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Preface

Everything seems to matter in environmental engineering. The social sciences and
humanities, as well as the natural sciences, can be as important to the practice of envi-
ronmental engineering as classical engineering skills. Many environmental engineers
find this combination of skills and disciplines, with its inherent breadth, both chal-
lenging and rewarding. In universities, however, inclusion of these disciplines often
requires the environmental engineering student to cross discipline and department
boundaries. Deciding what to include in an introductory environmental engineering
book is critical but difficult, and this difficulty has been enhanced by the growth of
environmental engineering since the first edition of this book.

The text is organized into areas important to all environmental engineers: water
resources, air quality, solid and hazardous wastes (including radioactive wastes), and
noise. Chapters on environmental impact assessment and on risk analysis are also
included. Any text on environmental engineering is somewhat dated by the time of
publication, because the field is moving and changing rapidly. We have included those
fundamental topics and principles on which the practice of environmental engineering
is grounded, illustrating them with contemporary examples. We have incorporated
emerging issues, such as global climate change and the controversy over the linear
nonthreshold theory, whenever possible.

This book is intended for engineering students who are grounded in basic physics,
chemistry, and biology, and who have already been introduced to fluid mechanics. The
material presented can readily be covered in a one-semester course.

The authors are indebted to Professor P. A. Vesilind of Bucknell University and
Professor J. J. Peirce of Duke University, the authors of the original Environmental
Engineering. Without their work, and the books that have gone before, this edition
would never have come to fruition.

Ruth F. Weiner
Robin Matthews
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Chapter 1

Environmental Engineering

Environmental engineering is a relatively new profession with a long and honorable
history. The descriptive title of “environmental engineer” was not used until the 1960s,
when academic programs in engineering and public health schools broadened their
scope and required a more accurate title to describe their curricula and their graduates.
The roots of this profession, however, go back as far as recorded history. These
roots reach into several major disciplines including civil engineering, public health,
ecology, chemistry, and meteorology. From each foundation, the environmental engi-
neering profession draws knowledge, skill, and professionalism. From ethics, the
environmental engineer draws concern for the greater good.

CIVIL ENGINEERING

Throughout western civilization settled agriculture and the development of agricultural
skills created a cooperative social fabric and spawned the growth of communities,
as well as changed the face of the earth with its overriding impact on the natural
environment. As farming efficiency increased, a division of labor became possible,
and communities began to build public and private structures that engineered solu-
tions to specific public problems. Defense of these structures and of the land became
paramount, and other structures subsequently were built purely for defensive purposes.
In some societies the conquest of neighbors required the construction of machines of
war. Builders of war machines became known as engineers, and the term “engineer”
continued to imply military involvement well into the eighteenth century.

In 1782 John Smeaton, builder of roads, structures, and canals in England, recog-
nized that his profession tended to focus on the construction of public facilities rather
than purely military ones, and that he could correctly be designated a civil engineer.
This title was widely adopted by engineers engaged in public works (Kirby et al.
1956).

The first formal university engineering curriculum in the United States was estab-
lished at the U.S. Military Academy at West Point in 1802. The first engineering
course outside the Academy was offered in 1821 at the American Literary, Scientific,
and Military Academy, which later became Norwich University. The Renssalaer
Polytechnic Institute conferred the first truly civil engineering degree in 1835. In 1852,
the American Society of Civil Engineers was founded (Wisely 1974).
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Water supply and wastewater drainage were among the public facilities designed
by civil engineers to control environmental pollution and protect public health. The
availability of water had always been a critical component of civilizations. Ancient
Rome, for example, had water supplied by nine different aqueducts up to 80 km
(50 miles) long, with cross sections from 2 to 15m (7 to 50 ft). The purpose of the
aqueducts was to carry spring water, which even the Romans knew was better to drink
than Tiber River water.

As cities grew, the demand for water increased dramatically. During the eighteenth
and nineteenth centuries the poorer residents of European cities lived under abominable
conditions, with water supplies that were grossly polluted, expensive, or nonexistent.
In London the water supply was controlled by nine different private companies and
water was sold to the public. People who could not afford to pay for water often begged
or stole it. During epidemics of disease the privation was so great that many drank water
from furrows and depressions in plowed fields. Droughts caused water supplies to be
curtailed and great crowds formed to wait their “turn” at the public pumps (Ridgway
1970).

In the New World the first public water supply system consisted of wooden pipes,
bored and charred, with metal rings shrunk on the ends to prevent splitting. The first
such pipes were installed in 1652, and the first citywide system was constructed in
Winston-Salem, NC, in 1776. The first American water works was built in the Moravian
settlement of Bethlehem, PA. A wooden water wheel, driven by the flow of Monocacy
Creek, powered wooden pumps that lifted spring water to a hilltop wooden reservoir
from which it was distributed by gravity (American Public Works Association 1976).
One of the first major water supply undertakings was the Croton Aqueduct, started in
1835 and completed six years later. This engineering marvel brought clear water to
Manbhattan Island, which had an inadequate supply of groundwater (Lankton 1977).

Although municipal water systems might have provided adequate quantities of
water, the water quality was often suspect. One observer noted that the poor used the
water for soup, the middle class dyed their clothes in it, and the very rich used it for
top-dressing their lawns.

The earliest known acknowledgment of the effect of impure water is found in
Susruta Samhitta, a collection of fables and observations on health, dating back to
2000 BCE, which recommended that water be boiled before drinking. Water filtration
became commonplace toward the middle of the nineteenth century. The first successful
water supply filter was in Parsley, Scotland, in 1804, and many less successful attempts
at filtration followed (Baker 1949). A notable failure was the New Orleans system for
filtering water from the Mississippi River. The water proved to be so muddy that the
filters clogged too fast for the system to be workable. This problem was not alleviated
until aluminum sulfate (alum) began to be used as a pretreatment to filtration. The use
of alum to clarify water was proposed in 1757, but was not convincingly demonstrated
until 1885. Disinfection of water with chlorine began in Belgium in 1902 and in
America, in Jersey City, NJ, in 1908. Between 1900 and 1920 deaths from infectious
disease dropped dramatically, owing in part to the effect of cleaner water supplies.

Human waste disposal in early cities presented both a nuisance and a serious
health problem. Often the method of disposal consisted of nothing more than flinging
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Figure 1-1. Human excreta disposal, from an old woodcut (source: W. Reyburn,
Flushed with Pride. McDonald, London, 1969).

the contents of chamberpots out the window (Fig. 1-1). Around 1550, King Henri IT
repeatedly tried to get the Parliament of Paris to build sewers, but neither the king nor
the parliament proposed to pay for them. The famous Paris sewer system was built
under Napoleon III, in the nineteenth century (De Camp 1963).

Stormwater was considered the main “drainage” problem, and it was in fact illegal
in many cities to discharge wastes into the ditches and storm sewers. Eventually, as
water supplies developed,! the storm sewers were used for both sanitary waste and
stormwater. Such “combined sewers” existed in some of our major cities until the
1980s.

11n 1844, to hold down the quantity of wastewater discharge, the city of Boston passed an ordinance
prohibiting the taking of baths without doctor’s orders.
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The first system for urban drainage in America was constructed in Boston around
1700. There was surprising resistance to the construction of sewers for waste disposal.
Most American cities had cesspools or vaults, even at the end of the nineteenth cen-
tury. The most economical means of waste disposal was to pump these out at regular
intervals and cart the waste to a disposal site outside the town. Engineers argued that
although sanitary sewer construction was capital intensive, sewers provided the best
means of wastewater disposal in the long run. Their argument prevailed, and there was
a remarkable period of sewer construction between 1890 and 1900.

The first separate sewerage systems in America were builtin the 1880s in Memphis,
TN, and Pullman, II.. The Memphis system was a complete failure. It used small pipes
that were to be flushed periodically. No manholes were constructed and cleanout
became a major problem. The system was later removed and larger pipes, with
manholes, were installed (American Public Works Association 1976).

Initially, all sewers emptied into the nearest watercourse, without any treatment.
As a result, many lakes and rivers became grossly polluted and, as an 1885 Boston
Board of Health report put it, “larger territories are at once, and frequently, enveloped
in an atmosphere of stench so strong as to arouse the sleeping, terrify the weak and
nauseate and exasperate everybody.”

Wastewater treatment first consisted only of screening for removal of the large
floatables to protect sewage pumps. Screens had to be cleaned manually, and wastes
were buried or incinerated. The first mechanical screens were installed in Sacramento,
CA, in 1915, and the first mechanical comminutor for grinding up screenings was
installed in Durham, NC. The first complete treatment systems were operational by
the turn of the century, with land spraying of the effluent being a popular method of
wastewater disposal.

Civil engineers were responsible for developing engineering solutions to these
water and wastewater problems of these facilities. There was, however, little appreci-
ation of the broader aspects of environmental pollution control and management until
the mid-1900s. As recently as 1950 raw sewage was dumped into surface waters in
the United States, and even streams in public parks and in U.S. cities were fouled with
untreated wastewater. The first comprehensive federal water pollution control legisla-
tion was enacted by the U.S. Congress in 1957, and secondary sewage treatment was
not required at all before passage of the 1972 Clean Water Act. Concern about clean
water has come from the public health professions and from the study of the science
of ecology.

PUBLIC HEALTH

Life in cites during the middle ages, and through the industrial revolution, was difficult,
sad, and usually short. In 1842, the Report from the Poor Law Commissioners on an
Inquiry into the Sanitary Conditions of the Labouring Population of Great Britain
described the sanitary conditions in this manner:

Many dwellings of the poor are arranged around narrow courts having no other opening to the
main street than a narrow covered passage. In these courts there are several occupants, each
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of whom accumulated a heap. In some cases, each of these heaps is piled up separately in the
court, with a general receptacle in the middle for drainage. In others, a plot is dug in the middle
of the court for the general use of all the occupants. In some the whole courts up to the very
doors of the houses were covered with filth.

The great rivers in urbanized areas were in effect open sewers. The River Cam, like
the Thames, was for many years grossly polluted. There is a tale of Queen Victoria
visiting Trinity College at Cambridge, and saying to the Master, as she looked over
the bridge abutment, “What are all those pieces of paper floating down the river?”
To which, with great presence of mind, he replied, “Those, ma’am, are notices that
bathing is forbidden” (Raverat 1969).

During the middle of the nineteenth century, public health measures were inad-
equate and often counterproductive. The germ theory of disease was not as yet fully
appreciated, and epidemics swept periodically over the major cities of the world. Some
intuitive public health measures did, however, have a positive effect. Removal of
corpses during epidemics, and appeals for cleanliness, undoubtedly helped the public
health.

The 1850s have come to be known as the “Great Sanitary Awakening.” Led by
tireless public health advocates like Sir Edwin Chadwick in England and Ludwig
Semmelweiss in Austria, proper and effective measures began to evolve. John Snow’s
classic epidemiological study of the 1849 cholera epidemic in London stands as a
seminally important investigation of a public health problem. By using a map of the
area and identifying the residences of those who contracted the disease, Snow was
able to pinpoint the source of the epidemic as the water from a public pump on Broad
Street. Removal of the handle from the Broad Street pump eliminated the source of the
cholera pathogen, and the epidemic subsided.2 Waterborne diseases have become one
of the major concerns of the public health. The control of such diseases by providing
safe and pleasing water to the public has been one of the dramatic successes of the
public health profession.

Today the concerns of public health encompass not only water butall aspects of civ-
ilized life, including food, air, toxic materials, noise, and other environmental insults.
The work of the environmental engineer has been made more difficult by the current
tendency to ascribe many ailments, including psychological stress, to environmental
origins, whether or not there is any evidence linking cause and effect. The environ-
mental engineer faces the rather daunting task of elucidating such evidence relating
causes and effects that often are connected through years and decades as human health
and the environment respond to environmental pollutants.

ECOLOGY

The science of ecology defines “ecosystems” as interdependent populations of organ-
isms interacting with their physical and chemical environment. The populations of the

2Iutt‘:restjngly, it was not until 1884 that Robert Koch proved that Vibrio comma was the microorganism
responsible for the cholera.
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Figure 1-2. The hare and lynx homeostasis (source: D.A. MacLurich, “Fluctuations
in the Numbers of Varying Hare,” University of Toronto Studies, Biological Sciences
No. 43, Reproduced in S. Odum, Fundamentals of Ecology, 3rd ed., W.B. Saunders,
Philadelphia, 1971).

species in an ecosystem do not vary independently but rather fluctuate in an approx-
imate steady state in response to self-regulating or negative feedback (homeostasis).
Homeostatic equilibrium is dynamic, however, because the populations are also gov-
erned by positive feedback mechanisms that result from changes in the physical,
chemical, and biological environment (homeorhesis).

Homeostatic mechanisms can be illustrated by a simple interaction between two
populations, such as the hare and the lynx populations pictured in Fig. 1-2. When the
hare population is high the lynx have an abundant food supply and procreate. The lynx
population increases until the lynx outstrip the available hare population. Deprived of
adequate food, the lynx population then decreases, while the hare population increases
because there are fewer predators. This increase, in turn, provides more food for the
lynx population, and the cycle repeats. The numbers of each population are continu-
ally changing, making the system dynamic. When studied over a period of time, the
presence of this type of self-regulating feedback makes the system appear to be in a
steady state, which we call homeostasis.

In reality, populations rarely achieve steady state for any extended period of time.
Instead, populations respond to physical, chemical, and biological changes in the
environment along a positive feedback trajectory that will eventually settle into a new,
but again temporary, homeostasis. Some of these changes are natural (e.g., a volcanic
eruption that covers the lynx and hare habitat with ash or molten rock); many are
caused by humauos (e.g., destruction or alteration of habitat, introduction of competing
species, trapping or hunting).

Ecosystem interactions obviously can also include more than two species; con-
sider, for example, the sea otter, the sea urchin, and kelp in a homeostatic interaction.
The kelp forests along the Pacific coast consist of 60-m (200-ft) streamers fastened to
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the ocean floor. Kelp can be economically valuable, since it is the source of algin used
in foods, paints, and cosmetics. In the late 1900s kelp began to disappear mysteriously,
leaving a barren ocean floor. The mystery was solved when it was recognized that sea
urchins feed on the kelp, weaken the stems, and cause them to detach and float away.
The sea urchin population had increased because the population of the predators, the
sea otters, had been reduced drastically. The solution was protection of the sea otter
and increase in its population, resulting in a reduction of the sea urchin population and
maintenance of the kelp forests.

Some ecosystems are fragile, easily damaged, and slow to recover; some are
resistant to change and are able to withstand even serious perturbations; and others
are remarkably resilient and able to recover from perturbation if given the chance.
Engineers must consider that threats to ecosystems may differ markedly from threats
to public health; for example, acid rain poses a considerable hazard to some lake
ecosystems and agricultural products, but virtually no direct hazard to human health.
A converse example is that carcinogens dispersed in the atmospheric environment can
enter the human food chain and be inhaled, putting human health at risk, but they could
pose no threat to the ecosystems in which they are dispersed.

Engineers must appreciate the fundamental principles of ecology and design in
consonance with these principles in order to reduce the adverse impacts on frag-
ile ecosystems. For example, since the deep oceans are among the most fragile of
all ecosystems this fragility must be part of any consideration of ocean disposal of
waste. The engineer’s job is made even harder when he or she must balance ecosystem
damage against potential human health damage. The inclusion of ecological princi-
ples in engineering decisions is a major component of the environmental engineering
profession.

ETHICS

Historically the engineering profession in general and environmental engineering in
particular did not consider the ethical implications of solutions to problems. Ethics as
a framework for making decisions appeared to be irrelevant to engineering since the
engineer generally did precisely what the employer or client required.

Today, however, the engineer is no longer free from concern for ethical questions.
Scientists and engineers look at the world objectively with technical tools, but often
face questions that demand responses for which technical tools may be insufficient. In
some cases zll the alternatives to a particular engineering solution include “unethical”
elements. Engineers engaged in pollution control, or in any activity that impinges
on the natural environment, interface with environmental ethics.> An environmental
ethic concerns itself with the attitude of people toward other living things and toward
the natural environment, as well as with their attitudes toward each other. The search

3See, for example, Environmental Ethics, a professional journal published quarterly by the University
of Georgia, Athens, GA.
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for an environmental ethic raises the question of the origin of our attitude toward the
environment.

It is worth noting that the practice of settled agriculture has changed the face of the
earth more than any other human activity; yet the Phaestos Disk—the earliest Minoan
use of pictographs—elevates to heroism the adventurer who tries to turn North Africans
from hunting and gathering to settled agriculture. The tradition of private ownership
of land and resources, which developed hand-in-hand with settled agriculture, and the
more recent tradition of the planned economies that land and resources are primarily
instruments of national policy have both encouraged the exploitation of these resources.
Early European settlers arriving in the New World from countries where all land was
owned by royalty or wealthy aristocrats considered it their right to own and exploit
land.* An analogous situation occurred with the Soviet development of Siberia and
the eastern lands of the former Soviet Union (now the Russian Federation): land once
under private ownership now belonged to the state. Indeed, in both America and Russia,
natural resources appeared to be so plentiful that a “myth of superabundance” grew
in which the likelihood of running out of any natural resource, including oil, was
considered remote (Udall 1968). These traditions are contrary to the view that land
and natural resources are public trusts for which people serve the role of stewards.

Nomadic people and hunter-gatherers practiced no greater stewardship than the
cultures based on settled agriculture. In the post-industrial revolution world, the less
industrialized nations did less environmental damage than industrialized nations only
because they could not extract resources as quickly or efficiently. The Navajo sheep-
herders of the American southwest allowed overgrazing and consequent erosion and
soil loss to the same extent as the Basque sheepherders of southern Europe. Communal
ownership of land did not guarantee ecological preservation.

Both animistic religion and early improvements in agricultural practices (e.g.,
terracing, allowing fallow land) acted to preserve resources, particularly agricultural
resources. Arguments for public trust and stewardship were raised during the nine-
teenth century, in the midst of the ongoing environmental devastation that followed
the industrial revolution. Henry David Thoreau, Ralph Waldo Emerson, and later
John Muir, Gifford Pinchot, and President Theodore Roosevelt all contributed to the
growth of environmental awareness and concern. One of the first explicit statements of
the need for an environmental ethic was penned by Aldo Leopold (1949). Since then,
many have contributed thoughtful and well-reasoned arguments toward the develop-
ment of a comprehensive and useful ethic for judging questions of conscience and
environmental value.

Since the first Earth Day in 1970 environmental and ecological awareness has
been incorporated into public attitudes and is now an integral part of engineering

4An exception is found in states within the boundaries of the Northwest Purchase, notably Wisconsin.
Included in the Purchase agreement between France and America is the condition that state constitutions
must ensure that the water and air must be held in trust by the state for the people for “as long as the wind
blows and the water flows.” Wisconsin provides a virtually incalculable number of public accesses to lakes
and rivers.
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processes and designs. Environmental awareness and concern became an essentially
permanent part of the U.S. public discourse with the passage of the National Environ-
mental Policy Act of 1970. Today, every news magazine, daily newspaper, and radio
and TV station in the United States has staff who cover the environment and publish
regular environmental features. Candidates for national, state, and local elective office
run on environmental platforms. Since passage of the National Environmental Policy
Act, no federal public works project is undertaken without a thorough assessment of
its environmental impact and an exploration of alternatives (as is discussed in the fol-
lowing chapter). Many state and local governments have adopted such requirements as
well, so that virtually all public works projects include such assessments. Engineers are
called on both for project engineering and for assessing the environmental impact of
that engineering. The questions that engineers are called upon to answer have increased
in difficulty and complexity with the development of a national environmental
ethic.

The growing national environmental ethic, coupled (unfortunately) with a gen-
eral lack of scientific understanding, is at the root of public response to reports of
“eco-disasters” like major oil spills or releases of toxic or radioactive material. As a
result, this public response includes a certain amount of unproductive hand-wringing,
occasional hysteria, and laying of blame for the particular disaster. The environmental
engineer is often called on in such situations to design solutions and to prevent future
similar disasters, and is able to respond constructively.

In recent years, and particularly after the accident at the Three Mile Island nuclear
plant in 1979, the release of methyl isocyanate at the chemical plant in Bhopal, India,
in 1984, and the disastrous nuclear criticality and fire at the Chernobyl nuclear power
plant in 1986, general appreciation of the threats to people and ecosystems posed by
toxic or polluting substances has increased markedly. In 1982 the U.S. Environmen-
tal Protection Agency (EPA) began to develop a system of “risk-based” standards for
carcinogenic substances. The rationale for risk-based standards is the theory, on which
regulation is based, that there is no threshold for carcinogenesis. The U.S. Nuclear
Regulatory Commission is also considering risk-based standards. As a result of the
consequent increase of public awareness of risk, some members of the public appear
to be unwilling to accept any risk in their immediate environment to which they are
exposed involuntarily. It has become increasingly difficult to find locations for facil-
ities that can be suspected of producing any toxic, hazardous, or polluting effluent:
municipal landfills, radioactive waste sites, sewage treatment plants, or incinerators.
Aesthetically unsuitable developments, and even prisons, mental hospitals, or military
installations, whose lack of desirability is social rather than environmental, are also
difficult to site. Popper (1985) refers to such unwanted facilities as /ocally undesirable
land uses, or LULUs.

Local opposition to LULUs is generally focused on the site of the facility and
in particular on the proximity of the site to the residences of the opponents, and can
often be characterized by the phrase “not in my back yard.” Local opponents are often
referred to by the acronym for this phrase, NIMBY. The NIMBY phenomenon has also
been used for political advantage, resulting in unsound environmental decisions. The
environmental engineer is cautioned to identify the fine line between real concern about
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environmental degradation and an almost automatic “not in my back yard” reaction. He
or she recognizes, as many people do not, that virtually all human activity entails some
environmental alteration and some risk, and that a risk-free environment is impossible
to achieve. The balance between risk and benefit to various segments of the population
often involves questions of environmental ethics.

Is it ethical to oppose a particular location of an undesirable facility because
of its proximity to ecologically or politically sensitive areas, rather than working
to mitigate the undesirable features of the facility? Moreover, is it ethical to locate
such a facility where there is less local opposition, perhaps because employment is
needed, instead of in the environment where it will do the least damage? The enact-
ment of pollution control legislation in the United States has had a sort of NIMBY
by-product: the siting of U.S.-owned plants with hazardous or toxic effluents, like oil
desulfurization and copper smelting, in countries that have little or no pollution control
legislation. The ethics of such “pollution export” deserve closer examination than they
have had.

ENVIRONMENTAL ENGINEERING AS A PROFESSION

The general mission of colleges and universities is to allow students to mature intellec-
tually and socially and to prepare for careers that are rewarding. The chosen vocation
is ideally an avocation as well. It should be a job that is enjoyable and one approached
with enthusiasm even after experiencing many of the ever-present bumps in the road.
Designing a water treatment facility to provide clean drinking water to a community
can serve society and become a personally satisfying undertaking to the environmental
engineer. Environmental engineers now are employed in virtually all heavy industries
and utility companies in the United States, in any aspect of public works construc-
tion and management, by the EPA and other federal agencies, and by the consulting
firms used by these agencies. In addition, every state and most local governments have
agencies dealing with air quality, water quality and water resource management, soil
quality, forest and natural resource management, and agricultural management that
employ environmental engineers. Pollution control engineering has also become an
exceedingly profitable venture.

Environmental engineering has a proud history and a bright future. It is a career
that may be challenging, enjoyable, personally satisfying, and monetarily rewarding.
Environmental engineers are committed to high standards of interpersonal and envi-
ronmental ethics. They try to be part of the solution while recognizing that all people
including themselves are part of the problem.

ORGANIZATION OF THIS TEXT

The second chapter, Assessing Environmental Impact, gives an overview of the tools
needed to assess environmental impact of engineering projects. The concept of risk is
introduced and coupled with the concept of environmental ethics. The third chapter
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deals with some details of risk analysis. The text that follows is organized into four
sections:

e Water resources, water quality, and water pollution assay and control

e Air quality and air pollution assay and control

e Solid waste: municipal solid waste, chemically hazardous waste, and radioactive
waste

e Noise

These sections include parts of chapters that deal with the relevant pollution control
laws and regulations. All sections include problems to be addressed individually by
the reader or collectively in a classroom setting.






Chapter 2

Assessing Environmental
Impact

Environmental engineering requires that the impact and interaction of engineered struc-
tures on and with the natural environment be considered in any project. In 1970 this
principle was enacted into federal law in the United States. The National Environ-
mental Policy Act (NEPA) requires that environmental impact be assessed whenever
a federal action will have an environmental impact, as well as requiring that alterna-
tives be considered. Many states have enacted similar legislation to apply to state or
state-licensed actions. Since 1990, a number of “programmatic” environmental impact
statements have been drafted.

Environmental impact of federal projects currently is performed in several stages:
environmental assessment, a finding of no significant impact (FONSI) if that is appro-
priate, an environmental impact statement (if no FONSI is issued), and a record of
the decision (ROD) made following the environmental assessment. In this chapter we
consider the methods for making an environmental assessment as well as introducing
the economic and ethical implications of environmental engineering.

Engineers ideally approach a problem in a sequence suggested to be rational
by the theories of public decisionmaking: (1) problem definition, (2) generation of
alternative solutions, (3) evaluation of alternatives, (4) implementation of a selected
solution, and (5) review and appropriate revision of the implemented solution. This
step-by step approach is essentially the NEPA process defined by the federal and state
governments. This chapter presents an overview of environmental impact analysis.
The specific analytical tools as well as the specific impacts and mitigation measures
are discussed in detail in the other chapters of the book. However, impact assessment
provides an integrated view of the problems of environmental engineering.

ENVIRONMENTAL IMPACT

On January 1, 1970, President Richard Nixon signed NEPA into law, setting a national
policy to encourage “productive and enjoyable harmony” between people and their
environment. This law established the Council on Environmental Quality (CEQ),
which monitors the environmental effects of all federal activities, assists the President
in evaluating environmental problems, and determines solutions to these problems.

13
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However, few people realized in 1970 that NEPA contained a “sleeper,” Section
102(2)(C), that requires federal agencies to evaluate with public input the consequences
of any proposed action on the environment:

Congress authorizes and directs that, to the fullest extent possible: (1) the policies, regulations,
and public laws of the United States shall be interpreted and administered in accordance
with the policies set forth in this chapter, and (2) all agencies of the Federal Government shall
include in every recommendation or report on proposals for legislation and other major Federal
actions significantly affecting the quality of the human environment, a detailed statement by
the responsible official on—

(i) the environmental impact of the proposed action,
(ii) any adverse environmental effects that cannot be avoided should the proposal be
implemented,
(iii) alternatives to the proposed action,
(iv) the relationship between local short-term uses of man’s environment and the mainte-
nance and enhancement of long-term productivity, and
(v) any irreversible and irretrievable commitments of resources that would be involved in
the proposed action should it be implemented.

In other words each project funded by the federal government or requiring a federal
permit must be accompanied by an environmental assessment. This assessment results
in issuance of one of three documents:

(1) Finding of No Significant Impact (FONSI). Such a stand-alone finding results
when potential environmental impacts are compared to a checklist of significant
impacts, with the result that no significant impact can be identified.

(2) Environmental Assessment (EA). A detailed assessment of potential environmen-
tal impact resulting in one of two conclusions: either the EA must be expanded
to a full-scale environmental impact statement or a FONSI resuits from the EA.

(3) Environmental Impact Statement (EIS). An EIS must assess in detail the
potential environmental impacts of a proposed action and alternative actions.
Additionally, the agencies must generally follow a detailed public review of
each EIS before proceeding with the project or permit. It should be noted that
both positive and negative impacts are included; i.e., “impact” does not imply
“adverse impact.”

These impact statements are assessments and contain no judgments about the
positive or negative value of the project in question. An EIS publication sequence
is prescribed by law. First, a draft EIS (DEIS) is issued by the appropriate federal
agency. After mandated public hearings and incorporation of comments, the federal
agency issues a final EIS (FEIS). A Record of Decision (ROD), which includes the
final decision about the project, the alternative chosen, and any value judgments, is
also issued.

The purpose of environmental assessments was not to justify or fault projects,
but to introduce environmental factors into the decision-making machinery and have
them discussed in public before decisions about a project are made. However, this
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objective is difficult to apply in practice. Alternatives may be articulated by various
interest groups in and out of government, or the engineer may be left to create his or
her own alternatives. In either case, there are normally one or two plans that, from
the outset, seem eminently more feasible and reasonable, and these are sometimes
legitimized by juggling, for example, selected time scales or standards of enforcement
patterns just slightly and calling them alternatives, as they are in a limited sense. As
a result, “nondecisions” are made (Bachrach and Baratz 1962), i.e., wholly different
ways of perceiving the problems and conceiving the solutions have been overlooked,
and the primary objective of the EIS has been circumvented. Over the past few years,
court decisions and guidelines by various agencies have, in fact, helped to mold this
procedure for the development of environmental impact statements.

As the environmental assessment procedure has evolved, assessment of socioeco-
nomic impact of the project has played anincreasing role. In addition to direct economic
impact (number of jobs, total household income, property values, etc.), socioeconomic
impact includes impacts on archaeological and historical sites, impacts on sites that
have cultural significance and on cultural practices, and environmental justice impacts
(assessments of excessive impacts on minority populations). As impact assessment
moves into successively “softer” science, overlap with questions of ethics and val-
ues increases, and the engineer must take care to differentiate between quantitatively
measurable impacts and qualitative assessments that might be influenced by value
judgments. Risk assessment has also become increasingly important in environmental
assessment.

This text focuses on the “hard science” and risk assessment aspects of environmen-
tal assessment. The socioeconomic aspects of environmental assessment are usually
analyzed by experts in the social sciences and economics, and so are not discussed
in detail. Assessment of future impacts frequently requires probabilistic risk analyses
instead of deterministic analyses. Risk analysis is discussed later in this chapter and in
Chap. 3.

An environmental assessment must be thorough, interdisciplinary, and as quanti-
tative as possible. The writing of an environmental assessment involves four distinct
phases: scoping, inventory, assessment, and evaluation. The first phase defines the
scope or extent of the assessment. For example, if the project involves transporting
construction materials to a site, the scope may or may not include the environmen-
tal impacts of that transportation. At least one public hearing is generally held on
scoping.

The second phase is a cataloging of environmentally susceptible areas and activ-
ities, including socioeconomically impacted areas. The third phase is the process of
estimating the impact of the alternatives, including cumulative impacts, and the impacts
of a “no action” alternative. The last phase is the interpretation of these findings, which
is often done concurrently with estimating impacts.

All federal agencies are currently required to assess the environmental impacts of
extended projects and programs as well as individual projects under their jurisdiction.
The impact assessment for an extended or multifaceted project is frequently called a
generic environmental impact statement or GEIS, while an assessment for an entire
program is referred to as a programmatic environmental impact statement, or PEIS.
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For example, in 1980 the U.S. Department of Energy issued a GEIS on the impact
of disposition of commercially generated nuclear fuel. In 1984, the Bonneville Power
Administration issued a PEIS on its proposed energy conservation program.

Environmental Inventories

The first step in evaluating the environmental impact of a project’s alternatives is to
inventory factors that may be affected by the proposed action. Existing conditions are
measured and described, but no effort is made to assess the importance of a variable.
Any number and many kinds of variables may be included, such as:

1. the “ologies”: hydrology, geology, climatology, anthropology, and archaeology;

2. environmental quality: land, surface and subsurface water, air, noise, and trans-
portation impacts;

3. plant and animal life;

4. economic impact on the surrounding community: number of jobs, average family
income, etc.;

5. analysis of the risks to both people and the natural environment from accidents
that may occur during the life of the project; and

6. other relevant socioeconomic parameters, like future land use, expansion or
diminution of the population of urban areas and exurbs, the impacts of nonresident
populations, and environmental justice considerations.

Environmental Assessment

The process of calculating projected effects that a proposed action or construction
project will have on environmental quality is called environmental assessment. A
methodical, reproducible, and reasonable method is needed to evaluate both the effect
of the proposed project and the effects of alternatives that may achieve the same ends
but that may have different environmental impacts. A number of semiquantitative
approaches, among them the checklist, the interaction matrix, and the checklist with
weighted rankings, have been used.

Checklists are lists of potential environmental impacts, both primary and sec-
ondary. Primary effects occur as a direct result of the proposed project, such as the
effect of a dam on aquatic life. Secondary effects occur as an indirect result of the
action. For example, an interchange for a highway may not directly affect wildlife, but
indirectly it will draw such establishments as service stations and quick food stores,
thus changing land use patterns.

The checklist for a highway project could be divided into three phases: planning,
construction, and operation. During planning, consideration is given to the environ-
mental effects of the highway route and the acquisition and condemnation of property.
The construction phase checklist will include displacement of people, noise, soil ero-
sion, air and water pollution, and energy use. Finally, the operation phase will list
direct impacts owing to noise, water pollution resulting from runoff, energy use, etc.,
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and indirect impacts owing to regional development, housing, lifestyle, and economic
development.

The checklist technique thus lists all of the pertinent factors; then the magnitude
and importance of the impacts are estimated. Estimated importance of impact may be
quantified by establishing an arbitrary scale, such as:

0 = no impact

1 = minimal impact

2 = small impact

3 = moderate impact
4 = significant impact
5 = severe impact

The numbers may then be combined, and a quantitative measurement of the severity
of the environmental impact for any given alternative be estimated.

In the checklist technique most variables must be subjectively valued. Further, it
is difficult to predict further conditions such as land-use pattern changes or changes in
lifestyle. Even with these drawbacks, however, this method is often used by engineers
because of its simplicity. Impact assessments of controversial projects often do not use
the checklist technique because the numerical ranking implies a subjective judgment
by the environmental assessment team. A checklist remains a convenient method for
developing a FONSI, although a FONSI requires subjective selection of the number
judged to be the lowest value of significance.

ExampLE 2.1. Alandfill is to be placed in the floodplain of a river. Estimate the impact
by using the checklist technique.

First the items to be impacted are listed; then a quantitative judgement concerning
both importance and magnitude of the impact is made. In Table 2-1, the items are only
a sample of the impacts one would normally consider. The importance and magnitude
are then multiplied and the sum obtained.

Table 2-1.

Potential impact Importance x magnitude
Groundwater contamination 5x5=25
Surface contamination 4x3=12

Odor Ixi=1

Noise I1x2=2

Jobs provided —2x3=-6
Total 34

This total of 34 may then be compared with totals calculated for alternative courses of
action. Note that jobs are a positive impact, as distinct from the negative environmental
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impacts of the other variables, and is arbitrarily assigned a negative value, so that its
impact is subtracted from the other impacts.

In order to determine a FONSI in this example, a value that indicates the lower
limit of significance can be assigned to either importance or magnitude, or to their
product. Thus, if the absolute value of the product of importance and magnitude of
any variable is considered significant only if that product is 10% of the total, odor and
noise would not be deemed significant and need not be considered further in assessing
environmental impact. Alternatively, if the absolute value of the product of importance
and magnitude of any variable is considered significant only if that product is greater
than 5, the same conclusion is reached.

The interaction matrix technique is a two-dimensional listing of existing charac-
teristics and conditions of the environment and detailed proposed actions that may
affect the environment. This technique is illustrated in Example 2.2. For example, the
characteristics of water might be subdivided into:

e surface

e ocean

e underground

quantity

e temperature

e groundwater

e recharge

e snow, ice, and permafrost.

Similar characteristics must also be defined for air, land, socioeconomic conditions, and
so on. Opposite these listings in the matrix are lists of possible actions. In our example,
one such action is labeled resource extraction, which could include the following
actions:

blasting and drilling

surface extraction

subsurface extraction

well drilling

dredging

timbering

commiercial fishing and hunting.

The interactions, as in the checklist technique, are measured in terms of magnitude
and importance. The magnitudes represent the extent of the interaction between the
environmental characteristics and the proposed actions and typically may be measured.
The importance of the interaction, on the other hand, is often a judgment call on the
part of the engineer.

If an interaction is present, for example, between underground water and well
drilling, a diagonal line is placed in the block. Values may then be assigned to the
interaction, with I being a small and 5 being a large magnitude or importance, and these
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are placed in the blocks with the magnitude above and importance below. Appropriate
blocks are filled in, using a great deal of judgement and personal bias, and then are
summed over a line, thus giving a numerical grade for either the proposed action or
environmental characteristics.

ExaMpLE 2.2. Lignite (brown) coal is to be surface-mined in the Appalachian
Mountains. Construct an interaction matrix for the water resources (environmental
characteristics) vs resource extraction (proposed actions).

Table 2-2.
Proposed action
5 8 5 2 o c»g
225 E5IE|E|ElC
£c|8%/282|8|2|E
Envionmental |3 5|5 8|S §|3| 8| E5E| B
characteristics |0 +|? 3| 8|S |A|F|O&| &
3 5 8
Surface water AV 4
Ocean water
Underground wat 3 3
rground water 3 A
Quantity
1 1
Temperature A A
Recharge
Srow, ice
3/19 12
Total 2| Ao A

In Table 2-2, we see that the proposed action would have a significant effect on sur-
face water quality, and that the surface excavation phase will have a large impact. The
value of the technique is seen when the matrix is applied to alternative solutions. The
individual elements in the matrix, as well as row and column totals, can be compared.

Example 2.2 is trivial, and cannot fully illustrate the advantage of the interaction
technique. With large projects having many phases and diverse impacts, it is relatively
easy to pick out especially damaging aspects of the project, as well as the environmental
characteristics that will be most severely affected.

The search for a comprehensive, systematic, interdisciplinary, and quantitative
method for evaluating environmental impact has led to the checklist-with-weighted-
rankings technique. The intent here is to use a checklist as before to ensure that all
aspects of the environment are covered, as well as to give these items a numerical
rating in common units.
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An EA or EIS is usually organized into the following sections:

Introduction

The introduction provides an overview of the proposed project, alternative actions,
and the assessment methods that will be used. It includes a statement of purpose: why
the assessment is being done. It often includes a summary of the most critical and
important results of the assessment. The introduction can often serve as an executive
summary of the EA or EIS.

Description of the Proposed Action and Alternatives

This section describes the proposed project and all of the alternatives that need to be
considered, including the “no action” alternative. The last is a description of projections
of future scenarios if the proposed project is not done. All possible alternatives need
not be included; inclusion depends on the project being undertaken. For example, the
EIS far the proposed high-level radioactive waste repository at Yucca Mountain, NV,
was not required to consider alternate waste repository sites.

Description of the Environment Affected by the Proposed Action

This description is best organized by listing environmental parameters that could be
impacted by the proposed alternative, grouping them into logical sets. One listing
might be:

e Ecology

—Species and populations
—Habitats and communities
—Ecosystems

—Wetlands

o Aesthetics

—Land

—Air

—Water

—Biota

—Human-made objects

—Objects of historical or cultural significance

o Environmental Pollution and Human Health

—Water
—Air
—Land
—Noise
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e Economics

—Jobs created or lost
—Property values
—Jobs

Each title might have several specific subtopics to be studied; for example, under
Aesthetics, “Air” may include odor, sound, and visual impacts as items in the
checklist.

Numerical ratings may be assigned to these items. One procedure is to first estimate
the ideal or natural levels of environmental quality (without anthropogenic pollution)
and take a ratio of the expected condition to the ideal. For example, if the ideal
dissolved oxygen in the stream is 9 mg/L, and the effect of the proposed action is to
lower the dissolved oxygen to 3 mg/L, the ratio would be 0.33. This is sometimes
called the environmental quality index (EQI). Another option to this would be to make
the relationship nonlinear, as shown in Fig. 2-1. Lowering the dissolved oxygen by
a few milligrams per liter will not affect the EQI nearly as much as lowering it, for
example, below 4 mg/L, since a dissolved oxygen below 4 mg/L definitely has a severe
adverse effect on the fish population.

EQIs may be calculated for all checklist items that have a natural quantitative scale.
In order to assess those items that do not have a quantitative scale, like aesthetics or
historical objects, a scale based on qualitative considerations may be generated by
an expert in the particular area. For example, impact on a historic building might be
measured by the cost of recovering from certain amounts of damage. Something like
visual aesthetics can simply be assigned a scale.

The EQI values are then tabulated for each parameter. Next, weights may be
attached to the items, usually by distributing 1000 parameter importance units (PIU)
among the items. Assigning weights is a subjective exercise and is usually done by the
decision makers: those individuals who are going to make decisions about the project.
The product of EQI and PIU, called the environmental impact unit (EIU), is thus the
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Figure 2-1. Projected environmental quality index curve for dissolved oxygen.
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magnitude of the impact multiplied by the importance:
EIU = PIU x EQL

This method has several advantages. We may calculate the sum of EIUs and evaluate
both the cumulative impact of the proposed project and the “worth” of many alterna-
tives, including the do-nothing alternative. We may also detect points of severe impact,
for which the EIU after the project may be much lower than before, indicating severe
degradation in environmental quality. Its major advantage, however, is that it makes it
possible to input data and evaluate the impact on a much less qualitative and a much
more objective basis.

ExaMrLE 2.3. Evaluate the effect of a proposed lignite strip mine on a local stream.
Use 10 PIU and linear functions for EQI.
The first step is to list the areas of potential environmental impact. These may be:

appearance of water
suspended solids

odor and floating materials
aquatic life

dissolved oxygen.

Other factors could be listed, but these will suffice for this example. Next, we need to
assign EQIs to the factors. Assuming a linear relationship, we can calculate them as in
Table 2-3.

Table 2-3,

Item Condition before project =~ Condition after project  EQI
Appearance of water 10 3 0.33
Suspended solids 10 mg/L 1000 mg/L 0.01
Odor 10 5 0.50
Aquatic life 10 2 0.20
Dissolved oxygen 9 mg/L. 8 mg/L 0.88

Note that we had to put in subjective quantities for three of the items — “Appearance of
water,” “Odor,” and “Aquatic life” — based on an arbitrary scale of decreasing quality
from 10 to 1. The actual magnitude is not important since a ratio is calculated. Also
note that the sediment ratio had to be inverted to make its EQI indicate environmental
degradation, i.e., EQI < 1. The EQI indices are weighted by the 10 available PIU, and
the EIU are calculated.

In Table 2-4, The EIU total of 2.72 for this alternative is then compared with the
total EIU for other alternatives.
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Table 2-4.

Item Project PIU After project EQI x PIU = EIU
Appearance of water 1 033 x1=0.33
Suspended solids 2 001 x2=0.02

Odor 1 05x1=05

Aquatic life 5 02x5=10
Dissolved oxygen 1 0.88 x 1 =0.88

Total 10 2.73

Multiattribute utility analysis, a more sophisticated ranking and weighting method,
has been developed by Keeney (Keeney and Raiffa 1993; Bell et al. 1989) and is now
used by many federal agencies. The details of the method are unfortunately beyond
the scope of this text.

Evaluation

The final part of the environmental impact assessment, which is reflected in the record
of decision, is the evaluation of the results of the preceding studies. Typically the
evaluation phase is out of the hands of the engineers and scientists responsible for the
inventory and assessment phases. The responsible governmental agency ultimately
uses the environmental assessment to justify the record of decision.

USE OF RISK ANALYSIS IN ENVIRONMENTAL ASSESSMENT

The rationale for including risk analysis in environmental impact assessment is
threefold:

(1) Risk analysis provides a method for comparing low-probability, high-
consequence impacts with high-probability, low-consequence impacts.

(2) Risk analysis allows assessment of future uncertain impacts, and incorporates
uncertainty into the assessment.

