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Preface

Environmental engineers work to sustain human existence by balancing human needs and their
impacts on the environment with the natural state of the environment as per Nature’s grand design.
It cannot be emphasized enough that sustaining human existence and natural processes in a state
of harmony is no easy undertaking. In the face of global pollution, diminishing natural resources,
increased population growth (especially in disadvantaged countries), geopolitical warfare, ter-
rorism, global climate change, and other environmental problems, it is basic to the thesis of the
Handbook of Environmental Engineering that we live in a world that is undergoing rapid ecological
transformation. Because of these rapid changes, the role of environmental engineering has become
increasingly prominent. Moreover, advances in technology have created a broad array of modern
environmental issues. To mitigate these issues we must capitalize on environmental protection and
remediation opportunities presented by technology.

To find and implement solutions to the problem of creating a balance between the environment
and those of us who occupy this planet (who seek the so-called good life), we must have trained per-
sonnel who understand the issues and how to solve them. Common to all environmental specialists
is recognition of the importance of obtaining a strong quantitative background in the environmental
engineering, science, and management principles that govern environmental processes. Of course,
all the training in the world will never suffice by itself unless we blend it with that uncommon trait
known as common sense tempered with loads of practical on-the-job experience.

Environmental engineering students as well as practitioners in the field need to maintain an up-
to-date level of knowledge and understanding of the following topics:

* The physical, chemical, and biological processes fundamental to understanding the envi-
ronment fate and engineered treatment of environmental contaminants

* The sources and nature of waste materials that contribute to air, soil, and water pollution
and relevant management and control technologies

* The science, mitigation techniques, and policies relevant to climate change and global envi-
ronmental sustainability, energy planning, alternative energy technologies (e.g., hydraulic
fracking), sustainable development, and next-generation processes

* The transport and transformation of contaminants through environmental pathways

 Pollution prevention technologies and designs associated with the treatment and disposal
of waste materials

* The connection between the engineering and scientific aspects of environmental problems
and decision-making processes

Developing an understanding of all of these areas can be achieved through a quantitative edu-
cational/training program and years of on-the-job experience built around the common theme of
engineering and science in support of environmental decision making and management.
Currently, assorted critics are quick to point to technological advances as the culprits negatively
impacting Nature’s way and our environment. The fact is that environmental engineers respond to
the needs of society with these same technological innovations; that is, we use technology to solve
technologically driven problems. How do environmental engineers employ and put to use technol-
ogy to correct or mitigate environmental problems? The simple answer first: Environmental engi-
neers use their tools. They have a toolbox full of tools. The short list of these tools would include
a knowledge of fluid mechanics, ecology, principles of toxicology, risk assessment, management
principles, hydrogeology, modeling contaminant migration through multimedia systems, aquatic
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chemistry, environmental microbiology, applied statistical analyses, open channel hydraulics, field
methods in habitat analysis and wetland delineation, principles of estuarine environment, hydrol-
ogy, resources modeling, environmental sampling, sediment transport and river mechanics, geo-
morphic and ecological foundations of stream restoration, atmospheric chemistry, environmental
chemicals, economic foundations for public decision making, business law for engineers, environ-
mental impact assessment, geographic information systems, global environmental sustainability,
water resources management, sustainable development, green engineering, energy planning, renew-
able energy, smart growth strategies for sustainable urban development and revitalization, and envi-
ronmental safety and health, among a long list of many other specialties.

It can be seen that well-trained environmental engineers must know a little bit about a whole
bunch; that is, they must be generalists. They must have a very large toolbox containing a variety of
tools, and an essential one is the Handbook of Environmental Engineering, which is highly acces-
sible and user friendly.



A Note to the Reader: Will It
Be Milk Toast or Hardtack?

I remember the moment well. It was a few minutes before I was to enter my classroom for the first
time that semester to present my opening lecture on An Introduction to Environmental Engineering
to a room full of college students (a large mix of juniors, seniors, and graduate students). I was
standing at my office window looking out onto the campus grounds. I just stood there, bringing on
one of those thinking-too-hard headaches. Of course, because I had developed a tendency to think
on two wavelengths at the same time (what I call compound thinking), the usual super headache
quickly manifested itself.

On one wavelength I was thinking about my pending lecture presentation. More specifically, I
was thinking about how to grab the students’ attention—that is, how to hook them and reel them in.
To actually deliver the message, I had to, needed to, keep the students’ attention; otherwise, I would
lose them to one of those annoying Twitter tweets, or songs, or daydreams, but boredom was not
an option in my classroom. I could choose to take the milk toast approach by pointing out that the
environment is in trouble. Yes, they should be careful about that glass of water they might drink.
Yes, they should think about the air they are breathing. Yes, they should think about the ozone hole.
Yes, they should think about the Arctic ice melt. Yes, they should think about being members of the
world’s foremost “throw-away society.” No, it is not hopeless. No, we are not doomed. No, we are
not headed toward the so-called Sixth Extinction.

The fact is I knew I could present all this, but the truth is I do not believe that environmental
professionals should focus on only reactionary actions to mitigate any of these problems. That type
of presentation would have been a milk toast presentation, with no body or substance, a timid, unas-
sertive, spineless approach lacking in boldness and vigor. One thing is certain—if you set out to save
the world from human-derived destruction, you’d best leave the milk toast approach at home. Why
would anyone think it is better to fix a problem after it occurs than to prevent it in the first place?

I remember rubbing that throbbing forehead of mine as I looked out over what should have been
a glorious, early Fall campus panorama; instead, I was presented with a disgusting trash-laden vista
featuring a large tree whose fully leafed branches were loaded with candy wrappers and other flut-
tering banners of our throw-away society: discarded plastic bags, scraps of newspaper, the rings of
six packs. My glance shifted down to a flower bed and the beauty of its blooms, interrupted here
and there by various types of trash and, of course, those trail-marker beer cans and bottles ... here,
there, and everywhere. The debris served as clear markers of campus pathways often taken. It was
funny that the cars and trucks in a nearby parking lot did not register in my brains cells, just the
amazing assortment of discarded trash.

My thought process then shifted gears to my preferred hardtack approach; that is, I would scare
the bejesus out of my bright-eyed students. More specifically, I would present the obvious and that
which was not so obvious. Simply, I would point out the need for environmental studies because
of a litany of environmental issues, the harm that human activity was inflicting on the biophysical
environment, the many anthropogenic effects on the natural environment that are combining to kill
us all off, eventually. I planned to loosely categorize causes, effects, and mitigation, pointing out
that effects are interconnected and that they can cause new effects. To accomplish all this, I initially
decided to assemble, in one form or another, a semester’s worth of presentations that would include
the following causes and effects of environmental problems:
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e Causes
Human overpopulation
Hydrological issues
Intensive farming
Land use
Nanotechnology
Nuclear issues
Biodiversity issues
Ecophagy

o Effects
Climate change (which I consider to be a natural phenomenon exacerbated by humans)
Environmental degradation
Environmental health
Environmental issues with energy
Environmental issues with war
Overpopulation
Genetic engineering
Pollution (air, water, and soil)
Resource depletion
Toxicants
Waste

Of course, I also planned to point out that all of the above causes and effects were about to
become their focus in life, both their burden and their passion. The prospective environmental pro-
fessionals were in this class not only to learn about the causes and effects of environmental issues
but also to learn how to mitigate them, to comply with environmental laws, and, more importantly,
to put into place practices to prevent the causes and thus prevent environmental damage in the first
place. Simply, at least in my view, it was important to me to point out the environmental issues and
imprint them on those young minds while expressing the importance of engineering out a poten-
tial problem before it manifests itself. Prevention is always better than mitigation (e.g., recycling,
treatment, disposal). Being proactive is better than being reactive. Building one’s own box to think
outside of makes better sense than thinking outside someone else’s creation.

So, on that day I was faced with that same never-ending dilemma of how to harness the students’
attention and apply it to the cause of preserving our environment? How was I to make the lasting
point that our environment is in trouble? Intuitively, I knew that scaring them was an easy way to
make them tune into my lectures but I also realized that words only carry so much weight, scary
or not. I rubbed my head and indirectly the headache, and then I had a eureka moment. The answer
was right in front of me. You know the old saying that a picture is worth a thousand words? Well,
pictures often provide the cement necessary to imprint a memory. The view out my window was all
I needed to show my students. So I did. I ushered them into my office and single-filed them to the
window to glance out onto the campus grounds and then sent them back to their desks in the class-
room. | also directed to them to write a 150-word description of what they had observed through the
window. (I always make my students write, write, and write some more. Knowing environmental
engineering without knowing how to write is like knowing dentistry without knowing how to pull
teeth.) The students were instructed to email their papers to me, because I have found that if I can
put students on a computer then I have my foot in the door to capturing their attention span and
turning on their learning mechanism. By the way, 77 out of 79 of the digital responses I received
described exactly what I wanted them to observe outside that window. And what they saw is really
what this handbook is—a ready reference and guidebook providing information and instruction on
how to engineer out a problem before it occurs.
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A final word about this handbook: This is not your grandfather’s handbook. This handbook
presents the facts, as it must, but it is also opinionated and peppered with statements based on the
author’s observations, experiences, mistakes, misjudgments, and a few triumphs along the way.
Readers who do not agree with the opinions stated within will at least be thinking on their own.
And this is what I consider to be my hardtack approach, to make you think. Is there any other way?
By the way, if my students do not learn a thing from me other than the following statement, then
mission still accomplished!

If a builder constructs a house for a person and does not make it firm and the house collapses and causes
the death of the owner, the builder shall be put to death.
Hammurabi’s Code, 1750 BC
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Introduction

One of the penalties of an ecological education is that one lives alone in a world of wounds. Much of
the damage inflicted on the land is quite invisible to laymen. An ecologist must either harden his shell
and make believe the consequences of science are none of his business or he must be the doctor who
sees the marks of death in a community that believes itself well and does not want to be told otherwise.

The government tells us we need flood control and comes to straighten the creek in our pasture. The
engineer on the job tells us the creek is now able to carry off more flood water, but in the process we lost
our old willows where the cows switched flies in the noon shade, and where the owl hooted on a winter
night. We lost the little marshy spot where our fringed gentians bloomed.

Some engineers are beginning to have a feeling in their bones that the meanderings of a creek not
only improve the landscape but are a necessary part of hydrologic functioning. The ecologist sees
clearly that for similar reasons we can get along with less channel improvement on Round River.

Leopold (1993, p. 165)

The best advice I give to any rookie environmental engineer is that which already has been rendered by
wiser and a lot more far-seeing people than me: “primum non nocere.”
— Frank R. Spellman

ENVIRONMENT

When we say the “environment,” what do we mean exactly? Think about it. The term can mean
many different things to many different people. From the individual point of view, the environment
can be defined as his or her environment. From the environmental professional’s point of view, the
environment he or she works with requires a more specific definition. To the environmental profes-
sional, the term may take on global dimensions (i.e., the atmosphere, hydrosphere, lithosphere, and
biosphere), may refer to a very localized area in which a specific problem must be addressed, or may,
in the case of contained environments, refer to a small volume of liquid, gaseous, or solid materials
within a treatment plant unit process. In the current digital era, some may consider “environment”
to be an office environment, a creative environment, a learning environment, a corporate environ-
ment, a virtual environment, an aquatic environment, a tropical environment, a social environment, a
conservation environment, or even a desktop environment, an integrated development environment,
or a runtime environment. Obviously, when we use the term we need to be specific. In this text, then,
we define environment as the natural environment, which includes all living things (all life forms)
and all nonliving things that influence life. That is, our environment is that 10-mile-thick layer on the
200-million-square-mile surface of this planet. Remember, without that 10-mile-thick layer, which
contains air, soil, and water (the environment), Earth would be a sterile hunk of orbiting rock. Without
air, water, and soil, there is nothing we can—or could—relate to (Spellman and Stoudt, 2013).

ENVIRONMENTAL EQUILIBRIUM AND THE FLY IN THE OINTMENT

We had not walked any part of the Appalachian Trail, with its nearly 50 mountains spanning 14
states and 8 national forests, for more than several years. Though we had never walked its entire
2160-mile length, from Springer Mountain in Georgia to Katahdin, Maine, at once, over the course
of several years a long time ago we had in piecemeal fashion covered most of it, and hiked many of
the several hundred trails that parallel and join it as well. But we had moved out of easy reach of the
Trail, and for years had only our memories of it.
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For us, the lure of sojourning the Appalachian Trail had always been more than just an excuse
to get away from it all—whatever “it” happened to be at the time. The draw, the magnetism of the
Trail was more—much more—to us than that, though we have always found its magic difficult to
define. Maybe it was a combination of elements—recollections, pleasant memories, ephemeral sur-
prises found and never forgotten. Memories waking from the miles-deep sleep of earned exhaustion
to the awareness of peace ... inhaling deep draughts of cool, clean mountain air; breathing through
nostrils tickled with the pungency of pure, sweet pine ... eardrums soothed by the light tattoo of
fresh rain pattering against taut nylon ... watching darkness lifted, then suddenly replaced with
cloud-filtered daylight, spellbound by the sudden, ordinary miracle of a new morning ... anticipat-
ing our expected adventure and realizing the pure, unadulterated treasure of pristine wilderness
we momentarily owned, with minds not weighed down by the mundane, everyday existence. That
is what we took away from our Trail experiences years ago, what we remembered about living on
the Trail, on our untroubled sojourn through one of the last pure wilderness areas left in the United
States. Those memories were magnets. They drew us inexorably to the Trail—back again and again.

But, of course, the Trail had another drawing card—the natural world and all its glory. The Trail
defined that for us. The flora that surrounds you on the Trail literally encapsulates you, as it does in
any dense forest, and brings you fully into its own world, shutting out all the other worlds of your
life. For a brief span of time, along the Trail, the office was gone; cities, traffic, the buzz and grind
of work melted away into forest. But this forest was different, and its floral inhabitants created the
difference. Not only the thickets of rhododendrons and azaleas (in memory, always in full bloom)
but also the other forest growths drew us there: the magnificent trees—that wild assortment of
incomparable beauty that stood as if for forever—that was the Trail.

This was how it had been no more than 25 years ago, but now things were different; things had
changed for the worse. To say that we were shocked at what we found recently along the Trail—
along most of its length—is true, and we can only describe it as wounding heartache, as ach-
ingly sad to us as the discovery of the physical debilitation of a long-beloved friend. Even though
still lined (and in some places densely packed) with Fraser fir, red spruce, sugar maples, shagbark
hickory, northern red oak, quaking aspens, tulip poplars, white basswood, yellow buckeyes, black
gums, old-growth beech, mountain laurel, and those incomparable dogwoods whose creamy-white
bracts light up the woods in early spring, the world along the Trail was different. Let us paint you a
picture of the differences. Walking various segments of the trail and its arteries in North Carolina,
Virginia, and Maryland, we observed:

* Standing dead Fraser fir and red spruce

* Stands of pollution-killed trees where fallen gray tree trunks criss-crossed each other in a
horrible game of giant jackstraws

* Standing dead red spruce silhouetted by polluted fog

* Understories of brambles looking up at dead sugar maples

* Foliage areas bleached by ozone

¢ Trees of all varieties starved to death, the necessary soil nutrients leached away by decades
of acid deposition and the trees weakened until they were no longer capable of withstand-
ing the assaults of even ordinary disease and bad weather

* Logged wasteland areas

* Branch dieback on northern red oak

¢ Premature leaf drop on quaking aspens

e Thinning crowns on sugar maples

* Tipped-over tulip poplars with rotted roots

e Chemically green ponds in areas where active strip mining occurs

¢ An orange waterfall next to an abandoned mine

* An overview, where 25 years earlier we viewed the surrounding landscape for 50 miles,
now veiled in thick, stagnant, polluted fog with visibility reduced to 2 or 3 miles
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When asked to describe pollution—the fly in the ointment of what should be a pristine envi-
ronment—most people have little trouble doing so, having witnessed some form of it firsthand.
They usually come up with an answer that is a description of its obvious effects. But pollution
is complicated, and although it can be easily described it cannot be easily defined, because what
pollution is and is not is a judgment call. In nature, however, even the most minute elements are
intimately connected with every other element, and so too are pollution’s effects. In this chapter,
we describe pollution more fully and explain the difficulty involved with defining it, beginning a
process that will allow readers to create their own definition of pollution, although each reader’s
definition will vary.

POLLUTION DEFINED

When we need a definition for any environmental term, the first place we look is in pertinent U.S.
Environmental Protection Agency (USEPA) publications. For the term pollution, however, we did
not find the USEPA definition particularly helpful nor complete. The USEPA (1989) defined pol-
lution as: “Generally, ... the presence of matter or energy whose nature, location, or quantity has
undesired environmental effects ... impurities producing an undesirable change in an ecosystem.”
Under the Clean Water Act (CWA), for example, the term is defined as “the man-made or man-
induced alteration of the physical, biological, and radioactive integrity of water” (USEPA, 1989).
Although their definition is not inaccurate, it leaves out too much to suit our needs. The USEPA
does, however, provide an adequate definition of the term pollutant, defining it as “any substance
introduced into the environment that adversely affects the usefulness of a resource.” Pollution is
often classed as point-source or nonpoint-source pollution; however, the USEPA’s definition of pol-
Iution seems so general as to be useless, perhaps because it fails to add material on what such a
broadly inclusive term may cover. Definitions from other sources present similar problems. One of
the problems with defining pollution is that it has many manifestations (Figure 1.1).

@ Industrial
waste

>
Wood Agricultural
burning

=>

FIGURE 1.1 Manifestations of pollution.
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TABLE 1.1

Categories and Types of Pollution

Pollution Categories

Air pollution

Water pollution

Soil contamination

Radioactive contamination

Type of Pollution

Acid rain
Chlorofluorocarbon
Global warming
Global dimming

Eutrophication

Hypoxia

Marine pollution

Marine debris

Ocean acidification

Oil spills

Ship pollution
Bioremediation

Electrical resistance heating
Herbicides

Actinides in the environment
Environmental radioactivity
Fission products

Global distillation
Particulates

Smog

Ozone depletion

Surface runoff
Thermal pollution
Wastewater
Waterborne diseases
Water quality

Water stagnation

Pesticides
Soil guideline values (SGVs)

Plutonium in the environment
Radiation poisoning
Radium in the environment

Nuclear fallout Uranium in the environment

Others Invasive species
Light pollution

Noise pollution

Radio spectrum pollution
Visual pollution

Figure 1.1 attempts to illustrate what pollution is but also works to confound the difficulty. The
main problem with the manifestations of pollution is that it they are too general. Beyond its many
manifestations, why is pollution so difficult to define? The element of personal judgment mentioned
earlier contributes to the difficulty. Anyone who seriously studies pollution quickly learns that there
are five major categories of pollution, each with its own accompanying subsets; these are shown in
Table 1.1 (the types of pollution listed are defined later in the chapter). The categories and types of pol-
lution listed in Table 1.1 can also be typed or classified as to whether the pollutants are biodegradable
(subject to decay by microorganisms) or nonbiodegradable (cannot be decomposed by microorgan-
isms). Moreover, nonbiodegradable pollutants can also be classified as primary pollutants (emitted
directly into the environment) or secondary pollutants (result of some action of a primary pollutant).

PoLLUTION VOCABULARY

To understand the basic concepts of environmental pollution, it is necessary to learn the core vocab-
ulary. Remember what Voltaire said: “If you wish to converse with me, please define your terms.”

Scientists gather information and draw conclusions about the workings of the environment by
applying the scientific method, a way of gathering and evaluating information. It involves observa-
tion, speculation (hypothesis formation), and reasoning. The science of pollution may be divided
among the study of air pollution (atmosphere), water pollution (hydrosphere), soil pollution (geo-
sphere), and life (biosphere). Again, the emphasis in this text is on the first three—air, water, and
soil—because without any of these, life as we know it is impossible.

The atmosphere is the envelope of thin air around the Earth. The role of the atmosphere is mul-
tifaceted: (1) it serves as a reservoir of gases, (2) it moderates the Earth’s temperature, (3) it absorbs
energy and damaging ultraviolet (UV) radiation from the sun, (4) it transports energy away from



Introduction 5

equatorial regions, and () it serves as a pathway for vapor-phase movement of water in the hydro-
logic cycle. Air, the mixture of gases that constitutes the Earth’s atmosphere, is by volume at sea
level 78.0% nitrogen, 21.0% oxygen, 0.93% argon, and 0.03% carbon dioxide, together with very
small amounts of numerous other constituents.

The hydrosphere is the water component of the Earth, encompassing the oceans, seas, rivers,
streams, swamps, lakes, groundwater, and atmospheric water vapor. Water (H,0) is a liquid that when
pure is without color, taste, or odor. It covers 70% of the Earth’s surface and occurs as standing
(oceans, lakes) and running (rivers, streams) water, rain, and vapor. It supports all forms of Earth’s life.

The geosphere consists of the solid portion of Earth, including soil; the lithosphere is the top-
most layer of decomposed rock and organic matter that usually contains air, moisture, and nutrients
and can therefore support life. The biosphere is the region of the Earth and its atmosphere in which
life exists, an envelope extending from up to 6000 meters above to 10,000 meters below sea level.
Living organisms and the aspects of the environment pertaining directly to them are biotic (biota);
the other, nonliving part of the physical environment is considered to be abiotic.

The series of biological, chemical, and geological processes by which materials cycle through
ecosystems are called biogeochemical cycles. We are concerned with two types: the gaseous and
the sedimentary. Gaseous cycles include the carbon and nitrogen cycles. The main sinks—the main
receiving areas for material (e.g., plants are sinks for carbon dioxide)—of nutrients in the gaseous
cycle are the atmosphere and the ocean. The sedimentary cycles include sulfur and phosphorus
cycles. The main sink for sedimentary cycles is the soil and rocks of the Earth’s crust.

Formerly known as natural science, ecology, as it is commonly called today, is critical to the study
of environmental science, as it is the study of the structure, function, and behavior of the natural
systems that comprise the biosphere. The terms ecology and interrelationship are interchangeable;
they mean the same thing. In fact, ecology is the scientific study of the interrelationships among
organisms and between organisms and all aspects, living and nonliving, of their environment.

Ecology is normally approached from two viewpoints: (1) the environment and the demands it
places on the organisms in it, or (2) organisms and how they adapt to their environmental conditions.
An ecosystem, a cyclic mechanism, describes the interdependence of species in the living world (the
biome or community) with one another and with their nonliving (abiotic) environment. An ecosystem
has physical, chemical, and biological components, as well as energy sources and pathways.

An ecosystem can be analyzed from a functional viewpoint in terms of several factors. The factors
important in this discussion include biogeochemical cycles, energy, and food chains. Each ecosystem
is bound together by biogeochemical cycles through which living organisms use energy from the
sun to obtain or “fix” nonliving inorganic elements such as carbon, oxygen, and hydrogen from the
environment and transform them into vital food, which is then used and recycled. The environment
in which a particular organism lives is a habitat. The role of an organism in a habitat is its niche.

Obviously, in a standard handbook on a major profession such as environmental engineering,
we need to define the niche that environmental engineers play in their particular habitat—that is,
the role that environmental engineers play in their profession. Environmental engineers use the
principles of engineering, biology, and chemistry to develop solutions to environmental problems.
They are involved in efforts to improve recycling, waste disposal, public health, and water, soil, and
air pollution control. More specifically, as is made clear in Figure 1.2, they integrate science and
engineering principles to improve the natural environment. Further, also as shown in Figure 1.2, the
goal of environmental engineers is to provide healthy water, air, and land for human habitation and
for other organisms. Although this text takes the proactive approach of engineering out the problem
of a pollution event before it occurs, the reality is that environmental engineers also work to clean
up pollution sites (the reactive mode, for sure). Notice that Figure 1.2 includes environmental law
and sustainability. These two specialties not only are buzzwords in today’s environmental world but
are also absolutely necessary skills sets in the toolbox of any successful environmental engineer.
The well-rounded environmental engineering practitioner must understand environmental law and
resource sustainability.
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Decisions Related to Environmental Engineering

Philosophy Chemistry

Agriculture Physics

Pollution Control Recycling

Environmental
Engineering

Earth Sciences Ecology

Industrial Hygiene Waste Disposal

Sociology Biology

Environmental Law Sustainability

Engineering Economics

Soil Science Politics Public Health

FIGURE 1.2 Components of environmental engineering.

Environmental engineers are also concerned with finding plausible solutions to problems in the
field of public health such as vectorborne diseases and implementing laws that promote adequate
sanitation in urban, rural, and recreational areas. Example 1.1 provides just one hypothetical exam-
ple of environmental professionals at work in the real world.

B EXAMPLE 1.1. SALMON AND THE RACHEL RIVER

The Rachel River, a hypothetical river system in the northwestern United States, courses its way
through an area that includes a Native American reservation. The river system outfalls to the
Pacific Ocean, and the headwaters begin deep and high within the Cascade Range in the state of
Washington. For untold centuries, this river system provided a natural spawning area for salmon.
The salmon fry thrived in the river and eventually grew the characteristic dark blotches on their
bodies and transformed from fry to parr. When the time came to make their way to the sea, their
bodies larger and covered with silver pigment, the salmon, now called smolt, inexorably migrated
to the ocean, where they thrived until time to return to the river and spawn, about 4 years later. In
spawning season, the salmon instinctively headed toward the odor generated by the Rachel River
(their homing signal) and up the river to their home waters, as their life-cycle instincts demanded.

Before non-Native American settlers arrived in this pristine wilderness region, nature, humans,
and salmon lived in harmony and provided for each other. Nature gave the salmon the perfect habi-
tat; the salmon provided Native Americans with sustenance, and the Native Americans gave both
their natural world and the salmon the respect they deserved.

After the settlers came to the Rachel River Valley, changes began to take place. The salmon
still ran the river and humans still fed on the salmon, but the circumstances quickly changed. The
settlers wanted more land, and Native Americans were forced to give way; they were either killed
or forcibly moved to other places, such as reservations, while the settlers did all they could to erase
Native American beliefs and cultural inheritance.

The salmon still ran.
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After the settlers drove out the Native Americans, the salmon continued to run for a while, but
more non-Native Americans continued to pour into the area. As the area became more crowded,
the salmon still ran, but by now their home, their habitat, the Rachel River, had begun to show
the effects of modern civilization. The prevailing philosophy was, “If we don’t want it any more,
we can just throw it away.” The river provided a seemingly endless dump—out of the way, out of
sight, out of mind. And they threw their trash, all the mountains of trash they could manufacture,
into the river.

The salmon still ran.

More time passed. More people moved in, and the more people that came into the area, the
bigger their demands. In its natural course, sometimes the river flooded, creating problems for the
settler populations. Also, everyone wanted power to maintain their modern lifestyles, and hydro-
power was constantly pouring down the Rachel River to the ocean. So the people built flood control
systems and a dam to convert hydropower to hydroelectric power. (Funny ... the Native Americans
didn’t have a problem with flood control. When the river rose, they broke camp and moved to higher
ground. Hydroelectric power? If you don’t build your life around things, you don’t need electricity to
make them work. With the sun, the moon, and the stars and healthy, vital land at hand, who would
want hydroelectric power?)

The salmon still ran.

Building dams and flood control systems takes time, but humans, although impatient, have a
way of conquering and using time (and anything else that gets in the way) to accomplish their goals,
including construction projects. As the years passed, the construction moved closer to completion,
and finally ended. The salmon still ran—but in reduced numbers and size. Soon local inhabitants
couldn’t catch the quantity and quality of salmon they had in the past. They began to ask, “Where
are the salmon?”

But no one seemed to know. Obviously, the time had come to call in the scientists, the experts.
The inhabitants’ governing officials formed a committee, funded a study, and hired some scientists
to tell them what was wrong. “The scientists will know the answer. They’ll know what to do,” they
said, and that was partly true. Notice that they didn’t try to ask the Native Americans. They also
would have known what to do. The salmon had already told them.

The scientists came and studied the situation, conducted tests, tested their tests, and decided
that the salmon population needed to grow. They determined that an increased population could
be achieved by building a fish hatchery, which would take the eggs from spawning salmon, raise
the eggs to fingerling-sized fish, release them into specially built basins, and later release them to
restock the river. A lot of science goes into the operation of a fish hatchery. It can’t operate success-
fully on its own (although Mother Nature never has a serious problem with it when left alone) but
must be run by trained scientists and technicians following a proven protocol based on biological
studies of salmon life cycles.

When the time was right, the salmon were released into the river—meanwhile, other scientists
and engineers realized that some mechanism had to be installed in the dam to allow the salmon to
swim downstream to the ocean, and the reverse, as well. In the lives of salmon (anadromous species
that spend their adult lives at sea but return to freshwater to spawn), what goes downstream must go
upstream. The salmon would eventually need some way of getting back up past the dam and into
their home water, their spawning grounds. So, the scientists and engineers devised and installed fish
ladders in the dam so the salmon could climb the ladders, scale the dam, and return to their native
waters to spawn and die.

After a few years, local Rachel River residents noticed an alarming trend. Studies over a 5-year
period showed that no matter how many salmon were released into the river, fewer and fewer
returned to spawn each season. So they called in the scientists again. And again they thought,
“Don’t worry. The scientists will know. They’ll tell us what to do.” The scientists came in, analyzed
the problem, and came up with five conclusions:
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1. The Rachel River is extremely polluted from both point and nonpoint sources.

2. The Rachel River Dam had radically reduced the number of returning salmon to the
spawning grounds.

3. Foreign fishing fleets off the Pacific Coast were depleting the salmon.

4. Native Americans were removing salmon downstream, before they even got close to the
fish ladder at Rachel River Dam.

5. A large percentage of water was being withdrawn each year from rivers for cooling machin-
ery in local factories. Large rivers with rapid flow rates usually can dissipate heat rapidly
and suffer little ecological damage unless their flow rates are sharply reduced by seasonal
fluctuations. This was not the case, though, with the Rachel River. The large input of
heated water from Rachel River area factories back into the slow-moving Rachel River was
creating an adverse effect called thermal pollution. Thermal pollution and salmon do not
mix. First and foremost, increased water temperatures lower the dissolved oxygen (DO)
content by decreasing the solubility of oxygen in the river water. Warmer river water also
causes aquatic organisms to increase their respiration rates and consume oxygen faster,
increasing their susceptibility to disease, parasites, and toxic chemicals. Although salmon
can survive in heated water—to a point—many other fish and organisms (the salmon’s
food supply) cannot. Heated discharge water from the factories also disrupts the spawning
process and kills the young fry.

