent characteristics also affect the choice of pipe. If it contains
significant quantities of abrasive sediment it is prudent to select a material that is
resistant to abrasion. If the effluent is likely to produce hydrogen sulfide then the
material should be resistant to its corrosive effects.

Impact strength is extremely important if the outfall is located in an area
where boat anchorage is likely to occur or where storm driven submerged
objects may strike the outfall.

An important consideration is the capacity and/or experience of the entities
who will construct the outfall. The type of pipe should be compatible with their
specialized skills and the equipment that is available for construction.

Maintenance and repair requirements differ for the various types of pipe
materials. The material selected should be compatible with the capabilities of the
entities responsible for these operations.

The most important characteristics of the most common materials used for
marine outfalls and their relative costs are summarized and compared in Table 7.1.

7.2 SPECIFIC CONSIDERATIONS

7.2.1 Pipe connections

Compressed O-ring gasket joints are used in concrete, ductile iron, GRP, and
PVC pipe. If this type of joint is subjected to pulling forces the pipes can
separate. This can also occur if there is lateral pipe movement caused by
hydrodynamic forces or snagging by a boat anchor. It can also occur when there
has been vertical movement due to differential settlement of the sea floor due to
liquefaction during storms or earthquakes, or undermining of the pipe by scour
due to waves or currents.

There are joints available that can prevent this separation. For ductile iron
pipe, restrained joints that incorporate locking devices to prevent pullout and
allow articulation of the joint while maintaining its integrity are used and
restraint harnesses are available for PVC pipe. Properly made welds in steel pipe
will usually withstand axial flexure almost as well as the pipe itself. Concrete
pipe and GRP pipe with standard compressed O-ring couplings must rely on
both an adequate foundation for the pipe and adequate pipe stabilization against
hydrodynamic and other forces to prevent pullout. GRP couplings that prevent
pullout are available.

There are many types of material and shapes of O-ring type gaskets. Some
materials are vulnerable to attack by marine organisms and others deteriorate
prematurely in the marine environment. It is important to specify that the gasket
material be suited to the marine environment.
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Welded joints in steel pipe are strong but can be subject to corrosion because
of dissimilar metals in the welding rod and the steel pipe. This can be mitigated
by protective coatings and galvanic corrosion protection. Bolted mechanical
joints should be avoided. If necessary, however, all joint components should be
made of materials that resist marine corrosion, and the bolts and nuts should be
protected by sacrificial anodes.

Heat fused joints in HDPE pipe and polypropylene pipe are almost as strong
as the pipe itself. When properly carried out they have proven to be one of the
most trouble free joints in the marine environment.

7.2.2 Internal pressure

The internal pressure in an operating ocean outfall will be greatest at the design
peak flow, which will usually occur near the end of its useful life. The highest
pressure will usually occur at or near the point where the outfall enters the
ocean. The pressure head at that point is the sum of the friction loss in the outfall
pipe and fittings, head losses in the diffuser, and the density head between the
seawater and effluent. The pressure head depends on the outfall length and
diameter, the effluent flowrate, the diffuser depth, and the design of the diffuser
ports, but for many outfalls is often in the range of 10 to 25 m. For very deep
outfalls that are installed by flotation and submergence the maximum internal
pressure will probably occur during installation.

The resistance to rupture from internal pressure is proportional to the tensile
strength of the pipe material and the wall thickness. Of the materials commonly
used for ocean outfalls, steel has the greatest tensile strength. Concrete pipe has
reinforcing steel that gives it high burst strength. Ductile iron is next strongest,
followed in order by GRP, PVC, polypropylene, and polyethylene. All of
these materials are strong enough to withstand the internal pressures usually
encountered. Polyethylene has the lowest tensile strength, but with adequate wall
thickness can readily withstand the pressures usually encountered.

7.2.3 Resistance to externally imposed forces

Resistance to externally imposed forces must be considered when choosing the
pipe material. These are commonly caused by hydrodynamic forces due to
waves and currents, impacts from boat anchors, snagged fishing nets, and impact
from submerged logs and other debris during storms and hurricanes.

External stress on an outfall pipe also occurs during loading, transporting,
and handling of the pipe as well as during construction and installation.
The pipe must be designed to withstand buckling that could occur if the external
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pressure on the pipe is greater than the internal pressure. It must also resist
buckling when the pipe is subjected to bending. Ductile iron concrete and
standard wall steel pipe are stiff enough to easily resist buckling. But for
GRP, PVC, polyethylene, polypropylene, and thin wall steel pipe the potential
for buckling and collapse of the pipe must be considered when negative
pressure, burial in a trench, or bending during handling and installation
may occur.

7.2.4 Flexibility

Flexibility of the pipe and/or the pipe joints is an important factor in selecting
the pipe material or the type of joint when:

e There are obstacles on the seabed that must be avoided.

® The material of the ocean floor is structurally weak and there is good
possibility of consolidation and subsidence.

e Seasonal transport of the seafloor material may occur.

® There is a possibility of spontaneous liquefaction in high-risk seismic
zones.

7.3 TYPES OF PIPE USED IN SUBMARINE OUTFALLS
7.3.1 Concrete pipe

Three basic kinds of concrete pipe have been used for outfalls: Non-cylindrical
reinforced concrete pressure pipe, bar-wrapped concrete cylinder, and
prestressed concrete cylinder.

Non-cylinder reinforced concrete pressure pipe is manufactured by placing a
reinforcing cage in a mold and filling the mold with concrete. The mold is
shaped to form a joint to accommodate one or more preformed rubber gasket
O-rings of circular cross section as shown in Figure 7.1.

A cross section of the pipe wall and joint of bar-wrapped concrete cylinder
pipe is shown in Figure 7.2. This pipe is constructed around a steel cylinder with
steel bell and spigot O-ring joints welded to each end. A variation of this joint is
a double O-ring joint with the rings spaced apart to enable pressure testing of the
joint after the spigot has been inserted into the bell.

For bar-wrapped pipe the concrete is centrifugally cast in place on the interior
of the cylinder. The exterior is then wrapped with mild steel reinforcing rods in a
helical pattern, and a slurry of Portland cement is applied followed by an
exterior mortar coating. The pipe sections are joined when they are placed in
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their final location. This is accomplished by placing an O-ring in the groove
on the spigot end of one section of pipe and inserting it into the bell end of
another. For outfalls, two grooves and O-rings are sometimes used on each joint.
The O-ring is compressed between the bell and spigot forming a watertight seal.
After joining, cement mortar is placed inside and outside the joint to protect the
steel bell and spigot from corrosion.

Steel reinforcing cages

Rubber gasket
B. AWWA C302-type pipe with concrete joint

Figure 7.1 Non-cylinder reinforced concrete pipe with concrete joint
(courtesy American Concrete Pressure Pipe Association)

Rod reinforcement

Stedl bell ring

[

Grout joint after installation

Cement—mortar coating

7 Y @
.\-\-
I
l Steel spigot ring ] Steel cylinder
Moator or concrete lining Cement mortar placed in
field or other protection
Rubber gasket

Figure 7.2 Cross section of wall and joint of a bar-wrapped concrete cylinder pipe
(courtesy American Concrete Pressure Pipe Association)

Prestressed concrete cylinder pipe is illustrated in Figure 7.3. This pipe is also
constructed around a steel cylinder with steel bell and spigot O-ring joints
welded to each end. The concrete core is placed in one of three ways: the
centrifugal process, radial compaction, or vertical casting. After the core is
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cured, the pipe is wrapped helically with high strength wire that is pretensioned
as it is wrapped to produce a residual compression in the concrete core. The wire
is then coated with a thick cement slurry followed by a dense mortar coating.
This type of pipe is joined in the same manner as the bar wrapped cylinder pipe.

Grout joint after installation Cement-mortar coating )
Prestress wire

v / ™
RS

V | § '
Concretecore  Steel spigotring  Rubber gasket I Steel bell ring \
Steel cylinder
Cement mortar placed in
field or other protection

Figure 7.3 Cross section of pipe wall and joint for prestressed concrete cylinder
pipe (courtesy American Concrete Pressure Pipe Association)

The construction method for an outfall using concrete pipe requires
preparation of a stable bed (foundation) along the ocean floor. The bed should
have as uniform a slope as possible because the pipe joints can only tolerate very
small angular offsets. Any areas with weak or unstable seabed materials must be
stabilized by filling with suitable material or by attaching the pipe to piles driven
into the seabed.

The pipe sections are connected underwater on the prepared bed by use of a
laying platform or barge and an alignment frame or “horse” with divers
directing the connections. The sections are connected by first applying a
lubricant to the O-ring gasket(s) on the spigot end of the pipe and then inserting
that end into the bell end of the next section. This compresses the O-ring making
a watertight seal. After each section is connected the joint must be pressure
grouted with cement mortar inside and outside the pipe to protect any metal
surfaces from corrosion.

Concrete pipe has good resistance to marine corrosion, much better than
ductile iron and steel, but not as good as polyethylene or GRP pipe.
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Welded joints are used when the bottom pull method is used to install steel
cylinder concrete pipe. In this case the steel cylinder at the ends of the pipe
sections are not coated with prestressed or bar wrapped concrete. The bare ends
are welded together, checked by radiography or another suitable method. The
exposed portion of the steel cylinder is then provided with a protective coating
of bar, wire, or mesh wrapped reinforced concrete and the exposed internal
portion also recoated with concrete.

7.3.2 Steel pipe

Steel pipe is very strong, has very good resistance to external impact, and
enough ductility that it can conform to moderate changes in seabed slope. It is
quite inexpensive compared to other pipe materials. It is widely used in the
marine environment by the oil and gas industries and has also found use in
submarine outfalls.

Steel’s major disadvantage for ocean outfalls is that it is very susceptible to
corrosion from seawater and sewage effluent. Various measures to protect
against corrosion have been used. Cement mortar coating can protect against
seawater corrosion but will spall off or crack if the pipe is bent. Cement mortar
lining on the pipe interior can be susceptible to attack by hydrogen sulfide.
Asphalt and coal tar coatings for steel pipe have been abandoned in favor of
epoxy, polyethylene, PVC, and polyurethane coatings that have proven effective
at reducing corrosion of the internal pipe wall. Plastic coatings have also been
used for external corrosion protection.

Steel pipe usually has slightly negative buoyancy when filled with effluent
so it does not float. It frequently requires additional ballasting or mechanical
anchors, however, to prevent displacement by ocean currents and waves.
A common way to provide extra ballast weight is to coat the outside of the pipe
with concrete or cement mortar that is applied along with galvanized steel wire
reinforcing. This serves the dual purpose of providing additional weight and
protection against marine corrosion but it has the limitation that the pipe cannot
be bent in the installation process.

Steel pipe sections are usually joined by welding. After the welds are made
and tested (by radiography or ultrasound) external and internal protective
coatings are applied to the weld. Flanged connections are usually limited to the
extreme end where diffusers are connected, or entrance hatches for cleaning are
attached. Where bottom and/or oceanic conditions require the joints to be
articulated, special ball-type joints have been used to allow movement without
breaking the seal or damaging the protective coatings.
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Cathodic corrosion protection is sometimes used in addition to the protective
coatings, especially around the joints, to provide protection in the event that the
protective coating is damaged or loses its integrity. Cathodic protection can also
be used for steel pipe instead of protective coatings but will require considerable
surveillance, upkeep, maintenance, and expense. See Section 7.4.

7.3.3 Ductile iron pipe

Ductile iron pipe and gray cast iron pipe have been used for marine outfalls.
Gray cast iron pipe is no longer manufactured, however, and has been replaced
by ductile iron because of its superior physical strength that approaches that of
steel. Restrained articulating joints such as the ball joints shown in Figure 7.4 are
usually required for the majority of ocean outfalls. Such joints are available for
pipe diameters up to 54 inches.

Ball and socket (6—36)

Flex-Lok (4-24)

AzdledEl ey USIFLEX (4-36)
Snap-Lok (6-24) USIFLEX (42-48)

Figure 7.4 Typical ductile iron pipe ball and socket joints used in outfall
applications (courtesy Ductile Iron Pipe Research Association)

The excellent physical strength of ductile iron pipe can be advantageous for
ocean outfalls that are subject to intense physical abuse. It has excellent resistance
against impact from submerged objects driven by waves and currents as well as
ship anchors and commercial fishing gear. For this reason it has found application
in areas such as Alaska where extremely hard solid rock seabed make
entrenchment very difficult and expensive but storms can generate extremely
turbulent sea conditions that can move submerged logs and large rocks.
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By using supplemental flotation (Figure 7.5), ductile iron pipe has been
installed in Alaska (and possibly elsewhere) by flotation and submergence. This
was found to be the least expensive method. It can also be installed by bottom
pull if the site and ocean floor conditions are suitable. This is usually the second
least expensive method of installation. Both of these methods require the use of
restrained articulating joints. Another method that can be employed for ductile
iron pipe is a lay barge with an articulated stinger. This is usually considerably
more expensive than the previous two methods.

Figure 7.5 Installation of a ductile iron submarine outfall in Alaska by flotation and
submergence
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Although ductile iron is somewhat more resistant to marine corrosion than
steel pipe it definitely requires corrosion protection. Internal protection is usually
by means of an epoxy or polyethylene coating; external protection is usually by
cathodic corrosion protection (see Section 7.4).

7.3.4 GRP pipe

Glass reinforced plastic (GRP) pipe is increasingly being used for ocean outfalls
in diameters up to 2400 mm. It comes in a standard length of 12 m for diameters
greater than 300 mm, but lengths of 6 and 18 m are also available. For diameters
smaller than 300 mm the standard length is 6 m. ASTM currently has standards
for GRP sewer pressure pipe and ISO is finalizing their proposed standards.

A major advantage of GRP pipe is that it is almost immune to corrosion due
to the marine environment as well as the effluent conducted by the pipe. Another
is that it is lighter than steel, concrete, and ductile iron pipe but is more dense
than water so sinks in seawater. This light weight facilitates handling the pipe on
the laying barge or platform as well as joining the sections underwater.

New GRP pipe has a very smooth interior that results in a Colebrook-White
absolute roughness height of 0.000029 m and a Hazen-Williams coefficient of
C = 150. After a few of years of conveying sewage effluent, however, the
roughness increases and the Hazen-Williams coefficient approaches C = 140
because of accumulation on the pipe walls.

There are several types of joints used for GRP outfalls, Figure 7.6. Most
common is the standard compressed O-ring in Figure 7.6(a). Individual pipe
sections are joined by inserting a lubricated pipe stub end into the coupling
thereby compressing the O-ring and providing a watertight seal. This type of
joint will permit a small deflection (between about 0.5 and 3.0 degrees
depending upon pipe diameter) and still be watertight. Its disadvantage is that it
can pull out if the outfall is subjected to axial force or if the permissible
deflection is exceeded. To prevent pullout during construction, marine harness
Iugs can be fixed to the pipe barrel on each end by fiberglass-polyester bands and
then bolting the lugs together. The bolts are usually removed before backfilling
or placement of armor rock.

A similar joint that is sometimes used is the lock coupling joint in
Figure 7.6(b). After the pipe spigot has been inserted, a locking key is driven
through openings in the coupling into matched locking keyways in the coupling
and pipe spigot. This joint will resist pullout due to moderate axial force that
could occur during installation or by soil movement or hydrodynamic forces.

A third type of joint is the butt wrapped joint. It is used when the joint will be
subjected to strong axial tensile force such as installation by bottom pull or
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flotation and submergence or where conditions might result in pipe displacement
subsequent to installation. It is made by bringing two pipe sections together and
joining them by wrapping with glass fiber reinforcement and polyester resin. It is
limited to onshore fabrication under clean and dry conditions. It is sometimes
used to join several sections of pipe onshore for subsequent transport offshore
where they are connected underwater by standard O-ring couplings to the
previously installed pipe.

@ Coupling
\
Pipe spigot to Stop Gasket is
beinserted in rng compressed with
coupling insertion of pipe
Gasket

Standard GRP pipe coupling

(b) Locking key grooves Gaskets
RS
Pi pe spigot _tO Locking keys inserted
beinserted in after the pipe spigot is
coupling inserted into the coupling
Z %;L
NS

GPR lock coupling joint

Figure 7.6 GRP pipe joints commonly used for ocean outfalls

Flanged joints are frequently used for GRP marine outfalls for special
situations such as connection to different materials. Flexible stainless steel
couplings are sometimes used to make underwater connections to elbows, wyes,
or other fittings as well as to make underwater closure for repairs.

7.3.5 PVC Pipe

PVC pipe has found limited use for ocean outfalls. Although it has excellent
resistance to marine corrosion, there have been incidents of marine organisms
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attacking PVC pipe such as in Rio de Janeiro where marine mollusks drilled
through the pipe wall and rendered an outfall inoperative in less than one year
(Grace, 1978). In other situations, however, such as the San Blas Islands of
Panama, and Playa Dorada in the Dominican Republic, PVC has operated in the
ocean for more than 15 years with no such attack.

PVC pipe is available in diameters up to 24 inches and it usually is available
in sections 20 feet (6 m) long. Two types of joints are commonly used: the bell
and spigot with a compressed O-ring, and the solvent weld joint. The bell and
spigot joint has virtually no resistance to pull out under axial tensile force on the
pipe. The solvent weld is only applicable for diameters 200 mm and smaller, but
when properly made this joint has resistance to pull out almost equal to the
tensile strength of the pipe.

New PVC has pipe has a very smooth wall and an absolute roughness height
of 0.000029 m can be used in calculating the Colebrook-White friction
coefficient, or a Hazen-Williams coefficient C = 150. After a few of years of
conveying sewage the absolute roughness increases because of accumulation on
the pipe walls and the Hazen-Williams coefficient is closer to 140.

PVC has a specific gravity of 1.4, so a PVC pipe will sink when filled with
seawater, but when filled with effluent it will have almost neutral buoyancy.
Ballast weights or mechanical anchors are therefore required to to stabilize it
against movement from forces due to currents and waves.

For the solvent weld type joint it is possible to use the flotation-submergence
process with the ballast weights attached. If this is done with O-ring joints, they
must have restraint harnesses, as depicted in Figure 7.7, to prevent pullout. In
addition, submergence must be carried out very carefully with supplemental
flotation attached to the ballast weights to control the radius of bend of the pipe
and preclude buckling of the pipe wall. Another method of installation of PVC
pipe is for the pipe sections to be connected underwater and the ballast weights
attached underwater, usually by means of a laying barge and divers. Both of
these installation methods are tedious, time consuming, and costly. This is why
PVC pipe has had limited use for marine outfalls.

7.3.6 Polyethylene (HDPE) pipe

Because of its excellent resistance to marine corrosion and the speed with which
it can be installed, high density polyethylene (HDPE) pipe is currently the
dominant type of pipe for ocean outfalls with diameters less than one meter, and
increasingly for diameters up to two meters. Because of the increased use of this
type of pipe, Chapter 9 of this book is devoted to designing outfalls with
polyethylene pipe.
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2800

Iring

Actuating screws
with twist off units

Figure 7.7 Mechanical joint restraint for PVC Unibell pipe (courtesy EBAA Iron
Sales, Inc.)

7.4 CORROSION PROTECTION

HDPE, polypropylene, PVC, and GRP do not require corrosion protection for
the pipe itself, but ancillary items such as bolts, nuts, washers, mechanical
anchors, joint restraints that are made of materials vulnerable to marine
corrosion must be protected. Some HDPE pipe installations have been in service
for more than 30 years with no evidence of deterioration of the material. A small
number of installations suffered severe environmental stress cracking but this
was attributed to questionable quality control of the resins and the pipe
manufacturing process.

Steel pipe and ductile iron pipe require corrosion protection and reinforced
concrete pipe and cement coated steel pipe require some protection. Fittings,
bolts, nuts, and washers need protection unless they are made of material
resistant to marine corrosion. For ferrous pipes using compressed O-ring gasket
joints and provided with cathodic corrosion protection, it is either necessary that
each pipe length be connected electrically or separate cathodic protection be
provided for each section.