(3) The United States and international agencies concerned with regulating environ-
mental impact are adopting risk-based standards in place of consequence-based
standards.

The following example incorporates risk analysis into environmental impact
assessment: In 1985, the U.S. EPA promulgated a regulation for radioactive waste
disposal which allowed a 10% probability of a small release of radioactive material,
and a 0.1% probability of release of ten times that amount (USEPA 1985). This standard
is shown in the stair-step of the diagram of Fig. 2-2.
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Figure 2-2. Release of radioactive materials vs. probability of release.

The curved lines are complementary cumulative distribution functions and repre-
sent the risks of releases for three different alternatives being assessed. This is a typical
representation of the probability of release of material from a hazardous or radioactive
waste landfill. The alternatives might be three different sites, three different surface
topographies, or three different engineered barriers to release. In the case of the EPA
standard, the curves represented three different geological formations. Risk analysis
is particularly useful in assessing future or projected impacts and impacts of unlikely
(low-probability) events, like transportation accidents that affect cargo, or earthquakes
and other natural disasters.

Recently much has been written about the difficulty of communicating risk to a
large public, and the perception of risk as it differs from assessed risk (see, for example,
Slovic 1985; Weiner 1994). The engineer must remember that risk assessment, when
used in environmental impact assessment, is independent of risk as perceived by, or
presented to, the public. He or she should assay risk as quantitatively as possible. The
details of performing a risk analysis are presented in Chap. 3.

SOCIOECONOMIC IMPACT ASSESSMENT

Historically, the President’s Council on Environmental Quality has been responsible for
overseeing the preparation of environmental assessments, and CEQ regulations have
listed what should be included in all environmental assessments developed by federal
agencies. For the proposed projects discussed earlier in this chapter the primary issues
are public health dangers and environmental degradation. Under original NEPA and
CEQ regulations, both issues must be addressed whenever alternatives are developed
and compared.
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Federal courts have ruled (cf. for example, State of Nevada vs. Herrington, 1987)
that consideration of public health and environmental protection alone are not suffi-
cient grounds on which to evaluate a range of alternative programs. Socioeconomic
considerations such as population increases, need for public services like schools, and
increased or decreased job availability are also included under NEPA considerations.
Very recently (O’Leary 1995), federal agencies have also mandated inclusion of envi-
ronmental justice considerations in environmental impact assessments. Frequently,
public acceptability is also a necessary input to an evaluation process. Although an
alternative may protect public health and minimize environmental degradation, it may
not be generally acceptable. Factors that influence public acceptability of a given
alternative are generally discussed in terms of economics and broad social concerns.
Economics includes the costs of an alternative, including the state, regional, local, and
private components; the resulting impacts on user charges and prices; and the ability
to finance capital expenditures. Social concerns include public preferences in siting
(e.g., no local landfills in wealthy neighborhoods) and public rejection of a particu-
lar disposal method (e.g., incineration of municipal solid waste rejected on “general
principle”). Moreover, as budgets become tighter, the cost/benefit ratio of mitigating
a particular impact is increasing in importance. Consequently, each alternative that is
developed to address the issues of public health and environmental protection must
also be analyzed in the context of rigid economic analyses and broad social concerns.

Financing of Capital Expenditures

A municipality’s or industry’s inability to finance large capital expenditures will nec-
essarily affect choice among alternatives and possibly affect their ability to comply
with environmental regulations. Traditional economic impact assessments examine
the amortized capital, operation and maintenance (O&M) costs of a project, and the
community’s ability to pay, but the analyses typically overlook the problems involved
in raising the initial capital funds required for implementation. Financing problems
face municipalities and industries of all sizes, but may be particularly troublesome for
small communities and firms that face institutional barriers to financing. The follow-
ing discussion examines only financing capability of compliance with water quality
regulations, but parallel issues arise for other types of public and private projects.
For relatively small capital needs, communities may make use of bank borrowing
or capital improvement funds financed through operating revenues. However, local
shares of wastewater treatment facility capital costs are generally raised by long-term
borrowing in the municipal bond market. In the absence of other sources of funds, both
the availability of funds through the bond market and the willingness of the community
to assume the costs of borrowing may affect the availability of high-cost programs. The
availability and cost of funds are, in turn, affected by how the financing is arranged.
Bonds issued by a municipality for the purpose of raising capital for a wastewater
treatment plant typically are general obligation (GO) bonds or revenue bonds. Both
have fixed maturities and fixed rates of interest, but they differ in the security pledge by
the issuing authority to meet the debt service requirements, i.e., payments for principal
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plus interest. GO bonds are backed by the basic taxing authority of the issuer; revenue
bonds are backed solely by the revenue for the service provided by the specific project.

The GO bond is generally preferred since the overhead costs of financing GO
bonds are lower and their greater security allows them to be offered at a lower rate
of interest. Some states are constitutionally prevented from issuing GO bonds or are
limited in the quantity they can issue, and cities may have to resort to revenue bonds.
Nevertheless, most bond issues for wastewater treatment projects are GOs,

Most municipal bonds carry a credit rating from at least one of the private rat-
ing agencies, Standard & Poor’s or Moody’s Investor Service. Both firms attempt to
measure the credit worthiness of borrowers, focusing on the potential for decrease
on bond quality by subsequent debt and on the risk of default. Although it is not the
sole determinant, the issuer’s rating helps to determine the interest costs of borrowing,
since individual bond purchasers have little else to guide them, and commercial banks
wishing to purchase bonds are constrained by federal regulations to favor investments
in the highest rating categories.

Of the rating categories used, only the top ones are considered to be of invest-
ment quality. Even among these grades, the difference in interest rates may impose
a significantly higher borrowing cost on communities with low ratings. During the
1970s, for example, the interest rate differential between the highest grade (Moody’s
Aaa) and the lowest investment grade (Moody’s Baa) bonds averaged 1.37%. Such
a differential implies a substantial variation in financing costs for facilities requiring
extensive borrowing.

To highlight the importance of financing costs, consider the example of a city plan-
ning a $2 million expenditure on an incinerator to serve a publicly owned (wastewater)
treatment works (POTW) with a capacity of 15 million gallons per day (mgd). Under
one set of assumptions, such a facility would support a population of roughly 75,000
that would bear anywhere from 12.5 to 100% of the total cost, depending on what
portion of the capital expense state and federal agencies agreed to pay. Under the more
conservative assumption, this would amount to $250,000. Assuming that the capital
is raised through one Aaa bond issue amortized over 25 years at an interest rate of
5.18%, the interest payment over the entire borrowing period would total $212,500. If
the Baa rate were 6.34%, the interest payments would amount to $262,000. As a rule
of thumb, total interest payments are roughly equal to the principal and are sensitive
to the interest rate.

The rating may also determine the acceptability of bonds on the market. A city
with a low or nonexistent rating might find that credit is simply not available. The
fiscal problems of small communities are particularly sensitive to the rating process,
which places lower ratings on small towns on the basis of an ill-defined “higher risk
of default,” despite the lack of supporting evidence. Hence, small towns must often
endure higher interest payments. The problem is compounded by the higher average
cost of small bond issues owing to certain fixed underwriting fees associated with
buying and selling the bonds.

Despite the availability of GO financing and good credit, municipalities may face
difficulties in raising capital because of the state of the market, while some borrowers
may be precluded from borrowing altogether. Two trends are of particular significance.
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Periods of high rates of inflation are expected to lead to higher interest rates for all
municipal borrowers. The impact is significant for borrowers with marginal credit
ratings, who will be squeezed out as the difference in interest rates between high-
and low-rated bond issues widens. Second, the combination of expanding bond supply
owing to increased municipal borrowing and shrinking demand in periods of slow eco-
nomic growth is likely to drive interest rates higher, increasing costs for all municipal
borrowers.

Clearly, the availability of funding to finance capital expenditures is far from
certain, Credit restrictions are not limited to large cities that often suffer from severe
budget problems. The financial health of a local government may be analyzed. A
two-step procedure is useful as engineers consider the impacts of proposed projects:

1. Define capital requirements of each alternative.
2. Apply financial classification criteria.

Although rating agency analysts use a variety of factors in assessing a city’s fiscal
strength, current outstanding debt is the principal determinant of the bond rating. Debt
is generally expressed as a proportion of assets or on a per capita basis to make compar-
isons among cities. Three of these municipal debt ratios are of particular significance
in determining market acceptance of bond offerings. Sample ratios and estimates of
market-acceptable thresholds are:

e Debt/capita <300
e Debt/capita as percentage of per capita income < 7%
e Debt/full property value <4.5%.

Empirical studies have shown that bond offerings by cities that exceed all three debt
ratios are not likely to be successful.

Increases in User Charges

A second component of an economic impact assessment is the analyses of projected
increases in user charges. For example, if a city constructs a large wastewater treatment
facility, what is the likely change in household sewer bills in that city? Based on the
number of residential users supporting a given facility, the proportion of wastewater
generated by them, and the data on alternatives, a projected cost per household may
be computed. This cost may then be compared with the existing charge per household
to determine the percent increase attributable to the alternative.

The results of these types of user charge analyses often indicate that engineers may
find it difficult to make a distinction among alternatives based solely on increases in user
charges. For example, an average difference of only 36 cents per year per household is
projected between alternatives 1 and 2 in Fig. 2-3. Respectively, these two alternatives
represent a less stringent and a more stringent regulation of effluent water quality.
Figure 2-3 summarizes projected impacts on the user charges in 350 cities. By almost
any standard, 36 cents per year is insignificant. The findings suggest that the selection
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Figure 2-3. Projected increases in sewer use charges per household in a sample
community if a new wastewater treatment facility is constructed.

process, in this instance between alternative 1 (little required reduction in pollution)
and alternative 2 (large requirements in pollution reduction), must be based on such

other criteria as environmental impact and public health concerns, not on changes in
user charges.

Sociological Impacts

Large changes in the population of a community, such as influxes of temporary con-
struction workers or establishment of a military base with immigration of the associated
personnel and their families, may have a number of impacts, both positive and adverse.
New service jobs may well be created, particularly in small communities, but there
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may also be increases in the crime rate, the need for police officers on the street, the
need for fire protection, etc. Study of such “boom town” phenomena has led to the
inclusion of these assessments in any environmental assessment.

The business of preparing EISs, EAs, and FONSIs is truly a growth business
worldwide. Besides becoming a cornerstone of environmental regulation in the United
States and Europe, the environmental assessment process is now found throughout the
world. In Brazil, for example, the siting and design of submarine wastewater outfalls
are among the activities that require an EIA according to Brazilian legislation (Jordao
and Leitao 1990). While acting to protect the environment, such roles and procedure
have acted to slow development while creating the ever-expanding job market for those
qualified to conduct and report within the environmental assessment systems of many
countries.

Ethical Considerations

A properly done environmental impact assessment is independent of any ethical system
and is value-free. However, ethical questions can arise in formulating a record of
decision based on an environmental assessment. Some of these questions are:

Is it ethical to limit resource extraction, with its concomitant environmental damage,
by raising the resource price and thereby limiting its use to those who can afford it?

Is it ethical to eliminate jobs in an area in order to protect the environment for a
future generation?

Conversely, is it ethical to use up a resource so that future generations do not have
it at all?

Given limited financial resources, is it ethical to spend millions mitigating a
high-consequence impact that is extremely unlikely to occur (a low-probability,
high-consequence event)?

Is it ethical to destroy a watershed by providing logging jobs for 50 years?

Conversely, is it ethical to close down a lamber mill, eliminating jobs for an entire
small community, in order to save an old-growth forest?

The engineer should remember that none of these considerations are part of envi-
ronmental assessment, nor are they addressed by NEPA. Addressing them may be part
of a record of decision, and is the responsibility of the decision makers.

CONCLUSION

Engineers are required to develop, analyze, and compare a range of solutions to any
given environmental pollution problem. This range of alternatives must be viewed in
terms of their respective environmental impacts and economic assessments. A nagging
question exists throughout any such viewing: Can individuals really measure, in the
strict “scientific” sense, degradation of the environment? For example, can we place
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a value on an unspoiled wilderness area? Unfortunately, qualitative judgments are
required to assess many impacts of any project.

PROBLEMS

2.1 Develop and apply an interaction matrix for the following proposed actions
designed to clean municipal wastewater in your home town: (a) construct a large
activated wastewater treatment plant, (b) require septic tanks for households and
small-scale package treatment plants for industries, (c) construct decentralized, small-
scale treatment facilities across town, (d) adopt land application technology, and (e)
continue direct discharge of untreated wastewater into the river. Draw conclusions
from the matrix. Which alternatives appears to be superior? Which environmental
characteristics appear to be the most important? What should the town do?

2.2 What conclusions may be drawn about the abilities of the three towns to
finance a proposed water treatment facility:

Debt per capita as Debt per full property
Debt per capita % per capita income valuation

City Current Projected Current  Projected  Current Projected

A $946 $950 223 22.3 15.0 15.1
B $335 $337 9.1 9.1 7.8 7.9
C $6 $411 0.1 10.7 0.1 8.6

Discuss the current financial picture of each town as well as the projected incremental
impact of this new proposed construction.

2.3 Discuss the advantages and disadvantages of a benefit/cost ratio in deciding
whether a town should build a wastewater treatment facility. Focus on the valuation
problems associated with analyzing the impacts of such a project.

24 Determine the average residential sewer charge for the three cities listed
below. What is the incremental impact on these charges if the cost of sludge disposal
increases as noted?

Annual Projected
Wastewater % Flow ‘Wastewater Sludge disposal
flow (mgd) residential treatment budget increase
A 20.0 60 $5,100,000 $1,500,000
B 5.0 90 $3,600,000 $1,000,000
C 0.1 100 $50,000 $20,000

Discuss your assumptions.
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2.5 Amajor oil company wishes to establish a port for large tankers in Washington
State in Northern Puget Sound, in a community of 40,000 people, 5,000 of whom are
members of two Native American tribes. Construction of the port would supply 500
temporary jobs, and the port’s operation would supply 300 permanent jobs. The com-
munity now is home to an oil refinery, a pulp mill, and a state-funded university with
8,000 students. Part of the oil unloaded at the port would supply the local refinery,
but a sizable part would be shipped to Minnesota by pipeline. Construction of the port
facility and pipeline extension requires federal permits.

(a) Would you require an EA or an EIS? Give reasons for your answer.
(b) Construct an environmental checklist, including socioeconomic factors.
(c) Write down at least six ethical questions that would arise.

2.6 Extensive environmental impact analysis has been performed for the pro-
posed high-level radioactive waste repository at Yucca Mountain, NV. Part of this
impact analysis is the impact of transporting construction materials to the site, trans-
porting site-generated nonradioactive waste from the site to an appropriate landfill, and
commuter-transporting workers to the site. Truck and rail transportation of materials
and automobile and bus transportation of commuters pose a risk of fatal traffic acci-
dents in direct proportion to the distance traveled. The average risk is about 3.5 deaths
per 100 million km traveled by rail and truck, and about one death per 100 million km
traveled by automobile. Trucks and trains carrying materials would travel a total of
about 280 million km, and commuters a total of about 800 million km. Do you think
that the projected traffic fatalities for any of this transportation should be part of the
EIS? Please give reasons for your answer. Note that there is no right or wrong answer
to this question.

2.7 A microchip manufacturer wishes to open a plant in the community where
your university is located. Air and water discharge permits would be needed, which
require environmental assessments. Given your community, would you require an EIS,
or would an EA suffice? Outline the topics that would be included in an EIS, or EA. In
your community, would you file a FONSI? Note that this problem is best worked as a
team or class effort, and the results will differ from community to community.






Chapter 3

Risk Analysis

One of the tasks of the environmental engineer is to understand and reduce the risks
from hazards from environmental pollution to the environment and to public health in
both long and short term. In particular the environmental engineer frequently is asked
to estimate or project future risks, then to use science, engineering, and technology
to design facilities and/or processes to prevent or mitigate those risks. To accomplish
this objective the risks associated with various hazards must initially be evaluated and
quantified.

Risk analysis is introduced here as a tool of the environmental engineer that crosses
the boundaries of science, engineering, and risk analysis. This chapter is not a com-
prehensive treatise on risk analysis; rather, it includes those elements of risk analysis
that an environmental engineer most importantly must understand and use.

RISK

Most pollution control and environmental laws were enacted in the early 1970s in order
to protect public health and welfare.! Throughout this text a substance is considered
a pollutant if it has been perceived to have an adverse effect on human health or the
environment. In recent years increasing numbers of substances appear to pose such
threats; for example the Clean Air Act listed seven hazardous substances between
1970 and 1989 and now lists approximately 300! The environmental engineer thus has
one more task to face: determine the comparative risks from various environmental
pollutants and, further, which risk(s) is it most important to decrease or eliminate.

Adverse effects on human health are often difficult to identify and to determine.
Even when an adverse effect on health has been identified, it is still difficult to recognize
those components of the individual’s environment associated with the adverse effect.
Risk analysts refer to these components as risk factors. In general a risk factor should
meet the following conditions:

o Exposure to the risk factor precedes appearance of the adverse effect.
e The risk factor and the adverse effect are consistently associated. That is, the
adverse effect is not usually observed in the absence of the risk factor.

ISee Chapters 11, 17, and 21 for the details of air, water, and land laws and regulations in the
United States.

33
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e The more of the risk factor there is, or the greater its intensity, the greater the
adverse effect, although the functional relationship need not be linear or monotonic.

e The occurrence or magnitude of the adverse effect is statistically significantly
greater in the presence of the risk factor than in its absence.

Identification of a risk factor for a particular adverse effect may be done with confidence
only if the relationship is consonant with, and does not contradict, existing knowledge
of the cellular and organismic mechanisms producing the adverse effect.

Identification of the risk factor is more difficult than identification of an adverse
effect. For example, we are now fairly certain that cigarette smoke is unhealthy, both
to the smoker (primary smoke risk) and to those around the smoker (secondary smoke
risk). Specifically, lung cancer, chronic obstructive pulmonary disease, and heart dis-
ease occur much more frequently among habitual smokers than among nonsmokers or
even in the whole population including smokers. In the interest of simplifying the prob-
lem, we are defining “habitual” smoking as two packs or more per day. The increased
frequency of occurrence of these diseases is statistically significant.? Cigarette smoke
is thus a risk factor for these diseases; smokers and people exposed to secondhand
smoke are at increased risk for them.

Note, however, that we do not say that cigarette smoking causes lung cancer,
chronic obstructive pulmonary disease, or heart disease, because we have not identified
the actual causes, or etiology, of any of them. How, then, has cigarette smoking been
identified as a risk factor if it cannot be identified as the cause? This observation was
not made, and indeed could not be made, until the middle of the twentieth century,
when the lifespan in at least the developed countries of the world was long enough to
observe the diseases that have been correlated with exposure to cigarette smoke. In the
first half of the twentieth century, infectious diseases were a primary cause of death.
With the advent of antibiotics and the ability to treat infectious diseases, the lifespan
in the developed nations of the world lengthened, and cancer and heart disease became
the leading causes of death. From the early 1960s, when the average lifespan in the
United States was about 70, lifelong habitual cigarette smokers were observed to die
from lung cancer at ages between 55 and 65. This observation, which associated early
death with cigarette smoke, identified cigarette smoke as a risk factor.

ASSESSMENT OF RISK
Risk assessment is a system of analysis that includes four tasks:

o identification of a substance (a toxicant) that may have adverse health effects,
e scenarios for exposure to the toxicant,

e characterization of health effects, and

e an estimate of the probability (risk) of occurrence of these health effects.

21t should be noted that cigarette smoke is not regulated in the way that other pollutants are regulated.
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The decision that the concentration of a certain toxicant in air, water, or food is
acceptable or unacceptable is usually based on a risk assessment.

Toxicants are usually identified when an associated adverse health effect is noticed.
In most cases, the first intimation that a substance is toxic is its association with an
unusual number of deaths. Mortality risk, or risk of death, is easier to determine for
populations, especially in the developed countries, than morbidity risk (risk of illness).
All deaths and their apparent causes are reported on death certificates, while recording
of disease incidence began in the relatively recent past, and is done only for a very few
diseases. Death certificate data may be misleading: an individual who suffers from high
blood pressure but is killed in an automobile accident becomes an accident statistic
rather than a cardiovascular disease statistic. In addition, occupational mortality risks
are well documented only for men; until recently, too few women worked outside the
home all their lives to form a good statistical base.

These particular uncertainties may be overcome in assessing risk from a particular
cause or exposure to a toxic substance by isolating the influence of that particular
cause. Such isolation requires stadying two populations whose environment is virtually
identical except that the risk factor in question is present in the environment of one
population but not of the other. Such a study is called a cohort study and may be
used to determine morbidity as well as mortality risk. One cohort study showed that
residents of copper-smelting communities, who were exposed to airborne arsenic, had
a higher incidence of a certain type of lung cancer than residents of similar industrial
communities where there was no airborne arsenic.

Retrospective cohort studies are almost impossible to perform because of uncer-
tainties on data, habits, other exposures, etc. Cohorts must be well matched in cohort
size, age distribution, lifestyle, and other environmental exposures, and must be large
enough for an effect to be distinguishable from the deaths or illnesses that occur anyway.

PROBABILITY

Extensive discussion of probability is beyond the scope of this text, and the reader is
encouraged to consult a statistics text. Some basic considerations are in order, however.
Probability is often confused with frequency, because frequencies are used to estimate
probabilities in risk assessment. One such use is the estimate of the risk of being in an
automobile accident. We have an excellent idea of the frequency in the United States
of automobile accidents of varying severity, and we use these frequencies to predict
automobile death risks: the consequence is death, and the probability is the frequency of
fatal car accidents. Frequency presents a more reliable estimate of probability than most
other estimates. Estimates of probabilities change as observed frequencies change.

Note that probability is a dimensionless number and is always less than unity.
A probability of 1 means that the event has a 100% chance of occurring, or is a certainty.
A frequency, on the other hand, has dimensions and can have a value larger than unity,
depending on how the frequency is defined. Consider the following example:

The observed average truck accident frequency (rate) in the United States is
3.5 x 1077 accidents per truck-kilometer (Saricks and Tompkins 1999). This is an
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observed frequency. However, it allows us to estimate that the average annual prob-
ability of a truck accident in the United States is 3.5 x 10~7. If there are 20,000
truck shipments of hazardous materials per year for 10 years, and the average distance
traveled is 1000 km per shipment, there would be

(10 years) x (3.5 x 1077 accidents/year—shipment—km)
x (2 x 10* shipments) x (1000 km/shipment)
= 70 accidents involving trucks carrying hazardous materials.

This result can be expressed by at least four different expressions:

e The frequency of accidents involving trucks carrying hazardous materials is 70

accidents in 10 years, or

o The 10-year average frequency of accidents involving trucks carrying hazardous

materials is 7 accidents per year, or

e The 10-year average frequency of accidents involving trucks carrying hazardous

materials is 0.007 accidents per kilometer per year, or

o The average frequency of accidents involving trucks carrying hazardous materials

is 0.07 accidents per kilometer for this 10-year period.

The probability of an accident involving a truck carrying hazardous materials is
3.5 x 1077, as estimated from the observed accident frequency.

The unconditional probabilities of a set of alternative outcomes of the same event
always add to unity. That is, assume that an automobile trip, when a driver and one
passenger occupy the car, has ten possible outcomes:

1.
2.
3.

10.

The car will arrive safely at the destination without incident.

The car will be involved in an accident but no occupant will be injured.

The car will be involved in an accident and an occupant other than the driver will
be injured. The driver will be uninjured.

. The car will be involved in an accident and the driver will be injured, but the

occupant will be uninjured.
The car will be involved in an accident and an occupant other than the driver
will be killed, while the driver is uninjured.

. The car will be involved in an accident and the driver will be killed while the

occupant will be uninjured.

. The car will be involved in an accident and an occupant other than the driver

will be killed, while the driver is injured.

. The car will be involved in an accident and the driver will be killed while the

occupant is injured.

. The car will be involved in an accident and driver and occupant will both be

injured.
The car will be involved in an accident and driver and occupant will both be
killed.
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The sum of the probabilities of each of these ten outcomes is unity. Therefore, only
nine of the ten probabilities are independent.

A more precise representation of these probabilities is that some are independent,
or unconditional, and some are conditional. Probabilities 2 through 10 are conditional
on the car being in an accident. A more precise representation of the sum is then

P(no accident) + P(accident) = 1
P(accident) = P(2) + P(3) + P(4) + P(5) + P(6) + P(7)
+ P(8) + P(9) + P(10) = 1 — P(no accident).
A conditional probability is the product of the probabilities. If the probability of an
accident is 10% (or 0.1), and the probability of an injury to either of two occupants of

the vehicle conditional on that accident is 10% (or 0.1), then the overall probability of
an injury to either occupant is

P(nonfatal injury) = P(accident) x P( injury|accident) = 0.1 x 0.1 = 0.01

or 1%. The sum of the conditional probabilities must also be unity. Thus if the con-
ditional probability of an injury is 1% (0.01), then the conditional probability of an
accident involving no injury is 1 — 0.01 = 0.99. The overall probability of an accident
with neither an injury nor a death is then 0.1 x 0.99 = 0.099, or 9.9%.

This problem may be illustrated using an event tree, as shown in Fig. 3-1, where
the net probabilities are listed on the right-hand side of the figure. Note that these are

Driver killed,occupant unhurt (6) P=0.001

Driver injured, occupant unhurt (4) P=0.002

Driver killed, occupant injured (8) P=0.0036
Driver and occupant injured (9) P=0.0024

Accident,
some injuries

Occupant

injured Driver and occupant killed (10) P=0.005

Driver injured, occupant killed (7) P=0.015

Driver unhurt, occupant injured (3) P=0.01

Driver unhurt, occupant killed (5) P=0.001

Accident, no injuries (2) P=0.06

No\accident

Car arrives at destination without incident (1) P=0.9

Figure 3-1. Event tree for automobile accident example, Numbers in parentheses refer
to the scenarios on page 36.
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not actual frequencies or probabilities, but do reflect, in general, the probability of each
branch of the event tree. An event tree is helpful in identifying all possible outcomes
of any situation.

In general, the risks attendant on exposure to hazardous substances are conditional
probabilities with multiple conditions; that is, the probability of cancer fatality is the
product of three probabilities: the probability of exposure, the probability that the
exposure will result in cancer, and the probability that the resulting cancer will be
the cause of death. All three of these probabilities are considerably less than unity:
“exposure,” for example, means that the carcinogen finds a sensitive target.

DOSE-RESPONSE EVALUATION

Dose—response evaluation is required both in determining exposure scenarios for the
pollutant in question and in characterizing a health effect. The response of an organism
to a pollutant always depends in some way on the amount or dose of pollutant to the
organism. The magnitude of the dose, in turn, depends on the exposure pathway. The
same substance may have a different effect depending on whether it is inhaled, ingested,
or absorbed through the skin, or whether the exposure is external. The exposure path-
way determines the biochemistry of the pollutant in the organism. In general, the human
body detoxifies an ingested pollutant more efficiently than an inhaled pollutant.

The relationship between the dose of a pollutant and the organism’s response
can be expressed in a dose-response curve, as shown in Fig. 3-2. The figure shows
four basic types of dose-response curves possible for a dose of a specific pollutant
and the respective responses. For example, such a curve may be drawn for various
concentrations of carbon monoxide, the dose, plotted against the associated blood
concentrations of carboxylated hemoglobin, the response. Some characteristic features
of the dose-response relationship are as follows:

1. Threshold. The existence of a threshold in health effects of pollutants has
been debated for many years. A threshold dose is the lowest dose at which there is

Threshold (B)
100
Response
D B
(O
Detectable @
response [//
0
0 TLV
Dose

Figure 3-2. Possible dose-response curves.
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an observable effect. Curve A in Fig. 3-2 illustrates a threshold response: there is
no observed effect until a particular concentration is reached. This concentration is
designated as the threshold concentration. Curve B shows a linear response with no
threshold,; i.e., the intensity of the effect is directly proportional to the pollutant dose,
and an effect is observed for any detectable concentration of the pollutant in question.
Curve C, sometimes called sublinear, is a sigmoidal dose—response curve, and is char-
acteristic of many pollutant dose-response relationships. Although Curve C has no
clearly defined threshold, the lowest dose at which a response can be detected is called
the threshold limit value (TLV). Occupational exposure guidelines are frequently set
at the TLV. Curve D displays a supralinear dose-response relationship, which is found
when low doses of a pollutant appear to provoke a disproportionately large response.

2. Total Body Burden. An organism, or a person, can be exposed simultaneously
to several different sources of a given pollutant. For example, we may inhale about
50 pg/day of lead from the ambient air and ingest about 300 pg/day in food and water.
The concentration of lead in the body is then the sum of what is inhaled and ingested
and what remains in the body from prior exposure, less what has been eliminated from
the body. This sum is the total body burden of the pollutant.

3. Physiological Half-Life. The physiological half-life of a pollutant in an organ-
ism is the time needed for the organism to eliminate half of the internal concentration
of the pollutant, through metabolism or other normal physiological functions.

4. Bioaccumulation and Bioconcentration. Bioaccumulation occurs when a sub-
stance is concentrated in one organ or type of tissue of an organism. Iodine, for example,
bioaccumulates in the thyroid gland. The organ dose of a pollutant can thus be consid-
erably greater than what the total body burden would predict. Bioconcentration occurs
with movement up the food chain. A study of Lake Michigan ecosystem (Hickey et al.
1966) found the following bioconcentration of DDT:

0.014 ppm (wet weight) in bottom sediments
0.41 ppm in bottom-feeding crustacea

3 to 6 ppm in fish

2400 ppm in fish-eating birds

Pollution control criteria for which an engineer designs must take both bioconcentration
and bioaccumulation into account.

5. Exposure Time and Time vs Dosage. Most pollutants need time to react; the
exposure time is thus as important as the level of exposure. Because of the time—
response interaction, ambient air quality standards are set at maximum allowable
concentrations for a given time.

6. Synergism. Synergism occurs when two or more substances enhance each
other’s effects, and when the resulting effect of the combination on the organism
is greater than the additive effects of the substances separately. For example, black
lung disease in miners occurs more often in miners who smoke than in those who do
not. The synergistic effect of breathing coal dust and smoking puts miners at high
risk. The opposite of synergism is antagonism, a phenomenon that occurs when two
substances counteract each other’s effects.
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7. LCsgp and LDsp. Dose-response relationships for human health are usually
determined from health data or epidemiological studies. Human volunteers obviously
cannot be subjected to pollutant doses that produce major or lasting health effects,
let alone fatal doses. Toxicity can be determined, however, by subjecting nonhu-
man organisms to increasing doses of a pollutant until the organism dies. The LDsg
is the dose that is lethal for 50% of the experimental animals used; LCsq refers to
lethal concentration rather than lethal dose. LDsg values are most useful in compar-
ing toxicities, as for pesticides and agricultural chemicals; no direct extrapolation
is possible, either to humans or to any species other than that used for the LDsg
determination. LDsg can sometimes be determined retrospectively when a large popu-
lation has been exposed accidentally, although estimates of dose in such cases is very
uncertain.

8. Hormesis. Some substances appear to have a beneficial effect in small doses
and a detrimental effect when there is greater exposure. For example, soft (low-energy)
X-rays in very small doses are believed to stimulate the healing of broken bones. To
date, observations of hormesis have been rare and uncertain.

POPULATION RESPONSES

Individual responses to a particular pollutant may differ widely; dose-response
relationships differ from one individual to another. In particular, thresholds differ.
Threshold values in a population, however, generally follow a Gaussian distribution.

Individual responses and thresholds also depend on age, sex, and general state
of physical and emotional health. Healthy young adults are on the whole less sen-
sitive to pollutants than are elderly people, those who are chronically or acutely ill,
and children. Allowable releases of pollutants are, in theory, restricted to amounts
that ensure protection of the health of the entire population, including its most
sensitive members. In many cases, however, such protection would mean zero
release.

The levels of release actually allowed taking technical and economic control feasi-
bility into account. Even so, regulatory agencies try to set such levels below threshold
level for 95% or more of the U.S. population. For nonthreshold pollutants, how-
ever, no such determination can be made. In these instances, there is no release level
for which protection can be ensured for everyone, so a comparative risk analysis
is necessary. Carcinogens are all considered to be in this category of nonthreshold
pollutants.

EXPOSURE AND LATENCY

Characterization of some health risks can fake a very long time. Many cancers grow
very slowly and are noticed (expressed) many years, or even decades, after exposure to
the potentially responsible carcinogen. Current medical thought suggests that some car-
cinogens act by damaging a tumor-suppressing factor, and that expression occurs when
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the tumor-suppressing factor is overwhelmed. The length of time between exposure to
a risk factor and expression of the adverse effect is called the latency period. Cancers
in adults have apparent latency periods of between 10 and 40 years. Relating a cancer
to a particular exposure is fraught with inherent inaccuracy; it is exceedingly difficult
to isolate the effect of a single carcinogen when examining thirty or forty years of a
person’s life. Many carcinogenic effects are not identifiable in the lifetime of a sin-
gle individual. There are a few instances in which a particular cancer is found only
on exposure to a particular agent (e.g., a certain type of hemangioma is found only
on exposure to vinyl chloride monomer) but for most cases, the connection between
exposure and effect is far from clear. Many carcinogens are identified through animal
studies, but one cannot always extrapolate from animal results to human results. The
U.S. Environmental Protection Agency (EPA) classifies known animal carcinogens
for which there is inadequate evidence for human carcinogenicity as probable human
carcinogens.

There is a growing tendency to regulate any substance for which there is any
evidence, even inconclusive evidence, of adverse health effects. This is considered a
conservative assumption, but may not be valid in all cases. Such a conservative posture
toward regulation and control is the result of the cumulative uncertainty surrounding
the epidemiology of pollutants.

EXPRESSION OF RISK

In order to use risks in determining pollution standards, as EPA does, it is necessary to
develop quantitative expressions for risk. The quantitative expressions reflect both the
proportionality of the risk factor to the adverse effect and the statistical significance of
the effect.

Risk is defined as the product of probability and consequence, and is expressed
as the probability or frequency of occurrence of an undesirable event. For example,
if 10% of the students in a course were randomly given an “F,” the “risk” of getting
“F’ is 0.1 “F” per total number of grades assigned. The probability is 0.1 and the
consequence is “F.” The units in which risk is expressed incorporate both the probability
and some measure of consequence. In discussing human health or environmental risk,
the consequences are adverse health effects or adverse effects on some species of plant
or animal. The frequency of occurrence of adverse health effects in a population is
written as

"~
I
|

(3.1)

where

F = frequency,
X = number of adverse health effects, and
N = number of individuals in the population.
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This frequency is often called a probability P, and written without units. Because of
this common (though confusing) usage, we will refer to “probability” throughout the
remainder of this chapter.

If the adverse effect is death from cancer, and the cancer occurs after a long latency
period, the adverse health effects are called latent cancer fatalities, or LCF.

Relative risk is the ratio of the probabilities that an adverse effect will occur in two
different populations. For example, the relative risk of fatal lung cancer in smokers
may be expressed as

. (Xs/Ns
% - ((Xn;Nn)) G2

where

P; = probability of fatal lung cancer in smokers,

P, = probability of fatal lung cancer in nonsmokers,
X = fatal lung cancers in smokers,

X, = fatal lung cancers in nonsmokers,

N; = total number of smokers, and

Np = total number of nonsmokers.

Relative risk of death is also called the standard mortality ratio (SMR), which is also
wriften as

SMR = Ds _ —P—s, 3.3)
Dn P

where

D = observed lung cancer deaths in a population of habitual smokers, and
D, = expected lung cancer deaths in a nonsmoking population of the same size.

In this particular instance, the SMR is approximately 11/1, and is significantly
greater than 1.3

Three important characteristics of epidemiological reasoning are illustrated by this
example:

e Everyone who smokes heavily will not die of lung cancer.
e Some nonsmokers die of lung cancer.

3Determination of statistical significance is beyond the scope of this text. In determining statistical
significance, a test of significance (like the Fisher’s test or the Student’s ¢-test) appropriate to the population
under consideration is applied.
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e Therefore, one cannot unequivocally relate any given individual lung cancer death
to cigarette smoking.?

Risk may be expressed in several ways:

o Deaths per 100,000 persons. In 1998, in the United States, 260,000 smokers
died as a result of lung cancer and chronic obstructive pulmonary disease (COPD),
according to the National Center for Health Statistucs. In that year, the United States
had a population of 270.3 million. The risk of death (from these two factors) associated
with habitual smoking may thus be expressed as deaths per 100,000 population, or

(260,000)(100,000) o6
270.3 x 106 o

In other words, a habitual smoker in the United States has an annual risk of 96 in
100,000, or about one in a thousand, of dying of lung cancer or COPD. The probability
is 9.6 x 10~4; the consequence is death from lung cancer or COPD. Table 3-1 presents
some typical statistics for the United States (National Center for Health Statistics,
2000).

e Deaths per 1,000 deaths. Using 1998 data again, there were 2,337,256 deaths in
the United States that year. Of these, 260,000, or 111 deaths per 1,000 deaths, were
related to habitual smoking.

o Loss of years of life or for occupational risks, loss of work days or work years.
Loss of years of life depends on life expectancy, which differs considerably from one
country to another. Average life expectancy in the United States is now 75 years; in
Canada, it is 76.3 years and in Ghana, 54 years (World Resources Institute, 1987).
Table 3-2 (from National Center for Health Statistics) gives the loss of life expectancy
from various causes of death in the United States.

These figures show that meaningful risk analyses can be conducted only with
very large populations. Health risk that is considerably lower than the risks cited in
Tables 3-1 and 3-2 may not be observed in small populations. Chapters 19 and 20 cite
several examples of statistically valid risks from air pollutants.

ExaMpLE 3.1. A butadiene plastics manufacturing plant is located in Beaverville, and
the atmosphere is contaminated by butadiene, a suspected carcinogen. The cancer
death rate in the community of 8000 residents is 36 people per year, and the total death
rate is 106 people per year. Does Beaverville appear to be a healthy place to live, or is
the cancer risk unusually high?

4Despite this principle of risk analysis, in 1990 the family of Rose Cipollino successfully sued cigarette
manufacturers and advertisers, claiming that Ms. Cipollino had been enticed to smoke by advertising, and
that the cigarette manufacturers had concealed known adverse health effects. Ms. Cipollino died of Iung
cancer at the age of 59.
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Table 3-1. Adult Deaths in the United States/100,000 Population
(National Center for Health Statistics: www.census.gov)

Cause of death Deaths/10° population
Cardiovascular disease 328

Cancer (all) 200

Chronic obstructive pulmonary disease 40

Motor vehicle accidents 16.2
Alcohol-related disease 19.0

Other causes 594

All causes 1197

Table 3-2. Years of Life Lost per 100,000 Population, before Age 75,
from Various Causes of Death in the United States (National Center for
Health Statistics: www.census.gov)

Loss of life expectancy
Cause of death (years/100,000 persons)
Cardiovascular disease 1343
Cancer — all types 1716
Respiratory system cancer 458
Chronic obstructive pulmonary disease 188
Motor vehicle accidents 596
Alcohol-related disease 159
Pneumonia and influenza 123
HIV 177

From Table 3-1, we see that the annual cancer death rate in the United States is
200 deaths/10° persons, and the death rate from all causes is 1197 deaths/10° persons.
The expected annual death rate in Beaverville from cancer is thus

( 200 deaths

———) (8000 persons) = 16.0 deaths,
10° persons

and the expected death rate from all causes is

( 1197 deaths

) (8000 persons) = 95.8 deaths.
10° persons

The annual SMR for cancer is thus

6
SMR(cancer) = % =2.25.
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For all causes of death, the annual SMR is

106
SMR(total) = —2 = 1.1.
(toal) = 558

Without performing a test of statistical significance, we may assume that the annual
SMR for cancer is significantly greater than 1, and thus Beaverville residents display
excess cancer deaths. Moreover, a Beaverville resident is only a little more likely to die
in any given year from any cause as the average resident of the United States. We may
also calculate whether cancer deaths per 1000 deaths are higher in Beaverville than in
the United States as a whole. In the United States, cancer deaths per 1000 deaths are

200
—— ] (1000) = 167,
(1197) (1000)
while in Beaverville, cancer deaths per thousand deaths are
36
— ] (1000) = 340.
(106) (1000)

We may thus conclude further that a death in Beaverville in any given year is about
twice as likely to be a cancer death than is the case in the United States as a whole.

Risk assessment is usually used to compare risks, because the absolute value of
a risk is not very meaningful. EPA has adopted the concept of unit risk in discussion
of potential risk. Unit risk for airborne and waterborne pollutants is defined as the risk
to an individual from exposure to a concentration of 1 wg/m? of an airborne pollutant,
or 1072 g/L of a waterborne pollutant. Unit lifetime risk is the risk to an individual
from exposure to these concentrations for 70 years (a lifetime, as EPA defines it).
Unit occupational lifetime risk implies exposure for 8 h per day and 22 days per month
every year, or 2000 h per year, for 47 years (a working lifetime).

EPA’s concern with respect to somatic risk from a number of hazardous substances
is the carcinogenic potential of these substances, so the “consequence” part of the risk
is given as latent cancer fatalities (LCF). We can then write equations for the different
expressions for unit risk, and use these to calculate the estimated risk. In the example
below, these calculations assume that risk increases linearly with time and concentra-
tion. EPA considers this a conservative assumption for low exposure to a carcinogen
over a period of years. Nonlinear dose—response relationships imply more complex
relationships between risk, concentration, and exposure time; examples of such more
complex relationships will not be considered here. For waterborne pollutants:

Unit annual risk = —CL3 e (3.4)
1079 g/l
LCF
it lifetime risk = 3.4b
Unit lifetime risk (109 /L) (70 yrs) ( )
L
Unit lifetime occupational risk = il (3.4¢c)

(109 g/L)(47 yrs)(2000/8760)
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The factor 2000/8760 in Eq. (3.4c) is the fraction of hours per year spent in the
workplace. For airborne pollutants:

LCF/
Unit annual risk = ———~— (3.5a)
10—6 g/m
Unit lifetime risk = L(;F (3.5b)
(106 g/m)(70 yrs)
LCF
Unit lifetime occupational risk = (3.5¢)

(106 g/m>)(47 yrs)(2000/8760)

ExampLE 3.2. The EPA has calculated that unit lifetime risk from exposure to eth-
ylene dibromide (EDB) in drinking water is 0.85 LCF per 10° persons. What risk is
experienced by drinking water with an average EDB concentration of 5 pg/L for five
years?

The risk may be estimated using either unit annual risk or unit lifetime risk. Since
the unit lifetime risk is given, we may write

_ (5% 1072 g/L) (0.85 LCF) (5 yrs)

isk = =3.0x 10~ LCF.
Risk (109 (103 9L) Gloyms) 3.0 x 107°LCF

The estimated risk is that about three fatal cancers would be expected in a population
of a billion people who drink water containing 5 pg/L EDB for five years. Although
there is a popular tendency to translate this to an “individual risk” of “a chance of three
in a billion of having a fatal cancer,” this statement of risk is less meaningful than the
statement of population risk.