The scientists prepared their written findings and presented them to city officials, who read
them and were initially pleased. “Ah!” they said. “Now we know why we have fewer salmon!” But
what was the solution? The scientists looked at each other and shrugged. “That’s not our job,” they
said. “Call in the environmental engineers.”

The salmon still ran, but not up the Rachel River to its headwaters.

Within days, the city officials hired an environmental engineering firm to study the salmon
depletion problem. The environmentalists came up with the same causal conclusions as the scien-
tists, but they also noted the political, economic, and philosophical implications of the situation.
The environmentalists explained that most of the pollution constantly pouring into the Rachel
River would be eliminated when the city’s new wastewater treatment plant came on line and that
specific point-source pollution would be eliminated. They explained that the state agricultural
department and their environmental staff were working with farmers along the lower river course
to modify their farming practices and pesticide treatment regimes to help control the most destruc-
tive types of nonpoint-source pollution. The environmentalists explained that the Rachel River
dam’s current fish ladder was incorrectly configured but could be modified with minor retrofitting.

The environmentalists went on to explain that the overfishing by foreign fishing fleets off the
Pacific Coast was a problem that the federal government was working to resolve with the govern-
ments involved. The environmentalists explained that the state of Washington and the federal
government were also addressing a problem with the Native Americans fishing the downriver
locations, before the salmon ever reached the dam. Both governmental entities were negotiating
with the local tribes on this problem. Meanwhile, local tribes had litigation pending against the
state and federal government to determine who actually owned fishing rights to the Rachel River
and the salmon.

The final problem was thermal pollution from the factories, which was making the Rachel River
unfavorable for spawning, decreasing salmon food supply, and killing off the young salmon fry.
The environmentalists explained that to correct this problem, the outfalls from the factories would
have to be changed and relocated. The environmentalists also recommended construction of a
channel basin whereby the ready-to-release salmon fry could be released in a favorable environ-
ment, at ambient stream temperatures. This would give them a controlled one-way route to safe
downstream locations where they could thrive until it was time to migrate to the sea.



Introduction 9

After many debates and newspaper editorials, the city officials put the matter to a vote and voted
to fund the projects needed to solve the salmon problem in the Rachel River. Some short-term proj-
ects are already showing positive signs of change, long-term projects are underway, and the Rachel
River is on its way to recovery. In short, scientists are professionals who study to find the answer to a
problem through scientific analysis and study. Their interest is in pure science. The environmental-
ists (also scientists) can arrive at the same causal conclusions as general scientists, but they are also
able to factor in socioeconomic, political, and cultural influences, as well.

But, wait! It’s not over yet. Concerns over disruption of the wild salmon gene pool by hatch-
ery trout are drawing attention from environmentalists, conservationists, and wildlife biologists.
Hatchery- or farm-raised stock of any kind is susceptible to problems caused by, among other
things, a lack of free genetic mixing and the spread of disease, infection, and parasites, as well as
reinforcement of negative characteristics. When escaped hatchery salmon breed with wild salmon,
the genetic strain is changed and diseases can be transmitted. Many problems can arise.

Key Terms
Let’s continue now with defining key terms. Many of the following terms can be found in Table 1.1:*

e Acid rain—Any form of precipitation made more acidic from falling though air pollutants
(primarily sulfur dioxide) and dissolving them.

e Actinides in the environment—The sources, environmental behavior, and effects of radio-
active actinides in the environment.

e Air Quality Index—A standardized indicator of the air quality in a given location.

e Atmospheric dispersion modeling—The mathematical simulation of how air pollutants
disperse in the ambient atmosphere.

* Bioremediation—Any process that uses microorganisms, fungi, green plants, or their
enzymes to return the natural environment altered by contaminants to its original condition.

e Chlorofluorocarbons (CFCs)—Synthetic chemicals that are odorless, nontoxic, nonflam-
mable, and chemically inert.

e Electrical resistance heating remediation—An in situ environmental remediation method
that uses the flow of alternating current electricity to heat soil and groundwater and evapo-
rate contaminants.

» Emerging pollutants (contaminants, such as PPCPs)—Any synthetic or naturally occur-
ring chemical or any microorganism that is not commonly monitored in the environment
but has the potential to enter the environment and cause known or suspected adverse eco-
logical and/or human health effects. Pharmaceuticals and personal care products (PPCPs)
comprise a very broad, diverse collection of thousands of chemical substances, includ-
ing prescription and over-the-counter therapeutic drugs, fragrances, cosmetics, sunscreen
agents, diagnostic agents, nutrapharmaceuticals, biopharmaceuticals, and many others.

e Environmental radioactivity—The study of radioactive material in the human environment.

* Eutrophication—A natural process in which lakes receive inputs of plant nutrients as a
result of natural erosion and runoff from the surrounding land basin.

* Fission product—The atomic fragments left after large nucleus fission.

* Global dimming—The gradual reduction in the amount of global direct irradiance at the
Earth’s surface.

* Global distillation (or grasshopper effect)—The geochemical process by which certain
chemicals, most notably persistent organic pollutants (POPs), are transported from warmer
to colder regions of the Earth.

* Adapted from USEPA, Pollution Prevention Research Program, EPA/600/R-92/189, Office of Research and Development,
U.S. Environmental Protection Agency, 1992.



10

Handbook of Environmental Engineering

Global warming—The long-term increase in the average temperature of the Earth.
Herbicide—Used to kill unwanted plants.

Hypoxia—A phenomenon that occurs in aquatic environments as dissolved oxygen (DO)
becomes reduced in concentration to the point where it is detrimental to aquatic orgasms
living in the system.

Indoor air quality—A term referring to the air quality within and around buildings and
structures, especially as it relates to the health and comfort of building occupants.
Invasive species—Non-indigenous species (e.g., plants or animals) that adversely affect the
habitats they invade economically, environmentally, or ecologically.

Life-cycle analysis—A study of the pollution-generation characteristics and opportunities
for pollution prevention associated with the entire life cycle of a product or process. Any
change in the product or process has implications for upstream stages (e.g., extraction and
processing of raw materials, production and distribution of process inputs) and for down-
stream stages (e.g., components of a product, its use and ultimate disposal).

Light pollution—Excessive or obtrusive artificial light (photopollution or luminous
pollution).

Marine debris—Human-created waste that has deliberately or accidentally become afloat
in a waterway, lake, ocean, or sea.

Marine pollution—Harmful, or potentially harmful, effects resulting from the entry into
the ocean of chemicals, particles, or industrial, agricultural, and residential waste or from
the spread of invasive organisms.

Noise pollution—Unwanted sound that disrupts the activity or balance of human or animal
life.

Nuclear fallout—The residual radiation hazard from a nuclear explosion, so named because
it “falls out” of the atmosphere into which it is spread during the explosion.

Ocean acidification—The ongoing decrease in the pH of the Earth’s oceans, caused by their
uptake of anthropogenic carbon dioxide from the atmosphere (Caldeira and Wickett, 2003).
Oil spill—The release of a liquid petroleum hydrocarbon into the environment due to
human activity; a form of pollution.

Ozone depletion—QOzone concentrations vary naturally with sunspots, the seasons, and
latitude, but these processes are well understood and predictable. Scientists have estab-
lished records spanning several decades that detail normal ozone levels during these
natural cycles. Each natural reduction in ozone levels has been followed by a recovery.
Recently, however, convincing scientific evidence has shown that the ozone shield is being
depleted well beyond changes due to natural processes (USEPA, 2010).
Particulates—Normally refers to fine dust and fume particles that travel easily through air.
Pesticide—A substance or mixture of substances used to kill pests.

Plutonium in the environment—An article (part) of the actinides series in the environment.
Pollution and pollutants—Terms that refer to all nonproduct output, irrespective of any
recycling or treatment that may prevent or mitigate releases to the environment (includes
all media).

Pollution prevention—Activities to reduce or eliminate pollution or waste at its source or
to reduce its toxicity. It involves the use of processes, practices, or products that reduce or
eliminate the generation of pollutants and waste or that protect natural resources through
conservation or more efficient utilization. Pollution prevention does not include recycling,
energy recovery, treatment, or disposal. Some practices commonly described as in-process
recycling may qualify as pollution prevention.

Radiation poisoning—A form of damage to organ tissue due to excessive exposure to ion-
izing radiation.
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Radio spectrum pollution—Straying of waves in the radio and electromagnetic spectrums
outside their allocations that can cause problems.

Radium and radon—Radium and its decay product, radon gas, are highly radioactive.
Resource protection—In the context of pollution prevention, protecting natural resources
by avoiding excessive levels of waste and residues, minimizing the depletion of resources,
and ensuring that the environment’s capacity to absorb pollutions is not exceeded.
Smog—Term used to describe visible air pollution; a dense, discolored haze containing
large quantities of soot, ash, and gaseous pollutants such as sulfur dioxide and carbon
dioxide.

Soil Guideline Values (SGVs)—A series of measurements and values used to measure
contamination of the soil.

Source reduction—Term defined by the Pollution Prevention Act of 1990 as “any prac-
tice which (1) reduces the amount of any hazardous substance, pollutant, or contaminant
entering any waste stream or otherwise released into the environment (including fugitive
emissions) prior to recycling, treatment, and disposal; and (2) reduces the hazards to public
health and the environment associated with the release of such substances, pollutants, or
contaminants. The term includes equipment or technology modifications, process or pro-
cedure modifications, reformulations or design of products, substitution of raw materials,
and improvements in housekeeping, maintenance, training, or inventory control.” Source
reduction does not entail any form of waste management (e.g., recycling, treatment). The
Act excludes from the definition any practice that alters the physical, chemical, or bio-
logical characteristics or the volume of a hazardous substance, pollutant, or contaminant
through a process or activity which itself is not integral to and necessary for the production
of a product or the providing of a service.

Surface runoff—The water flow that occurs when soil is infiltrated to full capacity and
excess water from rain, snowmelt, or other sources flows over the land.

Thermal pollution—Increase in water temperature with harmful ecological effects on
aquatic ecosystems.

Toxic chemical use substitution—Replacing toxic chemicals with less harmful chemicals
even though relative toxicities may not be fully known. Examples include substituting a
toxic solvent in an industrial process with a less toxic chemical and reformulating a product
to decrease the use of toxic raw materials or the generation of toxic byproducts. The term
also refers to efforts to reduce or eliminate the commercial use of chemicals associated
with health or environmental risks, including substitution of less hazardous chemicals for
comparable uses and the elimination of a particular process or product from the market
without direct substitution.

Toxics use reduction—Activities grouped under source reduction where the intent is to
reduce, avoid, or eliminate the use of toxics in processes and products so the overall risks
to the health of workers, consumers, and the environment are reduced without shifting
risks between workers, consumers, or parts of the environment.

Uranium—A naturally occurring element found in low levels within all rock, soil, and
water.

Visual pollution—The unattractive or unnatural (human-made) visual elements of a vista,
a landscape, or any other thing that a person might not want to look at.

Waste—In theory, applies to nonproduct output of processes and discarded products, irre-
spective of the environmental medium affected. In practice, since passage of the Resource
Conservation and Recovery Act (RCRA), most uses of waste refer exclusively to the haz-
ardous and solid wastes regulated under RCRA and do not include air emissions or water
discharges regulated by the Clean Air Act or the Clean Water Act.

1
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*  Waste minimization—Initially included both treating waste to minimize its volume or tox-
icity and preventing the generation of waste at the source. The distinction between treatment
and prevention became important because some advocates of decreased waste generation
believed that an emphasis on waste minimization would deflect resources away from pre-
vention toward treatment. In the current RCR A biennial report, waste minimization refers to
source reduction and recycling activities and now excludes treatment and energy recovery.

»  Waste reduction—Term used by the Congressional Office of Technology Assessment synon-
ymously with source reduction; however, many groups use the term to refer to waste minimi-
zation. Therefore, determining the use of waste reduction is important when it is encountered.

* Wastewater—The liquid wastestream primarily produced by the five major sources: human
and animal waste, household wastes, industrial waste, stormwater runoff, and groundwater
infiltration.

»  Water quality—The physical, chemical, and biological characteristics of water.

»  Water stagnation—Water at rest, allowing the growth of pathogenic microorganisms to
take place.

* Waterborne diseases—Caused by pathogenic microorganisms directly transmitted when
contaminated drinking water is consumed.

These key terms and definitions, along with Figures 1.1 and 1.2 and Table 1.1, provide some help,
but we are still trying to nail down a definitive meaning of pollution. Accordingly, to clear the fog,
maybe it will help to look at a few more definitions of the term.

According to Keller (1988, p. 496), pollution is “a substance that is in the wrong place in the
environment, in the wrong concentrations, or at the wrong time, such that it is damaging to living
organisms or disrupts the normal functioning of the environment.” Again, this definition seems
incomplete, although it makes the important point that often pollutants are or were useful—in the
right place, in the right concentrations, at the right time. Let’s take a look at some of the other defini-
tions of pollution that have been used over the years:

¢ Pollution is the impairment of the quality of some portion of the environment by the addi-
tion of harmful impurities.

¢ Pollution is something people produce in large enough quantities that it interferes with our
health or wellbeing.

¢ Pollution is any change in the physical, chemical, or biological characteristics of the air,
water, or soil that can affect the health, survival, or activities of human beings or other
forms of life in an undesirable way. Pollution does not have to produce physical harm;
pollutants such as noise and heat may cause injury but more often cause psychological
distress, and aesthetic pollution such as foul odors and unpleasant sights affects the senses.

Pollution that initially affects one medium frequently migrates into the other media; air pol-
Iution falls to Earth, contaminating the soil and water; soil pollutants migrate into groundwater;
and acid precipitation, carried by air, falls to Earth as rain or snow, altering the delicate ecologi-
cal balance in surface waters. In our quest for the definitive definition, the source of last resort
was consulted: the common dictionary. According to one dictionary, pollution is a synonym for
contamination. A contaminant is a pollutant—a substance present in greater than natural concen-
trations as a result of human activity and having a net detrimental effect upon its environment or
upon something of value in the environment. Every pollutant originates from a source. A receptor
is anything that is affected by a pollutant. A sink is a long-time repository of a pollutant. What is
actually gained from the dictionary definition is that, because pollution is a synonym for contami-
nation, contaminants are things that contaminate the three environmental mediums (air, water,
soil) in some manner. The bottom line is that we have come full circle to the impact and the exact-
ness of what we stated in the beginning of this text: “Pollution is a judgment call.”
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Why a judgment call? Because people’s opinions differ as to what they consider to be a pollutant
based on their assessment of benefits and risks to their health and economic wellbeing. For example,
visible and invisible chemicals spewed into the air or water by an industrial facility might be harmful
to people and other forms of life living nearby, but if the facility is required to install expensive pollu-
tion controls, it might have to shut down or move away. Workers who would lose their jobs and mer-
chants who would lose their livelihoods might feel that the risks from polluted air and water are minor
weighed against the benefits of profitable employment. The same level of pollution can also affect two
people quite differently. Some forms of air pollution, for example, might cause a slight irritation for a
healthy person but cause life-threatening problems for someone with chronic obstructive pulmonary
disease, such as emphysema. Differing priorities lead to differing perceptions of pollution (concern
about the level of pesticides in foodstuffs that leads to wholesale banning of insecticides is unlikely to
help the starving). No one wants to hear that cleaning up the environment is going to have a negative
impact on them. Public perception lags behind reality because the reality is sometimes unbearable.

PoLLutioN Errects EAsy TO See, FeeL, TASTE, OR SMELL"

Although pollution is difficult to define, its adverse effects are often relatively easy to see; for exam-
ple, some rivers are visibly polluted or have an unpleasant odor or apparent biotic population prob-
lems (such as fish kill). The infamous Cuyahoga River in Ohio became so polluted it twice caught
on fire from oil floating on its surface. Air pollution from automobiles and unregulated industrial
facilities is obvious. In industrial cities, soot often drifts onto buildings and clothing and into homes.
Air pollution episodes can increase hospital admissions and kill people sensitive to the toxins. Fish
and birds are killed by unregulated pesticide use. Trash is discarded in open dumps and burned,
releasing impurities into the air. Traffic fumes in city traffic plague commuters daily. Ozone levels
irritate the eyes and lungs. Sulfate hazards obscure the view. And it is important to point out that
alternative energy sources championed by environmentalists and others, such as wind turbines and
solar farms, are also pollutants, contaminants, or environmental hazards (depending on how you
define them). How can wind and solar energy cause harm to the environment? Well, if we could ask
the bald eagle who makes the mistake of flying into rotating turbine blades or flies too close to solar
collectors or reflectors that cook it to a crisp, then the answer would be obvious.

Even if you are not in a position to see pollution, you are still made aware of it through the media.
How about the 1984 Bhopal incident, the 1986 Chernobyl nuclear plant disaster, the 1991 pesticide
spill into the Sacramento River, the Exxon Valdez, or the 1994 oil spill in Russia’s Far North? Most
of us do remember some of these, even though most of us did not directly witness any of these trav-
esties. Events, whether manmade (e.g., Bhopal) or natural (e.g., Mount St. Helens erupting) disas-
ters, sometimes impact us directly, but if not directly they still get our attention. Worldwide, we see
constant reminders of the less dramatic, more insidious, continued, and increasing pollution of our
environment. We see or hear reports of dead fish in stream beds, litter in national parks, decaying
buildings and bridges, leaking landfills, and dying lakes and forests. On the local scale, air quality
alerts may have been issued in your community.

Some people experience pollution more directly, firsthand—what we call “in your face,” “in your
nose,” “in your mouth,” “in your skin” type of pollution. Consider the train and truck accidents that
release toxic pollutants that force us to evacuate our homes. We become ill after drinking contami-
nated water or breathing contaminated air or eating contaminated (Salmonella-laced) peanut butter
products. We can no longer swim at favorite swimming holes because of sewage contamination. We
restrict fish, shellfish, and meat consumption because of the presence of harmful chemicals, cancer-
causing substances, and hormone residues. We are exposed to nuclear contaminants released to the
air and water from uranium-processing plants and other industrial activities.

* Adapted from Spellman, F.R. and Stoudt, M., Environmental Science: Principles and Practice, Government Institutes
Press, Lanham, MD, 2013.
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UNEXPECTED POLLUTION

On 9/11, if you were not present in New York City or the Pentagon or in that Pennsylvania farm
field and not up close and personal with any of these events, then you might not be aware of the
catastrophic unleashing of various contaminants into the environment because of the crashes. Or,
maybe you did not have access to television coverage clearly showing the massive cloud of dust,
smoke, and other ground-level debris engulfing New York City. Maybe you have not had a chance
to speak with any of the emergency response personnel who climbed through the contaminated
wreckage looking for survivors, These responders were exposed to chemicals and various hazard-
ous materials, many of which we still are not certain of their exact nature. Days later, when rescue
turned to recovery, you may not have noticed personnel garbed in moon suits (Level A hazmat
response suits) and using instruments to sample and monitor the area for harmful contaminants.
If you had not witnessed or known about any of the reactions after the 9/11 event, then it might be
reasonable to assume that you might not be aware that these were indeed pollution-emitting events.

In addition to terrorism, vandalism, and other deliberate acts, we pollute our environment with
apparent abandon. Many of us who teach various environmental science and health subjects to
undergraduate and graduate students often hear students complain that the human race must have a
death wish. Students quickly adopt this view based on their research and intern work with various
environment-based service entities. During their exposure to all facets of pollution—air, water, and
soil contamination—they come to understand that everything we do on Earth contributes pollution
of some sort or another to one or all three environmental media.

Science and technology notwithstanding, we damage the environment through use, misuse,
and abuse of technology. Frequently, we take advantage of technological advances before we fully
understand their long-term effects on the environment. We weigh the advantages that a technologi-
cal advance can give us against the environment and discount the importance of the environment
due to greed, hubris, lack of knowledge, or stupidity. We often only examine short-term plans
without fully developing how problems may be handled years later. We assume that when the situa-
tion becomes critical the technology will be there to fix it. The so-called experts suggest that every
problem has a solution and what is needed today is innovation, innovation, and more innovation.
No, what is needed first is discovery, then invention, and then finally innovation. When we blindly
believe that scientists and engineers will eventually figure out how to prevent or mitigate the pol-
lution of Mother Earth, we ignore the immediate consequences of our technological abuse and the
contaminants emanating from such.

Consider this: Although technological advances have provided us with nuclear power, the light
bulb and its energy source, plastics, the internal combustion engine, air conditioning, and refrig-
eration (and scores of other advances that make our modern lives pleasant and comfortable), these
advances have affected the Earth’s environment in ways we did not expect, in ways we deplore, and
in ways we may not be able to live with. In this text, the argument is made that the same science and
technology that created or exacerbated pollution events can, in turn, be used to mitigate the misuse
of science and technology.

PoLLuTION AND ENVIRONMENTAL SCIENCE, HEALTH, AND ENGINEERING

In order to prevent or mitigate pollution events, highly trained interdisciplinary practitioners are
needed to monitor air, water, and soil quality. Generally, professionals responsible for environmen-
tal pollution monitoring, prevention, or control are thoroughly trained in environmental science or
environmental health.

To precisely define environmental science as an interdisciplinary study of how the Earth works,
to determine how we are affecting the Earth’s life-support systems (environment), and to figure
out how to deal with the environmental problems we face, we must first break down the term and
look at each word separately. The environment includes all living and nonliving (such as air, soil,
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and water) things that influence organisms. Science is the observation, identification, description,
experimental investigation, and theoretical explanation of natural phenomena. When we combine
the two, we are left with a complex interdisciplinary study that must be defined both narrowly and
broadly—and then combined—to allow us an accurate definition.

The narrow definition of environmental science is the study of the human impact on the physical
and biological environment of an organism. In this sense, environmental scientists are interested
in determining the effects of pesticides on croplands, learning how acid rain affects vegetation,
evaluating the impact of introducing an exotic species of game fish into a pond or lake, and so on.

Beginning in the early 1960s, environmental science evolved out of the studies of natural sci-
ence, biology, ecology, conservation, and geography. Increasing awareness of the interdependence
that exists among all the disparate elements that make up our environment led to the field of study
that contains aspects of all of these elements. Although environmental scientists are generalists who
may have concentrated their study on a particular specialty, solidly trained environmental scientists
have one thing in common: They are well grounded in biological and physical ideas that have been
combined with ideas from the social sciences—sociology, economics, and political science—to
form the new, interdisciplinary field of environmental science.

Environmental health practitioners, like environmental scientists and environmental engineers,
are trained in the major aspects of environmental science; however, they are also concerned with
all aspects of the natural and built environment that may affect human health. Unlike the relatively
new environmental science and engineering profession, the environmental health profession has its
modern-day roots in the sanitary and public health movement of the United Kingdom in the 1880s.
Environmental health practitioners address human-health-related aspects of both the natural and
the human-made environment. Environmental health concerns are shown in Figure 1.3. Notice that
the environmental health concerns shown in Figure 1.3 have much in common with the concerns of
environmental scientists and environmental engineers.

In the broadest sense, environmental science, and environmental health, and environmental
engineering encompass the social and cultural aspects of the environment. As a mixture of several
traditional sciences, political awareness, and societal values, environmental science and environ-
mental health demand examination of more than the concrete physical aspects of the world around
us, and many of those political, societal, and cultural aspects are far more slippery (with regard
to the so-called “feel good” aspects) than what we can prove as scientific fact. In short, we can
accurately say that environmental science and environmental health are pure sciences, because
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FIGURE 1.3 Environmental health concerns.
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they include the study of all of the mechanisms of environmental processes: air, water, and soil.
But, they are also an applied science, because they examine problems with the goal of contributing
to their solution; they involve the study of the effects of human endeavors and technology thereon.
Obviously, to solve environmental problems and understand the issues, environmental scientists
and environmental health practitioners need a broad base of information from which to draw. The
environment in which we live has been irreversibly affected by advancements in technology—and
has been affected for as long as humans have wielded tools to alter their circumstances. As a result
of rapid industrialization, overpopulation, and other human activities such as deforestation for agri-
culture (and the practice of agriculture itself), Earth has become loaded with diverse pollutants that
have been released as byproducts. We will continue to alter our environment to suit ourselves as
long as we remain a viable species, but to do so wisely we need to closely examine what we do and
how we do it.

ENVIRONMENTAL POLLUTION AND TECHNOLOGY: THE CONNECTION

As long as capitalism drives most modern economies, people will desire material things—leading
to a high level of consumption. For better or for worse, the human desire to lead the good life (which
Americans may interpret as a life enriched by material possessions) is a fact of life. Arguing against
someone who wants to purchase a new, modern home with all the amenities or the latest, greatest
automobile is difficult. Arguing against people wanting to make a better life for their children by
making sure they have all they need and want to succeed in their chosen pursuit is even more dif-
ficult. How do you argue against such goals with someone who earns his or her own way and spends
his or her hard-earned money at will? Look at the tradeoffs, though, that often affect the environ-
ment. That new house purchased with hard-earned money may sit in a field of radon-rich soil or on
formerly undeveloped land. That new SUV may get only 8 miles to the gallon. The boat they use
on weekends gets even worse mileage and discharges wastes into the local lake, river, or stream.
The weekend retreat on the 5 wooded acres is part of the watershed of the local community, and the
breeding and migration habitat for several species is disturbed.

The environmental tradeoffs never enter into the average person’s mind. Most people don’t com-
monly think about it. In fact, most of us don’t think much about the environment until we damage
it, until it becomes unsightly, until it is so fouled that it offends us. People can put up with a lot of
environmental abuse, especially with our surroundings—until the surroundings no longer please us.
We treat our resources the same way. How often do we think about the air we breathe, the water we
drink, the soil our agribusiness conglomerates plant our vegetables in? Not often enough.

The typical attitude toward natural resources is often deliberate ignorance. Only when someone
must wait in line for hours to fill the car gas tank does gasoline become a concern. Only when he
can see—and smell—the air he breathes and coughs when he inhales does air become a visible
resource. Water, the universal solvent, causes no concern (and very little thought) until shortages
occur, or until it is so foul that nothing can live in it or drink it. Only when we lack water or the
quality is poor do we think of water as a resource to worry about. Is soil a resource or is it “dirt?”
Unless you farm or plant a garden, soil is only “dirt.”” Whether you pay any heed to the soil/dirt
debate depends on what you use soil for—and on how hungry you are.

Resource utilization and environmental degradation are tied together. While people depend
on resources and must use them, this use impacts the environment. A resource is usually defined
as anything obtained from the physical environment that is of use to humans—the raw materi-
als that support life on Earth. Some resources, such as edible growing plants, water (in many
places), and fresh air, are directly available to humans. But, most resources, such as coal, iron,
oil, groundwater, game animals, and fish are not. They become resources only when we use sci-
ence and technology to find them, extract them, process them, and convert them, at a reasonable
cost, into usable and acceptable forms. Natural gas, found deep below the Earth’s surface, was
not a resource until the technology for drilling a well and installing pipes to bring it to the surface
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became available. For centuries, humans stumbled across stinky, messy pools of petroleum and
had no idea of its potential uses or benefits. When its potential was realized, we exploited petro-
leum by learning how to extract it and convert (refine) it into heating oil, gasoline, sulfur extract,
road tar, and other products.

Earth’s natural resources and processes that sustain other species and us are known as Earth’s
natural capital, which includes air, water, soil, forests, grasslands, wildlife, minerals, and natural
cycles. Societies are the primary engines of resource use, converting materials and energy into
wealth, delivering goods and services, and creating waste or pollution. This provision of necessities
and luxuries is often conducted in ways that systematically degrade the Earth’s natural capital—the
ecosystems that support all life.

Excluding perpetual resources (solar energy, tides, wind, and flowing water), two different
types of resources are available to us: renewable and nonrenewable (see Figure 1.4). Renewable
resources (fresh air; fresh water; fertile soil, plants, and animals via genetic diversity) can be
depleted in the short run if they are used or contaminated too rapidly but normally will be replaced
through natural processes in the long run. Water is a good example. Water is a renewable resource.
The amount of water on Earth is constant, although its distribution is not. Water that is not avail-
able for safe use (contaminated) is of no value to humankind. Moreover, even though impurities
are left behind when water evaporates, the water cycle does not ensure that clean water is always
available. Thus, water must be managed; we must sample, monitor, and test it to ensure its safety
for consumption.

Because renewable resources are relatively plentiful, we often ignore, overlook, destroy, contam-
inate, and mismanage them. Mismanage? Yes. Classifying anything as renewable is a double-edged
sword. Renewable resources are renewable only to a point. Timber or grass used for grazing must be
managed for maximum sustainable yield (the highest rate at which a renewable resource can be used
without impairing or damaging its ability to be fully renewed). If timber or grass yields exceed this
rate, the system gives ever-diminishing returns. Recovery is complicated by the time factor, which
is life-cycle dependent. Grass can renew itself in a season or two. Timber takes decades. Any length
of time is problematic when people get impatient.
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Remember, one of the contributing factors of the plight of the Rachel River salmon was over-
fishing. When a fishery is pushed past its limit, if the catch is maintained by collecting greater and
greater numbers of younger salmon, no increase is possible. If the same practices are used on a
wild species, extinction can result. We have no more passenger pigeons, heath hens, Carolina para-
keets, dodos, solitaires, or great auks—and many other species are at risk right now, including the
Attwater prairie chicken.

Exceeding maximum sustainable yield is only the tip of the iceberg—other environmental,
social, and economic problems may develop. Let’s look at overgrazing (depleting) grass on live-
stock lands. The initial problem occurs when the grass and other grazing cover are depleted, but
secondary problems kick in fast. Without grass, the soil erodes quickly. In very little time, so much
soil is gone that the land is no longer capable of growing grass—or anything else. Productive land
converted to nonproductive deserts (desertification) is a process of environmental degradation that
impacts social and economic factors. Those who depend on the grasslands must move on, and mov-
ing on costs time, energy, and money—and puts more land at risk. Should the same level of poor
stewardship of land resources continue on more acreage?