Ferrous metals are subject to two types of corrosion: oxidation and galvanic.
Coatings are effective against oxidation corrosion. They are not very effective
for galvanic corrosion, however, which is the predominant form of corrosion of
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ferrous materials in the marine environment. For this type of corrosion cathodic
protection is necessary.

Cathodic corrosion protection converts the surface into a cathode of an
electrical cell. This is accomplished either by the galvanic anode system, which
entails attaching a sacrificial anode such as aluminum, zinc, magnesium, or a
special alloy directly to the surface being protected or by the impressed current
anode system which uses low voltage to reverse the flow of electrons that occurs
in the galvanic corrosion process. Figure 7.8 illustrates a packaged sacrificial
anode attached directly to a ferrous metal pipe. Special sacrificial anode
cathodic corrosion protection devices for direct attachment to ferric metal
accessories are also available commercially in the form of bolt caps, nuts, and
sleeves.

Electrical cable
connecting sacrificial anode
to the outfall pipe

Welded
connection

Packaged sacrificial
anode placed in an
excavated holein
the seabed

Steel or iron pipe
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Figure 7.8 Sacrificial anode for corrosion protection of ferrous metal pipe in the
marine environment

A schematic of cathodic protection by the impressed current anode system is
depicted in Figure 7.9. The anodes are spaced at selected intervals along the pipe
but not too close to it so as to maintain a relatively even distribution of current
flow from the anode onto the pipe.
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Figure 7.9 Impressed current anode system for corrosion protection of ferrous
metal pipe in the marine environment

For bare ferric metals 10.8 milliamps is usually needed for each square meter
of surface area to ensure protection in the marine environment. For concrete
coated steel pipe, the bare surface area is typically estimated to be 1/10th of the
total surface area of the pipe being protected. Anode material, size, and spacing
are selected to yield the required current for a period typically ranging from
10 to 25 years, after which the anode is replaced.
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Oceanic forces on
Submarine QOutfalls

8.1 INTRODUCTION

A thorough understanding of the physical forces that are prevalent in the ocean,
their causes as well as the likelihood and level of forces likely to be experienced
over an outfall’s useful life is essential for its rational design regardless of the
material with which the outfall pipe is made. These forces can threaten
the outfall’s integrity directly or indirectly through erosion of the seafloor or by
undermining it’s foundation. They can also cause failure by transport and
deposition of sediment, sand, gravel, and even cobbles that can bury the diffuser
orifices. All of these factors must be taken into consideration and mitigated in
the planning and design process.

For submarine outfalls the physical forces of greatest concern are due to
currents, waves, and pressure (depth). They will be addressed in that order.
© 2010 IWA Publishing. Marine Wastewater Outfalls and Treatment Systems. By Philip JW Roberts,
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8.2 CURRENTS

It is important to point out that currents can flow at different speeds and
directions at different depths of the water column. Strong near-bottom currents
are important because they can induce both horizontal and vertical forces on an
outfall and therefore must be considered during its design. Currents in the water
column are important primarily in determining the initial dilution and direction
of plume travel. Surface currents are important primarily for evaluating the
travel of a surfacing plume and they can be extremely important during the
construction of an outfall by the flotation-submergence method.

The designer should have a good understanding of currents and be able to
anticipate the ranges of speeds and directions. The currents (see also Sections
3.2 and 5.2.2) may be wholly or partly due to:

Geostrophic forces

Lunar tides

Winds

Return water from wave runup.

Geostrophic forces, due to the earth’s rotation, drive the large ocean currents
such as the South Equatorial Current, the Equatorial Counter Current, The North
Equatorial Current, the Humboldt or Peru Current, the Kuroshio Current, as well
as the South Subtropical Current in the Pacific Ocean. These forces also drive
the Gulf Stream, the North Atlantic Drift, the Brazil Current, the Benguela
Current in the Atlantic Ocean and cause the counter clockwise circulation of
the Mediterranean Sea. These currents and others are depicted in Figure 8.1.
Even though these major oceanic currents may be too far offshore to directly
affect the outfall, they can induce significant nearshore currents.

Tides also drive currents. They can be visualized as mounds of water that are
traveling around the earth’s oceans and seas due to the gravitational forces of the
moon and the sun. The high water level of the tide occurs about every 24 hours
and 50.5 minutes. Depending on the location on the globe the difference
between high and low tides can be less than one meter or more than 15 meters.
The difference between the elevations of the high and low tides and the
geomorphology of the ocean floor and the coastline configuration determine the
velocity of the currents generated. Restrictions in the pathway of the movement
of the “mound of water” can result in high velocity currents. For example,
narrow waterways between the islands of an archipelago in the open ocean,
restricted entrances through an island’s fringing reef, and the narrow entrances
to an atoll can be subjected to strong tidally-induced currents. Restricted
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entrances to large fiord or bays where there are tidal differentials in excess of
12 meters can be subjected to current velocities as high as 6 or 7 m/s.
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Figure 8.1 Major oceanic currents (courtesy of National Geographic)

Wind-driven currents can also be very important in the design of ocean
outfalls. The wind may be set in motion by geostrophic forces, diurnal heating
and cooling, and atmospheric pressure gradients often associated with storms
and hurricanes. Wind-driven surface currents are frequently the most important
factor that determines the direction of a surfaced plume. Wind can also seriously
hamper the transport, placement, and sinking of an HDPE outfall so seasonality
of strong winds should be considered when scheduling construction.

The seaward return of runup water on the beach from large breaking waves
can result in strong littoral currents running parallel to the shore and strong rip
currents running more or less perpendicular to the shore. These littoral currents
are often perpendicular to the outfall axis and should be considered when
analyzing outfall stability and erosion and transport potential of the material
in unconsolidated seabeds. Rip currents may be beneficial in transporting
discharged effluent away from the shore but can also adversely affect the
installation of an ocean outfall. Large waves breaking over an atoll and pouring
water into its lagoon can result in strong currents in the lagoon’s entrance to the
sea. The same can occur through the entrances through a fringing reef of an
island or entrances through barrier islands near the mainland.
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When planning an outfall, records of peak currents and their direction (when
available), tide tables, and navigational charts for the area under consideration
should be consulted. Valuable insight can often be obtained by interviewing
local naval officers, harbor masters, fishermen, and divers. Where currents are
known to be high but there are no records, current measurement by an acoustic
Doppler current profiler (ADCP), though expensive, may be justified (see
Chapter 5). It is recommended that currents be recorded continuously for a
period of one year in the area under consideration. When this is not possible
currents should at least be measured at times of the year most representative of
peak currents.

8.3 WAVES

Even though waves transport relatively small amounts of water they can transmit
enormous amounts of energy and can cause pipeline failure through the
hydrodynamic forces they exert on the pipe, differential erosion of the seabed or
bedding material on which the pipe is laid, mass movement of seafloor materials,
and liquefaction of the supporting seabed.

Wave dynamics induce both horizontal and vertical (lift) forces on ocean
outfalls that are resting on the seabed and can also affect the stability of the
seabed itself. These forces must be adequately countered by the system used to
hold or fasten the outfall to the ocean floor.

The amount of energy that can be imparted by a wave is proportional to the
height and the length of the wave. The outfall must be designed for the largest
wave that is likely to occur during its useful life.

Among the oceanographic studies, analyses, and calculations that need to be
carried out prior to designing a submarine outfall, one of the most important is
the determination of the design wave.

8.3.1 Design wave

Many failures of unburied outfalls are due to underestimating the hydrodynamic
forces due to large waves. Waves induce both horizontal and vertical (lift) forces
on pipelines resting on the seabed. These forces must be countered by a system
that holds or fastens the outfall to the seabed or otherwise protect the outfall.
Waves can also cause failure through differential erosion of the seabed or
bedding material on which the pipe sits, liquefaction of the seabed, and burial of
the diffuser ports by sediment. Knowledge of waves and the accelerations,
velocities and forces beneath them is necessary to preclude such failures.
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There are four major steps in determining the hydrodynamic forces that
waves exert:

® Determine the deepwater wave likely to affect the outfall during its useful
lifetime;

e Transformation of deepwater waves to shallow water;

e Determine the orbital velocities and inertia forces in shallow water;

e Calculate the forces caused by waves at various outfall depths.

The most severe wave that is likely to impact the outfall during its projected
useful life is referred to as the deep water design wave and is described by its
height, length, period, and the direction of travel of its wave front. A long
accurate record of wave characteristics near the proposed outfall site would be
very useful in designing an outfall but this information is rarely available,
especially in developing countries. Short-term local wave data is sometimes
available but its usefulness is limited primarily to determining the preferable
time of year (or day) when sea conditions are most amenable for construction
and in selecting the construction method to be employed.

To derive a design wave it is first necessary to decide on the return frequency
(or recurrence interval) of the wave. Because outfalls commonly have a useful
life in the neighborhood of 25 years, a return frequency of 50 years is often
selected, but frequencies as high as 100 years have been used when the cost
associated with this high level of assurance is justified.

Wind-induced waves are usually most important. However, in some regions,
seismic and volcanic activity can produce large destructive waves called
tsunamis. They have extremely long wavelengths, very high velocities, and
enormous energy and should be considered where there is a history of
occurrence. There is presently no reliable means of estimating the magnitude,
recurrence interval, and location of tsunamis in a form useable for outfall design.
Hence, this subject will not be covered here.

When waves are being generated by wind they are referred to as seas. Seas
are composed of waves of many different heights and periods, frequently
moving in different directions. The surface oscillations persist long after the
wind has quieted and the waves move out of their area of generation. Because
longer waves travel faster than shorter waves, the components separate as they
travel outside the area of generation and the waves become more uniform
and are then known as swells. Seas have a much more disturbed surface than
swells appearing as irregular short crested waves and they tend to have a shorter
period than swells. Swells are generally more regular than seas and have
well defined crests and troughs. Their periods are usually greater than 10 seconds
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and they propagate in one predominant direction, appearing almost unidirec-
tional when viewed from above. Swells can travel long distances with little loss
of energy.

The characteristics of wind waves generated in shallow water are influenced
by bottom depth (d) but not in deep water. In the context of ocean engineering
and waves, deep water is defined as the depth that exceeds Y2 of the wave length.
Wind waves in deep water are influenced directly by the speed of the generating
wind, the distance that the wind is blowing over the water (the fetch), and the
length of time that the wind blows. In deep water, when a given fetch is
subjected to a specific wind velocity, the wave height will increase with time of
exposure until a maximum height is reached, and additional exposure does not
increase this height. The waves are then called fully developed waves. In the
open ocean the wave generation process generally is responsive to average
winds over a 15 to 30 minute interval.

8.3.2 Prediction of wind-driven waves

The two basic categories of predicting seas (wind waves) and swells are
forecasting and hindcasting. Currently, both are being carried out on a global
scale by computer-assisted numerical computations. These use one of several
spectral methods for which the preparation of meteorological data and the
computer processing demand considerable time and experience. Basically,
forecasting is prediction of future wave conditions using derived meteorological
information. Hindcasting is determination of wave conditions from a past time,
utilizing an historical database of storms and hurricanes that pass within a
certain distance of the site of interest. The wave conditions that had been
generated by each of these events as they traveled along their individual tracks
are then computed and the deep water wave height and period are extracted.

Results of deep-water wave analyses are usually presented in a manner
similar to that indicated in Table 8.1. This table shows the significant wave
height (H,;3) in meters and the corresponding wave period (T},3) in seconds as
functions of return period in years. The significant wave height is defined as
the average of the highest 1/3 of all wave heights observed over a certain period
of time. For engineering purposes this is considered to be a more represent-
ative wave height than either the overall average of the wave height or the
maximum wave height. The maximum wave height H,., can be estimated as
approximately 1.8 times the significant wave height. The table usually also
shows the equivalent standard deviations, the 95th percentile values of wave
heights, and the probability for each return value of significant wave height to
be exceeded.
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Table 8.1 Typical presentation of wave analyses

Return Significant Standard 95th Exceedance Wave
period  wave height deviation percentile H probability period Ty;3
Hip
(yrs) (m) (m) (m) (%) (s)
5 29 0.65 8.3 100 8.1
10 5.0 0.83 9.6 99.5 10.1
25 7.8 1.05 11.1 89.1 12.5
50 10.0 1.21 12.1 62.5 14.3
100 12.5 1.39 13.0 39.5 15.5

A number of computer programs are available to carry out these analyses and
they are continually being improved. The ACES computer program of the US
Army Corps of Engineers is widely used. The Cooper parametric hurricane-
wave model is also popular and is based on the local wind at 20 m elevation
(Cooper, 1988).

8.3.3 Goda’s simplified procedure for wind wave prediction

Feasibility studies and preliminary designs for small diameter ocean outfalls
frequently do not justify the cost, manpower, and time needed for the collection
and preparation of meteorological data, numerical computation and/or computer
processing to carry out full blown forecasting or hindcasting of wind waves.
Frequently it is necessary to make a rough estimate of the significant height and
period of the deepwater design wave for these purposes.

A straightforward simplified procedure for predicting the significant height
and period of wind waves generated in a uniform fetch in deep water using
Wilson’s formulas was developed by Goda (2003). The author of this chapter
compared the results of the Goda procedure with the results of much more
elaborate and expensive methodologies for predicting the height and period of
significant waves and found close compatibility. His procedure is summarized in
the following paragraphs.

As mentioned previously, the height and period of wind waves are directly
influenced by the wind speed, the fetch, and the length of time that the fetch is
exposed to the wind. These data are frequently available in meteorological
records or can be estimated with reasonable accuracy. When a specific fetch is
exposed to a particular wind speed, the height of the waves generated will
increase with time until a maximum height is reached and further time of
exposure will not result in additional increase in height. Then the waves are
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categorized as “fully developed.” If the time of exposure is less, the waves will
not reach this height.

Wilson developed the following empirical formulae to predict the significant
wave height and period for wind waves generated by a constant wind of speed U
(m/s) over a fetch F (kilometers) for a sufficiently long wind duration that the
waves are fully developed.

H B ni127T?
gU_12/3 - 0.30{1 |1+ 0.004(%) (8.1)
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The minimum time f.,;, required for complete wave development is:
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Goda determined the relationship between the minimum fetch required for
completely developed waves as a function of duration and wind speed:

Foin = 1.07370°9 (8.4)

where ¢ is the duration (minutes) of the wind, U the wind speed (m/s), and Fy;,
the minimum fetch (km) for complete wave development.

The initial step in the Goda procedure is to use this equation to estimate the
minimum fetch length (F,;,) required for the fully developed wave at a specified
wind speed. Then if the actual fetch F being considered is greater than F;,, the
height of the significant wave H,,; would be limited by the duration of the wind,
and F,;, would be used in Wilson’s equations to determine H,; and Ty;.
Conversely, if Fy,;, is less than the actual fetch F, the height of the significant
wave would be limited by the duration of the wind so the real fetch F would
be used in Wilson’s equations to determine H;,; and T,;. Goda developed
Figures 8.2 and 8.3 to facilitate a quick evaluation of the significant wave height
and period for wind speeds between 5 and 30 m/s.
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Figure 8.3 Prediction of significant wave period T4,3 (Goda, 2003)

8.3.4 Transformation of deep water waves approaching shore

The transformation of waves from deep water to the coast is an important
consideration. There are many approaches to analyzing wave transformation that
differ in complexity and accuracy. Estimating nearshore waves usually entails
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simplifying assumptions and approximations, especially where the bathymetry is
irregular and complex. The first assumption is that the deepwater wave is
characteristic of the design wave that would be propagated to the site under
consideration. It is thus important to ensure that there are no sheltering effects or
bathymetry anomalies that would negate this assumption.

As a wave propagates from deep into shallow water it can be affected by
various processes including, but not limited to, refraction, shoaling, diffraction,
dissipation due to friction with the seabed, dissipation due to percolation into
the seabed, breaking of the wave, and wave current interaction.

Water depth is the most important physical parameter influencing waves as they
propagate towards shore. Waves are thus strongly influenced by bathymetry, and
wave interaction with the seabed can cause attenuation. The slope of the seabed,
the presence of shoals and reefs, submarine canyons, and submarine escarpments
can result in changes in the height, shape, and direction of waves as well as their
period. Shoals can more than double the height of waves passing over them.
Analyzing wave transformation is further complicated by the fact that water depth
at a specific location is usually not constant. It can vary considerably with the tide,
storm surges, and seiche.

As waves progress towards shore and enter water that is approximately half as
deep as their wavelength, their velocity and wavelength decrease, the wave height
increases, and the waves become steeper. The steepness progressively increases
with decreasing water depth, and when the water depth is approximately
1.28 times the wave height it breaks. The peak velocity and peak acceleration of
the near-bottom water particles increase as a wave progresses into shallower
water until just before the wave breaks. The breaking of waves dissipates their
energy and induces currents.

There are three general categories for breaking waves. Plunging breakers are
characterized by the crest of the wave being thrown forward from the rest of
the wave with considerable force giving the appearance of the formation of
a tube. These are the waves sought by surfers. They usually occur when
deepwater waves encounter a seabed with a moderate slope. Spilling breakers
are characterized by foam and turbulent water forming on the wave crest and
running down the wave face. They usually occur over flatter slopes. Surging
breakers are characterized by the lower portion of the wave being thrown
forward. This type of breaker usually occurs on steep bottom slopes, against
irregular sea cliffs, and steep escarpments.

The surf zone is defined as the region extending from the shore to the seaward
boundary of the breaking waves. The seaward boundary varies considerably with
tides and variation in wave height and period. Within the surf zone, wave
breaking is the dominant hydrodynamic force. It is common practice to bury a
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submarine outfall from the shore out through the surf zone to a depth sufficient
to protect it from these forces.

8.3.5 Velocity and acceleration under a passing wave

Particle motion under a wave can be viewed from a standpoint of particle
trajectories (the Lagrangian approach) or streamlines (the Eulerian approach).
Figure 8.4 illustrates both conceptualizations for a sinusoidal water wave
progressing over deep, intermediate depth, and shallow waters.
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Figure 8.4 Lagrangian and Eulerian views of a sinusoidal wave progressing over
deep, medium, and shallow depth water (after Kinsman, 1965)
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To calculate the hydrodynamic forces caused by a wave passing over an
outfall it is first necessary to determine the wave-induced horizontal velocity and
acceleration and the vertical velocity and acceleration at the outfall.

Wave-induced velocities and accelerations should be calculated for various
stations (depths) along the outfall route. Three wave theories are frequently
utilized for this. They are the linear (Airy), the cnoidal, and Fenton’s Fourier
series theories.

The ACES computer program of the US Army Corps of Engineers can
perform calculations using each of these three methods. It can determine the
horizontal and vertical velocity and acceleration components throughout the
water column. For outfalls the depth of interest is the outfall pipe centerline.
To use ACES for the linear or cnoidal analysis it is necessary to enter the wave
height and period, the seabed depth, the depth of interest, and the wavelength
fraction passing over the point of interest. Fenton’s Fourier series method
is somewhat more complex than either linear or cnoidal analysis but it allows
input of either the Euler or Stokes wave celerity and it determines energy
characteristics as well.

A parameter that is often used to assess the relevance of various wave
theories is the Ursell number, Ug:

2
Up = (ﬂ) (8.5)

where L is the wave length, H the wave height, and d the water depth.

The linear theory is generally preferred when Ui <26, and the cnoidal theory
when Ui >26. The approximate range of the cnoidal theory is for /L. <8 when
Uk >?20. Fenton’s Fourier series is applicable for water deeper than the surf
zone and shallower than Y2 the wave length.