RISK PERCEPTION

Since 1983, a great deal has been written about risk perception, and there has been
considerable research and speculation as to why risks are perceived very differently
from their estimates. For example, the risks attendant on transporting radioactive waste
are perceived by some people as far greater than the risks attendant on transporting
gasoline in tank trucks, when in fact the latter are considerably larger. The reader is
referred to the works of Paul Slovic and Hank Jenkins-Smith, listed in the bibliog-
raphy, for some detailed discussions of risk perception. In general, the factors that
appear to influence risk perception are the familiarity of the risk, knowledge about the
risk, whether the risk is undertaken (or perceived as undertaken) voluntarily, and the
estimated and perceived benefits of the activity that offsets the attendant risk. While
engineers deal with mitigation of estimated risks, they must often take risk perception
into account.
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ECOSYSTEM RISK ASSESSMENT

Regulation of toxic or hazardous substances often requires an assessment of hazard
or risk to some living species other than homo sapiens, or assessment of risk to an
entire ecosystem. Methods for ecosystem risk assessment are now being developed by
Suter and others (Suter 1990). Ecosystem risk assessment is done in the same general
way as human health risk assessment, except that identification of the species at risk
and the exposure pathway is a far more complex process than in human health risk
assessment. Assessment endpoints are values of the ecosystem to be protected and
are identified early in the analysis; these endpoints may include numbers of different
species, life-cycle stages for a given species, reproductive patterns, or growth patterns.
Identification of specific endpoints implies choices among potential target species.
Ecosystem risk assessment is as yet in its infancy, and details of its practice are beyond
the scope of this textbook.

CONCLUSION

The best available control for nonthreshold pollutants will still entail a residual risk.
Our industrial society needs accurate quantitative risk assessment to evaluate the pro-
tection afforded by various levels of pollution control. We must also remain aware that
determination of safe levels of pollutants based on risk analysis is a temporary measure
until the mechanism of the damage done by the pollutant is elucidated and understood.
At present, we can only identify apparent associations between most pollutants and a
given health effect. We should note that analysis of epidemiological data and determi-
nation of significance of effects require application of a test of statistical significance.
There are a number of such tests in general use, but their application is not central to
the scope of this text and will not be considered here.

Almost all of our knowledge of adverse health effects comes from occupational
exposure, which is orders of magnitude higher than exposure of the general public.
Doses to the public are usually so low that excess mortality, and even excess morbidity,
are not identifiable. However, development of pollution control techniques continues
to reduce risk. The philosophy, regulatory approaches, and engineering design of
environmental pollution control compose the remainder of this book.

PROBLEMS

3.1 Using the data given in the chapter, calculate the expected deaths (from all
diseases) for heavy smoking in the United States.

3.2 Calculate the relative risks of smoking and alcoholism in the United States.
Do you think a regulatory effort should be made to limit consumption of alcohol?

3.3 The International Commission on Radiation Protection has determined the
lifetime unit risk for cancer for low-energy ionizing radiation to be 5.4 x 10~* per rem
of absorbed radiation. The allowed level of ionizing radiation (the EPA standard) above
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background is 25 mrem per source per year. Average background is about 360 mrem
per year. How many fatal cancers attributable to ionizing radiation would result in the
United States each year if the entire population were exposed at the level of the EPA
standard? How many cancers may be attributed to background? If only 10% of the
cancers were fatal each year, what percentage of the annual cancer deaths in the United
States would be attributed to exposure to background radioactivity? (Note what “unit
risk” means in this problem.)

3.4 The allowed occupational dose for ionizing radiation is 1 rem per year. By
what factor does a worker exposed to this dose over a working lifetime increase her
risk of cancer?

3.5 Workers in a chemical plant producing molded polyvinyl chloride plastics
suffered from hemangioma, a form of liver cancer that is usually fatal. During the
20 years of the plant’s operation, 20 employees out of 350 — the total number of
employees at the plant during those years — developed hemangioma. Does working
in the plant present an excess cancer risk? Why? What assumptions need to be made?

3.6 Additional, previously unavailable data on hemangioma incidence indicate
that, among people who have never worked in the plastics industry, there are only 10
deaths per 100,000 persons per year from hemangioma. How does this change your
answer to Problem 3.5?

3.7 Theunitlifetime risk from airborne arsenic is 9.2 x 103 latent cancer fatalities
(LCF). EPA regards an acceptable annual risk from any single source to be 106,
A copper smelter emits arsenic into the air, and the average concentration within a
2-mile radius of the smelter is 5.5 pg/m>. Is the risk from smelter arsenic emissions
acceptable to EPA?

3.8 In the community of Problem 3.7, approximately 25,000 people live within
a 2-mile radius of the smelter. Assuming that the residents live there throughout their
lifetimes, how many excess LCF would be expected per year in this population?

3.9 Using the data of Problems 3.7 and 3.8, estimate an acceptable workplace
standard for ambient airborne arsenic.

3.10 Plutonium has a physiological half-life of one year. The isotope Pu-239 has
a radiological half-life of 24,600 years, and the isotope Pu-238, a radiological half-life
of 87 years. If a volunteer eats 5.0 mg of Pu-239, how much is left in his body after
three years? If he eats 5.0 mg of Pu-238, how much is left in his body after three
years?

3.11 During WWII, a U.S. pilot flying a single bombing mission over Europe
faced a 4% probability of being shot down and not returning. After successfully com-
pleting (and returning from) 25 missions, a pilot was not required to fly any more
missions. What was the probability that a pilot would be shot down on his 25th mission?
(The answer is not 100%!)

3.12 Can the event tree of Fig. 3-1 be drawn in different ways? Draw this event
tree in a different way, and estimate the probabilities in each branch.

3.13 Itis widely assumed that the Love Canal and Times Beach incidents, in which
the resident population was unwittingly exposed to toxic chemicals in the environment
over a period of years, resulted in adverse health effects to that population. Design an
epidemiological study that would determine whether there actually were adverse health
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effects resulting from these incidents. Assume that toxic material leaked into the soil,
air, and drinking water over a period of 5 years.

3.14 A couple with two children ages 18 months and 4 years is buying an older
house. The house has aluminum wiring, 10-ft-high asbestos “popcorn” ceilings in
which the asbestos has been painted over, and high radon readings in the basement.
The couple can only afford to mitigate one of these risks (let us assume that mitigation
costs the same for all three). Which risk should be mitigated, in your opinion? Give
reasons for your answer.

3.15 How would you rank the following risks (start with highest risk):

e smoking

e exposure to second-hand smoke
e riding in an automobile
e drinking water from a mountain stream
e technical mountain climbing
e bicycling on bike lanes on city streets
e bicycling on city streets
e downhill skiing

e bungee jumping

o flying in a commercial jet

e flying in a small twin-engine plane

o living 5 miles from a nuclear power plant

o living 5 miles from a coal-burning power plant.

This problem is best done by a team or class. It is also interesting to revisit this problem
at the end of the course.






Chapter 4

Water Pollution

Although people intuitively relate filth to disease, the transmission of disease by
pathogenic organisms in polluted water was not recognized until the middle of the
nineteenth century. The Broad Street pump handle incident demonstrated dramatically
that water could carry diseases.

In 1854, a public health physician named John Snow, assigned to try to control
the spread of cholera, noticed a curious concentration of cholera cases in one part of
London. Almost all of the people affected drew their drinking water from a commu-
nity pump in the middle of Broad Street. However, people who worked in an adjacent
brewery were not affected. Snow recognized that the brewery workers’ apparent immu-
nity to cholera occurred because the brewery drew its water from a private well and
not from the Broad Street pump (although the immunity might have been thought due
to the health benefits of beer). Snow’s evidence convinced the city council to ban the
polluted water supply, which was done by removing the pump handle so that the pump
was effectively unusable. The source of infection was cut off, the cholera epidemic
subsided, and the public began to understand the importance of having clean drinking
water supplies.

Until recently, water pollution was viewed primarily as a threat to human health
because of the transmission of bacterial and viral waterborne diseases. In less devel-
oped countries, and in almost any country in time of war, waterborne diseases remain a
major public health threat. In the United States and other developed countries, however,
water treatment and distribution methods have almost eradicated microbial contami-
nation in drinking water. We now recognize that water pollution constitutes a much
broader threat and continues to pose serious health risks to the public as well as aquatic
life. In this chapter we discuss the sources of water pollution and the effect of this
pollution on streams, lakes and oceans.

SOURCES OF WATER POLLUTION

Water pollutants are categorized as point source or nonpoint source, the former
being identified as all dry weather pollutants that enter watercourses through pipes or
channels. Storm drainage, even though the water may enter watercourses by way of
pipes or channels, is considered nonpoint source pollution. Other nonpoint source pol-
lution comes from agricultural runoff, construction sites, and other land disturbances,

51
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as discussed in Chap. 11. Point source pollution comes mainly from industrial facilities
and municipal wastewater treatment plants. The range of pollutants is vast, depending
only on what gets “thrown down the drain.”

Oxygen demanding substances such as might be discharged from milk process-
ing plants, breweries, or paper mills, as well as municipal wastewater treatment
plants, compose one of the most important types of pollutants because these materials
decompose in the watercourse and can deplete the water of dissolved oxygen.

Sediments and suspended solids may also be classified as a pollutant. Sediments
consists of mostly inorganic material washed into a stream as a result of land cul-
tivation, construction, demolition, and mining operations. Sediments interfere with
fish spawning because they can cover gravel beds and block light penetration, making
food harder to find. Sediments can also damage gill structures directly, smothering
aquatic insects and fishes. Organic sediments can deplete the water of oxygen, creat-
ing anaerobic (without oxygen) conditions, and may create unsightly conditions and
cause unpleasant odors.

Nutrients, mainly nitrogen and phosphorus, can promote accelerated eutrophica-
tion, or the rapid biological “aging” of lakes, streams, and estuaries. Phosphorus and
nitrogen are common pollutants in residential and agricultural runoff, and are usually
associated with plant debris, animal wastes, or fertilizer. Phosphorus and nitrogen are
also common pollutants in municipal wastewater discharges, even if the wastewater
has received conventional treatment. Phosphorus adheres to inorganic sediments and
is transported with sediments in storm runoff. Nitrogen tends to move with organic
matter or is leached from soils and moves with groundwater.

Heat may be classified as a water pollutant when it is caused by heated indus-
trial effluents or from anthropogenic (human) alterations of stream bank vegetation
that increase the stream temperatures due to solar radiation. Heated discharges may
drastically alter the ecology of a stream or lake. Although localized heating can have
beneficial effects like freeing harbors from ice, the ecological effects are generally
deleterious. Heated effluents lower the solubility of oxygen in the water because
gas solubility in water is inversely proportional to temperature, thereby reducing the
amount of dissolved oxygen available to aerobic (oxygen-dependent) species. Heat
also increases the metabolic rate of aquatic organisms (unless the water temperature
gets too high and kills the organism), which further reduces the amount of dissolved
oxygen because respiration increases.

Municipal wastewater often contains high concentrations of organic carbon, phos-
phorus, and nitrogen, and may contain pesticides, toxic chemicals, salts, inorganic
solids (e.g., silt), and pathogenic bacteria and viruses. A century ago, most discharges
from municipalities received no treatment whatsoever. Since that time, the popula-
tion and the pollution contributed by municipal discharge have both increased, but
treatment has increased also.

We define a population equivalent of municipal discharge as equivalent of the
amount of untreated discharge contributed by a given number of people. For example,
if a community of 20,000 people has 50% effective sewage treatment, the population
equivalent is 0.5 x 20,000 or 10,000. Similarly, if each individual contributes 0.2 1b of
solids per day into wastewater, and an industry discharges 1,000 Ib/day, the industry
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has a population equivalent of 1,000/0.2, or 5,000. The current estimate of the popu-
lation equivalent of municipal discharges into U.S. surface water is about 100 million,
for a population of nearly 300 million. The contribution of municipal discharges to
water pollution has not decreased significantly in the past several decades, nor has it
significantly increased; at least we are not falling behind.

The sewerage systems in older U.S. cities have aggravated the wastewater dis-
charge situation. When these cities were first built, engineers realized that sewers were
necessary to carry off both storm water and sanitary wastes, and they usually designed
a single system to carry both discharges to the nearest appropriate body of water. Such
systems are known as combined sewers.

Almost all of the cities with combined sewers have treatment plants that can only
handle dry weather flow (i.e., no storm water runoff). When it rains, the flow in the
combined sewer system increases to many times the dry weather flow and most of it
must be bypassed directly into a river, lake, or bay. The overflow will contain raw
sewage as well as storm water, and can be a significant pollutant to the receiving water.
Attempts to capture and store the excess flow for subsequent treatment are expensive,
and the cost of separating combined sewer systems may be prohibitive.

As years passed, city populations increased, and the need for sewage treatment
became apparent. Separate sewer systems were built: one system to carry sanitary
sewage to the treatment facility and the other to carry storm water runoff. This change
improved the overall treatment of sewage by decreasing the frequency of bypasses
and allowing additional levels of sewage treatment, such as phosphorus removal, to
be added at the wastewater treatment plant. It left unresolved the treatment of storm
water runoff, which is now one of the major sources of water pollution in the United
States.

Agricultural wastes that flow directly into surface waters have a collective popula-
tion equivalent of about two billion. Agricultural wastes are typically high in nutrients
(phosphorus and nitrogen), biodegradable organic carbon, pesticide residues, and fecal
coliform bacteria (bacteria that normally live in the intestinal tract of warm-blooded
animals and indicate contamination by animal wastes). Feedlots where large numbers
of animals are penned into relatively small spaces provide an efficient way to raise
animals for food. They are usually located near slaughterhouses, and thus near cities.
Feedlot drainage (and drainage from intensive poultry cultivation) creates an extremely
high potential for water pollution. Aquaculture has a similar problem because wastes
are concentrated in a relatively small space. Even relatively low densities of animals
can significantly degrade water quality if the animals are allowed to trample the stream
bank, or runoff from manure-holding ponds is allowed to overflow into nearby water-
ways. Both surface and groundwater pollution are common in agricultural regions
because of the extensiveness of fertilizer and pesticide application.

Pollution from petroleum compounds (“oil pollution”) first came to public attention
with the Torrey Canyon disaster in 1967. The huge tanker loaded with crude oil plowed
into a reef in the English Chanuel. Despite British and French attempts to burn the oil,
almost all of it leaked out and fouled French and English beaches. Eventually, straw
was used to soak up the oil and detergents were applied to disperse the oil (detergents
were later found to be harmful to the coastal ecology).
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By far the most notorious recent incident has been the Exxon Valdez spill in Prince
William Sound in Alaska. Oil in Alaska is produced in the Prudhoe Bay region in
northern Alaska and piped down to the tanker terminal in Valdez on the southern coast.
On March 24, 1989, the Exxon Valdez, a huge oil tanker loaded with crude oil veered
off course and hit a submerged reef, spilling about 11 million gallons of oil, into Prince
William Sound. The effect was devastating to the fragile ecology. About 40,000 birds
died, including about 150 bald eagles. The final toll on wildlife will never be known,
but the effect of the spill on the local fishing economy can be calculated and it exceeds
$100 million. The cleanup by Exxon cost at least $2 billion, and the legal responsibility
is still being debated.

While oil spills as large as the Exxon Valdez spill get a lot of publicity, it is esti-
mated that there are about 10,000 serious oil spills in the United States every year, and
many more minor spills from routine operations that do not make headlines. The effect
of some of these spills may never be known. In addition to oil spills, petroleum hydro-
carbons from atmospheric sources (e.g., automobile exhaust fumes) are deposited daily
on road surfaces. When it rains, these oily deposits wash into nearby streams and lakes.

The acute effect of oil on birds, fish, and other aquatic organisms is well cataloged;
the subtle effects of oil on aquatic life is not so well understood and is potentially more
harmful. For example, anadromous fish that find their home stream by the smell or
taste of the water can become so confused by the presence of strange hydrocarbons
that they will refuse to enter their spawning stream.

Acids and bases from industrial and mining activities can alter the water quality
in a stream or lake to the extent that it kills the aquatic organisms living there, or
prevents them from reproducing. Acid mine drainage has polluted surface waters since
the beginning of ore mining. Sulfur-laden water leached from mines, including old and
abandoned mines as well as active ones, contains compounds that oxidize to sulfuric
acid on contact with air. Deposition of atmospheric acids originating in industrial
regions has caused lake acidification throughout vast areas of Canada, Europe, and
Scandinavia.

Synthetic organics and pesticides can adversely affect aquatic ecosystems as well
as making the water unusable for human contact or consumption. These compounds
may come from point source industrial effluents or from nonpoint source agricultural
and urban runoff.

The effects of water pollution can be best understood in the context of an aquatic
ecosystem, by studying one or more specific interactions of pollutants with that
ecosystem.

ELEMENTS OF AQUATIC ECOLOGY

Plants and animals in their physical and chemical environment make up an ecosystem.
The study of ecosystems is termed ecology. Although we often draw lines around a
specific ecosystem to be able to study it more fully (e.g., a farm pond) and thereby
assume that the system is completely self-contained, this is obviously not true. One of
the tenets of ecology is that “everything is connected with everything else.”
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Three categories of organisms make up an ecosystem. The producers use energy
from the sun and nutrients like nitrogen and phosphorus from the soil to produce high-
energy chemical compounds by the process of photosynthesis. The energy from the sun
is stored in the molecular structure of these compounds. Producers are often referred
to as being in the first trophic (growth) level and are called autotrophs. The second
category of organisms in an ecosystem includes the consumers, who use the energy
stored during photosynthesis by ingesting the high-energy compounds. Consumers
in the second trophic level use the energy of the producers directly. There may be
several more trophic levels of consumers, each using the level below it as an energy
source. A simplified ecosystem showing various trophic levels is illustrated in Fig. 4-1,
which also shows the progressive use of energy through the trophic levels. The third
category of organisms, the decomposers or decay organisms, use the energy in animal
wastes, along with dead animals and plants, converting the organic compounds to stable
inorganic compounds (e.g., nitrate) that can be used as nutrients by the producers.

Ecosystems exhibit a flow of both energy and nutrients. The original energy source
for nearly all ecosystems is the sun (the only notable exception is oceanic hydrothermal
vent communities, which derive energy from geothermal activity). Energy flows in only
one direction: from the sun and through each trophic level. Nutrient flow, on the other
hand, is cyclic: nutrients are used by plants to make high-energy molecules that are
eventually decomposed to the original inorganic nutrients, ready to be used again.

Most ecosystems are sufficiently complex that small changes in plant or animal
populations will not result in long-term damage to the ecosystem. Ecosystems are con-
stantly changing, even without human intervention, so ecosystem stability is best
defined by its ability to return to its original rate of change following a disturbance.
For example, it is unrealistic to expect to find the exact same numbers and species
of aquatic invertebrates in a “restored” stream ecosystem as were present before any
disturbance. Stream invertebrate populations vary markedly from year to year, even
in undisturbed streams. Instead, we should look for the return of similar types of
invertebrates, in about the same relative proportion as would be found in undisturbed
streams.

The amount of perturbation that an ecosystem can absorb is called resistance.
Communities dominated by large, long-lived plants (e.g., old growth forests) tend to
be fairly resistant to perturbation (unless the perturbation is a chain saw!). Ecosystem
resistance is partially based on which species are most sensitive to the particular dis-
turbance. Even relatively small changes in the populations of “top of the food chain”
predators (including humans) or critical plant types (e.g., plants that provide irreplace-
able habitat) can have a substantial impact on the structure of the ecosystem. The
ongoing attempt to limit the logging of old-growth forests in the Pacific Northwest is
an attempt to preserve critical habitat for species that depend on old growth, such as
the spotted owl and the marbled murrulet.

The rate at which the ecosystem recovers from perturbation is called resilience.
Resilient ecosystems are usually populated with species that have rapid colonization
and growth rates. Most aquatic ecosystems are very resilient (but not particularly
resistant). For example, during storm events, the stream bottom is scoured, removing
most of the attached algae that serve as food for small invertebrates. The algae grow
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To atmasphere. ..., .. .

|

To soil

Figure 4-1. A typical terrestrial ecosystem. The numbers refer to trophic level above
the autotrophic, and the arrows show progressive loss of energy. (Source: Turk, A.
et al., Environmental Science. Philadelphia: W.B. Saunders, 1974.)

quickly after the storm flow abates, so the invertebrates do not starve. In contrast, the
deep oceanic ecosystem is extraordinarily fragile, not resilient, and not resistant to
environmental disturbances. This must be considered before the oceans are used as
waste repositories.

Although inland waters (streams, lakes, wetlands, etc.) tend to be fairly resi-
lient ecosystems, they are certainly not totally immune to destruction by outside
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perturbations. In addition to the direct effect of toxic materials like metals, pesti-
cides, and synthetic organic compounds, one of the most serious effects of pollutants
on inland waters is depletion of dissolved oxygen. All higher forms of aquatic life exist
only in the presence of oxygen, and most desirable microbiologic life also requires
oxygen. Natural streams and lakes are usually aerobic. If a watercourse becomes anaer-
obic, the entire ecology changes and the water becomes unpleasant and unsafe. The
dissolved oxygen concentration in waterways and the effect of pollutants are closely
related to the concept of decomposition and biodegradation, part of the total energy
transfer system that sustains life.

BIODEGRADATION

Plant growth, or photosynthesis, may be represented by the equation:
6CO; + 12H,0 + light — CgH;20¢ + 6H,0 + 603 “.1)

In this simplified example, glucose (CsHj20¢), water (H20), and oxygen (O2) are
produced from carbon dioxide (CO2) and water, with sunlight as the source of energy
and chlorophyll as a catalyst. Photosynthesis is basically a redox reaction where CO;
is reduced to glucose, or other high-energy carbon compounds of the general form
HCOH, using water as the hydrogen donor. When glucose is metabolized (used as
food), by the plant cell or by an animal consumer, energy is released in much the same
way as in burning any fuel, with the end products being heat, carbon dioxide, and
water.

In addition to sunlight, CO,, and H2O, plants require inorganic nutrients, particu-
larly nitrogen and phosphorous, to grow. Equation (4.2) shows that production of algal
protoplasm (the living portion of an algae cell) requires a ratio of 106 units of carbon
and 16 units of nitrogen for every unit of phosphorus:

106CO;, + 16NO; + HPO?™ + 122H,0 + 18H — [(CH,0);05(NH3);5(H3PO4)]
(algal protoplasm)

4.2)

As discussed previously, plants (producers) use inorganic nutrients and sunlight as an
energy source to build high-energy compounds. Consumers eat and metabolize these
compounds, releasing some of the energy for the consumer to use. The end product
of metabolism (excrement) becomes food for decomposers and is degraded further,
but at a much slower rate because many of the readily digestible compounds have
already been consumed. After several such steps, only very low-energy compounds
remain, and decomposers can no longer use the residue as food. Plants then use these
compounds to build more high-energy compounds by photosynthesis, and the process
starts over. The process is shown symbolically in Fig. 4-2.

Many organic materials responsible for water pollution enter watercourses at a
high energy level. The biodegradation, or gradual use of energy, of the compounds by
a chain of organisms causes many water pollution problems.
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Figure 4-2. Energy loss in biodegradation. (After McGauhey, PH., Engineering
Management of Water Quality. New York: McGraw-Hill, 1968.)

AEROBIC AND ANAEROBIC DECOMPOSITION

Decomposition or biodegradation may take place in one of two distinctly different
ways: aerobic (using free oxygen) and anaerobic (in the absence of free oxygen). The
basic equation for aerobic decomposition of complex organic compounds is:

HCOH + Oy — CO2 + H20 + energy 4.3)

The biological respiration or decomposition of glucose (the reverse of Eq. (4.1)) under
aerobic conditions would result in the release of CO, HyO, and energy that can be
used for metabolism:

CgH1206 + 6H20 + 60, — 6CO2 + 12H,0 + energy @.4)

Carbon dioxide and water are always two of the end products of aerobic decompo-
sition. Both are stable, low in energy, and used by plants in photosynthesis (plant
photosynthesis is a major CO; sink for the earth).

Nitrogen, phosphorus, and sulfur compounds are often included in the general
discussion of decomposition because the breakdown and release of these compounds
during decomposition of organic matter can contribute to water quality problems. In
aerobic environments, sulfur compounds are oxidized to the sulfate ion (SO%‘) and
phosphorus is oxidized to phosphate (POi_). Any phosphate not rapidly taken up by
microorganisms is bound by physical or chemical attraction to suspended sediments
and metal ions, making it unavailable to most aquatic organisms. Nitrogen is oxidized
through a series of steps in the progression:

Organic N — NHj3(ammonija) — NO, (nitrite) — NO; (nitrate)

Because of this distinctive progression, various forms of nitrogen are used as indica-
tors of water pollution. A schematic representation of the aerobic cycle for carbon,
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Figure 4-3. Aerobic carbon, nitrogen, phosphorus, and sulfur cycles. (After
McGauhey, PH., Engineering Management of Water Quality. New York:
McGraw-Hill, 1968.)

nitrogen, sulfur, and phosphorus is shown in Fig. 4-3. This figure shows only the basic
phenomena and greatly simplifies the actual steps and mechanisms.

Anaerobic decomposition is usually performed by a completely different set of
microorganisms, to which oxygen may even be toxic. (Microorganisms that can only
survive in anaerobic environments are called obligate anaerobes; facultative anaerobes
can survive in aerobic or anaerobic environments.) The basic equation for anaerobic
biodegradation is:

2HCOH — CH4 + CO; + energy 4.5)

Figure 4-4 is a schematic representation of anaerobic decomposition. Note that the
left half of the cycle, photosynthesis by plants, is identical to the aerobic cycle. Many
of the end products of anaerobic decomposition are biologically unstable. Methane
(CH,), for example, is a high-energy gas commonly called “marsh gas” (or “natural
gas” when burned as fuel). Although methane is physically stable (does not break
down spontaneously), it can be oxidized and used as an energy source (food) by a
variety of aerobic bacteria. Ammonia (NH3) can also be oxidized by aerobic bacteria
or used by plants as a nutrient. Sulfur is anaerobically biodegraded to evil smelling
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Figure 4-4. Anaerobic carbon, nitrogen, phosphorus, and sulfur cycles. (After
McGauhey, P.H., Engineering Management of Water Quality. New York:
McGraw-Hill, 1968.)

sulfhydryl compounds like hydrogen sulfide (H2S), and can be used as an energy
source by aerobic bacteria. Phosphates released during anaerobic decomposition are
very soluble in water and do not bind to metal ions or sediments. Soluble phosphate is
easily taken up by plants and used as a nutrient.

Biologists often speak of certain compounds as hydrogen acceptors. When energy
is released from high-energy compounds a C=H or N=H bond is broken, and the freed
hydrogen must be attached somewhere. In aerobic decomposition, oxygen serves the
purpose of a hydrogen scavenger or hydrogen acceptor, and forms water. In anaero-
bic decomposition, oxygen is not available. The next preferred hydrogen acceptor is
nitrate (NOj') or nitrite (NO; ), forming ammonia (NHj3). If no appropriate nitrogen
compound is available, sulfate (SOi_) accepts hydrogen to form sulfur (S°) and H3S,
the compound responsible for the notorious rotten egg smell.

EFFECT OF POLLUTION ON STREAMS

The effect of pollution on streams depends on the type of pollutant. Some compounds
are acutely toxic to aquatic life (e.g., heavy metals), and will cause dead zones down-
stream from the pollutant source. Some types of pollutants are health concerns to
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humans, but have little impact on stream communities. For example, coliform bac-
teria are an indicator of animal waste contamination, and are therefore an important
human health concern, but most aquatic organisms are not harmed by the presence of
coliforms.

One of the most common types of stream pollutants is the introduction of
biodegradable organic material. When a high-energy organic material such as raw
sewage is discharged into a stream, a number of changes occur downstream from the
point of discharge. As the organic components of the sewage are oxidized, oxygen is
used at a rate greater than that upstream from the sewage discharge, and the dissolved
oxygen in the stream decreases markedly. The rate of reaeration, or solution of oxygen
from the air, also increases, but is often not enough to prevent total depletion of oxygen
in the stream. If the dissolved oxygen is totally depleted, the stream becomes anaerobic.
Often, however, the dissolved oxygen does not drop to 0 and the stream recovers
without a period of anaerobiosis. Both of these situations are depicted graphically in
Fig. 4-5. The dip in dissolved oxygen is referred to as a dissolved oxygen sag curve.

The effect of a biodegradable organic waste on a stream’s oxygen level may be
estimated mathematically. Let

z(t) = the amount of oxygen still required at time ¢, in milligrams per
liter (mg/L), and
ki = the deoxygenation constant, in days™1.

Pollution /_\

Oxygen saturation level

o
&

Dissolved oxygen

Anaerobic conditions

Time (or distance downstream)

Figure 4-5. Dissolved oxygen downstream from a source of organic pollution. Curve
A depicts an oxygen sag without anaerobic conditions; curve B shows an oxygen sag
curve when pollution is concentrated enough to create anaerobic conditions, Dy is the
oxygen deficit in the stream after the stream has mixed with the pollutant, and D; is
the oxygen deficit of the upstream water.
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Figure 4-6. Amount of oxygen required at any time #(z(#)) for various deoxygenation
constants (k’l) when the ultimate carbonaceous oxygen demand (Lp) is 30 mg/L.

The deoxygenation constant k& will depend on the type of waste, the temperature, the
stream velocity, etc. The rate of change of z over time is proportional to k{:

d
(EZ (t)) = k1z (). (4.6)
This differential equation has a simple solution:

z(t) = Lo ™, %))

where Ly is the ultimate carbonaceous oxygen demand, in milligrams per liter (mg/L),
or the amount of oxygen needed to degrade the carbonaceous organic material in the
wastewater at the point where the effluent first enters into and mixes with the stream
(see mext chapter). This equation is plotted in Fig. 4-6 for various values of k|, and
with Lo = 30 mg/L.

Since the ultimate oxygen requirement is Ly and the amount of oxygen still needed
at any given time is z, the amount of oxygen used after time ¢, the biochemical oxygen
demand (BOD), is simply the difference between Ly and z(#):

BOD (t) = Lo — z (t) = Lo(1 — e™11%), (4.8)

This relationship is plotted in Fig. 4-7, and it can be seen that the BOD asymptotically
approaches Lg as time passes.

Contrasting with this increase in BOD over time is the reoxygenation of the stream
by natural forces. This will depend on the difference between the current amount of
dissolved oxygen, and the maximum amount of oxygen the water can hold at saturation.
In other words, if d is the actual amount of dissolved oxygen in the water, and d; is the
amount of dissolved oxygen at saturation, then

(%d(t) =ky(ds —d () =K, D(®), 4.9)

where D(f) is the oxygen deficit at time ¢, in milligrams per liter (mg/L), and & is the
reoxygenation constant, in days—1.
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Figure 4-7. Dissolved oxygen used (BOD) at any time ¢ plus the dissolved oxygen
still needed at time #(z(#)) is equal to the ultimate oxygen demand (Lp).
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Time

Table 4-1. Reaeration Constants

Type of watercourse K, at 20°C% (days~!)
Small ponds or backwaters 0.10-0.23
Sluggish streams 0.23-0.35
Large streams, low velocity 0.35-0.46
Large streams, normal velocity 0.46-0.69
Swift streams 0.69-1.15
Rapids >1.15

@ For temperatures other than 20°C, K,(T') = K,(20°C)(1.024)T ~20,

The value of k;, is obtained by studying the stream using a tracer. If this cannot be
done, a generalized expression (O’Connor 1958) may be used:

3.9v1/2,/(1.037)T-29
K = 4.10)

2= H3/2 ’

where T is the temperature of the water in degrees Celsius, H is the average depth of
flow in meters, and v is the mean stream velocity in meters per second (m/s).

Alternatively, k, values may be estimated from a table like Table 4-1.

For a stream loaded with organic material, the simultaneous deoxygenation and
reoxygenation of the water forms the dissolved oxygen sag curve, first developed by
Streeter and Phelps in 1925 (Streeter and Phelps 1925). The shape of the oxygen sag
curve, as shown in Fig. 4-5, is the sum of the rate of oxygen use and the rate of oxygen
supply. Immediately downstream from a source of organic pollution the rate of use
will often exceed the reaeration rate and the dissolved oxygen concentration will fall
sharply. As the discharged organic matter is oxidized, and fewer high-energy organic
compounds are left, the rate of use will decrease, the supply will begin to catch up with
the use, and the dissolved oxygen will once again reach saturation.
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This may be expressed mathematically as:

d
d—tD(t) = kiz(t) — k3D (1), 4.11)

which can be solved to give:

/

——T(e—’ﬁ —e Rty 4 Doe R, (4.12)

D(t) =

where Dy is the initial oxygen deficit in the stream at the point of wastewater discharge,
after the stream flow has mixed with the wastewater, in milligrams per liter (mg/L).
The deficit equation can also be expressed in common logarithms:

kiLg
2 — l

D= —0_10~%* — 107*2*) + py10~*2¢, 4.13)

since:
¥t = 10~ when k = 0.43%’.

The initial oxygen deficit (Do) is calculated as a flow-weighted proportion of the initial
stream oxygen deficit and the wastewater oxygen deficit:

Ds Qs+ DpQp

Dy = ,
0 0: + 0p

(4.14)

where D; is the oxygen deficit in the stream directly upstream from the point of
discharge, in milligrams per liter (ng/L); Qs is the stream flow upstream from the
wastewater discharge, in cubic meters per second (m%/s); Dy is the oxygen deficit in
the wastewater being added to the stream, in mllhgra.ms per liter (mg/L); and Qy, is the
flow rate of wastewater, in cubic meters per second (m3/s).

Similarly, the ultimate carbonaceous BOD (Lg) is:

LsQs + Lpr

Lg = ,
0 0.+ Cp

(4.15)

where L; is the ultimate BOD in the stream immediately upstream from the point of
wastewater discharge, in milligrams per liter (mg/L); Qs is the stream flow upstream
from the wastewater discharge, in cubic meters per second (m®/s); Ly, is the ultimate
BOD of the wastewater, in milligrams per liter (mg/L); and Q;, is the flow rate of the
wastewater, in cubic meters per second (m /8).

The most serious water quality concern is the downstream location where the
oxygen deficit will be the greatest, or where the dissolved oxygen concentration is the
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lowest. By setting dD/dt = 0, we can solve for the time when this minimum dissolved
oxygen occurs, the critical time, as

_ ! ky [, _ Do(ky— k)

where £ is the time downstream when the dissolved oxygen concentration is the
lowest.

An actual dissolved oxygen sag curve is shown in Fig. 4-8. Note that the stream
becomes anaerobic at about mile 3.5, recovers, then drops back to O after receiving
effluents from a city and a paper mill. Also shown in the figure is the expected dissolved
oxygen sag if 95% of the demand for oxygen is removed from all discharges.

EXAMPLE 4.1. Assume that a large stream has a reoxygenation constant 5 of 0.4/day,
a flow velocity of 5 miles/h, and at the point of pollutant discharge, the stream is
saturated with oxygen at 10 mg/L. The wastewater flow rate is very small compared
with the stream flow, so the mixture is assumed to be saturated with dissolved oxygen
and to have an oxygen demand of 20 mg/L.. The deoxygenation constant k{ is 0.2/day.
What is the dissolved oxygen level 30 miles downstream?

Stream velocity = 5 miles/h, hence it takes 30/5 or 6 h to travel 30 miles.
Therefore, t = 6 h/24 h/day = 0.25 day,
and Dy = 0 because the stream is saturated.

_02)20) / _02025) _ ,—©4025) _
D=%4-02 (" ¢ ) = 1.0 mg/L.

The dissolved oxygen 30 miles downstream will be the saturation level minus the
deficit, or 10 — 1.0 = 9.0 mg/L..

Stream flow is variable, of course, and the critical dissolved oxygen levels can be
expected to occur when the flow is the lowest. Accordingly, most state regulatory
agencies base their calculations on a statistical low flow, such as a 7-day, 10-year low
flow: the 7 consecutive days of lowest flow that may be expected to occur once in
10 years. This is calculated by first estimating the lowest 7-day flow for each year,
then assigning ranks: m = 1 for the least flow (most severe) to m = n for the greatest
flow (least severe), where » is the number of years considered. The probability of
occurrence of a flow greater than or equal to a particular low flow is

m

P= ot @.17)
When P is graphed against the flow using probability paper, the result is often a
straight line (log-probability sometimes gives a better fit). The 10-year low flow can
be estimated from the graph at m/(n + 1) = 0.1 (or 1 year in 10). The data from
Example 4.2 are plotted in Fig. 4-9; the minimum 7-day, 10-year low flow is estimated
to be 0.5 m%/s.
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Figure 4-9. Plot of 7-day, 10-year low flows, for Example 4.2.

ExaMpLE 4.2. Calculate the 7-day, 10-year low flow given the data below.

Lowest flow Lowest flow in
7 consecutive Ranking order of severity

Year days (m3/s) (m) m/(n+1) (m3/s)

1965 12 1 1/14 = 0.071 04

1966 1.3 2 2/14 = 0.143 0.6

1967 0.8 3 3/14 =0.214 0.6

1968 14 4 4/14 = 0.285 0.8

1969 0.6 5 5/14 = 0.357 0.8

1970 04 6 6/14 = 0.428 0.8

1971 0.8 7 7/14 = 0.500 09

1972 14 8 8/14 = 0.571 1.0

1973 12 9 9/14 = 0.642 1.2

1974 1.0 10 10/14 = 0.714 12

1975 0.6 11 11/14 = 0.786 1.3

1976 0.8 12 12/14 = 0.857 14

1977 0.9 13 13/14 = 0.928 14
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When the rate of oxygen use overwhelms the rate of oxygen reaeration, the stream
may become anaerobic. An anaerobic stream is easily identifiable by the presence of
floating sludge, bubbling gas, and a foul smell. The gas is formed because oxygen is
no longer available to act as the hydrogen acceptor, and NHs, H,S, and other gases
are formed. Some of the gases dissolve in water, but others can attach themselves
as bubbles to sludge (solid black or dark benthic deposits) and buoy the sludge to
the surface. In addition, the odor of HyS will advertise the anaerobic condition for
some distance, the water is usually black or dark, and filamentous bacteria (sewage
“fungus”) grow in long slimy filaments that cling to rocks and wave graceful streamers
downstream.

Other adverse effects on aquatic life accompany the unpleasant physical appear-
ance of an anaerobic stream. The types and numbers of species change drastically
downstream from the pollution discharge point. Increased turbidity, settled solid
matter, and low dissolved oxygen all contribute to a decrease in fish life. Fewer
and fewer species of fish are able to survive, but those species that do survive find
food plentiful, and often multiply in large numbers. Carp and catfish can survive in
water that is quite foul and can even gulp air from the surface. Trout, on the other
hand, need very pure, cold, oxygen-saturated water and are notoriously intolerant of
pollution.

The numbers of other aquatic species are also reduced under anaerobic conditions,
as shown in Fig. 4-10. The remaining species, like sludge worms, bloodworms, and
rat-tailed maggots, abound, often in staggering numbers — as many as 50,000 sludge
worms per square foot. The diversity of species may be quantified by using an index,
such as the Shannon—Weaver diversity index (Shannon and Weaver 1949),

Hh=fi(%)*m(%), @.18)

...
I
—

Organisms
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Y

Time (or distance downstream)

Figure 4-10. The number of species and the total number of organisms downstream
from a point of organic pollution.
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where H' is the diversity index, n; is the number of individuals in the ith species, and
n is the total number of individuals in all S species.

Diversity indices can be quite difficult to interpret because they are composed of
two different measurements: species richness (how many different kinds of organisms
are present?) and species equitability (how evenly are the individuals distributed among
the species?). One way to overcome this problem is to convert the diversity index into
an equitability index, such as Pielou’s J (Pielou 1975):

HI

J = m. (4.19)

Pielou’s J is a measure of how close K’ is to its maximum value for any given sam-
ple, approaching 1.0 at maximum equitability. Although still widely used for general
comparisons, both H’ and J have been replaced with more complex indices that
take into account the relative abundance of pollution-tolerant or -intolerant species.
Table 4-2 shows a simplified example of biotic diversity and equitability upstream and
downstream from a pollution outfall.

As mentioned earlier, nitrogen compounds may be used as indicators of pollution.
The changes in the various forms of nitrogen with distance downstream are shown in
Fig. 4-11. The first transformation, in both aerobic and anaerobic decomposition, is
the formation of ammonia; thus the concentration of ammonia increases as organic
nitrogen decreases. As long as the stream remains aerobic, the concentration of nitrate
will increase to become the dominant form of nitrogen.

These reactions of a stream to pollution occur when a rapidly decomposable
organic material is the waste. The stream will react much differently to inorganic
waste, as from a metal-plating plant. If the waste is toxic to aquatic life, both the
kind and total number of organisms will decrease downstream from the outfall. The
dissolved oxygen will not fall, and might even rise. There are many types of pollution,
and a stream will react differently to each. When two or more wastes are involved, the
situation is even more complicated.

Table 4-2, Diversity and Equitability of Aquatic Organisms

No. of individuals in sample

Pollution Upstream from Downstream from
Species tolerance outfall outfall
Mayflies Intolerant 20 5
Rat-tailed Tolerant 0 500
maggots

Trout Intolerant 5 0
Carp Tolerant 1 20

H' diversity = 0.96 0.22

Equitability (J) = 0.87 0.20
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Figure 4-11. Typical variations in nitrogen compounds downstream from a point of
organic pollution.

EFFECT OF POLLUTION ON LAKES

The effect of pollution on lakes differs in several respects from the effect on streams.
‘Water movement in lakes is slower than in streams, so reaeration is more of a problem
in lakes than streams. Because of the slow movement of water in a lake, sediments,
and pollutants bound to sediments, tend to settle out of the water column rather than
being transported downstream.

Light and temperature have important influences on a lake, and must be included
in any limnological analysis (limnology is the study of lakes). Light is the source of
energy in the photosynthetic reaction, so the penetration of light into the lake water
determines the amount of photosynthesis that can occur at various depths in the lake.
Light penetration is logarithmic and a function of wavelength. Short wavelengths (blue,
ultraviolet) penetrate farther than long wavelengths (red, infrared). Light penetration
at all wavelengths is less in lakes with high concentrations of dissolved organic matter.
In pristine lakes, 60-80% of the incident blue/UV light, and 10-50% of the red/IR may
penetrate beyond the first 3 ft; in humic (boggy) lakes, the presence of large amounts
of organic matter causes 90-99% of all wavelengths to be absorbed within the first
3 ft. Because of this, algal growth is concentrated near the surface of a lake, in the
photic zone, which is limited to the maximum depth where there is still enough light
to support photosynthesis.

Temperature and heat often have a profound effect on a lake. Wateris at a maximum
density at 4°C; warmer or colder water (including ice) is less dense, and will float.
Water is also a poor conductor of heat and retains heat quite well.

Lake water temperature usually varies seasonally (see Fig. 4-12). During the
winter, if the lake does not freeze, the temperature is relatively constant with depth.
As the weather warms in the spring the top layers of water begin to warm. Since
warmer water is less dense, and water is a poor conductor of heat, the lake eventually
stratifies into a warm, less dense, surface layer called the epilimnion and a cooler,
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Figure 4-12. Typical temperature—depth relationships in lakes.

denser, bottom layer, the Aypolimnion. A thermal gradient, the metalimnion, is present
between these two layers. The inflection point in the temperature gradient is called
the thermocline (early limnologists used. “thermocline” to describe the entire thermal
gradient). Circulation of water occurs only within a stratum, and thus there is only lim-
ited transfer of biological or chemical material (including dissolved oxygen) between
the epilimnion and the hypolimnion. As colder weather approaches, the top layer
cools, becomes denser, and sinks. This creates circulation within the lake, known as
fall turnover. If the lake freezes over in the winter, the lake surface temperature will
be less than 4°C, and the ice will float on top of the slightly denser (but still cold!)
underlying water. When spring comes, the lake surface will warm slightly and there
will be a spring turnover as the ice thaws.