Environmental degradation is not limited to salmon and grass. Let’s look at a few other examples.
Along with overfishing and overgrazing, land can also be overcultivated. Intense overcultivation
reduces soil nutrients and increases erosion to the point where agricultural productivity is reduced,
leading to overfertilization, which eventually damages the water supply. If irrigation of agricultural
lands proceeds without proper drainage, the excessive accumulation of water or salts in the soil
decreases productivity. Environmental degradation takes place when trees are removed from large
areas without adequate replanting. The results are destruction of wildlife habitat, increased soil ero-
sion, and flooding. Habitat fragmentation is another problem related to habitat destruction. When
habitat is fragmented, species that require distance from human activity are affected.

Take, for example, both greater and lesser prairie chickens in Kansas. Radiotelemetry research
demonstrates that prairie chickens are extremely sensitive to human activity. The birds seldom use
sand sage within a quarter mile of an inhabited house; a house built on a 1-acre site actually elimi-
nates 160 acres of habitat for the birds. Human habitation isn’t the only factor, however. Natural gas
compression facilities—and southwest Kansas has a bunch—are noisy, clanging affairs, usually
a couple of acres in size. The birds won’t use habitat within half a mile of these areas, so that’s
another 640 acres down the tubes. Lesser chickens seldom venture within a mile of a coal-fired
power plant, even though the sand sage habitat surrounding it may be the best on the range. A
30-acre power plant chews up 2500 additional acres of chicken habitat. In addition, lesser chickens
rarely nest or raise broods in habitat blocks less than 2000 to 4000 acres in size, nor do the birds
frequent habitats along well-traveled roads. Do the math, and pretty soon you see the magnitude
of the problem associated with preserving or supplying large, open blocks of the right habitat for
chickens (Taylor, 2002).

Land is often environmentally degraded when a metropolitan area expands. In high-growth
areas, productive land is covered with concrete, asphalt, buildings, water, or silt to such an extent
that agricultural productivity declines and wildlife habitat is lost.

Nonrenewable resources (copper, coal, tin, and oil, among many others) have built up or evolved
in a geological time-span. They can’t be replaced at will, only over a similar time scale. In this
age of advanced technology, we often hear that (for example) when high-grade tin ore runs out
(when 80% of its total estimated supply has been removed and used), low-grade tin ore (the other
20%) will become economically workable. This erroneous view neglects energy resource deple-
tion and increasing pollution with lower grade burdens. In short, to find, to extract, and to process
the remaining 20% generally costs more than the result is worth. Even with unlimited supplies of
energy (impossible according to the laws of thermodynamics, discussed later), what if we could
extract that last 20%? When it is gone, nothing is going to bring it back except time, measured in
centuries and millennia, paired with the elements that produce the resource.
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Advances in technology have allowed us to make great strides in creating the “good life.” These
same technological advances have also amplified environmental degradation. But, not all of the
news is bad. Technological advances have also let us (via recycling and reuse) to conserve finite
resources—aluminum, copper, iron, plastics, and glass, for example. Recycling involves collect-
ing household waste items (e.g., aluminum beverage cans) and reprocessing usable portions. Reuse
involves using a resource over and over in the same form (e.g., refillable beverage bottles, water).

We discussed the so-called “good life” earlier—modern homes, luxury cars and boats, a sec-
ond home in the woods. With the continuing depletion of natural resources, prices must be forced
upward until attaining the good life, or even gaining a foothold toward it, becomes difficult or
impossible—and maintaining it becomes precarious. Ruthless exploitation of natural resources and
the environment—overfishing a diminishing species (look at countless marine species populations,
for example), intense exploitation of energy and mineral resources, cultivation of marginal land
without proper conservation practices, degradation of habitat by unbalanced populations or intro-
duced species, and the problems posed by further technological advances—will result in environ-
mental degradation that will turn the good life into something we don’t want to even think about.
Our prevailing attitude of fly now and pay later is, along with cowboy science, not pertinent here.

So—what’s the answer? Are we looking for the bluebird? What are we to do? What should we
do? Can we do anything? Should we even care or think about it? Well, as is pointed out in Example
1.2, to preserve our natural resources and prevent environmental pollution, there are those, such as
Garrett Hardin, for example, who would have us privatize the “commons,” so to speak.

B EXAMPLE 1.2. TRAGEDY OF THE COMMONS REVISITED

Garrett Hardin’s influential article, “The Tragedy of the Commons,” published in Science in 1968,
describes a dilemma in which multiple individuals acting independently in their own self-interests
(sounds so American, does it not?) can ultimately, through overexploitation, destroy a shared lim-
ited resource even when it is clear that it is not in anyone’s long-term interest for this to happen. With
regard to environmental pollution, Hardin points out that the tragedy of the commons, in a reverse
way, is not taking something from the commons but of putting something into it (e.g., sewage or
chemical, radioactive, and heat wastes in water; noxious and dangerous contaminants into the atmo-
sphere; various forms of visual pollution in line of sight). We can’t readily fence the air, water, and
soil we depend on; thus, the tragedy of the commons must be prevented by coercive laws or taxing
devices that make it cheaper for the polluter to treat his pollutants than discharge them untreated.
Hardin considers the pollution problem to be a consequence of population.

CONSEQUENCES OF TECHNOLOGICAL DEVELOPMENT

Properly managed, technological development is a boon to civilization and will continue to be.
Technological development isn’t the problem—improper use of technology is. Using technology in
ways that degrade our environment by introducing undesirable change in our ecosystems is absolutely
untenable—we must prevent this from occurring. But, at the same time, we must continue to make
advances in technology, we must find further uses for technology, and we must learn to use technology
for the benefit of mankind and the environment. Technology and the environment must work hand in
hand, not stand opposed. We must also foster respect for, and care for, what we have left.

Just how bad are the problems of technology’s influence on environment? Major advances in tech-
nology have resulted in enormous transformation and pollution of the environment. While transforma-
tion is generally glaringly obvious (e.g., damming a river system), as mentioned, polluting or pollution
is not always as clear. Remember that to pollute means to impair the purity of some substance or
environment. Air pollution and water pollution refer to alteration of the normal compositions of air
and water (their environmental quality) by the addition of foreign matter (e.g., gasoline, sewage).
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Technological practices that have contributed to environmental transformation and pollution
include the following:

e Extraction, production, and processing of raw natural resources, such as minerals, with
accompanying environmental disruption

e Manufacturing enormous quantities of industrial products that consume huge amounts of
natural resources and produce large quantities of hazardous waste and water/air pollutants

* Agricultural practices resulting in intensive cultivation of land, irrigation of arid lands,
drainage of wetlands, and application of chemicals

e Energy production and use accompanied by disruption and contamination of soil by strip
mining, emission of air pollutants, and pollution of water by release of contaminants from
petroleum production and the effects of acid rain

» Transportation practices (particularly reliance on the airplane) that cause scarring of
land surfaces from airport construction, emission of air pollutants, and greatly increased
demands for fuel (energy) resources

» Transportation practices (particularly reliance on automobiles) that cause loss of land by
road and storage construction, emission of air pollutants, and increased demand for fuel
(energy) resources

Throughout this handbook, we discuss the important aspects of the impact of technology on the
environment.

ENVIRONMENTAL ADMINISTRATIVE LAWS AND REGULATIONS

We have spent some time discussing pollution and briefly touched on its ramifications and impacts.
So the obvious question becomes how do we protect the environment from pollution and pollut-
ers? Actually, there are many ways to prevent or to mitigate pollution. We discuss many of them
later in this handbook, but for now it is important to understand that the government is not ignor-
ing pollution. The USEPA works around the clock to either prevent pollution or to mitigate it via
the regulatory process. Environmental laws, regulations, standards, and other regulatory tools are
used to maintain or clean up our environment. In this section, we summarize the Administrative
Procedure Act (APA) and outline in a broad-brush fashion some of the procedures under which laws
are developed and applied. This section also discusses the various pollution control laws: Clean Air
Act, Clean Water Act, Resource Conservation and Recovery Act, and Toxic Substances Control Act.

ADMINISTRATIVE PROCEDURE AcT (APA)

The Administrative Procedure Act (APA), 5 USC §551 et seq. (1946), governs the process by which
federal agencies develop and issue regulations; that is, it sets forth various stands for all agency
actions. It includes requirements for publishing notices of purposes and final rulemaking in the
Federal Register and provides opportunities for the public to comment on notices of proposed rule-
making. The APA requires most rules to have a 30-day delayed effective date. In addition to setting
forth rulemaking procedures, the APA also addresses other agency actions such as the issuance of
policy statements, licenses, and permits. It also provides standards for judicial review if the person
has been adversely affected or aggrieved by an agency review.

REGULATORY PROCESS

Earlier we stated that the USEPA works to protect the environment. To accomplish this, the agency
uses a variety of tools and approaches, such as partnerships, education programs, and grants. One
of the most significant tools is writing regulations. Regulations are mandatory requirements that can
apply to individuals, businesses, state or local governments, non-profit organizations, and others.
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Although Congress passes the laws that govern the United States, Congress has also authorized the
USEPA and other federal agencies to help enforce these laws by creating and enforcing regulations.
Below is a brief description of how laws and regulations are developed, what they are, and where to
find them, with an emphasis on environmental laws and regulations.

Creating a Law

1. Congress writes a bill. A member of Congress proposes a bill, which is a document that, if
approved, will become law.

2. The President approves or vetoes the bill. If both houses of Congress approve a bill, it goes
to the President, who has the option to either approve it to veto it. If approved, the new law
is referred to as an act or statute. Some of the better known laws related to the environment
are the Clean Air Act, the Clean Water Act, and the Safe Drinking Water Act.

3. The act is codified in the United States Code. When an act is passed, the House of
Representative standardizes the text of the law and publishes it in the United States Code
(USC), which is the codification by subject matter of the general and permanent laws of the
United States. Since 1926, the USC has been published every 6 years. In between editions,
annual cumulative supplements are published to present the most current information.

Putting the Law to Work

When a law is official, here is how it is put into practice. A law often does not include all the details
necessary to explain how an individual, business, or state or local government might follow that law.
The United States Code, for example, does not tell you what the speed limit is in front of your house.
In order to make the laws work on a day-to-day basis, Congress authorizes certain government
agencies, including the USEPA, to create regulations, which set specific requirements about what
is legal and what isn’t. Regulations provide the technical, operational, and legal details necessary
to implement laws. For example, a regulation issued by the USEPA to implement the Clean Air Act
might explain what levels of a pollutant, such as sulfur dioxide, adequately protect human health
and the environment. It would tell industries how much sulfur dioxide they can legally emit into
the air and what the penalty would be if they emit too much. When such a regulation has gone into
effect, the USEPA then works to help Americans comply with the law and to enforce it.

Creating a Regulation

When developing a regulation, the first thing to do is to ask if such a regulation is needed at all.
Every regulation is developed under slightly different circumstances, but this is the general process:

1. The USEPA proposes a regulation. The Agency researches the issues and, if necessary,
proposes a regulation, also known as a Notice of Proposed Rulemaking (NPRM). The
proposal is listed in the Federal Register so members of the public can consider it and send
their comments to the USEPA. The proposed rule and supporting documents are also filed
in the USEPA’s official docket at http://www.regulations.gov/#!home.

2. The USEPA considers any comments and issues a final rule. Generally, when the USEPA
has considered the comments received when the proposed regulation was issued, it revises
the regulation accordingly and issues a final rule. This final rule is also published in the
Federal Register and in the USEPA’s official docket at http:/www.regulations.gov/#!home.

3. The regulation is codified in the Code of Federal Regulations—When a regulation is com-
pleted and has been printed in the Federal Register as a final rule, it is codified by adding
it to the Code of Federal Regulations (CFR). The CFR is the official record of all regula-
tion created by the federal government. It is divided into 50 volumes (titles), each of which
focuses on a particular area. Almost all environmental regulations appear in Title 40. The
CFR is revised yearly, and one fourth of the volumes are updated every 3 months. Title 40
is revised every July 1.
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NATIONAL ENVIRONMENTAL PoLicy AcT AND ENVIRONMENTAL IMPACT STATEMENTS

The purpose of the National Environmental Policy Act (NEPA) of 19609 is to encourage harmony
between humans and the environment, promote efforts to prevent or eliminate environmental dam-
age, and to enrich humans’ understanding of important ecological systems and natural resources.
NEPA requires that affected entities consider the potential environmental consequences of its
decision before deciding to proceed and provide opportunities for public involvement, which
includes participating in scoping, reviewing the draft and final Environmental Impact Statement
(EIS), and attending public hearings. An EIS evaluates the environmental actions that an agency
plans to undertake with respect to a comprehensive program or set of actions. The purpose of
the EIS is to objectively analyze and evaluate the potential significant impacts on environmental
resources due to research activities pertinent to whatever action is planned. The EIS will include
descriptions of

* Proposed action

* Purpose and need for the proposed action

e Alternatives

* Affected environment

* Environmental consequences of the proposed action and alternatives

* Required mitigations or recommended best management practices (BMPs)

Advantages of the EIS document include the following:

» Full disclosure of the potential effects related to all research that may be authorized

* Incorporation of comprehensive analyses to evaluate cumulative effects effectively

* Formulation of comprehensive mitigation efforts and suggested best management practices
(BMPs)

* Reduction of the need to readdress environmental consequences, mitigation measures, and
BMPs at the permit-specific level

Environmental factors normally considered during the EIS process (see Figure 1.5) include

Wildlife
* Protected species
— Threatened and endangered species
— Marine mammals
— Migratory birds
* Non-protected species
» Special biological resource areas
— National marine sanctuaries
— Essential fish habitat
— Designated critical habitat
* Coastal zone management
e Water resources
e Human safety
* Socioeconomics
* Noise
* Air quality
e Cultural resources
e Cumulative impacts
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EIS Process
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FIGURE 1.5 The EIS process.

BOTTOM LINE

When you throw a stone into a pool of quiet water, the ensuing ripples move out in concentric
circles from the point of impact. Eventually, those ripples, much dissipated, reach the edge of the
pond, where they break, disturbing the shore environment. When we alter our environment, similar
repercussions affect the world around us, and some of these actions will be felt across the world. We
use technology to alter our environment to suit our needs, but that same technology can be applied
to protect our environment from unrecoverable losses. Environmental engineers must maintain an
acute sense of awareness with regard to the global repercussions of problems we create for the envi-
ronment, problems that extend beyond the boundaries of our own backyard.

Historically, as long as human population numbers remained small, human pollutants could
be adequately processed by the environment, but as population numbers increased, human waste
began to overwhelm natural systems. As societies become technologically sophisticated, humans
begin producing large numbers and volumes of new substances each year. The ability of the envi-
ronment to absorb and process these substances (to self-purify) has natural limitations. Our envi-
ronment can only handle so much. Complicating the situation even further, the consumption of
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resources per person in the developed world increases daily, sometimes dramatically. Consumerism
in a throw-away society has led to resource abuse and ever-increasing amounts of pollution being
released to the environment. Consequently, pollution has become an increasing source of environ-
mental problems.

Human progress has led inexorably to the soiling of air, water, and soil. Is this trend likely to
continue? Maybe, maybe not. We do not know the answer to this vital question but there are some
things we do know. We know that total de-industrialization of the developed world is improbable
and, barring some major catastrophic event, unlikely and out of the question. A more practical view
of pollution is required, one that allows sustainable development of healthy and vigorous industrial
activity to provide the goods and services required by modern civilization.

We also know that we must do all this with a sense of balance—that is, the tradeoff we are will-
ing to accept for those things that we do. More specifically, if we want to build a new factory that
produces widgets that during the production phase will contribute an unreasonable level of pollut-
ants to our air, water, and soil, we have to ask ourselves a question: Is it worth it? Is the tradeoff
between creating jobs and enhancing the material livelihood of several individuals worth the poten-
tial damage to the environment? We need to find a middle ground. We must balance our desires
against possible or potential results. Thus, what we really have is a balancing act, one we must work
hard to maintain.

So what is the bottom line on pollution and its effects on us? That is what this handbook is
all about—providing the facts and data to explain and illustrate the bottom line. Throughout we
consistently highlight two overriding and connected themes. First, when it comes to pollution and
its potential harmful effects on our lives, one thing is certain: We do not know the extent of the
problem; in other words, we do not know what we do not know. Second, the politics surrounding
the pollution situation can be summed up by the words of philosopher Gerog Hegel, “The nature of
tragedy is not the conflict between right and wrong but between right and right.”

For now, read this handbook with a mind open to the facts. Further, when you hear someone state
that what we need to solve all of Earth’s problems is innovation, innovation, and more innovation,
you can accept that view or you can refer to what this handbook preaches: Discover, invent, and
then innovate to the nth degree. Make your own choices, your own decisions, and your own judg-
ments because the real bottom line is that when it comes to defining pollution the reader must make
a judgment call.
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2 Units, Standards
of Measurement,
and Conversions

An engineering handbook that does not include units and conversions is like a book without a table
of contents or index. For example, converting units from grams to slugs, centistokes to square feet
per second, or pounds per million gallons to milligrams per liter can be accomplished automati-
cally, right away, if you have a mind containing a library of facts and figures and conversions and
data and all kinds of that type of stuff. However, if you are normal, there are times when even the
most adept, confident, competent, and brilliant engineer or engineer want-to-be must refer to some
reference to find some facts. I always hand out a printed copy of units and conversions in my college
environmental classes. Most students welcome the handout; however, I have had a few who have
shunned it at first, saying that they knew how to convert units and can do it from memory. I like
to counter with, “Well, then, that means you know how convert abamperes to statamperes, right?”
The look on their faces is always priceless. Students who do not know everything are my kind of
students; they are teachable. Because not many of us are human computers with digital memories,
this handbook includes a discussion of units, standards of measurement, and conversions. Moreover,
because this is the age of energy consumption, renewable energy production, and hydraulic fractur-
ing to capture more energy, energy conversion calculations are also included. By the way, does the
reader know the difference, in gallons, between a U.S. fluid barrel and an oil barrel? Don’t worry, if
you read this chapter you will find out.

UNITS OF MEASUREMENT: THE BASICS

A basic knowledge of units of measurement and how to use them and convert them is essential.
Environmental engineers should be familiar with both the U.S. Customary System (USCS), or English
system, and the International System of Units (SI). Some of the important units are summarized in
Table 2.1, which gives some basic SI and USCS units of measurement that will be encountered. In
the study of environmental engineering math operations (and in actual practice), it is quite common
to encounter both extremely large quantities and extremely small ones. The concentrations of some
toxic substance may be measured in parts per million (ppm) or parts per billion (ppb), for example.
To describe quantities that may take on such large or small values, it is useful to have a system of
prefixes that accompany the units. Some of the more important prefixes are presented in Table 2.2.

Note: For comparative purposes, we like to say that 1 ppm is analogous to a full shotglass of water
sitting in the bottom of a full standard-size swimming pool.

CoNVERSION FACTORS

Sometimes we have to convert between different units. Suppose that a 60-inch piece of pipe is
attached to an existing 6-foot piece of pipe. Joined together, how long are they? Obviously, we can-
not find the answer to this question by adding 60 to 6, because the two lengths are given in different
units. Before we can add the two lengths, we must convert one of them to the units of the other.
Then, when we have two lengths in the same units, we can add them.

27
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TABLE 2.1 TABLE 2.2
Commonly Used Units Common Prefixes
Quantity SI Units USCS Units Quantity Prefix Symbol
Length Meter Foot (ft) 1012 Pico p
Mass Kilogram Pound (Ib) 10 Nano n
Temperature Celsius Fahrenheit (F) 10¢ Micro u
Area Square meter Square foot (ft?) 103 Milli m
Volume Cubic meter Cubic foot (ft?) 102 Centi [
Energy Kilojoule British thermal unit (Btu) 10! Deci d
Power Watt Btu/hr 10 Deca da
Velocity Meter/second Mile/hour (mile/hr) 102 Hecto h
103 Kilo k
100 Mega M

To perform this conversion, we need a conversion factor. In this case, we have to know how
many inches make up a foot: 12 inches. Knowing this, we can perform the calculation in two steps:

1. 60 in. is really 60 + 12 =5 ft
2.5ft+6ft=11ft

From the example above, it can be seen that a conversion factor changes known quantities in one
unit of measure to an equivalent quantity in another unit of measure. When making the conversion
from one unit to another, we must know two things:

1. The exact number that relates the two units
2. Whether to multiply or divide by that number

Confusion over whether to multiply or divide is common; on the other hand, the number that relates
the two units is usually known and thus is not a problem. Understanding the proper methodology—
the “mechanics”—to use for various operations requires practice and common sense.

Along with using the proper mechanics (and practice and common sense) to make conversions,
probably the easiest and fastest method of converting units is to use a conversion table. The simplest
conversion requires that the measurement be multiplied or divided by a constant value. For instance,
if the depth of wet cement in a form is 0.85 foot, multiplying by 12 inches per foot converts the mea-
sured depth to inches (10.2 inches). Likewise, if the depth of the cement in the form is measured as
16 inches, dividing by 12 inches per foot converts the depth measurement to feet (1.33 feet).

Table 2.3 lists many of the conversion factors used in environmental engineering. Note that Table
2.3 is designed with a unit of measure in the left and right columns and a constant (conversion fac-
tor) in the center column.

Note: To convert in the opposite direction (e.g., inches to feet), divide by the factor rather than
multiply.

Weight, Concentration, and Flow

Using Table 2.3 to convert from one unit expression to another and vice versa is good practice;
however, when making conversions to solve process computations in water treatment operations, for
example, we must be familiar with conversion calculations based on a relationship between weight,
flow or volume, and concentration. The basic relationship is
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Weight = Concentration X (Flow or Volume) X Factor 2.1

Table 2.4 summarizes weight, volume, and concentration calculations. With practice, many of these
calculations become second nature to users. The calculations are important relationships and are used
often in water/wastewater treatment process control calculations, so on-the-job practice is possible.

These conversion factors are used extensively in water and wastewater operations and are com-
monly needed to solve problems on licensure examinations; environmental engineers should keep
them accessible for all plant operators.

TABLE 2.3

Conversion Table

To Convert Multiply by To Get
Feet 12 Inches
Yards 3 Feet

Yards 36 Inches
Inches 2.54 Centimeters
Meters 33 Feet
Meters 100 Centimeters
Meters 1000 Millimeters
Square yards 9 Square feet
Square feet 144 Square inches
Acres 43,560 Square feet
Cubic yards 27 Cubic feet
Cubic feet 1728 Cubic inches
Cubic feet (water) 7.48 Gallons
Cubic feet (water) 62.4 Pounds
Acre-feet 43,560 Cubic feet
Gallons (water) 8.34 Pounds
Gallons (water) 3.785 Liters
Gallons (water) 3785 Milliliters
Gallons (water) 3785 Cubic centimeters
Gallons (water) 3785 Grams
Liters 1000 Milliliters
Days 24 Hours

Days 1440 Minutes
Days 86,400 Seconds
Million gallons/day 1,000,000 Gallons/day
Million gallons/day 1.55 Cubic feet/second
Million gallons/day 3.069 Acre-feet/day
Million gallons/day 36.8 Acre-inches/day
Million gallons/day 3785 Cubic meters/day
Gallons/minute 1440 Gallons/day
Gallons/minute 63.08 Liters/minute
Pounds 454 Grams
Grams 1000 Milligrams
Pressure (psi) 2.31 Head (feet of water)
Horsepower 33,000 Foot-pounds/minute
Horsepower 0.746 Kilowatts

To Get Divide by To Convert
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TABLE 2.4

Weight, Volume, and Concentration Calculations

To Calculate Formula

Pounds Concentration (mg/L) X Tank volume (MG) X 8.34 1b/MG/mg/L
Pounds/day Concentration (mg/L) X Flow (MGD) x 8.34 Ib/MG/mg/L
Million gallons/day Quanilty (biday)

Concentration (mg/L) x 8.34 Ib/MG/mg/L

Quantity (Ib)

Milligrams/liter

Tank volume (MG) x 8.34 Ib/MG/mg/L
Kilograms/liter Concentration (mg/L) X Volume (MG) x 3.785 L/gal
Kilograms/day Concentration (mg/L) X Flow (MGD) x 3.785 L/gal
Pounds/dry ton Concentration (mg/kg) X 0.002 1b/dry ton/mg/kg

* 748 gallons = 1 cubic foot (ft?)

e 3785 liters = 1 gallon (gal)

* 454 grams = 1 pound (Ib)

e 1000 milliliters = 1 liter (L)

e 1000 milligrams = 1 gram (g)

e 1 ft¥/sec (cfs) = 0.6465 million gallons per day (MGD)

Note: Density (also called specific weight) is mass per unit volume and may be written as [b/ft?,
Ib/gal, g/mL, or g/m. If we take a fixed-volume container, fill it with a fluid, and weigh it, we can
determine the density of the fluid (after subtracting the weight of the container).

* 1 gallon of water weighs 8.34 pounds; the density is 8.34 Ib/gal

e 1 milliliter of water weighs 1 gram; the density is 1 g/mL

* 1 cubic foot of water weighs 62.4 pounds; the density is 62.4 1b/ft3

e 8.34 Ib/gal = milligrams per liter, which is used to convert dosage in mg/L into Ib/day/
MGD (e.g., 1 mg/L x 10 MGD x 8.34 Ib/gal = 83.4 Ib/day)

e 1 psi =2.31 feet of water (head)

* 1 foot head = 0.433 psi

e °F=9/5(°C + 32)

* °C=5/9(°F-32)

* Average water usage, 100 gallons/capita/day (gpcd)

» Persons per single family residence, 3.7

Before working through a few sample conversion problems, it is important to point out that
some common units do not necessarily represent the same quantities in all instances. Engineers not
totally familiar with SI (or MKS) system of measurement sometimes are confused by the various
unit comparisons. To illustrate this point, for example, as shown in Figure 2.1, the pound and slug
and the newton and pound do not represent the same quantity of matter and force units, respectively.

CONVERSION EXAMPLES

Use Tables 2.3 and 2.4 to make the conversions that are necessary in the following example prob-
lems. Other conversions are presented in appropriate sections of the text.
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Common Units of Mass

1 gram 1 pound (454 g) 1 kilogram (1000 g) 1 slug (14,594 kg)

Common Force Units

Dyne Poundal Newton Pound
(0.2248 x 10~ Ib) (0.03108 1b) (0.2248 1b) (1.000 1b)

8 Il [l

FIGURE 2.1 Common units of mass and force. (Adapted from Lindeburg, M.R., Environmental Engineering
Reference Manual, 2nd ed., Power to Pass, Belmont CA, 2009.)

B EXAMPLE 2.1

Convert cubic feet to gallons.

Gallons = Cubic feet (ft?) x 7.48 gal/ft?

Problem: How many gallons of biosolids can be pumped to a digester that has 3600 ft* of volume
available?

Solution:
Gallons = 3600 ft3 x 7.48 gal/ft*> = 26,928 gal

B EXAMPLE 2.2

Convert gallons to cubic feet.

Gallons

Cubic feet=—————
7.48 gal/ft

Problem: How many cubic feet of biosolids are removed when 18,200 gal are withdrawn?

Solution:

Gallons 18,200 gal

o= +=2433 ¢
7.48 gal/ft®  7.48 gal/ft
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B EXAMPLE 2.3

Convert gallons to pounds.
Pounds (Ib) = Gallons x 8.34 1b/gal
Problem: If 1650 gal of solids are removed from the primary settling tank, how many pounds of
solids are removed?
Solution:

Pounds = 1650 gal x 8.34 Ib/gal = 13,761 1b

B EXAMPLE 24

Convert pounds to gallons.

Pounds

Gallons=——
8.34 1b/gal

Problem: How many gallons of water are required to fill a tank that holds 7540 Ib of water?
Solution:

Pounds _ 7540 Ib — 904 gal
8.34 Ib/gal  8.34 1b/gal

B EXAMPLE 2.5

Convert milligrams per liter to pounds.

Note: Concentrations in milligrams per liter or parts per million determined by laboratory testing
must be converted to quantities of pounds, kilograms, pounds per day, or kilograms per day.

Pounds = Concentration (mg/L) X Volume (MG) X 8.34 Ib/MG/mg/L

Problem: The solids concentration in the aeration tank is 2580 mg/L. The aeration tank volume is
0.95 MG. How many pounds of solids are in the tank?

Solution:

2580 mg/L x 0.95 MG x 8.34 Ib/MG/mg/L = 20,441.3 1b

B EXAMPLE 2.6

Convert milligrams per liter to pounds per day.
Pounds/day = Concentration (mg/L) X Flow (MGD) X 8.34 Ib/MG/mg/L

Problem: How many pounds of solids are discharged per day when the plant effluent flow rate is
4.75 MGD and the effluent solids concentration is 26 mg/L?

Solution:

26 mg/L x 4.75 MGD X 8.34 Ib/mg/L/MG = 1030 Ib/day
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B EXAMPLE 2.7
Convert milligrams per liter to kilograms per day.

Kilograms/day = Concentration (mg/L) X Volume (MG) X 3.785 L/gal

Problem: The effluent contains 26 mg/L of BODs. How many kilograms per day of BOD; are dis-
charged when the effluent flow rate is 9.5 MGD?

Solution:

26 mg/L %X 9.5 MG X 3.785 L/gal = 934 kg/day
B EXAMPLE 2.8
Convert pounds to milligrams per liter.

Quantity (Ib)
Volume (MG) % 8.34 1b/MG/mg/L

Concentration (mg/L) =

Problem: An aeration tank contains 89,990 Ib of solids. The volume of the aeration tank is 4.45 MG.
What is the concentration of solids in the aeration tank in milligrams per liter?

Solution:
Concentration = Quantity (Ib)
Volume (MG) x 8.34 1b/MG/mg/L
_ 89,990 1b — 2425 mg/lL.

4.45 MG x 8.34 1b/MG/mg/L
B EXAMPLE 29
Convert pounds per day to milligrams per liter.

Quantity (Ib/day)

Concentration (mg/L) =
Volume (MGD) x 8.34 Ib/MG/mg/L

Problem: The disinfection process uses 4820 pounds per day of chlorine to disinfect a flow of 25.2
MGD. What is the concentration of chlorine applied to the effluent?
Solution:
Quantity (Ib/day)
Volume (MGD) x 8.34 1b/MG/mg/L

_ 4820 Ib/day
25.2 MGD x 8.34 1b/MG/mg/L

Concentration =

=229 mg/L

B EXAMPLE 2.10

Convert pounds to flow in million gallons per day.