These theories are based on a two-dimensional water surface. The surface of
the linear wave is sinusoidal in time and space and the motion of water particles
at the surface are circular. In the cnoidal and Fenton’s analysis the motion of a
surface particle is ellipsoidal. In all theories the water motion under the wave
just above the sea floor is almost parallel to the bottom surface (approximately
horizontal); as the distance above the seabed increases the vertical component of
the motion also increases.

Itis important to point out that when applied to the same wave height and period,
each of these theories yield somewhat different results. This is shown in Figure 8.5
that depicts the water surface shapes and the velocities, and accelerations of a water
particle one meter above the seabed in a water depth of 20 meters for a wave height
of 10 meters with a 14.3 second period as predicted by each theory. It can be seen
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that the height of the wave crest above mean sea level for the linear theory is equal
to the depth of the trough below mean sea level, whereas the crest height predicted
by the 2nd order cnoidal theory above mean sea level is considerably greater than
the depth of the trough below mean sea level. The height of the cnoidal
wave crest is also considerably higher above mean sea level than the linear wave.
These differences are even more pronounced for the Fenton’s Fourier series wave.
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Figure 8.5 Surface elevation and horizontal velocities and accelerations one

meter above the seabed as determined by linear (Airy), cnoidal, and Fenton’s
Fourier series analyses of a wave with a height of 10 m and a period of

14.3 seconds moving through a 20 m water depth

In all three theories the near-bottom water particles reach a peak velocity in
the direction of wave propagation as the wave crest passes; as the trough passes,
they again reach a peak velocity but in the opposite direction.
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In Figure 8.5 it can be seen that for the linear theory the peak velocities under
the crest and the trough are equal in magnitude but opposite in direction,
whereas the 2nd order cnoidal analysis yields a peak velocity under the crest that
is slightly higher than that under the trough; for Fenton’s series this difference is
even more pronounced. Fenton’s Fourier wave has a peak velocity that is
slightly higher than the linear wave which is somewhat higher than the cnoidal
wave. The peak velocity under the trough of Fenton’s wave is less than the
cnoidal wave which is less than the linear wave.

For the linear wave, the peak velocity occurs when the acceleration is zero
and the peak acceleration occurs when the velocity is zero. In the cnoidal and
Fenton waves the peak velocity also occurs when the acceleration is zero but the
peak acceleration occurs while the velocity is still significant.

The near-bottom water particles in the linear wave reach peak horizontal
acceleration when the point on the wave that is exactly half way between the
crest and the trough (1/4 of the wave length) passes over. The peak acceleration
of the cnoidal wave is slightly greater than the peak acceleration of the linear
theory and it is reached at a distance about 1/5 of the wave length from the crest.
The peak acceleration of the Fenton wave is greater than either the linear or the
cnoidal wave and is reached at a distance slightly more than 1/10 of the wave
length from the crest.

The relative timing of the velocity and acceleration is important in estimating
the total horizontal and total vertical forces that are induced by waves. For the
linear theory, adding the peak drag force, which is velocity dependent, to the
peak horizontal inertia force, which is acceleration dependent, would over-
estimate the total horizontal force because they do not occur simultaneously.
For the cnoidal and Fenton theories, using either the peak drag force or the peak
horizontal inertia force, whichever is greater, would underestimate the total
force. This is further complicated when the lift force, which is velocity
dependent, is taken into consideration. The method used to obtain the combined
effect of these forces must be compatible with the theory used to estimate
the forces.

It is important to point out that wave theories are approximations and care
should be taken to ensure that they are applied when the actual conditions
reasonably satisfy the assumptions on which the theories are based.

8.4 FORCES DUE TO A STEADY CURRENT

A steady current running crosswise to a pipeline on the seabed imposes both a
horizontal and a vertical force on the pipe. The horizontal force is due to drag,
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and the vertical force is due to the Bernoulli effect of the difference in velocity of
water flowing above and below the pipe. To calculate these forces on an outfall
it is necessary to know the velocity and also the direction of the current relative
to the outfall pipeline, because the magnitude of their effect varies considerably
with the angle of attack.

The maximum horizontal and maximum vertical forces imposed by a steady
current both occur when the current is perpendicular to the axis of the pipeline.
If the current is parallel to the axis, little if any force will be exerted on the pipe
but there will be a drag force on concrete ballast weights attached to the pipe.
This longitudinal force on the ballasts is usually insignificant because of the
relatively small cross sectional area of the ballast and the fact that the ballasts
are firmly affixed to the pipe.

The horizontal drag force on a pipeline on the ocean floor due to a current
impinging perpendicular to the pipeline can be2 expressed by:

1%
Fp=CupA~ (8.6)

where

Fp = drag force (N)

Cy = drag coefficient (after adjustment for the incidence angle)

p = seawater density (usually about 1,025 kg/m?)

A = DxI (diameter of pipe x length of section considered, m?)

I = length of pipe (m)

V= horizontal speed (m/s)

The drag coefficient Cy for a pipe resting on or near the seabed with its axis
perpendicular to the flow is influenced by the roughness of the pipe wall,
turbulence of the flow, and roughness of the seabed, but is independent of the
pipe’s distance above the seabed. This coefficient depends on the Reynolds
number:

Re = Vb 8.7)
v
where v = kinematic viscosity of sea water (typically 1.12x107° m%s).

Drag coefficients are plotted in Figure 8.6 as functions of Reynolds number.
Two curves are representative of smooth wall polyethylene pipe for relative
roughness of the seabed (k/D) of 0.0075 and 0.008-0.02 that are more or
less respectively representative of silt-sand and sand-gravel sea beds for
typical diameters of polyethylene outfall pipe. A third curve is representative
of rougher sea beds and pipe that has been in the ocean for some time and
lost smoothness due to accumulated marine organisms. For pipe diameters
and oceanic conditions relevant to stability of submarine outfalls the
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Reynolds number is frequently above 2 x 10° where the drag coefficient becomes
constant.
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Figure 8.6 Drag coefficient versus Reynolds number for steady flow and
three selected seabed conditions

The author of this chapter has inspected numerous outfalls that have
significant roughness due to bioaccumulation after only a few years of operation,
negating any assumption that initially smooth outfall pipe would remain so.
In one extreme case in Alaska, Figure 8.7, the accumulation was sufficient, only
eight years after the pipeline’s installation, to enlarge the effective diameter
more than 100%. Under conditions favorable for marine organisms seeking
substrate to attach to, it is recommended that a Cy value of 1.0 be used.

If the current is impinging at an angle less than 90° to the pipe’s axis the
drag coefficient should be corrected by a factor that can be estimated from
Figure 8.8.
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Figure 8.7 Heavy growths of marine organisms on a submarine pipeline
8 years after installation in Angoon, Alaska (Reiff)
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Figure 8.8 Correction factors for drag and lift coefficients for currents
impinging on a pipeline at various angles (after Grace, 1978)
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The lift force induced by a steady current perpendicular to the pipeline can
be determined by:

F, = chsz (8.8)

where

C; is the lift coefficient

F; = Lift force (N)

A = (DxI) pipe diameter x length of pipe considered (m?)

V = current speed (m/s)

The lift coefficient C; for an outfall pipe resting on the seabed in steady state
flow perpendicular to the pipe axis can be obtained from Figure 8.9. This shows
three curves for a smooth wall pipe resting on seabeds with differing relative
seabed roughness. The lift coefficient, like the drag coefficient, stabilizes at a
constant value at higher Reynolds number, but unlike the horizontal drag
coefficient, the lift coefficient decreases with decreasing roughness of the seabed
and it decreases with increasing pipe roughness. A fourth curve, plotted in
blue, represents a typical lift coefficient of an outfall pipe with significant
accumulation of marine organisms resting directly upon a moderately rough
seabed. A lift coefficient value of 1.0 is commonly used for outfalls resting on the
seabed to accommodate the uncertainty of changing seabed conditions.

The lift coefficient C; obtained from Figure 8.9 must be adjusted if the
current is flowing at an angle less than 90°. This is done by multiplying it by a
factor obtained from Figure 8.8.

Furthermore, the magnitude of the vertical (lift) force due to a horizontal
current varies with the height of the pipeline above the seabed. The maximum lift
force occurs when the pipe is resting on the ocean floor; as the height increases
the lift force decreases. At a clearance of one pipe diameter the lift force is
approximately 20% of the value for the same pipe resting on the seabed, and at two
pipe diameters the lift force is negligible. The lift coefficient should then be
adjusted by an additional factor that is based on the relative clearance of the pipe
above the seabed. The relative clearance is the ratio of the distance above the
seabed to the diameter of the pipe. This factor can be obtained from Figure 8.10.

It is usually convenient to calculate both the drag force and the lift force per
meter of outfall pipe length to facilitate the determination of the optimum spacing
of ballast weights or mechanical anchors that are used to stabilize the outfall.

8.5 WAVE-INDUCED FORCES

Even though waves transport relatively small amounts of water they can transmit
enormous amounts of energy. Many failures of unburied pipelines are related to
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waves. They can cause pipeline failure through the hydrodynamic forces on the pipe,
differential erosion of the seabed or bedding material on which the pipe is laid, mass
movement of seafloor materials, and liquefaction of the supporting seabed.
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Figure 8.9 Lift coefficient versus Reynolds number for steady current flow and
various selected seabed conditions

As previously discussed, waves induce both horizontal and vertical (lift)
forces on outfalls that are resting on the seabed. These forces must be adequately
countered by the system that is to be used to hold or fasten the outfall to the
ocean floor. These forces can be estimated by the following methodology.

8.5.1 Horizontal forces

Horizontal forces induced by waves on pipelines include both drag and inertia
forces. These forces are frequently estimated by the Morrison equation:

F=Fp+F, (8.9)
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where F is the total horizontal force, Fp, the drag force, and F; the inertia force.
For a wave perpendicular to the pipeline, the drag and inertia forces can be
calculated using the following equations:

Fp = CHgAUlUl (8.10)
D2
Fy = C,p”Tlah (8.11)
where:
F = total horizontal force (N)
Fp = drag force (N)
F; = inertia force (N)
U = horizontal wave-induced velocity (m/s)
C; = inertia coefficient
a, = wave induced horizontal acceleration (m/sz)
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Figure 8.10 Correction factor for the lift coefficient for a pipe at various relative
clearances above the seabed (Grace, 1978)

These forces should be calculated for various stations along the outfall using
velocities and accelerations determined for the respective depths by means of
an appropriate theory such as discussed in Section 8.3.4.

The drag coefficients Cp for wave-induced water movement impinging
horizontally at 90° to a submerged pipeline can be estimated from Figure 8.6.
The Reynolds Number is based on the maximum horizontal velocity induced by
the wave at the specified water depth.
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Because outfalls are commonly routed to access deep water as soon as
possible, they are usually oriented nearly perpendicular to the contour lines of
the seabed. As deep water waves approach shallower water they are refracted by
the drag and frictional forces of the ocean floor. Therefore wave fronts and their
induced currents frequently intersect an outfall at an angle considerably less than
90°, and the drag coefficient C; must be multiplied by an angle correction factor
(F). This factor, which is not the same as the factor for steady currents, can be
obtained from Figure 8.11. The drag force is then calculated using the adjusted
drag coefficient from:
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Figure 8.11 Correction factor for drag coefficient C,, for wave fronts approaching
a pipeline at various angles (Grace, 1978)

Fp=FCy gAU|U| (8.12)

The horizontal inertia force is acceleration dependent but independent of the
Reynolds number. It is calculated using Eq. (8.11). The coefficient C; depends
on relative clearance of the pipe (A) which is the ratio of the clearance of the
outfall pipe above the seabed to the outside diameter (D) of the outfall pipe.
The maximum value of the inertia coefficient C;is 3.29 and this occurs when the
pipe rests directly on the seabed. It decreases as the pipe is elevated above the
seabed, asymptotically approaching 2 when the pipe is remote from the seabed.
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The relationship of Cj to its relative clearance above the seabed is presented
in Figure 8.12.
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Figure 8.12 Horizontal inertia coefficient for a pipe at various elevations above
the seabed (Davis and Ciani, 1976)

8.5.2 Vertical forces

Waves also induce vertical forces on pipelines. This is primarily due to the
induced horizontal flow of water across the pipe. There is also a vertical
acceleration force of the water mass that is usually negligible because the
vertical component of wave-induced water motion near the seabed is relatively
small outside the surf zone.

The vertical (lift) force on the pipe that is caused by the horizontal flow due to
waves can be determined by the same equation (8.8) used to calculate the lift
force due to steady currents:

F, = chsz (8.13)

where V is the maximum wave-induced horizontal velocity.

An initial value for the lift coefficient C; for water impinging horizontally at
90° to a pipeline can be estimated by use of Figure 8.9 using a Reynolds number
based on the maximum horizontal velocity under the wave. When the wave front
intersects the axis of the outfall at an angle less than 90°, C; should be modified
by a factor obtained from Figure 8.13.
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Figure 8.13 Correction for lift coefficient for waves approaching
a pipeline at various angles

8.6 HYDROSTATIC PRESSURE FORCES

The hydrostatic pressure in the ocean increases with depth and depends on the
average density of the water column. The pressure inside the outfall pipe will be
greater than the external pressure by an amount equal to the head losses due to
friction. During periods of no flow the internal and external forces are equal
which means that the height of the fresh water column inside the pipe will be
greater than the seawater depth.

This head differential, due to the difference in density of the effluent and
seawater, is called the density head, and is important because it increases the
static head at the outfall entrance. The magnitude of the differential, expressed in
meters of effluent, is given by:

Ah:DS<y—S— 1) (8.14)
YE

where
Ah = head differential (m)
Dgs = the depth of the outfall port(s) (m)
vs = specific weight of seawater (kN/m>)
ye = specific weight of effluent (kN/m?)

For example, an outfall discharging at a depth of 40 m with a specific weight
of seawater of 10.05 kN/m> and a specific weight of effluent of 9.80 kN/m?,
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would have a head difference of 1.0 meters. This static head must be overcome
to initiate flow.

During installation of an outfall by flotation and submergence it is important
to ensure that the pressure inside the outfall is higher than outside to avoid
collapsing the pipe wall. This is especially important when bending places
additional stress on the pipe wall.

Hydrostatic pressure also influences ballast weight concrete in that it must
contain a high percentage of Portland cement to minimize penetration of the
seawater so as to prevent premature corrosion of the reinforcing steel.



9
Design of polyethylene outfalls

9.1 INTRODUCTION

Low density polyethylene (PE) was discovered in 1941 and high density
polyethylene (HDPE) was first produced commercially in 1957. Polyethylene
pipe has been used to transport water and wastewater for more than 50 years,
during which there were many improvements in the resins used and in pipe
fabrication techniques. Although there are a number of classes of polyethylene
resins, some are not appropriate for marine outfalls. They do not have the high
quality needed to ensure that the pipe can resist the forces of construction and
installation, the internal and external pressures in service, the hydrodynamic
forces of the ocean, and its chemical corrosion and biological aggressiveness.
The design of an ocean outfall commences after the location and orientation
of the diffuser is established in accordance with the processes described in
Chapters 3 and 4 and the location of the headworks is determined. It includes
considerations for internal hydraulics, external hydrodynamic oceanic forces,

© 2010 IWA Publishing. Marine Wastewater Outfalls and Treatment Systems. By Philip JW Roberts,
Henry J Salas, Fred M Reiff, Menahem Libhaber, Alejandro Labbe, and James C Thomson.
ISBN: 9781843391890. Published by IWA Publishing, London, UK.
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structural integrity and stability, material suitability, geomorphology of the
seabed, competing uses of the ocean, as well as installation and operational
methodology. In this chapter the major design issues for outfalls using HDPE
pipe are addressed. It is not intended to be a design manual; more detailed
specialized references should be consulted prior to final design.

9.2 REFERENCE STANDARDS FOR POLYETHYLENE
MATERIALS AND PIPE

Because HDPE is a thermoplastic, both short- and long-term tests of its physical
properties are necessary to determine how it will perform. It is therefore
important to use reference standards when designing and specifying HDPE pipe
for marine outfalls.

There are two major sources of standards for polyethylene resins and
polyethylene pipe that are commonly used: (1) ISO (International Organization
for Standardization) is a worldwide federation of national standards bodies and
(2) ASTM International (American Society for Testing Materials). Their
standards that are relevant to ocean outfalls are summarized in Tables 9.1 and 9.2.

Most polyethylene ocean outfalls are constructed of high density, high molecular
weight polyethylene resins (HDPE), a thermoplastic material with many properties
that are very different from other pipe materials commonly used for outfalls such as
steel, ductile iron, and concrete. Understanding the unique characteristics of
HDPE, its advantages and disadvantages, and how they affect the design and
construction of outfalls is essential to ensure that they have a long useful life.

The classification system used by ISO for thermoplastics material (including
polyethylene) is fundamentally different from that used by ASTM and direct
conversion between the two is not possible. ISO uses a single classification
number that is ten times the 97.5% lower confidence limit of the long term
(50 year) strength determined by testing. A brief review of ISO terminology
follows to facilitate a basic understanding of their PE pipe standards.

The long-term strength (optus) 1S the basis for PE classification and for
allowable design stress. It has dimensions of stress, expressed in megapascals
(MPa). This property represents the 50% lower confidence limit of the long-term
strength and is equal to the mean strength or predicted mean strength at 20°C for
50 years with internal water pressure.

The lower confidence limit long-term strength (o cr) also has dimensions of
stress, expressed in MPa. It is a material property that represents the 97.5%
lower confidence limit of the long-term strength at 20°C for 50 years with
internal water pressure.
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Table 9.1 ISO standards relevant to HDPE outfalls

161-1:1996
1133:1997
1167:1996
2505-1:1994
2505-2:1994
3126:2005
3607:1996
4065:1996
4427:1996
4607:1978
6259-1:1997
6259-3:1997
6964:1986

9080:2003

1:1922-1:1997
1:1922-2:1997
1:216-2:1995

1376-1:1996

1855-3:2002

Thermoplastics pipes for the conveyance of fluids — Nominal
outside diameters and nominal pressures Part 1: Metric series
Plastics — Determination of the melt mass-flow rate (MFR) and the
melt volume-flow rate (MVR) of thermoplastics

Thermoplastics pipes for the conveyance of fluids — Resistance to
internal pressure — Test method

Thermoplastics pipes — Longitudinal reversion — Part 1:
Determination methods

Thermoplastics pipes — Longitudinal reversion — Part 2:
Determination parameters

Plastics piping systems — Plastics components — Determination
of dimensions

Polyethylene pipes — Tolerances on outside diameters and wall
thicknesses

Thermoplastic pipes — Universal wall thickness table
Polyethylene (PE) pipes for water supply — Specifications
Plastics — Methods of exposure to natural weathering
Thermoplastics pipes — Determination of tensile properties — Part 1:
General test method

Thermoplastics pipes — Determination of tensile properties — Part 3:
Polyolefin pipes

Polyolefin pipes and fittings — Determination of carbon black content
by calcinations and pyrolysis — Test method and basic specification
Plastics piping and ducting systems — Determination of the long-
term hydrostatic strength of thermoplastics materials in pipe form
by extrapolation

Thermoplastics pipes for the conveyance of fluids — Dimensions
and tolerances — Part 1: Metric series

Thermoplastics pipes for the conveyance of fluids — Dimensions
and tolerances — Part 2: Inch-based series

Thermoplastics materials for pipes and fittings for pressure
applications — Classification and designation — Overall service
(design) coefficient

Plastics pipes and fittings — Pressure reduction factors for
polyethylene pipeline systems for use at temperatures above 20°C
Method for the assessment of the degree of pigment or carbon
black dispersion in polyolefin pipes, fittings and compounds

The minimum required strength (MRS) is the value of o ¢, rounded down to
the next smaller value of ISO’s R20 series of preferred numbers conforming to
ISO 3 and ISO 497.