The biochemical reactions in a natural lake are represented schematically in
Fig. 4-13. A river feeding the lake would contribute carbon, phosphorus, and nitro-
gen, either as high-energy organics or as low-energy compounds. The phytoplankton
(free-floating algae) take carbon, phosphorus, and nitrogen, and, using sunlight as an
energy source, make high-energy compounds. Algae are eaten by zooplankton (tiny
aquatic animals), which are in turn eaten by larger aquatic life such as fish. All of these
life forms defecate or excrete waste products, contributing a pool of dissolved organic
carbon. This pool is further fed by the death of aquatic life, and by the near-constant
leakage of soluble organic compounds from algae into the water. Bacteria use dissolved
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Figure 4-13. Schematic representation of lake ecology. (With thanks to Don
Francisco.)

organic carbon and produce carbon dioxide, which is in turn used by algae. Carbon
dioxide is also provided by respiration of fish and zooplankton, as well as dissolving
into the water directly from the air.

The growth of algae in most lakes is limited by the availability of phosphorus;
if phosphorus is in sufficient supply, nitrogen is usually the next limiting nutrient.
(A limiting nutrient is an essential element or compound that controls the rate of
algal growth because the nutrient is not readily available.) Some algal species have
special growth requirements that result in co-limitation by other nutrients (e.g., silica
is required for diatom growth).

When phosphorus and nitrogen are introduced into the lake, either naturally
from storm runoff, or from a pollution source, the nutrients promote rapid growth
of algae in the epilimnion. When the algae die, they drop to the lake bottom (the
hypolimnion) and become a source of carbon for decomposing bacteria. Aerobic
bacteria will use all available dissolved oxygen in the process of decomposing
this material, and the dissolved oxygen may be depleted enough to cause the
hypolimnion to become anaerobic. As more and more algae die, and more and
more dissolved oxygen is used in their decomposition, the metalimnion may also
become anaerobic. When this occurs, aerobic biological activity is restricted to the
epilimnion.

The increasing frequency of this condition over the years is called eutrophication.
Eutrophication is the continually occurring natural process of lake aging and occurs in
three stages:

e the oligotrophic stage, which is characterized by low levels of biological
productivity and high levels of oxygen in the hypolimnion;
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e the mesotrophic stage, which is characterized by moderate levels of biological
productivity and the beginnings of declining oxygen levels following lake strati-

fication; and
e the eutrophic stage, at which point the lake is very productive, with extensive

algal blooms, and increasingly anaerobic conditions in the hypolimnion.

Natural eutrophication may take thousands of years. If enough nutrients are intro-
duced into a lake system, as may happen as a result of human activity, the eutrophication
process may be shortened to as little as a decade.

Because phosphorus is usually the nutrient that limits algal growth in lakes, the
addition of phosphorus, in particular, can speed eutrophication. If only phosphorus is
introduced into a lake, it will cause some increase in algal growth, but nitrogen quickly
becomes a limiting factor for most species of algae. One group of photosynthetic
organisms, however, is uniquely adapted to take advantage of high phosphorus con-
centrations: the cyanobacteria, or blue green “algae.” Cyanobacteria are autotrophic
bacteria that can store excess phosphorus inside their cells in a process called luxury
consumption. The bacteria use the excess phosphorus to support future cell growth
(up to about 20 cell divisions). The cyanobacteria also have the ability to use dissolved
Ny gas as a nitrogen source, which is rapidly replenished by atmospheric N2. Most
other aquatic autotrophs cannot use N as a nitrogen source. As a result, cyanobacteria
thrive in environments where nitrogen has become limiting to other algae, and can sus-
tain their growth using cellular phosphorus for long periods of time. Not surprisingly,
cyanobacteria are often water quality indicators of phosphorus pollution.

Where do these nutrients originate? One source is excrement, since all human and
animal wastes contain organic carbon, nitrogen, and phosphorus. Synthetic detergents
and fertilizers are a much greater source. About half of the phosphorus in U.S. lakes
is estimated to come from agricultural runoff, about one-fourth from detergents, and
the remaining one-fourth from all other sources.

Phosphate concentrations between 0.01 and 0.1 mg/L appear to be enough to accel-
erate eutrophication. Sewage treatment plant effluents may contain 5—10 mg/L of phos-
phorus as phosphate, and a river draining farm country may carry 1-4 mg/L. Residential
and urban runoff may carry up to 1 mg/L, mostly from pet wastes, detergents, and
fertilizer. In moving water, the effects of elevated phosphorus are usually not apparent
because the algae are continually flushed out and do not accumulate. Eutrophication
occurs mainly in lakes, ponds, estuaries, and sometimes in very sluggish rivers.

Actual profiles in a lake for a number of parameters are shown in Fig. 4-14.
The foregoing discussion clarifies why a lake is warmer on top than at lower depths,
how dissolved oxygen can drop to 0, and why nitrogen and phosphorus are highly
concentrated in the lake depths while algae bloom on the surface.

EFFECT OF POLLUTION ON GROUNDWATER

A popular misconception is that all water that moves through the soil will be purified
“naturally” and will emerge from the ground in a pristine condition. Unfortunately,
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there are limits to what soil can remove, and groundwater pollution is becoming an
increasing concern throughout the world.

Many soils do have the ability to remove certain types of pollutants, including
phosphorus, heavy metals, bacteria, and suspended solids. Pollutants that dissolve
in water, like nitrate and ammonia, may pass through soils into the groundwater. In
agricultural regions, the nitrogen and other soluble chemicals in fertilizers or animal
wastes can seep into the groundwater and show up in alarmingly high concentrations
in local drinking water wells. A recent study of the Abbotsford/Sumas aquifer (a water-
bearing zone of rock, sand, gravel, etc.), which supplies water to more than 100,000
people in the western portion of Canada and Washington, indicated that 40% of the
wells tested had nitrate levels above 10 mg/L (EPA maximum recommended drinking
water level), and 60% had nitrate levels above 3 mg/L (a general warning level for
nitrate in drinking water).

The agricultural community is becoming more aware of the connection between
agricultural practices and groundwater pollution. Many states have begun working
with dairy owners and farmers to develop farm management plans that restrict fertilizer
applications to periods of active plant growth, which helps prevent groundwater pol-
lution by sequestering nitrate into growing vegetation. These farm plans also include
surface water pollution prevention techniques such as restricting animal access to
stream banks, setting maximum animal density goals, requiring manure-holding ponds,
and revegetating riparian (stream side) areas.

Other potential sources of groundwater pollution include leaking underground
storage tanks, solid waste landfills, improperly stored hazardous waste, careless dis-
posal of solvents and hazardous chemicals on ground surfaces, and road salts and
deicing compounds. Many of the current U.S. Superfund sites (see Chap. 17, “Solid
and Hazardous Waste Law”) are concerned with the cleanup of materials that have
contaminated, or have the potential to contaminate, groundwater.

EFFECT OF POLLUTION ON OCEANS

Not many years ago, the oceans were considered infinite sinks; the immensity of the
seas and oceans seemed impervious to assault. Now we know that the seas and oceans
are fragile environments and we are able to measure detrimental effects.

Ocean water is a complicated chemical solution, and appears to have changed very
little over millions of years. Because of this constancy, however, marine organisms
have become specialized and intolerant to environmental change. Oceans are thus
fragile ecosystems, quite susceptible to pollution.

A relief map of the ocean bottom reveals two major areas: the continental shelf
and the deep oceans. The continental shelf, especially near major estuaries, is the
most productive in terms of food supply. Because of its proximity to human activity,
it receives the greatest pollution load. Many estuaries have become so badly polluted
that they are closed to commercial fishing. The Baltic and Mediterranean Seas are in
danger of becoming permanently damaged.
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Ocean disposal of untreated wastewater is severely restricted in the United States,
but many major cities all over the world still discharge untreated sewage into the
ocean. Although the sewage is carried a considerable distance from shore by pipeline
and discharged through diffusers to achieve maximum dilution, the practice remains
controversial, and the long-term consequences are much in doubt. Even in the United
States, most sewage effluents receive only secondary treatment (see Chap. 7, “Water
Treatment”), which is not effective at removing certain types of pollutants, including
phosphorus.

HEAVY METALS AND TOXIC SUBSTANCES

In 1970, Barry Commoner (Commoner 1970) and other scientists alerted the nation to
the growing problem of mercury contamination of lakes, streams, and marine waters.
The manufacture of chlorine and lye from brine, called the chlor-alkali process, was
identified as a major source of mercury contamination. Elemental mercury is meth-
ylated by aquatic organisms (usually anaerobic bacteria), and methylated mercury finds
its way into fish and shellfish and thus into the human food chain. Methylmercury is a
powerful neurological poison. Methylmercury poisoning was first identified in Japan
in the 1950s as “Minamata disease.” Mercury-containing effluent from the Minamata
Chemical Company was found to be the source of mercury in food fish. Mercury
contamination in oceanic fishes is currently widespread, and of sufficient concern that
the U.S. Food and Drug Administration issued a consumer alert on March 9, 2001,
advising that pregnant women, women of childbearing age, nursing mothers, and young
children should avoid eating shark, swordfish, king mackerel, and tilefish. Many states
in the United States have issued similar warnings about potentially hazardous levels
of mercury or other bioaccumulated toxins in freshwater sport fish.

Arsenic, copper, lead, and cadmium are often deposited in lakes and streams from
the air near emitting facilities. These substances may also enter waterways from runoff
from slag piles, mine drainage, and industrial effluent. Effluents from electroplating
contain a number of heavy metal constituents. Heavy metals, copper in particular, may
be toxic to aquatic species as well as harmful to human health.

In the past quarter century, a considerable number of incidents of surface water
contamination by hazardous and carcinogenic organic compounds were reported in the
United States. The sources of these include effluent from petrochemical industries and
agricultural runoff, which contains both pesticide and fertilizer residues. Trace quan-
tities of chlorinated hydrocarbon compounds in drinking water may also be attributed
to the chlorination of organic residues by chlorine added as a disinfectant. The pro-
duction of these disinfection by-products is difficult to eliminate in the drinking water
treatment process, but maintaining clean, unpolluted, source water is the first step.

CONCLUSION

Water pollution stems from many sources and causes, only a few of which are
discussed here. Rivers and streams demonstrate some capacity to recover from the
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effects of certain pollutants, but lakes, bays, ponds, sluggish rivers, and oceans
have little resistance to the effects of water pollution. We have a long history of
introducing pollutants into aquatic environments, and have had only partial suc-
cess at repairing the damage that has already been done and curbing the activities
that result in environmental degradation. Nonpoint source pollution continues to
be a serious threat to receiving waters, as does the continued release of sewage
and industrial effluents throughout the world. As we have seen with mercury
contamination in fishes, environmental pollution can have widespread and lasting
consequences.

PROBLEMS

4.1 Some researchers have suggested that the empirical analysis of some
algae gives it the chemical composition CiosH181045N16P. Suppose that analysis
of lake water yields the following: C=62 mg/L, N=1.0 mg/L, P=0.01 mg/L.
Which element would be the limiting nutrient for the growth of algae in this
lake?

4.2 A stream feeding a lake has an average flow of 1 ft3/s and a phosphate con-
centration of 10 mg/L. The water leaving the lake has a phosphate concentration of
5 mg/L.

a. What weight of phosphate is deposited in the lake each year?

b. Where does this phosphorus go, since the outflow concentration is less than

the inflow concentration?

¢. Would the average phosphate concentration be higher near the surface of the

lake or near the bottom?

d. Would you expect eutrophication of the lake to be accelerated? Why?

4.3 The following water quality data were collected at two stream sites. What can
you say about the conditions at each site?

Dissolved oxygen Ammonia Phosphorus
(mg/L) (mg/L) (mg/L)
Site 1 1.8 1.5 15
Site 2 12.5 <0.01 <0.01

4.4 Show how the compound thiodiazine — Cj H26N2S, — decomposes anaer-
obically and how these end products in turn decompose aerobically to stabilized sulfur
and nitrogen compounds.

4.5 If an industrial plant discharges an effluent with a solids concentration
of 5,0001b/day, and if each person contributes 0.21b/day, what is the population
equivalent of the waste?
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4.6 The temperature soundings and dissolved oxygen measurements for a lake
are as follows:

Depth (ft) Temperature (°F) Oxygen (mg/L)
0 (surface) 70 9.5

10 70 9.5

20 70 9.5

30 50 40

40 40 2.0

50 40 0.0

60 40 0.0

Plot depth vs temperature and depth vs oxygen. Label the hypolimnion, epilimnion,
and thermocline. Is this lake oligotrophic or eutrophic?

4.7 Draw the dissolved oxygen sag curves you would expect in a stream from
the following wastes. Assume the stream flow equals the flow of wastewater. (Do not
calculate.)

Waste BOD Susp. solids Phosphorus
source (mg/L) (mg/L) (mg/L)
Dairy 2000 100 40
Brick manufacturing 5 100 10
Fertilizer manufacturing 25 5 200
Electroplating plant 0 100 10

4.8 Starting with nitrogenous dead organic matter, follow N around the aerobic
and anaerobic cycles by writing down all the various forms of nitrogen.

4.9 Describe what is occurring in the following process. Is this process aerobic
or anaerobic? Where might you expect this process to occur?

2NH; + 30, — 2NO; +H,0 +4H"
2NO; + 02 — 2NOj

4.10 Suppose a stream with a velocity of 1 ft/s, a flow of 10 million gallons per day
(mgd), and an ultimate BOD of 5 mg/L was hit with treated sewage at 5 mgd with an
ultimate BOD (Lo) of 60 mg/L. The temperature of the stream water is 20°C, at the point
of the sewage discharge the stream is 90% saturated with oxygen, and the wastewater
is at 30°C and has no oxygen (see Table 4-1). Measurements show the deoxygenation
constant k{ = 0.5 and the reoxygenation kj = 0.6, both as days—!. Calculate: (a) the
oxygen deficit 1 mile downstream, (b) the minimum dissolved oxygen (the lowest part
of the sag curve), and (c) the minimum dissolved oxygen (or maximum deficit) if the
ultimate BOD of the treatment plant’s effluent was 10 mg/L. You may write a computer
program or use a spreadsheet program to solve this problem.
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4.11 An industry discharges sufficient quantities of organic wastes to depress the
oxygen sag curve to 2 mg/L 5 miles downstream, at which point the dissolved oxygen
begins to increase. The state regulatory agency finds the industry out of compliance
because the minimum dissolved oxygen violates state standards, and wants to impose
a fine. A wastewater treatment plant is too expensive, so the industry looks around
for another solution. A salesman suggests that a special kind of freeze-dried bacteria,
particularly adapted to the plant’s organic waste, be dumped into the river at the point of
discharge: the freeze-dried bacteria will come to life, break down the organic material,
and solve the problem, Will this approach work? Why or why not? Draw the dissolved
oxygen sag curve before and after the bacteria are added and explain what happens.

4.12 An industry discharges into a river with a velocity of 0.1 m/s, a temperature
of 26°C, and an average depth of 4 m. The ultimate oxygen demand immediately
downstream from the effluent discharge point where the waste has mixed with the river
water (L) is 14.5 mg/L and the dissolved oxygen is 5.4 mg/L. Laboratory studies show
that k] = 0.11 day~L. Find the point of critical dissolved oxygen and the minimum
dissolved oxygen. You may solve this problem by writing a computer program or by
using a spreadsheet program.






Chapter 5

Measurement of Water Quality

Quantitative measurements of pollutants are obviously necessary before water pollu-
tion can be controlled. Measurement of these pollutants is, however, fraught with
difficulties. Sometimes specific materials responsible for the pollution are not known.
Moreover, these pollutants are generally present at low concentrations, and very accu-
rate methods of detection are required.

Only a few of the analytical tests available to measure water pollution are dis-
cussed in this chapter. A complete volume of analytical techniques used in water and
wastewater engineering is compiled as Standard Methods for the Examination of Water
and Wastewater (Clesceri et al. 1998). This volume is updated every few years so that it
can incorporate current information on standardized testing techniques. It is considered
definitive in its field and has the weight of legal authority.

Many water pollutants are measured in terms of milligrams of the substance
per liter of water (mg/L). In older publications pollutant concentrations were often
expressed as parts per million (ppm), a weight/weight parameter. If the only liquid
involved is water, ppm is identical with mg/L, since one liter (L) of water weighs
1000 grams (g). For many aquatic pollutants, ppm is approximately equal to mg/L;
however, because of the possibility that some wastes have specific gravity different
from water, mg/L is preferred to ppm.

SAMPLING

Some tests require the measurement to be conducted at the site because the process
of obtaining a sample may change the measurement. For example, to measure the
dissolved oxygen in a stream or lake, either the measurement should be conducted at
the site or the sample must be extracted with great care to ensure that there has been
no loss or addition of oxygen as the sample is exposed to the air. Similarly, it is better
to measure pH at the site if you are sampling water that is poorly buffered from pH
changes (see discussion on alkalinity).

Most tests may be performed on a water sample taken from the stream. The
process by which the sample is obtained, however, may greatly influence the result. The
three basic types of samples are grab samples, composite samples, and flow-weighted
composite samples.

81
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The grab sample, as the name implies, measures water quality at only one sampling
point. Grab samples accurately represent the water quality at the moment of sampling,
but say nothing about the quality before or after the sampling. A composite sample
is obtained by taking a series of grab samples and mixing them together. The flow-
weighted composite is obtained by taking each sample so that the volume of the sample
is proportional to the flow at that time. The last method is especially useful when daily
loadings to wastewater treatment plants are calculated. Whatever the technique or
method, however, the analysis can only be as accurate as the sample, and often the
sampling methods are far more sloppy than the analytical determination.

DISSOLVED OXYGEN

One of the most important measures of water quality is dissolved oxygen. Oxygen,
although poorly soluble in water, is fundamental to aquatic life. Without free dissolved
oxygen, streams and lakes become uninhabitable to aerobic organisms, including fish
and most invertebrates. Dissolved oxygen is inversely proportional to temperature, and
the maximum amount of oxygen that can be dissolved in water at 0°C is 14.6 mg/L.
The saturation value decreases rapidly with increasing water temperature, as shown in
Table 5-1. The balance between saturation and depletion is therefore tenuous.

The amount of oxygen dissolved in water is usually measured either with an
oxygen probe or by iodometric titration. The latter method, known as the Winkler test,

Table 5-1. Solubility of Oxygen in Water

Water temperature Saturation concentration
°C) of oxygen in water (mg/L)

0 14.6

2 13.8

4 13.1

6 12.5

8 11.9
10 11.3
12 10.8
14 10.4
16 10.0
18 9.5
20 9.2
22 8.8
24 8.5
26 8.2
28 8.0

30 7.6
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was developed about 100 years ago and is the standard against which all other mea-
surements are compared. The chemical reactions of the Winkler test are as follows:

Manganous sulfate (MnSO4) and a mixture of potassium hydroxide and potassium
iodide (KOH and KI) are added to a water sample. If there is no oxygen present, the
MnSO4 will react with the KOH to form a white precipitate, manganous hydroxide
(Mn(OH),). If oxygen is present, the Mn(OH), will react further to form a brown
precipitate, manganic oxide (MnO(OH),):

MnSO4 + 2KOH — Mn(OH), + K»SO4 G.1)
2Mn(OH); + Oy — 2MnO(OH),. (5.2)

Sulfuric acid is added, which dissolves the manganic oxide and, in conjunction with
the KI added earlier, forms iodine (I2), which imparts a yellowish orange color to the
sample:

2MnO(OH); + 4H2S04 — 2Mn(SO4)2 + 6H20 (5.3)
2Mn(SO4)2 + 4KI — 2MnSO4 + 2K;S04 + 2I5. (54)

The quantity of iodine is measured by titrating with sodium thiosulfate (Na2S203)
until the orange color from I, is no longer apparent:

4Na3S;03 + 21 — 2NazS40¢6 + 4Nal. (5.5)

Starch is added near the end of the titration because it turns deep purple in the presence
of I, and gives a more obvious color endpoint for the test.

The quantity of MnO(OH); formed in the first step is directly proportional to the
available dissolved oxygen, and the amount of iodine formed in the second step is
directly proportional to the MnO(OH)4. Therefore, the titration measures a quantity of
iodine directly related to the original dissolved oxygen concentration. Disadvantages
of the Winkler test include chemical interferences and the inconvenience of performing
a wet chemical test in the field. These two disadvantages can be overcome by using a
dissolved oxygen electrode, or probe.

The simplest (and historically the first) type of oxygen probe is shown in Fig. 5-1.
The principle of operation is that of a galvanic cell. If lead and silver electrodes are
put in an electrolyte solution with a microammeter between, the reaction at the lead
electrode is

Pb+20H™ — PbO + HyO + 2e™. (5.6)

At the lead electrode, electrons are liberated and travel through the microammeter to
the silver electrode where the following reaction takes place:

2e” + 30, + Hy0 — 20H™. ()

The reaction does not occur, and the microammeter does not register any current, unless
free dissolved oxygen is available. The meter must be constructed and calibrated so that



84  ENVIRONMENTAL ENGINEERING

Microammeter

Oring

Membrane

Lead anode
Silver cathode

Electrolyte
solution

Figure 5-1. Schematic diagram of a galvanic cell oxygen probe.

the electricity recorded is proportional to the concentration of oxygen in the electrolyte
solution.

In the commercial models, the electrodes are insulated from each other with non-
conducting plastic and are covered with a permeable membrane with a few drops of
electrolyte between the membrane and electrodes. The amount of oxygen that travels
through the membrane is proportional to the dissolved oxygen concentration. Dissolved
oxygen probes are convenient for fieldwork, but need careful maintenance and calibra-
tion (usually against Winkler results). Most oxygen probes are sensitive to changes in
temperature and have thermisters attached to the probe so that temperature adjustments
can be made in the field.

BIOCHEMICAL OXYGEN DEMAND

The rate of oxygen use is commonly referred to as biochemical oxygen demand (BOD).
Biochemical oxygen demand is not a specific pollutant, but rather a measure of the
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amount of oxygen required by bacteria and other microorganisms engaged in stabilizing
decomposable organic matter over a specified period of time.

The BOD test is often used to estimate the impacts of effluents that contain
large amounts of biodegradable organics such as that from food processing plants
and feedlots, municipal wastewater treatment facilities, and pulp mills. A high oxygen
demand indicates the potential for developing a dissolved oxygen sag (see previous
chapter) as the microbiota oxidize the organic matter in the effluent. A very low oxy-
gen demand indicates either clean water or the presence of a toxic or nondegradable
pollutant.

The BOD test was first used in the late 1800s by the Royal Commission on Sewage
Disposal as a measure of the amount of organic pollution in British rivers. At that
time, the test was standardized to run for 5 days at 18.3°C. These numbers were
chosen because none of the British rivers had headwater-to-sea travel times greater than
5 days, and the average summer temperature for the rivers was 18.3°C. Accordingly,
this should reveal the “worst case” oxygen demand in any British river. The BOD
incubation temperature was later rounded to 20°C, but the 5-day test period remains
the current, if somewhat arbitrary, standard.

In its simplest version, the 5-day BOD test (BODj5) begins by placing water or
effluent samples into two standard 60- or 300-mL BOD bottles (Fig. 5-2). One sample
is analyzed immediately to measure the initial dissolved oxygen concentration in the
effluent, often using a Winkler titration. The second BOD bottle is sealed and stored at
20°C in the dark. (The samples are stored in the dark to avoid photosynthetic oxygen
generation.) After 5 days the amount of dissolved oxygen remaining in the sample
is measured. The difference between the initial and ending oxygen concentrations is
the BODs.

The oxidation of organic matter follows an exponential decay curve, as in Fig. 4-6.
If the dissolved oxygen concentrations were measured daily, the results would produce
curves like those shown in Fig. 5-3. In this example, sample A had an initial dissolved
oxygen concentration of 8 mg/L, which dropped to 2 mg/L in 5 days. The BOD there-

fore is 8 — 2 = 6 mg/L.

Figure 5-2. A biochemical oxygen demand (BOD) bottle.
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Figure 5-3. Typical oxygen uptake curves in a BOD test.

Sample B also had an initial dissolved oxygen concentration of 8 mg/L, but the
oxygen was used so fast that it dropped to O by the second day. Since there is no
measurable dissolved oxygen left after 5 days, the BOD of sample B must be more
than 8 — 0 = 8 mg/L, but we do not know how much more because the organisms in
the sample might have used more dissolved oxygen if it had been available. Samples
like this require diluting the sample. Typically, five % dilutions are recommended for
wastewaters of unknown origin. Suppose sample C in Fig. 5-3 is sample B diluted by
TIG' The BOD:s for sample B would be

8—4
0ol = 40 mg/L.

It is possible to measure the BOD of any organic material (e.g., sugar) and thus
estimate its influence on a stream, even though the material in its original state might
not contain the microorganisms necessary to break down organic matter. Seeding is
a process in which the microorganisms that oxidize organic matter are added to the
BOD bottle. Seeding also facilitates measurement of very low BOD concentrations.
The seed source can be obtained from unchlorinated domestic wastewater or surface
water that receives degradable wastewater effluents.

Suppose we use the water previously described in curve A as seed water since
it obviously contains microorganisms (it has a 5-day BOD of 6 mg/L). We now put
100 mL of an unknown solution into a bottle and add 200 mL of seed water, thus filling
the 300-mL bottle. Assuming that the initial dissolved oxygen of this mixture is 8 mg/L
and the final dissolved oxygen is 1 mg/L, the total oxygen consumed is 7 mg/L.. Some
of this is due to the seed water, because it also has a BOD, and only a portion is due

to the decomposition of the unknown material. The oxygen consumed due to the seed
water is

2
6x§=4mg/L,
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because only two-thirds of the bottle is seed water, and only the seed water has a
BOD of 6 mg/L. The remaining oxygen consumed (7 — 4 =3 mg/L) must be due to
the unknown material. Equation (5.8) shows how to calculate the BODjs for a diluted,
seeded effluent sample,

(I-F)-U"-F)X/Y)
D ’

BOD (mg/L) = (5.8

where

I = initial dissolved oxygen in the bottle containing both effluent sample
and seeded dilution water,

F = final dissolved oxygen in the bottle containing the effluent and seeded
dilution water,

I = initial dissolved oxygen of the seeded dilution water,

F'= final dissolved oxygen of the seeded dilution water,

X = mL of seeded dilution water in sample bottle,

Y = total mL in the bottle, and

D = dilution of the sample.

ExaMPLE 5.1. Calculate the BODs of a water sample, given the following data:

— Temperature of sample = 20°C,

— Initial dissolved oxygen is saturation,

— Dilution is 1:30, with seeded dilution water,

— Final dissolved oxygen of seeded dilution water is 8 mg/L,

— Final dissolved oxygen bottle with sample and seeded dilution water is 2 mg/L,
and

— Volume of BOD bottle is 300 mL.

From Table 5-1, dissolved oxygen saturation at 20°C is 9.2 mg/L; hence, this is the
initial dissolved oxygen. Since the BOD bottle contains 300 mL, a 1:30 dilution with
seeded water would contain 10 mL of sample and 290 mL of seeded dilution water,
and, by Eq. (5.8)

9.2 -2) — (9.2 — 8)(290/300)

BODs (mg/L) = o

= 183 mg/L

BOD is a measure of oxygen use, or potential oxygen use. An effluent with a
high BOD may be harmful to a stream if the oxygen consumption is great enough
to cause anaerobic conditions. Obviously, a small trickle going into a great river will
have negligible effect, regardless of the BOD concentration involved. Conversely,
a large flow into a small stream may seriously affect the stream even though the
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BOD concentration might be low. Engineers often talk of “pounds of BOD,” a value
calculated by multiplying the concentration by the flow rate, with a conversion factor,
so that

flow in million
1b BOD/day = [mg/L. BOD] x [g allons per day] x 8.34. 5.9
The BOD of most domestic sewage is about 250 mg/L., while many industrial wastes
run as high as 30,000 mg/L. The potential detrimental effect of untreated dairy waste
that might have a BOD of 20,000 mg/L. is quite obvious.
As discussed in Chapter 4, the BOD curve can be modeled using Eq. (4.8):

BOD(#) = Lo(1 — e~%1%),

where

BOD() = amount of oxygen required by the microorganisms at any time ¢

(mg/L),
Lo = ultimate carbonaceous oxygen demand (mg/L),
k} = deoxygenation rate constant (days™1), and
t = time (days).

When it is necessary to know both k] and Ly, as when modeling the dissolved oxygen
profile in a stream, both are measured using laboratory BOD tests.

There are a number of techniques for calculating k| and Lo. One of the simplest is
a method devised by Thomas (1950). Rewriting Eq. (4.8) using common logarithms
results in

BOD(t) = Lo(1 — 107%),

which can be rearranged to read

; 1/3 R k’12/3
(BOD(I)) =(2.3k1Lo) -+ W t. (5.10)

This equation is in the form of a straight line

x =a+ bt,

where x is (/BOD()!/3, the intercept (a) is (2.3k}Lo)~!/3, and the slope (b) is
K2?13.43L)).
By plotting BOD versus ¢, the slope (b) and intercept (a) can be used to solve for
kj and Lo:
ki =2.61 (b/a)
Lo = 1/(2.3k|a>).
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ExampLE 5.2. The BOD versus time data for the first 5 days of a BOD test are obtained
as follows:

Time (days) BOD (mg/L)

2 10
4 16
6 20

Calculate k] and Lo.
The (#/BOD(£))!/3 values 0.585, 0.630, and 0.669 are plotted as shown in Fig. 5-4.
The intercept (@) = 0.545 and the slope (b) =0.021. Thus:

0.021

1=2.61(—"—=)=0.10day"!

k=261 (0.545) day
1

= 2.3(0.10)(1.545)3

Lo =26.8 mg/L.

If, instead of stopping the BOD test after 5 days, we allowed the test to continue
and measured the dissolved oxygen each day, we might get a curve like that shown in
Fig. 5-5. Note that after about 5 days the curve turns sharply upward. This discontinuity
is due to the demand for oxygen by the microorganisms that decompose nitrogenous
organic compounds to inorganic nitrogen. In the following example, microorganisms
decompose a simple organic nitrogen compound, urea (NH, - CO - NH3), releasing

0% 1 1 1 1 1 1

0 2 4 6
Time (days)

Figure 5-4. Plot of k; and Lg, for Example 5.2.
1
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Figure 5-5. Long-term BOD. Note that BODy,; here includes both ultimate carbona-
ceous BOD (Lg) and ultimate nitrogenous BOD.

ammonia (NHs; NHI in ionized form), which is further decomposed into nitrite (NO; ')
and nitrate (NOj):

NH; - CO . NH; + H,O — 2NH3; + CO; ammonification (5.11)
NH; + 110, > NO; +2H' + H,;0 nitrification, step 1 (5.12)
NO; + 30, —» NOj. nitrification, step 2 (5.13)

Note that the first step, ammonification, does not require oxygen, it can be done by a
wide variety of aerobic and anaerobic plants, animals, and microbes.

The BOD curve is thus divided into nitrogenous and carbonaceous BOD areas.
The ultimate BOD, as shown in Fig. 5-5, includes both nitrogenous and carbonaceous
BOD. For streams and rivers with travel times greater than about 5 days, the ultimate
demand for oxygen must include the nitrogenous demand.

Although the use of BODyy, (carbonaceous plus nitrogenous) in dissolved oxygen
sag calculations is not strictly accurate, the ultimate BOD may be estimated as

BODy;; = a(BOD5) + b(TKN), (5.14)

where TKN is the total Kjeldahl nitrogen (organic nitrogen plus ammonia, in mg/L),
and a and b are constants.

The state of North Carolina, for example, has used 2 =1.2 and b=4.0 for cal-
culating the ultimate BOD, which was then substituted for the ultimate carbonaceous
BOD (Lg) in the dissolved oxygen sag equation.
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CHEMICAL OXYGEN DEMAND

One problem with the BOD test is that it takes 5 days to run. If the organic com-
pounds were oxidized chemically instead of biologically, the test could be shortened
considerably. Such oxidation can be accomplished with the chemical oxygen demand
(COD) test. Because nearly all organic compounds are oxidized in the COD test, while
only some are decomposed during the BOD test, COD results are always higher than
BOD results. One example of this is wood pulping waste, in which compounds such as
cellulose are easily oxidized chemically (high COD) but are very slow to decompose
biologically (low BOD).

The standard COD test uses a mixture of potassium dichromate and sulfuric acid to
oxidize the organic matter (HCOH), with silver (Ag™) added as a catalyst. A simplified
example of this reaction is illustrated below, using dichromate (Cr, O%_) and hydrogen
ions (H™):

+
2Cr, 02~ + 3HCOH + 160+ 2428, 300, + 11H,0 +4CP*.  (5.15)

A known amount of a solution of K;Cr,07 in moderately concentrated sulfuric acid is
added to a measured amount of sample, and the mixture is boiled in air. In this reaction,
the oxidizing agent, hexavalent chromium (Cr¥Y), is reduced to trivalent chromium
(Cr'). After boiling, the remaining Cr"! is titrated against a reducing agent, usually
ferrous ammonium sulfate. The difference between the initial amount of Cr¥! added
to the sample and the Cr¥! remaining after the organic matter has been oxidized is
proportional to the chemical oxygen demand.

TOTAL ORGANIC CARBON

Since the ultimate oxidation of organic carbon is to CO», the total combustion of a sam-
ple yields some information about the potential oxygen demand in an effluent sample.
A far more. common application of total organic carbon testing is to assess the poten-
tial for creating disinfection by-products. Disinfection by-products are the result of
halogens (e.g., bromine, chlorine) or ozone interacting with naturally occurring organic
carbon compounds during the drinking water disinfection process. For example,
trihalomethane, a carcinogen, is created when halogens displace three hydrogen ions on
methane. Water that is high in total organic carbon has a greater potential to develop dis-
infection by-products. Some of the organics can be removed by adding levels of treat-
ment specific for organic carbon absorption; however, it is usually not economically
feasible to remove all naturally occurring organics from finished drinking water.

Total organic carbon is measured by oxidizing the organic carbon to CO, and H,O
and measuring the CO, gas using an infrared carbon analyzer. The oxidation is done
by direct injection of the sample into a high-temperature (680-950°C) combustion
chamber or by placing a sample into a vial containing an oxidizing agent such as
potassium persulfate, sealing and heating the sample to complete the oxidation, then
measuring the CO using the carbon analyzer.
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TURBIDITY

Water that is not clear but is “dirty,” in the sense that light transmission is inhibited, is
known as turbid water. Many materials can cause turbidity, including clays and other
tiny inorganic particles, algae, and organic matter. In the drinking water treatment
process, turbidity is of great importance, partly because turbid water is aesthetically
displeasing, and also because the presence of tiny colloidal particles makes it more
difficult to remove or inactivate pathogenic organisms.

Turbidity is measured using a turbidimeter. Turbidimeters are photometers that
measure the intensity of scattered light. Opaque particles scatter light, so scattered
light measured at right angles to a beam of incident light is proportional to the tur-
bidity. Formazin polymer is currently used as the primary standard for calibrating
turbidimeters, and the results are reported as nephelometric turbidity units (NTU).

COLOR, TASTE, AND ODOR

Color, taste, and odor are important measurements for determining drinking water
quality. Along with turbidity, color, taste, and odor are important from the standpoint
of aesthetics. If water looks colored, smells bad, or tastes swampy, people will instinc-
tively avoid using it, even though it might be perfectly safe from the public health
aspect. Color, taste, and odor problems in drinking water are often caused by organic
substances such as algae or humic compounds, or by dissolved compounds such as iron.

Color can be measured visually by comparison with potassium chloroplatinate
standards or by scanning at different spectrophotometric wavelengths. Turbidity inter-
feres with color determinations, so the samples are filtered or centrifuged to remove
suspended material. Odor is measured by successive dilutions of the sample with odor-
free water until the odor is no longer detectable. (Odor-free water is prepared by passing
distilled, deionized water through an activated charcoal filter.) This test is obviously
subjective and depends entirely on the olfactory senses of the tester. Panels of testers
are used to compensate for variations in individual perceptions of odor.

Taste is evaluated using three methods: the flavor threshold test (FTT), the flavor
rating assessment (FRA), and the flavor profile analysis (FPA). For the FTT, water
samples are diluted with increasing amounts of reference water until a panel of taste
testers concludes that there is no perceptible flavor. In the FRA, a panel of testers is
asked to rate the flavor from very favorable to very unfavorable. The oldest, and most
useful, of the taste tests is the FPA, which measures both taste and odor of a water sample
in comparison to taste and odor reference standards. The intensity of specific tastes and
odors are described on a 12-point, ranging from no taste or odor (0) to taste or odor (12).

pH

The pH of a solution is a measure of hydrogen (H') ion concentration, which is, in
turn, a measure of acidity. Pure water dissociates slightly into equal concentrations of
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hydrogen and hydroxyl (OH™) ions:
HO0 & HY + OH™. (5.16)

An excess of hydrogen ions makes a solution acidic, whereas a dearth of HT ions, or
excess of hydroxyl ions, makes it basic. The equilibrium constant for this reaction, Ky,
is the product of Ht and OH™ concentrations and is equal to 1014, This relationship
may be expressed as

[H*][OH™] = Kw = 10714, (5.17)

where [H*] and [OH ] are the concentrations of hydrogen and hydroxyl ions, respec-
tively, in moles per liter. Considering Eq. (5.16) and solving Eq. (5.17), in pure water,
[H*] and [OH™] are in equal concentrations:

[H*] = [OH™] = 1077 moles/L.

The hydrogen ion concentration is so important in aqueous solutions that an easier
method of expressing it has been devised. Instead of speaking in terms of moles per
liter, we define a quantity pH as the negative logarithm of [H*] so that

1
pH = —loglo [H+] = loglo _[T-IT] (518)

or
[Ht] = 107PH. (5.19)

In a neutral solution the HT concentration is 10~7, so the pH is 7. As the HT concen-
tration increases the pH decreases. For example, if the Ht concentration is 1074, the
pH is 4, and the solution is acidic. In this solution, we see that the OH™ concentration
is 10~14/10~4, or 10~19. Since 10~4 is much greater than 10719, the solution contains
a large excess of H ions, confirming that it is indeed acidic. Any solution where the
H* concentration is less than 10~7, or the pH is greater than 7, would be basic. The
pH range in dilute samples is from O (very acidic) to 14 (very alkaline), and in water
samples is rarely below 4 or above 10.

The measurement of pH is now almost universally done using electronic pH
meters. A typical pH meter consists of a potentiometer, a glass electrode and a refer-
ence electrode (or a single, “combination” electrode), and a temperature-compensating
device. The glass electrode is sensitive to H' activity and converts the signal to electric
current, which can be read as electrode potential (mV) or pH.

The pH of an effluent or water sample is important in almost all phases of drink-
ing water and wastewater treatment. In water treatment as well as in disinfection and
corrosion control, pH is important in ensuring proper chemical treatment. Aquatic
organisms are sensitive to pH changes, as well as to the actual pH of the water. Few
aquatic organisms tolerate waters with a pH less than 4 or greater than 10. Acid mine
drainage, unregulated acids or bases in industrial effluents, or atmospheric acid depo-
sition may alter the pH of a water body substantially and have detrimental effects on
aquatic life.
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ALKALINITY

Alkalinity measures the buffering capacity of the water against changes in pH. Water
that has a high alkalinity can accept large doses of acids or bases without altering the
pH significantly. Waters with low alkalinity, such as rainwater or distilled water, can
experience a drop in the pH with only a minor addition of an acid or base.

In natural waters much of the alkalinity is provided by the carbonate/bicarbonate
buffering system. Carbon dioxide (CO;) dissolves in water to form carbonic acid
(H2CO3), which dissociates and is in equilibrium with bicarbonate (HCO;) and
carbonate (CO%‘) ions:

CO;, (gas) < CO; (dissolved) (5.20)
CO; (dissolved) + Hy0 < HyCO3 < HY + HCO5 < 2H* + CO%‘. 5.2

If an acid is added to the water, the hydrogen ion concentration is increased, and this
combines with both the carbonate and bicarbonate ions, driving the equilibrium to the
left, releasing carbon dioxide into the atmosphere. As long as there is bicarbonate and
carbonate, the added hydrogen ions will be absorbed by readjustment of the equilibrium
equation. Only when all of the carbonate and bicarbonate ions are depleted will the
addition of acid cause a drop in pH.

The amount of bicarbonate in water is supplemented by naturally occurring car-
bonates such as CaCOs3(limestone) that dissolve as acidic rain water comes into contact
with watershed soils or the stream bed. The CaCOj3 dissolves to form calcium bicar-
bonate (Ca(HCO3),), which dissociates and increases the bicarbonate concentration
in the water:

CaCO3 + H,CO3 — Ca (HCO3), < Ca®* + 2HCO; . (5:22)

The effect of alkalinity on the pH of a water sample is shown in Fig. 5-6.

Alkalinity is determined by measuring the amount of acid needed to lower the pH
in a water sample to a specific endpoint; the results are usually reported in standardized
units as milligrams CaCQOj per liter. Poorly buffered water may have alkalinities lower
than 40 mg CaCOs/L while water sampled from a stream flowing through a limestone
or “karst” region may have alkalinities greater than 200 mg CaCO5/L.

SOLIDS

Wastewater treatment is complicated by the dissolved and suspended inorganic material
it contains. In discussion of water treatment, both dissolved and suspended materials
are called solids. The separation of these solids from the water is one of the primary
objectives of treatment.

Total solids include any material left in a container after the water is removed
by evaporation, usually at 103—-105°C. Total solids can be separated into fotal sus-
pended solids (solids that are retained on a 2.0-pm filter) and foral dissolved solids
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Figure 5-6. Effect of alkalinity in buffering against pH changes. (A) acid is added to
deionized water (very low alkalinity); (B) acid is added to monobasic phosphate buffer
solution (high alkalinity).

(dissolved and colloidal material that passes through the filter). The difference
between total suspended solids and total dissolved solids is illustrated in the following
example:

A teaspoonful of table salt dissolves in a glass of water, forming a water-clear
solution. However, the salt will remain behind if the water evaporates. Sand, however,
will not dissolve and will remain as sand grains in the water and form a turbid mixture.
The sand will also remain behind if the water evaporates. The salt is an example of a
dissolved solid, whereas the sand is a suspended solid.

Suspended solids are separated from dissolved solids using a special crucible,
called a Gooch crucible. The Gooch crucible has holes on the bottom on which a glass
fiber filter is placed (Fig. 5-7). The water sample is drawn through the crucible with the
aid of a vacuum. The suspended material is retained on the filter, while the dissolved
fraction passes through. If the initial dry weight of the crucible and filter is known,
the subtraction of this from the total weight of the crucible, filter, and the dried solids
caught in the filter yields the weight of suspended solids, expressed in milligrams
per liter.

Solids may be classified in another way: those that are volatilized at a high tem-
perature (550°C) and those that are not. The former are known as volatile solids, the
later as fixed solids. Volatile solids are usually organic compounds. At 550°C some
inorganics are also decomposed and volatilized, but this is not considered as a seri-
ous drawback. Example 5.3 illustrates the relationship between total solids and total
volatile solids.
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Figure 5-7. The Gooch crucible, with filter, for determining suspended solids, and the
evaporating dish used for determining total solids.

EXAMPLE 5.3. Given the following data:

—Weight of a dish (such as shown in Fig. 5-7) = 48.6212 g,

—100 mL of sample is placed in the dish and evaporated. New weight of dish and
dry solids = 48.6432g.