Quantity (Ib/day)

Flow (MGD) = -
Quantity (mg/L) % 8.34 1b/MG/mg/L
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Problem: If 9640 1b of solids must be removed per day from an activated biosolids process, and the
waste activated biosolids concentration is 7699 mg/L, how many million gallons per day of waste
activated biosolids must be removed?

Solution:

Quantity (Ib/day) _ 9640 Ib/day

= . = =0.15 MGD
Quantity (mg/L) x8.34 Ib/MG/mg/L. 7699 mg/L x 8.34 Ib/MG/mg/L

Flow

B EXAMPLE 2.11

Convert million gallons per day to gallons per minute.

Flow (MGD) x 1,000,000 gal/MG
1440 min/day

Flow (gpm) =

Problem: The current flow rate is 5.55 MGD. What is the flow rate in gallons per minute?

Solution:

_ Flow (MGD) x 1,000,000 gal’/MG _ 5.55 MGD x 1,000,000 gal/MG
1440 min/day 1440 min/day

Flow =3854 gpm

B EXAMPLE 2.12

Convert million gallons per day to gallons per day.

Flow (gpd) = Flow (MGD) x 1,000,000 gal/MG

Problem: The influent meter reads 28.8 MGD. What is the current flow rate in gallons per day?

Solution:
Flow = 28.8 MGD x 1,000,000 gal/MG = 28,800,000 gpd

B EXAMPLE 2.13

Convert million gallons per day to cubic feet per second (cfs).

Flow (cfs) = Flow (MGD) X 1.55 cfs/MGD

Problem: The flow rate entering the grit channel is 2.89 MGD. What is the flow rate in cubic feet
per second?

Solution:
Flow = 2.89 MGD X 1.55 cfs/MGD = 4.48 cfs

B EXAMPLE 2.14

Convert gallons per minute to million gallons per day.

Flow (gpm) x 1440 min/day

Flow (MGD) =
ow (MGD) 1,000,000 gal/MG
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Problem: The flow meter indicates that the current flow rate is 1469 gpm. What is the flow rate in
million gallons per day?

Solution:

_ Flow (gpm) x 1440 min/day _ 1469 gpm x 1440 min/day _ 512 MGD
1,000,000 gal/MG 1,000,000 gal/MG '

Flow

B EXAMPLE 2.15

Convert gallons per day to million gallons per day.

Flow (gal/day)

Flow (MGD) =
1,000,000 gal/MG

Problem: The totalizing flow meter indicates that 33,444,950 gal of wastewater have entered the
plant in the past 24 hr. What is the flow rate in million gallons per day?

Solution:

Flow = Flow (gal/day) _ 33,444,950 gal/day —33.44 MGD
1,000,000 ga/MG 1,000,000 gal/MG

B EXAMPLE 2.16

Convert flow in cubic feet per second to million gallons per day.

Flow (MGD) = _Flow (cfs)
1.55 cfs/MG

Problem: The flow in a channel is determined to be 3.89 cfs. What is the flow rate in million gallons
per day?

Solution:

Flow = Flow (cfs)  3.89cfs

= = =2.5MGD
1.55 cfs'MG  1.55 cfs/MG

B EXAMPLE 2.17
Problem: The water in a tank weighs 675 Ib. How many gallons does it hold?

Solution: Water weighs 8.34 lb/gal; therefore,

675 Ib + 8.34 1b/gal = 80.9 gal

B EXAMPLE 2.18

Problem: The weight of a wooden piling with a diameter of 16 in. and a length of 16 ft is 50 1b/ft3.
If it is inserted vertically into a body of water, what vertical force is required to hold it below the
water surface?
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Solution: If this piling had the same weight as water, it would rest just barely submerged. Find the
difference between its weight and that of the same volume of water—that is the weight required to
keep it down:

62.4 Ib/ft> (water) — 50.0 Ib/fe® (piling) = 12.4 Ib/ft3
Volume of piling = 0.785 x (1.33 ftY2 x 16 ft = 22.22 f¢3
12.4 Ib/f3 x 22.22 f3 = 275.5 Ib

B EXAMPLE 2.19

Problem: A liquid chemical with a specific gravity of 1.22 is pumped at a rate of 40 gpm. How many
pounds per day are being delivered by the pump?

Solution: Solve for pounds pumped per minute, then change to pounds/day.

8.34 Ib/gal x 1.22 = 10.2 Ib/gal
40 gal/min x 10.2 Ib/gal = 408 1b/min
408 Ib/min x 1440 min/day = 587,520 Ib/day

B EXAMPLE 2.20
Problem: A cinder block weighs 70 1b in air. When immersed in water, it weighs 40 1b. What are the
volume and specific gravity of the cinder block?

Solution: The cinder block displaces 30 1b of water; solve for cubic feet of water displaced (equiva-
lent to volume of cinder block).

30 Ib water displaced

=048 ft?
62.4 b/ft’

The cinder block volume is 0.48 ft3, which weighs 70 Ib; thus,
70 1b + 0.48 ft> = 145.8 Ib/ft? density of cinder block

Density of cinder block _ 145.8 Ib/ft? _
Density of water 62.4 1b/ft? ’

Specific gravity =

TeMPERATURE CONVERSIONS

Most water/wastewater operators are familiar with the formulas used for Fahrenheit and Celsius
temperature conversions:

+ °C =5/9CF - 32)
« °F=9/5(°C) + 32

The difficulty arises when one tries to recall these formulas from memory. Probably the easiest
way to recall these important formulas is to remember these basic steps for both Fahrenheit and
Celsius conversions:
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1. Add 40°.
2. Multiply by the appropriate fraction (5/9 or 9/5).
3. Subtract 40°.

Obviously, the only variable in this method is the choice of 5/9 or 9/5 in the multiplication step. To
make the proper choice, you must be familiar with the two scales. The freezing point of water is
32° on the Fahrenheit scale and 0° on the Celsius scale. The boiling point of water is 212° on the
Fahrenheit scale and 100° on the Celsius scale.

Note: At the same temperature, higher numbers are associated with the Fahrenheit scale and
lower numbers with the Celsius scale. This important relationship helps you decide whether to
multiply by 5/9 or 9/5.

B EXAMPLE 2.21
Problem: Suppose that we wish to convert 240°F to Celsius.

Solution: Using the three-step process, we proceed as follows:

1. Add 40°
240° + 40° = 280°
2. 280° must be multiplied by either 5/9 or 9/5. Because the conversion is to the Celsius scale,
we will be moving to a number smaller than 280. Through reason and observation, obvi-
ously, if 280 were multiplied by 9/5, the result would be almost the same as multiplying
by 2, which would double 280 rather than make it smaller. If we multiply by 5/9, the result
will be about the same as multiplying by 1/2, which would cut 280 in half. Because in this
problem we wish to move to a smaller number, we should multiply by 5/9:
(5/9) x 280° = 156°C
3. Now subtract 40°.
156°C — 40°C = 116°C

Therefore, 240°F = 116°C.

B EXAMPLE 2.22
Problem: Convert 22°C to Fahrenheit.
Solution:
1. Add 40°:
22° +40° = 62°

2. Because we are converting from Celsius to Fahrenheit, we are moving from a smaller to a
larger number, and 9/5 should be used in the multiplications:

(9/5) x 62° = 112°
3. Subtract 40:
112° —40° =72°
Thus, 22°C = 72°F.

Obviously, knowing how to make these temperature conversion calculations is useful, but it is
generally more practical to use a temperature conversion table.
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TABLE 2.5
SI Base Units

Quantity

Length

Mass

Time

Electric current
Temperature
Amount of substance

Luminous intensity

Name Symbol
Meter m
Kilogram kg
Second S
Ampere A
Kelvin K
Mole mol
Candela cd

MKS System (S1 UNITS)

The MKS system (so named because it uses the meter, kilogram, and second as base units) is com-
prised of SI units. All other units are derived from the base units, which are listed in Table 2.5. This
is a fully consistent system; there is only one recognized unit for each variable (physical quantity).

DID YOU KNOW?

An abampere, in electricity, is a centimeter-gram-second unit of electromagnetic current,

equivalent to 10 amperes. A statampere

is the electric unit of current equal to the current

produced by an electromotive force of 1 statvolt acting through a resistance of 1 statohm. An
abampere is multiplied by 2.99793 x 10'° to obtain a statampere.

DID YOU KNOW?

Environmental engineers find that identifying certain quantities used in the United States can
be confusing. For example, at the beginning of this chapter, readers were asked if they know
how many gallons are contained in a barrel of U.S. liquid as compared to a barrel of petro-

leum. Refer to the list below:

Atmosphere
Barrel (oil)
Barrel (U.S. fluid)
Btu
Calories
Gallons
Horsepower
Ounces
Pints
Pounds
Quarts

Tons

Standard atmosphere

42 gallons

31.5 gallons

Tradition (thermochemical) value
Thermochemical

U.S., liquid

U.S. or mechanical
Avoirdupois

U.S. liquid

Avoirdupois

U.S. liquid

Short tons (2000 pounds)
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INTRODUCTION TO ENERGY

Eventually, growth in the globe’s population and material economy will confront humanity. When
this occurs (and it will), we will either adjust and survive or we will simply join the ranks of the dino-
saurs, dodo birds, passenger pigeons, golden toads, and other species currently experiencing the Sixth
Extinction.

During a recent Rabbit and Grasshopper conversation, Grasshopper told his friend, Rabbit: “To fix
their energy, population, unemployment, and other economic problems, what humans need right
now, my friend, is innovation, innovation, and more innovation.” After deliberate and well-practiced
thumping of his foot, Rabbit replied, “No, my long-legged friend, to fix all of humankind’s eco-
nomic problems what they need first is discovery, discovery, discovery and then invention, invention,
invention, finally followed by innovation, innovation, innovation. Oh, and some human leadership,
brain power, common sense, and accountability would also help.” Grasshopper thought a moment
and then observed, “Well, they aren’t too smart, them humans. All they need to do is ask us. We
know how to economize and how to do all the rest.” Rabbit replied: “Right on, Grasshopper!”

ENVIRONMENTAL ENGINEERING PERSPECTIVE ON ENERGY"

The motive force, the capacity to do the work behind the operation of just about anything and
everything, is energy. Energy is essential for most activities of modern society. Whether we use
energy in the form of wood, fossil fuels, or electricity, the goal is to make life comfortable and
convenient—that is, to maintain the so-called “good life.” We use electricity for our lights and fans,
air conditioners, water heaters, room heaters, ovens, microwaves, washing machines, dryers, cell
phones, computers, and toasters. We use fossil fuels to run our buses, trucks, trains, airplanes, and
ships; thus, transportation accounts for a large percentage of all the energy used.

Most people understand the importance of energy in their lives, but few understand the interface
between energy and its usage and its mining, or its discovery, invention, or innovative uses, and the
role of the environmental engineer in all of this. Water use and the safety and health of energy work-
ers are the primary concerns of environmental engineers. The water requirements of energy produc-
tion, especially as used in hydraulic fracking operations, are currently a major concern. Specifically,
environmental engineers are concerned with the fate of the water that has been used to frack for gas
and oil. What is to be done with the fracked, contaminated wastewater? Environmental engineers
tasked with addressing this problem must consider the water use of all of our energy options using
life-cycle analysis; they must then come up with new ways to recycle water quickly and reduce the
overall water requirements through new technologies. Because environmental engineers must know
something about energy and energy production, the following section is provided.

DEFINING ENERGY?

Defining energy can be accomplished by providing a technical definition or a characterization in
layman terms. Because the purpose of this book is to reach technical readers as well as a wide range
of general readers, definitions provided within it are best described as being both technical and
nontechnical based. Consider the definition of energy, for example; it can be defined in a number of
ways. In the broad sense, energy means the capacity of something—a person, an animal, or a physi-
cal system (machine)—to do work and produce change. In layman terms, energy is the amount of
force or power that, when applied, can move an object from one position to another. It can also be
used to describe someone doing energetic things, such as running, talking, and acting in a lively and
vigorous way. It is used in science to describe how much potential a physical system has to change.

“ Adapted from Spellman, ER., Economics for the Environmental Professional, CRC Press, Boca Raton, FL, 2015.
7 Adapted from Spellman, ER., The Environmental Impacts of Renewable Energy, CRC Press, Boca Raton, FL, 2014.
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It also is used in economics to describe the part of the market where energy itself is harnessed and
sold to consumers. For our purposes in this text, energy can be defined as simply something that can
do work or the capacity of a system to do work.

There are two basic forms of energy: kinetic energy and potential energy. Kinetic energy is
energy at work or in motion—that is, moving energy; for example, a car in motion or a rotating
shaft has kinetic energy. In billiards, a player gives the cue ball kinetic energy when she strikes the
ball with the cue. As the ball rolls, it exerts kinetic energy. When the ball comes into contact with
another ball, it transmits its kinetic energy, allowing the next ball to be accelerated. Potential energy
is stored energy, such as the energy stored in a coiled or stretched spring or an object stationed above
a table. A roller coaster has the greatest potential energy when it is stopped at the top of a long drop.
Another example of potential energy is when a can of carbonated soda remains unopened. The can
is pressurized with gas that is not in motion but that has potential energy. When the can is opened,
the gas is released and the potential energy is converted to kinetic energy.

According to the law of conservation of energy, energy cannot be made or destroyed but can be
made to change forms. Moreover, when energy changes from one form to another, the amount of
energy stays the same. Let’s consider an example of the law of conservation of energy: The initial
energy of something is measured. The energy then changes from potential (stored) energy to kinetic
(moving) and back again. After that, the energy is measured again. The energy measured at the start
is the same as that measured at the end; it will always be the same. One caveat to this explanation
is that we now know that matter can be made into energy through processes such as nuclear fission
and nuclear fusion. The law of conservation of energy has therefore been modified or amplified to
become the law of conservation of matter and energy.

Types oF ENERGY

The many types of energy include the following:

* Kinetic (motion) energy
*  Water energy

* Potential (at rest) energy
* Elastic energy

* Nuclear energy

e Chemical energy

e Sound energy

* Internal energy

* Heat/thermal energy

¢ Light (radiant) energy

¢ Electric energy

Energy sources can also be categorized as renewable or nonrenewable. When we use electricity in
our home, the electrical power was probably generated by burning coal, by a nuclear reaction, or by a
hydroelectric plant at a dam (EIA, 2009); therefore, coal, nuclear, and hydropower are called energy
sources. When we fill up a gas tank, the source might be petroleum or ethanol made by growing and
processing corn. Energy sources are divided into two groups—renewable (an energy source that can
be easily replenished) and nonrenewable (an energy source that we are using up and cannot recreate;
petroleum, for example, was formed millions of years ago from the remains of ancient sea plants
and animals). In the United States, most of our energy comes from nonrenewable energy sources.
Coal, petroleum, natural gas, propane, and uranium are nonrenewable energy sources. They are used
to make electricity, to heat our homes, to move our cars, and to manufacture all kinds of products.
Renewable and nonrenewable energy sources can be used to produce secondary energy sources,
including electricity and hydrogen. Renewable energy sources include the following:
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Renewable energy (energy sources that can be easily replenished) is the focus of this text.

Solar

Hydro

Wind

Geothermal

Ocean thermal energy conversion
Tidal energy

Hydrogen burning

Biomass burning
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Unfortunately (depending on your point of view), nonrenewable energy sources on Earth are avail-
able in limited quantities and may vanish within the next 100 years. Moreover, keep in mind that
nonrenewable sources are not environmental friendly and can have serious effects on our health.
Notwithstanding the environmental and health impacts of using nonrenewable energy sources, it

is important to point out both sides of the argument—that is, the benefits derived and non-benefits

obtained by using these sources.

Nonrenewable Energy

Benefits

Nonrenewable sources are easy to use.

A small amount of nuclear energy will produce a large amount of power.

Nonrenewable energy sources have little competition.

Nonrenewable energy sources are relatively inexpensive when converting from one type
of energy to another.

Non-Benefits

Nonrenewable sources will expire some day.

The speed at which such resources are being used can bring about serious environmental
changes.

Nonrenewable sources release toxic gases in the air when burned and can further exacer-
bate ongoing, cyclical climate change.

Because nonrenewable sources are becoming scarcer, prices of these sources will begin
to soar.

Renewable Energy

Benefits

Wind, sun, ocean, and geothermal energy are available in abundant quantities and are free
to use.

Renewable sources have low carbon emissions; therefore, they are considered to be envi-
ronmentally friendly.

Renewable energy helps stimulate the economy and create job opportunities.

Renewable energy sources enable the country to become energy independent, not having
to rely on foreign (often hostile) sources.

Non-Benefits

Initial set-up costs of renewable energy sources are quite high.

Solar energy is limited to daytime availability and cannot be obtained during the night or
arainy season.

Geothermal energy can bring toxic chemicals from beneath the surface of the earth up to
the top and can cause environmental damage.
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¢ Hydroelectric dams are expensive to build and can affect natural flow and wildlife.
¢ Wind energy production requires high winds and must be sited properly to be effective.
Also, wind turbines are tall structures that can affect bird populations.

ENERGY USE IN THE UNITED STATES

Use of energy in the United States is shared by four major sectors of the economy. Each end-use
sector consumes electricity produced by the electric power sector (EIA, 2013a):

e Commercial—18% (buildings such as offices, malls, stores, schools, hospitals, hotels,
warehouses, restaurants, places of worship, and more)

* [Industrial—32% (facilities and equipment used for manufacturing, agriculture, mining,
and construction)

* Residential—21% (homes and apartments)

* Transportation—28% (vehicles that transport people or goods, such as cars, trucks, buses,
motorcycles, trains, subways, aircraft, boats, barges, and even hot-air balloons)

Primary energy consumption in the United States was almost three times greater in 2012 than in
1949. In all but 18 of the years between 1949 and 2012, primary energy consumption increased over
the previous year.

The year 2009 provided a sharp contrast to the historical trend, in part due to the economic
recession. Real gross domestic product (GDP) fell 2% compared to 2008, and energy consumption
declined by nearly 5%, the largest single year decline since 1949. Decreases occurred in all four of
the major end-use sectors: commercial (3%), industrial (9%), residential (3%), and transportation
(3%) (EIA, 2013a).

MEASURING ENERGY

Energy can be measured. That is, the amount of energy a thing has can be given a number. As in
other kinds of measurements, there are measurement units. The units of measurement for measur-
ing energy are used to make the numbers understandable and meaningful. The SI unit for both
energy and work is the joule (J). It is named after James Joule, who discovered that heat is a type of
energy. In terms of SI units, 1 joule = 1 newton-meter, and 1 joule = 1 kg:-m?-s~2. The energy unit of
measurement for electricity is the kilowatt-hour (kWh); 1 kWh is equivalent to 3,600,000 J (3600
kJ or 3.6 MJ). A common way to express energy is in the British thermal unit (Btu) (see Table 2.6).
A Btu is the amount of heat energy it takes to raise the temperature of 1 pound of water by 1°F at
sea level. MBtu stands for 1 million Btu, which can also be expressed as 1 decatherm (10 therms).
The MBtu is occasionally used as a standard unit of measurement for natural gas and provides a

TABLE 2.6

Btu Conversion Factors

Energy

Source Physical Units and Btu (Weighted Averages)
Electricity 1 kilowatt-hour = 3412 Btu

Natural gas 1 cubic foot = 1028 Btu = 0.01 therms
Motor gasoline 1 gallon = 124,000 Btu

Diesel fuel 1 gallon = 139,000 Btu

Heating oil 1 gallon = 139,000 Btu

Propane 1 gallon = 91,333 Btu

Wood 1 cord = 20,000,000 Btu
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convenient basis for comparing the energy content of various grades of natural gas and other fuels.
One cubic foot of natural gas produces approximately 1000 Btu, so 1000 ft* of gas is comparable
to 1 MBtu. MBtu is occasionally expressed as MMBtu, which is intended to represent a thousand
thousand Btu.

e 1000 joules = 1 Btu
e 1000 joules = 1 kilojoule = 1 Btu
e 1 therm = 100,000 Btu

CLEAN ENERGY PARAMETERS AND CALCULATIONS

Energy is an input fundamental to economic systems (Harris, 2006). Our current economic practice
depends overwhelmingly on nonrenewable fossil fuels (90% of our energy supply), including oil,
coal, and natural gas. As environmental professionals we are concerned not only with the cost of
energy but also with the cost to the environment resulting from the use of nonrenewable energy
supplies. Calculations related to the conversion of greenhouse gas emission numbers into different
types of equivalent units and other pertinent calculations and conversions are discussed below.

Note: With regard to global warming potentials (GWPs), some of the equivalencies in the cal-
culator are reported as CO, equivalents (CO,e). These are calculated using GWPs from the
Intergovernmental Panel on Climate Change’s Fourth Assessment report.

ELectriciTY RepucTioN (KiLOwWATT-HOURS)

The U.S. Environmental Protection Agency’s Greenhouse Gas Equivalencies Calculator uses the
Emissions & Generation Resource Integrated Database (eGRID) of U.S. annual non-baseload CO,
output emission rates to convert reductions of kilowatt-hours into avoided units of carbon dioxide
emissions. Most users of the Equivalencies Calculator who seek equivalencies for electricity-related
emissions want to know equivalencies for emissions reductions due to energy efficiency or renew-
able energy programs. These programs are not generally assumed to affect baseload emissions (the
emissions from power plants that run all the time), but rather non-baseload generation (power plants
that are brought online as necessary to meet demand). For that reason, the Equivalencies Calculator
uses a non-baseload emissions rate (USEPA, 2014).

EmissioN FACTOR

6.89551 x 10-* metric tons CO,/kWh

Note: This calculation does not include any greenhouse gases other than CO,, and it does not
include line losses. Individual subregion non-baseload emissions rates are also available on the
eGRID website. To estimate indirect greenhouse gas emissions from electricity use, use Power
Profiler or eGRID subregion annual output emission rates as the default emission factor.

GALLONS OF GASOLINE CONSUMED

To obtain the number of grams of carbon dioxide emitted per gallon of gasoline combusted, the
heat content of the fuel per gallon is multiplied by the kg CO, per heat content of the fuel. In the
preamble to the joint USEPA, Department of Transportation, and National Highway Traffic Safety
Administration rulemaking on May 7, 2010, that established the initial National Program fuel econ-
omy standards for model years 2012 to 2016, the agencies stated that they had agreed to use a com-
mon conversion factor of 8887 grams of CO, emissions per gallon of gasoline consumed (OFR,
2010). This value assumes that all the carbon in the gasoline is concerted to CO, (IPCC, 2006).
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Calculation
8887 grams of CO, per gallon of gasoline = 8.887 x 10-3 metric tons CO, per gallon of gasoline.

PASSENGER VEHICLES PER YEAR

Passenger vehicles are defined as two-axle, four-tire vehicles, including passenger cars, vans, pickup
trucks, and sport/utility vehicles. In 2011, the weighted average combined fuel economy of cars and
light trucks was 21.4 miles per gallon (MPG) (FHWA, 2013). The average number of vehicle miles
traveled in 2011 was 11,318 miles per year. In 2011, the ratio of carbon dioxide emissions to total
greenhouse gas emissions (including carbon dioxide, methane, and nitrous oxide, all expressed as car-
bon dioxide equivalents) for passenger vehicles was 0.988 (USEPA, 2013a,b). The amount of carbon
dioxide emitted per gallon of motor gasoline burned was 8.89 x 10 metric tons, as calculated above.

To determine annual greenhouse gas emissions per passenger vehicle, the following methodol-
ogy was used: The amount of vehicle miles traveled (VMT) was divided by average gas mileage
to determine gallons of gasoline consumed per vehicle per year. The number of gallons of gasoline
consumed was multiplied by carbon dioxide per gallon of gasoline to determine carbon dioxide
emitted per vehicle per year. Carbon dioxide emissions were then divided by the ratio of carbon
dioxide emissions to total vehicle greenhouse gas emissions to account for vehicle methane and
nitrous oxide emissions.

Calculation

(8.89 x 10~ metric tons CO, per gallon of gasoline) X (11,318 VMT,, ek average) X (1/21.4 MPG
) X [(1 CO,, CH,, and N,0)/0.988 CO,] = 4.75 metric tons CO,e per vehicle per year.

car/

truck average

MiLes DRIVEN BY THE AVERAGE PASSENGER VEHICLE

Passenger vehicles are defined as two-axle, four-tire vehicles, including passenger cars, vans, pickup
trucks, and sport/utility vehicles. In 2011, the weighted average combined fuel economy of cars and
light trucks combined was 21.4 miles per gallon (FHWA, 2013). In 2011, the ratio of carbon dioxide
emissions to total greenhouse gas emissions (including carbon dioxide, methane, and nitrous oxide,
all expressed as carbon dioxide equivalents) for passenger vehicles was 0.988 (USEPA, 2013a,b). The
amount of carbon dioxide emitted per gallon of motor gasoline burned is 8.89 X 10~ metric tons, as
calculated earlier. To determine annual greenhouse gas emission per mile, the following methodology
was used: Carbon dioxide emissions per gallon of gasoline were divided by the average fuel economy
of vehicles to determine carbon dioxide emitted per mile traveled by a typical passenger vehicle per
year. Carbon dioxide emissions were then divided by the ratio of carbon dioxide emissions to total
vehicle greenhouse gas emissions to account for vehicle methane and nitrous oxide emissions.

Calculation

(8.89 x 1073 metric tons CO, per gallon of gasoline) x 1/21.4 MPG
N,0)/0.988 CO,] = 4.20 x 10~* metric tons CO,e per mile.

x [(1 CO,, CH,, and

car/truck average

THErRMS OF NATURAL GAS

Carbon dioxide emissions per therm are determined by multiplying the heat content times the car-
bon coefficient times the fraction oxidized times the ratio of the molecular weight of carbon dioxide
to that of carbon (C) (44/12). The average heat content of natural gas is 0.1 mmBtu per therm, and
the average carbon coefficient of natural gas is 14.47 kg carbon per mmBtu (USEPA, 2013c). The
fraction oxidized to CO, is 100% (IPCC, 2006).
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Note: When using this equivalency, please keep in mind that it represents the CO, equivalency for
natural gas burned as a fuel, not natural gas released to the atmosphere. Direct methane emissions
released to the atmosphere (without burning) are about 21 times more powerful than CO, in terms
of their warming effect on the atmosphere.

Calculation

(0.1 mmBtu/1 therm) X (14.46 kg C per mmBtu) X (44 g CO, per 12 g C) X (1 metric ton/1000 kg)
=0.005302 metric tons CO, per therm.

BARRELS OF OiL CONSUMED

Carbon dioxide emissions per barrel of crude oil are determined by multiplying the heat content
times the carbon coefficient times the fraction oxidized times the ratio of the molecular weight of
carbon dioxide to that of carbon (44/12). The average heat content of crude oil is 5.80 mmBtu per
barrel, and the average carbon coefficient of crude oil is 20.31 kg carbon per mmBtu (USEPA,
2013c). The fraction oxidized to CO, is 100% (IPCC, 2006).

Calculation

(5.80 mmBtu/barrel) x (20.31 kg C per mmBtu) X (44 g CO, per 12 g C) X (1 metric ton/1000 kg)
= 0.43 metric tons CO, per barrel.

TANKER TRUCkS FiLLED WITH GASOLINE

The amount of carbon dioxide emitted per gallon of motor gasoline burned is 8.89 X 10-3 metric
tons, as calculated earlier. A barrel equals 42 gallons, and a typical gasoline tanker truck contains
8500 gallons (IPCC, 2006; OFR, 2010).

Calculation

(8.89 x 1073 metric tons CO, per gallon) X (8500 gal per tanker truck) = 75.54 metric tons CO, per
tanker truck.

NuUMBER OF INCANDESCENT BuLBs SWITCHED TO COMPACT FLUORESCENT BulLBs

A 13-watt compact fluorescent light (CFL) bulb produces the same light output as a 60-watt incan-
descent light bulb. Annual energy consumed by a light bulb is calculated by multiplying the power
(60 watts) by the average daily use (3 hours/day) by the number of days per year (365). Assuming
an average daily use of 3 hours per day, an incandescent bulb consumes 65.7 kWh per year, and a
compact fluorescent light bulb consumes 14.2 kWh per year (USEPA, 2013d). Annual energy sav-
ings from replacing an incandescent light bulb with an equivalent compact fluorescent bulb are
calculated by subtracting the annual energy consumption of the compact fluorescent light bulb (14.2
kWh) from the annual energy consumption of the incandescent bulb (65.7 kWh).

Carbon dioxide emissions reduced per light bulb switched from an incandescent bulb to a
compact fluorescent bulb are calculated by multiplying the annual energy savings by the national
average non-baseload carbon dioxide output rate for delivered electricity. The national average
non-baseload carbon dioxide output rate for generated electricity in 2010 was 1519.6 1b CO,
per megawatt-hour (USEPA, 2014), which translates to about 1637.5 Ib CO, per megawatt-hour
for delivered electricity (assuming transmission and distribution losses at 7.2%) (EIA, 2013b;
USEPA, 2014).
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Calculation

47 watts X 3 hr/day X 365 days/year X 1 kWh/1000 Wh = 51.5 kWh/year/bulb replaced.
51.5 kWh/bulb/year X 1637.5 1b CO, per MWh delivered electricity X 1 MWh/1000 kWh X 1 metric
ton/2204.6 1b = 3.82 x 10~2 metric tons CO, per bulb replaced.

Fluorescent Lamps and Ballasts

The Energy Policy Act of 1992, Executive Order 13123, and the Federal Acquisition Regulation,
Part 23, Section 704 (48 CFR 23.704), instituted guidelines for federal agencies to purchase energy-
efficient products. Lighting accounts for 20 to 25% of the United States’ electricity consumption.
Retrofitting with automatic controls and energy-efficient fluorescent lamps and ballasts yields pay-
backs within 2 to 5 years; however, the best reason for retrofitting an old lighting system—increas-
ing the productivity of workers—is often overlooked.

Fluorescent Lighting Nomenclature
The pattern for interpreting fluorescent lamp names is FWWCCT-DD where

F = Fluorescent lamp

WW = Nominal power in watts (4, 5, 8, 12, 15, 20, 33, ...)