The overall service design coefficient is represented by the letter C (not to be
confused with the Hazen-Williams C). It is a coefficient that accounts for service
conditions and properties of piping system components other than those
represented in the lower confidence limits. For most outfalls, C = 1.6.
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Table 9.2 ASTM Standards Relevant to HDPE Outfalls

D 618
D 638
D 746
D 792

D 883
D 1238

D 1505
D 1603
D 1693
D 1898
D 2239
D 2683
D 2837
D 3035

D 3350
D 3261

D 4976
D 5033

F 714
F 1473

Practice for Conditioning Plastics for Testing

Test Method for Tensile Properties of Plastics

Test Method for Brittleness Temperature of Plastics and Elastomers
by Impact

Test Methods for Density and Specific Gravity (Relative Density)

of Plastics by Displacement

Terminology Relating to Plastics

Specification for Polyethylene Plastics Extrusion Materials for Wire
and Cable

Test Method for Density of Plastics by the Density-Gradient Technique
Test Method for Carbon Black in Olefin Plastics

Test Method for Environmental Stress-Cracking of Ethylene Plastics
Practice of Sampling for Plastics

Polyethylene (PE) Plastic Pipe (SIDR-PR) Based on Controlled Inside
Diameter

Socket — Type Polyethylene Fittings for Outside Diameter-Controlled
Polyethylene Pipe and Tubing

Test Method for Obtaining Hydrostatic design Basis for Thermoplastic
Pipe Materials

Polyethylene (PE) Plastic Pipe (DR-PR) Based on Controlled Outside
Diameter

Polyethylene Plastic Pipe and Fittings Materials

Butt Heat Fusion Polyethylene (PE) Plastic Fittings for Polyethylene
(PE) Plastic Pipe and Tubing

Specification for Polyethylene Plastics Molding and Extrusion Materials
Guide for the Development of ASTM Standards Relating to Recycling
and Use of Recycled Plastics

Standard Specification for Polyethylene (PE) Plastic Pipe (DR-PR)
Based on Outside Diameter

Test Method for notch Tensile Test to Measure the Resistance to Slow
Growth of Polyethylene Pipes and Resins

The allowable design stress is defined as g = (MRS)/C rounded down to the
next lower value of the R20 series of preferred numbers conforming to ISO 3
and ISO 497. The ISO classifies polyethylene resin by use of a number that is
opcL rounded down to the next smaller number of the series of preferred
numbers (R10 or R20) and multiplying by 10. The two most common ISO
classifications for ocean outfalls are PE 100 and PE 80. Unlike the ASTM
classification number it does not give information regarding properties other
than the lower confidence limit of the long-term strength. When using the ISO
classification for purchasing HDPE pipe for ocean outfalls it is advisable to also
include resin requirements for other important properties of polyethylene such a
density, melt index, slow growth crack resistance, and impact strength.
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In the ASTM standards the properties of a specific resin are described by a six
digit identification number followed by a letter as determined by use of
Table 9.3. The first digit represents the resin’s density, the second digit the melt
index, the third the flexural modulus, the fourth the tensile strength, the fifth the
slow crack growth resistance, and the sixth the hydrostatic strength. The code
letter following the number designates color aspects.

It should be pointed out that there are two acceptable tests for slow crack
growth resistance: the ESCR and the PENT tests. Likewise, hydrostatic strength
classification can be based on either the Hydrostatic Design Basis (HDB) that is
determined by ASTM D2837 or by the Minimum Required Strength (MRS) that
is determined by the standard test ISO 12162. This is an important distinction
because these designations are based on different standard temperatures and
different testing procedures.

In addition ASTM 3350 has designated a code letter for color and UV
stabilization:

Natural

Colored

Black with 2% minimum carbon black
Natural with UV stabilizer

Colored with UV stabilizer

In both the ISO and ASTM standards, HDPE pipe is described by a specified
exterior diameter and by a minimum wall thickness needed to obtain the
pressure rating of the pipe. The pressure rating, P, of the pipe is:

p=_2_ ©.1)

(-1

mgoQ®m >

S = hydrostatic design stress
D = outside diameter

t = minimum wall thickness
The dimension ratio (DR) is:

D
DR = — 9.2)

The ASTM hydrostatic pressure rating of pipes is based on a service design
factor of 0.5 of the results of a sustained long-term (1,000 hour) pressure test
(ASTM D-2827) that must result in at least 1,600 psi. In addition, a short-term
pressure test must result in a 2,900 psi fiber stress before rupture. The ASTM
design stress for HDPE is 800 psi at 23°C. In the ISO pressure ratings the allowable
hydrostatic design stress (S) is 6.3 MPa for PE 100 resin and 5 MPa for PE 80 resin
at 20°C and a design coefficient of 1.6 (that is commonly used for ocean outfalls).



Table 9.3 Cell classification limits of primary properties for polyethylene resins (ASTM D3350-04)

Property Test Classification number
method 1 2 3 4 5 6

Density (g/cm?®) D1505 =0.925 >0.925-0.940 >0.940-0.947 >0.947-0.955 >0.955 -
Melt index D1238 >1.0 1.0-0.4 <0.4-0.15 <0.15 a -
Flexural modulus (MPa) D790 <138 138-<276 276—<552 552— <757 758-<1103 >1103
Tensile strength at D638 <15 15-<18 18—<21 21-<24 24— <28 >28
yield (MPa)
Slow growth crack
resistance
I. ESCR D1693

a. Test condition A B C C

b. Test Duration (h) 48 24 192 600

c. Failure, max (%) 50 50 20 20
II. PENT (h) F1473 0.1 1 3 10 30 100
Hydrostatic strength
classification
|. Hydrostatic design D2837 5.52 6.89 8.62 11.03
basis (HDB) at
23°C (MPa)
II. Min. required ISO 8 10
strength (MRS) 12162

at 23°C (MPa)

2 Flow rate must be not greater than 4.0 g/10 min.
1 MPa = 145 psi

when tested in accordance with D1238 condition 190/21.6.

(454
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All pipes of the same class of material and the same DR will have the same
pressure rating regardless of pipe diameter. Table 9.4 summarizes the nominal
ASTM and ISO pressure ratings for the dimension ratios most commonly used
for ocean outfalls.

Table 9.4 Nominal pressure ratings for HDPE pipe

Item Dimension Ratio (DR)

33 325 26 21 17 155 136 11
ASTM Pressure rating - 50 64 80 100 110 - 160
for HDB = 1600 (psi)
ISO Nominal pressure 3.2 - 4 - 6.3 - 8 10
rating for PE80, PN (bars)
ISO Nominal pressure - - 63 8 - 10 12.5

rating for PE100, PN (bars)
1 bar = 14.5; psi = 0.1 MPa

9.3 SELECTING THE PIPE DIAMETER

The internal pipe diameter is based on many factors that include the outfall length,
the present and future discharge, static head, available hydraulic head or
acceptable head losses for pumping, and cleansing velocities in the pipe to prevent
any significant deposition of suspended solids at the invert, or grease buildup on
the pipe wall. When designing to accommodate the future peak flow, it is also
important to check velocities at the present average and maximum flows to ensure
that sufficient scour velocities occur on a daily basis during the first few years of
operation. This is not always possible, especially with longer outfalls and high
ratios of peak hourly design flow to present average hourly flow.

A useful method to “home in” on an outfall’s optimal diameter that
accommodates future peak flows with acceptable head loss and yet attains
sufficient cleansing velocity during present average flows is to prepare a chart of a
family of head loss versus discharge curves plus velocity curves intersecting the
head loss curves. This is done for an appropriate range of internal pipe diameters.
The present and design year average and peak hourly flows as well as the available
gravity head or acceptable pumping head should also be indicated on the chart.
The length of the outfall up to the diffuser plus the equivalent lengths of fittings and
fusion weld beads should be included in the head loss calculations. The initial head
for no flow is the sum of the density head between the seawater and the effluent at
the discharge depth and the difference between median lower low tide and highest
high tide, plus an estimate for the head loss in the diffuser. The procedures to
calculate head loss in the outfall and diffuser are discussed in Section 9.7.5.

The graph can be used to determine the smallest internal pipe diameter for
which the total head loss at peak flow is less than the available head for gravity
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flow (or acceptable head for outfalls that rely on pumping) and to determine if
cleansing velocities are achieved. Then the next largest manufactured pipe is
chosen that also meets other requirements such as dimension ratio (DR), resin
classification, etc.

In the example shown in Figure 9.1, the available head is 7.8 m, the present
average flow is 0.18 m?/s and future peak flow is 0.41 m*/s. The five trial pipe
diameters of 500, 525, 550, 575, and 600 mm were chosen based on experience.
The range of flow varies from zero to 500 1/s, an amount somewhat greater than
the peak hourly design flow. The initial zero flow head of 4 m is the sum of the
density head (for the outfall depth), the vertical difference between high-high
tide and mean lower low tide to which elevations on land are referenced, and a
diffuser head loss estimate.
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Figure 9.1 Family of head loss versus discharge and velocity curves for various
pipe diameters at peak and average hourly flow

The head loss curves were obtained for each of the chosen diameters by
application of the Darcy-Weisbach equation in conjunction with the Colebrook
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formula. These equations are discussed in Section 9.7.5. Losses due to fittings
and weld beads were incorporated into the curves by adding these items as
equivalent pipe length to the actual length of the pipe before calculating the
friction head loss. Velocity curves for 0.5, 1.0, 1.5, and 2.0 m/s that intersect the
head loss curves were also plotted on this chart to enable verification of self-
cleaning velocities.

It can be seen that an internal diameter of 550 mm yields a total head at peak
hourly flow that is slightly below the available head of 7.8 m, the pipe velocity is
about 1.7 m/s at peak future flow, about 0.75 m/s at present average flow, and
about 1.2 m/s at peak present flow.

Now it will be necessary to select a manufactured pipe with an internal
diameter equal to or slightly larger than 550 mm. Tables 9.5 and 9.6 present
typical internal diameters for pipes manufactured to ISO and ASTM standards.
The available pipe with the closest match according to the tables would be
DR 17, with a nominal outside diameter of 630 mm, and internal diameter of
551 mm. The DR is usually determined by other factors, however, such as the
difference between external and internal pressures and allowable bending radius,
so the final selection should be made accordingly.

Table 9.5 Typical internal diameters and weights for PE pipes (metric units)

Diameter Diameter ratio (DR)
(mm) 325 26.0 21.0 17.0 13.5

Min Max 1D Wt D Wt ID Wt ID Wt ID Wt
(mm) (kg/m) (mm) (kg/m) (mm) (kg/m) (mm) (kg/m) (mm) (kg/m)

200 2018 186 3.8 183 47 180 57 175 7.0 168 8.7
225 2271 210 48 206 6.0 202 73 197 89 190 11.1
250 2523 234 59 229 75 225 9 218 11 210 13.6
280 2825 282 74 257 92 252 11 245 14 236 171
3156 317.8 294 94 290 12 283 14 276 17 265 216
355 358.2 332 12 326 15 319 18 310 22 299 275
400 403.6 374 15 367 19 360 23 350 28 337 34.9
450 4541 421 19 413 24 404 29 394 36 379 439
500 504.5 467 24 459 29 449 36 437 44 421 542
560 565.0 523 30 514 37 503 45 490 55 472 683
630 635.7 589 38 578 47 566 57 5561 70 531 86.2
710 716.4 664 48 652 59 638 73 621 89 598 110.0
800 807.2 748 61 734 75 719 92 700 113 674 139
900 908.1 841 77 826 95 809 117 795 142 758 176
1000 1009.0 934 95 918 118 900 144 882 176 - -
1200 1210.8 1122 136 1102 169 1079 207 1050 253 - -
1400 1412.6 1310 - 1290 264 1260 283 - - - -
1600 1614.4 1495 — 1472 328 1443 370 - - - -
1800 - 1715 - 1658 368 - - - - - -
2000 - 1871 - 1842 - - - - - - -
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Table 9.6 Typical internal diameters and weights for PE pipe (English Units)

Diameter Dimension ratio (DR)
(inches) 32,5 26.0 21.0 17.0 13.5
Avg. +/_ ID Wt ID Wt ID Wt ID Wt ID W.
(in) (Ib/ft) (in)  (Ib/ft)  (in) (Ib/ft) (in) (Ib/t) (in)  (Ib/ft)
8.625 0.039 8.06 3.1 7.91 379 775 46 755 57 727 7.0
10.75 0.048 10.05 48 988 589 966 7.0 9.41 8.8 9.06 10.8
12.75 0.057 1192 6.7 11.70 825 1146 101 1116 124 10.75 153
14 0.063 13.00 8.1 1290 9.98 12.60 122 1225 149 1180 184
16 0.072 1496 105 1469 13.05 1438 16.0 14.00 194 13.49 241
18 0.081 16.85 13.3 16.50 16.51 16.20 20.2 15.76 24.6 1517 30.9
20 0.090 18.70 16.4 1838 20.40 18.00 24.9 1750 304 16.86 37.6
22 0.099 20.61 20.0 20.20 24.66 19.78 30.2 19.26 36.8 18.54 456
24 0.108 2250 23.6 22.05 2930 21.60 359 21.00 43.8 20.23 54.2
26 0.126 2425 27.8 23.85 3439 2340 422 2276 514 2192 63.6
28 0.135 26.16 32.2 26.70 39.90 25.18 49.0 2450 59.6 23.60 73.8
30 0.144 28.05 37.0 27.50 4577 26.98 56.1 26.26 68.4 2529 84.7
32 0.163 29.90 42.0 2940 5210 28.77 63.9 28.00 77.9 26.98 96.4
34 0.153 31.80 47.5 31.25 58.78 30.57 72.0 29.75 87.9 28.90 108.8
36 0.162 33.65 53.2 33.06 65.90 3240 80.8 31.50 98.6 30.36 122.0
42 0.189 39.25 724 3859 89.69 37.76 110.0 36.76 134.2
48 0.216 44.89 94.6 4410 117.5 43.15 143.6
54 0.243 50.45 119.8 49.60 148.3 48.56 181.9

9.4 STABILIZING AND PROTECTING THE OUTFALL

It is almost always necessary to stabilize marine outfalls against hydrodynamic
oceanic forces to prevent movement and/or undermining beneath the pipe as this
can also result in movement and/or induced stresses in the pipe. The main
reasons to prevent pipe movement are to preclude loss of integrity of the pipe
wall or joints and to avoid deformation that could restrict flow. HDPE pipe with
thermally fused joints can withstand considerable movement without loss of
integrity. In general the higher the molecular weight of the HDPE material, the
better the pipe can withstand deformation. Because both the HDPE pipe and the
wastewater are less dense than seawater, even in the absence of hydrodynamic
forces it is still necessary to secure the pipe to the seabed to prevent flotation,

The pipe must be secured against the most severe hydrodynamic forces
anticipated. There are four basic means to accomplish this:

® Bury the pipe in an excavated trench;
¢ Install the outfall pipe through directional drilling or micro-tunneling (see
Chapter 15);
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e Attach sufficiently heavy ballast weights (usually concrete) to the pipe to
resist movement due to oceanic forces;

e Attach the pipe to mechanical anchors or piling drilled or driven into the
seabed.

Of these, concrete ballast weights are most commonly used for HDPE
outfalls. Entrenchment, directional drilling, and microtunneling result in greater
protection of the outfall, but are usually significantly more expensive than
weights or anchors. They are mainly used when weights or anchors cannot
provide adequate protection.

Selection of the stabilization method is based on many factors, including the
magnitude of hydrodynamic forces, the seabed material, and the likelihood of
damage by ship anchors or fishing equipment, environmental concerns, and
onshore land use. The decision requires good engineering judgment as well as
knowledge of the seabed geomorphology and a thorough understanding of the
cause and magnitude of the hydrodynamic forces.

It is often necessary or convenient to use more than one stabilization method
for an outfall. For example, it is relatively common to entrench the pipe from
shore through the surf zone and to use concrete ballast weights beyond the surf
zone.

9.4.1 Stabilization with concrete ballast weights

The basic strategy of ballast weights is to add sufficient weight to resist lateral
and vertical lift forces due to currents and waves. The weights are usually made
of reinforced concrete because it has sufficient density and is relatively
resistance to seawater corrosion.

The basic shapes that are commonly used for concrete ballast weights are
rectangular, circular, starred, trapezoidal, and combination as shown in
Figure 9.2. There are numerous variations on these shapes that depend on
concrete forming methodologies, the types of bolts or other connectors, and the
specific class and condition of the seabed. Each shape has advantages and
disadvantages.

Circular weights are used mainly when the outfall is buried in a trench from
shore out beyond the surf zone or when it is intended for the outfall to settle into
a soft bottom material. Circular ballasts are usually easier to place into a trench,
especially trenches in rock, than the other shapes. This is because they do not
have sharp corners that can hang up on irregularities on the trench wall. Circular
ballasts are not appropriate for use on the open sea floor because they can roll
and have little resistance to lateral forces.

Rectangular ballasts have greater resistance to movement from lateral forces
than the circular, but less than the trapezoidal, combination, or starred shapes, and
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they are not as resistant to rotational forces as the trapezoidal or combination
shapes. Their main advantages are that the formwork for the concrete is relatively
easy to construct and the shape is relatively easy to handle and transport.

Circular

Trapezoidal Combination Insertion

Figure 9.2 Basic shapes of concrete ballast weights for HDPE outfalls

The trapezoidal shape has the best resistance to lateral movement on sand,
silt, clay, and gravel sea beds because the leading edge wedges down into the
seabed. The trapezoidal and combination shapes are most resistant to rotation
because their center of gravity is well below the center of buoyancy of the
outfall, whereas for the circular, square, and star shapes they are coincident. The
lower center of gravity also keeps the trapezoidal and combination ballast in a
vertical position during flotation whereas the rectangular and starred tend to
rotate to 45°. Its eccentricity also precludes slippage of the weight along the pipe
during sinking. The trapezoidal and combination shapes also enable the use of
shorter bolts than the square and star shapes. An exploded schematic of a typical
trapezoidal ballast configuration is shown in Figure 9.3.

The insertion shape is useful for retrofitting an HDPE outfall with additional
ballast weights. It is installed by compressing the barrel of the pipe with
clamping devices, slipping the ballast over the pipe, and then removing the
clamps allowing the plastic memory of HDPE to spring the pipe back to the
circular shape.
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Figure 9.3 Schematic of trapezoidal ballast weight

The resistance of the weights and pipeline to horizontal movement due to
horizontal forces is estimated by multiplying the total downward force on the
ballast weight by a friction coefficient. These are not true friction coefficients
because they take into account that the weight will settle into clay, silt, or sand,
and a horizontal force will cause the leading edge to dig into the seabed thereby
increasing resistance to lateral movement. The friction coefficient varies with the
seabed material and shape of the ballast weight. Table 9.7 lists approximate
ranges of the friction coefficients for various seabed materials and ballast
weight shapes. Conversely, on a relatively smooth solid rock seabed, a thin
accumulation of sand or other sediment will decrease resistance to sliding. If the
rock surface is not smooth, but has protrusions or projections, the leading
edge of the weight will catch on them, thereby increasing resistance to lateral
movement.

The forces acting on an HDPE outfall stabilized by concrete ballast weights
are shown in Figure 9.4. The resistance to horizontal movement is the sum of all
vertical forces except the normal vertical forces of the seabed (under the most
severe hydrodynamic conditions anticipated) multiplied by the appropriate
friction coefficient. For stability, this resistance must exceed the horizontal
forces imposed by currents and/or waves.
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Table 9.7 Approximate friction coefficients for ballast weights

Shape of weight Seabed material

Clay Sand Gravel Rock
Circular 0.2-0.4 0.2-0.3 0.2 0.2
Rectangular 0.5-0.7 0.5-0.6 0.4-0.6 0.4-0.6
Starred 0.6-0.8 0.7-0.8 0.6-0.7 0.5-0.7
Trapezoidal 0.7-0.9 0.8-1.2 0.7-0.8 0.5-0.7

F1 = Weight of concrete ballast

F, = Weight of HDPE pipe

F3 = Weight of pipe's contents

F, = Weight of ambient water displaced
by HDPE pipe

Fs = Weight of ambient water displaced
by concrete ballast

Fg = Lift forces due to waves and/or
current

Fs+ Fg5+Fg

F; = Horizontal forces due to waves
and/or current

Fg = Friction force
Fn = Normal forces from seabed

Figure 9.4 Forces on an HDPE outfall

To facilitate determination of the optimal size of the concrete ballast weights
and their spacing it is convenient to carry out the calculations on a basis of unit
(usually one meter) pipe length.