—The dish is placed in a 550°C furnace, then cooled. New weight = 48.6300 g.

Find the total, volatile, and fixed solids.
(dish + dry solids) — (dish)
sample volume

48.6432 — 48.6212

- 100

= (220)107° g/mL

= (220)10 mg/mL

= 220mg/1.

Total solids =

(dish 4+ unburned solids) — (dish)
sample volume

_ 48.6300 — 48.6212

B 100

= 88 mg/L,
Total volatile solids = Total solids — Total fixed solids
=220 — 88
= 132 mg/L.

Fixed solids =
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NITROGEN AND PHOSPHORUS

Recall from Chap. 4 that nitrogen and phosphorus are important nutrients for biological
growth. Nitrogen occurs in five major forms in aquatic environments: organic nitrogen,
ammonia, nitrite, nitrate, and dissolved nitrogen gas; phosphorus occurs almost entirely
as organic phosphate and inorganic orthophosphate or polyphosphates.

Ammonia is one of the intermediate compounds formed during biological metab-
olism and, together with organic nitrogen, is considered an indicator of recent pollution.
Aerobic decomposition of organic nitrogen and ammonia eventually produces nitrite
(NO;) and finally nitrate (NO;'). High nitrate concentrations, therefore, may indicate
that organic nitrogen pollution occurred far enough upstream that the organics have
had time to oxidize completely. Similarly, nitrate may be high in groundwater after
land application of organic fertilizers if there is sufficient residence time (and available
oxygen) in the soils to allow oxidation of the organic nitrogen in the fertilizer.

Because ammeonia and organic nitrogen are pollution indicators, these two forms of
nitrogen are often combined in one measure, called Kjeldahl nitrogen, after the scientist
who first suggested the analytical procedure. A popular alternative to the technically
difficult Kjeldahl test is to measure total nitrogen and nitrate + nitrite separately. The
difference between the two concentrations equals organic nitrogen plus ammonia.

Phosphorus is usually measured as total phosphorus (all forms combined) or dis-
solved phosphorus (portion that passes through a 0.45-um membrane filter). Dissolved
orthophosphate (PO}’) is an important indicator of water pollution because it is easily
and rapidly taken up by biota, and therefore is almost never found in high concentrations
in unpolluted waters.

The various forms of nitrogen and phosphorus can all be measured analytically by
colorimetric techniques. In colorimetry, the ion in question combines with a reagent
to form a colored compound; the color intensity is proportional to the original con-
centration of the ion. For example, in the “Phenate Method” for ammonia analysis, an
intensely blue compound (indophenol) is created from the reaction between ammonia,
hypochlorite, and phenol, with sodium nitroprusside as a catalyst (Clesceri et al. 1999).
The color is measured photometrically, or occasionally by visual comparison to color
standards.

A photometer, illustrated in Fig. 5-8, consists of a light source, a filter, the sample,
and a photocell. The filter allows only those wavelengths of light to pass through
that the compounds being measured will absorb. Light passes through the sample to
the photocell, which converts light energy into electric current. An intensely colored
sample will absorb a considerable amount of light and allow only a limited amount
of light to pass through and thus create little current. On the other hand, a sample
containing very little of the chemical in question will be lighter in color and allow
almost ali of the light to pass through, and set up a substantial current.

The intensity of light transmitted by the colored solution obeys the Beer—Lambert
Law

P
logo FO = ebc = A, (5.23)
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Figure 5-8. Elements of a filter photometer.
where

Py = radiant power of incident light,
P = radiant power of light after it passes through the sample,
e = absorbtivity (Lmol~! ecm™1),
b = path length (cm),
¢ = concentration of absorbing substance (moles L™1), and
A = absorbance (no units).

A photometer, as shown in Fig. 5-8, measures the difference between the intensity of
light passing through the sample (P in Eq. (5.23)) and the intensity of light passing
through clear distilled water or a reference sample (Pg) and reports absorbance (A)
as well as percent transmission (%T):.

1 100
A= logm F = loglo '%_T (52/4)

Typically, in colorimetric analyses, a standard dilution series is used to estimate the
concentration of an unknown sample, as illustrated in Example 5.4,

ExaMPLE 5.4. Several known concentrations of ammonia and an unknown sample were
analyzed using the phenate method, and the color was measured with a photometer.
Find the ammonia concentration of the unknown sample.

Standards Absorbance
0 pg/L of ammonia 0.050
5 ng/L of ammonia 0.085
10 pg/L of ammonia 0.121
50 ug/L of ammonia 0.402
100 pg/L. of ammonia 0.747
350 pwg/L of ammonia 2.450

Unknown sample 1.082
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Figure 5-9. Calculation using colorimetric standards.

From Fig. 5-9 where ammonia concentration of the standards vs absorbance results in
a straight line, we see that an absorbance of 1.082 (the unknown) corresponds to an
ammonia concentration of 150 pg/L.

Although most nitrogen and phosphorus analyses are done using a spectropho-
tometer, other techniques are growing in acceptance. Selective ion electrodes are
available for measuring ammonia, nitrite, and nitrate (the pH meters described ear-
lier are selective ion electrodes that measure H™). Ton chromatography (ICP) can be
used to measure nitrite, nitrate, and phosphate, as well as total nitrogen and total phos-
phorus if the samples are first digested (oxidized) to convert all forms of nitrogen or
phosphorus to nitrate and phosphate. Ion chromatography involves passing a water
sample through a series of ion exchange columns that separate the anions so that they
are released to a detector at different times. For simple (i.e., not particularly accurate)
measurements, field kits that provide premeasured packets of chemicals for testing
nitrogen and phosphorus in water and soil samples are now available. These kits
usually use colorimetric techniques similar to the more sophisticated versions used in
analytical labs, but rely on color reference cards rather than a spectrophotometer for
determining chemical concentrations.

PATHOGENS

From the public health standpoint, the bacteriological quality of water is as important as
the chemical quality. A large number of infectious diseases may be transmitted by water,
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Table 5-2. Examples of Common Waterborne Pathogens

Microorganism Effects on humans
Bacteria
Campylobacter Gastroenteritis
Clostridium botulinum Gastroenteritis (botulism)
Clostridium perfringens Gastroenteritus
E. coli O15T:H7 Gastroenteritis
Legionella Pneumonia-like pulmonary disease
Salmonella paratyphi Paratyphoid
Salmonella typhi Typhoid fever
Shigella (several species) Shigellosis (dysentery)
Staphylococcus aureus Gastroenteritis
Vibrio comma (V. cholerae) Cholera
Yersinia enterocolitica Gastroenteritis
Protozoans
Cryptosporidium Cryptosporidiasis
Entamoeba histolytica Amoebic dysentery
Giardia lamblia Giardiasis
Viruses
Hepatitis A virus Hepatitis
Poliovirus Poliomyelitis

among them typhoid and cholera. Although we clearly desire drinking water that is
not contaminated by pathogens (disease-causing organisms), determining whether the
organisms are present in water, and whether they represent a health threat, is relatively
complicated. First, there are many pathogens. Table 5-2 lists just a few of the most
common waterborne microbial pathogens. Each has a specific detection procedure and
must be screened individually. Second, the concentration of these organisms, although
large enough to spread disease, may be so small as to make their detection impossible,
like the proverbial needle in a haystack.

How can we measure for bacteriological quality? The answer lies in the concept of
indicator organisms that, while not necessarily directly harmful, indicate the possible
presence of other pathogens.

The indicator most often used is Escherichia coli (E. coli), a member of the
coliform bacteria group (coliform bacteria are nonspore forming, rod-shaped bacteria
capable of fermenting lactose within 48 h at 35°C). Although many coliforms occur
naturally in aquatic environments, E. coli, often called fecal coliforms, are associated
with the digestive tracts of warm-blooded animals. Fecal coliforms are particularly
good indicator organisms because they are easily detected with a simple test, generally
harmless (some strains are very pathogenic, but most are not), and do not survive long
outside their host. The presence of fecal coliforms in a water sample does not prove the
presence of pathogens, nor does the absence of fecal coliforms ensure the absence of
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pathogens. However, if a large number of fecal coliforms are present, there is a good
chance of recent pollution by wastes from warm-blooded animals.

This last point should be emphasized. The presence of coliforms does not prove
that there are pathogenic organisms in the water, but indicates that such organisms
might be present. A high coliform count is thus suspicious, and the water should not
be consumed, even though it may be safe.

There are several ways to measure fecal coliforms. One of the most widely used
methods is the membrane filter (MF) technique. A water sample is filtered through
a sterile micropore filter by suction, thereby capturing any coliforms. The filter is
placed in a Petri dish containing a sterile culture medium that promotes the growth
of the fecal coliforms while inhibiting other organisms. After 24 h of incubation at
35°C, the number of shiny metallic red dots (fecal coliform colonies) is counted. The
concentration of coliforms is typically expressed as coliforms/100 mL of sample. The
equipment used for such tests is shown in Fig. 5-10.

The second method of measuring for coliforms is called the most probable number
(MPN) test. This test is based on the observation that in lactose broth, coliforms will
produce gas and make the broth cloudy. The production of gas is detected by placing
a small tube upside down inside a larger tube (Fig. 5-11) so as not to have air bubbles
in the smaller tube. After incubation, if gas is produced, some of the gas will become
trapped in the smaller tube and this, along with a cloudy broth, will indicate that tube
has been inoculated with at least one coliform. The MPN test is often used when the
sample is very turbid, brackish, or from a mud or sediment sample, all of which are
conditions that interfere with the MF technique.

A third way of measuring the coliforms is by a proprietary device called a Coli-
Count. A sterile pad with all the necessary nutrients is dipped into the water sample
and incubated, and the colonies are counted. The pad is designed to absorb exactly
1 mL of sample water so that the colonies counted give a coliform concentration per
milliliter. Although fast and simple, Coli-Count results are not accepted for testing
drinking water.

A growing concern in pathogen testing is detecting the presence of virulent strains
of E. coli (e.g., E. coli O157:H7) in food and drinking water supplies. The standard MF
and MPN tests do not distinguish between pathogenic and harmless strains of E. coli;
genetic testing is normally used to determine which strains of the bacteria are present.

Over the past two decades we have seen an increasing emphasis on using other
indicator microorganisms to supplement or replace the E. coli test. For example,
the enterococcus subgroup of fecal streptococcus bacteria (Streprococcus faecalis,
S. faecium, S. gallinarum, and S. avium) has been found to be excellent indicators of
the quality of recreational waters (e.g., swimming beaches). As with E. coli, entero-
coccus bacteria are normal inhabitants in the gastrointestinal tract of warm-blooded
animals and are easily enumerated using membrane filtration followed by incubation
on selective growth medium.

Pathogenic viruses constitute a particularly difficult group of organisms to iden-
tify and enumerate. Because of this, routine testing for viruses is rarely done unless
there is an outbreak of disease or you are testing the safety of reclaimed wastewater.
(Low coliform counts are not a reliable measure of pathogen inactivation in reclaimed
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Figure 5-10. Millipore filter apparatus for coliform measurement. The procedure is
illustrated in the sequence of photos starting at top left: (A) Millipore filter is put on
filter support; (B) funnel is replaced; (C) measured sample is poured into funnel; (D)
suction is applied using laboratory vacuum; (E) suction is released and filter removed,
(F) filter is centered on growth medium in Petri dish; (G) Petri dish is incubated at
35°C for 24 h; (H) coliform colonies are counted using a microscope.

wastewater because some pathogens are more resistant to disinfection methods than
coliforms.)

HEAVY METALS

Heavy metals such as arsenic, copper, and mercury can harm aquatic organisms, or
bioaccumulate in the food chain, even if the metal concentration in water is relatively
low. Consequently, the method of measuring metals in water must be very sensitive.
There are a large variety of methods available to measure metals in water samples,
and the choice of method often depends on the desired sensitivity as well as cost.
Heavy metals are usually measured using flame, electrothermal (graphite furnace), or
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Figure 5-11. Test tubes used for most probable number (MPN) coliform test.

cold-vapor atomic absorption (AA), inductively coupled plasma (ICP) and inductively
coupled plasma/mass spectrometry (ICP/MS), and colorimetric techniques. Samples
can be filtered and analyzed for dissolved metals or digested using strong acids to
measure total metals.

In flame AA a solution of lanthanum chloride is added to the sample, and the
treated sample is sprayed into a flame using an atomizer. Each metallic element in the
sample imparts a characteristic color to the flame, whose intensity is then measured
spectrophotometrically. Graphite furnace AA methods use an electrically heated device
to atomize metal elements, and can measure much lower concentrations of metals than
flame AA, but often have “matrix” interference problems caused by salts and other
compounds in the sample. Cold vapor AA is used primarily to measure arsenic and
mercury. Inductively coupled plasma and ICP/MS are less sensitive to matrix problems
and cover a wide range of concentrations.

OTHER ORGANIC COMPOUNDS

One of the most diverse (and difficult) areas of pollution assessment is the measure-
ment of toxic, carcinogenic, or other potentially harmful organic compounds in water.
These organics encompass the disinfection by-products introduced earlier, as well as
pesticides, detergents, industrial chemicals, petroleum hydrocarbons, and degradation
products that these chemicals become as they are altered chemically or biologically in
the environment (e.g., DDT biodegrades to hazardous DDD and DDE).

Some of the methods described earlier in this chapter can be used to assess the
overall content of organics in water (e.g., total organic carbon analysis). Gas chro-
matography (GC) and high-performance liquid chromatography (HPLC) are effective
methods for measuring minute quantities of specific organics. Gas chromatography
uses a mobile phase (carrier gas) and a stationary phase (column packed with an inert
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granular solid) to separate organic chemicals. The organics are vaporized, and then
allowed to move through the column at different rates that are unique to each organic
chemical. After separation in the column, the amount of each organic is determined
using a detector that is sensitive to the type of organic being measured. Peak height and
travel time are used to identify and quantify each organic. High-performance liquid
chromatography is similar to gas chromatography except that the mobile phase is a
high-pressure liquid solvent.

CONCLUSION

Only a few of the most important tests used in water pollution control have been
discussed in this chapter. Hundreds of analytical procedures have been documented,
many of which can be performed only with special equipment and skilled technicians.
Understanding this, and realizing the complexity, variations, and objectives of some
of the measurements of water pollution, how would you answer someone who brings
a jug of water to your office, sets it on your desk, and asks, “Can you tell me if this
water is polluted?”

PROBLEMS

5.1 Given the following BOD test results:

— Initial dissolved oxygen = 8 mg/L
—Final dissolved oxygen = Omg/L
— Dilution = 1/10

what can you say about

a. BOD5?
b. BOD ultimate?
c. COD?

5.2 If you had two bottles full of lake water and kept one dark and the other in
daylight, which would have a higher dissolved oxygen after a few days? Why?

5.3 Name three types of samples you would need to seed if you wanted to measure
their BOD.

5.4 The following data were obtained for a sample:

—total solids = 4000 mg/L

— suspended solids = 5000 mg/L

— volatile suspended solids = 2000 mg/L
— fixed suspended solids = 1000 mg/L

Which of these numbers is questionable and why?

5.5 A sample of water has a BOD5 of 10mg/L. The initial dissolved oxygen in
the BOD bottle was 8 mg/L, and the dilution was 1/10. What was the final dissolved
oxygen in the BOD bottle?
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5.6 If the BODs of a waste is 100 mg/L, draw a curve showing the effect of adding
progressively higher doses of chromium (a toxic chemical) on the BODs.

5.7 An industry discharges 10 million gallons a day of waste that has a BODs of
2000 mg/L. How many pounds of BODj5 are discharged?

5.8 If you dumped half a gallon of milk every day into a stream, what would be
your discharge in pounds of BODj5 per day?

5.9 Consider the following data from a BOD test:

Day DO (mg/l.)) Day DO (mg/L)

0 9 5 6
1 9 10 6
2 9 15 4
3 8 20 3
4 7 25 3

What is the: (a) BODs, (b) ultimate carbonaceous BOD (Lg), and (c¢) ultimate BOD
(BODyyr)? Why was there no oxygen used until the third day? If the sample had been
seeded, would the final dissolved oxygen have been higher or lower? Why?

5.10 Given the same standard ammonia samples as in Example 5.4, what would
the ammonia concentration be if your unknown measured an absorbance of 0.050?

5.11 Suppose you ran a multiple-tube coliform test and got the following results:
10-mL samples, all 5 positive; 1-mL samples, all 5 positive; 0.1-mL samples, all 5
negative. Use the table in Standard Methods to estimate the concentration of coliforms.

5.12 If fecal coliform bacteria were to be used as an indicator of viral pollution
as well as an indicator of bacterial pollution, what attributes must E. coli have relative
to viruses?

5.13 Draw a typical BOD curve. Label the (a) ultimate carbonaceous BOD (Lg),
(b) ultimate nitrogenous BOD, (c) ultimate BOD (BODyy), and (d) 5-day BOD. On
the same graph, plot the BOD curve if the test had been run at 30°C instead of at the
usual temperature. Also plot the BOD curve if a substantial amount of toxic materials
were added to the sample.

5.14 Consider the BOD data below (no dilution, no seed).

a. What is the ultimate carbonaceous BOD?
b. What might have caused the lag at the beginning of the test?
c. Calculate ki (the reaction rate constant).

Day DO (mg/L)

OV~ Wwe=o
AN oo
h

D) =
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5.15 A sample of wastewater is estimated to have a BOD of 200 mg/L.

a. What dilution is necessary for this BOD to be measured by the usual technique?
b. If the initial and final dissolved oxygen of the test thus conducted is 9.0

and 4.0mg/L, and the dilution water has a BOD of 1.0mg/L, what is the
dilution?



Chapter 6

Water Supply

A supply of water is critical to the survival of life as we know it. People need water to
drink, animals need water to drink, and plants need water to drink. The basic functions
of society require water: cleaning for public health, consumption for industrial pro-
cesses, and cooling for electrical generation. In this chapter, we discuss water supply
in terms of:

o the hydrologic cycie and water availability,
e groundwater supplies,

o surface water supplies, and

e water transmission.

The direction of our discussion is that sufficient water supplies exist for the world, and
for the nation as a whole, but many areas are water poor while others are water rich.
Adequate water supply requires engineering the supply and its transmission from one
area to another, keeping in mind the environmental effects of water transmission sys-
tems. In many cases, moving the population to the water may be less environmentally
damaging than moving the water. This chapter concentrates on measurement of water
supply, and the following chapter discusses treatment methods available to clean up
the water once it reaches areas of demand.

THE HYDROLOGIC CYCLE AND WATER AVAILABILITY

The hydrologic cycle is a useful starting point for the study of water supply. This
cycle, illustrated in Fig. 6-1, includes precipitation of water from clouds, infiltration
into the ground or runoff into surface water, followed by evaporation and transpiration
of the water back into the atmosphere. The rates of precipitation and evapora-
tion/transpiration help define the baseline quantity of water available for human
consumption. Precipitation is the term applied to all forms of moisture falling to
the ground, and a range of instruments and techniques for measuring the amount and
intensity of rain, snow, sleet, and hail have been developed. The average depth of
precipitation over a given region, on a storm, seasonal, or annual basis, is required
in many water availability studies. Any open receptacle with vertical sides is a com-
mon rain gauge, but varying wind and splash effects must be considered if amounts
collected by different gauges are to be compared.

107
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Figure 6-1. The hydrologic cycle.

Evaporation and transpiration are the movement of water back to the atmosphere
from open water surfaces and from plant respiration. The same meteorological factors
that influence evaporation are at work in the transpiration process: solar radiation,
ambient air temperature, humidity, and wind speed. The amount of soil moisture avail-
able to plants also affects the transpiration rate. Evaporation is measured by measuring
water loss from a pan. Transpiration can be measured with a phytometer, a large vessel
filled with soil and potted with selected plants. The soil surface is hermetically sealed
to prevent evaporation; thus moisture can escape only through transpiration. Rate of
moisture escape is determined by weighing the entire system at intervals up to the life
of the plant. Phytometers cannot simulate natural conditions, so results have limited
value. However, they can be used as an index of water demand by a crop under field
conditions, and thus relate to calculations that help an engineer determine water supply
requirements for that crop. Because it is often not necessary to distinguish between
evaporation and transpiration, the two processes are often linked as evapotranspiration,
or the total water loss to the atmosphere.

GROUNDWATER SUPPLIES

Groundwater is both an important direct source of supply that is tapped by wells and
a significant indirect source, since surface streams are often supplied by subterranean
water.

Near the surface of the earth, in the zone of aeration, soil pore spaces contain both
air and water. This zone, which may have zero thickness in swamplands and be several
hundred feet thick in mountainous regions, contains three types of moisture. After a
storm, gravity water is in transit through the larger soil pore spaces. Capillary water is
drawn through small pore spaces by capillary action and is available for plant uptake.
Hygroscopic moisture is water held in place by molecular forces during all except the
driest climatic conditions. Moisture from the zone of aeration cannot be tapped as a
water supply source.
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In the zone of saturation, located below the zone of aeration, the soil pores are
filled with water, and this is what we call groundwater. A stratum that contains a
substantial amount of groundwater is called an aquifer. At the surface between the
two zones, called the water table or phreatic surface, the hydrostatic pressure in the
groundwater is equal to the atmospheric pressure. An aquifer may extend to great
depths, but because the weight of overburden material generally closes pore spaces,
little water is found at depths greater than 600 m (2000 ft).

The amount of water that can be stored in the aquifer is the volume of the void
spaces between the soil grains. The fraction of voids volume to total volume of the soil
is termed porosity, so that

Porosity = (Volume of voids)/(Total volume). 6.1)

However, not all of this water is available because it is so tightly tied to the soil particles.
The amount of water that can be extracted is known as specific yield, defined as the
percent of total volume of water in the aquifer that will drain freely from the aquifer.

The flow of water out of a soil is illustrated in Fig. 6-2 and analyzed using the
continuity equation, as

0 = Av, 6.2)

where

0 = flow rate (m?/s),
A = area of porous material through which flow occurs (m?), and
v = superficial velocity (mm/s).

The superficial velocity is of course not the actual velocity of the water in the soil,
since the volume occupied by the solid particles greatly reduces the available area for
flow. If g is the area available for flow, then

Figure 6-2. The flow of water through a soil sampler.
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where v’ = the actual velocity in the soil, and a = the area available for flow. Solving
for v/,

v = (Av)/a. 6.3)
If a sample of soil is of some length L, then
v’ = (Av)/a = (AvL)/(aL) = vlporosity. 6.4)

Water flowing through the soil at a velocity v’ loses energy, just as water flowing
through a pipeline or an open channel. The head loss is defined as

Ah
—, 5
AL 6.5)
where  is the pressure head. The flow through a porous medium such as soil is related

to the head loss using the Darcy equation,

Ah

= KA—,
Q AL

6.6)

where

K = coefficient of permeability (m3/day-m?), and
A = cross-sectional area (m?).

The coefficient of permeability varies dramatically for different soils ranging from
about 0.04 m?/day-m? for clay to over 200 m3/day-m? for gravel.

Typical values of porosity specific yield and the coefficient of permeability are
shown in Table 6-1. The coefficient of permeability is measured commonly in the
laboratory using a permeameter, which consists of a soil sample through which a fluid
like water is forced. The flow rate is measured for a given driving force, and the
permeability calculated.

Table 6-1. Estimate of Average Permeability and Porosity for Selected Materials?

Permeability K,
Material % Porosity % Specific yield (gal/day-ft?) (m3/day-m?)
Clay 45 3 1 0.04
Sand 35 25 800 32
Gravel 25 22 5000 200
Sandstone 15 8 700 28
Granite 1 0.5 0.1 0.004

4Source: R. K. Linsley and J. B. Franzini, Elements of Hydrology, McGraw-Hill, New York. Copyright
© 1958. Used with permission of the McGraw—Hill Book Company.
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Figure 6-3. Permeameter for Example 6.1.

EXAMPLE 6.1. A soil sample is installed in a permeameter as shown in Fig. 6-3. The
length of the sample is 0.1 m, and it has a cross-sectional area of 0.05 m?. The water
pressure placed on the sample is 2 m, and a flow rate of 2.0 m3/day is observed. What
is the coefficient of permeability?

Using the above equation, and solving for K, we have

X Q B 2.0
" A(AR/AL) — 0.05 x (2/0.1)

=2 m3/m2—day.

An aquifer confined between two impermeable surfaces (aquacludes) is called a
confined aquifer and can be thought of as a very large permeameter. The pressure loss
due to the flow can be determined by measuring the water level in two wells, the second
one being directly downstream of the other.

EXAMPLE 6.2. A confined aquifer is 6 m deep and the coefficient of permeability in
the soil is 2 m>/day-m2. The wells are 100m apart, and the difference in the water
elevation in the wells is 3.0 m. Find the flow rate and the superficial velocity through
the aquifer.

The slope of the pressure gradient, Ah/AL =3/100 = 0.03, and the flow rate for
a section of aquifer 1 m wide is

Q0= KAE—Z =2 x 6 x 0.03 = 0.35m3/day.
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The superficial velocity is

If a well is sunk into an unconfined aquifer, shown in Fig. 6-4, and water is
pumped out, the water in the aquifer will begin to flow toward the well. As the water
approaches the well, the area through which it flows gets progressively smaller, and
therefore a higher superficial (and actual) velocity is required. The higher velocity of
course results in an increasing loss of energy, and the pressure gradient must increase,
forming a cone of depression. The reduction in the water table is known in groundwater
terms as a drawdown. If the rate of water flowing toward the well is equal to the
rate of water being pumped out of the well, the condition is at equilibrium, and the
drawdown remains constant. If, however, the rate of water pumping is increased,
the radial flow toward the well must compensate, and this results in a deeper cone or
drawdown.

Consider a cylinder shown in Fig. 6-5 through which water flows toward the
center. Using Eq. (6.6),

Ah

=KA—=
Q AL

K(anh)j—’:,

where r = radius of the cylinder and 2zrh = surface area of the cylinder. If water is
pumped out of the center of the cylinder at the same rate as water is moving in through
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Figure 6-4. Drawdown in the groundwater table when water is pumped out of a well.
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Figure 6-5. A cylinder with water flowing through its sides toward the center.

the cylinder surface area, the above equation can be integrated

nodq hy
/ oZ = 2:11(/ hdh
r r h

or

Q0 n % = nK(h} — h3) (6.72)
_ mK(h} —h3)

6.7
InGr/2) (6.70)

Note that the integration is between any two arbitrary values of r and 4.

These equations can be used to estimate the pumping rate for a given drawdown
any distance away from a well, using the water level measurements in two observation
wells in an unconfined aquifer (where the water table is free to change), as shown in
Fig. 6-6. Also, knowing the diameter of a well, it is possible to estimate the drawdown
at the well, the critical point in the cone of depression. If the drawdown is depressed all
the way to the bottom of the aquifer, the well “goes dry” — it cannot pump water at the
desired rate. Although the derivation of the foregoing equations are for an unconfined
aquifer, the same situation would occur for a confined aquifer, where the pressure
would be measured by observation wells.
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Figure 6-6. Two monitoring wells define the extent of drawdown during extraction.

ExXAMPLE 6.3. A well is 0.2 m in diameter and pumps from an unconfined aquifer 30 m
deep at an equilibrium (steady-state) rate of 1000 m® per day. Two observation wells
are located at distances 50 and 100m, and they have been drawn down by 0.2 and
0.3 m, respectively. What is the coefficient of permeability and estimated drawdown
at the well?

_ Qln(ri/r) _ 1000 1n(100/50)
T a2 -hd)  m[(29.8)2—(29.7)7]

= 37.1 m®/m?-day.
Now if the radius of the well is assumed to be 0.2/2=0.1 m, this can be plugged into

the same equation, as

B 7K (h? — h2) _ wx 1.97 x [(27%) - K] — 1000
T In(ri/ra) In(50/0.1) -

and solving for h,
hy, =28.8 m.
Since the aquifer is 30 m deep, the drawdown at the well is 30 — 28.8 = 1.2 m.

Multiple wells in an aquifer can interfere with each other and cause excessive
drawdown. Consider the situation in Fig. 6-7 where first a single well creates a cone
of depression. If a second extraction well is installed, the cones will overlap, causing
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Figure 6-7. Interference between two extraction wells.

greater drawdown at each well. If many wells are sunk into an aquifer, the com-
bined effect of the wells could deplete the groundwater resources and all wells would
“go d-ry'”

The reverse is also true, of course. Suppose one of the wells becomes an injection
well, then the injected water flows from this well into the others, building up the
groundwater table and reducing the drawdown. The judicious use of extraction and
injection wells is one way that the flow of contaminants from hazardous waste or refuse
dumps can be controlled.

Finally, a lot of assumptions are made in the above discussion. First, it is assumed
that the aquifer is homogeneous and infinite; that is, it sits on a level aquaclude and
that the permeability of the soil is the same at all places for an infinite distance in
all directions. Second, steady-state and uniform radial flow is assumed. The well is
assumed to penetrate the entire aquifer, and is open for the entire depth of the aquifer.
Finally, the pumping rate is assumed to be constant. Clearly any of these assumptions
may be unwarranted and cause the analysis to be faulty. This model of aquifer behavior
is a relatively simple illustration. Modeling the behavior of groundwater is a complex
and sophisticated science.

SURFACE WATER SUPPLIES

Surface water supplies are not as reliable as groundwater sources since quantities often
fluctuate widely during the course of a year or even a week, and water quality is affected
by pollution sources. If a river has an average flow of 10 cubic feet per second (cfs),
this does not mean that a community using the water supply can depend on having
10 cfs available at all times.



116 ENVIRONMENTAL ENGINEERING

The variation in flow may be so great that even a small demand cannot be met
during dry periods, and storage facilities must be built to save water during wetter
periods. Reservoirs should be large enough to provide dependable supplies. However,
reservoirs are expensive and, if they are unnecessarily large, represent a waste of
community resources.

One method of estimating the proper reservoir size is use of a mass curve to
calculate historical storage requirements and then to calculate risk and cost using
statistics. Historical storage requirements are determined by summing the total flow
in a stream at the location of the proposed reservoir, and plotting the change of total
flow with time. The change of water demand with time is then plotted on the same
curve. The difference between the total water flowing in and the water demanded is
the quantity that the reservoir must hold if the demand is to be met. The method is
illustrated by Example 6.4.

EXAMPLE 6.4. A reservoir is needed to provide a constant flow of 15 cfs. The monthly
stream flow records, in total cubic feet, are

Month J F M A M J] J A S O ND
Million ft3 of water 50 60 70 40 32 20 50 80 10 50 60 80

The storage requirement is calculated by plotting the cumulative stream flow as in
Fig. 6-8. Note that the graph shows 50 million ft* for January, 60 + 50 = 110 million
ft3 for February, 70 + 110 million ft3 for March, and so on.

The demand for water is constant at 15 cfs, or

ft3 s h days ft>
6 2 — = 6__—
15 x 10 sx3600hx24 yx30 p- 38.8 x 10 e

This constant demand is represented in Fig. 6-8 as a straight line with a slope of
38.8 x 106 ft*/month, and is plotted on the curved supply line. Note that the stream flow
in May was lower than the demand, and this was the start of a drought lasting until June.
In July the supply increased until the reservoir could be filled up again, late in August.
During this period the reservoir had to make up the difference between demand and
supply, and the capacity needed for this time was 60 x 10° ft*. A second drought, from
September to November required 35 x 10° ft* of capacity. The municipality therefore
needs areservoir with a capacity of 60 x 108 ft> to draw water from throughout the year.

A mass curve like Fig. 6-8 is not very useful if only limited stream flow data are
available. Data for one year yield very little information about long-term variations.
The data in Example 6.4 do not indicate whether the 60 million cfs deficit was the worst
drought in 20 years, or an average annual drought, or occurred during an unusually
wet year.
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Figure 6-8. Mass curve for determining required reservoir capacity.

Long-term variations may be estimated statistically when actual data are not avail-
able. Water supplies are often designed to meet demands of 20-year cycles, and about
once in 20 years the reservoir capacity will not be adequate to offset the drought.
The community may choose to build a larger reservoir that will prove inadequate only
every 50 years, for example. A calculation comparing the additional capital investment
to the added benefit of increased water supply will assist in making such a decision.
One calculation method requires first assembling required reservoir capacity data for a
number of years, ranking these data according to the drought severity, and calculating
the drought probability for each year. If the data are assembled for n years and the rank
is designated by m, with m = 1 for the largest reservoir requirement during the most
severe drought, the probability that the supply will be adequate for any year is given
by m/(n+ 1). For example, if storage capacity will be inadequate, on the average, one
year out of every 20 years,

m/(n+1) =1/20 =0.05.
If storage capacity will be inadequate, on the average, one year out of every 100 years,
m/(n+1)=1/100 = 0.01.

The calculation of storage is illustrated in Example 6.5.
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EXAMPLE 6.5. A reservoir is needed to supply water demand for 9 out of 10 years. The
required reservoir capacities, which were determined by the method of Example 6.4,
are shown below:

Required reservoir Required reservoir
Year capacity (m® x 10°) Year capacity (m> x 10°)
1961 60 1971 53
1962 40 1972 62
1963 85 1973 73
1964 30 1974 80
1965 67 1975 50
1966 46 1976 38
1967 60 1977 34
1968 42 1978 28
1969 90 1979 40
1970 51 1980 45

These data must now be ranked, with the highest required capacity, or worst drought,
getting rank 1, the next highest 2, and so on. Data were collected for 20 years, so that
n=20and n+ 1 = 21. Next, m/(n 4 1) is calculated for each drought

Capacity Capacity

Rank (m?® x 105) m/(n+1) Rank (m3 x 109) m/(n+1)
1 90 0.05 11 50 0.52
2 85 0.1 12 46 0.57
3 80 0.14 13 45 0.62
4 73 0.19 14 42 0.67
5 67 0.24 15 40 0.71
6 62 0.29 16 40 0.76
7 60 0.33 17 38 0.81
8 60 0.38 18 34 0.86
9 53 0.43 19 30 0.90

10 51 0.48 20 28 0.95

These data are plotted in Fig. 6-9. A semilog plot often yields an acceptable straight
line. If the reservoir capacity is required to be adequate 9 years out of 10, it may be
inadequate 1 year out of 10. Entering Fig. 6-9 at m/(n 4+ 1) =1/10 = 0.1, we find
that

m/n+1=2/21=0.1.
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Figure 6-9. Frequency analysis of reservoir capacity.

The 10% probability of adequate capacity requires a reservoir capacity of 82 million m>.
Had the community only required adequate capacity 1 year out of 5, m/(n + 1) = 0.2
and, from Fig. 6-9, a reservoir capacity of 71 million m* would have sufficed.

This procedure is a frequency analysis of arecurring natural event. The frequencies
chosen for investigation were once in 10 years and once in 5 years, or a “10-year
drought” and a “5-year drought,” but droughts occurring 3 years in a row and then not
again for 30 years still constitute “10-year droughts.” Planning for a 10-year recurrence
interval, though usually reliable, is not absolute.

WATER TRANSMISSION

Water can be transported from a ground or surface supply either directly to the water
users in a community or initially to a water treatment facility. Water is transported by
different types of conduits, including:

e Pressure conduits: tunnels, aqueducts, and pipelines
e Gravity-flow conduits: grade tunnels, grade aqueducts, and pipelines.

The location of the well field or river reservoir defines the length of the conduits, while
the topography indicates whether the conduits are designed to carry the water in open-
channel flow or under pressure. The profile of a water supply conduit should follow
the hydraulic grade line to take advantage of gravity and minimize pumping costs.
Distribution reservoirs and water towers are also necessary in the transmis-
sion system to help level out peak demands. They are sized to meet three design
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constraints:

o hourly fluctuations in water consumption within the service area,
o short-term shutdown of the supply network for servicing, and
o back-up water requirements to control fires.

These reservoirs are most often constructed as open or covered basins, elevated tanks,
or, as in the past, standpipes. Adequately designed distribution or service reservoirs
require supply conduits feeding them to carry about 50% excess water over the average
daily demand of the system or subsystem.

Elements of Closed-Conduit Hydraulics

Before discussing flow, some important properties of fluids are reviewed.

The density of a fluid is its mass per unit volume. Density is expressed in terms of
g/em? or kg/L or kg/m>, and in slugs/ft? or 1b-s%/ft* in the English system. The density
of water at 20°C is 1 g/cm? or 1.94 slugs/ft3.

Specific weight is the force exerted by gravity on a unit volume of fluid. Specific
weight is related to density as

w = pg,
where

w= specific weight (in kg/m? or Ib/ft>),
p = density (in kg/m> or Ib-s2/ft*), and
g = gravitational constant (in m/s? or ft/s2).

Kilograms (or grams) are the units for both mass and weight in the metric system.
The specific weight of water at 20°C is 1000 kg/m? in the metric system and 62.4 1b/ft>
in the English system. Specific gravity of aliquid is the ratio of its density to that of pure
water at a standard temperature. The specific gravity of water is 1.00. The viscosity of
a fluid is a measure of its resistance to shear or angular deformation, and is defined as
the proportionality constant relating the shear stress t to the rate of deformation du/dy,
and is usually written as

T = pdu/dy.

This expression assumes that shear stress is directly proportional to the rate of defor-
mation, and holds for fluids known as Newtonian fluids. For non-Newtonian fluids,
like biological sludge, shear stress is not proportional to the deformation rate. Thus
the term viscosity, when applied to non-Newtonian fluids such as biological sludge, is
significant only if either the deformation rate or the shear stress is also specified. The
unit of viscosity in the metric system is the poise, or gm/cm-s. The viscosity of water
at 20°C (68.4°F) is 0.01 poise, or 1 centipoise. In the English system unit of viscosity
is Ib-s/ft2. Therefore, 1 1b-s/ft? equals 479 poise.
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Table 6-2. Viscosity of Water as a Function of Temperature

Temperature Viscosity

°F °C Ib-s/ft? Centipoise
40 4.4 3.1 x 1075 1.5

50 10.0 2.7 x 1075 1.3

60 15.5 2.3 x 1075 1.1
68.4 20.0 2.1 x 1073 1.0

70 21.0 2.0x 1075 0.96
80 26.6 1.8 x 1073 0.86
90 32.2 1.6 x 1073 0.77

The kinematic viscosity v is the absolute viscosity divided by the fluid density, or

v=pu/p.

The dimensions of kinematic viscosity are cm?/s.
Fluid viscosity is a function of temperature. Some representative values of the
viscosity of water are shown in Table 6-2.

Closed-Conduit Flow

One of the most fundamental principles of hydraulics states that in a system, the total
energy of a perfect liquid under ideal conditions does not change as it flows from point
to point. The total energy is the sum of the position energy, the pressure energy, and
the velocity energy. These are usually stated in terms of meters or feet of fluid, so that:

Z = static head = elevation (in m or ft),
P = pressure (in kg/m2 or Ib/ft?),
w = specific weight of the fluid (in kg/m?),
v = velocity (in m/s or ft/s),
g = gravitational acceleration (in m/s? or ft/s%),
P /w = pressure energy or pressure head, and
v2/2g = velocity energy or velocity head.

Consider a system like that shown in Fig. 6-10. Water is flowing through the pipe
from a reservoir with constant surface elevation. Assuming no losses in the system,
the total energy or total head of water remains constant, although energy or head may
be converted from one form to another within the system. At Point 1, at the surface
of the reservoir, all the energy is static head, while at Points 3, 4, and 5, the energy is
distributed among static, pressure, and velocity head. At Point 6 the jet of water enters
the atmosphere and the energy of the jet is the sum of the velocity head and the static
head. The total energy, however, is constant at all points in the system.
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Figure 6-10. Hydraulics for ideal closed-conduit flow.

The principle of constant energy is known as the Bernoulli theorem when applied
to fluid flow. Taking into account losses within the system, the Bernoulli theorem for
any two points in the system may be written

P, v? P v2
Zi+ 2+ L=z 24 2 4py, (6.8)
w g w  2g

in which by, represents the energy losses within the system. The energy loss may occur
in many places in a system, such as valves, bends, and sudden changes in pipe diameter.
One of the major losses of energy is in the friction between the moving fluid and the
pipe wall.

Because of the practical problems involved in the application of more elegant and
theoretically sound friction loss equations, engineers often use fitted or empirical expo-
nential equations for flow calculations. Among these, the Hazen—Williams formula is
most widely used in the United States for flow in pressure pipes and the Manning for-
mula for flow in open channels or pipes not having full flow. These formulas are limited
to turbulent flow of water and to common ambient temperatures. The Hazen—Williams
formula is

v = 1.318Cr%%95054, (6.92)

where

v = the mean velocity of flow (in ft/s),

r = the hydraulic radius (area divided by wetted perimeter, in ft),
s = slope of the hydraulic grade line, and

C = the Hazen—Williams friction.coefficient.
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‘When combined with the continuity equation, = Av, the discharge O, in gallons per
minute for a circular pipe of diameter D, in inches, is given by

Q = 0.285CD?*6350-54 (6.9b)
In metric units, these two equations are

v = 0.849Cr%6350-54 (6.10a)
0 = 0.278CD?6350-34, (6.10b)

where D and r are in meters and v and Q are in meters per second (my/s) and cubic meters
per second (m3/s), respectively. The nomographs shown in Fig. 6-11 are solutions to
the above equations in both English and metric units. Table 6-3 summarizes Hazen—
Williams coefficients for various pipe materials.

ExAMPLE 6.6. The pressure drop through a 6-in. asbestos-cement pipe, 3000 ft in
length is 20 psi. What is the flow rate?

hr = (20 pei)(2.31 ft water/psi) = 46.2 ft

o 46.2ft 1541t
T 3000t 1000 ft©

From Table 6-3, C is 140 and from Fig. 6-11, the discharge is 460 gpm.

Energy or head is lost at the entrance to a pipe or conduit; at valves, meters, fittings,
and other irregular features; at enlargements; and at flow contractions. These losses,
called minor losses, are in excess of friction losses over the same length of straight
pipe or conduit and may be expressed as

=K (6.11)

Eg—)

where K = the energy loss coefficient of minor losses in closed conduits, and for which
values of K may be estimated by using Table 6-4.

ExaMPLE 6.7. The loss for a flow of 1.0 cfs through a given 6-in. main with a gate
valve wide open is 20 ft. Find the head loss with the gate valve 75% closed.

From Table 64, the increase in K value when the valve is partjally closed is
K =24.0:

1.0

> =51t/s

V=

o)
o
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= + K = + = 9 . .

Two pipes, two systems of pipes, or a single pipe and a system of pipes are said to
be equivalent when their losses of head for equal rates of flow are equal (or flow is equal
for equal loss of head). Compound pipes, whether in parallel or in series (Fig. 6-12),
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Figure 6-11. Hazen—Williams equation nomograph, English and metric units.
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Figure 6-11. (continued)

may be reduced to single, equivalent pipes. The following examples are illustrative:

ExXaMmpLE 6.8. For the parallel pipes as shown in Fig. 6-12a, find the diameter of
equivalent pipe (length is assumed to be 1000 ft).

1. Loss of head through pipe 1 must always equal loss of head through pipe 2
between points A and B.
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2. Assume any arbitrary head loss, say 10 ft.

3. Calculate head loss in feet per 1000 ft for pipes 1 and 2.
Pipe 1: (10/1300) x (1000) = 7.7 ft/1000 ft
Pipe 2: (10/1400) x (1000) = 7.1 ft/1000 ft.