CC = Color (W, white; CW, cool white; WW, warm white; ...)

T = Tubular bulb.

DD = Diameter of the tube in eighths of an inch (T8 bulb has a diameter of 1 inch, T12 bulb
has a diameter of 1.5 inches, ...)

Thus, an FAOCWT-12 lamp, for example, is a 40-watt cool white fluorescent lamp with a 1.5-inch
tubular bulb.

Background on Costs

With electricity costing 8 cents per kilowatt hour, a typical 40-watt T12 fluorescent lamp will use
$64 worth of electricity over its lifetime. The purchase price of the bulb ($2) accounts for just 3% of
the life-cycle costs of owning and operating a lighting system, and energy accounts for 86% of the
cost. Thus, the operating cost breakdown for F40T12 fluorescent lamps is energy at 86%, mainte-
nance at 11%, and the lamp itself at 3%. These calculations readily justify the cost of more expensive
lamps that produce better quality light, save energy, and increase productivity. The effect of light-
ing on human performance and productivity is complex. Direct effects of poor lighting include the
inability to resolve detail, fatigue, and headaches. Lighting may indirectly affect someone’s mood
or hormonal balance.

Note: The Hawthorne effect is a phenomenon whereby workers improve or modify an aspect of
their behavior in response to a change in their lighting environment.

A small change in human performance dwarfs all costs associated with lighting. The typical
annual costs of 1 square foot of office space are as follows:

Heating and cooling $2
Lighting $0.50
Floor space $100

Employee salary and benefits ~ $400

* Adapted from USDA, Fluorescent Lamp Retrofits: Savings or Fantasy?, U.S. Department of Agriculture, Washington,
DC, 2001 (http://www.fs.fed.us/t-d/pubs/htmlpubs/htm01712310/).
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Cutting lighting consumption in half saves about 25¢ per square foot each year. A 1% increase in
human productivity would save $4 per square foot each year. Costs will vary from facility to facil-
ity, but the relative magnitudes of these costs are not likely to change. The focus needs to be on pro-
viding quality lighting to meet occupants’ needs; however, it is possible to improve lighting quality
while reducing energy costs thanks to improvements in lighting technology.

Best Types of Fluorescent Lamps and Ballasts

The “warmness” of a light is determined by its color temperature, expressed in degrees kelvin (K);
the word kelvin is not capitalized. The kelvin scale is an absolute, thermodynamic temperature scale
using as its null point absolute zero, the temperature at which all normal thermal motion ceases in
the classical description of thermodynamics. The kelvin is defined as the fraction of 1/273.16 of
the thermodynamic temperature of the triple point of water (exactly 0.01°C or 32.0018°F). In other
words, it is defined such that the triple point of water is exactly 273.16 K.

The higher the correlated color temperature, the cooler the light. Offices should use intermediate
or neutral light. This light creates a friendly, yet businesslike environment. Neutral light sources
have a correlated color temperature of 3500 K. The color rendition index measures the quality
of light. The higher the color rendition index, the better people see for a given amount of light.
Currently available 4-foot fluorescent lamps have indexes of 70 to 98. Lamps with different cor-
related color temperatures and color rendition indexes should not be used in the same space. The
correlated color temperature and color rendition index should be specified when ordering lamps.

The best lighting system for each operating dollar is realized with T8 fluorescent lamps that have
a color rendition index of 80 or higher. Compared to standard T12 fluorescent lamps, T8 lamps have
better balance between the surface area containing the phosphors that fluoresce and the arc stream
that excites them. This means that T8 lamps produce more light for a given amount of energy. In
Europe, T5 lamps are popular. They are more efficient than T8 lamps but cost more than twice as
much. The availability of TS lamps and fixtures is limited in the United States. T8 lamps are cur-
rently preferred.

A quick comparison of light output shows how important it is to specify ballast factor and
whether the ballast is electronic or magnetic. Electronic ballasts last twice as long as magnetic bal-
lasts, use less energy, have a lower life-cycle cost, and operate the lamp at much higher frequencies.
Operating fluorescent lamps at higher frequencies improves their efficiency and eliminates the char-
acteristic 60-cycle buzz and strobe-lighting effect associated with fluorescent lights. The 60-cycle
strobe-lighting effect may case eye fatigue and headaches. Electronic ballasts are especially desir-
able in shops with rotating equipment. The 60-cycle strobe-lighting effect produced by magnetic
ballasts can cause rotating equipment to appear stationary. All new buildings and retrofits should
use electronic ballasts.

Fluorescent Lamps and Ballast Life

Most fluorescent lamps have a rated life of 12,000 to 20,000 hours. The rated life is the time it takes
for half of the bulbs to fail when they are cycled on for 3 hours and off for 20 minutes. Cycling
fluorescent lamps off and on will reduce lamp life. On the other hand, turning a lamp off when it
is not needed will reduce its operating hours and increase its useful life. Electricity—not lamps—
accounts for the largest percentage of the operating cost of a lighting system. It is economical to turn
off fluorescent lights if they are not being used. According to the Certified Ballast Manufacturers
Association, the average magnetic ballast lasts about 75,000 hours, or 12 to 15 years, with normal
use. The optimum economic life of a fluorescent lighting system with magnetic ballasts is usually
about 15 years. At this point, dirt on reflectors and lenses has significantly reduced light output.
Other factors may make it desirable to retrofit a lighting system before the end of the 12- to 15-year
life cycle. Those factors include increased productivity, utility rebates, and high energy costs.
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Economic Analysis

When considering the benefits of retrofitting, more lamps per existing fixture yield more energy
savings per fixture and a better payback. Higher than average energy or demand of the initial
installation costs or a utility rebate will also produce a faster payback. Ballast factor can be used
to adjust light levels. A high ballast factor increases lumens (a measure of light output), allowing
fewer lamps to provide the same amount of light. For example, when electronic ballasts with a
high ballast factor are used, two-lamp fixtures will produce as much light as three-lamp fixtures.
This reduces the cost of the fixtures and improves the payback. An economic analysis of retrofit-
ting three-lamp fixtures and magnetic ballasts with two-lamp fixtures with a high-ballast-factor
electronic ballast yields a payback of slightly more than 2 years. With regard to fluorescent lamp
retrofit payback, a simple payback (SPB) is the time, in years, it will take for the savings (in present
value) to equal the cost of the initial installation (in present value). The following calculations do
not account for interest rates.

B EXAMPLE 2.24
Problem: Compute the SPB using the following formula:

SPB = (Cost of installed equipment — Deferred maintenance — Rebates)

+ (Total energy dollar savings per year)

The costs to replace a T12 lamp magnetic ballast system with a T8 lamp electronic ballast system
are as follows:

* New fixtures (including fixture, two T8 lamps, and electronic ballast) cost $30 per fixture.

 Installation cost is $10 per fixture.

* Deferred cost of cleaning existing fixtures is $5 per fixture.

* The power company offers a one-time $8 per fixture rebate for replacing magnetic-bal-
lasted T12 lamps with electronic-ballasted T8 lamps.

Solution:

» Total project cost for 100 fixtures = ($30 + $10 — $5 — $8) x (100 fixtures) = $2700.

¢ Total energy dollar savings per year = Lighting energy savings + Cooling savings — Heating
costs = $1459 + $120 — $262 = $1,317 per year.

» SPB = $2700/($1317 per year) = 2.05 years.

It is obvious that retrofitting an existing lighting system that uses F40T12 lamps and magnetic bal-
lasts with F32T8 lamps and electronic ballasts can provide a very attractive payback.

HoMmEe ENERGY USE

In 2012, there were 113.93 million homes in the United States. On average, each home consumed
12,069 kWh of delivered electricity. Nationwide household consumption of natural gas, liquefied
petroleum gas, and fuel oil totaled 4.26, 0.51, and 0.51 quadrillion Btu, respectively, in 2012 (EIA,
2013c). Averaged across households in the United States, this amounts to 52,372 cubic feet of natu-
ral gas, 70 barrels of liquefied petroleum gas, and 47 barrels of fuel oil per home. The national aver-
age carbon dioxide output rate for generated electricity in 2010 was 1232 Ib CO, per megawatt-hour
(USEPA, 2014), which translates to about 1328.0 1b CO, per megawatt-hour for delivered electricity
(assuming transmission and distribution losses at 7.2%) (EIA, 2013c; USEPA, 2014). The average
carbon dioxide coefficient of natural gas is 0.0544 kg CO, per cubic foot. The fraction oxidized to
CO, is 100% (IPCC, 2006). The average carbon dioxide coefficient of distillate fuel oil is 429.61
kg CO, per 42-gallon barrel (USEPA, 2013c). The fraction oxidized to CO, is 100% (IPCC, 2006).
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The average carbon dioxide coefficient of liquefied petroleum gases is 219.3 kg CO, per 42-gallon
barrel (USEPA, 2011). The fraction oxidized to CO, is 100% (IPCC, 2006). Total single-family
home electricity, natural gas, distillate fuel oil, and liquefied petroleum gas consumption figures
were converted from their various units to metric tons of CO, and added together to obtain total
CO, emissions per home.

Calculation

1. Electricity—12,069 kWh per home X (1232.4 1b CO, per MWh generated) X 1/(1-0.072)
MWh delivered/MWh generated X 1 MWh/1000 kWh X 1 metric ton/2204.6 1b = 7.270
metric tons CO, per home.

2. Natural gas—52,372 cubic feet per home X 0.0544 kg CO, per cubic foot x 1/1000 kg/
metric ton = 2.85 metric tons CO, per home.

3. Liquid petroleum gas—70.4 gallons per home X 1/42 barrels/gallon x 219.3 kg CO, per
barrel X 1/1000 kg/metric ton = 0.37 metric tons CO, per home.

4. Fuel 0il—A47T gallons per home X 1/42 barrels/gallon x 429.61 kg CO, per barrel x 1/1000
kg/metric ton = 0.48 metric tons CO, per home.

Total CO, emissions for energy use per home is equal to 7.270 metric tons CO, for electricity + 2.85
metric tons CO, for natural gas + 0.37 metric tons CO, for liquid petroleum gas + 0.48 metric tons
CO, for fuel oil = 10.97 metric tons CO, per home per year.

NuMBER OF TREe SEEDLINGS GROWN FOR 10 YEARS

A medium-growth coniferous tree, planted in an urban setting and allowed to grow for 10 years,
sequesters 23.2 1b of carbon. This estimate is based on the following assumptions:

¢ Medium-growth coniferous trees are raised in a nursery for 1 year until they become 1
inch in diameter at 4.5 feet above the ground (the size of tree purchased in a 15-gallon
container).

e The nursery-grown trees are then planted in a suburban/urban setting; the trees are not
densely planted.

e The calculation takes into account “survival factors” developed by the U.S. Department
of Energy (USDOE, 1998). For example, after 5 years (1 year in the nursery and 4 in the
urban setting), the probability of survival is 68%; after 10 years, the probability declines to
59%. For each year, the sequestration rate (in pounds per tree) is multiplied by the survival
factor to yield a probability-weighted sequestration rate. These values are summed over
the 10-year period, beginning from the time of planting, to derive the estimate of 23.2 1b
of carbon per tree.

Please note the following caveats to these assumptions:

¢ Although most trees take 1 year in a nursery to reach the seedling stage, trees grown under
different conditions and trees of certain species may take longer—up to 6 years.

e Average survival rates in urban areas are based on broad assumptions, and the rates will
vary significantly depending on site conditions.

e Carbon sequestration depends on growth rate, which varies by location and other conditions.

¢ This method estimates only direct sequestration of carbon and does not include the energy
savings that result from buildings being shaded by urban tree cover.

To convert to units of metric tons CO, per tree, multiply by the ratio of the molecular weight of car-
bon dioxide to that of carbon (44/12) and the ratio of metric tons per pound (1/2204.6).
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Calculation
(23.2 1b C per tree) X (44 units CO, + 12 units C) X (1 metric ton + 2204.6 1b) = 0.039 metric ton
CO, per urban tree planted.

Acres ofF U.S. FOResTs STORING CARBON FOR ONE YEAR

Growing forests accumulate and store carbon. Through the process of photosynthesis, trees remove
CO, from the atmosphere and store it as cellulose, lignin, and other compounds. The rate of accu-
mulation is equal to growth minus removals (i.e., harvest for the production of paper and wood)
minus decomposition. In most U.S. forests, growth exceeds removals and decomposition, so the
amount of carbon stored nationally is increasing overall.

Data for U.S. Forests

The Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2010 (USEPA, 2012) pro-
vides data on the net greenhouse gas flux resulting from the use and changes in forest land
areas. Note that the term flux is used here to encompass both emission of greenhouse gases to
the atmosphere and removal of carbon from the atmosphere. Removal of carbon from the atmo-
sphere is also referred to as carbon sequestration. Forest land in the United States includes land
that is at least 10% stocked with trees of any size, or, in the case of stands dominated by certain
western woodland species for which stocking parameters are not available, at least 5% crown
cover by trees of any size. Timberland is defined as unreserved productive forest land producing
or capable of producing crops of industrial wood. Productivity is at a minimum rate of 20 ft3 of
industrial wood per acre per year. The remaining portion of forest land is classified as “reserved
forest land,” which is forest withdrawn from timber use by statute or regulation, or “other forest
land,” which includes forests on which timber is growing at a rate less than 20 ft* per acre per
year (Smith et al., 2010).

Calculation

Annual net change in carbon stocks per year in year n = (Carbon stocks,,;, — Carbon stocks) + Area
of land remaining in the same land-use category.

1. Determine the carbon stock change between years by subtracting carbon stocks in year ¢
from carbon stocks in year (¢ + 1). (This includes carbon stocks in the above-ground bio-
mass, below-ground biomass, dead wood, litter, and soil organic carbon pools.)

2. Determine the annual net change in carbon stocks (i.e., sequestration) per area by dividing
the carbon stock change in U.S. forests from step 1 by the total area of U.S. forests remain-
ing in forests in year (n + 1) (i.e., the area of land that did not change land-use categories
between the time periods).

Applying these calculations to data developed by the USDA Forest Service for the Inventory of
U.S. Greenhouse Gas Emissions and Sinks yields a result of 150 metric tons of carbon per hectare
(or 61 metric tons of carbon per acre) for the carbon stock density of U.S forests in 2010, with an
annual net change in carbon stock per area in 2010 of 0.82 metric tons of carbon sequestered per
hectare per year (or 0.33 metric tons of carbon sequestered per acre per year). These values include
carbon in the five forest pools of above-ground biomass, below-ground biomass, deadwood, litter,
and soil organic carbon, and they are based on state-level Forest Inventory and Analysis (FIA) data.
Forest carbon stocks and carbon stock change are based on the stock difference methodology and
algorithms described by Smith et al. (2010).
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CONVERSION FACTOR FOR CARBON SEQUESTERED ANNUALLY
BY ONE AcCRE OF AVERAGE U.S. FOREST

The following calculation is an estimate for “average” U.S. forests in 2010 (i.e., for U.S. forests as
a whole in 2010). Significant geographical variations underlie the national estimates, and the val-
ues calculated here might not be representative of individual regions of states. To estimate carbon
sequestered for additional acres in one year, simply multiply the number of acres by 1.22 metric tons
CO, per acre per year. From 2000 to 2010, the average annual sequestration per area was 0.73 metric
tons carbon per hectare per year (or 0.30 metric tons carbon per acre per year) in the United States,
with a minimum value of 0.36 metric tons carbon per hectare per year (or 0.15 metric tons carbon
per acre per year) in 2000, and a maximum value of 0.83 metric tons carbon per hectare per year (or
0.34 metric tons carbon per acre per year) in 20006.

Calculation

(=0.33 metric ton C per acre per year) X (44 units CO, + 12 units C) = —1.22 metric tons CO, seques-
tered annually by one acre of average U.S. forest.

AcRres OfF U.S. FOREST PRESERVED FROM CONVERSION TO CROPLANDS

The carbon stock density of U.S. forests in 2010 was 150 metric tons of carbon per hectare (or 61
metric tons of carbon per acre) (USEPA, 2012). This estimate is composed of the five carbon pools
of above-ground biomass (52 metric tons carbon per hectare), below-ground biomass (10 metric tons
carbon per hectare), dead wood (9 metric tons carbon per hectare), litter (17 metric tons carbon per
hectare), and soil organic carbons (62 metric tons carbon per hectare).

The Inventory of U.S. Greenhouse Gas Emissions and Sinks estimates soil carbon stock
changes using U.S.-specific equations and data from the USDA Natural Resource Inventory and
the CENTURY biogeochemical model (USEPA, 2012). When calculating carbon stock changes in
biomass due to conversion from forestland to cropland, the IPCC (2006) guidelines indicate that
the average carbon stock change is equal to the carbon stock change due to removal of biomass
from the outgoing land use (i.e., forestland) plus the carbon stocks from one year of growth in the
incoming land use (i.e., cropland), or the carbon in biomass immediately after the conversion minus
the carbon in biomass prior to the conversion plus the carbon stocks from one year of growth in the
incoming land use (i.e., cropland). The carbon stock in annual cropland biomass after 1 year is 5
metric tons carbon per hectare, and the carbon content of dry above-ground biomass is 45% (IPCC,
2006). Therefore, the carbon stock in cropland after 1 year of growth is estimated to be 2.25 metric
tons carbon per hectare (or 0.91 metric tons carbon per acre).

The averaged reference soil carbon stock (for high-activity clay, low-activity clay, and sandy
soils for all climate regions in the United States) is 40.83 metric tons carbon per hectare (USEPA,
2012). Carbon stock change in soils is time dependent, with a default time period for transition
between equilibrium soil organ carbon values of 20 years for mineral soils in cropland systems
(IPCC, 2006). Consequently, it is assumed that the change in equilibrium mineral soil organic
carbon will be annualized over 20 years to represent the annual flux. The IPCC (2006) guidelines
indicate that there are insufficient data to provide a default approach or parameters to estimate
carbon stock change from dead organic matter pools or below-ground carbon stocks in perennial
cropland.

Calculation
* Annual change in biomass carbon stocks on land converted to other land-use category:

ACB = ACG + CConversion - ACL
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where

ACjg = Annual change in carbon stocks in biomass due to growth on land converted to another

land-use category.

AC; = Annual increase in carbon stocks in biomass due to growth on land converted to

another land-use category (i.e., 2.25 metric tons C per hectare).

Comversion = Initial change in carbon stocks in biomass on land converted to another land-
use category; the sum of the carbon stocks in above-ground, below-ground, dead-
wood, and litter biomass (—88.47 metric tons C per hectare). Immediately after
conversion from forestland to cropland, biomass is assumed to be zero, as the land
is cleared of all vegetation before planting crops.

AC, = Annual decrease in biomass stocks due to losses from harvesting, fuel wood gathering,

and disturbances on land converted to other land-use category (assumed to be zero).

Thus, ACy = AC; + Crppersion — AC, = —86.22 metric tons carbon per hectare per year of biomass
carbon stocks are lost when forestland is converted to cropland.

* Annual change in organic carbon stocks in mineral soils:
A(:Mineral = (SOCO_ SOC(O—T)) +D

where
AC,inera = Annual change in carbon stocks in mineral soils.
SOC,, = Soil organic carbon stock in last year of inventory time period (i.e., 40.83 mt C per
hectare).
SOC,_r, = Solid organic carbon stock at beginning of inventory time period (i.e., 62 mt car-
bon per hectare).
D = Time dependence of stock change factors which is the default time period for transition
between equilibrium SOC values (i.e., 20 years for cropland systems).

Therefore, ACyy,,,; (SOC, — SOC y_) + D = (40.83 — 62) + 20 = —1.06 metric tons carbon per hect-
are per year of soil organic carbon are lost.

Consequently, the change in carbon density from converting forestland to cropland would be
—86.22 metric tons of carbon per hectare per year of biomass plus —1.06 metric tons carbon per
hectare per year of soil organic carbon, or a total loss of 87.28 metric tons carbon per hectare per
year (or —35.32 metric tons carbon per acre per year).

To convert to carbon dioxide, multiply by the ratio of the molecular weight of carbon dioxide to
that of carbon (44/12), to yield a value of —320.01 metric tons CO, per hectare per year (or —129.51
metric tons CO, per acre per year).

(=35.32 metric tons C per acre per year) X (44 units CO, + 12 units C)

=—129.51 metric tons CO, per acre per year

To estimate the amount of carbon dioxide not emitted when an acre of forest is preserved from
conversion to cropland, simply multiply the number of acres of forest not converted by —129.51 mt
CO,e per acre per year. Note that this calculation method assumes that all of the forest biomass is
oxidized during clearing; that is, none of the burned biomass remains as charcoal or ash. Also note
that this estimate only includes mineral soil carbon stocks, as most forests in the contiguous United
States are growing on mineral soils. In the case of mineral soil forests, soil carbon stocks could be
replenished or even increased, depending on the starting stocks, how the agricultural lands are man-
aged, and the time frame over which the lands are managed.



Units, Standards of Measurement, and Conversions 53

ProPANE CYLINDERS USED FOR HOME BARBECUES

Propane is 81.7% carbon, and the fraction oxidized is 100% (IPCC, 2006; USEPA, 2013c). Carbon
dioxide emissions per pound of propane were determined by multiplying the weight of propane in
a cylinder times the carbon content percentage times the fraction oxidized times the ratio of the
molecular weight of carbon dioxide to that of carbon (44/12). Propane cylinders vary with respect to
size; for the purpose of this equivalency calculation, a typical cylinder for home use was assumed
to contain 18 pounds of propane.

Calculation

(18 1b propane per cylinder) x (0.817 1b C per 1b propane) X (0.4536 kg/lb) x (44 kg CO, per 12 kg
C) x (1 metric ton/1000 kg) = 0.024 metric tons CO, per cylinder.

RaiLcArs oF CoAL BURNED

The average heat content of coal consumed in the United States in 2013 was 21.48 mmBtu per
metric ton (EIA, 2014). The average carbon coefficient of coal combusted for electricity generation
in 2012 was 26.05 kg carbon per mmBtu (USEPA, 2013c). The fraction oxidized is 100% (IPCC,
2006). Carbon dioxide emissions per ton of coal were determined by multiplying the heat content
times the carbon coefficient times the fraction oxidized times the ratio of the molecular weight of
carbon dioxide to that of carbon (44/12). The amount of coal in an average railcar was assumed to
be 100.19 short tons, or 90.89 metric tons (Hancock and Sreekanth, 2001).

Calculation

(21.48 mmBtu/metric ton coal) X (26.05 kg C per mmBtu) x (44 g CO, per 12 g C) X (90.89 metric
tons coal per railcar) X (1 metric ton/1000 kg) = 186.50 metric tons CO, per railcar.

Pounps oF CoAL BURNED

The average heat content of coal consumed in the United States in 2013 was 21.48 mmBtu per
metric ton (EIA, 2014). The average carbon coefficient of coal combusted for electricity generation
in 2012 was 26.05 kg carbon per mmBtu (USEPA, 2013c). The fraction oxidized is 100% (IPCC,
2006). Carbon dioxide emissions per pound of coal were determined by multiplying the heat content
times the carbon coefficient times that fraction oxidized times the ratio of the molecular weight of
carbon dioxide to that of carbon (44/12).

Calculations

(21.48 mmBtu/metric ton coal) X (26.05 kg C per mmBtu) X (44 g CO, per 12g C) X (1 metric ton
coal per 2204.6 Ib coal) X (1 metric ton/1000 kg) = 9.31 x 10~* metric tons CO, per pound of coal.

ToNs oF WASTE RecYCLED INSTEAD OF LANDFILLED

To develop the conversion factor for recycling rather than landfilling waste, emission factors from
the USEPA’s Waste Reduction Model (WARM) were used (USEPA, 2013¢). These emission factors
were developed following a life-cycle assessment methodology using estimation techniques devel-
oped for national inventories of greenhouse gas emissions. According to WARM, the net emission
reduction from recycling mixed recyclables (e.g., paper, metals, plastics), compared with a baseline
in which the materials are landfilled, is 0.73 metric tons of carbon equivalent per short ton. This
factor was then converted to metric tons of carbon dioxide equivalent by multiplying by 44/12, the
molecular weight ratio of carbon dioxide to carbon.
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Calculation

(0.76 metric tons of carbon equivalent per ton) X (44 g CO, per 12 g C) = 2.79 metric tons CO,
equivalent per ton of waste recycled instead of landfilled.

GARBAGE TRUckS OF WASTE RECYCLED INSTEAD OF LANDFILLED

The carbon dioxide equivalent emissions avoided from recycling instead of landfilling 1 ton of waste
are 2.67 metric tons CO,e per ton, as calculated in the previous section. Carbon dioxide emissions
reduced per garbage truck full of waste were determined by multiplying emissions avoided from
recycling instead of landfilling 1 ton of waste by the amount of waste in an average garbage truck.
The amount of waste in an average garbage truck was assumed to be 7 tons (USEPA, 2002, 2013).

Calculation

(2.79 metric tons CO,e/ton of waste recycled instead of landfilled) X (7 tons/garbage truck) = 19.51
metric tons CO,e per garbage truck of waste recycled instead of landfilled.

CoAL-FIRED POWER PLANT EMissIONS FOR ONE YEAR

In 2010, a total of 454 power plants used coal to generate at least 95% of their electricity (USEPA,
2014). These plants emitted 1,729,127,770.8 metric tons of CO, in 2010. Carbon dioxide emissions
per power plant were calculated by dividing the total emissions from power plants whose primary
source of fuel was coal by the number of power plants.

Calculation

(1,729,127,770.8 metric tons of CO,) X (1/454 power plants) = 3,808,651 metric tons CO, per coal-
fired power plant.

WIND TURBINES INSTALLED

In 2012, the average nameplate capacity of wind turbines installed in the United States was 1.94
MW, and the average wind capacity factor in the United States was 31% (USDOE, 2013). Electricity
generation from an average wind turbine can be determined by multiplying the average nameplate
capacity of a wind turbine in the United States (1.94 MW) by the average U.S. wind capacity fac-
tor (0.31) and by the number of hours per year. It is assumed that the electricity generated from an
installed wind turbine would replace marginal sources of grid electricity. The U.S. annual non-base-
load CO, output emission rate to convert reductions of kilowatt-hours into avoided units of carbon
dioxide emissions is 6.89551 x 10-*. Carbon dioxide emissions avoided per wind turbine installed
are determined by multiplying the average electricity generated per wind turbine in a year by the
national average non-baseload grid electricity CO, output rate (USEPA, 2012).

Calculations

(1.94 MW average capacity) X (0.31) x (8760 hours/year) x (1000 kWh/MWh) x (6.89551 x 10-*
metric tons CO, per kWh reduced) = 3633 metric tons CO, per wind turbine installed.
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3 Math Operations Review

Note everything that counts can be counted, and not everything that can be counted counts.

—Albert Einstein

INTRODUCTION

Most calculations required by environmental engineers require a knowledge of the basics, such as
addition, subtraction, multiplication, division, and sequence of operations, among others. Although
many of these operations are fundamental tools within each environmental practitioner’s toolbox,
these tools must be used on a consistent basis to remain sharp. Environmental practitioners should
master basic math definitions and the formation of problems, as daily operations require calculation
of percentages, averages, simple ratios, geometric dimensions, threshold odor numbers, and force,
pressure, and head, as well as the use of dimensional analysis and advanced math operations. With
regard to advanced math operations, an in-depth knowledge of algebra, linear algebra, vectors,
trigonometry, analytic geometry, differential calculus, integral calculus, and differential equations
is required in certain environmental engineering design and analysis operations; however, we leave
discussion of these higher operations to the math textbooks.

BASIC MATH TERMINOLOGY AND DEFINITIONS

The following basic definitions will aid in understanding the material that follows:

e An integer, or an integral number, is a whole number; thus, 1, 2, 3,4, 5,6, 7, 8, 9, 10, 11,
and 12 are the first 12 positive integers.

* A factor, or divisor, of a whole number is any other whole number that exactly divides it;
thus, 2 and 5 are factors of 10.

e A prime number in math is a number that has no factors except itself and 1; examples of
prime numbers are 1, 3, 5, 7, and 11.

* A composite number is a number that has factors other than itself and 1. Examples of com-
posite numbers are 4, 6, 8,9, and 12.

* A common factor, or common divisor, of two or more numbers is a factor that will exactly
divide each of them. If this factor is the largest factor possible, it is called the greatest
common divisor. Thus, 3 is a common divisor of 9 and 27, but 9 is the greatest common
divisor of 9 and 27.

* A multiple of a given number is a number that is exactly divisible by the given number. If a
number is exactly divisible by two or more other numbers, it is a common multiple of them.
The least (smallest) such number is called the lowest common multiple. Thus, 36 and 72
are common multiples of 12, 9, and 4; however, 36 is the lowest common multiple.

* An even number is a number exactly divisible by 2; thus, 2, 4, 6, 8, 10, and 12 are even
integers.

* An odd number is an integer that is not exactly divisible by 2; thus, 1,3, 5, 7, 9, and 11 are
odd integers.

* A product is the result of multiplying two or more numbers together; thus, 25 is the product
of 5 X 5. Also, 4 and 5 are factors of 20.
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* A quotient is the result of dividing one number by another; for example, 5 is the quotient
of 20 + 4.

* A dividend is a number to be divided; a divisor is a number that divides; for example, in
100 + 20 =5, 100 is the dividend, 20 is the divisor, and 5 is the quotient.

e Area is the area of an object, measured in square units.

e Base is a term used to identify the bottom leg of a triangle, measured in linear units.

* Circumference is the distance around an object, measured in linear units. When determined
for other than circles, it may be called the perimeter of the figure, object, or landscape.

e Cubic units are measurements used to express volume (cubic feet, cubic meters, etc.).

e Depth is the vertical distance from the bottom of the tank to the top. This is normally
measured in terms of liquid depth and given in terms of sidewall depth (SWD), measured
in linear units.

e Diameter is the distance from one edge of a circle to the opposite edge passing through the
center, measured in linear units.

* Height is the vertical distance from the base or bottom of a unit to the top or surface.

e Linear units are measurements used to express distances: feet, inches, meters, yards, etc.