The stability relationship can be expressed as:

f(Fi+ Fy+ Fy—F,— Fs— Fg) = F,
or F|+F2+F3—F4—F5—F6>F7/f (93)
where:

F, = weight of concrete ballast/meter of outfall length (kN/m)

F, = weight of outfall pipe/meter of outfall length (kN/m)

F5 = weight of pipe’s contents/meter of outfall length (kN/m)

F, = weight of ambient water displaced by one meter of pipe (kIN/m)
F5 = weight of water displaced by the ballast/meter of outfall (kN/m)
F¢ = lift force per meter of outfall due to waves and/or currents (kN/m)
F; = horizontal force per meter due to currents and waves (kN/m)

f = friction coefficient (from Table 9.7)
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If we let:

vw = specific weight of the ambient water (kKN/m?)
Yc = specific weight of concrete (kN/m?)

vs = specific weight of the pipe’s contents (kN/m?)
d = pipe internal diameter (m)

D = pipe external diameter (m)

Because the volume of the ballast and the volume of the water it
displaces when totally submerged are the same, F5 can be expressed in terms
of F by:

Fs=Fyyw/vc
and F3 and F, by:

Fy=—""5 and Fy=—7yy

Substituting these relationships in Eq. (9.3) we obtain

F dr d;
Fl(l—y—w) =B =Ty Ty 1 R

)T 47T
Fy_p i, o mdp,
. ys + 25 yw + F
or =l "2 L SRl (9.4)

7c

The ballast weight per meter length must equal or exceed F to ensure that the
outfall is stable under all wave and current forces.

Ballast weights are rarely placed exactly at intervals of one meter. Their
spacing depends on several factors that include the type and capacity of the
equipment used for casting, handling, and attaching these weights to the outfall,
the seabed topography, the outfall installation method, and the diameter and
dimension ratio of the HDPE pipe. After the spacing is determined, the weight
(F;) that was calculated per meter of outfall length must be increased in
proportion to the spacing. For example, if the spacing is four meters then the
weight of the ballast (in air) should be 4F;.

It is also convenient to know the maximum weight per unit length that can be
attached to an empty floating pipe before it begins to sink completely below the
surface. This is the weight of water displaced by a unit length of submerged pipe
filled with air minus the weight of a unit length of pipe.

Whax = (F4 _F2)( VCN )
Y~ Vw
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Substituting F, = ndeyy /4 into this equation converts it to a more useful

form:
nd* y
Wiy = | ZEpw = F (”—C) 9.5)
4 Yc—Yw

If the weight needed for stabilization (F;) exceeds Wj,.x, supplemental
flotation will be required during transport, alignment, and submersion of the
outfall. Supplemental flotation may also be required, however, for weights less
than Wy4x to ensure that the minimum allowable radius of curvature is not
violated during the submersion. It is always good practice to weigh the first
concrete ballast fabricated and cured to find its actual (as opposed to theoretical)
weight, and then adjust the spacing accordingly.

9.4.2 Stabilization with mechanical anchors

It is possible to stabilize an outfall by mechanical anchors set into the seabed.
Different types are available for different classes of seabed materials; some of
the more common are shown in Figure 9.5. They can be used alone or in
conjunction with other stabilizing devices.

Expansion type Grouted type
rock anchor rock anchor

Auger type Driven type
anchor anchor

Figure 9.5 Mechanical anchors commonly used for marine outfalls

Mechanical anchors with HDPE are installed differently than with rigid pipe
material such as ductile iron, concrete, and steel. Rigid pipes can be retained
between the anchors with only an upper bridle, because the pipe is affixed firmly
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to the seabed by tightening down the nuts attaching the bridal to the anchor.
This effectively offsets lateral forces. HDPE pipe, however, is not rigid and such
a procedure will deform (flatten) the pipe. It is necessary to use an upper and
lower bridle to fasten the pipe to the anchors and to install nuts and washers
above and below each bridal connection to allow vertical adjustment.

The type of anchor selected depends on the seabed composition. Sand, clay,
and gravel dictate use of either auger or driven-expansion anchors. The depth of
penetration depends on the degree of material consolidation, the forces due to
the design wave or current, and the depth of the active layer that will be affected
by design currents and waves. Auger and expansion anchors have been tested in
soft clay and sand, and manufacturers claim breakout (pullout) strength of up to
20,000 1Ibs (89 kN). This will vary considerably, however, depending on the
depths of insertion and the seabed characteristics.

Hard, solid rock ocean floors require anchors placed in holes drilled into the
rock. One type is retained in the hole by an expansion device that wedges against
the walls of the hole. Another is designed for grouting the anchor into the hole
and is shaped to resist pullout. The design load for expansion rock anchors varies
with the diameter of the anchor as well as the strength of the rock. In strong solid
monolithic rock, loads can be as high as 160 kN for a 25 mm diameter bolt in a
44 mm diameter hole and 326 kN for a 38 mm anchor bolt in a 76 mm hole.
However, variation in the strength of the rock from one hole to another and
inconsistencies in the rock such as voids, seams, and fissures can greatly affect
the permissible loading. For this reason each anchor bolt should be individually
tested after installation to verify the pullout strength.

Because mechanical anchors are fabricated of ferrous metal they require
corrosion protection. The saddles used to attach the pipe to the anchors must also
be protected and should preferably be of the same metal as the anchors. Hot dip
galvanized coating is available and should be specified for the auger and driven
type anchors. Additional galvanic corrosion protection in the form of anode packs
or caps can extend the life of these anchors, especially where they attach to the
outfall pipe. Expansion type anchor bolts in rock also need corrosion protection.

9.4.3 Protection by entrenchment

Installing an outfall in a trench can protect it from oceanic forces. Pipelines have
been installed in trenches without backfilling if the currents and waves are not
severe, but this is not recommended for outfalls. The type of backfill used depends
on the severity of the oceanic conditions. Fine grained backfill such as silt or sand
is less resistant to erosion than gravel, and gravel is less resistant to erosion
than cobblestone. Figure 9.6 illustrates the deposition, erosion, and transport
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characteristics of various unconsolidated materials according to particle size and
mean current velocity. Backfill material for trenches that is suitable for the
anticipated highest current velocity should conform to the hatched portion of this
graph designated deposition.

Clay Silt Sand Gravel Cobbles
I |

1000 — | 4, |
Suspended load Bed load

100

Mean velocity (cm\s)
=
o

Deposition
1.0 i
0.1 GEEEE iy
0.001 0.01 0.1 1.0 10.0 100.0

Size of particles (mm)

Figure 9.6 Deposition, erosion, and transport potential of various materials
according to particle size and current velocity (after Trask, 1939 and
Sternberg, 1972)

In a seabed of unconsolidated sedimentary deposits it is important to ensure
that the depth of entrenchment is sufficiently below the active sediment layer
that may be eroded and transported during storms, strong currents, or other
causes. The depth of the active layer is greater for fine sand, somewhat less for
hard clay and coarse sand, even less for gravel, and much less for cobbles.
Accurate determination of the active layer may require considerable effort and
expense in sampling and testing the seabed material and a solid understanding of
the design wave and currents. When this information is not available it is a
common practice for HDPE outfalls to have a trench depth 1.5 to 2.0 m greater
than the outside pipe diameter, although even that might not be sufficient.
Figure 9.7 illustrates an example of near shore seabed profile fluctuation due to
wave action and ice scour over an interval of six years in Kotzebue, Alaska. The
vertical perturbations of the profile were as much as 1.5 m.
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Figure 9.7 Nearshore seabed profile fluctuation in Kotzebue, Alaska over a 6 year
period due to wave action and ice scour

When an outfall is partially buried in sand or sandy clay, erosion may actually
be greater than if the outfall is supported slightly above the seabed on concrete
ballasts. For this reason partial burial is not usually recommended. Figure 9.8
illustrates typical backfilling in an unconsolidated seabed.

Gravel HDPE  Concrete Armor rock Concrete  HDPE  Gravel
backfill  pipe ballast or acbhm ballast pipe  backfill
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(a) Light wave conditions (b) Medium wave conditions
Figure 9.8 Typical trench backfilling in an unconsolidated seabed

If the backfill material could be subject to erosion the upper portion of the
trench should be filled with armor rock or covered with an articulated concrete

block mat (ACBM, see Section 9.4.4).
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If the outfall crosses a solid rock seabed in shallow water that is exposed to
large waves, it will be necessary to either anchor it to the seabed or excavate a
trench and install the outfall in the trench. Entrenchment is more secure because it
precludes impact by submerged objects driven by strong currents or large waves.
Excavation of solid hard rock is usually done by explosives. This requires
highly skilled and specialized personnel and equipment, is dangerous, quite
costly (especially in deeper water), and usually requires special permits and an
environmental impact analysis. Cutter head dredges (Chapter 10) can sometimes
be used in shallow nearshore water to excavate softer rock, but this also requires
special equipment and personnel, permits, and environmental considerations.

Figure 9.9 illustrates four typical backfilling methods for rock trenches under
various wave conditions. Granular backfill must be carefully selected because
the pressure exerted by large waves can penetrate it and cause the pipe to
gradually work its way up to the surface of the fill material. HDPE pipe that has
been ballasted too lightly is particularly vulnerable to this action. The backfill
material may require protection by armor rock. Under severe wave conditions
the upper part of the trench may need to be filled with concrete, and under
extreme wave conditions, such as caused by powerful hurricanes, it may be
necessary to completely encase the outfall in concrete. In this case, the trench
depth can be shallower because the entire backfill then acts as ballast and wave
penetration is precluded.

9.4.4 Articulated concrete block mats (ACBM)

An articulated concrete block mat (ACBM) consists of individual concrete
blocks tied together by a grid of stainless steel cables or polypropylene rope.
They have been used successfully for several decades to protect oil and gas
pipelines resting on the ocean floor and since the early 1990s have been
increasingly used to protect ocean outfalls.

ACBMs have been draped directly over outfall pipes resting on the seabed, as
shown in Figure 9.10. When this is done with HDPE outfalls it is important to
ensure that the wall thickness is sufficient to preclude pipe deformation from the
weight of the ACBM. They have been used to provide supplemental protection
of outfalls previously protected by armor rock, to protect backfill in an outfall
trench, and to stabilize outfall diffusers.

A similar device is a strong double-layered synthetic fabric that is divided
into cells (pockets) into which concrete or cement mortar is injected. This forms
a mattress of concrete blocks tied together by the fabric that conforms to the
surface on which it is placed. It has been used to stabilize ocean outfalls, as
shown in Figure 9.11 on a diffuser.
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Figure 9.9 Typical trench backfilling in solid rock seabed
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Figure 9.10 Supplemental protection by an articulated concrete block mat
(ACBM) for an outfall previously protected by armor rock
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Figure 9.11 Concrete block mattress for stabilization of an outfall diffuser
(Courtesy Ivo Van Bastelaere, PEng)

One of the strongest testimonies of their effectiveness is the experience with a
914 mm diameter cast iron ocean outfall in Boca Raton, Florida that was
retrofitted with ACBMs to protect a vulnerable unburied section located in water
depths of 9 to 16 m. On August 24, 1992, shortly after installation, Andrew, a
Category 5 hurricane, struck the Florida coast 60 miles to the south, subjecting
this outfall to extreme wave action. The section protected by the ACBMs was
undamaged, but in deeper water where the ACBM was not installed because of
environmental concern for new coral growth on the ballast/armor rock, the rock
was completely swept away. ACBMs were subsequently installed on this section
(French et al., 1993).

ACBMs have a number of advantages. There is little uplift induced by waves,
and unconsolidated seabed material will accumulate in the space between or
within the individual concrete blocks thereby increasing stability. The concrete
blocks provide a good substrate for growth of coral and other sessile marine
organisms, a positive environmental factor. They conform to the surface on
which they are applied and it is unnecessary to pin them to the seabed. Finally,
ACBMs can be lifted off the pipe to enable pipeline repairs and then reinstalled.

9.5 STRESSES ON AN HDPE OUTFALL

An HDPE outfall is subjected to stress in a number of different ways. After it is
installed, current and wave forces cause beam stress in the pipe between the
ballasts or mechanical anchors. Installation causes stress in two ways. During
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flotation and transportation, the buoyant upward force of the empty pipe and the
downward force of the ballast weights cause a bending stress. The pipe will also
be bent during sinking and may be bent to avoid obstacles, resulting in strain and
stress that depends on the radius of curvature attained.

9.5.1 Pipe stress due to currents and waves

An outfall resting on the seabed is exposed to forces due to waves and currents
as previously described in Chapter 8. A pipe stabilized by either concrete
ballasts or mechanical anchors will act as a fixed-end beam subject to loading of
drag and inertia forces perpendicular to its axis, as shown in Figure 9.12.

Uniform load W = horizontal force per unit length of pipe due to cuurent and/or waves
with fixed ends at concrete ballast weights (Plan view)

o LU L,

+WL2/24 +WL/2

Vﬂ%owmo

-WL%12 Moment diagram WLZ1p —WLR2 Shear diagram
Moment of inertia

Extreme fiber stress from maximum moment f=MpyDee/2l 1= 6—2 (D Dy

Figure 9.12 Loading on outfall pipe anchored to the seabed due to horizontal drag
and inertia forces

The loading is the force per unit length of pipe calculated for the worst-case
scenario for current and/or waves. The maximum shear stress and the maximum
tensile and compressive stresses from bending occur next to the concrete
ballasts. This is evident from the loading, shear, and moment diagrams in
Figure 9.12. Because the cross section of a round pipe is such an unfavorable
geometry with a relatively small moment of inertia, the critical stress will be the
extreme fiber stress due to the bending moment rather than shear. After the
extreme fiber stress is calculated it must be compared to the allowable stress for
the PE resin of which the pipe is made. Problems with beam stress become more
likely as the distance between the mechanical anchors or ballasts increases
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because the bending moment varies with the square of the distance between
supports. If the allowable stress is exceeded, it will be necessary to either
decrease the spacing between the weights or use a pipe with a greater wall
thickness (smaller DR).

Because polyethylene is a plastic, the elastic modulus used in calculating the
stress varies considerably with the duration of the loading and temperature.
Table 9.8 lists examples of elastic modulus for different loading durations and
temperatures for a typical resin used in HDPE pipe and can be used for
preliminary analysis. The designer of an HDPE outfall should obtain such a table
from the pipe manufacturer, however.

Table 9.8 Typical elastic modulus (MPa) for a PE resin for various
durations and temperatures

Load duration Temperature
4°C 16°C 23°C 38°C

Short-term 1,170 900 761 695
10 hours 550 425 398 325
100 hours 490 375 356 290
1000 hours 415 324 308 247
1 year 368 280 265 215
10 years 310 236 220 180
50 years 275 210 198 161

For an outfall that is subject to a steady current throughout its life, the
allowable stress should be based on a 50-year lifetime. For a loading that occurs
for several days during severe storm conditions the allowable stress should
probably be based on a load duration of 100 hours.

9.5.2 Stress during flotation

For outfalls stabilized with concrete ballasts, the stress in the pipe wall during
flotation and transportation can be greater than that due to waves and currents
after installation, especially with heavy ballasts at large intervals. The stress
during flotation must therefore be investigated.

The stress during flotation is shown in Figure 9.13. It is very similar to the
stress caused by drag and inertia forces. In relatively calm seas the forces during
flotation are transient, and the elastic modulus from Table 9.8 should correspond
to load durations comparable to the time that the pipe will be floating. For an
outfall launched from land at the job site that is immediately aligned and
submerged this would probably be the 100-hour load duration. If the outfall with
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weights attached is to be assembled and stored while floating and sections
added, then the elastic modulus should be based on a commensurately longer
duration.

Water

|
| — —— 4

Uniform loading on outfall pipe
W =F/L
L = distance between concrete ballasts

F F F
F = weight, partly immersed concrete ballast

+WL%24 +WL/2
T
-WL/2
-WL?24 Moment diagram -WL?24 Shear diagram

Figure 9.13 Loading on a floating outfall with weights attached, relative to the
immersed weight of the concrete ballasts and the weight of the pipe

9.5.3 Bending stresses

A very important characteristic of HDPE for marine outfalls is its flexibility. It
enables the pipe to curve around obstacles, sharp escarpments, or other problem
areas. It also allows considerable movement after installation without loss of
pipe integrity. When HDPE pipe is bent, however, there will be strain with
commensurate stress in the pipe wall that increase as the radius of curvature
decreases. It is important that the stress and strain due to bending be kept below
the level that could cause failure of the pipe wall.

HDPE pipe manufacturers usually provide guidelines for the minimum
allowable bend radius expressed as a multiplier of the outside pipe diameter.
Their recommendations range widely, from 25 to 70 times the pipe diameter.
The differences are due to the magnitude of the safety factor assumed, the
internal pressure the pipe will be subjected to, and the long and short term
strength characteristics of the resins used.

The two major concerns associated with cold-bending HDPE pipe are the
minimum allowable bend radius to avoid pipe wall buckling and the stress due to
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bending. These must be considered along with stresses due to other causes such
as internal pressure and hydrodynamic forces.

9.5.3.1 Minimum bending radius

To understand the bending limitations of HDPE pipe it is helpful to review the
mechanism of stress and strain caused by bending. When a pipe is bent, the pipe
wall on the inside of the bend undergoes compression strain and the wall on
the outside, tensile strain. Assuming the strains from compression and tension
are equal (not strictly valid, but sufficiently close for present purposes), from
simple geometric proportion the maximum strain occurs in the outer wall and
can be expressed by:

D
2R
where g is the maximum strain, R the radius of curvature of the bend, and D the
outside diameter.

It is essential to avoid bending the pipe to a radius less than that which results
in buckling. Outfalls are especially vulnerable to buckling during launching and
sinking onto the seabed and precautions should be taken to preclude this. Two
types of buckling can occur during bending. Radial buckling occurs in the hoop
direction and usually when the internal pressure is equal to or less than the
external pressure. Axial buckling can occur when the internal pressure is
significantly greater than the external pressure.

The ratio of the bending radius (measured to the central axis of the pipe) to
the external pipe diameter, a, is:

& (9.6)

R

=— 9.7

a=4 9.7
and substituting Eq. (9.7) into (9.6) gives:
1

=— 9.8

& =5 9-8)

The tendency for buckling in a pipe subjected to bending is inversely
proportional to the rigidity of the pipe wall, which is a function of the dimension
ratio. The strain at which radial buckling occurs in a bent pipe can be estimated
by:

brorts = 0.28(Di) 9.9)

where ¢ is the wall thickness and D,, = mean pipe diameter.
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Since the strain due to the bending moment is an axial strain and the ratio of
radial to axial strain is Poisson’s ratio, u, then:

Ercrit = €acrith (910)
The critical strain in the axial direction is obtained by combining Egs. (9.9)
and (9.10):
0.28( ¢t
aerit = —— | — 9.11
b = () ©.11)

Because the dimension ratio DR = D/s, and the mean diameter D,, = D—t,
and for HDPE pipe, Poisson’s ratio is 0.5, Eq. (9.11) can be written as:

0.56

Eacrit = DR — 1 (912)

This relationship can also be expressed as the minimum bend radius that
can be tolerated without radial buckling. Substituting Eq. (9.12) into (9.8) and
solving for a gives the relationship between the critical ratio of radius of
curvature to the external pipe diameter and the dimension ratio:

_DR-1

o PR71 1
eyt 12 (9.13)

Because good engineering always introduces a margin of safety before failure
occurs, a safety factor (SF) is inserted into Eq. (9.13) to obtain.