4. Use Fig. 6-11 to find flow in gallons per minute (gpm).
Pipe 1: D = 8in., s = 0.0077, Q = 495 gpm
Pipe 2: D = 6in., s = 0.0071, Q = 220 gpm
Total Q through both pipes = 715 gpm.

5. Using Fig. 6-11 with s =0.010 and Q =715 gpm, equivalent pipe size is found
to be 8.8 in. in diameter.

Table 6-3. Values of C for the Hazen—Williams Equation

Type of pipe C
Asbestos cement 140
Brass 130-140
Brick sewer 100
Cast iron
New, unlined 130
Old, unlined 40-120
Cement-lined 130-150
Bitumastic enamel-lined 140-150
Tar-coated 115-135
Concrete or concrete-lined
Steel forms 140
Wooden forms 120
Centrifugally spun 135
Copper 130-140
Fire hose (rubber-lined) 135
Galvanized iron 120
Glass 140
Lead 130-140
Masonry conduit 120-140
Plastic 140-150
Steel
Coal-tar enamel-lined 145-150
New, unlined 140-150
Riveted 110
Tin 130
Vitrified 100-140

Wood stove 120
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Table 6-4. Minor Losses of Head
Nature of Nature of
resistance Loss (K) resistance Loss (K)
45° elbow Use 3/4 loss for 22.5° elbow Use 1/2 loss for
90° bend of 90° bend of
same radius same radius
Angle valve wide open  2-5
Entrance losses
Butterfly valve Pipe projects into 0.8-1.0
tank
0=10° 1 Pipe end flush 0.5
with tank
6 =40° 10 Slightly rounded 0.23
6="70° 320 Bell-mouthed 0.04
Check valves Outlet losses from
Horizontal lifts 8-12 pipe into still
Ball 65-70 water or
Swing 0.6-2.5 atmosphere 1.0
Gate valves Sudden contraction
Wide open d/D=0.25 0.42
0.25 closed 1.2 d/D=0.5 0.33
0.5 closed 5.6 d/D=0.5 0.19
0.75 closed 24.0
Sudden enlargement
Globe valves wide open 10 d/D=0.25 0.92
d/D=0.5 0.56
90° elbow d/D=0.75 0.91
Regular flanged 0.21-0.30
Long-radius flanged 0.14-0.23
Short-radius screwed 0.9
Medium-radius
screwed 0.75

Long-radius screwed 0.60

ExaMPpLE 6.9. For the pipes in series as shown in Fig. 6-12b, find the diameter of
equivalent pipe (length is assumed to be 1000 ft).

1. Quantity of water flowing through pipes 3 and 4 is the same.
2. Assume any arbitrary flow through pipes 3 and 4, say 500 gpm.
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@ \P‘p" ol ®)
L=1300'

Pipeno.3 Pipe no.4
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Figure 6-12. (a) Equivalent pipes, parallel. (b) Equivalent pipes, series.

3. Using Fig. 6-11, find head loss for pipes 3 and 4.
Pipe 3: D=8 in., L =400 ft, Q =500 gpm, h! =5; x L, =0.008 x 400 =
321t
Pipe 4: D =6 in., L =600 ft, Q =500 gpm, h! =s; x L; =0.028 x 600 =
16.8 ft

Total head loss in both pipes = 20 ft.
4. Using Fig. 6-11 with head loss = 20 ft, s = 20/1000, and @ = 500 gpm,
equivalent pipe size is found to be 6.5 in. in diameter.

More complex systems may be reduced to a single equivalent pipe by piecework
conversion of real and equivalent pipes. Although the calculations become tedious,
solutions of network flow problems are dependent on the same basic physical principles
as those for single pipes; that is, the principles of energy conservation and continuity
must be satisfied throughout the network.

Pumps and Pumping!

Pumps are mechanical devices for converting other forms of energy to hydraulic energy.
When interposed in a pipe, they add energy to the liquid passing through the pipes.
The added energy is almost always pressure energy. Pumps, like motor vehicles, are
not individually designed for public works projects, except for very large and unusual

LThis discussion on pumps and pumping is adapted from F. E. McJunkin and P. A. Vesilind, Practical
Hydraulics for Public Works Engineers, published as a separate issue by Public Works Magazine (1968).
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installations. Rather, they are selected from predesigned and manufactured units readily
available for a wide range of applications.

Economical selection requires that attention be given to: (1) the normal pumping
rate and the minimum and maximum rates that the pump will ever be called on to
deliver; (2) the total head capacity to meet flow requirements; (3) suction head, or lift;
(4) pump characteristics, including speed, number of pumps, power source, and other
spatial and environmental requirements; and (5) the nature of the liquid to be pumped.

Rotodynamic and displacement pumps are the two types most often encountered in
environmental engineering. Rotodynamic pumps impart kinetic energy into the liquid
using a rotating element or impeller, shaped to force water outward at right angles to
the axis of rotation in radial flow, to force the liquid in the axial direction in axial flow,
or to give the liquid both radial and axial velocity in mixed flow. Centrifugal pumps
are radial flow and mixed flow devices, and propeller pumps are axial flow pumps.
Displacement pumps include the reciprocating type, in which a piston draws water
into a cylinder on one stroke and forces it out on the next, and the rofary type, in
which two cams or gears mesh together and rotate in opposite directions to force water
continuously past them. There are also jet pumps (ejectors), airlift pumps, hydraulic
rams, diaphragm pumps, and others that may be useful in special circumstances.

Pump hydraulics are shown in Fig. 6-13. The static suction head on a pump is the
vertical distance from the free liquid surface on the intake to the pump centerline. If
there is no free surface, the gauge pressure at the pump flange (suction or discharge)

Atmospheric
pressure

Static
discharge
head

Net
discharge

Pump
centerline

Figure 6-13. Pump hydraulics.
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for zero discharge, corrected to the centerline pump elevation, should be used in lieu
of the static head. The static suction head may be positive or negative; negative static
suction head is sometimes called suction lift. The net suction head is the difference
between the static suction head and friction head losses, including entrance loss, for the
capacity under consideration. The static discharge head is the vertical distance from
the pump centerline to the free surface on the discharge line. Thus, the ner discharge
head is the sum of the static discharge head and the friction head losses. The total head
H is given by

H = hq — ha, (6.12)

where h4 is the net discharge head and h; is the net static head.

In pumping liquids, the pressure anywhere in the suction line should remain higher
than the vapor pressure of the liquid in order to avoid air binding, priming loss, and
cavitation. The energy available for moving liquid through the suction line to the
impeller, known as the net positive suction head (NPSH), is the sum of the net suction
head and any pressure existing in the suction supply line, less the vapor pressure of the
liquid at the pumping temperature. Any vacuum is to be treated as a negative pressure.
The useful work done by a pump is the product of the weight of liquid pumped and
the head developed by the pump. The power, or work/time, required is the water
horsepower (WHP). Thus

WHP = QHw, (6.13)

where Q = pump discharge, H = total head, and w = specific weight. For water at
68°F, Q in gallons per minute, and H in feet,

OH
WHP = 3960°

The brake horsepower (BHP) is the total power required to drive a pump. The pump
efficiency 7 is the ratio of the water horsepower to the brake horsepower, or

WHP
= 100. .
n BID x 100 (6.14)
For water at 68°F
1000H
BHP = .
39607

BHP for other water temperatures and other liquids can be determined by correcting for
the change in specific weight. The temperature correction for natural water is usually
negligible.
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Pump Characteristic Curves

The total head developed by a pump, the power required to drive it, and the resulting
efficiency vary with the capacity. The interrelations of head, power, efficiency, and
capacity are shown in Fig. 6-14 and are called pump characteristic curves:

e The head capacity curve H-Q shows the relationship between capacity and total

head. Pumps are often classified according to the shape of the head capacity curve.
e The efficiency curve n—Q shows the relationship between capacity and efficiency.
e The power curve P—Q shows the relationship between capacity and power input.

System Head Curves

Head loss in a pumping system increases with increasing flow through the system, and
can be shown graphically as a system head curve like that in Fig. 6-15. The system
head loss for any flow rate is the sum of friction head loss and the total static head in
the system. Static head is present whether the pump is operating or not, and is plotted
as the lower portion of the system head curve.

Friction losses, including minor losses, are determined as outlined in the previ-
ous section of this chapter. The system piping and fittings may be converted to one
equivalent pipe, and head losses for several flow rates may be determined readily from
the Hazen—Williams nomograph. Alternatively, the head loss through all pipes and
fittings may be computed for a single flow rate, and losses for other flow rates may be
determined from the relationship

0.54
Q1 _ I:ﬂ] (6.15)
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Figure 6-14. Pump characteristic curves.
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System head curve
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Figure 6-15. System head curve.

For zero discharge, total head is equal to the total static head. This point plus several
computed points will suffice to plot the curve. Static head in a system will vary as tanks
and reservoirs are filled or drawn down. In such cases, system curves may readily be
constructed for minimum and maximum heads, thereby enabling prediction of system
pumping capacity for the entire range of possible static head conditions. For elaborate
installations, an economic analysis of the tradeoff between pumping and piping costs
may be justified. For comparatively short pipelines, however, friction losses should
not be more than about 20% of the static head.

Operating Head and Discharge

The usual design condition is that a system will be given and the proper pump must be
selected. The intersection of a pump head capacity curve with a system curve on which
it is superimposed is the operating point. Figure 6-16 is an example. The operating
point is the discharge and head at which a given system and given pump will operate.
Operating efficiency and power requirements will also be located by this superposition.
A pump that has an operating point at or near its peak efficiency should be selected.

Placing two identical pumps in series doubles the pumping head. Conversely, two
identical pumps in parallel will double the pumping capacity (see Fig. 6-17). Doubling
the pumping head or capacity will not double the system capacity, however. Figure 6-18
shows that the added capacity for two pumps in parallel results in a greater friction
head loss and that the system capacity is not doubled. Similarly, pumping in series will
double neither the system head nor the discharge.

CONCLUSION

As the hydrologic cycle indicates, water is a renewable resource because of the driving
force of energy from the sun. The earth is not running out of water, though enough
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Figure 6-17. Pump characteristic curves with two pumps in parallel and in series.
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Figure 6-18. System head curve with two pumps in parallel.
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water or enough clean water may not be available in some areas because of climate
and water use. Both groundwater and surface water supplies are available to varying
degrees over the entire earth’s surface, and can be protected by sound engineering and
environmental judgment.

The next chapter addresses methods of preparing and treating water for distribution
and consumption once the supply has been provided.

PROBLEMS

6.1 A storage reservoir is needed to ensure a constant flow of 20 cfs to a city. The
monthly stream flow records are

Month J FM A M J J A § O N D

Million ft3 of water 60 70 85 50 40 25 55 8 20 55 70 90

Calculate the storage requirements.

6.2 An unconfined aquifer is 10 m thick and is being pumped so that one obser-
vation well placed at a distance of 76 m shows a drawdown of 0.5 m. On the opposite
side of the extraction well is another observation well, 100 m from the extraction well,
and this well shows a drawdown of 0.3 m. Assume the coefficient of permeability is
50 m*/day-m?.

a. What is the discharge of the extraction well?

b. Suppose the well at 100 m from the extraction well is now pumped. Show with
a sketch what this will do to the drawdown.

c. Suppose the aquifer sits on an aquaclude that has a slope of 1/100. Show with
a sketch how this would change the drawdown.

6.3 If a faucet drips at a rate of two drops per second, and it takes 25,000 drops
to make one gallon of water, how much water is lost each day? Each year? If water
costs $1.60 per. 1000 gallons, how long would the water leak until its cost equalled the
75 cents in parts needed to fix the leak (if you fix it yourself)? How long if you called
a plumber for $40.00 minimum rate plus 75 cents in parts?

6.4 A 24-in. pipe with centrifugally spin concrete lining carries a flow of 10 mgd.
Find the head loss per unit length and the velocity.

6.5 A 6-in. main is carrying a flow of 1.0 cfs. What head loss is produced by two
regular flanged 45° elbows and a gate valve one-half closed?

6.6 Three pipes, each 1500 ft long, are arranged in parallel. Two have diameters
of 6 in. each, and the diameter of the third is 10 in. All three have a Hazen—Williams
C value of 100. Find the diameter of the equivalent pipe that is also 1500 ft long.

6.7 A pump delivers 900 gpm against a total head of 145 ft. Assuming a pump
efficiency of 90%, what is the BHP?

6.8 Given two identical pumps with the characteristics shown in Fig. 6-14, find
the discharge for a head of 100 ft if (a) both pumps are operated in series and (b) both
pumps are operated in parallel.



Chapter 7

Water Treatment

Many aquifers and isolated surface waters are high in water quality and may be pumped
from the supply and transmission network directly to any number of end uses, including
human consumption, irrigation, industrial processes, or fire control. However, clean
water sources are the exception in many parts of the world, particularly regions where
the population is dense or where there is heavy agricultural use. In these places, the
water supply must receive varying degrees of treatment before distribution.

Impurities enter water as it moves through the atmosphere, across the earth’s
surface, and between soil particles in the ground. These background levels of impurities
are often supplemented by human activities. Chemicals from industrial discharges
and pathogenic organisms of human origin, if allowed to enter the water distribution
system, may cause health problems. Excessive silt and other solids may make water
aesthetically unpleasant and unsightly. Heavy metal pollution, including lead, zinc,
and copper, may be caused by corrosion of the very pipes that carry water from its
source to the consumer.

The method and degree of water treatment are important considerations for envi-
ronmental engineers. Generally speaking, the characteristics of raw water determine
the treatment method. Most public water systems are relied on for drinking water as
well as for industrial consumption and fire fighting, so that human consumption, the
highest use of the water, defines the degree of treatment. Thus, we focus on treatment
techniques that produce potable water.

A typical water treatment plant is diagrammed in Fig. 7-1. It is designed to remove
odors, color, and turbidity as well as bacteria and other contaminants. Raw water enter-
ing a treatment plant usually has significant turbidity caused by colloidal clay and silt
particles. These particles carry an electrostatic charge that keeps them in continual
motion and prevents them from colliding and sticking together. Chemicals like alum
(aluminum sulfate) are added to the water both to neutralize the particles electrically
and to aid in making them “sticky” so that they can coalesce and form large particles
called flocs. This process is called coagulation and flocculation and is represented in
stages 1 and 2 in Fig. 7-1.

COAGULATION AND FLOCCULATION

Naturally occurring silt particles suspended in water are difficult to remove because
they are very small, often colloidal in size, and possess negative charges, and are thus

135
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Figure 7-1. Diagram of a typical water treatment facility.

prevented from coming together to form large particles that could more readily be
settled out. The removal of these particles by settling requires first that their charges
be neutralized and second that the particles be encouraged to collide with each other.
The charge neutralization is called coagulation, and the building of larger flocs from
smaller particles is called flocculation.

A fairly simple but not altogether satisfactory explanation of coagulation is avail-
able in the double-layer model. Figure 7-2 is a representation of the static electric
field surrounding the particle. The solid particle is negatively charged, and attracts
positively charged ions — counterions — from the surrounding fluid. Some of these
negative ions are so strongly attracted that they are virtually attached to the particle
and travel with it, thereby forming a slippage plane. Around this inner layer is an outer
layer of ions consisting mostly of positive ions, but they are less strongly attracted, are
loosely attached, and can slip off. The charge on the particle as it moves through the
fluid is the negative charge, diminished in part by the positive ions in the inner layer.
The latter is called the zeta potential.

If the net negative charge is considered a repulsive charge, since the neighboring
particles are also so charged, the charge may be pictured as in Fig. 7-3A. In addition
to this repulsive charge, however, all particles carry an attractive electrostatic charge,
van der Waals force, that is a function of the molecular structure of the particle. This
attractive charge is also shown in Fig. 7-3A. The combination of these forces results
in a net repulsive charge, an energy barrier, or “energy hill,” that prevents the par-
ticles from coming together. The objective of coagulation is to reduce this energy
barrier to 0 so that the particles no longer repel each other. Adding trivalent cations
to the water is one way to reduce the energy barrier. These ions are electrostatically
attracted to the negatively charged particle and, because they are more positively
charged, they displace the monovalent cations. The net negative charge, and thus the
net repulsive force, is thereby reduced, as shown in Fig. 7-3B. Under this condition,
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Figure 7-2. Charges on a suspended particle, as explained by the double-layer theory.

the particles do not repel each other and, on colliding, stick together. A stable colloidal
suspension can be destabilized in this way, and the larger particles will not remain
suspended.

Alum (aluminum sulfate) is the usual source of trivalent cations in water treatment.
Alum has an advantage in addition to its high positive charge: some fraction of the
aluminum ions may form aluminum oxide and hydroxide by the reaction

APt 4+ 30H™ — AI(OH)3.

These complexes are sticky and heavy and will greatly assist in the clarification of
the water in the settling tank if the unstable colloidal particles can be made to come
in contact with the floc. This process is enhanced through an operation known as
flocculation.

A flocculator introduces velocity gradients into the water so that the particles in a
fast-moving stream can catch up and collide with slow-moving particles. Such velocity
gradients are usually introduced by rotating paddles, as shown in Fig. 7-4. The power
required for moving a paddle through the water is

_ CpApv?

P
2 b

7.1)

where

P = power (N/s or ft-1b/s),
A = paddle area (m? or ft2),
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Figure 7-3. Reduction of the net charge on a particle as a result of the addition of
trivalent counterions. (A) Particle carries net negative charge and van der Waals positive
charge; energy barrier prevents coagulation. (B) Addition of trivalent cations reduces
energy barrier, and coagulation is possible.



Water Treatment 139

From
rapid —>»
mix

Figure 7-4. Flocculator used in water treatment.

p = fluid density (kg/m? or Ib-s2/ft3), and
Cp = drag coefficient.

The velocity gradient produced as a result of a power input in a given volume of

water V is
P \12
G=|— , 2
(%) 02)

where

G = velocity gradient (in s~1),
i = viscosity (in dyne-s/cm2 or Ib-s/ft?), and
V = tank volume (in m? or ft3).

Generally accepted design standards require G to be between 30 and 60 s~ 1.

Time is also an important variable in flocculation, and the term GT is often used
in design, where f is the hydraulic retention time in the flocculation basin. Gf values
are typically between 10* and 10°.

ExaMPLE 7.1. A water treatment plant is designed for 30 million gallons per day (mgd).
The flocculator dimensions are length = 100 ft, width = 50 ft, depth = 16 fi. Revolving
paddles attached to four horizontal shafts rotate at 1.7 rpm. Each shaft supports four
paddles that are 6 in. wide and 48 in. long. Paddles are centered 6 ft from the shaft.
Assume Cp = 1.9, and the mean velocity of water is 35% of the paddle velocity. Find
the velocity differential between the paddles and the water. At 50°F, the density of
water is 1.94 1b-s2/ft? and the viscosity is 2.73 x 1073 1b-s/ft2. Calculate the value of
G and the time of flocculation (hydraulic retention time).
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The rotational velocity is
v = 2mrm
f St 60 ’
where r = radius in feet and n = rpm, so that
2m)(6)(1.
v = (—”)(30(1& = 1.07ft/s.

The velocity differential between paddles and fluid is assumed to be 65% of v;, so that
v = 0.65v; = (0.65)(1.7) = 0.70ft/s.
Total power input from Eq. (7.1) is

_ (1.9)(16)(0.5ft)(4811)(1.94 1b-s2/£t3)(0.70 ft/s)?
B 2
and, from Eq. (7.2), the velocity gradient is

G=\/( 243 5)=10.5£t/—s,
(100)(50)(16)(2.73 x 10~5) ft

which is a little low. The time of flocculation is
P VvV _ (100)(50)(16)(7.48)(24) (60)

Q (B0)10°
so that the G7 value is 1.8 x10*. This is within the accepted range.

P

= 243 ft-lb/s,

= 28.7 min,

SETTLING

When the flocs have been formed they must be separated from the water. This is
invariably done in gravity settling tanks that allow the heavier-than-water particles to
settle to the bottom. Settling tanks are designed to approximate uniform flow and to
minimize turbulence. Hence, the two critical elements of a settling tank are the entrance
and exit configurations. Figure 7-5 shows one type of entrance and exit configuration
used for distributing the flow entering and leaving the water treatment settling tank.

Alum sludge is not very biodegradable and will not decompose at the bottom of
the tank. After some time, usually several weeks, the accumulation of alum sludge
at the bottom of the tank is such that it must be removed. Typically, the sludge exits
through a mud valve at the bottom and is wasted either into a sewer or to a sludge
holding and drying pond. In contrast to water treatment sludges, sludges collected in
wastewater treatment plants can remain in the bottom of the settling tanks only a matter
of hours before starting to produce odoriferous gases and floating some of the solids.
Settling tanks used in wastewater treatment are discussed in Chap. 9. The water leaving
a settling tank is essentially clear. Polishing is performed with a rapid sand filter.
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Figure 7-5. Settling tank used in water treatment.

FILTRATION

The movement of water into the ground and through soil particles and the cleans-
ing action the particles have on contaminants in the water are discussed in Chap. 6.
Picture the extremely clear water that bubbles up from “underground streams” as spring
water. Soil particles help filter the ground water, and through the years environmental
engineers have learned to apply this natural process in water treatment and supply
systems, and have developed what we now know as the rapid sand filter. The actual
process of separating impurities from carrying liquid by rapid sand filtration involves
two processes: filtration and backwashing.

Figure 7-6 shows a cutaway of a slightly simplified version of a rapid sand filter.
Water from the settling basins enters the filter and seeps through the sand and gravel
bed, through a false floor, and out into a clear well that stores the finished water. Valves
A and C are open during filtration.

The rapid sand filter eventually becomes clogged and must be cleaned. Cleaning
is performed hydraulically. The operator first shuts off the flow of water to the filter,
closing valves A and C, then opens valves D and B, which allow wash water (clean
water stored in an elevated tank or pumped from the clear well) to enter below the filter
bed. This rush of water forces the sand and gravel bed to expand and jolts individual
sand particles into motion, rubbing against their neighbors. The light colloidal material
trapped within the filter is released and escapes with the wash water. After a few
minutes, the wash water is shut off and filtration is resumed.

The solid impurities in the water are removed by many processes, the most impor-
tant of which are straining, sedimentation, interception, and diffusion (see Fig. 7-7).
Straining, possibly the most important mechanism, takes place exclusively in the first
few centimeters of the filter medium. As the filtering process begins, straining removes
only particles in the water large enough to get caught in the pores (A in Fig. 7-7). After
a time, these trapped particles themselves begin to form a screen that has smaller
openings than the original filter medium. Smaller particles suspended in the water are
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Figure 7-6. Rapid sand filter.

Figure 7-7. Mechanisms of solids removal in a filter: (A) straining, (B) sedimentation,
(C) interception, and (D) diffusion.
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Figure 7-8. Removal of various-sized particles in a filter.

trapped by this mat and immediately begin acting as part of the screen. Thus, removal
efficiency owing to screening tends to increase in some proportion tc the time of the
filtration phase.

In sedimentation, larger and heavier particles do not follow the fluid streamline
around the sand grain, and settle on the grain (B in Fig. 7-7). Interception occurs
with particles that do follow the streamline, but are too large and are caught because
they brush up against the sand grain (C in Fig. 7-7). Finally, very small particles are
experiencing Brownian motion and may collide with the sand grain by chance. This
process is called diffusion (D in Fig. 7-7).

The first three mechanisms are most effective for larger particles, while diffusion
can occur only for colloidal particles. A typical removal efficiency curve for different-
sized particles is shown in Fig. 7-8. Efficiency removal is high for both large and small
particles, and substantially reduced for midsized (about 1 p.m) particles. Unfortunately,
many viruses, bacteria, and fine clay particles are about 1 wm in size, and thus the filter
is less effective in the removal of these particles.

Filter beds are often classified as single medium, dual media, or trimedia. The
latter two are often utilized in wastewater treatment because they permit solids to
penetrate into the bed, have more storage capacity, and thus increase the required time
between backwashings. Also, multimedia filters tend to spread head loss buildup over
time and further permit longer filter runs.

Head loss through the sand is a primary condition in filter design. As sand gets pro-
gressively dirtier the head loss increases. Figure 7-9 shows a simplified representation
of head loss in a filter. Although the head losses experienced in a particular application
cannot be predicted, the head loss in clean sand may be estimated by several different
equations. One of the oldest and most widely used methods is the Carman—Kozeny
equation. Head loss in clean sand while filtering may be estimated by first considering
the filter to be a mass of pipes, in which case the Darcy—Weisbach head loss equation

applies,
L V2
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Figure 7-9. Head loss in a filter as measured by a manometer. Note that k. is head
loss in a clean filter and Hy is head loss in a dirty filter.

where

L = depth of filter,

D = “pipe” diameter,

v = velocity in “pipes,” and
f = friction factor.

However, the “pipes” or channels through the sand are not straight and D varies,
so we can substitute D = 4R, where

area xD?/4 D . .
= = = — = hydraulic_ratio.
R wetted_ perimeter nD 4 By c-rato

We thus have

L v?
By = fe .
L=S1R%

The velocity of the water approaching the sand is

-2
==,

(7.3b)

Va

(7.4a)
and the velocity through the bed is
v=—, (7.4b)
where
e = porosity, or fraction of open spaces in the sand,
Q = flow rate, and
A’ = surface area of the sand bed.

The total channel volume is the porosity of the bed multiplied by the total volume,
or eV. The total solids volume is (1 — ) times the total volume, which is also equal
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to the number of particles times the volume of the particles. The total volume is

thus

l1—e
where N = number of particles and Vp = volume occupied by each particle. The total

channel volume is
NVp

1—e

e

and since the total wetted surface is NAp, where Ap is the surface area of each particle,

the hydraulic radius
NVp

R— area _volume_el_e_ e <Vp
" wetted_perimeter area @ NAp \l—e/ \Ap/’

For spherical particles, Vp/Ap=d/6, but for particles that are not true spheres,
Vp/Ap = ¢(d/6), where ¢ is a shape factor. For example, ¢ =0.95 for Ottawa sand,

a common filter sand. We thus have
e d

R = —-1]. 7.5

(1 - e) (¢6) 73

Substituting Eqgs. (7.4a), (7.4b), and (7.5) into Eq. (7.3b),
L 1—e\ [v2
GEE e

The friction factor may be approximated as

£ =150 (%) +1.75,

N))

where R is the Reynolds number and

r=9(

pvad)

The preceding discussion is applicable to a filter bed made of only one size particle.
For a bed made of nonuniform sand grains,

6/V 6 /V,
a=8(ry ¢ “ﬂ. 7.8
¢<A)avg ¢<A£.vg 79
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where Vg = average volume of all particles and Aavy = average area of all particles.
Substituting Eq. (7.8) into Eq. (7.6) yields

n=1(0) (59 () (3., i

and

A 6 X
(V)avg =3 > > (7.10)

where x = weight fraction of particles retained between any two sieves and d’ =
geometric mean diameter between those sieves

_ 2
)@ o

This equation holds for nonstratified beds, such as are found in a slow sand filter, since
the fraction factor does not vary with depth. When particles are stratified, as in a rapid
sand filter, we can write Eq. (7.11) as

=[G (57

The total head loss is thus

e [ [ D e om

Since dL = L dx, where dx is the proportion of particles of size d

1 l1—e vg =1 gy
n=[(3) (=) (3)]L [ 7% 013

and if the particles between adjacent sieve sizes are assumed uniform,

S GICSIG)
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EXAMPLE 7.2. A sand consisting of the following sizes is used:!

Sieve % of sand retained Geometric mean sand

number on sieve, x102 size, ft x 1073
14-20 1.10 3.28
20-28 6.60 2.29
28-32 15.94 1.77
32-35 18.60 1.51
3542 19.10 1.25
42-48 17.60 1.05
48-60 14.30 0.88
60-65 5.10 0.75
65-100 1.66 0.59

The filter bed measures 20 x 20 ft? and is 2 ft deep. The sand has a porosity of 0.40
and a shape factor of 0.95. The filtration rate is 4 gal/min-ft2. Assume the viscosity is
3 x 1073 1b-s/ft2. Find the head loss through the clean sand.

The solution is shown in tabular form:

Reynolds number, R  Friction factor, f x/d  f(x/d)

1.80 51.7 34 174
1.37 67.4 28.8 1,941
1.06 86.6 90.1 7,802
0.91 100.6 123.2 12,394
0.75 121.7 152.8 18,595
0.63 144.6 167.6 24,235
0.53 171.5 162.5 27,868
0.45 201.7 68.0 13,715
0.35 258.8 28.1 7,272

Column 1: The approach velocity is

gal 13 1 min 3
= = 8. 1 .
v 4(mjn_ft2) (7.481ga1) ( 60s ) 9 x 10774t/

For the first particle size, d = 3.28 x 1073 ft, and

r = (09909989 10°)(3.28)(107%) _

T T 1.80.

lAdapted from J. W. Clark, W. Viessman, and M. J. Hammer, Water Supply and Pollution Control, 3rd
ed., Thomas Crowell, New York, 1977.
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Column 2: From Eq. (7.7)

1-04
1.8

f=150( )+1.75=51.75.

Columns 3 and 4: For the first size, x = 1.10% and d = 3.28 x 103

x _ (51.75)(0.011)

d-3mx103 ~ 74

The last column is summed: Y f(x/d) = 113,977, and from Eq. (7.14), we have

2 (1-04) ((8.9x1073)2
= 77) = 5.78 ft.
L= 593 ( (0.4)3 ) ( 22 )(113,9 ) =5.781t

The deposition of material during the filtering process increases the head loss
through the filter. A method of predicting head loss takes advantage of this limitation,
predicting head loss as

Hu=ho+) (e (7.15)

i=1

Here, Hy is the total head loss through the filter, hy is the clear water head loss at time
zero, and (hy), is the head loss in the ith layer of the medium in the filter at time ¢.
All values are in meters. Head loss within an individual layer, (A );, is related to the
amount of materials caught by the layer

(hL): = x(gi); - (7.16)

Here (g;); is the amount of material collected in the ith layer at time ¢ (in mg/cm?),
and x and y are experimental constants. Head loss data for sand and anthracite are
summarized in Fig. 7-10.

A filter run is the time a filter operates before it must be cleaned. The end of a filter
run is indicated by excessive head loss or excessive turbidity of the filtered water. If
either of these occurs, the filter must be washed.

ExaMpLE 7.3. The filter described in Example 7.2 is run so that it reduces the suspended
solids from 55 to 3 mg/L during a filter run of 4 h. Assume this material is captured
in the first 6 in. of sand, where the sand grain size is adequately described as 0.8 mm.
‘What is the head loss of the dirty filter?
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Figure 7-10. Increased head loss in a filter owing to materials deposits. (Adapted from
Metcalf and Eddy, Inc., Wastewater Engineering, McGraw-Hill, New York, 1979.)

The total water through the filter is
gal

min-ft?

4

x(20ftx20ft)x4hx60——384000ga1

384,000 gal x 3.785 ng =1.45 x 10°L.

Solids removal is 55 — 3 = 52 mg/L
52 mg/L x 1.45 x 10 L = 75.4 x 10° mg.
Effective filter volume = 20ft x 20 ft x 0.5 ft = 200 ft>
200 ft® x 0.02832m>/t> x 10° cm®/m® = 5.65 x 10° cm?.
Suspended solids removal per unit filter volume is

75.4 x 106 mg
5.65 x 106 cm?

From Fig. 7-9, k1. &~ 5m = 16.45 ft, so the total head loss of the dirty filter is

= 13.3mg/cm’.

5.78 ft + 16.45ft = 22.2ft.
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Figure 7-11. Flow through a filter operated at a constant rate (A) or declining rate (B).

Note that in the preceding example, the head loss of the dirty filter exceeds the
total head available, if we assume that the filter is perhaps 10 ft deep. Obviously, a
very dirty filter, as in the preceding example, has a region of negative pressure in the
filter bed. This is not recommended since the negative pressure may cause gases to
come out of solution and thus further impede the effectiveness of filtration.

The flow rate in most filters is controlled by a value that allows only a given volume
of water to pass through, regardless of the pressure. Such rate controllers allow the
filter to operate at a constant rate, as shown by curve A in Fig. 7-11. An alternative
method of filter operation is to allow the water to flow through at a rate governed by
the head loss, as shown by curve B in Fig. 7-11. The relative advantages of these two
methods of filter operation are still being debated.

DISINFECTION

After filtration, the finished water is often disinfected with chlorine (Step 5 in Fig. 7-1).
Disinfection kills the remaining microorganisms in the water, some of which may be
pathogenic. Chlorine from bottles or drums is fed in correct proportions to the water to
obtain a desired level of chlorine in the finished water. When chlorine comes in contact
with organic matter, including microorganisms, it oxidizes this material and is in turn
itself reduced. Chlorine gas is rapidly hydrolyzed in water to form hydrochloric acid
and hypochlorous acid, by the reaction

Cl; + H,0 - HOCl+H" +CI™.
The hypochlorous acid itself ionizes further:
HOCl - OCI~ +H".

At the temperatures usually found in water supply systems, the hydrolysis of chlorine is
usually complete in a matter of seconds, while the ionization of HOCl is instantaneous.
Both HOCl and OCl™ are effective disinfectants and are called free available chlorine
in water. Free available chlorine kills pathogenic bacteria and thus disinfects the water.
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Many water plant operators prefer to maintain a residual of chlorine in the water.
Then if organic matter, like bacteria, enters the distribution system, there is sufficient
chlorine present to eliminate this potential health hazard.

Chlorine may have adverse secondary effects. Chlorine is thought to combine
with trace amounts of organic compounds in the water to produce chlorinated organic
compounds that may be carcinogenic or have other adverse health effects. A recent
risk analysis (Morris 1992) has found a weak positive association between bladder and
rectal cancer and consumption of chlorinated drinking water, indicating that there may
be some risk of carcinogenesis. The authors suggest use of both chlorine and ammonia
as disinfectants in order to reduce the chlorine concentration used. Disinfection by
ozonation, bubbling ozone through the water, also avoids the risk of side effects from
chlorination.

A number of municipalities also add fluorine to drinking water, since fluorine
has been shown to prevent tooth decay in children and young adults. The amount of
fluorine added is so small that it does not participate in the disinfection process.

From the clear well (step 6 in Fig. 7-1) the water is pumped into the distribution
system. This is a closed network of pipes, all under pressure. In most cases, water
is pumped to an elevated storage tank that not only serves to equalize pressures but
provides storage for fires and other emergencies as well.

CONCLUSION

Water treatment is often necessary if surface water supplies, and sometimes ground-
water supplies, are to be available for human use. Because the vast majority of cities
use one water distribution system for households, industries, and fire control, large
quantities of water often must be made available to satisfy the highest use, which is
usually drinking water.

However, does it make sense to produce drinkable water and then use it to irrigate
lawns? Growing demand for water has prompted serious consideration of dual water
supplies: one high-quality supply for drinking and other personal use, and one of lower
quality, perhaps reclaimed from wastewater, for urban irrigation, fire fighting, and
similar applications. Many engineers are convinced that the next major environmental
engineering concern will be the availability and production of water to meet an ever-
increasing demand. The job, therefore, is far from done.

PROBLEMS

7.1 A water treatment system must be able to deliver 15 mgd of water to a city of
150,000 people. Estimate: (1) the diameter of three equally sized mixing basins 10 ft
deep, with a detention time of 2 min, (2) the length, width, and corresponding surface
area of three flocculator basins that are 10 ft deep, (3) the surface area of three settling
basins that are 10 ft deep with 2-h detention periods, and (4) the required area of each
of 15 rapid sand filters rated at 2 gal/min-ft2.
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7.2 An engineer suggests the following design parameters for a city’s proposed
rapid sand filter: flow rate = 0.6 m>/s, and loading rate to filter = 125.0 m3/day-m?.
How much surface area is required for the filter? Select the number of equally sized
filters, and size these filters assuming a width-to-length ratio of 1.0 to 2.5 with a
maximum surface area of each filter tank being 75 m?.

7.3 A flocculator is designed to treat 25 mgd. The flocculator basin is 100 ft long,
50 ft wide, and 20 ft deep and is equipped with 12-in. paddles 48 ft long. The paddles
are attached to four horizontal shafts, two paddles per shaft, their center line is 8.0 ft
from the shaft, and they rotate at 2.5 rpm. Assume the. velocity of the water is 25%
of the velocity of the paddles, the water temperature is 50°F, and the drag coefficient
is 1.7.

Calculate (1) the time of flocculation, (2) the velocity differential between the
water and the paddle, (3) the hydraulic power (and subsequent energy consumption),
and (4) the values of G and G?.

7.4 Propose some use and disposal options for water treatment sludges collected
in the settling tanks following flocculation basins.

7.5 For the house or dormitory where you live, suggest which water uses require
potable water and for which a lower water quality would be adequate.



Chapter 8

Collection of Wastewater

“The Shambles” is a street or area in many medieval English cities, like London and
York. During the eighteenth and nineteenth centuries, the Shambles were commercial-
ized areas, with meat packing as a major industry. The butchers of the Shambles would
throw all of their waste into the street where it was washed away by rainwater into
drainage ditches. The condition of the street was so bad that it contributes its name to
the English language originally as a synonym for butchery or a bloody battlefield.

In old cities, drainage ditches like those at the Shambles were constructed for
the sole purpose of moving stormwater out of the cities. In fact, discarding human
excrement into these ditches was illegal in London. Eventually, the ditches were
covered over and became what we now know as storm sewers. As water supplies
developed and the use of the indoor water closet increased, the need for transporting
domestic wastewater, called sanitary waste, became obvious. Sanitary wastes were
first discharged into the storm sewers, which then carried both sanitary waste and
stormwater and were known as combined sewers. Eventually a new system of under-
ground pipes, known as sanitary sewers, was constructed for removing the sanitary
wastes.

Cities and parts of cities built in the twentieth century almost all built separate
sewers for sanitary waste and stormwater. In the United States, separation was man-
dated by federal water quality legislation in 1972. The design of sewers for stormwater
is discussed in Chap. 11. Emphasis in this chapter is on estimating quantities of domes-
tic and industrial wastewaters, and in the design of sanitary sewerage systems to handle
these flows.

ESTIMATING WASTEWATER QUANTITIES

The term sewage is used here to mean only domestic wastewater. Domestic wastewater
flows vary with the season, day of the week, and hour of the day. Figure 8-1 shows
typical daily flow for a residential area. In addition to sewage, however, sewers also
must carry industrial wastes, infiltration, and inflow, and the amount of flow contributed
by each of these sources must be estimated for design purposes.

The quantity of industrial wastes may usually be established by water use records,
or the flows may be measured in manholes that serve only a specific industry, using a
small flow meter, like a Parshall flume, in a manhole. The flow is calculated as a direct

153
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Figure 8-1. Typical dry-weather wastewater flow for a residential area.

proportion of the flow depth. Industrial flows often vary considerably throughout the
day and continuous recording is necessary.

Infiltration is the flow of groundwater into sanitary sewers. Sewers are often
placed below the groundwater table, and any cracks in the pipes will allow water
to seep in. Infiltration is least for new, well-constructed sewers, but can be as high as
500 m>/km~day (200,000 gal/mile—day). For older systems, 700 m>/km—day (300,000
gal/mile-day) is the commonly estimated infiltration. Infiltration flow is detrimental
since the extra volume of water must go through the sewers and the wastewater treat-
ment plant. It should be reduced as much as possible by maintaining and repairing
sewers and keeping sewerage easements clear of large trees whose roots could severely
damage the sewers.

Inflow is storm water that is collected unintentionally by the sanitary sewers.
A common source of inflow is a perforated manhole cover placed in a depression, so
that stormwater flows into the manhole. Sewers laid next to creeks and drainageways
that rise up higher than the manhole elevation, or where the manhole is broken, are
also a major source. Illegal connections to sanitary sewers, such as roof drains, can
substantially increase the wet weather flow over the dry weather flow. The ratio of dry
weather flow to wet weather flow is usually between 1:1.2 and 1:4.

The three flows of concern when designing sewers are the average flow, the peak
or maximum flow, and the extreme minimum. The ratio of the average flow to both the
maximum and minimum flows is a function of the total flow, since a higher average
daily discharge implies a larger community in which the extremes are evened out.
Figure 8-2 shows commonly experienced ratios of average to extremes as a function
of the average daily discharge.

SYSTEM LAYOUT

Sewers that collect wastewater from residences and industrial establishments almost
always operate as open channels or gravity flow conduits. Pressure sewers are used in
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Figure 8-2. Relation of the average daily flow of domestic wastewater to the extremes

of flow.

Pumping
station

Figure 8-3. Typical wastewater collection system layout. (Adapted from J. Clark,
W. Viessman, and M. Hammer, Water Supply and Sewerage, IEP, New York, 1977.)

a few places, but these are expensive to maintain and are useful only when there are
severe restrictions on water use or when the terrain is such that gravity flow conduits
cannot be efficiently maintained.

A typical system for a residential area is shown in Fig. 8-3. Building connections
are usually made with clay or plastic pipe, 6 in. in diameter, to the collecting sewers
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that run under the street. Collecting sewers are sized to carry the maximum anticipated
peak flows without surcharging (filling up) and are ordinarily made of clay, cement,
concrete, or cast iron pipe. They discharge in turn into intercepting sewers, or inter-
ceptors, that collect from large ares and discharge finally into the wastewater treatment
plant.

Collecting and intercepting sewers must be placed at sufficient grade to allow
for adequate flow velocity during periods of low flow, but not so steep as to promote
excessively high velocities when flows are at their maximum. In addition, sewers must
have manholes, usually every 120 to 180 m (400 to 600 ft) to facilitate cleaning and
repair. Manholes are necessary whenever the sewer changes grade (slope), size, or
direction. Typical manholes are shown in Fig. 8-4.

Gravity flow may be impossible in some locations, or may be uneconomical, so
that the wastewater must be pumped. A typical packaged pumping station is shown in
Fig. 8-5, and its use is indicated on the system layout in Fig. 8-3.
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Figure 8-4. Typical manholes used for collecting sewers. (Courtesy of ASCE.)
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SEWER HYDRAULICS

Sewer design begins by selecting a reasonable layout and establishing the expected
flows within each pipe linking the manholes. For large systems, this often involves
the use of economic analysis to determine exactly what routing provides the optimal
system. For most smaller systems, this is an unnecessary refinement, and a reasonable
system may be estimated and sketched by hand.

The average discharge is estimated on the basis of the population served in the
drainage area, and the maximum and minimum flows are calculated as shown in
Fig. 8-2. Once this is done, the design is a search for the right pipe diameter and
grade (slope) that will allow the minimum flow to exceed a velocity necessary for
conveyance of solids, while keeping the velocity at maximum flow less than a limit
at which undue erosion and structural damage can occur to the pipes. The velocity is
usually held between the following limits:

¢ minimum = 0.6 m/s (~21ft/s)
¢ maximum = 3.0m/s (~101t/s).
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The velocity in sewers is usually calculated by using the Manning equation, based on
the Chezy open channel flow equation

v = cv/Rs, 3.1

where

v = velocity of the flow (m/s),

r = pipe hydraulic radius, or the area divided by the wetted perimeter (m),
s = slope of the pipe, and

¢ = Chezy coefficient.

For circular pipes, the Manning equation is developed by setting

c= ERW, 8.2)
n

where n = roughness factor and k = constant, so that

V= §R2’3s"2. 8.3)

If v is in feet per second and r is in feet, k= 1.486. In metric units with v in meters
per second and r in meters, k = 1.0. The slope s is dimensionless, calculated as the fall
over distance. The term n is the roughness coefficient, and its value depends on the
pipe material, increasing for rougher pipe. Table 8-1 gives values of » for some types
of sewer pipe.