* Pi (n) is a number in calculations involving circles, spheres, or cones (n = 3.14).

* Radius is the distance from the center of a circle to the edge, measured in linear units.

* Sphere is a container shaped like a ball.

* Square units are measurements used to express area, square feet, square meters, acres, etc.

e Volume is the capacity of the unit (how much it will hold), measured in cubic units (cubic
feet, cubic meters) or in liquid volume units (gallons, liters, million gallons).

e Width is the distance from one side of the tank to the other, measured in linear units.

Key WoRDS

* Ofmeans to multiply.

¢ And means to add.

¢ Per means to divide.

e Less than means to subtract.

SEQUENCE OF OPERATIONS

Mathematical operations such as addition, subtraction, multiplication, and division are usually per-
formed in a certain order or sequence. Typically, multiplication and division operations are done
prior to addition and subtraction operations. In addition, mathematical operations are also generally
performed from left to right using this hierarchy. The use of parentheses is also common to set apart
operations that should be performed in a particular sequence. Consider the expression 2 + 3 X 4.
You might say the solution is 20 but if you know the rules then you would answer (correctly) 24. The
preceding expression may be rendered 2 + (3 X 4), but the brackets are unnecessary if you know the
rules, as multiplication has precedence even without the parentheses.

Note: It is assumed that the reader has a fundamental knowledge of basic arithmetic and math
operations; thus, the purpose of the following section is to provide a brief review of the math-
ematical concepts and applications frequently employed by environmental practitioners.

SEQUENCE OF OPERATIONS RULES

Rule 1

In a series of additions, the terms may be placed in any order and grouped in any way; thus, 4 + 3 =
Tand3+4=7,4+3)+06+4)=17,6+3)+@d+4) =17, and [6 + B+ 4] +4=17.
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Rule 2

In a series of subtractions, changing the order or the grouping of the terms may change the result;
thus, 100 — 30 = 70, but 30 — 100 = 70, and (100 — 30) — 10 = 60, but 100 — (30 — 10) = 80.

Rule 3

When no grouping is given, the subtractions are performed in the order written, from left to right;
thus, 100 — 30 — 15 — 4 = 51 (by steps, it would be 100 — 30 = 70, 70 — 15 = 55, 55 — 4 = 51).

Rule 4

In a series of multiplications, the factors may be placed in any order and in any grouping; thus, [(2
X 3)x5]x6=180and 5 X [2 X (6 X 3)] = 180.

Rule 5

In a series of divisions, changing the order or the grouping may change the result; thus, 100 + 10
=10 but 10 + 100 = 0.1, and (100 + 10) + 2 = 5 but 100 + (10 + 2) = 20. Again, if no grouping is
indicated, the divisions are performed in the order written, from left to right; thus, 100 + 10 + 2 is
understood to mean (100 + 10) + 2.

Rule 6

In a series of mixed mathematical operations, the convention is as follows: Whenever no grouping
is given, multiplications and divisions are to be performed in the order written, then additions and
subtractions in the order written.

SEQUENCE OF OPERATIONS EXAMPLES

In a series of additions, the terms may be placed in any order and grouped in any way:

4+6=10and6+4 =10
4+5+@B+7D=19,B3+5+@+7=19,and [7+ 5 +4]+3=19

In a series of subtractions, changing the order or the grouping of the terms may change the result:

100 — 20 = 80, but 20 — 100 = —80
(100 — 30) — 20 = 50, but 100 — (30 — 20) = 90

When no grouping is given, the subtractions are performed in the order written, from left to right:

100-30-20-3 =47
or by steps:
100 -30=70,70 - 20 =50,50 -3 =47

In a series of multiplications, the factors may be placed in any order and in any grouping:
[3%3)Xx5]x6=270and 5 X [3 X (6 X 3)] =270

In a series of divisions, changing the order or the grouping may change the result:

100 = 10 = 10, but 10 + 100 = 0.1
(100 = 10) = 2 = 5, but 100 = (10 = 2) = 20
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If no grouping is indicated, the divisions are performed in the order written—from left to right:
100 + 5 + 2 is understood to mean (100 = 5) + 2

In a series of mixed mathematical operations, the rule of thumb is that, whenever no grouping is
given, multiplications and divisions are to be performed in the order written, then additions and
subtractions in the order written.

Consider the following classic example of sequence of operations (Stapel, 2012):

Problem: Simplify 4 — 3[4 — 2(6 — 3)] =+ 2.

Solution:
4-3[4-206-3)]+2
4-3[4-23)]+2
4-3[4-6]+2
4-3[-2]=+2
4+6+2
4+3=7

PERCENT

The word “percent” means “by the hundred.” Percentage is usually designated by the symbol %;
thus, 15% means 15 percent or 15/100 or 0.15. These equivalents may be written in the reverse order:
0.15 = 15/100 = 15%. In wastewater treatment, percent is frequently used to express plant perfor-
mance and for control of biosolids treatment processes. When working with percent, the following
key points are important:

* Percents are another way of expressing a part of a whole.

e Percent means “by the hundred,” so a percentage is the number out of 100. To determine
percent, divide the quantity we wish to express as a percent by the total quantity, then
multiply by 100:

Part

P t (%) =— 3.1
ercent (%) Whole 3.1

For example, 22 percent (or 22%) means 22 out of 100, or 22/100. Dividing 22 by 100
results in the decimal 0.22:

22% = 22 =0.22
100

¢ When using percentages in calculations (such as when calculating hypochlorite dosages
and when the percent available chlorine must be considered), the percentage must be con-
verted to an equivalent decimal number; this is accomplished by dividing the percentage
by 100. For example, calcium hypochlorite (HTH) contains 65% available chlorine. What
is the decimal equivalent of 65%? Because 65% means 65 per hundred, divide 65 by 100:
65/100, which is 0.65.
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¢ Decimals and fractions can be converted to percentages. The fraction is first converted
to a decimal, then the decimal is multiplied by 100 to get the percentage. For example,
if a 50-foot-high water tank has 26 feet of water in it, how full is the tank in terms of the
percentage of its capacity?

26 ft

——— =0.52 (decimal equivalent)
50 ft

0.52x100=52

Thus, the tank is 52% full.

B EXAMPLE 3.1

Problem: The plant operator removes 6500 gal of biosolids from the settling tank. The biosolids
contain 325 gal of solids. What is the percent solids in the biosolids?

Solution:

325 gal

6500 gal

Percent = x100=5%

B EXAMPLE 3.2

Problem: Convert 48% to decimal percent.

Solution:

Percent _ ﬁ 048
100 100

Decimal percent =

B EXAMPLE 3.3

Problem: Biosolids contain 5.8% solids. What is the concentration of solids in decimal percent?

Solution:

Decimal percent = 8% =0.058
100

Note: Unless otherwise noted, all calculations in the text using percent values require the percent
to be converted to a decimal before use.

To determine what quantity a percent equals, first convert the percent to a decimal and then
multiply by the total quantity:

Quantity = Total X Decimal percent (3.2)

B EXAMPLE 34

Problem: Biosolids drawn from the settling tank are 5% solids. If 2800 gal of biosolids are with-
drawn, how many gallons of solids are removed?

Solution:

Gallons = % % 2800 gal =140 gal
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B EXAMPLE 3.5

Problem: Convert 0.55 to percent.

Solution:

0.55= EAN 55%
100

(To convert 0.55 to 55%, we multiply by 100, or simply move the decimal point two places to the
right.)

B EXAMPLE 3.6

Problem: Convert 7/22 to a decimal percent to a percent.

Solution:

%:0.318=0.318X100=31.8%

B EXAMPLE 3.7
Problem: What is the percentage of 3 ppm?

Note: Because 1 liter of water weighs 1 kg (1000 g = 1,000,000 mg), milligrams per liter is parts
per million (ppm)

Solution: Because 3 parts per million (ppm) = 3 mg/L:

3
3mg/L = me x100%
1'Lx 1,000,000 mg/L

3

= % = 0.0003%
10,000

B EXAMPLE 3.8
Problem: How many mg/L is a 1.4% solution?

Solution:

1.4% = % % 1,000,000 mg/L (the weight of 1 L water to 106) =14,000 mg/L

B EXAMPLE 3.9
Problem: Calculate pounds per million gallons for 1 ppm (1 mg/L) of water.

Solution: Because 1 gal of water = 8.34 1b,

1 ppm = lgal  1galx8.34 Ib/gal

=— = = 8.34 1b/1,000,000 gal
10” gal 1,000,000 gal
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B EXAMPLE 3.10

Problem: How many pounds of activated carbon (AC) are needed with 42 Ib of sand to make the
mixture 26% AC?

Solution: Let x be the weight of AC; thus,

X
42+ x

x=0.26(42+x)=10.92+0.26x

=0.26

109214761
0.74

B EXAMPLE 3.11
Problem: A pipe is laid at a rise of 140 mm in 22 m. What is the grade?

Solution:

140mm oo, = 140mm 009 = 0.64%
22 m 22 m x 1000 mm

Grade =

B EXAMPLE 3.12

Problem: A motor is rated as 40 horsepower (hp). However, the output horsepower of the motor is
only 26.5 hp. What is the efficiency of the motor?

Solution:

hp output < 100% = 26.5 hp

hp input 40 hp

Efficiency = x100% = 66%

SIGNIFICANT DIGITS

When rounding numbers, the following key points are important:

e Numbers are rounded to reduce the number of digits to the right of the decimal point. This
is done for convenience, not for accuracy.

* A number is rounded off by dropping one or more numbers from the right and adding zeroes
if necessary to place the decimal point. If the last figure dropped is 5 or more, increase
the last retained figure by 1. If the last digit dropped is less than 5, do not increase the last
retained figure. If the digit 5 is dropped, round off preceding digit to the nearest even number.

B EXAMPLE 3.13

Problem: Round off the following numbers to one decimal.

Solution:
3473 =347
3477 = 34.8
3475 =34.8
3445 =344

3435=34.4
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RULE

Significant figures are those numbers that are known to be reliable. The position of the deci-
mal point does not determine the number of significant figures.

B EXAMPLE 3.14
Problem: Round off 10,546 to 4, 3, 2, and 1 significant figures.

Solution:

10,546 = 10,550 to 4 significant figures
10,546 = 10,500 to 3 significant figures
10,546 = 11,000 to 2 significant figures
10,547 = 10,000 to 1 significant figure

When determining significant figures, the following key points are important:
1. The concept of significant figures is related to rounding.
2. It can be used to determine where to round off.

Note: No answer can be more accurate than the least accurate piece of data used to calculate
the answer.

B EXAMPLE 3.15

Problem: How many significant figures are in a measurement of 1.35 in.?

Solution: Three significant figures: 1, 3, and 5.

B EXAMPLE 3.16
Problem: How many significant figures are in a measurement of 0.000135?

Solution: Again, three significant figures: 1, 3, and 5. The three zeros are used only to place the
decimal point.

B EXAMPLE 3.17
Problem: How many significant figures are in a measurement of 103,500?

Solution: Four significant figures: 1, 0, 3, and 5. The remaining two zeros are used to place the
decimal point.

B EXAMPLE 3.18
Problem: How many significant figures are in 27,000.0?

Solution: There are six significant figures: 2, 7, 0, 0, 0, 0. In this case, the .0 in 27,000.0 means that
the measurement is precise to 1/10 unit. The zeros indicate measured values and are not used solely
to place the decimal point.

POWERS AND EXPONENTS

When working with powers and exponents, the following key points are important:

* Powers are used to identify area, as in square feet, and volume, as in cubic feet.
» Powers can also be used to indicate that a number should be squared, cubed, etc. This later
designation is the number of times a number must be multiplied times itself.
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o [If all of the factors are alike, such as 4 X 4 X 4 X 4 = 256, the product is called a power.
Thus, 256 is a power of 4, and 4 is the base of the power. A power is a product obtained by
using a base a certain number of times as a factor.

* Instead of writing 4 X 4 X 4 X 4, it is more convenient to use an exponent to indicate that
the factor 4 is used as a factor four times. This exponent, a small number placed above and
to the right of the base number, indicates how many times the base is to be used as a factor.
Using this system of notation, the multiplication 4 X 4 X 4 X 4 is written as 4*. The s the
exponent, showing that 4 is to be used as a factor 4 times.

* These same consideration apply to letters (a, b, x, y, etc.) as well; for example:

2=zXz

=zXz7X7zX2Z

Note: When a number or letter does not have an exponent, it is considered to have an exponent
of one.

B EXAMPLE 3.19

Problem: How is the term 23 written in expanded form?

Solution: The power (exponent) of 3 means that the base number (2) is multiplied by itself three
times:

B=2%x2x%x2

B EXAMPLE 3.20

Problem: How is the term (3/8)? written in expanded form?

Note: When parentheses are used, the exponent refers to the entire term within the parentheses.
Solution: In this example, (3/8)> means:
(3/8)* = (3/8 x 3/8)

Note: When a negative exponent is used with a number or term, a number can be rewritten using
a positive exponent:

673 =1/6°
Another example is
117 = 1/113
POWERS OF 1 POWERS OF 10
19=1 10°=1
"= 10' =10
12=1 102 = 100
B=1 103 = 1000

“=1 10* = 10,000
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B EXAMPLE 3.21

Problem: How is the term 83 written in expanded form?
Solution:

gi= o |
===
8 X8

Note: A number or letter written as, for example, 3° or X° does not equal 3 x 1 or X x 1, but
simply 1.

AVERAGES (ARITHMETIC MEAN)

Whether we speak of harmonic mean, geometric mean, or arithmetic mean, each represents the
“center,” or “middle,” of a set of numbers. They capture the intuitive notion of a “central tendency”
that may be present in the data. In statistical analysis, an “average of data” is a number that indicates
the middle of the distribution of data values.

An average is a way of representing several different measurements as a single number. Although
averages can be useful in that they tell us “about” how much or how many, they can also be mislead-
ing, as we demonstrate below. You will find two kinds of averages in environmental engineering
calculations: the arithmetic mean (or simply mean) and the median.

B EXAMPLE 3.22

Problem: The operator of a waterworks or wastewater treatment plant takes a chlorine residual
measurement every day; part of the operator’s log is shown below. Find the mean.

Monday 0.9 mg/L
Tuesday 1.0 mg/L
Wednesday 0.9 mg/L
Thursday 1.3 mg/L

Friday 1.1 mg/L
Saturday 1.4 mg/L
Sunday 1.2 mg/L

Solution: Add up the seven chlorine residual readings: 0.9+ 1.0 +09 + 1.3 + 1.1 + 1.4+ 1.2. =7.8.
Next, divide by the number of measurements—in this case, 7:

7.8 +7=111

The mean chlorine residual for the week was 1.11 mg/L.

DEFINITION

The mean (what we usually refer to as an average) is the total of values of a set of observations
divided by the number of observations. We simply add up all of the individual measurements
and divide by the total number of measurements we took.
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B EXAMPLE 3.23

Problem: A water system has four wells with the following capacities: 115 gpm (gallons per min-
ute), 100 gpm, 125 gpm, and 90 gpm. What is the mean?

Solution:

115 gpm + 100 gpm + 125 gpm + 90 gpm = 430
430 + 4 =107.5 gpm

B EXAMPLE 3.24

Problem: A water system has four storage tanks. Three of them have a capacity of 100,000 gal each,
while the fourth has a capacity of 1 million gal. What is the mean capacity of the storage tanks?

Solution: The mean capacity of the storage tanks is

100,000 + 100,000 + 100,000 + 1,000,000 = 1,300,000
1,300,000 + 4 = 325,000 gal

Notice that no tank in Example 2.24 has a capacity anywhere close to the mean.

B EXAMPLE 3.25

Problem: Effluent biochemical oxygen demand (BOD) test results for the treatment plant during the
month of August are shown below:

Test 1 22 mg/L
Test 2 33 mg/L
Test 3 21 mg/L
Test 4 13 mg/L

What is the average effluent BOD for the month of August?
Solution:
22+33+21+13=89
89 +4 =223 mg/L

B EXAMPLE 3.26

Problem: For the primary influent flow, the following composite-sampled solids concentrations
were recorded for the week:

Monday 310 mg/L SS
Tuesday 322 mg/L SS
Wednesday 305 mg/L SS
Thursday 326 mg/L SS

Friday 313 mg/L SS
Saturday 310 mg/L SS
Sunday 320 mg/L SS
Total 2206 mg/L SS

What is the average SS?
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Solution:
Average SS = Sum of all measurements
Number of measurements used
2206 mg/L SS
es= 315.1 mg/L SS
RATIO

A ratio is the established relationship between two numbers; it is simply one number divided by
another number. For example, if someone says, “I’ll give you four to one the Redskins over the
Cowboys in the Super Bowl,” what does that person mean? Four to one, or 4:1, is a ratio. If someone
gives you four to one, it’s his or her $4 to your $1. As another more pertinent example, if an aver-
age of 3 cubic feet (ft?) of screenings are removed from each million gallons (MG) of wastewater
treated, the ratio of screenings removed to treated wastewater is 3:1. Ratios are normally written
using a colon (such as 2:1) or as a fraction (such as 2/1). When working with ratios, the following
key points are important to remember.

¢ One place where fractions are used in calculations is when ratios are used, such as calculat-
ing solutions.

e A ratio is usually stated in the form A is to B as C is to D, which can be written as two
fractions that are equal to each other:

A_C
B D
e Cross-multiplying solves ratio problems; that is, we multiply the left numerator (A) by the

right denominator (D) and say that the product is equal to the left denominator (B) times
the right numerator (C):

AxD=BxC (or, AD = BC)

* If one of the four items is unknown, dividing the two known items that are multiplied
together by the known item that is multiplied by the unknown solves the ratio. For example,
if 2 1b of alum are needed to treat 500 gal of water, how many pounds of alum will we need
to treat 10,000 gal? We can state this as a ratio: “2 1b of alum is to 500 gal of water as x Ib
of alum is to 10,000 gal of water.” This is set up in this manner:

Ilbalum xlbalum
500 gal water 10,000 gal water

Cross-multiplying,
500 x x =1 x 10,000

Transposing,

1x10,000
500

=20 1b alum
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To calculate proportion, suppose, for example, that 5 gal of fuel costs $5.40. What will 15
gal cost?

Sgal 15 gal
$5.40 $y

5 gal x $y =15 gal x $5.40 =81

$y=%= $16.20

B EXAMPLE 3.27

Problem: If a pump will fill a tank in 20 hr at 4 gpm, how long will it take a 10-gpm pump to fill
the same tank?

Solution: First, analyze the problem. Here, the unknown is some number of hours. But, should the
answer be larger or smaller than 20 hr? If a 4-gpm pump can fill the tank in 20 hr, a larger (10-gpm)
pump should be able to complete the filling in less than 20 hr. Therefore, the answer should be less
than 20 hours. Now set up the proportion:

xhr  4gpm
20hr 10 gpm

(4%x20)
x:
10

=8 hr

B EXAMPLE 3.28
Problem: Solve for the unknown value x in the problem given below.

Solution:
36 _
180 4450
4450 %36 — =890
180

B EXAMPLE 3.29
Problem: Solve for the unknown value x in the problem given below.

34_6
2 x
Solution:
34xx=2x%X6
x=2X0_353

34
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B EXAMPLE 3.30

Problem: 1 1b of chlorine is dissolved in 65 gal of water. To maintain the same concentration, how
many pounds of chlorine would have to be dissolved in 150 gal of water?

Solution:
Ib  xIb
65 gal 150 gal
65xx=1x150
p= X105 3y
65

B EXAMPLE 3.31

Problem: It takes 5 workers 50 hr to complete a job. At the same rate, how many hours would it take
8 workers to complete the job?

Solution:

5 workers _ x hr
8 workers 50 hr
5%50
X =
8

=313 hr

B EXAMPLE 3.32

Problem: If 1.6 L of activated sludge (biosolids) with volatile suspended solids (VSS) of 1900 mg/L
are mixed with 7.2 L of raw domestic wastewater with BOD of 250 g/L, what is the food-to-micro-
organism (F/M) ratio?

Solution:
F _ Amount of BOD _ 250 mg/Lx7.2L _ 0.59 _ 0.59
M Amountof VSS 1900 mg/Lx1.6L 1 '
DIMENSIONAL ANALYSIS

Dimensional analysis is a problem-solving method that uses the fact that any number or expression
can be multiplied by 1 without changing its value. It is a useful technique used to check if a prob-
lem is set up correctly. When using dimensional analysis to check a math setup, we work with the
dimensions (units of measure) only—not with numbers.

An example of dimensional analysis that is common to everyday life is the unit pricing found in
many hardware stores. A shopper can purchase a 1-1b box of nails for 98¢ at a local hardware store,
but a nearby warehouse store sells a 5-1b bag of the same nails for $3.50. The shopper will analyze
this problem almost without thinking about it. The solution calls for reducing the problem to the
price per pound. The pound is selected without much thought because it is the unit common to both
stores. The shopper will pay 70¢ a pound for the nails at the warehouse store but 98¢ at the local
hardware store. Implicit in the solution to this problem is knowing the unit price, which is expressed
in dollars per pound ($/1b).
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Note: Unit factors may be made from any two terms that describe the same or equivalent amounts
of what we are interested in; for example, we know that 1 inch = 2.54 centimeters.

In order to use the dimensional analysis method, we must know how to perform three basic
operations.

Basic OPerATION: DivisioN oF UNITS

To complete a division of units, always ensure that all units are written in the same format; it is best
to express a horizontal fraction (such as gal/ft?) as a vertical fraction.

Horizontal to vertical

1
al/ft® to g
& ft?

si to LA
P in.?
The same procedures are applied in the following examples.
3

3 .
ft” /min becomes ——
min

. S
s/min becomes ——

min

BAsic OPerATION: DIVIDE BY A FRACTION

We must know how to divide by a fraction. For example,
day

( § )

d

& becomes E X —=
min day min
( day )

In the above, notice that the terms in the denominator were inverted before the fractions were mul-
tiplied. This is a standard rule that must be followed when dividing fractions.
Another example is

mm? 2 m?
3 becomes mm~ X 5
(mm ) mm

2

m

Basic OPERATION: CANCEL OR D1vIDE NUMERATORS AND DENOMINATORS

We must know how to cancel or divide terms in the numerator and denominator of a fraction. After
fractions have been rewritten in the vertical form and division by the fraction has been re-expressed
as multiplication, as shown above, then the terms can be canceled (or divided) out.
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Note: For every term that is canceled in the numerator of a fraction, a similar term must be can-
celed in the denominator and vice versa, as shown below:

kg 4 _ ke
4 min min
2

m—H—k%X =m

Bisssca
gal " ft? fit

min -gat " min

Question: How do we calculate units that include exponents?

Answer: When written with exponents, such as ft3, a unit can be left as is or put in expanded form,
(fy(ft)(ft), depending on other units in the calculation. The point is that it is important to ensure that
square and cubic terms are expressed uniformly (e.g., sq ft, ft?> cu ft, ft3). For dimensional analysis,
the latter system is preferred.

For example, to convert a volume of 1400 ft3 to gallons, we will use 7.48 gal/ft? in the conver-
sions. The question becomes do we multiply or divide by 7.487 In this instance, it is possible to use
dimensional analysis to answer this question of whether we multiply or divide by 7.48.

To determine if the math setup is correct, only the dimensions are used. First, try dividing:

e f
gal/ft’ ( gal j
i

Multiply the numerator and denominator to obtain

i
gal

So, by dimensional analysis, we have determined that if we divide the two dimensions (ft3> and
gal/ft}) then the units of the answer are ft®/gal, not gal. It is clear that division is not the right
approach to making this conversion.

What would have happened if we had multiplied the dimensions instead of dividing?

3 x (gal/ft®) = ft° x(%l)

Multiply the numerator and denominator to obtain

ft* x gal
ft’

and cancel common terms to obtain
ft7 x gal
4&3

Obviously, by multiplying the two dimensions (ft* and gal/ft), the answer will be in gallons,
which is what we want. Thus, because the math setup is correct, we would then multiply the num-
bers to obtain the number of gallons:
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(1400 ft?) x (7.48 gal/ft®) = 10,472 gal

Now, let’s try another problem with exponents. We wish to obtain an answer in square feet. If we
are given the two terms—70 ft3/s and 4.5 ft/s—is the following math setup correct?

(70 ft3/s) x (4.5 ft/s)

First, only the dimensions are used to determine if the math setup is correct. By multiplying the two
dimensions, we get

3
(f2/5)  (fs) = 1L L
S S

Multiply the terms in the numerators and denominators of the fraction:

fo x ft _ ft*

SXS S2

Obviously, the math setup is incorrect because the dimensions of the answer are not square feet;
therefore, if we multiply the numbers as shown above, the answer will be wrong.
Let’s try division of the two dimensions instead:

Invert the denominator and multiply to get

—ixi— (fixfixft)xs _ (fxfoxft)xs _ oo
s ft sx ft s xft

Because the dimensions of the answer are square feet, this math setup is correct; therefore, by
dividing the numbers as was done with units, the answer will also be correct.

70 ft3 /s
4.5 ft/s

=15.56 ft*

B EXAMPLE 3.33

Problem: We are given two terms, 5 m/s and 7 m?, and the answer to be obtained should be in cubic
meters per second (m?3/s). Is multiplying the two terms the correct math setup?

Solution:

(m/s)x (m?) = & x m?
S

Multiply the numerators and denominator of the fraction:
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Because the dimensions of the answer are cubic meters per second (m?3/s), the math setup is correct;
therefore, multiply the numbers to get the correct answer:

5m/s X 7m?=35m?/s

B EXAMPLE 3.34

Problem: The flow rate in a water line is 2.3 ft’/s. What is the flow rate expressed as gallons per
minute?

Solution: Set up the math problem and then use dimensional analysis to check the math setup:
(2.3 ft3/s) x (7.48 gal/ft3) X (60 s/min)

Dimensional analysis can be used to check the math setup:

3 3
(ft/5) x (gal/ft) x (s/min) = = x 85 S _ ﬁ—xg—ﬂxi _ sl
S ft min s ft min  min

The math setup is correct as shown above; therefore, this problem can be multiplied out to get the
answer in correct units:

(2.3 ft3/s) x (7.48 gal/ft?) x (60 s/min) = 1032.24 gal/min

B EXAMPLE 3.35
Problem: During an 8-hr period, a water treatment plant treated 3.2 million gallons of water. What
is the plant total volume treated per day, assuming the same treatment rate?

Solution:

32 million gal 24hr 32x24

X MGD =9.6 MGD
8 hr day

B EXAMPLE 3.36

Problem: One million gallons per day equals how many cubic feet per second (cfs)?

Solution:

10°  10° gal x0.1337 ft* /gal _ 133,700

1 MGD = = =
1 day 1 day x 86,400 s/day 86,400

=1.547 cfs

B EXAMPLE 3.37

Problem: A 10-gal empty tank weighs 4.6 Ib. What is the total weight of the tank filled with 6 gal
of water?
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Solution:
Weight of water = 6 gal x 8.34 1b/gal = 50.04 Ib
Total weight = 50.04 + 4.6 Ib =54.6 1b

B EXAMPLE 3.38

Problem: The depth of biosolids applied to the biosolids drying bed is 10 in. What is the depth in
centimeters (2.54 cm = 1 in.)?

Solution:

10in. =10 X 2.54 cm = 25.4 cm

THRESHOLD ODOR NUMBER

The environmental practitioner responsible for water supplies soon discovers that taste and odor
are the most common customer complaints. Odor is typically measured and expressed in terms of a
threshold odor number (TON), the ratio by which the sample has to be diluted with odor-free water
for the odor to become virtually unnoticeable. In 1989, the USEPA issued a Secondary Maximum
Contaminant Level (SMCL) of 3 TON for odor.

Note: Secondary Maximum Contaminant Levels are parameters not related to health.
When a dilution is used, a number can be devised in clarifying odor.

Vr+Vp

T

TON (threshold odor number) = 3.3)

where
V= Volume tested
Vp = Volume of dilution with odor-free distilled water

For V, =0, TON = 1 (lowest value possible)
For V,=V,, TON =2
For V, =2V, TON =3

B EXAMPLE 3.39

Problem: The first detectable odor is observed when a 50-mL sample is diluted to 200 mL with
odor-free water. What is the TON of the water sample?

Solution:

TON < 200 _200mL _
VT 50 mL

GEOMETRICAL MEASUREMENTS

Environmental engineers involved in fisheries, water/wastewater treatment plants, and other opera-
tions dealing with tanks, basins, and ponds operations must know the area and volume of all tanks,
basins, and ponds they deal with. For example, in water and wastewater treatment plant operations,
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the plant configuration usually consists of a series of tanks and channels. Proper design and oper-
ational control requires engineers and operators to perform several process control calculations.
Many of these calculations include parameters such as the circumference or perimeter, area, or
volume of the tank or channel as part of the information necessary to determine the result. Many
process calculations require computation of surface areas. Moreover, in fisheries operations, exact
measurements of area and volume are essential to calculate stocking rates and chemical applica-
tions. Stocking fish in a pond of uncertain area can result in poor production, disease, and possibly
death. Chemical treatments can be ineffective if the volume or area is underestimated and can be
potentially lethal if they are overestimated (Masser and Jensen, 1991). To aid in performing these
calculations, the following definitions and relevant equations used to calculate areas and volumes
for several geometric shapes are provided.

DEFINITIONS

Area—The area of an object, measured in square units.

Base—The term used to identity the bottom leg of a triangle, measured in linear units.
Circumference—The distance around an object, measured in linear units. When determined
for other than circles, it may be called the perimeter of the figure, object, or landscape.

Cubic units—Measurements used to express volume (cubic feet, cubic meters, etc.).

Depth—The vertical distance from the bottom the tank to the top. It is normally measured in
terms of liquid depth and given in terms of sidewall depth (SWD), measured in linear units.

Diameter—The distance, measured in linear units, from one edge of a circle to the opposite
edge passing through the center.

Height—The vertical distance, measured in linear units, from one end of an object to the
other.

Length—The distance, measured in linear units, from one end of an object to the other.

Linear units—Measurements used to express distance (e.g., feet, inches, meters, yards).

Pi (t)—A number in the calculations involving circles, spheres, or cones (x = 3.14).

Radius—The distance, measured in linear units, from the center of a circle to the edge.

Sphere—A container shaped like a ball.