DR -1

i (9.14)

Aallowable = SF

SF = 1.5 is commonly used but this may be increased to compensate for
other uncertainties inherent to the specific application.

Table 9.9 presents the allowable ratio of bend radius to pipe diameter for
various common dimension ratios and safety factors of 1.5 and 2. This table can
be used for preliminary design, but for final design it is important to use the
minimum allowable radius provided by the pipe manufacturer.

9.5.3.2 Stress due to bending

When HDPE pipe is bent to make a horizontal curve to avoid an obstacle, or a
vertical curve for transition from one slope to another, the bend will be
permanent. The bend radius should be more than the minimum to accommodate
the additional stress due to the internal pressure. To analyze the combined effect
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it is first necessary to determine the stress that is induced by the actual bend
radius and then to add the stress due to internal pressure.

Table 9.9 Allowable ratio of bend radius to pipe diameter

Dimension ratio (DR) Minimum allowable ratio
SF=15 SF =20
33 43 59
32.5 42 56
26 34 45
22 28 37
21 27 36
17 21 28
15.5 19 26
13.5 15 21
11 13 17

The modulus of elasticity, E (MPa) is defined as stress divided by strain:
o, = Es, (9.15)

where oy, is the stress due to bending (MPa). Substituting Eq. (9.6) into (9.15)
gives:
D

The value for E should be selected from the resin or pipe manufacturer’s
equivalent of Table 9.8 in accordance with the duration that the pipe will be bent
and its temperature. For a permanent bend in a pressurized outfall the bending
stress should be calculated using a value for 50 years duration. This should be
added to the stress due to the internal pressure at design flow and compared to
the minimum required strength (MRS) defined by ISO or the hydrostatic design
basis (HDB) defined by ASTM.

9.6 HYDRAULIC CONSIDERATIONS
9.6.1 Criteria

There are a number of hydraulic criteria to be met for an outfall and diffuser. An
important one is to preclude seawater intrusion into the ports once the outfall is
flowing. This can be achieved by maintaining a total port area less than the
outfall pipe cross-sectional area and the densimetric Froude numbers of each
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individual port F; greater than one, where:

Vi
F = 9.17)

J
\lg%dj

where V; is the jet exit velocity, g the acceleration due to gravity, Ap the density
difference between sewage and receiving water, p the receiving water density at
the port level, and d; the port diameter. The ratio of total port area to cross
sectional area of the pipe is typically between about 1/3 and 2/3, depending on
bottom slope. The velocity in the pipe should be sufficient at peak flow to scour
and prevent deposition of particles. The total head loss in the outfall should be
kept small to minimize head loss and therefore pumping costs. There should be a
uniform division of flow between the ports at all flow rates. The calculation
procedures to accomplish these objectives are summarized in Section 9.7.5.

9.6.1.1 Self-cleaning velocities

It is important that the velocity in an outfall be sufficient to prevent excessive
deposits of sediment and grease and/or microbial growth in the pipe. The
velocity varies diurnally as the wastewater flow rate varies, so a self-cleansing
velocity should be achieved long enough during the higher flow to flush deposits
that might have settled during lower flow. If this does not occur it will eventually
become necessary to send a pig (cleaning swab) through the outfall or to
increase the velocity (through pumping, dosing siphons, or other measures) at
regular intervals to prevent pipe constriction or closure (as shown dramatically
in Figure 9.14). Two other cases that exemplify the importance of cleansing
velocities are the San Francisco, California, outfall which is about half-filled
with sediments, and the Chimbote, Peru outfall that was completely clogged
with grease discharged by a fish meal plant.

The accumulation and rate of deposition in an outfall depends on four main
factors: (1) the flow velocity, (2) the amount, grain size, and specific gravity of
suspended inorganic particles, (3) the amount and characteristics of grease, oil,
and other hydrophobic substances in the effluent, and (4) the temperature
difference between the effluent and the seawater. Wastewater characteristics
vary widely depending on the effluent source, the type and condition of the
sewerage system, and the level of treatment.

Considerable research and many scientific articles are available on the
transport and deposition of suspended matter and self-cleansing velocities in
sanitary sewers. They show that the flushing velocity may depend on pipe
diameter. For smaller pipes the design may better be governed by shear stress
(erosion criteria for cohesive particles) whereas for larger pipe sizes it may best
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be governed by either the suspended sediment transport criterion or the bedload
and deposited bed criterion (Butler et al., 1996). Unfortunately, there is little
practical research regarding self-cleaning velocities to prevent grease buildup.

Figure 9.14 Extreme case of diffuser failure due to clogging
(Courtesy Pedro Campos)

Recommended minimum velocities to ensure self cleansing as a function of
internal pipe diameter are shown in Figure 9.15 for effluent that has received
treatment by milliscreen and grease trap or better. It is based on the research
carried out under controlled conditions and the author’s practical experience.

Cleansing velocities should be achieved for several hours a day. If this is not
feasible during the initial years of operation, then facilities for insertion and
removal of a cleaning pig should be included in the outfall design and a
maintenance schedule determined for its use until flows increase to a level that
consistently result in adequate cleaning velocities. Treatment to remove sand,
sediment, and grease from the effluent will help minimize problems due to
deposition. Removal of grease and other buoyant material also helps to maintain
acceptable aesthetic conditions in the receiving waters.

9.6.1.2 Elimination of entrained or trapped air

In addition to removing sediment and grease, it is important to attain velocities
high enough to transport entrained or entrapped air (or gases) completely through
the outfall. Air usually enters an outfall by entrainment at the entrance, and gas
may form due to biological action within the outfall The greatest concern is for air
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or gas being trapped at high points because this can partially or even totally block
the flow of water. It can also cause vertical pipe displacement that will exacerbate
the problem. It can even cause re-flotation if a sufficiently long section of the
outfall is involved. There are several strategies to preclude these problems.
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Figure 9.15 Recommended minimum velocities at peak hourly flow for self-
cleaning HDPE outfalls

Where possible the outfall should have a constant downward slope thereby
avoiding high points. Then during low flow any entrained air or gas bubbles can
migrate back to the entrance or toward the diffuser and escape. The outfall
entrance (headworks) should be designed to avoid air entrainment and provide
for its release before the effluent enters the ocean outfall pipe, particularly if a
hydraulic jump occurs near the entrance. This can be accomplished by including
a surge and air separation chamber, as shown in Figure 9.16. Such chambers are
also effective for gravity flow where the effluent contains significant amounts of
entrained air due to turbulence or a hydraulic jump in open channel flow.

Surge chambers are always recommended when the effluent is pumped and
there is possibility of sudden pump shutoff, or any other situation that may result
in sudden cessation of flow. The momentum of the flowing water causes flow to
continue after the pump or driving force is terminated. This can cause sudden
low pressure resulting in air sucked into the pipe, or high pressures (water
hammer) that can cause pipe failure. The volume of the chamber and the outlet
depth below sea level must be sufficient to always prevent water in the chamber
from dropping below the crown of the outlet.
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Figure 9.16 Schematic of surge chamber

A surge chamber may not be required if sudden flow termination cannot occur,
such as gravity flow from a treatment plant with flow equalization or where a
long sloped gravity sewer leads into the outfall and serves as the surge chamber.

It should be noted that surge-air release chambers will not prevent trapped gas
at high points if the gases are generated within the outfall. This is not common,
but it can occur in small diameter outfalls serving small communities or
industries that have relatively warm sewage, where the flow ceases for long
periods (usually during the night), and where the receiving waters are also warm.

Entrained air and gas bubbles can be transported through the outfall if the
velocity is high enough. The critical velocity to achieve this is a function of the
internal diameter and the outfall slope. It can be estimated by:

Ve = Ki/gd (9.18)

where V¢ is the critical velocity for transporting air bubbles, and K is a factor
that depends on the pipe slope as shown in Figure 9.17.

The critical velocity for transporting entrained air should be calculated for the
greatest angle of slope (the steepest downward gradient) in the outfall. This
should then be compared to the velocities calculated for the present peak and
average flows.
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Figure 9.17 The coefficient K in the entrained air transport equation for various
slopes of outfall pipes

9.7 DESIGNING THE DIFFUSER
9.7.1 Introduction

The diffuser design includes designing to meet dilution requirements, port and/or
riser configurations, diffuser orientation, hydraulic considerations, and structural
integrity.

Designing for dilution was discussed in Chapters 3 and 4. It is usually an
iterative process that is carried out by means of computer-aided dilution models
such as NRFIELD (RSB), UM3, DKHW, FRFIELD and CORMIX. The inputs
include diffuser and ambient variables. The ambient variables are determined by
local oceanographic conditions, measured as in Chapter 5. A range of diffuser
variables, including port diameter, number and spacing (which determines the
diffuser length) are selected based on the guidelines in Chapter 3, and the
computer program run to determine near and far field dilutions. After a number
of trials are run, the design that yields the best results is chosen.

This section discusses design of the diffuser details such as of the geometrical
diffuser configuration, the type of ports used, and internal hydraulics.

9.7.2 Diffuser configuration

Numerous diffuser configurations have been used to achieve optimal dilution
under the prevailing oceanographic and geomorphologic conditions. Some



280 Marine Wastewater Outfalls and Treatment Systems

common ones are illustrated in Figure 9.18. As discussed in Chapter 3, the near
field dilution depends primarily on diffuser length; the diffusers illustrated all
have the same total length. The effect of diffuser orientation relative to the
currents was discussed in Chapter 3. Orientation perpendicular to the current
gives highest dilution and parallel gives lowest, and the difference between them
increases as the current speed increases.

Far field
plume
Q
=
o
o
o
Straight diffuser
perpendicular to shore Near field
plume
g
=
<]
o
J Y -diffuser
[}
=
T
<]
o
J T-diffuser

Figure 9.18 Straight, Y, and T-diffusers showing plumes for a current
parallel to shore

The simplest configuration is a linear extension of the outfall pipe that has
had ports added to it. As currents usually run approximately parallel to the
shore, this may be advantageous (top schematic of Figure 9.18). If the current is
onshore, this configuration gives lower dilution, but onshore currents are
usually not sustained. Wye diffusers (middle schematic) are sometimes used to
intersect a wide swath of current regardless of the current direction. Another
configuration that has occasionally been used to accomplish this is a single
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curved diffuser that gradually changes from a direction perpendicular to shore
to parallel. Wye diffusers have an advantage that a gate for removal of a pig can
be added to the junction structure and gates can be installed to isolate one
diffuser arm for maintenance. In the unlikely event that currents mostly run
directly onshore, it may be advantageous to orient the diffuser parallel to shore
as shown in the bottom schematic. In reality, coastal currents vary considerably
in speed and direction (Chapters 4 and 5). The best diffuser orientation is
obtained by running a time-series model such as NRFIELD and varying the
diffuser orientation to find the best near field dilution. In a tidal environment the
diffuser is best oriented perpendicular to the first principal (the most energetic)
current component. An example is the San Francisco ocean outfall diffuser (see
Figure 5.4).

Elevation changes along the diffuser affect its internal hydraulics, especially
the distribution of flow between ports. A diffuser that is perpendicular to the
coastline is usually perpendicular to the bathymetric contour lines (isobaths) so
that the ports will be at different depths. The shallower ports will discharge more
than the deeper ones with the difference increasing with increasing slope. To
obtain approximately uniform flow it is necessary to vary the port diameters
from smaller inshore to larger offshore, as discussed in Section 9.7.5. A diffuser
parallel to shore often runs along an isobath with a more uniform discharge
among the ports. This configuration shortens the length of the diffuser from the
outfall pipe to the final port(s) which often helps to achieve more uniform flow
among the ports. It also enables easy installation of a gate for pig removal as
well as isolation gates installed at the junction.

9.7.3 Diffuser design objectives

There are a number of diffuser design objectives:

e Reasonably uniform flow from each port at all flow rates;

® Prevention of seawater intrusion to preclude the establishment and growth
of marine organisms within the diffuser;

e Preclude entrance of oceanic sediments such as silt or sand into the
diffuser;

e Preclude accumulation of wastewater sediments in the diffuser;

® Minimize probability of physical damage from hydrodynamic ocean
forces, fishing gear, and boat anchors;

e Placement and orientation of the diffuser to maximize dilution and
minimize transport of wastewater to beaches, shellfish harvesting, or
environmentally sensitive areas.



282 Marine Wastewater Outfalls and Treatment Systems

The first objective, uniform discharge from the ports, can be achieved if the
following conditions are met: (1) All the diffuser ports are at the same depth,
meaning the diffuser lies on an isobath, (2) the head loss in the diffuser pipe is
small (in comparison to the head loss of the ports) and approximately constant
between the ports, and (3) the effluent flow rate is fairly constant with time. If the
diffuser ports cannot be at the same depth, it is still possible to approximate
uniform flow by varying the port diameters. It is not practical to give each port a
different diameter so ports are grouped with each group having a different
diameter from the other group. The smaller diameters are usually at the
shallower locations.

The second condition of maintaining small and nearly constant hydraulic
friction losses in the pipe between the ports can be approximated in several
ways. One is to use a Wye-diffuser to reduce the distance that effluent must
travel along the diffuser to the terminal port as illustrated in Figure 9.18. To
attain small friction loss in the diffuser it is necessary to have low flow velocities
but this can result in sediment deposition in the diffuser. A strategy to reduce
deposition in the diffuser is to use a tapered diffuser whose diameter gradually
decreases towards the terminal end. A constant taper is not feasible so it is
usually approximated by diffuser sections whose diameters decrease in steps, as
illustrated in Figure 9.19.

The second objective, preventing the entrance of seawater into the diffuser
can be accomplished in several ways. The easiest is ensuring that the port
densimetric Froude numbers (Eq. 9.17) always exceed unity. If the flow in the
early years is too low to accomplish this, some ports can be initially closed off.
Another method is to install check valves on each port. This may be important
for a diffuser with a very large depth variation or very long risers or a flow that
varies widely or is intermittent, because then effluent can flow from the higher
ports and seawater flow into the lower ports. The most practical type of check
valve for ocean outfalls is the “duckbill” type because it is made of material not
affected by marine corrosion and requires lesser maintenance. Two typical
duckbill valve configurations are shown in Figure 9.20 (see also Figure 9.25).
The hydraulics of duckbill valves are discussed in Section 9.7.6.

Sediment buildup in the diffuser is prevented by ensuring sufficient velocity
to transport sediment along the diffuser and out the ports (see Section 9.6.1.1).
A tapered diffuser, such as shown in Figure 9.19, can accomplish this. A terminal
port larger than the preceding ones located at the pipe invert can aid in flushing
the terminal end of the diffuser.

Seabed material such as silt, sand, or gravel can be prevented from entering
the diffuser in several ways. If the diffuser is laid on the seabed, the ports should
be high enough to preclude entrance of this material. If the diffuser is buried,
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or if sediments are actively moving near the diffuser, the ports should be
equipped with risers that reach above the anticipated deposits. Riser designs are
discussed below.

Diffuser pipe

Smallest ports Intermediate ports Largest ports

End port
(Horizontal)

N Reducer fittings

Concrete ballast weights

Figure 9.19 A tapered HDPE diffuser

Figure 9.20 “Duckbill” check valves (courtesy of Tideflex Technologies)

Reducing the probability of damage to the diffuser by oceanic forces should
be viewed in light of the anticipated current and wave dynamics. As previously
discussed, if the diffuser is located in water deeper than about 30 m the diffuser
can usually be stabilized against oceanic forces in the same manner as the main
pipeline. In very severe hydrodynamic conditions such as imposed by hurricanes
or when the outfall is located in relatively shallow water, it may be necessary to
bury the diffuser. When the diffuser is located on a solid rock seabed it may be
necessary to use mechanical anchors (Figure 9.5) or articulated concrete block
mats (Figures 9.10 and 9.11) for stabilization.
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If the pipe diameter is small, and the ports discharge horizontally, it may be
necessary to elevate the diffuser or risers somewhat to ensure the jets do not
impact or erode the seabed. Alternatively, the jets can be pointed slightly
upwards, say at 5° to the horizontal.

For all marine outfalls it is recommended that warning buoys be permanently
anchored over the diffuser. The buoy should have a sign, authorized by the
proper governmental agency, prohibiting the anchoring of boats, water contact
sports, and fishing within a prescribed distance from the sign. In addition, it is
recommended that the outfall be clearly indicated on all nautical charts of
the area and that fishermen and water sport businesses be notified to not use
this area.

9.7.4 Port configurations

Figure 9.21 shows eight port configurations commonly used in HDPE diffusers.
Types (a), (b), (c), and (d) are used in diffusers that are supported on concrete
weights resting on the seabed, and (e), (f), and (g) are used for buried diffusers or
diffusers where significant sediment movement or buildup occurs. Type (h) is a
terminal port.

QoY

©oTe

Figure 9.21 Typical diffuser port configurations

Type (a), which is simply an orifice located at the springline of the pipe, has
several advantages. For depths less than about 40 m the diffuser (without the
ports cut into the pipe wall) can be installed by flotation and submersion as
an integral part of the outfall. After it is resting on the seabed, divers can
drill the orifices in the sidewall. Weak areas caused by the orifices are then
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avoided and are not subject to bending stresses during pipe submergence.
Another advantage is that the port does not project from the pipe wall and is
thereby less likely to be snagged by fishing nets. A disadvantage is that the
discharge directly from the pipe wall can foster growth of marine organisms
adjacent to the port.

If the flow is low during the initial years of operation, not all of the ports may
be necessary. Some ports can be closed off (or not opened) until later when the
flow has increased and divers can remove the caps or plugs. The port exit
velocity can then be maintained high enough to prevent the entrance of seawater
and marine organisms into the diffuser.

Port (h) is a special port located at the terminal end of the diffuser. It should
have approximately twice the cross-sectional area of the preceding port to
promote self-cleaning velocities at the end of the diffuser and should be at the
pipe invert to aid in sediment removal. For a constant diameter diffuser, this port
can be formed by cutting a slice off the bottom of a blind flange. The advantage
of using a blind flange is that it can be removed to facilitate access for cleaning
sediment deposits from the interior of the diffuser. For a tapered diffuser the
desired end port area is frequently obtained by installing a prefabricated reducer
on the diffuser end. An opening end gate can also be added to the diffuser to aid
in flushing and maintenance.

It may be advantageous for buried diffusers with riser type ports (e), (f), and
(g) to have the ports constructed of a flexible material that bends instead of
breaking if impacted by a dragging anchor or fishing net.

An adaption of type (f) port is the cluster port. This configuration utilizes a
riser that contains four to eight ports; examples are shown in Figure 9.22.
Clustered ports can be used to reduce the number of risers, and therefore their
total cost. They are spaced so that the average port spacing is the same as if
uniformly distributed along the diffuser. For example, if the riser contains four
ports, the risers are spaced twice as far apart as if the risers were Tee-shaped
each with two ports. Clustered ports are used if risers are used in order to reduce
their number and cost. They are particularly useful with tunneled outfalls with
long, expensive, risers such as the Boston outfall (see Figure 4.24). Experiments
(Roberts and Snyder, 1993) show that ports can be clustered up to eight per riser
with no significant effect on dilution.

The port spacing and diameter are determined by the analyses described in
Chapter 3. Three common port arrangements are shown in Figure 9.23 for which
the average port spacing is the same. The ports can discharge vertically or,
preferably, horizontally. A vertical discharge may increase the plume rise
somewhat when the receiving water is stratified. Horizontal discharge results
in the highest initial dilution. The difference can be significant for diffusers
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in shallow water, but it decreases as the water depth increases. There is little
difference in dilution between alternating ports and opposing ports if the
number of ports, the diameter of the ports, and the length of the diffuser are the
same. Pipes with alternating ports may have greater resistance to radial buckling,
however, which may be important during diffuser installation.