ExaMrLE 8.1. An 8-in.-diameter cast iron sewer is to be set at a grade of 1-m fall per
500-m length. What will be the flow in this sewer when it is flowing full?
Using English units and noting that n = 0.013 from Table 8-1, by Eq. (8.3)

7(8/12)2 1*?
,_lass| T4 17"
0013 | 7(8/12) 500
v = 1.541t/s,
and since the area is
2
A= %)— = 0.35ft2

Q = Av = (0.35)(1.54) = 0.54 cfs.
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Table 8-1. Manning Roughness Coefficient

Type of channel, closed conduits Roughness coefficient rn
Cast iron 0.013
Concrete, straight 0.011
Concrete, with bends 0.013
Concrete, unfinished 0.014
Clay, vitrified 0.012
Corrugated metal 0.024
Brickwork 0.013
Sanitary sewers coated with slime 0.013

For circular conduits flowing full, the Manning formula may be rearranged as
0.00061
0= pigin, (84)

where Q = discharge (cfs) and D = pipe diameter (inside, inches). Instead of making
this calculation, a nomograph that represents a graphical solution of the Manning
equation may be used. Figures 8-6 and 8-7 are such nomographs in English and metric
units, respectively.

Note that the Manning equation (Eq. (8.3)) calculates velocities in sewers flowing
full, and thus uses the maximum expected flow in the sewer. For flows less than the
maximum, the velocity is calculated using the hydraulic elements graph shown as
Fig. 8-8. In Fig. 8-8, the hydraulic radius (area per wetted perimeter) is calculated for
various ratios of the depth when partially full (d) to the depth when completely full
(D, the inside diameter of the pipe). The velocity v is calculated using Eq. (8.3) for any
depth d, and the discharge is obtained from multiplying the velocity times the area.
Experimental evidence has shown that the friction factor also varies slightly with the
depth, as shown in Fig. 8-8, but this is often ignored in the calculations.

The maximum flow in a given sewer does not occur when the sewer is full but
when d/D is about 0.95, because the additional flow area gained by increasing the d/D
from 0.95 to 1.00 is very small compared with the large additional pipe surface area
that the flow experiences.

ExaMpLE 8.2. From Example 8.1, it was found that the flow carried by an 8-in. cast
iron pipe flowing full at a grade of 1/500 is 0.54 cfs with a velocity of 1.54 ft /s. What
will be the velocity in the pipe when the flow is only 0.1 cfs?

q 0.1
— = — =0.185.
Q 054
From the hydraulic elements chart
d
D= 0.33
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VTR

and, since D = 8 in.,
d = (0.33)(8in.) = 2.64in.

v
- =0.64,
1%

and since v, the velocity when flowing full, is 1.54 ft /s,

v = (0.64)(1.54 ft/s) = 0.98 ft/s.

If the desired slope between manholes is not sufficient to maintain adequate veloc-
ities at minimum flow, additional slope must be provided or a larger pipe diameter
must be used. On the other hand, if the slope of the pipe is too steep, it must be
reduced. Often a drop manhole is used, which is, in effect, a method of wasting energy
(see Fig. 8-4).

Standard American convention requires that a head loss of 0.1 ft (0.06 m) be
allowed for the head loss through each manhole. The invert elevation of the pipe
leaving the manhole is thus at least 0.1 ft lower than the invert elevation of the pipe
coming in.



Collection of Wastewater 163

Figure 8-9. Sewer layout for Example 8.3.

ExampLE 8.3. The system shown in Fig. 8-9 is to be designed given the following
flows: maximum flow = 3.2 mgd, minimum flow = 0.2 mgd, minimum allowable
velocity = 2 ft /s, and maximum allowable velocity = 12 ft/s.

All manholes should be about 10 ft deep, and there is no additional flow between
Manhole 1 and Manhole 4. Design acceptable invert elevations for this system. (The
nomograph of Fig. 8-6 is used in this solution.)

From Manhole 1 to Manhole 2:

1. The street slopes at 2/100, so choose the slope of the sewer s = 0.02.

2. Assume n = 0.013 and try D = 12 in. From the nomograph of Fig. 8-6, connect
n = 0.013 and s = 0.02, and extend that straight line to the turning line.

3. Connect the point on the turning line with D = 12in.

4. Read v = 6.1 ft/s for Q = 3.2 mgd from intersection of the line drawn in Step 3.
This is acceptable for the sewer flowing full.

5. To check for minimum velocity,

q/Q = 0.2/3.2 = 0.063,

and from the hydraulic elements chart, Fig. 8-8, ¢/Q = 0.063 intersects the discharge
curve at d/D = 0.2, which intersects the velocity curve at vp/v = 0.48, and

vp = 0.48(6.1ft/s) = 2.9ft/s.

6. The downstream invert elevation of Manhole 1 is ground elevation minus 10 ft,
or 62.0 ft. The upstream invert elevation of Manhole 2 is thus 62.0 — 2.0 = 60.0 ft.
Allowing 0.1 ft for head loss in the manhole, the downstream invert elevation is
59.9ft.

From Manhole 2 to Manhole 3, the slope will be a problem because of rock. Try
a larger pipe, D = 18in. Repeating steps 1 and 2,
7. Connect the point on the turning line with D = 18in.
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8. From the nomograph, v = 2.75ft/s for Q = 3.2 mgd, vp/v = 0.48 and
vp = 0.48(2.75ft/s) = 1.32ft/s.

Even with a slope of 0.002 (from the nomograph), the resulting velocity at minimum
flow is too low. Try s = 0.005 with D = 18 in. for Steps 1-3. Then Q = 4.7 mgd
and v = 4.1 ft/s for Step 4. From the hydraulic elements chart, v, = 1.9 ft /s, which is
close enough. Thus the upstream invert elevation of Manhole 3 is

59.9 — (0.005)(200) = 58.91t,

and the downstream is at 58.8 ft, still well above the rock. From Manhole 3 to
Manhole 4, the street obviously has too much slope. Try using D = 12in. and

s = (58.8 —40)/100 = 0.188,
since 40 ft is the desired invert elevation of Manhole 4. Read Q =8.5mgd and v =

191t /s, but only 3.2 mgd is required at maximum flow; hence
q/Q =3.2/8.5=0.38, and
vp = (0.78)(18ft/s) = 14.8ft/s.
This is too high. Use a drop manhole, with the invert at, say, elevation 45.0. In this
case s = 0.138 and Q@ = 7.3 mgd, v = 14.55,
q/Q =3.2/7.3 =0.44, and

vp = (0.85)(14.5ft/s) = 12.3ft/s,

which is close enough. The upstream invert elevation of Manhole 4 is thus at 45.0 ft

and the downstream invert elevation can be at, say, 40.0 ft. The minimum velocity for
this last step need not be checked. The final design is shown in Fig. 8-10.

It is often convenient to organize sewer calculations according to a table such as
Fig. 8-11, aslightly simplified version of a table suggested by the American Society for
Civil Engineers (American Society for Civil Engineers 1969). This reference should
be consulted for details of accepted engineering practice in sewer design.

CONCLUSION

The methods discussed in this chapter are hand calculations, and few modern consulting
engineers who design sewerage systems will use such cumbersome methods. Computer
programs that not only solve for the hydraulic parameters, but evaluate the economic
alternatives (e.g., a deeper cut or a bigger pipe) are generally used. Elegant programs
are only useful, however, if the design process is well understood.
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PROBLEMS

8.1 Avitrified clay pipe sewer is to discharge 4 cfs when laid on a grade of 0.0016
and flowing half full. What is the required diameter?

8.2 An 18-in. sewer, n = 0.013, is 15,000 ft long and laid on a uniform grade.
Difference in elevation of the two ends is 4.8 ft. Find velocity and discharge when the
sewer is flowing 0.6 full.
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8.3 A 48-in. circular sewer is required to discharge 100 cfs when full. What is the
required grade, according to the Manning formula, if n = 0.015?
8.4 A 12-in. concrete sewer, flowing just full, is laid on a grade of 0.00405 ft /ft.

Find the velocity and rate of discharge.
8.5 A12-in. sewer, n = 0.013, is laid on a grade of 3.0 ft /1000 ft. Find the velocity

and rate of discharge when the sewer is flowing 0.4 full.



Chapter 9

Wastewater Treatment

As civilization developed and cities grew, domestic sewage and industrial waste were
eventually discharged into drainage ditches and sewers, and the entire contents emptied
into the nearest watercourse. For major cities, this discharge was often enough to
destroy even a large body of water. As Samuel Taylor Coleridge described the city of
Cologne (K&ln) in Germany:

In K&ln, a town of monks and bones,

And pavements fang’d with murderous stones,
And rags and hags, and hideous wenches,

I counted two-and-seventy stenches

All well defined, and several stinks!

Ye Nymphs that reign o’er sewers and sinks,
The river Rhine, it is well known,

Doth wash your city of Cologne;

But tell me Nymphs! what power divine

Shall henceforth wash the river Rhine?

During the nineteenth century, the River Thames was so grossly polluted that
the House of Commons stuffed rags soaked with lye into cracks in the windows of
Parliament to reduce the stench.

Sanitary engineering technology for treating wastewater to reduce its impact on
watercourses, pioneered in the United States and England, eventually became eco-
nomically, socially, and politically feasible. This chapter reviews these systems from
the earliest simple treatment systems to the advanced systems used today. The discus-
sion begins by reviewing those wastewater characteristics that make disposal difficult,
showing why wastewater cannot always be disposed of on-site, and demonstrating the
necessity of sewers and centralized treatment plants.

WASTEWATER CHARACTERISTICS
Discharges into a sanitary sewerage system consist of domestic wastewater, industrial

discharge, and infiltration. The last adds to the total wastewater volume but is not itself
a concern in wastewater disposal; infiltration will even dilute municipal sewage to

167
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some extent. These discharges vary widely with the size and type of industry and the
amount of treatment applied before discharge into sewers. In the United States, the trend
has been to mandate increasing pretreatment of wastewater in response to both regula-
tions limiting discharges and the imposition of local sewer surcharges. Surcharges are
levied by communities to cover the cost of unusual treatment or treatment of unusually
large quantities of wastewater, as in Example 9.1.

ExaMPLE 9.1. A community normally levies a sewer charge of 20 cents/in.3. For
discharges in which the BOD > 250 mg/L and suspended solids (SS) > 300 mg/L, an
additional $0.50/kg BOD and $1.00/kg SS are levied.

A chicken processing plant uses 2000 m? water per day and discharges wastewater
with BOD = 480mg/L and SS = 1530 mg/L. What is the plant’s daily wastewater
disposal bill?

The excess BOD and SS are, respectively,

(480 — 250) mg/L x 2000in.3 x 1000 L/m? x 108 kg/mg = 460 kg excess BOD
(1530 — 300) mg/L x 2000m> x 1000L/m> x 1076 kg/mg = 2460 kg excess SS.

The daily bill is thus
(2000 m?)($0.20/m?) + (460 kgnop)($0.50/kgnop) +

(2460 kgss )($1.00/kgss) = $3090.00.

BOD is reduced and SS are removed by wastewater treatment, but heavy metals, motor
oil, refractory organic compounds, radioactive materials, and similar exotic pollutants
are not readily handled this way. Communities usually severely restrict the discharge
of such substances by requiring pretreatment of wastewater.

Domestic sewage varies substantially in quantity and quality over time and from
one community to the next. Typical variation for a small community is shown in
Fig. 9-1. Table 9-1 shows typical values for the most important parameters of domestic
wastewater.

S
E
8
ic
12 12 12
midnight noon midnight

Figure 9-1. Daily variations in flow for a small community.
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Table 9-1. Characteristics of Typical Domestic Wastewater

Typical value for
Parameter domestic sewage
BOD 250 mg/L
SS 220 mg/L
Phosphorus 8 mg/L
Organic and ammonia nitrogen 40mg/L
pH 6.8
Chemical oxygen demand 500 mg/L
total solids 270 mg/L

ON-SITE WASTEWATER TREATMENT

The original on-site system, of course, is the pit privy, glorified in song and fable.!
The privy, still used in camps and temporary residences and in many less industrial-
ized countries, consists of a pit about 2m (6 ft) deep into which human excrement is
deposited. When a pit fills up, it is covered and a new one is dug. The composting
toilet, which accepts both human excrement and food waste, and produces a useful
compost, is a logical extension of the pit privy. In a dwelling with a composting toilet,
wastewater from other sources, like washing, is discharged separately.

By far the greatest number of households with on-site disposal systems use a form
of the septic tank and tile field. As shown in Fig. 9-2, a septic tank consists of a concrete
box that removes the solids in the waste and promotes partial decomposition. The solid
particles settle out and eventually fill the tank, thus necessitating periodic cleaning.
The water overflows into a tile drain field that promotes the seepage of discharged
water.

A tile field consists of a plastic pipe with holes in it laid in a 3-ft-deep trench.
The effluent from the septic tank flows into the tile field pipes and seeps into the
ground through these holes. Alternatively, seepage pits consisting of gravel and sand
may be used for promoting absorption of effluent into the ground. The most important
consideration in designing a septic tank and tile field system is the ability of the ground
to absorb the effluent. Septic tank design includes the classification of soils that have
been found to “perc,” or allow the treated wastewater to percolate into the soil.

LA literary work on this theme is “The Passing of the Backhouse” by James Whitcomb Riley:

But when the crust was on the snow and the sullen skies were gray,
In sooth the building was no place where one would wish to stay,
‘We did our duties promptly, there one purpose swayed the mind,
‘We tarried not nor lingered long on what we left behind.

The torture of that icy seat would make a Spartan sob;
(lines 25-29)
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Figure 9-2, Septic tank and tile field used for on-site wastewater disposal.

Table 9-2. Adsorption Area Requirements for

Private Residents

Required adsorption
Percolation rate field area,
(in./min) per bedroom (ft2)
Greater than 1 70
Between 1 and 0.5 85
Between 0.5 and 0.2 125
Between 0.2 and 0.07 190
Between 0.07 and 0.03 250
Less than 0.03 Unsuitable ground

The U.S. Public Health Service and all county and local departments of health
have established guidelines for sizing the tile fields or seepage pits. Typical standards
are shown in Table 9-2. Many areas in the United States have soils that percolate
poorly, and septic tank/tile fields are not appropriate. Several other options are available
for on-site wastewater disposal, one of which is shown in Fig. 9-3.

In urbanized areas, it has been several centuries since there was enough land avail-
able for on-site treatment and percolation. Up until the nineteenth century, this problem
was solved by constructing large cesspools or holding basins for the wastewater; these
holding basins needed periodic pumping as they filled up. The holding basins also
created considerable public health problems, as in the Broad Street pump incident dis-
cussed in Chap. 4. A better way to move human waste out of a congested community
was to use water as a carrier.

The water closet, as it is still known in Europe, has thus become a standard fixture
of modern urban society. Some authors (Kirby ef al. 1956) credit John Bramah with
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Figure 9-3. Alternative on-site disposal system.

its invention in 1778; others (Reyburn 1969) recognize it as the brainchild of Sir
John Harrington in 1596.2 The latter argument is strengthened by Sir John’s original
description of the device, although there is no record of his donating his name to
the invention. The first recorded use of that euphemism is found in the regulation at
Harvard University, where in 1735 it was decreed that “No Freshman shall go to the
Fellows’ John.”

The wide use of waterborne wastewater disposal, however, concentrated all of the
wastes of a community in one place. Cleanup then requires a major effort, and this
requirement fostered what is known as central wastewater treatment.

CENTRAL WASTEWATER TREATMENT

The objective of wastewater treatment is to reduce the concentrations of specific pol-
lutants to the level at which the discharge of the effluent will not adversely affect the
environment or pose a health threat. Moreover, reduction of these constituents need
only be to some required level. Aithough water can technically be completely purified
by distillation and deionization, this is unnecessary and may actually be detrimental to
the receiving water. Fish and other organisms cannot survive in deionized or distilled
water.

For any given wastewater in a specific location, the degree and type of treatment
are variables that require engineering decisions. Often the degree of treatment depends
on the assimilative capacity of the receiving water. DO sag curves can indicate how
much BOD must be removed from wastewater so that the DO of the receiving water is
not depressed too far. The amount of BOD that must be removed is an effluent standard

2Sir John, a courtier and poet, installed his invention in his country house at Kelson, near Bath. Queen
Elizabeth had one fitted soon afterward at Richmond Palace. The two books that were written about this
innovation bear the strange titles, A New Discourse on a Stale Subject, Called the Metamorphosis of Ajax,
and An Anatomie of the Metamorphosed Ajax.“Ajax” is a play on the words “a jakes,” a synonym for water
closet.
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(discussed more fully in Chap. 11) and dictates in large part the type of wastewater
treatment required.

To facilitate the discussion of wastewater, a “typical wastewater” (Table 9-1) is
assumed, and it is further assumed that the effluent from this wastewater treatment
must meet the following effluent standards:

BOD < 15mg/L
SS < 15mg/L
P < 1mg/L

Additional effluent standards could have been established but, for illustrative purposes,
we consider only these three. The treatment system selected to achieve these effluent
standards includes:

e Primary treatment: physical processes that remove nonhomogenizable solids and
homogenize the remaining effluent.

e Secondary treatment: biological processes that remove most of the biochemical
demand for oxygen.

o Tertiary treatment: physical, biological, and chemical processes that remove
nutrients like phosphorus, remove inorganic pollutants, deodorize and decolorize
effluent water, and carry out further oxidation.

PRIMARY TREATMENT

The most objectionable aspect of discharging raw sewage into watercourses is the
floating material. Thus screens were the first form of wastewater treatment used by
communities, and are used today as the first step in treatment plants. Typical screens,
shown in Fig. 9-4, consist of a series of steel bars that might be about 2.5 cm apart.
A screen in a modern treatment plant removes materials that might damage equipment
or hinder further treatment. In some older treatment plants screens are cleaned by hand,
but mechanical cleaning equipment is used in almost all new plants. The cleaning rakes
are activated when screens get sufficiently clogged to raise the water level in front of
the bars.

In many plants, the second treatment step is a comminutor, a circular grinder
designed to grind the solids coming through the screen into pieces about 0.3 cm or less
in diameter. A typical comminutor design is shown in Fig. 9-5.

The third treatment step is the removal of grit or sand from the wastewater. Grit
and sand can damage equipment like pumps and flow meters and, therefore, must be
removed. The most common grit chamber is a wide place in the channel where the flow
is slowed enough to allow the dense grit to settle out. Sand is about 2.5 times denser
than most organic solids and thus settles much faster. The objective of a grit chamber is
to remove sand and grit without removing organic material. Organic material must be
treated further in the plant, but the separated sand may be used as fill without additional
treatment.
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Figure 9-4. Bar screen used in wastewater treatment. The top picture shows a manu-
ally cleaned screen; the bottom picture shows a mechanically cleaned screen. (Photo
courtesy of Envirex.)

Most wastewater treatment plants have a settling tank (Figs. 9-6 and 9-7) after
the grit chamber, to settle out as much solid material as possible. Accordingly, the
retention tune is long and turbulence is kept to a minimum. Retention time is the total
time an average slug of water spends in the tank and is calculated as the time required
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Figure 9-6. Rectangular settling tank.

to fill the tank. For example, if the tank volume is 100 m? and the flow rate is 2 m3/min,
the retention time is 100/2 = 50 min.

The solids settle to the bottom of the tank and are removed through a pipe, while
the clarified liquid escapes over a V-notch weir, which distributes the liquid discharge
equally all the way around a tank. Settling tanks are also called sedimentation tanks
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Figure 9-7. Circular settling tank.

or clarifiers. The settling tank that immediately follows screening and grit removal is
called the primary clarifier. The solids that drop to the bottom of a primary clarifier
are removed as raw sludge.

Raw sludge generally has a powerfully unpleasant odor and is full of water, two
characteristics that make its disposal difficult. It must be stabilized to reduce further
decomposition and dewatered for ease of disposal. Solids from processes other than
the primary clarifier must be treated similarly before disposal. Treatment and disposal
of wastewater sludge are discussed further in Chap. 10.

Settling Tank Design and Operation

Gravitational settling is, as has been noted, one of the most efficient means of separating
solids from surrounding liquid. Solid/liquid separation can be achieved this way as long
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as the solids are more dense than the liquid.? Simple settling is, however, affected by
other forces in certain circumstances. Particles settle in one of three general ways:

e Class I: Discrete particle settling occurs when particles settle unhindered by con-
tainer walls or neighboring particles.

o Class II: Flocculent settling occurs when neighboring particles come into contact
with each other, changing particle size and hindering settling.

o Class II: Thickening occurs when the entire mass of particles settle with the same
velocity, and there is no interparticle movement.

The simplest case is Class I, discrete particle settling. A single particle, having
attained terminal velocity, has no net force acting on it. The three forces acting on the
particle — drag, buoyancy, and gravity — balance as in

Fg = Fp+ Fs, ©.1)
which becomes

Av?
;mV=MV+@—fZ 9.2)

where

Fg = force due to gravity = mg,
Fp = drag force = (Cppv2A)/2,

Fp = buoyancy = pVg,
m = mass of particle = p4V,
g = gravitational acceleration,

ps = particle density (in kg/m?),
p = density of the medium,
Cp = drag coefficient,
v = velocity of particle in (m/s),
A = projected surface area of particle (in m?), and
V = volume of particle (in m?).

[y 80s =)
v= 2V——CD Y 93)

If we now assume that the particle is a sphere,

_ [4dg(ps — p)
v= /———3 Cor 94

3Separation of less dense solids may be achieved by flotation, or allowing the solids to float to the top.
This method is used, for example, in ore separation, but is not applicable to solids separation in primary
clarifiers.

Solving for the velocity,
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which is the well-known Newtonian equation, where d is the particle diameter. If,
as is the case in most settling in wastewater treatment, the Reynolds number (R) is
sufficiently low and a laminar boundary layer is maintained, the drag coefficient can
be expressed as

24
CD= Ev

where R = vdp/u and y = fluid viscosity. If Cp > 1, this no longer holds, and the
drag coefficient may be approximated as
24 3
Cp=—+—=+034.
""RTUR
For laminar flow, substituting Cp = 24/R into the Newtonian equation yields the
Stokes equation

g(ps — p)d?
V=

184 9.5)

The velocity of particles may be related to the expected settling tank performance by
idealizing a settling tank. As shown in Fig. 9-8, a rectangular tank is first divided
into four zones: inlet zone, outlet zone, sludge zone, and settling zone. The first two
zones are designated for the damping of currents caused by the influent and effluent,
respectively. The sludge zone is storage space for the settled solids. Settling itself takes
place only in the fourth (settling) zone.

Several initial assumptions are required in this analysis:

e Uniform flow occurs within the settling zone.

e All particles entering the sludge zone are removed.

e Particles are evenly distributed in the flow as they enter the settling zone.
o All particles entering the effluent zone escape the tank.

Thus, a particle entering the settling zone at the water surface has a settling velocity vg
and a horizontal velocity v, such that the component of the two defines a trajectory

H T """ —
—
h  Effluent
g4 zone
Influent

ud
zone ]
— ]

Figure 9-8. Schematic diagram of an ideal settling tank.
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as shown in Fig. 9-8. In other words, the particle is just barely removed. Had the particle
entered the settling zone at any other height, its trajectory would always have carried it
into the sludge zone. Particles having this velocity are termed critical particles because
particles with lower settling velocities are not all removed. For example, the particle
having velocity vs, entering the settling zone at the surface, will end up in the effluent
zone and escape. If this same particle had entered at height A, it would have just been
removed. Any of these particles that happen to enter the settling zone at height A or
lower would be removed, and those entering above A would not. Since the particles
entering the settling zone are equally distributed, the proportion of those particles with
a velocity v that are removed is

vs =h/H, 9.6)

where H is the height of the settling zone. With reference to Fig. 9-8, similar triangles
yield

Yo Us Up

The time that the critical particle spends in the settling zone is
- L hmh H
= —=—=—, (9.8a)
Uh Us vo
Hence
H
vo == (9.8b)

The time ¢ is also equal to the hydraulic retention time or V/Q, where @ is the flow rate
and V is the volume of the settling zone. Moreover

V = AH, (9.9a)
where A is the surface area of the settling zone. Thus
H__#H _¢

i AH/Q A’

Equation (9.9b) gives the overflow rate, an important design parameter for settling
tanks. The units of the overflow rate are

o = (9.9b)

Although overflow rate is usually expressed as gallons/day—foot?, it implies a velocity
and is equal to the velocity of the critical particle. Thus, when the design of a clarifier
is specified by the overflow rate, the critical particle is thereby defined.

Where any two of the parameters — overflow rate, retention time, and depth —
are specified, the remaining parameter is also fixed.
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EXAMPLE 9.2. A primary clarifier has an overflow rate of 600 gal/day—ft? and a depth
of 6 ft. What is its hydraulic retention time?

gal 163
= 600 = 80.2 ft/d
vo day—f2  748gal A
_H 6 ft
=2 _ 2t _00748day = 1.8h.
v 802 fuday v

We may obtain a better understanding of settling by considering the individual vari-
ables. Increasing the flow rate Q in a given tank increases the critical velocity vp. Since
fewer particles then have v > vg, fewer particles are removed from the effluent. More
particles could be removed if vy is decreased. This may be done by either reducing Q
or increasing A. The latter term may be increased by changing the dimensions of the
tank so that the depth is very shallow, and the length and width are large. If a tank
3 m deep is sliced in half and the two 1.5-m-deep slices are placed alongside each
other, the horizontal velocity will be the same as in the 3-m tank but the surface area
will be doubled and vy will have half the original value. Very shallow tanks would
thus appear to be optimum primary clarifiers, except that they take up a great deal of
land area, do not ensure even distribution of flow, and incur great expense in steel and
concrete.*

The foregoing discussion incorporates a significant assumption that is not really
true for wastewater treatment. Solids in wastewater do not settle as discrete particles
but tend to form larger particles by clumping together in flocculent settling, which may
be demonstrated by setting up a cylinder of dirty water and allowing the particles in it
to settle. If the water is sampled at various elevations, the clarification of water with
time can be observed (Fig. 9-9).

If the dirty water contains particles that all have the same settling velocity, there
should be perfect clarification as the highest particle drops to the bottom. If v =
120cm/2h = 60 cm/h, the curve in Fig. 9-9A should result. Everything below the
settling curve would be at the suspended solids concentration (1000 mg/L) and above
the line the water would be clean.

If the dirty water is a mixture of equal numbers of particles of two different
sizes, with settling velocities v, = 30 cm/h and v, = 60 cm/h, the curves would look
like Fig. 9-9B. A mixture of different-sized particles would still produce straight-line
settling curves.

Real-life wastewater, however, produces settling curves like those in Fig. 9-9C.
The fraction of solids removed or reduced at various sampling ports plot as curved
lines whose slopes increase with time instead of remaining constant. The increased
velocities are due to collisions and the subsequent building of larger particles.

4Remember the max-mm problem in calculus? “What is the shape of a six-sided prism with the smallest
surface area per given volume?”
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Figure 9-9. Settling test with a column of dirty water and periodic sampling at five
ports. The initial suspended solids (SS) concentration ( = 0) is assumed to be
1000 mg/L.

Because of such flocculation, a shallow tank is not as efficient as ideal tank theory
would suggest.

Removal efficiencies for slurries may be estimated from curves like those in
Fig. 9-9C. The Figure shows that the entire tank experiences about 90% removal at a
retention time of 2 h. The top section of the tank, however, is much clearer, because it
contains only about 40 mg/L of SS, and thus experiences [(1000 — 40)/1000] x 100 =
96% SS removal. The general equation for estimating removal, giving credit for cleaner
water on top, is

n—1
R=P+Z(—Ih;)(P,-——P), 9.10)
i—1



Wastewater Treatment 181
where

R = % overall solids recovery,

P = solids recovery at the bottommost section,
P; = solids recovery in section i,

n = number of sections,

h = height of each section, and

H = height of column (H = nh).

ExaMpLE 9.3. A chemical waste at an initial SS concentration of 1000 mg/L. and

flow rate of 200 m>/h is to be settled in a tank, H =1.2m deep, W = 10 m wide, and

L = 31.4 mlong. The results of a laboratory test are shown in Fig. 9-9C. Calculate the

fraction of solids removed, the overflow rate, and the velocity of the critical particle.
The surface area of the tank is

A = WL = (31.4)(10) = 314 m>.
The overflow rate is therefore
Q/A = 200/314 = 0.614 m> /h-m?.

The critical velocity is thus vgp = 0.614 m/h. However, the waste in this instance
undergoes flocculent settling rather than settling at the critical velocity. The hydraulic
retention time is

In Fig. 9-9C the 85% removal line approximately intersects the retention time of
1.88 h. Thus, 85% of the solids are removed. In addition to this, however, even better
removal is indicated at the top of the water column. At the top 20 cm, assume the
SS concentration is 40 mg/L, equal to [(1000 — 4) x 100]/1000 = 96% removal,
or 11% better than the entire column. The second shows [(1000 — 60) x 100}/
1000 = 94% removal and so on. The total amount removed, ignoring the bottommost
section, is

n—1
R=P+) (%)(P,- —P) (9.10)

R=85+(1/6)(11 +9+5 +4) =90.9%.

The solids capture efficiency of a primary clarifier for domestic waste is plotted
as a function of retention time, as shown in Fig. 9-10.
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Figure 9-10. Performance of primary clarifiers.

Primary treatment is mainly removal of solids, although some BOD is removed
as a consequence of the removal of decomposable solids. The wastewater described
earlier might now have these characteristics:

Raw After primary
wastewater treatment
BOD; (mg/L) 250 175
SS (mg/L) 220 60
P (mg/L) 8 7

A substantial fraction of the solids, as well as some BOD and a little P, has been
removed as a consequence of the removal of raw sludge. After primary treatment the
wastewater may move on to secondary treatment.

SECONDARY TREATMENT

Water leaving the primary clarifier has lost much of the solid organic matter but still
contains high-energy molecules that decompose by microbial action, creating BOD.
The demand for oxygen must be reduced (energy wasted) or else the discharge may
create unacceptable conditions in the receiving waters. The objective of secondary

treatment is to remove BOD, whereas the objective of primary treatment is to remove
solids.
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Figure 9-11. Trickling filter.

The trickling filter, shown in Fig. 9-11, consists of a filter bed of fist-sized rocks
over which the waste is trickled. The name is something of a misnomer since no
filtration takes place. A very active biological growth forms on the rocks, and these
organisms obtain their food from the waste stream dripping through the rock bed. Air is
either forced through the rocks or circulates automatically because of the temperature
difference between the air in the bed and ambient temperatures. In older filters, the
waste is sprayed onto the rocks from fixed nozzles. The newer designs use arotating arm
that moves under its own power, like a lawn sprinkler, distributing the waste evenly over
the entire bed. Often the flow is recirculated and a higher degree of treatment attained.

Trickling filtration was a well-established treatment system at the beginning of the
twentieth century. In 1914, a pilot plant was built for a different system that bubbled air
through free-floating aerobic microorganisms. This process became established as the
activated sludge system. Activated sludge differs from trickling filtration in that it recy-
cles and reuses microorganisms, and the microorganisms are suspended in the liquid.

An activated sludge system, as shown in the block diagram in Fig. 9-12, includes
a tank full of waste liquid from the primary clarifier and a mass of microorganisms.
Air bubbled into this aeration tank provides the necessary oxygen for survival of the
aerobic organisms. The microorganisms come in contact with dissolved organic matter
in the wastewater, adsorb this material, and ultimately decompose the organic material
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Figure 9-12, Block diagram of an activated sludge system.

to CO2, H20, some stable compounds, and more microorganisms. The production of
new organisms is relatively slow, and uses most of the aeration tank volume.

When most of the organic material, which is food for the microorganisms, has
been used up, the microorganisms are separated from the liquid in a settling tank,
sometimes called a secondary or final clarifier. The microorganisms remaining in the
settling tank have no food available, become hungry, and are thus activated; hence the
term activated sludge. The clarified liquid escapes over a weir and may be discharged
into the receiving water. The settled microorganisms, now called return activated
sludge, are pumped back to the head of the aeration tank where they find more food
in the organic compounds in the liquid entering the aeration tank from the primary
clarifier, and the process starts over again. Activated sludge treatment is a continuous
process, with continuous sludge pumping and clean water discharge.

Activated sludge treatment produces more microorganisms than necessary and if
the microorganisms are not removed, their concentration will soon increase and clog the
system with solids. Some of the microorganisms must therefore be wasted. Disposal of
such waste activated sludge is one of the most difficult aspects of wastewater treatment.

Activated sludge systems are designed on the basis of loading, or the amount of
organic matter, or food, added relative to the microorganisms available. The food-to-
microorganism (F/M) ratio is a major design parameter. Both F and M are difficult to
measure accurately, but may be approximated by influent BOD and SS in the aeration
tank, respectively. The combination of liquid and microorganisms undergoing aeration
is known as mixed liguor, and the SS in the aeration tank are mixed liqguor suspended
solids (MLSS). The ratio of influent BOD to MLSS, the F/M ratio, is the loading on the
system, calculated as pounds (or kg) of BOD per day per pound or kilogram of MLSS.

Relatively small F/M, or little food for many microorganisms, and a long aeration
period (retention time in the tank) result in a high degree of treatment because the
microorganisms can make maximum use of available food. Systems with these features
are called extended aeration systems and are widely used to treat isolated wastewater
sources, like small developments or resort hotels. Extended aeration systems create
little excess biomass and little excess activated sludge to dispose of.

Table 9-3 compares extended aeration systems, conventional secondary treatment
systems, and “high-rate” systems that have short aeration periods and high loading,
and result in less efficient treatment.
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Table 9-3. Loadings and Efficiencies of Activated Sludge Systems

Loading: F/M Aeration period BOD removal
Process (Ib BOD/day/Ib MLSS) (h) efficiency (%)
Extended aeration 0.05-0.2 30 95
Conventional 0.2-0.5 6 90
High rate 1-2 4 85

ExaMPLE 9.4. The BODs of the liquid from the primary clarifier is 120 mg/L at a flow
rate of 0.05mgd. The dimensions of the aeration tank are 20 x 10 x 20 ft> and the
MLSS = 2000 mg/L.. Calculate the F/M ratio:

bBOD [120mg 3.8L\ / 11b 1g 501b
aay ( L )(0 5mgd’< gal )(454g) (1000mg) (day)

1b MLSS = (20 x 10 x 20) ft? (20001118) (3-8L) (7-48ga1) ( 11b )

L gal 3 454¢
lg
= b
% (IOOOmg) 291
F 50 —om 1b BOD/day
M~ 2297 77 IbMLSS

‘When the microorganisms begin to metabolize the food, a great deal of oxygen is
required. Accordingly, the DO in the aeration tank decreases suddenly after the point
at which waste is introduced. The resulting low DO concentration at the influent end of
the aeration tank may be detrimental to the microbial population. In order to sustain the
microorganisms, the activated sludge process may incorporate a variation like tapered
aeration or step aeration (see Fig. 9-13). In tapered aeration, air is blasted into the
tank where needed, while in step aeration, waste is introduced at several locations in
the tank, thus spreading out this initial oxygen demand.

Another process modification is contact stabilization, or biosorption, in which the
sorption and bacterial growth phases are separated by a settling tank (see Fig. 9-14).
Contact stabilization provides for growth at high solids concentrations, thus saving tank
space. An activated sludge plant can often be converted into a contact stabilization plant
when tank volume limits treatment efficiency.

The two principal means of introducing sufficient oxygen into the aeration tank are
by bubbling compressed air through porous diffusers or by beating air in mechanically.
These are shown in Figs. 9-15 and 9-16.

The success of the activated sludge system also depends on the separation of the
microorganisms in the final clarifier. When the microorganisms do not settle out as
anticipated, the sludge is said to be a bulking sludge. Bulking is often characterized
by a biomass composed almost totally of filamentous organisms that form a kind of
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Figure 9-14. The biosorption modification of the activated sludge process.

lattice structure of their filaments that prevents settling.> A trend toward poor settling
may be the forerunner of a badly upset and ineffective system. The settleability of
activated sludge is most often described by the sludge volume index (SVI), which is
determined by measuring the volume occupied by a sludge after settling for 30 min in
a 1-L cylinder, and calculated as

__ (1000)(volume of sludge after 30 min, mL)
- mg/L of SS '

SVI (9.11)

EXAMPLE 9.5. A sample of sludge has an SS concentration of 4000 mg/L. After settling
for 30 min in a 1-L cylinder, the sludge occupies 400 mL. Calculate the SVI:

(1000)(400 mL)

SVl =
4000 mg/L

= 100.

SVI values below 100 are usually considered acceptable; SVI > 200 is a badly
bulking sludge. Some common loadings, as a function of the SVI, for final clarifiers are

5You may picture this as a glass filled with cotton balls. When water is poured into the glass, the cotton
filaments are not dense enough to settle to the bottom of the glass.
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Figure 9-15. Activated systems with diffused aeration. (Photo courtesy of Envirex.)

shown in Fig. 9-17. Some causes of poor settling are improper or varying F/M ratios,
fluctuations in temperature, high concentrations of heavy metals, or deficiencies in
nutrients. Cures include chlorination, changes in air supply, or dosing with hydrogen
peroxide to kill the filamentous microorganisms. When sludge does not settle, the return
activated sludge is “thin” because SS concentration is low, and the microorganism
concentration in the aeration tank drops. A higher F/M ratio results, since there are
fewer microorganisms to handle the same food input, and the BOD removal efficiency
is reduced.

Biological Process Dynamics Applied to the Activated Sludge System

The organic materials in the influent meet two fates in an activated sludge system. Most
are oxidized to CO, and water, but some high-energy compounds are used to build new
microorganisms. The latter are known as substrate in biological process dynamics.
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Figure 9-16. Activated systems with mechanical (surface) aeration. (Photo courtesy
of Envirex.)

Substrate is usually measured indirectly as BOD, although total organic carbon or
chemical oxygen demand (COD) may be more accurate measures of substrate concen-
tration. The rate of new cell mass (microorganisms) produced as substrate is destroyed
is expressed by

dX_YdS ©9.12)
dt ~ T dT’ ’

where

S = mass of substrate,
X = mass of microorganisms, or SS, and
Y = yield: mass of microorganisms produced per mass of substrate used.
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Figure 9-17. Allowable solids loading for final clarifiers increase for better-settling
sludge.

The yield is usually expressed as kilograms of SS produced per kilogram of BOD
used.
The growth rate of microorganisms is

dx/dt = uX, (9.13)

where 1 is a proportionality constant (growth rate constant). Monod® demonstrated
that for different substrate concentrations, the growth rate constant can be estimated as

s
= 9.14
K. +5 9.14)
and therefore
as X X s
—_— = —y = — s 1
ar — v* (Y) (KS+S) ©.13)

where

p = growth rate constant (in s~!),
/i = maximum growth rate constant (s~!), and
K, = saturation constant (in mg/L).

The two constants /i and K; must be evaluated for each substrate and microorganism
culture.

Figure 9-18 illustrates the application of biological process dynamics to the acti-
vated sludge process. The reactor has volume V and effluent flow 0. The reactor is

68Detailed discussion of the empirical Monod model of enzyme kinetics is beyond the scope of this
text, but can be found in modern textbooks on biochemistry and on wastewater processing.
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Figure 9-18. A biological reactor without microorganism recycle.

completely mixed: the influent is dispersed within the tank immediately upon introduc-
tion, so that there are no concentration gradients in the tank and the composition and
water quality of the effluent are exactly those of the tank contents. In such a continuous
reactor there are two retention times: for liquids and for solids. The liquid, or hydraulic,
retention time, usually expressed in minutes, is.

I 4
= —. (9.16)
o
The solids retention time, also known as sludge age, is the average time a solid (micro-
organism) particle stays in the system. Sludge age in wastewater treatment is also the
mean cell residence time ® and is defined as

_ Mass of SS contained by the aeration tank
® ™ Mass rate of solids leaving the aeration tank

S

For the system pictured in Fig. 9-18, the mean cell residence time is

VX
O, = ox’ (9.17)

which in this case is equal to 7. The mean cell residence time is usually expressed in
days.

We now assume that, in the system under discussion, there are no organisms in the
influent (X ~=0), and that the reactor has attained a steady state, in which the micro-
organism growth rate is balanced by the rate of microorganism loss in the effluent.
Death of microorganisms is ignored.

A mass balance for the system is

Rate of change _ Rate of _ Rate of

Net rate of growth
in the reactor ~— inflow outflow

T of microorganisms

dx ds
—V=0%Xo~ 0X + (Yd—t) V. 9.18)
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In a steady-state system, (d X /dt) = 0, and X = 0is assumed. Substituting Eq. (9.15)
into Eq. (9.18), and introducing the mean cell residence time O,

1 J7)
— = 9.19
®. K;+S ©-19)
and
K
S=———. 9.20
0. —1 (9.20)

Equation (9.20) is important because it implies that the substrate concentration S is
a function of both the kinetic constants (which are beyond our control for a given
substrate) and the mean cell residence time. The mean cell residence time (or sludge
age, as defined before) influences the substrate S and thus the treatment efficiency.

A system without microorganism recycle is not very efficient, since long hydraulic
residence times are needed to prevent flushing out of the microorganisms. Success-
ful activated sludge systems for wastewater treatment are based on microorganism
recycling, as is shown in Fig. 9-19. Some simplifying assumptions are needed to
model this system, however. We assume X = 0, and further, that the microorganism
separator is a perfect device and the effluent contains no microorganisms (Xy = 0).
Steady-state conditions and perfect mixing are also assumed. Excess microorganisms,
or waste activated sludge, are removed from the system at flow rate Oy, and solids
concentration X;-X; is the settler underflow concentration and the concentration of
solids being recycled to the aeration tank. Finally, to simplify the model we make the
obviously incorrect assumption that no substrate is removed in the settling tank and
that the settling tank has zero volume, so that all of the microorganisms in the system
are in the aeration tank. The only active volume is that of the aeration tank. The mean
cell residence time in this case is

__ Mass of solids (microorganisms) in aeration tank

= 9.21
¢ Mass rate of solids leaving the system ©021)
VX
0, = , (9.22a)
T QwXi+ (2 - 0w X,
—So_, s -
% % P
v
X Q

x |ay

Figure 9-19. A biological reactor with microorganism recycle.
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and since X =~ 0

VX

0, =
T QuwX,

(9.22b)

Note that in this case O # ¢.
Substrate removal can be considered in terms of a substrate removal velocity q:

Substrate mass removed

1= (Microorganism mass under aeration)(hydraulic residence time)
So—S
= —. 9.2
q X7 (9.23)

The substrate removal velocity is a rational measure of the substrate removal activity,
or the mass of BOD removed in a given time per mass of microorganisms doing the
work, and is sometimes called the process loading factor. 1t is a useful operational and
design tool.