Square units—Measurements used to express area (e.g., square feet, square meters, acres).

Volume—The capacity of a unit (how much it will hold), measured in cubic units (e.g., cubic
feet, cubic meters) or in liquid volume units (e.g., gallons, liters, million gallons).

Width—The distance from one side of the tank to the other, measured in linear units.

ReLEVANT GEOMETRIC EQUATIONS

Circumference C of a circle: C=nd =2nr

Perimeter P of a square with side a: P=4a

Perimeter P of a rectangle with sides a and b: P=2a+2b

Perimeter P of a triangle with sides a, b, and c: P=a+b+c

Area A of a circle with radius » (d = 2r): A =nd?*/4 = r?

Area A of duct in square feet when d is in inches: A =0.005454d>

Area A of a triangle with base b and height &: A =0.5bh

Area A of a square with sides a: A=a?

Area A of a rectangle with sides a and b: A=ab

Area A of an ellipse with major axis a and minor axis b: A =nab

Area A of a trapezoid with parallel sides a and b and height &: A=0.5(+b)h

Area A of a duct in square feet when d is in inches: A =7d?/576 = 0.005454d>
Volume V of a sphere with a radius r (d = 2r): V = 1.33nr? = 0.16671d?

Volume V of a cube with sides a: V=a°
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Volume V of a rectangular solid (sides a and b and height c): V=abc
Volume V of a cylinder with a radius » and height H: V =nr2h = nd*hi4
Volume V of a pyramid: V=033

GEOMETRICAL CALCULATIONS

Perimeter and Circumference

On occasion, it may be necessary to determine the distance around grounds or landscapes. To measure
the distance around property, buildings, and basin-like structures, either the perimeter or circumfer-
ence must be determined. The perimeter is the distance around an object; a border or outer boundary.
Circumference is the distance around a circle or circular object, such as a clarifier. Distance is a linear
measurement that defines the distance (or length) along a line. Standard units of measurement such as
inches, feet, yards, and miles and metric units such as centimeters, meters, and kilometers are used.

The perimeter (P) of a rectangle (a four-sided figure with four right angles) is obtained by adding
the lengths (L,) of the four sides (see Figure 3.1):

Perimeter=L, + L, + L;+ L, 34

B EXAMPLE 3.40

Problem: Find the perimeter of the rectangle shown in Figure 3.2.

Solution:

P=35ft+8ft+35ft+8ft=86ft

B EXAMPLE 3.41
Problem: What is the perimeter of a rectangular field if its length is 100 ft and its width is 50 ft?

Solution:

P = (2 x length) + (2 X width) = (2 x 100 ft) + (2 x 50 ft) = 200 ft + 100 ft = 300 ft

L
L, L,
Ly
FIGURE 3.1 Perimeter.
35'
8 8
35'

FIGURE 3.2 Perimeter of a rectangle for Example 3.40.
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FIGURE 3.3 Diameter of circle.

B EXAMPLE 3.42
Problem: What is the perimeter of a square with 8-in. sides?

Solution:
P = (2 x length) + (2 X width)
=2 x8in)+ (2 x 8in.) =161in. + 16 in. = 32 in.
The circumference is the length of the outer border of a circle. The circumference is found by

multiplying pi () times the diameter (D) (a straight line passing through the center of a circle, or the
distance across the circle; see Figure 3.3):

C=nXxD (3.5)
where
C = Circumference.
7 = pi = 3.1416.

D = Diameter.

Use this calculation if, for example, the circumference of a circular tank must be determined.

B EXAMPLE 3.43

Problem: Find the circumference of a circle that has a diameter of 25 feet (t = 3.14)

Solution:

C=nx25ft
C=314x25ft=785ft

B EXAMPLE 3.44

Problem: A circular chemical holding tank has a diameter of 18 m. What is the circumference of
this tank?

Solution:

C=nXx18m
C=314x%x 18 m=56.52m
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B EXAMPLE 3.45

Problem: An influent pipe inlet opening has a diameter of 6 ft. What is the circumference of the
inlet opening in inches?

Solution:
C=nXx6ft
C=3.14x 6 ft = 18.84 ft

Area

For area measurements in water/wastewater operations, three basic shapes are particularly impor-
tant—namely, circles, rectangles, and triangles. Area is the amount of surface an object contains or
the amount of material it takes to cover the surface. The area on top of a chemical tank is called the
surface area. The area of the end of a ventilation duct is called the cross-sectional area (the area
at right angles to the length of ducting). Area is usually expressed in square units, such as square
inches (in.?) or square feet (ft?). Land may also be expressed in terms of square miles (sections) or
acres (43,560 ft?) or in the metric system as hectares. In fisheries operations, pond stocking rates,
limiting rates, and other important management decisions are based on surface area (Masser and
Jensen, 1991).

If contractor’s measurements or country field offices of the U.S Department of Agricultural
Soil Conservation Service do not have records on basin, lake, or pond measurements, then survey-
ing basins, tanks, lagoons, and ponds using a transit is the most accurate way to determine area.
Less accurate but acceptable methods of measuring basin or pond area are chaining and pacing.
Inaccuracies in these methods come from mismeasurements and measurement over uneven or slop-
ing terrain. Measurements made on flat or level areas are the most accurate.

Chaining uses a surveyor’s chain or tape of known length. Stakes are placed at each end of the
tape. The stakes are used to set or locate the starting point for each progressive measurement and to
maintain an exact count of the number of times the tape was moved. Sight down the stakes to keep
the measurement in a straight line. The number of times the tape is moved multiplied by the length
of the tape equals the total distance.

Pacing uses the average distance of a person’s pace or stride. To determine your pace length,
measure a 100-foot distance and pace it, counting the number of strides. Pace in a comfortable and
natural manner. Repeat the procedure several times and get an average distance for your stride. It is
good practice to always pace a distance more than once and average the number of paces (Masser
and Jennings, 1991). The formula for calculating distances from pacing is

Distance (ft) = Total number of paces X Length of average pace

A rectangle is a two-dimensional box. The area of a rectangle is found by multiplying the length
(L) times width (W) (see Figure 3.4).

Area=LxX W (3.6)

FIGURE 3.4 Rectangle.
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14/

14

FIGURE 3.5 Area of a rectangle for Example 3.46.

B EXAMPLE 3.46

Problem: Find the area of the rectangle shown in Figure 3.5.

Solution:

Area=L X W= 14 ft X 6 ft = 84 ft?

To find the area of a circle, we need to introduce a new term, the radius, which is represented by
r. The circle shown in Figure 3.6 has a radius of 6 ft. The radius is any straight line that radiates from
the center of the circle to some point on the circumference. By definition, all radii (plural of radius)
of the same circle are equal. The surface area of a circle is determined by multiplying & times the
radius squared:

A=nXxr? 3.7
where
A = Area.
n=pi=3.14.

r = Radius of circle = one half of the diameter.

B EXAMPLE 3.47
Problem: What is the area of the circle shown in Figure 3.6?

Solution:

Areaofcircle=n X r2=n X 62 =3.14 x 36 = 113 ft?

FIGURE 3.6 Area of a circle for Example 3.47.
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375 paces

130 paces

FIGURE 3.7 Pond area calculation.

If we are assigned to paint a water storage tank, we must know the surface area of the walls of the
tank to determine how much paint is required. In this case, we need to know the area of a circular
or cylindrical tank. To determine the surface area of the tank, we need to visualize the cylindrical
walls as a rectangle wrapped around a circular base. The area of a rectangle is found by multiplying
the length by the width; in the case of a cylinder, the width of the rectangle is the height of the wall,
and the length of the rectangle is the distance around the circle (circumference).

Thus, the area (A) of the side wall of a circular tank is found by multiplying the circumference of
the base (C = © X D) times the height of the wall (H):

A=nXDXH (3.8)
A =m x 20 ft x 25 ft = 3.14 x 20 ft x 25 ft = 1570 ft?

To determine the amount of paint needed, remember to add the surface area of the top of the tank,
which is 314 ft2. Thus, the amount of paint needed must cover 1570 ft> + 314 ft> = 1884 ft2. If the
tank floor should be painted, add another 314 ft2.

Many ponds are watershed ponds that have been built by damming valleys. These ponds are
irregular in shape. If no good records exist on the pond, then a reasonable estimate can be made
by chaining or pacing off the pond margins and using the following procedures to calculate area:

1. Draw the general shape of the pond on graph paper.

2. Draw a rectangle over the pond shape that would approximate the area of the pond if some
water was eliminated and placed onto an equal amount of land. This will give you a rect-
angle on which to base the calculation of area (see Figure 3.7).

3. Mark the corners of the rectangle (from the drawing) on the ground around the pond and
chain or pace its length and width. For example, a length of 375 paces and a width of 130
paces and a pace length of 2.68 (for example) would be equal to 1005 ft (375 paces X 2.68
ft/pace) by 348.4 ft.

4. Multiply the length times width to get the approximate pond area. For example, 1005 ft X
348.4 ft = 350,142 ft or 8.04 acres (350,142 + 43,500).

Volume

Volume is the amount of space occupied by or contained in an object (see Figure 3.8). It is expressed
in cubic units, such as cubic inches (in.%), cubic feet (ft?), or acre-feet (1 acre-foot = 43,560 ft3). The
volume (V) of a rectangular object is obtained by multiplying the length times the width times the
depth or height:

V=LxXxWxH (3.9
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FIGURE 3.8 Volume.

where
V = Volume.
L = Length.
W = Width.
H (or D) = Height (or depth).

B EXAMPLE 3.48

Problem: A unit rectangular process basin has a length of 15 ft, width of 7 ft, and depth of 9 ft. What
is the volume of the basin?

Solution:
V=LXxWxD=15ftx7ftx9ft=945 ft3

For environmental practitioners involved with fisheries and water/wastewater operators, represen-
tative surface areas are most often rectangles, triangles, circles, or a combination of these. Practical
volume formulas used in fisheries and water/wastewater calculations are given in Table 3.2.

When determining the volume of round pipe and round surface areas, the following examples
are helpful.

B EXAMPLE 3.49
Problem: Find the volume of a 3-in. round pipe that is 300 ft long.

Solution:

1. Change the diameter (D) of the duct from inches to feet by dividing by 12:
D=3+12=025ft

TABLE 3.2

Volume Formulas

Sphere volume = (n/6) X (Diameter)?

Cone volume = 1/3 x (Volume of a cylinder)

Rectangular tank volume = (Area of rectangle) X (D or H)
= (LX W)X (D or H)

Cylinder volume = (Area of cylinder) X (D or H)

= 72 X (D or H)
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2. Find the radius (r) by dividing the diameter by 2:
r=025ft+2=0.125

3. Find the volume (V):
V=LXznXr?

V=300 ft x 3.14 x 0.0156 = 14.72 ft

B EXAMPLE 3.50

Problem: Find the volume of a smokestack that is 24 in. in diameter (entire length) and 96 in. tall.

Solution: First find the radius of the stack. The radius is one half the diameter, so 24 in. + 2 =12 in.
Now find the volume:

V=HXzXr?
V=961n. X © X (12 in.)?
V=961n. X © X (144 in.?) = 43,407 {3

To determine the volume of a cone and sphere, we use the following equations and examples.

Volume of Cone

Volume of cone = % x Diameter X Diameter X Height (3.10)
Note that
T _313 506
12 12

Note: The diameter used in the formula is the diameter of the base of the cone.

B EXAMPLE 3.51

Problem: The bottom section of a circular settling tank has the shape of a cone. How many cubic
feet of water are contained in this section of the tank if the tank has a diameter of 120 ft and the
cone portion of the unit has a depth of 6 ft?

Solution:

Volume (ft3) = 0.262 x 120 ft x 120 ft x 6 ft = 22,637 {t3

Volume of Sphere

Volume of sphere = % X Diameter X Diameter X Diameter (3.11)

Note that

m_ 314 504
6 6
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FIGURE 3.9 Circular or cylindrical water tank.

B EXAMPLE 3.52
Problem: What is the volume (ft?) of a spherical gas storage container with a diameter of 60 ft?

Solution:
Volume (ft*) = 0.524 x 60 ft x 60 ft x 60 ft = 113,184 ft3

Circular process and various water and chemical storage tanks are commonly found in water/
wastewater treatment. A circular tank consists of a circular floor surface with a cylinder rising
above it (see Figure 3.9). The volume of a circular tank is calculated by multiplying the surface area
times the height of the tank walls.

B EXAMPLE 3.53

Problem: If a tank is 20 feet in diameter and 25 feet deep, how many gallons of water will it hold?

Hint: In this type of problem, calculate the surface area first, multiply by the height, and then con-
vert to gallons.

Solution:
r=D+2=20ft+2=10ft
A=nxr2=nx10ft x 10 ft = 314 ft?
V=A X H =314 ft2 x 25 ft = 7850 ft* x 7.48 gal/ft> = 58,718 gal

FORCE, PRESSURE, AND HEAD CALCULATIONS

Before we review calculations involving force, pressure, and head, we must first define these terms:

* Force—The push exerted by water on any confined surface. Force can be expressed in
pounds, tons, grams, or kilograms.

* Pressure—The force per unit area. The most common way of expressing pressure is in
pounds per square inch (psi).

* Head—The vertical distance or height of water above a reference point. Head is usually
expressed in feet. In the case of water, head and pressure are related.
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62.41b

Water

1ft
FIGURE 3.10 One cubic foot of water weighs 62.4 1b.

FORCE AND PRESSURE

Figure 3.10 helps to illustrate these terms. A cubical container measuring 1 foot on each side can
hold 1 cubic foot of water. A basic fact of science states that 1 cubic foot of water weighs 62.4 1b
and contains 7.48 gal. The force acting on the bottom of the container is 62.4 1b/ft2. The area of the
bottom in square inches is

1f2=121in. X 12 in. = 144 in.2
Therefore, the pressure in pounds per square inch (psi) is

62.4 Ib/ft>  62.4 1b/ft
1 ft? 144 in 2 /ft?

=0.433 Ib/in.? (psi)

If we use the bottom of the container as our reference point, the head would be 1 foot. From this, we
can see that 1 foot of head is equal to 0.433 psi—an important parameter to remember. Figure 3.11
illustrates some other important relationships between pressure and head.

Note: Force acts in a particular direction. Water in a tank exerts force down on the bottom and
out of the sides. Pressure, however, acts in all directions. A marble at a water depth of 1 foot would
have 0.433 psi of pressure acting inward on all sides.

]

1 Ib of water —»|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
pu

: 2.31ft
1 /T2
rA]
! |
! |
! |
| |
J-—H-—--
// ! —_
/Lt Z -] 0.433 Ib of water
1in.? AREA
1in? AREA

1 psi = 2.31 ft water
1 ft water = 0.433 psi

FIGURE 3.11 Relationship between pressure and head.
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Using the preceding information, we can develop Equations 3.12 and 3.13 for calculating pressure
and head:

Pressure (psi) = 0.433 x Head (ft) (3.12)
Head (ft) = 2.31 X Pressure (psi) (3.13)

Heap

Head is the vertical distance the water must be lifted from the supply tank or unit process to the dis-
charge. The total head includes the vertical distance the liquid must be lifted (static head), the loss
to friction (friction head), and the energy required to maintain the desired velocity (velocity head):

Total head = Static head + Friction head + Velocity head (3.14)

Static Head
Static head is the actual vertical distance the liquid must be lifted.

Static head = Discharge elevation — Supply elevation (3.15)

B EXAMPLE 3.54

Problem: The supply tank is located at elevation 108 ft. The discharge point is at elevation 205 ft.
What is the static head in feet?

Solution:
Static head (ft) = 205 ft — 108 ft = 97 ft

Friction Head

Friction head is the equivalent distance of the energy that must be supplied to overcome friction.
Engineering references include tables showing the equivalent vertical distance for various sizes
and types of pipes, fittings, and valves. The total friction head is the sum of the equivalent vertical
distances for each component:

Friction head (ft) = Energy losses due to friction (3.16)

Velocity Head

Velocity head is the equivalent distance of the energy consumed in achieving and maintaining the
desired velocity in the system:

Velocity head (ft) = Energy losses to maintain velocity (3.17)

Total Dynamic Head (Total System Head)
Total head = Static head + Friction head + Velocity head (3.18)

Pressure and Head

The pressure exerted by water/wastewater is directly proportional to its depth or head in the pipe,
tank, or channel. If the pressure is known, the equivalent head can be calculated:

Head (ft) = Pressure (psi) X 2.31 ft/psi (3.19)
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B EXAMPLE 3.55

Problem: The pressure gauge on the discharge line from the influent pump reads 75.3 psi. What is
the equivalent head in feet?

Solution:
Head (ft) = 75.3 x 2.31 ft/psi = 173.9 ft

Head and Pressure
If the head is known, the equivalent pressure can be calculated by

Head (ft)

. (3.20)
2.31 ft/psi

Pressure (psi) =

B EXAMPLE 3.56

Problem: A tank is 15 ft deep. What is the pressure in psi at the bottom of the tank when it is filled
with wastewater?

Solution:

Pressure (psi) = Lﬂ =6.49 psi
2.31 ft/psi

Before we look at a few example problems dealing with force, pressure, and head, it is important
to review the key points related to force, pressure, and head:

1. By definition, water weighs 62.4 1b/ft3.

2. The surface of any one side of a 1-ft* cube contains 144 in.? (12 in. X 12 in. = 144 in.%),
therefore, the cube contains 144 columns of water that are 1 ft tall and 1 inch square.

3. The weight of each of these pieces can be determined by dividing the weight of the water
in the cube by the number of square inches:

= 02410 0433 1bin2 or 0.433 psi

Weight = -
T 44 in?

4. Because this is the weight of one column of water 1 ft tall, the true expression would be
0.433 pounds per square inch per foot of head, or 0.433 psi/ft.

Note: 1 foot of head = 0.433 psi.

In addition to remembering the important parameter that 1 ft of head = 0.433 psi, it is important
to understand the relationship between pressure and feet of head—in other words, how many feet of
head 1 psi represents. This is determined by dividing 1 ft by 0.433 psi:

Pressure (psi) = M
2.31 ft/psi

If a pressure gauge reads 12 psi, the height of the water necessary to represent this pressure would
be 12 psi x 2.31 ft/psi = 27.7 feet.

Note: Both of the above conversions are commonly used in water/wastewater treatment calcula-
tions; however, the most accurate conversion is 1 ft = 0.433 psi. This is the conversion we use
throughout this text.



88 Handbook of Environmental Engineering

B EXAMPLE 3.57
Problem: Convert 40 psi to feet head.

Solution:
WOpsi, M g4t
1 0.433 psi
B EXAMPLE 3.58
Problem: Convert 40 ft to psi.
Solution:
40 L, OA33PSE_ 15 35 i
1 1ft

As the above examples demonstrate, when attempting to convert psi to feet we divide by 0.433,
and when attempting to convert feet to psi we multiply by 0.433. The above process can be most
helpful in clearing up confusion about whether to multiply or divide; however, there is another
approach that may be easier for many operators to use. Notice that the relationship between psi and
feet is almost 2 to 1. It takes slightly more than 2 feet to make 1 psi; therefore, in a problem where
the data are provided in pressure and the result should be in feet, the answer will be at least twice as
large as the starting number. For example, if the pressure were 25 psi, we intuitively know that the
head is over 50 feet, so we must divide by 0.433 to obtain the correct answer.

B EXAMPLE 3.59

Problem: Convert a pressure of 45 psi to feet of head.

Solution:
4P L joug
1 0.433psi
B EXAMPLE 3.60
Problem: Convert 15 psi to feet.
Solution:
5P I e
1 0.433 psi

B EXAMPLE 3.61
Problem: Between the top of a reservoir and the watering point, the elevation is 125 feet. What will
the static pressure be at the watering point?

Solution:

IPRLAEVEEE P Yy
1 0.433 psi
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B EXAMPLE 3.62
Problem: Find the pressure (psi) in a tank 12 ft deep at a point 5 ft below the water surface.

Solution:

Pressure (psi) = 0.433 x 5 ft =2.17 psi

B EXAMPLE 3.63
Problem: A pressure gauge at the bottom of a tank reads 12.2 psi. How deep is the water in the tank?

Solution:

Head (ft) = 2.31 x 12.2 psi = 28.2 ft

B EXAMPLE 3.64

Problem: What is the pressure (static pressure) 4 miles beneath the ocean surface?

Solution: Change miles to feet, then to psi:

5280 ft/mile x 4 = 21,120 ft
21,120 ft + 2.31 ft/psi = 9143 psi

B EXAMPLE 3.65

Problem: A 150-ft-diameter cylindrical tank contains 2.0 MG water. What is the water depth? At
what pressure would a gauge at the bottom read in psi?

Solution:
1. Change MG to cubic feet:
2,000,000 gal + 7.48 = 267,380 ft3
2. Using volume, solve for depth:
Volume = 0.785 X D? X Depth

267,380 ft* = 0.785 x (150)> x Depth
Depth = 15.1 ft

B EXAMPLE 3.66

Problem: The pressure in a pipe is 70 psi. What is the pressure in feet of water? What is the pres-
sure in psf?

Solution:

1. Convert pressure to feet of water:
70 psi x 2.31 ft/psi = 161.7 ft of water
2. Convert psi to psf:

70 psi X 144 in.%/ft> = 10,080 psf
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B EXAMPLE 3.67
Problem: The pressure in a pipeline is 6476 psf. What is the head on the pipe?

Solution:
Head on pipe = Feet of pressure
Pressure = Weight X height
6476 psf = 62.4 1b/ft> X height
Height = 104 ft

REVIEW OF ADVANCED ALGEBRA KEY TERMS AND CONCEPTS

Advanced algebraic operations (linear, linear differential, and ordinary differential equations) have
in recent years become an essential part of the mathematical background required by environmen-
tal engineers, among others. It is not the intent here to provide complete coverage of the topics
(environmental practitioners are normally well grounded in these critical foundational areas), but it
is important to review the key terms and relevant concepts. Key definitions include the following:

Algebraic multiplicity of an eigenvalue—The algebraic multiplicity of eigenvalue ¢ of matrix
A is the number of times the factor (¢ — ¢) occurs in the characteristic polynomial of A.

Basis for a subspace—A basis for subspace W is a set of vectors {v,, ..., v,} in W such that
1. {v,, ..., v} is linearly independent, and
2. {v, ..., v} spans W.

Characteristic polynomial of a matrix—The characteristic polynomial of nxn matrix A is the
polynomial in ¢ given by the formula det(A — ¢I).

Column space of a matrix—The subspace spanned by the columns of the matrix considered
as a set of vectors (also see row space).

Consistent linear system—A system of linear equations is consistent if it has at least one
solution.

Defective matrix—Matrix A is defective if A has an eigenvalue whose geometric multiplicity
is less than its algebraic multiplicity.

Diagonalizable matrix—A matrix is diagonalizable if it is similar to a diagonal matrix.

Dimension of a subspace—The dimension of subspace W is the number of vectors in any
basis of W. (If W is the subspace {0}, then we say that its dimension is 0.)

Echelon form of a matrix—A matrix is in row echelon form if
1. All rows that consist entirely of zeros are grouped together at the bottom of the matrix,

and
2. The first (counting left to right) nonzero entry in each nonzero row appears in a column
to the right of the first nonzero entry in the preceding row (if there is a preceding row).

Eigenspace of a matrix—The eigenspace associated with the eigenvalue ¢ of matrix A is the
null space of A — cl.

Eigenvalue of a matrix—An eigenvalue of matrix A is scalar ¢ such that Ax = ¢x holds for
some nonzero vector X.

Eigenvector of a matrix—An eigenvector of square matrix A is a nonzero vector X such that
Ax = cx holds for some scalar c.

Elementary matrix—A matrix that is obtained by performing an elementary row operation
on an identity matrix.

Equivalent linear systems—Two systems of linear equations in #» unknowns are equivalent if
they have the same set of solutions.
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Geometric multiplicity of an eigenvalue—The geometric multiplicity of eigenvalue ¢ of
matrix A is the dimension of the eigenspace of c.

Homogeneous linear system—A system of linear equations Ax = b is homogeneous if b = 0.

Inconsistent linear system—A system of linear equations is inconsistent if it has no
solutions.

Inverse of a matrix—Matrix B is an inverse for matrix A if AB=BA =1

Invertible matrix—A matrix is invertible if it has no inverse.

Least-squares solution of a linear system—A least-squares solution to a system of linear
equations Ax = b is a vector x that minimizes the length of the vector Ax — b.

Linear combination of vectors—Vector v is a linear combination of the vectors v,, ..., v, if
there exist scalars a,, ..., a; such that v=a,v, + ... + q;v,.

Linear dependence relation for a set of vectors—A linear dependence relation for the set of
vectors {v,, ..., v;} is an equation of the form a,v, + ... + a,v, = 0, where the scalars a,,
..., ; are Zero.

Linearly dependent set of vectors—The set of vectors {v,, ..., v} is linearly dependent if the
equation a,vl + ... + a,v, = 0 has a solution where not all the scalars q,, ..., a,are zero (i.e.,
if {v,, ..., v,} satisfies a linear dependence relation).

Linearly independent set of vectors—The set of vectors {v,, ..., v;} is linearly independent if
the only solution to the equation a,v, + ... + a,v, = 0 is the solution where all the scalars
a,, ..., a, are zero (i.e., if {v,, ..., v,} does not satisfy any linear dependence relation).

Linear transformation—A linear transformation from V to W is a function 7 from V to W
such that
1. T(a + v) = T(w) + T(v) for all vectors u and v in V.

2. T(av) = aT(v) for all vectors v in V and all scalars a.

Nonsingular matrix—Square matrix A is nonsingular if the only solution to the equation Ax
=0isx=0.

Null space of a linear transformation—The null space of linear transformation T is the set
of vectors v in its domain such that 7(v) = 0.

Null space of a matrix—The null space of mxn matrix A is the set of all vectors x in R" such
that Ax = 0.

Nullity of a linear transformation—The nullity of linear transformation 7 is the dimension
of its null space.

Nullity of a matrix—The dimension of its null space.

Orthogonal complement of a subspace—The orthogonal complement of subspace S of R" is
the set of all vectors v in R” such that v is orthogonal to every vector in S.

Orthogonal set of vectors—A set of vectors in R” is orthogonal if the dot product of any two
of them is 0.

Orthogonal linear transformation—Linear transformation 7 from V to W is orthogonal if
T(v) has the same length as v for all vectors v in V.

Orthogonal matrix—Matrix A is orthogonal if A is invertible and its inverse equals its trans-
pose; that is, A1 = AT,

Orthonormal set of vectors—A set of vectors in R” is orthonormal if it is an orthogonal set
and each vector has length 1.

Range of a linear transformation—The range of linear transformation T is the set of all vec-
tors 7(v), where v is any vector in its domain.

Rank of a linear transformation—The rank of a linear transformation (and hence of any
matrix regarded as a linear transformation) is the dimension of its range. Note that a theo-
rem tells us that the two definitions of rank of a matrix are equivalent.

Rank of a matrix—The rank of matrix A is the number of nonzero rows in the reduced row
echelon form of A; that is, the dimension of the row space of A.
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Reduced row echelon form of a matrix—A matrix is in reduced row echelon form if
1. The matrix is in row echelon form.
2. The first nonzero entry in each nonzero row is the number 1.
3. The first nonzero entry in each nonzero row is the only nonzero entry in its column.
Row equivalent matrices—Two matrices are row equivalent if one can be obtained from the
other by a sequence of elementary row operations.
Row operations—The elementary row operations performed on a matrix are
1. Interchange two rows.
2. Multiply a row by a nonzero scalar.
3. Add a constant multiple of one row to another.
Row space of a matrix—The subspace spanned by the rows of the matrix considered as a set

of vectors.

Similar matrices—Matrices A and B are similar if there is a square invertible matrix S such
that S-/AS = B.

Singular matrix—Square matrix A is singular if the equation Ax = 0 has a nonzero solution
for x.

Span of a set of vectors—The span of the set of vectors {v,, ..., v,} is the subspace V consisting
of all linear combinations of v, ..., v,. One also says that the subspace V is spanned by the
set of vectors {v,, ..., v} and that this set of vectors spans V.

Subspace—A subset W of R" is a subspace of R" if
1. The zero vector is in W.
2. x+yisin W whenever x and y are in W.
3. axisin W whenever x is in W and a is any scalar.
Symmetric matrix—Matrix A is symmetric if it equals its transpose; that is, A = A”.

QUADRATIC EQUATIONS

ax>+bx+c=0

_ —b+~b>—4ac

2a

X

When studying a discipline that does not include mathematics, one thing is certain: The discipline
under study has little or nothing to do with environmental practice.

QUADRATIC EQUATIONS AND ENVIRONMENTAL PRACTICE

A logical question at this point might be why is the quadratic equation important in environmental
practice? The logical answer is that the quadratic equation is used in environmental practice to find
solutions to problems primarily dealing with length and time determinations. Stated differently:
The quadratic equation is a tool, an important tool that belongs in every environmental practitio-
ner’s toolbox.

To the student of mathematics, this explanation might seem somewhat strange. Math students
know, for example, that there will be two solutions to a quadratic equation. In environmental disci-
plines such as environmental engineering, many times only one solution is meaningful. For example,
if we are dealing with a length, a negative solution to the equation may be mathematically possible
but is not the solution we would use. Negative time, obviously, would also pose the same problem.

So what is the point? The point is that we often need to find a solution to certain mathemati-
cal problems. In environmental problems involving the determination of length and time using
quadratic equations, we will end up with two answers. In some instances, a positive answer and a
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negative answer may result. One of these answers is usable; thus, we would use it. Real engineering
is about modeling situations that occur naturally and using the model to understand what is happen-
ing or maybe to predict what will happen in future. The quadratic equation is often used in modeling
because it is a beautifully simple curve (Bourne, 2013).

Key Terms

* ais the coefficient of x2.

* b is the coefficient of x.

e ¢is anumber in the quadratic equation (not a coefficient of any x term).

* Simple equations are equations in which the unknown appears only in the first degree.

* Pure quadratic equations are equations in which the unknown appears only in the second
degree.

* Affected quadratic equations are equations containing the first and second degree of an
unknown.