(a) Two ports (Tideflex technologies) (b) Boston outfall riser cap
Figure 9.22 Risers with multiple ports
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(c) Plan view of horizontal opposing ports

Figure 9.23 Three typical port arrangements for HDPE outfalls

9.7.5 Hydraulic calculations

The details of the hydraulic design of diffusers have been discussed thoroughly
elsewhere (Fischer et al., 1979), and are only summarized here. The diffuser
manifold hydraulics are first calculated as follows.
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The discharge from a port, Q; depends on the port design, the velocity and
pressure in the diffuser, and the port elevation relative to the previous one. It can
be computed from:

Q; = CpAN2gE 9.19)

where Cj, is the port discharge coefficient, A; the port area, and E the difference
in total head across the port.

The discharge coefficient depends on the port design and the ratio of the
velocity head in the diffuser to the total head E. According to Brooks (1970), for
sharp-edged ports:

2

Vi
Cp =0.63-0. 582 3 (9.20)
and for bell-mouth ports:
V2 3/8
Cp = 0.975(1 - 2ng) 9.21)

where V; is the velocity in the diffuser pipe. Different equations apply if check
valves are used (see Section 9.7.6).

The head loss due to friction in the pipe can be calculated from the
Darcy-Weisbach equation:

hy = f—— 9.22
ffg 9.22)

where hyis the head loss over length [ of pipe, d the internal diameter, and f the
friction factor.

The friction factor f depends on the pipe Reynolds number Re = Vd/v where
v is the kinematic viscosity, and k the wall roughness height. Various equations
are used to estimate f, such as the Colebrook equation that is valid for the entire
range of turbulent flow:

1 kjd = 251
qir = Tl (3 7 Re /172 fl/z)

Solving the Colebrook equation requires iteration or a graphical solution by use
of the Moody Chart, however. For conditions typical of outfalls a more
convenient equation that does not require iteration is:

f= 05 (9.23)

e+ 2]




288 Marine Wastewater Outfalls and Treatment Systems

The density head is:

hy = %Az (9.24)

where Ap/p is the relative density difference between wastewater and seawater
(approximately equal to 0.026) and Az is the height difference between two
points along the diffuser.

The analysis is a trial-and-error procedure that begins at the offshore end of
the diffuser and proceeds step-by-step back up the diffuser to the first port. The
solution procedure is to first guess the value of the head E at the diffuser end.
The discharge from the end port is then computed from Eqgs. (9.19) and (9.20) or
(9.21) and the velocity in the pipe upstream of this port is calculated. The head at
the next upstream port is found by adding the heads computed from Egs. (9.22),
(9.23), (9.24) to the assumed head. The discharge from the upstream port is then
calculated, the cumulative flow computed and the procedure is repeated. This is
continued until the most inshore port is reached. Finally, the friction head loss
and density head in the main outfall pipe is calculated from Egs. (9.22), (9.23),
(9.24) and added to the diffuser head. The first guess of the head is then varied
by trial and error until the desired flow rate is achieved. Next, the outfall and port
diameters are varied to keep the flow per port reasonably uniform and maintain
an adequate flushing velocity in the diffuser. The diffuser pipe and outfall
diameters are not usually varied continually. Typically, the diffuser might
consist of three sections each of constant pipe and port diameters.

These calculations can be done readily in a spreadsheet program or by the
many computer programs that are available. For example, the PLUMEHYD
computer program included in the DOS version of U.S. EPA “Third Edition of
Dilution Models for Effluent Discharges,” or CorHyd (Bleninger, 2006). These
programs can analyze multiport diffusers, sharp-edged or bell mouth ports, and
multi-segmented diffusers with varying internal diameters. The procedure is
repeated for the various design flow rates.

Examples are shown in Figure 9.24. For this example, the main outfall pipe is
1.82 m internal diameter HDPE with an assumed roughness height of 0.5 mm.
The total diffuser length is 244 m, consisting of 674 ports each 180 mm diameter
spaced 7.6 m apart (on each side of the diffuser). The diffuser is tapered in three
sections. The first section (from inshore) is 1820 mm diameter, 84 m long,
containing 22 ports, the second is 1600 mm diameter, 84 m long, containing
22 ports, and the third 1100 mm diameter, 76 m long, containing 20 ports. The
minimum, average, and maximum design flows were respectively: 2.3, 4.7, and
6.8 m*/s. The diffuser is laid on a horizontal bottom.
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Figure 9.24 Typical outfall and diffuser calculation results

It can be seen that the flow distribution among the ports varied by less than
about 10%. The velocity in the pipe remains above 0.6 m/s (the chosen criteria
for flushing for this case) until the last 50 m or so at the lowest flow rate. (It could
be argued that tapering of this last section is not necessary, as deposition there
will cause the diffuser to “self taper”). The head loss increases rapidly as the
flow increases (in proportion to the square of flow) from 1.2 m at zero flow
(the density head). The densimetric Froude numbers of the ports (not shown) are
always significantly greater than one so will always flow full and not allow
seawater intrusion.



290 Marine Wastewater Outfalls and Treatment Systems

Equations other than Darcy-Weisbach (Eq. 9.22) are sometimes used to
compute friction head loss in pipes. A common one is the Hazen-Williams
equation:

V = 0.85CR"%35%>* (9.25)

where S is head loss per meter of pipe length (m/m), C is the Hazen-
Williams coefficient, R is the hydraulic radius equal to d/4 (m), and V is the
velocity (m/s).

New HDPE pipe is quite smooth, but its flow resistance increases with age
due to accumulation of grease, biofilm, or other substances on the pipe wall. The
roughness depends on the resin and the manufacturing equipment and process.
The absolute roughness height k of new HDPE pipe ranges from about 0.05 to
0.10 mm but for pipe that has been conveying sewage effluent it is usually
assumed to be about 0.50 mm. For new HDPE pipe a Hazen-Williams coefficient
C =155 is assumed but it progressively decreases to about 140 after
transporting sewage for some time.

9.7.6 Check valves

Typical “duckbill” check valves are shown in Figure 9.25. As discussed
previously, they are frequently employed on marine outfalls. They are closed
at zero flow and gradually open as the flow increases. This allows a higher
jet velocity at low flow and can maintain the densimetric Froude number
(Eq. 9.17) greater than unity at all flows, preventing seawater intrusion. They
also improve saltwater purging from tunneled outfalls. Their flow character-
istics must be provided by the manufacturer. For example, Figure 9.26 shows
typical variations of open area, jet velocity, and head loss across the valve as
functions of flow rate, and a comparison with a fixed diameter orifice.
Duckbill valves are available in a wide range of sizes from 25 to 2400 mm
and up to 30 different hydraulic variations of geometry and relative
stiffness (Duer, 2000). The valves are customized to produce the required
jet velocity, headloss, and effective open area characteristics. The consul-
ting engineer should coordinate the sizing with the manufacturer and verify
that the manufacturer has conducted independent hydraulic testing on valves
of the sizes under consideration and on the hydraulic variations within
each size.
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e

(c) Various sizes

Figure 9.25 “Duckbill” check valves (Courtesy Tideflex Technologies)
Special procedures are needed to compute internal hydraulics with check
valves. For a 100 mm diameter valve similar to that shown in Figure 9.26, the
variation of the flow per port with head was approximated by the following

equation:

E = 0.117Q; + 0.0005320;
or 0, = 8.06E — 0.145E (9.26)

where E is the head loss across the port in meters, and Q; the flow rate in liters
per second.
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Figure 9.26 Flow characteristics of a typical duckbill check valve (Courtesy
Tideflex Technologies)

To calculate the internal diffuser hydraulics, the same procedure as in Section
9.7.5 is followed, except that Eq. (9.19) is replaced by Eq. (9.26). After
computing the port flows, the jet velocities, V; are calculated from:

2gE
V= ~8b
K
where K is the valve loss coefficient, which testing has shown to be equal to be
approximately one. The port area, A; is then given by:

9.27)

@:% (9.28)

and the diameter, d;, of an equivalent round port is given by:

44,
d; = || —L (9.29)

T
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The calculations then proceed as previously carried out for simple orifices.
For more discussion of the hydraulics and calculation procedures with check
valves, see Lee er al. (1998, 2001), and Bleninger (2006).

9.8 EXTREMELY DEEP OUTFALLS

Coastal communities on archipelagos or volcanic islands are often located where
the seabed drops off rapidly with slopes often greater than 1:4. The outfall will
be in very deep water to achieve adequate distance from shore to avoid beach
pollution, contamination of water sport areas, pollution of shellfish harvesting
waters, or threats to environmentally sensitive areas. The term extremely deep is
defined here as depths greater than 60 m or even exceeding 150 meters. Outfalls
at extreme depths and steep seabed slopes require special considerations during
planning, design, and construction.

The “normal” range of diffuser depths for many communities is 20 to 40 m.
For extremely steep seabeds this depth may occur less than 200 m offshore, a
distance that is insufficient to avoid beach contamination. It is therefore
necessary to go to greater depths to gain farther distance. This introduces the
following considerations:

e Extremely steep slopes may require more secure stabilization of HDPE
outfalls;

e A steep seabed does not dissipate the energy of large waves until they are
very close to shore. This results in strong erosive forces nearshore;

® When accurate placement of the outfall is necessary to avoid obstacles,
escarpments, etc., expensive specialized equipment and remote sensing and
installation techniques are needed;

e Construction becomes more difficult because much of the outfall is deeper
than the maximum working depth of scuba divers;

e If deep water diving is required it must be done using mixed gas and
decompression chambers which is difficult and expensive. This is also true
for future inspection and repairs;

¢ [finspections must be made below the working depths for divers, they must
be made by a remote operated vehicle (ROV) or a manned submersible;

e The head due to the density difference between seawater and effluent
(Eq. 9.24) can become a significant component of the head required;

e The internal pressure during submersion is much greater than for
conventional depths. This usually necessitates a thicker pipe wall;

® Accuracy of bathymetric maps is critical because placement of the outfall on
the seabed at depths over 60 m must be done with remote sensing methods.
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There are also a number of advantages associated with very deep outfalls on
steep slopes:

® The length is usually considerably shorter than an outfall on a gentle slope;

e It is usually possible to trap the plume well below the water surface,
preventing encroachment onto beaches, shellfish harvesting waters, or
other shallow environmentally sensitive areas;

® Because the wave-induced forces decrease with increasing ocean depth the
stabilization requirements such as trenching, ballast weights, mechanical
anchors, and armor rock are significantly less;

e For small flows, it may be possible to obtain sufficiently high initial
dilution with a single port, i.e. an open-ended pipe, thereby precluding the
need for a multiport diffuser.

Examples of plume calculations for an extremely deep outfall are shown in
Figures 9.27 and 9.28. These are from an analysis using the UM3 model in
Visual Plumes (Frick et al., 2003) using actual oceanographic data consisting of
15 density profiles and respective current speeds and directions. The wastewater
flow rate is 0.49 m’/s and it has been treated for removal of grease and
floatables. The discharge is from a single 0.55 m diameter port (the end of the
outfall pipe) at a depth of 140 m located 500 m offshore. The current speed at
this depth is between 2 and 7 cm/s in a direction perpendicular to the direction of
discharge. The discharge is horizontal but the seabed slopes down at 40° at this
location.

Figure 9.27 shows the plume trajectories. The centerlines of the 15 plume
trajectories are shown as solid lines and the upper and lower plume boundaries of
the trajectory envelopes as dotted lines. The lower plume boundaries are 25 m
above the seabed. Figure 9.28 shows dilutions versus distance. Average
dilutions are indicated by the solid line and centerline dilution by dotted lines.
Average dilutions range from about 740 to 1,500 at a distance of only 160 m
from the end of the outfall; centerline dilutions are about 380 at this same
distance.

Because the upper boundary of the plume is deeply trapped below a depth of
54 m, the effluent plume will not reach the shore or beach areas, and is well
below the range of scuba diving and water sports activities. The high dilution
and distance from environmentally sensitive coral areas ensure their protection.
The lower boundary of the plume is about 25 m above the seabed so it will not
directly impact the seabed or benthic organisms.
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The first step to evaluate the feasibility of an extremely deep outfall is to
obtain an accurate bathymetric chart that includes any areas to be protected.
Then a rapid analysis is made to determine if the outfall is structurally feasible.
If it is, salinity-temperature-density profiles along with current velocity and
direction measurements should be obtained throughout the water column at
times of the year that includes seasonal extremes. Experience indicates that
density profiles of nearshore water columns more than 100 m deep can fluctuate
widely over two hours or less and that current velocity and direction commonly
fluctuate both with depth and with the hour of the day. Therefore it is important
that data be collected at sufficiently short intervals of time to be representative.

Times series analysis by Visual Plumes (or an equivalent computer program)
can then be used to determine the near and far field plume characteristics for
various discharge depths for the density profiles and current data to determine if
the dilution is adequate.

It should be pointed out that all the density profiles in the example above
were slightly stratified. Even a very weak stratification will result in a trapped
plume for a very deep outfall. If the water is not stratified (the density is constant
throughout the water column), then the plume would surface. This would be
quite unusual for ocean depths greater than 100 m, however, as even small
temperature differences will be sufficient to submerge a plume. It is therefore
very important to obtain accurate density profiles and current velocities that are
representative of conditions throughout the year.

For extreme depth multiport diffusers on a steep seabed check valves may be
required because of the large elevation differences between the ports. When
discharging into slightly stratified water, the individual plumes from each port
often become trapped at different depths resulting in high vertical dispersion and
very high initial dilutions. Outfalls discharging into depths greater than 100 m
will almost always result in a trapped plume sufficiently deep and distant from
shore and with high dilution that will protect beaches and water sports areas.

9.9 VERY SHALLOW OUTFALLS

The opposite case from the previous one is a very flat seabed which prevents
discharge at “normal” depths (20 to 60 m) at a reasonable distance from shore.
They may require an outfall four km or more long to obtain such depths.

For most small coastal communities (defined as requiring an outfall diameter
less than 360 mm) very long outfalls are generally neither economically nor
operationally feasible. Not only is the construction cost usually prohibitive but
the head loss may be excessive, resulting in operational complications and
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prohibitive pumping costs. Increasing the diameter to reduce head loss is usually
not viable because this increases the construction cost and may decrease the flow
velocity below that required for self cleaning. It can also aggravate operational
problems faced by communities with a small permanent population that has
designed an outfall to serve relatively large populations during tourist season.

For these small communities it is usually possible to decrease the outfall
length by using a diffuser designed for discharge into relatively shallow ocean
depths (between 10 and 17 m) that still attains sufficient near field dilution to
protect beaches and environmentally sensitive areas. This is accomplished by
increasing the diffuser length.

Plumes from shallow diffusers will usually surface and near field dilution
may be limited. Because far field dilutions can be small (see Section 3.3.3.2) it is
important that initial dilution be maximized to ensure that contaminant levels at
sensitive areas are lower than those established by health and/or environmental
standards. Near field dilution can be maximized in several ways:

e Making the diffuser as long as possible;

e Orienting the axis of the diffuser as close as possible at 90° to the
predominant current;

e Using orifices that discharge horizontally.

A frequently cited rule of thumb for port diameters is that the minimum
diameter should be 100 mm. This is almost never appropriate for small diameter
shallow diffusers because there would be too few ports. Spacing a few large
ports far apart will not increase dilution as it is then governed by point-plume
characteristics that do not merge. To maximize dilution, the plumes should
merge to a line plume (see Section 3.3.2) and this is accomplished by using the
smallest feasible port diameters. If the effluent has been treated by
milliscreening and grease removal, port diameters as small as 40 mm can be
used for shallow small diameter diffusers. The orifices should discharge
horizontally because this gives a higher near field dilution.

The port spacing should be based on having the plumes merge just before
impacting the water surface. According to Section 3.3.2, for a surfacing plume
this occurs when s/H >0.3, and if stratified, s/[, >0.3. Visual Plumes can be
used to determine the near and far field dilutions.

It is possible to use a single straight line diffuser, but, from a standpoint of
internal friction losses and maintaining a uniform flow distribution, it may be
advantageous to use a Wye or otherwise branched diffuser.

Another important consideration for very shallow diffusers is that the bottom
pressure under a wave crest can be considerably greater than that under the wave
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trough and this differential can cause seawater to enter the diffuser. To avoid this
it is recommended that check valves (such as the duckbill valve) be installed on
the ports. It should also be noted that wave action which passes sequentially over
the ports will cause non-uniform discharge among the ports, although the
average discharge between the ports will remain constant.

Wave forces can be very important for shallow diffusers and can cause
instability. The greater the wave height and the shallower the diffuser the greater
the concern. The methodologies for stabilization are basically the same as
outlined in Sections 9.4.3, 9.4.4, 9.4.5, and 9.5. The main difference is to ensure
the stabilization methods do not interfere with the port discharges. When
entrenchment of the diffuser is necessary, risers like those shown in Figures 9.20
and 9.21 (e), (), and (g) are necessary to raise the ports above the seabed.

The diffuser is designed for the maximum design flow but there may be a
large difference between initial and future flows. During the early years of a long
shallow diffuser, the flow may not reach the end, increasing the likelihood of
sedimentation in the pipe and intrusion of marine organisms. This is easily
remedied, as mentioned in previous sections, by blocking some inshore ports
during the early years. Because the depth is shallow, a diver can remove some of
the caps or plugs as the flow increases.

An advantage of shallow diffusers is that diver bottom time is usually not a
major concern during construction, inspection, or repair of the diffuser. A
disadvantage is that the shallower depth increases the likelihood of damage from
waves, small boat anchors, and fishing equipment.
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Ocean outfall construction

10.1 INTRODUCTION

The purpose of this chapter is to review the major methods of marine outfall
pipeline construction, the principal variables that will be encountered and how
they affect construction, and the most important steps that should be taken to
help ensure an orderly, efficient, and effective construction enterprise. Planning,
design, and construction of outfalls are closely linked and must be considered
together to ensure a trouble free facility with a long useful life that is economical
and efficient. The construction phase must comply with the planning and design
requirements. Conversely, the planning and design process should consider
construction practicality and feasibility.

There are many options for planning, designing, and constructing an ocean
outfall. Three basic ones are summarized below to illustrate how construction
requirements and responsibilities differ for each of them.

© 2010 IWA Publishing. Marine Wastewater Outfalls and Treatment Systems. By Philip JW Roberts,
Henry J Salas, Fred M Reiff, Menahem Libhaber, Alejandro Labbe, and James C Thomson.
ISBN: 9781843391890. Published by IWA Publishing, London, UK.
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One option is for the entity that will be the owner and operator of the outfall
(usually a water and sewer authority) to carry out the planning, design, and
construction utilizing their own personnel. Water and sewer authorities may elect
this option particularly if the outfall is small diameter, they have qualified
personnel with previous successful experience in the planning, design, and
construction of marine outfalls, sea conditions are normally favorable for
outfall installation, and the geomorphology of the seabed is well documented
and suitable for outfalls. In this option the personnel responsible for planning
and design are also frequently responsible for construction. When this option
is well orchestrated by experienced and qualified personnel, the time from
the initial planning stages to initiation of operation and maintenance can be greatly
compressed, and, because the risks involved are assumed by the owner, the
overall cost can be very low. A distinct advantage of this option is that
if unexpected conditions are encountered during construction that make it
necessary to modify the design, it is usually possible to do this quickly. Another is
that with each succeeding outfall, the process usually becomes more efficient
and cost effective. A variation of this option that is sometimes employed by a
relatively inexperienced entity is to retain an overall expert in planning, design,
and construction to guide, oversee, teach, and perhaps supervise, the entire project.