Substrate removal velocity may also be derived from a mass balance of the system
shown in Fig. 9-19:

Net rate of Rate of Rate of Rate of
change of = substrate — substrate — substrate
substrate inflow outflow utilization

d
d—fV = QS — 05 —qXV. (9.24)

The rate of substrate utilization is

(Substrate mass removed)(Microorganism mass)(reactor volume)

XV =
a (Microorganism mass)(time)(reactor volume)

aXV = Substrate n.lass removed'
Time
Solving for g gives

_So—S
1= 7% -

9.25)

The Monod rate is defined in Eq. (9.13) as

_ d_X 1 Microorganism mass produced
" dt X (Time)(Microorganism mass) -

7

The yield Y was previously defined as

__ dX _ Microorganism mass produced
T dS ~  Substrate mass removed
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Using a mass balance in terms of microorganisms

Net rate of change Rate of Rate of Rate of
inmicroorganism = microorganism — microorganism -+ microorganism
substrate inflow outflow production
dXx
Y = s = 0Xo — OQwXt — (Q — Qw)Xe + uXV. (9.26)
Again assuming the steady state and Xg = X = 0,
XiQw
= ——. 9.27
b= 9.27)

Note that u is the reciprocal of the sludge age, or mean cell residence time so that
Xv 1
X:Ow u

Substituting the expression for u from Eq. (9.14), the substrate removal velocity is

G (9.28)

as
Y(Ks+S)

=K
9=5 (9.29)

Setting Eq. (9.29) equal to Eq. (9.23) and solving for Sg — S, the reduction in BOD,

ASXr
So—-S=—"——. 9.30
0 YK+ 5) 9.30)
Then from Eq. (9.29), the mean cell residence time (sludge age) is
1 1
O, = = —, 9.31)
T /Y gqY
and the concentration of microorganisms in the reactor (MLSS) is
So— S
x=22" (9.32)
tq

EXAMPLE 9.6. An activated sludge system operates at a flow rate (0) of 4000 m*/day,
with an incoming BOD(So) of 300 mg/L. A pilot plant showed the kinetic constants to
beY = 0.5kg SS/kg BOD, K = 200 mg/L, 1 = 2/day. We need to design a treatment
system that will produce an effluent BOD of 30 mg/L. (90% removal). Determine (a)
the volume of the aeration tank, (b) the MLSS, and (c) the sludge age. How much
sludge will be wasted daily?

The MLSS concentration is usually limited by the ability to keep an aeration
tank mixed and to transfer sufficient oxygen to the microorganisms. Assume in this
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case that X = 4000 mg/L. The hydraulic retention is then obtained by rearranging
Eq. (9.30):

- 0.5(300 — 30)(200 + 30)
= = .1 =J. -
t 3(30) (4000) 0.129day = 3.1h

The volume of the tank is then
V =FQ = 4000(0.129) = 516 m".

The sludge age is
.12
O =03 kg(:(éo/l(::ﬁgé)[gg(()soogfa 3}2) gL, — 08 days.
Since
_1_ _ kg sludge wasted/day
®c kg sludge in aeration tank’
from Eq. (9.28)

XV _ (4000)(516)(10° Lim*)(1/106 kg/mg)

X:iOw =5 3.8

= 543 kg/day.

ExaMrLE 9.7. Using the same data as in the preceding example, what mixed liquor
solids concentration would be necessary to attain 95% BOD removal, or § = 15 mg/L?
The substrate removal velocity is

(2 day )15 mg/L

= = 0.28day ™!
1= 035200+ 15y mglL w
and
300 — 15
=22 7800 mg/l.
©0.129)0.28) ~ 1320me/L
The sludge age would be
! = 7.1days.

©c = (0.28)(0.5)

Higher removal efficiency requires more microorganisms in the aeration tank.

A simple batch settling test can be used to estimate the return sludge pumping
rates. After 30 min of settling, the solids in the cylinder are at a 55% concentration that
would be equal to the expected return sludge solids, or

HX

X = W 9.33)
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where

X; = the expected return suspended solids concentration (in mg/L),
X = MLSS (mg/L),

H = height of cylinder (m), and

h = height of settled sludge (m).

The mixed liquor solids concentration is a combination of the return solids diluted by
the influent, or

_ O:Xi+ 0Xo

9.34
O+ 0 ¢ )
If we again assume no solid is in the influent, or Xg = 0, then
QtXt
= =, 9.35)
Qe+ 0 ¢

The performance of an activated sludge system often depends on the performance
of the final clarifier. If this settling tank cannot achieve the required return sludge
solids the MLSS will drop and the treatment efficiency will be reduced. Final clarifiers
act as settling tanks for flocculent settling and as thickeners. Their design requires
consideration of both solids loading and overflow rate. Solids loading, more fully
explained in the next chapter, is expressed in terms of kilograms of solids per day
applied to a surface area of square meters, Figure 9-17 shows some commonly used
solids loadings for final clarifiers as a function of the SVI.

Secondary treatment of wastewater usually includes a biological step like acti-
vated sludge, which removes a substantial part of the BOD and the remaining solids.
The typical wastewater that we began with now has the following approximate water
quality:

Raw After primary  After secondary
wastewater treatment treatment
BOD (mg/L) 250 175 15
SS (mg/L) 220 60 15
P (mg/L) 8 7 6

The effluent from secondary treatment meets the previously established effluent stan-
dards for BOD and SS. Only phosphorus content remains high. The removal of inor-
ganic compounds, including inorganic phosphorus and nitrogen compounds, requires
advanced or tertiary wastewater treatment.

TERTIARY TREATMENT

Both primary and secondary (biological) treatments are incorporated in conventional
wastewater treatment plants. However, secondary treatment plant effluents often are
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CO, + sunlight —= O,

LAnaerobic bacteria Igi,’ Organics —— CH, + NHg ,+_',COé-'. E

N

Figure 9-20. Schematic diagram of an oxidation pond and photograph of an aeration
lagoon. (Photo courtesy of N. S. Nokkentved.)

not sufficiently clean. Some BOD and suspended solids remain, and neither primary
nor secondary treatment is effective in removing phosphorus and other nutrients or
toxic substances. A popular advanced treatment for BOD removal is the polishing
pond, or oxidation pond. An oxidation pond and the reactions that take place in the
pond are shown in Fig. 9-20. Oxidation ponds, as their name implies, are designed to
be aerobic; hence, light penetration for algal growth is important and a large surface
area is needed.

A sufficiently large oxidation pond may be the only treatment step for a small
waste flow. When the rate of oxidation in a pond is too great and oxygen availability
becomes limiting, the pond may be forcibly aerated by either diffusive or mechani-
cal aerators. Such ponds are called aerated lagoons and are widely used in treating
industrial effluent. Figure 9-20 shows an aerated lagoon serving a pulp and paper mill.
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BOD may also be removed by activated carbon adsorption, which has the added
advantage of removing some inorganic as well as organic compounds. Activated carbon
adsorbs both chemically and physically. An activated carbon column is a completely
enclosed tube, where dirty water is pumped in at the bottom and clear water exits
at the top. Microscopic crevices in the carbon catch and hold colloidal and smaller
particles. As the carbon column becomes saturated, the pollutants must be removed
from the carbon in the tube and the carbon reactivated, usually by heating in the absence
of oxygen. Reactivated or regenerated carbon is somewhat less efficient than virgin
carbon, some of which must always be added to ensure effective performance.

Reverse osmosis, so designated because it uses semipermeable, or osmotic, mem-
branes, is also finding acceptance as a treatment for various types of both organic
and inorganic trace pollutants. The wastewater is forced through a semipermeable
membrane that acts as a superfilter, rejecting dissolved as well as suspended solids.

Nitrogen in raw wastewater is mostly organic and ammonia nitrogen (called
Kjeldahl nitrogen). Because nitrogen can exacerbate eutrophication in lakes and estu-
aries, it must often be reduced in wastewater treatment plants. The most widely used
method of nitrogen removal is called biological nitrification/denitrification. First, the
nitrogen is converted into inorganic nitrate nitrogen using microbes. This occurs in
aeration tanks if the residence time is sufficiently high. Recall that carbonaceous BOD
is exerted first, and only when the easily oxidized carbon compounds are used up will
the nitrifiers begin the oxidation of nitrogen-containing compounds. If this occurs, the
end product is nitrate nitrogen, NO7 . The process is thought to be in two stages, with
various groups of microorganisms responsible for different stages. Simplified chemical
equations describing this process are
Nitrosomonas

2NH} + 30, 2NO; + 2H;0 + 4H*

2NO; + 0 %% INO;.

These reactions are slow and require long retention times in the aeration tank as well
as sufficient DO. The kinetics constants for the reactions are low, with very low yields,
so that net sludge production is limited and washout is a constant danger.

In cases where the effluent does not enter lakes or rivers, the production of nitrate
nitrogen is sufficient. In many cases, however, the nitrate nitrogen must be removed,
and this is also accomplished biologically.

Once the ammonia has been oxidized to nitrate, it may be reduced by a broad
range of facultative and anaerobic bacteria like Pseudomonas. This denitrification
requires a source of carbon, and methanol (CH3O0H) is often used for that purpose.
The reactions are

6NOJ + 2CH;0H — 6NOj + 2C0,1 + 4H,0
6NO; + 3CH30H — 3N, 4 +3CO; 4 +3H0 + 60H™.

Another nutrient that must often be removed is phosphorus, possibly the most important
chemical responsible for accelerated eutrophication.



198  ENVIRONMENTAL ENGINEERING

Phosphate may be removed chemically or biologically. The most popular chem-
ical methods use lime, Ca(OH);, and alum, A12(SO4)3. Under alkaline conditions,
the calcium ion will combine with phosphate to form calcium hydroxyapatite, a
white, insoluble precipitate that is settled out and removed from the wastewater.
Insoluble CaCOj is also formed and removed and may be recycled by burning in a
furnace:

CaCO3 —» CO; + CaO.
Quicklime, Ca0, is then slaked by adding water and forming lime, that may be reused:
Ca0O + H,0 — Ca(OH);
The aluminum ion from alum precipitates as very slightly soluble aluminum phosphate,
AP* + PO, — AIPO4,
and also forms aluminum hydroxide
AP+ 4 30H™ — AI(OH)3{,

which forms sticky flocs that help to settle out phosphates. Alum is usually added in
the final clarifier. The amount of alum needed to achieve a given level of phosphorus
removal depends on the amount of phosphorus in the wastewater. The amount of sludge
produced may be calculated by using stoichiometric relationships.

ExamrLE 9.8. A wastewater contains 6.3 mg/L P, and it is found that an alum dosage
of 13 mg/L as AI** achieves an effluent P concentration of 0.9 mg/L:

APt + PO} — AIPO,
Molecular weights: 27 95 122 (or 31 as P)

or, from stoichiometry, 31 mg of Premoval results in the formation of 122 mg aluminum
phosphate sludge:

2
(5.4 % Premoved) (%13) =213 % AIPOy sludge produced.

The amount of AI>* used to produce the AIPOy is

mg 27 mg A>T mg .3,
4== e )=46-2
(5 I Premoved) ( Gime D) 6 T Al

The excess aluminum, 13 — 4.7 = 8.3 mg/L, probably formed aluminum hydroxide:

APt 4+ 3(0H7) — Al(OH)l.
Molecular weights: 27 3){an 78
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The production of AI(OH); is

mg o3, (78 mg Al(OH), > mg
8.3 — Al ————————= ] =24 — Al(OH), sludge.
( L ) 27 mgAP™) L Al(OH); sludg

The total sludge production is then

AIPO, + AI(OH)3 = 21.3 + 24 = 45 %g.

Phosphorus also may be removed biologically. When the microorganisms in return
activated sludge are starved by aeration after their removal in the final clarifier, they
show a strong tendency to adsorb phosphorus almost instantly on introduction of
wastewater. Such a “luxury uptake” is at a much higher rate than would be required
eventually by metabolic activity. If the phosphorus-rich organisms are removed quickly
and wasted, the excess phosphorus leaves with the waste activated sludge. Thus, both
nitrogen and phosphorus can be removed by biological secondary treatment.

In a typical phosphorus removal system in a wastewater treatment plant, the mixed
liquor in the first stage of the aeration tank is mixed but not aerated. The microorganisms
react to this deprivation of oxygen by utilizing the phosphorus in the cells, thus gaining
energy for sustaining life. When the microorganisms are then moved into the aerobic
stage, the soluble phosphorus is rapidly absorbed within the cells in order to allow
the microorganism to assimilate the dissolved organic material rapidly. This uptake
of phosphorus is the “luxury uptake,” and is caused by first solubilizing phosphorus,
and then creating a condition where the microorganism try to rapidly assimilate the
energy-containing organic matter. At this point, the microorganisms are settled out in
the final clarifier and removed, taking the excess phosphorus with them. The waste
activated sludge thus becomes enriched in phosphorus, which is beneficial if the sludge
is applied to farmland.

The combined removal of nitrogen and phosphorus is often termed biological
nutrient removal, or BNR. A number of treatment options are available for such a
plant, but they all consist of a series of anoxic and aerobic basins.

With nitrogen and phosphorus removal, the effluent goal of the wastewater is
attained:

Raw After primary = After secondary  After tertiary
wastewater treatment treatrnent treatment
BOD (mg/L) 250 175 15 10
SS (mg/L) 220 60 15 10
P (mg/L) 8 7 6 0.5

Spraying secondary effluent on land and allowing soil microorganisms to degrade the
remaining organic compounds provides an alternative to high-technology advanced
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wastewater treatment systems. Such land treatment systems have been used in Europe
for many years and have recently been introduced in North America. They appear
to represent a reasonable alternative to complex and expensive systems, especially
for smaller communities. Irrigation is probably the most promising land treatment.
Depending on the crop and the soil, about 1000 to 2000 ha of land are required for
every cubic meter per second of wastewater flow. Nutrients like N and P that remain
in secondarily treated wastewater are usually beneficial to crops.

CONCLUSION

A typical wastewater treatment plant, shown schematically in Fig. 9-21, includes pri-
mary, secondary, and tertiary treatment. The treatment and disposal of solids removed
from the wastewater stream deserve special attention and is discussed in the next
chapter.

Figure 9-22 is an aerial view of a typical wastewater treatment plant. Well-operated
plants produce effluents that are often much less polluted than the receiving waters into
which they are discharged. However, not all plants perform that well. Many waste-
water treatment plants are only marginally effective in controlling water pollution, and
plant operation is often to blame. Operation of a modern wastewater treatment plant

From town
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Figure 9-21. Block diagram of a complete wastewater treatment plant.
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Figure 9-22. An aerial view of a secondary wastewater treatment plant. (Courtesy of
Envirex.)

Figure 9-23. An unusual operating problem: a pickup truck in the primary clarifier.
(Courtesy of Phillip Karr.)

is complex and demanding (though not often as demanding as the situation shown
in Fig. 9-23). Unfortunately, operators have historically been poorly compensated,
so that recruitment of qualified operators is difficult. All states now require licensing of
operators, and operators’ pay is improving. This is a welcome change, for it makes little
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sense to entrust unqualified operators with multimillion dollar facilities. Wastewater

treatment requires proper plant design and proper operation. One without the other is
a waste of money.

PROBLEMS

9.1 The following data were reported on the operation of a wastewater treatment
plant:

Influent(mg/l.) Effluent(mg/L)

BODs 200 20
SS 220 15
p 10 0.5

a. What percent removal was experienced for each of these?
b. What type of treatment plant will produce such an effluent? Draw a block
diagram showing the treatment steps.

9.2 Describe the condition of a primary clarifier one day after the raw sludge
pumps broke down.

9.3 Ponding, the excessive growth of slime on the rocks, is an operational problem
with trickling filters. The excessive slime clogs spaces between the rocks so that water
no longer flows through the filter. Suggest two cures for ponding.

9.4 Illegal connections are sometimes made to sanitary sewers. Suppose a family
of four, living in a home with a roof area of 70 x 40 ft2, connects the roof drain to the
sewer. If rain falls at the rate of 1 in/h, what percent increase will there be in the flow
from their house over the dry weather flow? The dry weather flow is 50 gal per person
per day.

9.5 Suppose you are an engineer hired to build a wastewater treatment plant. What
would you choose as the five most important wastewater parameters to be tested? Why
would you want to know these values? What tests would you run to determine influent
and effluent characteristics, and why?

9.6 The influent and effluent data for a secondary treatment plant are:

Influent(mg/L) Effluent(mg/L)

BODs 200 20
SS 220 15
P 10 8

Calculate the removal efficiency. What is wrong with the plant?

9.7 Draw block diagrams of the unit operations necessary to treat the following
wastes to effluent levels of BODs = 20 mg/L, SS = 20 mg/L, P = 1 mg/L. Assume all
BOD is due to dissolved chemicals, and that all SS are inert.
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BOD  Suspended solids Phosphorus

Waste (mg/L) (SS, mg/L) (mg/L)
Domestic 200 200 10
Chemical industry 40,000 0 0
Pickle cannery 0 300 1
Fertilizer mfg 300 300 200

9.8 The success of an activated sludge system depends on settling the solids in
the final settling tank. If the sludge in a system started to bulk and not settle very
well, and the SS concentration of the return activated sludge dropped from 10,000 to
4,000 mg/L,

a. What will this do to the ML.SS?
b. What will this in turn do to the BOD removal, and why?

9.9 Assume that the volume of settled sludge in a 1-L cylinder after 30 mm is
300 mL both before and during a bulking problem, and the SVIis 100 and 250, respec-
tively. What is the MLSS before and after the bulking problem? Does this agree with
your answer to Problem 9.8?

9.10 A percolation test shows that the measured water level drops 5 in. in 30 min.
What size percolation field would you need for a two-bedroom house? What size would
you need if the water level dropped only 0.5 in.?

9.11 A 5-mgd conventional activated sludge plant has an influent BODs of
200 mg/L. The primary clarifier removes 30% of the BOD. The plant’s three aeration
tanks are 20 x 20 x 10 ft>. What MLSS are necessary to attain 90% BOD removal?

9.12 An aeration system with a hydraulic retention time of 2.5 h receives a flow
of 0.2mgd at a BOD of 150 mg/L. The SS in the aeration tank are 4000 mg/L. The
effluent BOD is 20 mg/L and the effluent SS are 30 mg/L. Calculate the F/M ratio for
this system.

9.13 The MLSS in an aeration tank are 4000 mg/L. The flow from the primary
settling tank is 0.2m>/s and the return sludge flow is 0.1 m3/s. What must the return
sludge SS concentration be to maintain the 4000 mg/I. MLSS, assuming no net growth
of biomass?

9.14 An industrial wastewater is composed of SS that are small beads of 0.1 mm
diameter with a specific gravity of 2.65. Assume p = 1.31 cP.

a. For how long would the wastewater have to remain in a settling tank 4 m deep
in order to become clear?

b. If a false floor is put in the settling tank so that it was now only 2 m deep,
what fraction of the SS would be removed during the same time as calculated
in (a)?

c. What is the overflow rate for this tank?

9.15 A primary clarifier (settling tank) is 80 ft long, 30 ft wide, and 12 ft deep
and receives a flow of 200,000 gallons per day (gpd).

a. Calculate the overflow rate in gpd/ft?.
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b. What is the settling velocity in feet per day of the critical particle, assuming
that the entire tank is used for clarification.

9.16 A rectangular primary clarifier (settling tank) is 10 m wide, 25 m long, and
5m deep. The flow is 0.5 m%/s.

a. What is the design overflow rate?
b. Would all particles having a settling velocity of 0.01 cm/mm be removed?

9.17 A treatment plant receives wastewater at a flow rate of 0.5 m>/s. The total
surface area of the primary clarifiers is 2700 m? and the retention time is 3 h. Find the
overflow rate and the depth of the clarifiers.

9.18 A transoceanic flight on a Boeing 747 with 430 persons aboard takes 7 h.
Estimate the weight of water necessary to flush the toilets if each flush uses 2 gal.
Make any assumptions necessary, and state them. What fraction of the total payload
(people) would the flush water represent? How could this weight be reduced, since
discharging, for obvious reasons, is illegal?

9.19 A family of 4 wants to build a house on a lot for which the percolation rate
is 1.00 mm/mm. The county requires a septic tank hydraulic retention time of 24 h.
Find the volume of the tank required and the area of the drain field. Sketch the system,
including all dimensions.

9.20 Are the following design and expected performance for a primary clarifier
reasonable? 0 0.150 m3/s, influent SS 310 mg/L, raw primary sludge concentration 4%
solids, SS removal efficiency = 60%, length = 10 m, width = 15 m, depth = 2.2 m.
If not, suggest modifications.

9.21 A wastewater contains soluble phosphate at a concentration of 4 mg/L.. How
much ferric chloride would theoretically be necessary to precipitate this nutrient?

9.22 A community with a wastewater flow of 10 mgd is required to meet effluent
standards of 30 mg/L for both BODs and SS. Pilot plant results with the influent
BODs = 250 mg/L estimate the kinetic constants at K; = 100mg/L, 1 = 0.25 day,
and Y = 0.5. MLSS are maintained at 2000 mg/L. What is the hydraulic retention time,
the sludge age, and the required tank volume?



Chapter 10

Sludge Treatment and
Disposal

The field of wastewater treatment and engineering is littered with unique and imagi-
native processes for achieving high degrees of waste stabilization at attractive costs.
In practice, few of these “wonder plants” have met expectations, often because they
fail to pay sufficient attention to sludge treatment and disposal problems. Currently
sludge treatment and disposal accounts for over 50% of the treatment costs in a typical
secondary plant, prompting renewed interest in this none-too-glamorous, but essential
aspect, of wastewater treatment.

This chapter is devoted to the problem of sludge treatment and disposal. The
sources and quantities of sludge from various types of wastewater treatment systems
are examined, followed by a definition of sludge characteristics. Such solids concen-
tration techniques as thickening and dewatering are discussed next, concluding with
considerations for ultimate disposal.

SOURCES OF SLUDGE

Sludges are generated from nearly all phases of wastewater treatment. The first source
of sludge in a wastewater treatment facility is the suspended solids from the primary
settling tank or clarifier. Ordinarily about 60% of the suspended solids entering the
treatment facility become raw primary sludge, which is highly putrescible and very
wet (about 96% water).

The removal of BOD is basically a method of wasting energy, and secondary
wastewater treatment plants are designed to reduce the high-energy organic material
that enters the treatment plant to low-energy chemicals. This process is typically accom-
plished by biological means, using microorganisms (the “decomposers” in ecological
terms) that use the energy for their own life and procreation. Secondary treatment pro-
cesses such as the popular activated sludge system are almost perfect systems. Their
major fault is that the microorganisms convert too little of the high-energy organics to
CO; and H>0 and too much of it to new organisms. Thus the system operates with an
excess of these microorganisms, or waste activated sludge. As defined in the previous
chapter, the mass of waste activated sludge per mass of BOD removed in secondary

205
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treatment is known as the yield, expressed as kilograms of suspended solids produced
per kilogram of BOD removed.

Phosphorus removal processes also invariably end up with excess solids. If lime
is used, calcium carbonates and calcium hydroxyapatites solids are formed. Similarly,
aluminum sulfate produces solids in the form of aluminum hydroxides and aluminum
phosphates. Even so-called “totally biological processes” for phosphorus removal
end up with solids. The use of an oxidation pond or marsh for phosphorus removal
is possible only if some organics (algae, water hyacinths, fish, etc.) are harvested
periodically.

The quantities of sludge obtained from various wastewater treatment processes
may be calculated as shown in Fig. 10-1. The symbols are defined as follows:

So = influent BOD (kg/h, 5 days, 20°C),
Xo = influent suspended solids (kg/h),
h = fraction of BOD not removed in primary clarifier,
i = fraction of BOD not removed in aeration or trickling filter,
X, = plant effluent suspended solids (kg/h),
k = fraction of X removed in primary clarifier,
Jj = fraction of solids not destroyed in digestion,
AX = net solids produced by biological action (kg/h), and
Y =yield = AX/AS, where AS = hSy —ihSp.

For domestic wastewater, typical values for these constants would be as follows:

So= (250 x 1073 x Q)kg/h if Qis m>/h,
So = (250 x 8.34 x Q)kg/h if Q is mgd,
Xo= (220 x 1073 x Q)kg/h if Qism?/h,
Xo= (220 x 8.34 x Q)kg/h if Q is mgd,

k = 0.6,
h =07,
Xe = (220 x 103 x Q)m3g/h if Qism3/h,

Xe = (220 x 8.34 x Q) mgd if Q is mgd,

I

J = 0.5 for anaerobic,

Primary Aeration or Final
clarifier trickling filter clarifier
Digester ™\ T~

(aerobic or

anaerobic) (1-0X—X+AX

kX JX—X+AX)
Primary orly Primary & Secondary

Figure 10-1. Schematic diagram of a generalized secondary treatment plant.
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J = 0.8 for aerobic,

i = 0.1 for well-operated activated sludge,
i = 0.2 for trickling filters,

Y = 0.5 for activated sludge, and

Y = 0.2 for trickling filters.

If chemical sludges are also produced during the treatment process (e.g., from the pre-
cipitation of phosphorus), these quantities must be added to the total sludge estimated
above.

ExampPLE 10.1. A wastewater treatment plant has an influent BODs of 250 mg/L, at
a flow rate of 1570 m3/h (10 mgd), and influent suspended solids of 225 mg/L. The
raw sludge produced would be equal to kX, where k is the fraction of suspended
solids removed in the primary clarifier and X is the influent suspended solids in
kilograms/hour. If k is 0.6 (typical value), Xg can be calculated as

(225 mg/L)(1570 m3/h) (1000 L/m>)(10~%) mg/kg = 353 kg/h
The raw sludge produced is then

0.6 x 353 = 212kg/h.

CHARACTERISTICS OF SLUDGES

The important or relevant characteristics of sludges depend on what is to be done to
the sludge. For example, if the sludge is to be thickened by gravity, its settling and
compaction rates are important. On the other hand, if the sludge is to be digested anaero-
bically, the concentrations of volatile compounds, other organic solids, and heavy
metals are important. Variability of the sludges is inmensely important in the design
of sludge handling and disposal operations. In fact, this variability may be stated in
terms of three “laws”:

1. No two wastewater sludges are alike in all respects.
2. Sludge characteristics change with time.
3. There is no “average sludge.”

The first “law” of sludges reflects the fact that no two wastewaters are alike and
that if the variable of treatment is added, the sludges produced will have significantly
different characteristics.

The second “law” is often overlooked. For example, the settling characteristics
of chemical sludges from the treatment of plating wastes (e.g., Pb(OH)z, Zn(OH),,
or Cr(OH)3) vary with time simply because of uncontrolled pH changes. Biological
sludges are, of course, continually changing, with the greatest change occurring when
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Table 10-1. Sludge Characteristics

Physical Chemical

Solids  Volatile Yield Plastic Nas Pas Kas
Sludge conc. solids strength  viscosity N P0s K;0
type (mglY (%) (dynelem?) (glom—s) (%) (%) (%)
Water — — 0 0.01 —_  — —
Raw primary 60,000 60 40 03 25 15 04
Mixed digested 80,000 40 15 0.9 40 14 02
Waste activated 15,000 70 0.1 0.06 40 3.0 05
Alum, ppt 20,000 40 — — 20 20 —
Lime, ppt 200,000 18 — — 20 30 —

%Note that sludge with 10,000 mg/L solids is approximately 1% solids.

the sludge changes from aerobic to anaerobic (or vice versa). Not surprisingly, it is
quite difficult to design sludge-handling equipment because the sludge may change in
some significant characteristic in only a few hours.

The third “law” is constantly violated. Tables showing “average values” for “aver-
age sludges” are useful for illustrative and comparative purposes, and as such, are
included in this chapter for general information; however, they should not be used for
treatment design. Instead, you need to determine the specific and unique characteristics
of the sludge that needs treatment. For illustrative purposes only, Table 10-1 shows
characteristics of hypothetical, “average sludges.” The first characteristic, solids con-
centration, is perhaps the most important variable, defining the volume of sludge to be
handled and determining whether the sludge behaves as a liquid or a solid.

The second characteristic, volatile solids, is also important to sludge disposal.
Disposal is difficult if the sludge contains high concentrations of volatile solids because
gases and odors are produced as the sludge outgasses and the volatile substances are
degraded. The volatile solids parameter is often interpreted as a biological rather than a
physical characteristic, the assumption being that volatile suspended solids are a gross
measure of the viable biomass. Another important parameter, especially in regard to
ultimate disposal, is the concentration of pathogens, both bacteriological and viral.
The primary clarifier seems to act as a viral and bacteriological concentrator, with a
substantial fraction of these microorganisms existing in the sludge instead of the liquid
effluent.

Rheological characteristics (degree of plasticity) are one of only a few truly fun-
damental physical parameters of sludges. Two-phase mixtures like sludges, however,
are almost without exception non-Newtonian and thixotropic. Sludges tend to act as
pseudoplastics, with an apparent yield stress and a plastic viscosity. The rheological
behavior of a pseudoplastic fluid is defined by a rheogram shown as Fig. 10-2. The
term thixotropic relates to the time dependence of the rheological properties. Sludges
tend to act more like plastic fluids as the solids concentration increases. True plastic
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Figure 10-2. Rheograms for three different fluids.

fluids may be described by the equation

d
T =1y +n (10.1)

E 3
where

T = shear stress,
Ty = yield stress,
n = plastic viscosity, and
du/dy = rate of shear, or the slope of the velocity (#)-depth (y) profile.

Although sludges are seldom true plastics, Eq. (10.1) may be used to approximate the
rheogram.

The yield stress may vary from more than 40 dyne/cm? for 6% raw sludge to only
0.07 dyne/cm? for a thickened activated sludge. The large differences suggest that
rheological parameters could be used for scale-up purposes. Unfortunately, rheological
characteristics are difficult to measure and such analyses are not even included as
standard methods (U.S. Environmental Protection Agency 1991).

The chemical composition of sludge is important for several reasons. The value
of sludge as fertilizer is dependent on the availability of nitrogen, phosphorus, and
potassium, as well as trace elements. A more important measurement, however, is the
concentration of heavy metals and other toxic substances, which should be kept out
of the food chain and general environment. The range of heavy metal concentrations
in sludges is very large. For example, cadmium concentrations can vary from almost
0 to more than 1000 mg/kg. Industrial discharges are a major source of heavy metals
and toxins in sludges; a single poorly operated industrial firm may contribute enough
toxins to make the sludge worthless as a fertilizer. Although most engineers agree that
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it would be desirable to treat sludges at the plant to remove metals and toxins, it may
not be cost-effective, or even possible, to remove high concentrations of heavy metals,
pesticides, and other toxins from the sludge. Because of this, the best management
approach would be to prevent or reduce the concentration of toxins in the influent.

SLUDGE TREATMENT

A great deal of money could be saved, and troubles averted, if sludge disposal could
be done as the sludge is drawn off the main process train. Unfortunately, sludges have
three characteristics that make such a simple solution unlikely: they are aesthetically
displeasing, they are potentially harmful, and they have too much water.

The first two problems are often solved by stabilization, which may involve anaer-
obic or aerobic digestion. The third problem requires the removal of water, either by
thickening or dewatering. The next three sections cover the topics of stabilization,
thickening, and dewatering, followed by the considerations of ultimate sludge disposal.

Sludge Stabilization

The objective of sludge stabilization is to reduce the problems associated with sludge
odor and putrescence, as well as reducing the hazard presented by pathogenic organ-
isms. Sludge may be stabilized using lime, aerobic digestion, or anaerobic digestion.

Lime stabilization is achieved by adding lime, either as hydrated lime (Ca(OH);) or
as quicklime (CaO) to the sludge, which raises the pH to 11 or above. This significantly
reduces the odor and helps in the destruction of pathogens. The major disadvantage of
lime stabilization is that its odor reduction is temporary. Within days the pH drops and
the sludge once again becomes putrescible.

Aerobic digestion is a logical extension of the activated sludge system. Waste
activated sludge is placed in dedicated tanks for a very long time, and the concentrated
solids are allowed to progress well into the endogenous respiration phase, in which
food is obtained only by the destruction of other viable organisms. Both total and
volatile solids are thereby reduced. One drawback to this process is that aerobically
digested sludges are more difficult to dewater than anaerobic sludges.

Sludge can also be stabilized by anaerobic digestion, as illustrated in Fig. 10-3.
The biochemistry of anaerobic digestion is a staged process: solution of organic com-
pounds by extracellular enzymes is followed by the production of organic acids by
a large and hearty group of anaerobic microorganisms known, appropriately enough,
as the acid formers. The organic acids are in turn degraded further by a group of
strict anaerobes called methane formers. These microorganisms are the prima donnas
of wastewater treatment, getting upset at the least change in their environment. The
success of anaerobic treatment depends on maintenance of suitable conditions for
the methane formers. Since they are strict anaerobes, they are unable to function in
the presence of oxygen and are very sensitive to environmental conditions like pH,
temperature, and the presence of toxins. A digester goes “sour” when the methane
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Figure 10-3. Generalized biochemical reactions in anaerobic sludge digestion.

formers have been inhibited in some way. The acid formers keep chugging away,
making more organic acids, thus further lowering the pH and making conditions even
worse for the methane formers. Curing a sick digester requires suspension of feeding
and, often, massive doses of lime or other antacids.

Most treatment plants have both a primary and a secondary digester (Fig. 10-4).
The primary digester is covered, heated, and mixed to increase the reaction rate. The
temperature of the sludge is usually about 35°C (95°F). Secondary digesters are not
mixed or heated, and are used for storage of gas produced during the digestion process
(e.g., methane) and for concentrating the sludge by settling. As the solids settle, the
liquid supernatant is pumped back to the main plant for further treatment. The cover
of the secondary digester often floats up and down, depending on the amount of gas
that has accumulated. The gas produced during anaerobic digestion contains enough in
methane to be used as a fuel, and is frequently used to heat the primary digester. Large
wastewater treatment facilities may produce enough methane to sell to local utility
companies as natural gas. The city of Portland, OR is using an innovative approach to
convert methane from anaerobic digestion into hydrogen for fuel cells. Unfortunately,
many wastewater treatment facilities still “waste” (burn off) the gas from anaerobic
digestion. As the availability of fossil fuel natural gas decreases, and prices increase,
biologically produced methane may gain in economic value.

Anaerobic digesters are commonly designed on the basis of solids loading.
Experience has shown that domestic wastewaters contain about 120 g (0.27 lb) of
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Figure 10-4. Anaerobic sludge digesters. (Photo courtesy of Dorr Oliver Inc.)

suspended solids per day per capita. The total suspended solids load entering the
wastewater treatment facility can be estimated if you know the population served by
the facility. Solids produced in secondary treatment must be added to the total load,
along. with any “special treatment” solids (e.g., phosphorus removal sludges). Once
the solids production is calculated, the digester volume is estimated by assuming a
reasonable loading factor such as 4 kg of dry solids/m> x day (0.27 Ib/ft> x day). This
loading factor is decreased if a higher reduction of volatile solids is desired.

ExaMpPLE 10.2. Raw primary and waste activated sludge containing 4% solids is to be
anaerobically digested at a loading of 3 kg/m>x day. The total sludge produced in the
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plant is 1500 kg of dry solids per day. Calculate the required volume of the primary
digester and the hydraulic retention time.
The production of sludge requires

1500kg/da

_OO—g/)i =500m> digester volume.
3kg/m3-day

The total mass of wet studge pumped to the digester is

1500 kg/day

= 37,500kg/day.
0.04 g/day

Since 1 L of sludge weighs about 1 kg, the volume of sludge is 37,500 L/day or
37.5 m3/day, and the hydraulic residence time is

¢t = (500m3)/(37.5m>/day) = 13.3 days.

The production of gas from digestion varies with the temperature, solids load-
ing, solids volatility, and other factors. Typically, about 0.6 m® of gas/kg of volatile
solids added (10 ft3/Ib) has been observed. This gas is about 60% methane and burns
readily, usually being used to heat the digester and answer additional energy needs
within the plant. An active group of methane formers operates at 35°C (95°F), and
anaerobic digestion at this temperature has become known as mesophilic digestion. As
the temperature is increased to about 45°C (115°F), another group of methane formers
predominates, and this process is tagged thermophilic digestion. Although the latter
process is faster and produces more gas, the elevated temperatures are more difficult
and expensive to maintain.

Finally, a word of caution should be expressed about mixing in a primary digester.
The assumption is invariably made that the tank is totally mixed, either mechanically
or by bubbling gas through the tank. Unfortunately, digester mixing is quite difficult,
and some studies have shown that on the average, only about 20% of the tank volume
is well mixed!

All three stabilization processes reduce the concentration of pathogenic organisms
to varying degrees. Lime stabilization achieves a high degree of sterilization, owing
to the pH increase. Further, if quicklime (CaQ) is used, the reaction is exothermic
and the elevated temperatures assist in the destruction of pathogens. Aerobic diges-
tion at ambient temperatures is not very effective in the destruction of pathogens.
Anaerobic digesters have been well studied from the standpoint of pathogen via-
bility because the elevated temperatures should result in substantial sterilization.
Unfortunately, many pathogens survive the digestion process with little reduction
in virulence. An anaerobic digester cannot, therefore, be considered a method of
sterilization.
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Sludge Thickening

Sludge thickening is a process in which the concentrations of solids is increased and
the total sludge volume is decreased, but the sludge still behaves like a liquid instead
of a solid. (In sludge dewatering, described later, the same objectives produce sludges
that behave like a solid.) Thickening commonly produces sludge solids concentrations
in the 3 to 5% range, whereas the point at which sludge begins to have the properties of
a solid is between 15 and 20% solids. The sludge thickening process is gravitational,
using the difference between particle and fluid densities to achieve greater compacting
of solids.

The advantages of sludge thickening are substantial. When sludge with 1% solids
is thickened to 5%, the result is an 80% reduction in volume (Fig. 10-5). Reducing
from 1% solids to 20% solids, which might be achieved by sludge dewatering, would
result in a 95% reduction in volume. The volume reduction translates into considerable
savings in treatment, handling, and disposal costs.

Two types of nonmechanical thickening processes are presently in use: the gravity
thickener and the flotation thickener. A typical gravity thickener is shown in Fig. 10-6.
The influent, or feed, enters into the center of the tank and slowly moves toward the
outer edge of the tank. The sludge solids settle and are removed through a drain in
the bottom of the tank. The effluent flows over the weirs that encircle the tank and is
usually returned to the primary or secondary treatment facility prior to discharging.

The thickening characteristics of sludges have for many years been described by
the sludge volume index (SVI), described as

_ (1000)(volume of sludge after 30 min, mL)
- mg/L of SS '

SVI 9.11)

Treatment plant operators usually consider sludges with an SVI of less than 100 as
well-settling sludges and those with an SVI of greater than 200 as potential problems.

The SVI is useful for estimating the settling ability of activated sludge, and is
without question a valuable tool in running a secondary treatment plant. However, the
SVI also has some drawbacks and potential problems. The SVI is not independent
of solids concentration. Substantial increases in suspended solids can change the SVI

———————

100%

1% solid | 95% water

5% solid

Figure 10-5. Volume reduction owing to sludge thickening.
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Figure 10-6. Gravity thickener. (Photo courtesy of Dorr Oliver Inc.)

severalfold. Further, for high levels of suspended solids, the SVI reaches a maximum
value, above which no additional settling will occur. Take, for example, a lime sludge
with a suspended solids concentration of 40,000 mg/L and suppose that it does not
settle at all (the sludge volume after 30 min is 1000 mL). Calculating the SVI gives us

(1000)(1000)

V1= = 25.
S 40,000

How can a sludge that does not settle at all have an SVI of 25, when we originally
noted that an SVI of less than 100 indicated a good settling sludge?
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The answer is that the maximum SVI for sludge with 40,000 mg/L of suspended
solids concentration is 25. At 20,000 mg/L the maximum SVI is 50; at 10,000 mg/L
the maximum SVI is 100; and so on. These maximum values can be plotted as in
Fig. 10-7, which also shows how the SVIs for two different types of sludges might
vary as their solids concentrations increase toward the maximum SVIs.

A better way to describe the settling characteristics of sludge is by using a flux
plot. Flux plots are developed by running a series of settling tests at various solids
concentrations and recording the sludge—water interface height with time. The velocity
of the settling is calculated as the slope of the initial straight portion of the curve and
plotted against the solids concentration. Multiplying a velocity by its corresponding
solids concentration yields the solids flux, which is plotted against the concentration
(see Fig. 10-8). Note that for concentration Cj, the interface settling velocity is v;, and
the solids flux at the concentration is Cjv; (kg/m3 xm/h = kg/m2 x h). The flux curve
is a “signature” of the sludge thickening characteristics and may be used to design
thickeners.

“or SVI values /
not possible
300 -
>
(7]
200 (-
= Sludge 3
100 F - Sludge 4
0 i l___ 1 1 1
] 2000 4000 6000 8000 10,000
Suspended solids concentration (mg/L)
Figure 10-7. Maximum values of SVL
G,
Solids flux
L ;
kg/m®-h :
[ ~
1 ~
G c,

Solids concentration, mg/L

Figure 10-8. Calculation of limiting solids flux in gravitational thickening.
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Designing a sludge thickener involves choosing a desired sludge solids concen-
tration, Cy (estimated in laboratory tests), and drawing a line from this value tangent
to the underside of the flux curve. The intercept at the ordinate is the limiting flux, G,
or the solids flux that controls the thickening operation. In a continuous thickener it is
impossible to pass more solids than Gy, (at the stated concentration) through a unit area.

The units of solids flux are kg/m?—h (or other comparable units), and are defined as

QoCo
G= , 10.2
"0 (10.2)
where
G = solids flux
Qo = interflow rate (m3/h),
Co = interflow solids concentration (mg/L), and
A = surface area of thickener (m?).
If G is the limiting flux, the necessary thickener area can be calculated as
4 = 2% (10.3)
GL

where the subscript L specifies the limiting area and flux.

This graphical procedure may be used to develop an optimal process. If the calcu-
lated thickener area is too large, a new, less ambitious underflow solids concentration
may be selected and a new required area calculated.

ExaMPLE 10.3. What would be the required area for a thickener if in Fig. 10-8 C;; was
25,000 mg/L, G, was 3 kg/m>-h, and the feed was 60 m*/h of sludge with 1% solids?
The limiting area is calculated as

_ QoCo _ (60m*h)(0.01)(1000kg/m”)
T GL 3kg/m?-h

Suppose the C, was 40,000 mg/L and the Gy was 1.8 kg/m?-day. Now what is the
required area?

AL = 200 m?.

(60 m?/h)(0.01)(1000 kg/m>)
AL =

5 =333m?.
1.8kg/m’-h

Note that the area requirement increases as the desired underflow concentration
increases. In the absence of laboratory data, thickeners are designed on the basis of
solids loading, which is another way of expressing the limiting flux. Gravity thickener
design loadings for some specific sludges are shown in Table 10-2.

A flotation thickener, shown in Fig. 10-9, operates by forcing air under pressure to
dissolve in the return flow, releasing the pressure as the return is mixed with the feed.
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Table 10-2. Design Loadings for Gravity Thickeners®

Design loading
Sludge (kg solids/m?-h)
Raw primary 5.2
Waste activated 1.2
Raw primary + waste activated 24
Trickling filter sludge 1.8
40204 kg/m?-h = Ib/ft>-h.
G50
TN —0=28
Sludge . Thickened
feed Flotation unit sludge
L |
N 1
Pressure —————
release
valve
- Air Effluent
injection
Alr Recycle Effluent
saturation receiver
tank
Pressurizing
pump

Figure 10-9. Flotation thickener.

As the air comes out of the solution, tiny bubbles attach themselves to solids and carry
them upward to be scraped off as thickened sludge.

Sludge Dewatering

Unlike sludge thickening, where the treated sludge continues to behave as a liquid,
dewatered sludge will behave like a solid after treatment. Dewatering is seldom used as
an intermediate process unless the sludge is to be incinerated. Most wastewater plants
use dewatering as a final method of volume reduction before ultimate disposal. In the
United States, the usual dewatering techniques are sand beds, vacuum filters, pressure
filters, belt