The water and sewer authority (or other responsible entity) will often retain a
qualified engineering consulting firm to carry out or assist with the planning and
design phases whereas construction will be accomplished by a construction
contract, based on the plans and specifications prepared by the consulting firm.
The construction contract can be awarded through a competitive bidding or a
negotiation process. This option becomes more attractive with increasing outfall
diameter and length, more difficult sea conditions, insufficient oceanographic
information, important environmental considerations, and limited local experi-
ence with ocean outfalls. In this arrangement, the authority may either choose to
inspect the work being carried out by the contractor with their own personnel, or
it might retain the consulting firm to carry out the inspection. The major
advantage to this option is the increased likelihood of the different phases of the
project being carried out by experts with both broad and in-depth experience of
all aspects of outfalls.

Another option is for the authority or agency to negotiate a ‘“‘turnkey
contract” in which the contractor has full responsibility for all aspects of outfall
design, construction, and commissioning. A turnkey contract may even include
responsibility for planning of the outfall. For this option, the authority may
carry out the necessary inspection to ensure that the work is being carried out
in compliance with the contract requirements, or retain a third party to provide
this service.
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The planning and design phases determine the onshore outfall location, the
diffuser location, the outfall diameter and length, the general if not the specific
outfall alignment, the diffuser details, the material and class of the pipe to
be used, the measures to protect the outfall from the hydrodynamic and
corrosive forces of the marine environment, and how water quality standards
and environmental impact requirements will be met during the construction
and the operational phases. The outputs from these two phases culminate
in the project’s construction plans and specifications, and the construction
phase achieves the requirements established in the plans and specifications.
Construction plans and specifications rarely dictate the exact methodology to
construct the outfall, but the diameter, weight, and material of the pipe, the
sea conditions, the seabed geomorphology, environmental requirements, and
competing uses of the ocean strongly influence or determine the most feasible
construction methodology.

10.2 IMPORTANT PRELIMINARY CONSIDERATIONS
FOR CONSTRUCTION

There are a number of factors that should be considered as early as possible
during construction of an ocean outfall. Failure to do so has resulted in project
delays, cost overruns, accidents, litigation, and even project failure.

10.2.1 Permits and compliance with regulations

Construction of outfalls is affected by government regulations and permitting
processes at local and national levels. Examples are permits for transportation
and use of explosives, environmental protection, use of ports and harbors,
connection to or disruption of utilities, worker health and safety requirements,
and traffic control at ingress and egress to the work site. These should be
reviewed, considered, and addressed as early as possible because some of them
require a long lead time.

10.2.2 Seabed conditions

It is important that the construction contractor have detailed information of the
submarine conditions not only on the selected outfall route but also in the
general area. Bathymetric charts, seabed geomorphology charts, navigational
charts, subsea videos, sonar imaging, and diver reports can provide crucial
information pertinent to construction. Any such information that was obtained
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during the planning and design phases of the project should be made available to
the entity responsible for construction.

It is a good practice for the construction contractor to dive the site as soon as
possible to verify or supplement information already available. The divers
should permanently mark any anomaly, problem area, or potential obstruction
and accurately establish their location. The contractor should also take a
pre-construction video of the submarine route to help identify potential problem
areas as well as document the conditions before construction begins. For
complex seabeds, if an accurate bathymetric chart of the seabed is not available,
the contractor should have one prepared using multibeam sonar and GPS.

If the construction involves submarine excavation, the contractor should
consider taking bottom samples and drilling boreholes to enable selection of the
best method of excavation. If this involves the use of explosives, test blasts to
determine the most suitable explosive should be carried out as early as possible.
Likewise, if mechanical anchors are to be used to stabilize the outfall, the
suitability of the seabed for their installation should be verified as soon as
possible.

10.2.3 Sea conditions, wind, waves, tides, and currents

Although waves, tides, currents, and wind should have been considered during
design, the focus would usually have been on the extremes that might be
encountered over the useful life of the outfall. Construction activities can be
adversely affected, however, or even prevented altogether, by much lower levels
of winds, waves, and currents. The contractor is more interested in seasonal,
daily, or hourly probabilities of significant perturbations to enable scheduling
construction activities to take advantage of the most favorable times.

Wind speed and direction are extremely important, particularly for float and
sink installation. It is important for the contractor to be able to make short-term
projections of wind speed and direction, and changes that are likely to occur
during the day. Historical meteorological data can be useful for this purpose.

Where underwater work by divers is required, visibility is very important
for work efficiency, so the likelihood and effect of stormwater runoff and
resuspension of seabed sediments by currents and waves must be considered.

Tide tables are not only valuable for scheduling activities but they are
crucially important for work in shallow, nearshore areas and the intertidal zone.
Tidally-driven currents can also adversely affect construction in offshore waters.

Wind, waves, currents, and tides must all be considered because they can
adversely affect construction in many ways and can strongly influence the choice
of construction techniques and methodology. They determine to a great extent
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whether or not it is necessary to construct a temporary trestle in the surf zone.
The height of anticipated waves determines the height and strength of such a
trestle to ensure its adequacy and safety. They determine the construction
method of the temporary trestle itself. Even moderate waves can adversely affect
the lay barge method of outfall installation and make it difficult, if not
impossible, due to instability of the barge. Even moderate waves can cause
considerable water movement near the seabed when the ocean depth is less than
about 15 m. The drag on a diver from the current, the eddies that are induced
around the outfall pipe, and the reversal of current direction with each passing
wave can preclude useful work.

10.2.4 Surf zone conditions

Two terms used somewhat interchangeably are “surf zone” and “inshore zone”.
The surf zone is defined as extending from the shoreline to a depth where
approaching waves begin to break. This is not an exact definition since waves of
different heights break at different depths. The inshore zone is defined as water
less than about 6 m deep, or shoreward of the depth in which a barge or ship can
work. This is also not a precise definition.

Because water conditions in the surf zone influence construction decisions in
many ways, it is important to know how they vary with the seasons of the year,
tides, winds, time of day, and with local and remote sea conditions. It is virtually
impossible for divers to work under breaking waves. A trench excavated in a
sandy seabed will rapidly fill in the surf zone so it becomes necessary to install
sheet piling to keep it open. Rip currents and cross shore littoral currents can
make accurate outfall placement difficult. Surf zone conditions frequently make
it necessary to construct a trestle to excavate a trench for outfall pipe installation.
The trestle length, water depth, and height above sea level are determined by the
surf zone conditions.

10.2.5 Construction offices

An office for the management, coordination, and supervision of construction
activities should be made available early in the construction phase. This can be a
trailer, a temporary building, or rental of an existing building. The construction
office(s) should be as close as possible to the major construction activities.
They should have adequate space, appropriate furniture, computer equipment,
files, and office equipment to carry out the work. It should have communication
systems such as telephone and internet, and heating and air conditioning
appropriate for the local climate.
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10.2.6 Supply of pipe and fittings

Pipe quality is critically important for outfalls, so the purchase order or contract
should contain appropriate reference standards. Inspection of the manufacturing
process is sometimes warranted. In addition, the contractor (or purchasing
entity) should request quality certificates regarding the manufacturing process as
well as the quality of the raw materials. These should be accompanied by
properly certified results of the manufacturer’s laboratory tests carried out on the
pipe. For HDPE pipe it is also recommended that, as soon as the pipe arrives at
the work site, samples should be taken and destructive and non-destructive tests
carried out to certify the pipe quality.

Regardless of the type, class, and pipe diameter, the arrangements for
purchase and transport of the pipe should be made as early as possible. Pipe for
ocean outfalls is usually not available from stock and is usually made
specifically. Therefore, the purchase order or contract should contain a clause
that requires the manufacturer (or supplier) to provide a firm date for pipe
fabrication so that arrangements for inspection and testing and acceptance can
be carried out in a timely manner. Likewise the dates of shipment and arrival
should be clearly established. When international shipment is involved,
clearance through customs must be considered when scheduling the project.

The purchase order or contract should also contain requirements for shipping
that include loading, handling, and packaging or containerization so as to
preclude damage to the pipe in transit. Most pipes are manufactured in standard
lengths that are suitable for ocean and land transport. The standard 12 m length
of HDPE pipe fits nicely into shipping containers as shown in Figure 10.1, and
this provides adequate protection during shipment, unloading, and local
transportation by truck or rail.

Loading, offloading, and handling of the pipe should be carried out in a
manner that prevents damage. This is especially important for pipe made of
softer materials such as HDPE, PP, and GRP as well as steel pipes with
protective coatings or pipe with integral joints that are vulnerable to damage.
Figure 10.2 illustrates the use of nylon straps to minimize damage to HDPE pipe
during offloading from a container.

There are a number of manufacturers that produce polyethylene pipe in
lengths up 500 m. Because the specific gravity of polyethylene is less than one, it
is possible to tow a number of these very long pipe lengths behind a seagoing
vessel over the open ocean directly to the project site (Figure 10.3). This has the
advantage of eliminating or greatly reducing the number of butt fusion joints to
be made at the site but has the disadvantage of exposing the pipe to potential
abuse and damage during transportation.
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Figure 10.1 HDPE pipe loaded into container for ocean transport

Figure 10.2 Unloading HDPE pipe from a container using nylon straps
to protect the pipe from abrasion
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(a) Pipe extrusion

(b) Transport by sea

Figure 10.3 Production and transport of long lengths of HDPE pipe
(courtesy Pipelife Norway)

10.2.7 Storage of materials and equipment

Regardless of the materials used for the outfall or the construction methodology
employed there will be a need for a storage yard for materials, supplies, and
equipment. The construction methods will influence the location(s) for site
storage that can be used to best advantage. If the outfall is assembled on land
before installation in the ocean, the storage yard should preferably be located
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where the assembly (construction) takes place. If the outfall is constructed
offshore the storage yard should be near a port or harbor from which pipe,
supplies, and equipment can be loaded onto barges to transport them to the
offshore installation site.

The storage yard should be arranged to facilitate transport of materials or
equipment into or out of it. It must have aisles that are wide enough to
accommodate the maneuvering of forklifts, cranes, and trucks as they handle
and transport the pipe and other materials. The area should be fenced and
guarded against theft and vandalism during non-working hours. It should have
appropriate shelter for supplies that can be damaged by rain, wind, sun, and dust.
It is usually advantageous to have the construction office located on or adjacent
to the storage yard.

10.2.8 Public relations

Construction of an ocean outfall can have a strong impact on the local
community, especially if it is in a densely populated area. The magnitude of the
works and the fact that the outfall signifies an important advancement for the
municipality generates high expectations among the local authorities, the media,
and the inhabitants.

Local authorities should be notified well in advance of any construction
activities that might interfere with the daily routine of the local inhabitants and
advised of measures that will be taken to minimize the impact. Where feasible
the local media can be utilized to inform the public to steer clear of the area
when interference with their daily lives is likely. If disruption of local utilities
is likely, the public should be forewarned and the affected utility should be
restored to at pre-outfall conditions as soon as possible.

Demobilization is the final stage of outfall construction. This includes
dismantling temporary structures and removal of all equipment, machinery,
tools, supplies, and refuse. Even if the outfall is perfectly constructed, the general
public will only be able to observe the conditions on land. The demobilization
should be thoroughly carried out because abandoned equipment and materials or
trash left behind will be associated with slipshod work and disrespect for the
community.

10.3 OUTFALL INSTALLATION METHODS

Various methods have been successfully used for outfall installation. Most have
been adapted from those originally developed for installation of submarine
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pipelines for the offshore petroleum industry. The choice depends mostly on the
type of pipe used, its diameter and length, the water depth, sea conditions, and
seabed characteristics.

The following sections describe the methods most commonly used and
review their salient features and the situations where they would be favorable or
unfavorable. Installation by flotation and submersion method is covered in the
most detail because it is most commonly used for HDPE submarine outfalls, and
is particularly appropriate for the numerous small and medium sized coastal
communities that could benefit from an ocean outfall.

10.3.1 Flotation and submersion

Installation by flotation and submersion is used primarily for outfalls of high
density polyethylene (HDPE) and polypropylene (PP) pipe, but it has occasionally
been used for steel and ductile iron, usually with supplemental flotation.
This method is based on the principal that a pipe filled with air will float when
the weight of the pipe is less than the weight of water displaced by the pipe. Only
HDPE will be covered here because of its predominance for small to medium
diameter outfalls.

The buoyancy of empty HDPE pipe is usually sufficient to support the weight
of the concrete ballasts attached to the pipe to stabilize it against the
hydrodynamic forces of the ocean as it rests on the seabed (see Chapter 9).
If the weight of the pipe and concrete ballasts is too heavy to be supported by the
buoyancy of the empty pipe it is necessary to provide temporary supplemental
flotation during transportation and submersion. An alternative is to not attach all
of the ballast weights so the outfall will float and then have divers attach them
underwater after submersion. A quicker and cheaper option is to design concrete
ballasts that allow easy addition of supplemental concrete weights to them after
the pipe is submerged.

For the flotation and submersion method the outfall is usually assembled with
ballasts and fittings on land that is suitable for launching it directly into the
water. Two basic options are (1) to assemble the entire outfall as a single unit for
subsequent launching and transport to the submersion site, and (2) to assemble
the outfall in two or more sections that are launched and transported separately
to the outfall site where they are connected together during the submersion
process. Flotation and submersion of HDPE outfalls consists of the following
components:

® Preparation of temporary working platform and launching facility;
® Butt fusion welding to join individual pipe sections;
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Fabricating concrete ballasts and attaching them to the pipe;

Temporary storage and testing of the assembled outfall;

Launching the completed outfall into the ocean;

Towing the floating outfall to the desired location and aligning it to its
predetermined route;

Submerging the outfall onto the designated seabed alignment;

e Post submerging activities.

10.3.1.1 Temporary working platform and launch facility

The distance between the outfall assembly site and the final outfall location on
the seabed is an important consideration. Ideally, the assembly site would be
located where the outfall is to be installed, but frequently such a site is not
available. If a remote site must be used, it should be as close as possible to the
submersion site so that navigation time over water is minimized and the pipe is
exposed to less risk, particularly over deep waters. The land distance between
these points should also be minimal to facilitate movement of personnel and
machinery. Other aspects to be considered include distance from the urban
center so that any needed resources can be obtained easily and quickly. It should
also have easy access to communications facilities, electrical power, and other
needs. Proximity to port facilities and the availability of tug boats and deep sea
vessels for use in launching the pipe and the other maritime works are also
important. The work platform must be guarded at all times to protect the general
public against accidental injury as well as to protect the outfall from damage or
vandalism.

An HDPE outfall must be assembled on a flat, relatively level surface (hereafter
called a working platform) to ensure correct axial alignment of the pipe lengths
as they are joined together. The working platform should be designed to facilitate
movement of either the connected string of pipe or the butt fusion welding
equipment as new pipe sections are being joined to the pipe string. Such a platform
may also be used to “store” the completed segment(s) in a manner that enables
testing and facilitates launching the outfall into the sea. There are various options
that are commonly selected for a working platform.

One that is widely used in Chile and other countries is a temporary rail system
that terminates in a trestle and ramp at the shoreline. The entire outfall is assembled
using the rail system as the working platform and on completion it is pulled
over the trestle and ramp and launched into the ocean. Figure 10.4 portrays the rail
system used in 2004 for the installation of an outfall in Quintero, Chile. Ideally
it should be perpendicular to the shoreline at the launching site. Its length is
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determined by the length of the outfall. If it is not feasible to construct a platform
as long as the entire outfall, it is usually constructed as several parallel rail systems
that are ¥, Y, or ¥, the outfall length and wide enough to allow movement of
machinery, equipment, and pipe for assembling each outfall section.

Figure 10.4 Temporary rail system used in constructing the outfall for
Quintero, Chile (courtesy of Belfi-Montec)

With this option the butt fusion welding operation can either be stationary
with the assembled outfall moved from it over the rails, or it can move on the
rails after each joint is completed with the completed sections of the outfall
remaining stationary until launching. The rail system is usually constructed of
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lightweight rails fastened to railroad ties or sleepers resting on a prepared flat
and level, or nearly level, surface. The separation between the rails and spacing
of the ties or sleepers should be appropriate for the pipe diameter and concrete
ballasts as well as the butt welding equipment. Carts are placed on the rails to
hold and move the pipe while it is being welded and the concrete ballasts are
being attached.

Another option is a short working platform, usually no longer than three or
four pipe lengths, set up close to a calm protected water body (such as a canal,
estuary, bay, or harbor) in which the completed outfall will be temporarily stored
before transport to the submersion site. The platform is designed for stationary
butt fusion operation, attachment of concrete ballasts, and launching each
completed section into the water after the concrete ballasts have been attached.
It is frequently set up on the end of an existing dock or pier that has been fitted
with a temporary ramp or trestle designed to carefully feed the outfall into the
water as illustrated conceptually in Figure 10.5.

End of existing pier or dock Water

Butt fusion
welding machine Temporar
& temporary shelter adj ustagle ra)llﬂp
with rollers

Veerollers

Hide e atecha beng ed o
gﬁfggiﬁg body of water for storage
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Water

Figure 10.5 Temporary outfall assembly platform on an existing pier or dock

This option usually utilizes a crane or forklift along with rollers, dollies, and/
or rails to facilitate handling the pipe and materials during the connection of the
pipe sections, attachment of ballast weights, and feeding the assembled outfall
into the water.

Adequate anchorage must be provided for the floating outfall to secure it
against movement by wind, waves, or currents. The water body used for storage
must connect to the sea where the outfall is to be installed. This option is also
sometimes used for launching the outfall directly to its final submersion site if
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the sea conditions are dependably calm and the diameter and length of the outfall
are small enough that assembly takes less than one or two days.

An existing paved roadway or a shoulder of a roadway can sometimes be
used for a working platform. An example is shown in Figure 10.6, in Vina del
Mar, Chile, in 1996. Ideally the roadway should be straight and level and
terminate in a paved ramp leading to the sea (such as a launching ramp for boats
carried on trailers) otherwise a temporary launching facility that connects the
roadway to the sea must be constructed. This option may benefit the contractor,
as it reduces the temporary works needed. But it requires the support and
collaboration of local authorities and considerable effort on the part of the
contractor to ensure public safety, minimize interference with traffic, and avoid
accidents or hazardous situations, especially during outfall launching.

Figure 10.6 Outfall assembled alongside a major thoroughfare in Vifa del
Mar, Chile (1,500 m long by 1,200 mm OD) (courtesy Belfi-Montec)

10.3.1.2 Butt fusion welding HDPE pipe

HDPE pipe outfalls are connected together by a process known as butt fusion
welding using equipment manufactured specifically for this purpose. When this
is properly done the joint has a quick burst strength that is over 85% of the long
term burst strength of the pipe itself.
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Quality control of the butt fusion process is essential because a poorly made
joint can have less than 50% of the strength of the pipe. The welding process
requires careful alignment of the axes of the pipe lengths to be welded, milling
(planing) of the pipe ends so they will abut squarely and precisely, heating the
two ends to the melting point of the HDPE resin, joining the melted ends
together under pressure, and slowly cooling the joint. The heating temperature,
time, and pressure must be carefully controlled so that the physical properties of
the HDPE are retained after the joint cools. Figure 10.7 graphically illustrates
the relationship of the applied pressure (compressive stress on the butt end pipe
walls) to the elapsed time during the principal stages of the welding process.
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Figure 10.7 Graphical representation of butt fusion welding process

Welding commences after the butt ends of the pipes have been squarely milled
to a near perfect match and the heating element (also referred to as mirror) has
reached the temperature required by the pipe manufacturer. This is commonly
220°C for HDPE pipe. The heating element is placed between the butt ends of the
pipe which are moved against the heating element with a pressure P; for a time #,.
As the HDPE begins to melt, beads of molten material form around the pipe
circumference where they contact the heating element. When the desired bead
width (e) is reached, the pressure is lowered to a level P, for a period of time ¢,
k