QUADRATIC EQUATIONS: THEORY AND APPLICATION

The equation 6x = 12 is a form of equation familiar to most of us. In this equation the unknown
appears only in the first degree, so it is a simple equation or linear equation. Those experienced in
mathematics know that not all equations reduce to this form. For instance, when an equation has been
reduced, the result may be an equation in which the square of the unknown equals some number, as
in x? = 5. In this equation, the unknown appears only in the second degree, so it is a pure quadratic
equation. In some cases, when an equation is simplified and reduced, the resulting equation contains
the square and first power of the unknown, which equal some number, such as x> — 5x = 24. An equa-
tion containing the first and second degree of an unknown is an affected quadratic equation.

Quadratic equations, and certain other forms, can be solved with the aid of factoring. The proce-
dure for solving a quadratic equation by factoring is as follows:

1. Collect all terms on the left and simplify to the form ax? + bx + ¢ = 0.
2. Factor the quadratic expression.

3. Set each factor equal to zero.

4. Solve the resulting linear equations.

5. Check the solution in the original equation.

B EXAMPLE 3.68
Problem: Solve x? —x—-12=0.

Solution:

1. Factor the quadratic expression.
x-Hx+3)=0

2. Set each factor equal to zero.

3. Solve the resulting linear equations.

I}
~
=

|

|
w

X

Thus, the roots are x =4 and x = -3.
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4. Check the solution in the original equation.

(4?7 -4-12=0 (-3)’-(=3)-12=0
0=0 0=0

Many times factoring is either too time consuming or not possible. The formula shown below is
called the quadratic formula. It expresses the quadratic equation in terms of its coefficients. The
quadratic formula allows us to quickly solve for x with no factoring.

:—biJ#—4mr

2a

X (3.21)

To use the quadratic equation, just substitute the appropriate coefficients into the equation and solve.

DErIVATION OF THE QUADRATIC EQUATION FORMULA

The equation ax? + bx + ¢ = 0, where a, b, and ¢ are any numbers, positive or negative, represents
any quadratic equation with one unknown. When this general equation is solved, the solution can be
used to determine the unknown value in any quadratic equation. The solution follows.

B EXAMPLE 3.69

Problem: Solve ax? + bx + ¢ =0 for x.
Solution:

1. Subtract ¢ from both members:
ax?+bx=—-c

2. Divide both members by a:

x2+g(x)=—
a

3. Add (b/2a)? to both sides:

4. Complete the square:
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6. Subtract b/2a from both members:

2
XxX=- i + [— E + (b)
2a a \2a
Thus, the following quadratic formula is obtained:

_—b= Jb* —4dac

2a

X

UsING THE QUADRATIC EQUATION

B EXAMPLE 3.70

Problem: After conducting a study and deriving an equation representing time, we arrive at the
following equation:

x2=5x+6=0

Solution: All like terms have been combined and the equation is set to equal zero. Use the quadratic
formula to solve the problem:

_ —b+~/b* - dac

2a

X

From our equation, a = 1 (the coefficient of x2), b = -5 (the coefficient of x), and ¢ = 6 (the constant
or third term). Substituting these coefficients in the quadratic formula:

L=~ EJE5) - 4)©)

2(1)
x_51n/25—4
2
5+1
x=—"
2
x=3,2

Note: The roots may not always be rational (integers), but the procedure is the same.

TRIGONOMETRIC RATIOS
sinA=alc cosA=blc tanA =alb

We owe a lot to the Indians, who taught us how to count, without which no worthwhile scientific dis-
covery could have been made.
—Albert Einstein

Trigonometry is the branch of mathematics that is used to compute unknown angles and sides of triangles.
The word trigonometry is derived from the Greek words for triangle and measurement. Trigonometry
is based on the principles of geometry. Many problems require the use of geometry and trigonometry.

Smith and Peterson (2007)
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TABLE 3.4
Definition of Trigonometric Ratios

Measure of leg opposite angle A .
Sine of angle A sinA = a/c
Measure of hypotenuse

Measure of leg adjacent to angle A
Cosine of angle A cosA=b/c
Measure of hypotenuse

Measure of leg opposite angle A
Tangent of angle A tan A = a/b
Measure of leg adjacent to angle A

TRIGONOMETRIC FUNCTIONS AND THE ENVIRONMENTAL PRACTITIONER

Typically, environmental practitioners are called upon to make calculations involving the use of
various trigonometric functions. Consider slings, for example; they are commonly used with cranes,
derricks, and hoists to lift a load and move it to the desired location. For the environmental profes-
sional responsible for safety and health, knowledge of the properties and limitations of the sling,
the type and condition of material being lifted, the weight and shape of the object being lifted, the
angle of the sling to the load being lifted, and the environment in which the lift is to be made are all
important considerations to be evaluated before the safe transfer of material can take place. Later,
we put many of the following principles to work in determining sling load and working load on a
ramp (inclined plane)—that is, to solve force-type problems. For now, we discuss the basic trigono-
metric functions used to make such calculations.

TRIGONOMETRIC RATIOS OR FUNCTIONS

In trigonometry, all computations are based on certain ratios (i.e., trigonometric functions). The
trigonometric ratios or functions are sine, cosine, tangent, cotangent, secant, and cosecant. It is
important to understand the definition of the ratios given in Table 3.4 and defined in terms of the
lines shown in Figure 3.12.

Note: In a right triangle, the side opposite the right angle is the longest side. This side is called the
hypotenuse. The other two sides are the legs.

B EXAMPLE 3.71

Problem: Find the sine, cosine, and tangent of angle Y in Figure 3.13.

Solution:

_ Opposite leg 9

sinY —=0.60
Hypotenuse 15

cosY = Adjacent leg _ 12 ~ 050
Hypotenuse 15

tanY = Opposite leg = 9 =0.75

Adjacentleg 12
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FIGURE 3.12 Right triangle.

X
15
9
zZ 12 Y

FIGURE 13.13 Illustration for Examples 3.71 and 3.72.

A

B (o}

FIGURE 3.14 Illustration for Example 3.73.

B EXAMPLE 3.72

Problem: Using Figure 3.13, find the measure of angle x to the nearest degree.
Solution:

Opposite leg _ 12 _ 0.8
Hypotenuse 15

sinx =

Use a scientific calculator to find the angle measure with a sine of 0.8.

Enter: 0.8 [2nd] or [INV]
Result: 53.13010235

So, the measure of angle x = 53°.

B EXAMPLE 3.73
Problem: For the triangle shown in Figure 3.14, find sin C, cos C, and tan C.

Solution:

sin C = 2/5; cos C =4/5;tan C = 3/4
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4 Environmental Modeling
and Algorithms

Who has measured the waters in the hollow of the hand, or with the breadth of his hand marked off the
heavens? Who has held the dust of the earth in a basket, or weighed the mountains on the scales and
the hills in a balance?

—Isaiah 40:12

Algorithm—The word comes from the Persian author Abu Ja’far Mohammed ibn Musa al-Khom-
warizmi, who wrote a book with arithmetic rules dating from about 825 AD.

INTRODUCTION

There is a growing interest in the field of environmental monitoring and quantitative assessment of
environmental problems. For some years now, the results of environmental models and assessment
analyses have been influencing environmental regulation and policies. These results are widely
cited by politicians in forecasting consequences of such greenhouse gas emissions as carbon dioxide
(CO,) and in advocating dramatic reductions of energy consumption at local, national, and inter-
national levels. For this reason, and because environmental modeling is often based on extreme
conceptual and numerical intricacy and uncertain validity, environmental modeling has become
one of the most controversial topics of applied mathematics.

Having said this, environmental modeling continues to be widely used in environmental practice,
with its growth limited only by the imagination of the modelers. Environmental problem-solving
techniques incorporating the use of modeling are widely used in watershed management, surface
water monitoring, flood hazard mapping, climate modeling, and groundwater modeling, among
others. It is important to keep in mind, however, that modelers often provide models for product
developers who use the results to describe what their products are based on and why.

This chapter does not provide a complete treatment of environmental modeling. For the reader
who desires such a treatment, we highly recommend Nirmalakhandan (2002) and NIST (2012).
Much of the work presented in this chapter is modeled after these works. Here, we present an over-
view of quantitative operations implicit to environmental modeling processes.

Environmental modeling has become an important tool in the environmental engineer’s well-
equipped toolbox. Using an analogy, we can say that if a typical skilled handyperson’s toolbox
contains a socket set ratchet and several different sized wrench attachments, then the well-equipped
environmental practitioner’s toolbox includes a number of environmental models (socket set ratch-
ets) with a varying set of algorithms (socket wrench attachments). Although a complete treatment or
discussion of algorithms is beyond the scope of this book, we do provide basic underlying explana-
tions of what algorithms are and examples of their applications in cyberspace. For those interested
in a more complete discussion of algorithms, there are many excellent texts on the general topic. We
list several of these resources in the recommended reading section at the end of the chapter.
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BASIC STEPS FOR DEVELOPING AN EFFECTIVE MODEL

The basic steps used for model building are the same across all modeling methods. The details vary
somewhat from method to method, but an understanding of the common steps, combined with the
typical underlying assumptions needed for the analysis, provides a framework in which the results
from almost any method can be interpreted and understood. The basic steps of the model-building
process are

1. Model selection
2. Model fitting
3. Model validation

These three basic steps are used iteratively until an appropriate model for the data has been devel-
oped. In the model selection step, plots of the data, process knowledge, and assumptions about the
process are used to determine the form of the model to be fit to the data. Then, using the selected
model and possibly information about the data, an appropriate model-fitting method is used to
estimate the unknown parameters in the model. When the parameter estimates have been made,
the model is then carefully assessed to see if the underlying assumptions of the analysis appear
plausible. If the assumptions seem valid, the model can be used to answer the scientific or engi-
neering questions that prompted the modeling effort. If the model validation identifies problems
with the current model, however, then the modeling process is repeated using information from
the model validation step to select or fit an improved model.

The three basic steps of process modeling described in the paragraph above assume that the
data have already been collected and that the same dataset can be used to fit all of the candidate
models. Although this is often the case in mode-building situations, one variation on the basic
model-building sequence comes up when additional data are needed to fit a newly hypothesized
model based on a model fit to the initial data. In this case, two additional steps, experimental
design and data collection, can be added to the basic sequence between model selection and
mode-fitting.

WHAT ARE MODELS USED FOR?

Models are used for four main purposes:

1. Estimation
2. Prediction
3. Calibration
4. Optimization

A brief explanation of the different uses of models is provided below (NIST, 2012):

e Estimation—The goal of estimation is to determine the value of the regression function
(i.e., the average value of the response variable) for a particular combination of the values
of the predictor variables. Regression function values can be estimated for any combina-
tion of predictor variable values, including values for which no data have been measured or
observed. Function values estimated for points within the observed space of predictor vari-
able values are sometimes called inferpolations. Estimation of regression function values
for points outside the observed space of predictor variable values, called extrapolations,
are sometimes necessary but require caution.
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e Prediction—The goal of prediction is to determine either
1. The value of a new observation of the response variable, or
2. The values of a specified proportion of all future observations of the response variable

for a particular combination of the values of the predictor variables. Predictions can be
made for any combination of predictor variable values, including values for which no
data have been measured or observed. As in the case of estimation, predictions made
outside the observed space of predictor variable values are sometimes necessary but
require caution.

* Calibration—The goal of calibration is to quantitatively relate measurements made using
one measurement system to those of another measurement system. This is done so that
measurements can be compared in common units or to tie results from a relative measure-
ment method to absolute units.

* Optimization—Optimization is performed to determine the values of process inputs that
should be used to obtain the desired process output. Typical optimization goals might be
to maximize the yield of a process, to minimize the processing time required to fabricate
a product, or to hit a target product specification with minimum variation in order to main-
tain specified tolerances.

MEDIA MATERIAL CONTENT

Media material content is a measure of the material contained in a bulk medium, quantified by the
ratio of the amount of material present to the amount of the medium. The terms mass, moles, or
volume can be used to quantify the amounts. Thus, the ratio can be expressed in several forms such
as mass or moles of material per volume of medium, resulting in mass or molar concentration; moles
of material per mole of medium, resulting in mole fraction; and volume of material per volume of
medium, resulting in volume fraction.

When dealing with mixtures of materials and media, the use of different forms of measures in
the ratio to quantify material content may become confusing. With regard to mixtures, the ratio
can be expressed in concentration units. The concentration of a chemical (liquid, gaseous, or solid)
substance expresses the amount of substance present in a mixture. There are many different ways
to express concentration. Chemists use the term solute to describe the substance of interest and the
term solvent to describe the material in which the solute is dissolved. For example, in a can of soft
drink (a solution of sugar in carbonated water), there are approximately 12 tablespoons of sugar (the
solute) dissolved in the carbonated water (the solvent). In general, the component that is present in
the greatest amount is the solvent. Some of the more common concentration units are

1. Mass per unit volume. Some concentrations are expressed in milligrams per milliliter (mg/
mL) or milligrams per cubic centimeter (mg/cm?). Note that 1 mL = 1 cm? and that a cubic
centimeter is sometimes denoted as a “cc.” Mass per unit volume is handy when discussing
how soluble a material is in water or a particular solvent—for example, “the solubility of
substance x is 4 grams per liter.”

2. Percent by mass. Also called weight percent or percent by weight, this is simply the mass
of the solute divided by the total mass of the solution and multiplied by 100%:

Mass of component

Percent by mass = =100% 4.1

Mass of solution

The mass of the solution is equal to the mass of the solute plus the mass of the solvent. For
example, a solution consisting of 30 g of sodium chloride and 70 g of water would be 30%
sodium chloride by mass: [(30 g NaCl)/(30 g NaCl + 70 g water)] X 100% = 30%. To avoid
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confusion as to whether a solution is percent by weight or percent by volume, “w/w” (for
weight to weight) is often added after the concentration—for example, “10% potassium
iodide solution in water (w/w).”

3. Percent by volume. Also called volume percent or volume/volume percent, this is typically
only used for mixtures of liquids. Percent by volume is simply the volume of the solute
divided by the sum of the volumes of the other components multiplied by 100%. If we mix 30
mL of ethanol and 70 mL of water, the percent ethanol by volume will be 30%, but the total
volume of the solution will not be 100 mL (although it will be close), because ethanol and
water molecules interact differently with each other than they do with themselves. To avoid
confusion as to whether we have a percent by weight or percent by volume solution, we can
label this mixture as “30% ethanol in water (v/v),” where v/v stands for “volume to volume.”

4. Molarity. Molarity is the number of moles of solute dissolved in 1 liter of solution. For
example, a quantity of 90 g of glucose (molar mass = 180 g/mol) is equal to (90 g)/(180 g/
mol) = 0.50 moles of glucose. If we place this glucose in a flask and add water until the
total volume is 1 liter, we would have a 0.5 molar solution. Molarity is usually denoted with
M (e.g., a 0.50-M solution). Recognize that molarity is moles of solute per liter of solution,
not per liter of solvent. Also recognize that molarity changes slightly with temperature
because the volume of a solution changes with temperature.

5. Molality. Molality is used for calculations of colligative properties; it is the number of
moles of solute dissolved in 1 kilogram of solvent. Notice the two key differences between
molarity and molality. Molality uses mass rather than volume and uses solvent instead of
solution:

Molality = Moles of solute @2)
Y Kilograms of solution '

Unlike molarity, molality is independent of temperature because mass does not change
with temperature. If we were to place 90 g of glucose (0.50 mol) in a flask and then add
1 kg of water we would have a 0.50-molal solution. Molality is usually denoted with a
small m (e.g., a 0.50-m solution).

6. Parts per million. Parts per million (ppm) works like percent by mass but is more conve-
nient when there is only a small amount of solute present. Parts per million is defined as
the mass of the component in solution divided by the total mass of the solution multiplied
by 109 (one million):

Mass of component

Parts per million = x 1,000,000 4.3)

Mass of solution

A solution with a concentration of 1 ppm has 1 gram of substance for every million grams of
solution. Because the density of water is 1 g/mL and we are adding such a tiny amount of sol-
ute, the density of a solution at such a low concentration is approximately 1 g/mL. Therefore,
in general, 1 ppm implies 1 mg of solute per liter of solution. Finally, recognize that 1% =
10,000 ppm. Therefore, something that has a concentration of 300 ppm could also be said to
have a concentration of (300 ppm)/(10,000 ppm/percent) = 0.03% percent by mass.

7. Parts per billion. Parts per billion (ppb) works like above, but we multiply by 1 billion (10°)
(be aware that the word “billion” has different meanings in different countries). A solution
with 1 ppb of solute has 1 pg (10-°) of material per liter.

8. Parts per trillion. Parts per trillion (ppt) works like parts per million and parts per billion
except that we multiply by 1 trillion (10'2). There are few, if any, solutes that are harmful at
concentrations as low as 1 ppt.
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MATERIAL CONTENT: LIQUID PHASES"
Mass concentration, molar concentration, or mole fraction can be used to quantify material content

in liquid phases:

. .. Mass of material i
Mass concentration of component i in water = p; ,, =

4.4
Volume of water

. .. Moles of material i
Molar concentration of component i in water =C; ,, = @.5)
Volume of water

Because moles of material = mass/molecular weight (MW), mass concentrations (p;,,) are related
by the following:

Piw
C,' W= > 46
T MW, “6)

For molarity M, [X] is the molar concentration of X.
The mole fraction (X) of a single chemical in water can be expressed as follows:

Moles of component/chemical

Mole fraction X =

@7

Total moles of solution (moles of chemical + moles of water)

For dilute solutions, the moles of chemical in the denominator of the above equation can be
ignored in comparison to the moles of water (n,) and can be approximated by

_ Moles of chemical “8)

Moles of water

If X is less than 0.02, an aqueous solution can be considered dilute. On a mass basis, similar expres-
sions can be formulated to yield mass fractions. Mass fractions can also be expressed as a percent-
age or as other ratios such as parts per million (ppm) or parts per billion (ppb).

The mole fraction of a component in a solution is simply the number of moles of that component
divided by the total moles of all of the components. We use the mole fraction because the sum of
the individual fractions should equal 1. This constraint can reduce the number of variables when
modeling mixtures of chemicals. Mole fractions are strictly additive. The sum of the mole frac-
tions of all components is equal to 1. Mole fraction X; of component i in an n-component mixture
is defined as follows:

Moles of i
X;= oy R 4.9)
[2 n; ] + n,
1

n
The sum of all mole fractions = wa =1 4.10)

1
* Subscripts for components are i = 1, 2, 3, ..., n, and subscripts for phases are g = gas, a = air, [ = liquid, w = water, s =

solids and soil.
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For dilute solutions of multiple chemicals (as in the case of single-chemical systems), mole frac-
tion X; of component i in an n-component mixture can be approximated by the following:

_ Moles of i

nW

X “4.11)

Note that the preceding ratio is known as an intensive property because it is independent of the
system and the mass of the sample. An intensive property is any property that can exist at a point in
space. Temperature, pressure, and density are good examples. On the other hand, an extensive prop-
erty is any property that depends on the size (or extent) of the system under consideration. Volume
is an example. If we double the length of all edges of a solid cube, the volume increases by a factor
of eight. Mass is another. The same cube will undergo an eightfold increase mass when the length
of the edges is doubled.

Note: The material content in solid and gas phases is different from those in liquid phases. For
example, the material content in solid phases is often quantified by a ratio of masses and is
expressed as ppm or ppb. The material content in gas phases is often quantified by a ratio of moles
or volumes and is expressed as ppm or ppb. It is preferable to report gas-phase concentrations at
standard temperature and pressure (STP; 0°C and 769 mmHg or 273 K and 1 atm).

B EXAMPLEA4.1

Problem: A certain chemical has a molecular weight of 80. Derive the conversion factors to quan-
tify the following:

1. 1 ppm (volume/volume) of the chemical in air in molar and mass concentration form.
2. 1 ppm (mass ratio) of the chemical in water in mass and molar concentration form.
3. 1 ppm (mass ratio) of the chemical in soil in mass ratio form.

Solution:

1. Gas phase—The volume ratio of 1 ppm can be converted to the mole or mass concentra-
tion form using the assumption of ideal gas, with a molar volume of 22.4 L/g mol at STP
conditions (273 K and 1.0 atm.).

1 m® chemical ( mol j(lOOOL

~ 1,000,000 m”® of air \ 22.4 L 3

) =4.46%10~ mol/m?
.

1 ppm

= 446x10~° mol/m®| 22 |=0.0035 g/m® =3.5 mg/m® =3.5 ug/L
gmol

The general relationship is 1 ppm = (MW/22.4) mg/m?.
2. Water phase—The mass ratio of 1 ppm can be converted to mole or mass concentration
form using the density of water, which is 1 g/cm? at 4°C and 1 atm:

_ 1 g chemical
1,000,000 g of water

1 ppm (1 g/cm3)(1,000,000 cm3/m3) =1g/m’=1mgL

— 1 gm?| 2O 10,0125 mol/m?
80 ¢g
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3. Soil phase—The conversion is direct:

| ppm 1 g chemical (1000 g ]( 1000 mg

= : =1 mg/kg
1,000,000 g of soil \ kg g

B EXAMPLE 4.2

Problem: Analysis of a water sample from a pond gave the following results: volume of sample = 2
L, concentration of suspended solids in the sample = 15 mg/L, concentration of dissolved chemical
= 0.01 mol/L, and concentration of the chemical adsorbed onto the suspended solids = 400 ug/g
solids. If the molecular weight of the chemical is 125, determine the total mass of the chemical in
the sample.

Solution:

Dissolved concentration = Molar concentration X MW:

0.001 mol/L x 125 g/mol = 0.125 g/L.

Dissolved mass in sample = Dissolved concentration X Volume:

(125 g/L)x(2L)=025 g

Mass of solids in sample = Concentration of solids X Volume:

25 mg/lLx2L)=50mg=0.05¢g

Adsorbed mass in sample = Adsorbed concentration X Mass of solids:

(400 pg/g) x (0.05 g) x 16g =0.00020 g
10° ug

Thus, the total mass of chemical in the sample = 0.25 g + 0.00020 g = 0.25020 g.

PHASE EQUILIBRIUM AND STEADY STATE

The concept of phase equilibrium (balance of forces) is an important one in environmental model-
ing. In the case of mechanical equilibrium, consider the following example. A cup sitting on a table
top remains at rest because the downward force exerted by the Earth’s gravity action on the cup’s
mass (this is what is meant by the “weight” of the cup) is exactly balanced by the repulsive force
between atoms that prevents two objects from simultaneously occupying the same space, acting in
this case between the table surface and the cup. If you pick up the cup and raise it above the tabletop,
the additional upward force exerted by your arm destroys the state of equilibrium as the cup moves
upward. If one wishes to hold the cup at rest above the table, it is necessary to adjust the upward
force to exactly balance the weight of the cup, thus restoring equilibrium.

For more pertinent examples (chemical equilibrium, for example) consider the following.
Chemical equilibrium is a dynamic system in which chemical changes are taking place in such a
way that there is no overall change in the composition of the system. In addition to partial ioniza-
tion, equilibrium situations include simple reactions such as when the air in contact with a liquid
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is saturated with the liquid’s vapor, meaning that the rate of evaporation is equal to the rate of con-
densation. When a solution is saturated with a solute, this means that the rate of dissolving is just
equal to the rate of precipitation from solution. In each of these cases, both processes continue. The
equality of rate creates the illusion of static conditions. The point is that no reaction actually goes
to completion.

Equilibrium is best described by the principle of Le Chatelier, which sums up the effects of
changes in any of the factors influencing the position of equilibrium. It states that a system in equi-
librium, when subjected to a stress resulting from a change in temperature, pressure, or concentra-
tion and causing the equilibrium to be upset, will adjust its position of equilibrium to relieve the
stress and reestablish equilibrium.

What is the difference between steady state and equilibrium? Steady state implies no changes
with passage of time. Likewise, equilibrium can also imply no change of state with passage of time.
In many situations, this is the case—the system is not only at steady state but also at equilibrium.
However, this is not always the case. In some cases, where the flow rates are steady but the phase
contents, for example, are not being maintained at the equilibrium values, the system is at steady
state but not at equilibrium.

MATH OPERATIONS AND LAWS OF EQUILIBRIUM

Earlier we observed that no chemical reaction goes to completion. There are qualitative conse-
quences of this insight that go beyond the purpose of this text, but in this text we are interested
in the basic quantitative aspects of equilibria. The chemist usually starts with the chemistry of
the reaction and fully utilizes chemical intuition before resorting to mathematical techniques.
That is, science should always precede mathematics in the study of physical phenomena. Note,
however, that most chemical problems do not require exact, closed-form solutions, and the direct
application of mathematics to a problem can lead to an impasse. Several basic math operations and
fundamental laws from physical chemistry and thermodynamics serve as the tools, blueprints, and
foundational structures of mathematical models. They can be used and applied to environmental
systems under certain conditions to solve a variety of problems. Many laws serve as important
links between the state of a system, its chemical properties, and its behavior. As such, some of the
basic math operations used to solve basic equilibrium problems and laws essential for modeling
the fate and transport of chemicals in natural and engineered environmental systems are reviewed
in the following sections.

SoLVING EQUILIBRIUM PROBLEMS

In the following math operations, we provide examples of the various forms of combustion of hydro-
gen to yield water to demonstrate the solution of equilibrium problems. Let’s first consider the
reaction at 1000.0 K where all constituents are in the gas phase and the equilibrium constant is
1.15 x 10 atm™'. This reaction is represented by the following equation and equilibrium constant
expression (Equation 4.12):

2H, (g) + O, (g) = 2H,0 (g)

K= [Hzo]z/[Hz]z[Oz] 4.12)

where concentrations are given as partial pressures in atm. Observe that K is very large; conse-
quently, the concentration of water is large and/or the concentration of at least one of the reactants
is very small.
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B EXAMPLE4.3

Problem: Consider a system at 1000.0 K in which 4.00 atm of oxygen is mixed with 0.500 atm of
hydrogen and no water is initially present. Note that oxygen is in excess and hydrogen is the limiting
reagent. Because the equilibrium constant is very large, virtually all of the hydrogen is converted to
water, yielding [H,0] = 0.500 atm and [O,] = 4.000 — 0.5(0.500) = 3.750 atm. The final concentra-
tion of hydrogen, a small number, is an unknown, the only unknown.

Solution: Using the equilibrium constant expression, we obtain
1.15 x 10" = (0.500)*/[H,]*(3.750)

from which we determine that [H,] = 2.41 x 10-° atm. Because this is a small number, our initial
approximation is satisfactory.

B EXAMPLE4.4

Problem: Again, consider a system at 1000.0 K, where 0.250 atm of oxygen is mixed with 0.500 atm
of hydrogen and 2000 atm of water.

Solution: Again, the equilibrium constant is very large and the concentration of least reactants must
be reduced to a very small value.

[H,O] =2.000 + 0.500 = 2.500 atm

In this case, oxygen and hydrogen are present in a 1:2 ratio, the same ratio given by the stoichiomet-
ric coefficients. Neither reactant is in excess, and the equilibrium concentrations of both will be very
small values. We have two unknowns but they are related by stoichiometry. Because neither product
is in excess and one molecule of oxygen is consumed for two of hydrogen, the ratio [H,]/[O,] = 2/1
is preserved during the entire reaction and [H,] = 2[O,]:

1.15 x 10" = 2.500%/(2[0,])*[O,]

[0,] =5.14 x 10~* atm and [H,] = 2[0,] = 1.03 x 1073 atm

LAaws ofF EQUILIBRIUM

Some of the laws essential for modeling the fate and transport of chemicals in natural and engi-
neered environmental system include the following:

¢ Ideal gas law
* Dalton’s law
e Raoult’s law
e Henry’s law

Ideal Gas Law

An ideal gas is defined as one in which all collisions between atoms or molecules are perfectly
elastic and in which there are no intermolecular attractive forces. One can visualize it as collec-
tions of perfectly hard spheres that collide but otherwise do not interact with each other. In such a
gas, all the internal energy is in the form of kinetic energy and any change in the internal energy is
accompanied by a change in temperature. An ideal gas can be characterized by three state variables:
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absolute pressure (P), volume (V), and absolute temperature (7). The relationship between them
may be deduced from kinetic theory and is called the ideal gas law:

PXV=nXRXT=NXkXxT 4.13)

where
P = Absolute pressure.
V = Volume.
n = Number of moles.
R = Universal gas constant = 8.3145 J/mol-K or 0.821 L-atm/mol-K.
T = Absolute temperature.
N = Number of molecules.
k = Boltzmann constant = 1.38066 x 10-2* JJK = R/N,, where N, is Avogadro’s number
(6.0221 x 10%3).

Note: At standard temperature and pressure (STP), the volume of 1 mol of ideal gas is 22.4 L, a
volume called the molar volume of a gas.

B EXAMPLE 4.5
Problem: Calculate the volume of 0.333 mol of gas at 300 K under a pressure of 0.950 atm.
Solution:

_nXRXT 0.333 mol x0.0821 L -atm/mol -K x 300 K
- pr 0.959 atm

Vv =8.63L

Most gases in environmental systems can be assumed to obey this law. The ideal gas law can be
viewed as arising from the kinetic pressure of gas molecules colliding with the walls of a container
in accordance with Newton’s laws, but there is also a statistical element in the determination of the
average kinetic energy of those molecules. The temperature is taken to be proportional to this aver-
age kinetic energy; this invokes the idea of kinetic temperature.

Dalton’s Law
Dalton’s law states that the pressure of a mixture of gases is equal to the sum of the pressures of all
of the constituent gases alone. Mathematically, this can be represented as

PTofal=Pl+P2+"'+Pn (414)
where
Py, = Total pressure.
P,, ... =Partial pressure.
and
Partial P = w @.15)

where 7, is the number of moles of component j in the mixture.

Note: Although Dalton’s law explains that the total pressure is equal to the sum of all of the pres-
sures of the parts, this is only absolutely true for ideal gases, but the error is small for real gases.
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B EXAMPLE 4.6

Problem: The atmospheric pressure in a lab is 102.4 kPa. The temperature of a water sample is 25°C
at a pressure of 23.76 torr. If we use a 250-mL beaker to collect hydrogen from the water sample,
what are the pressure of the hydrogen and the moles of hydrogen using the ideal gas law?

Solution:

1. Make the following conversions—A torr is 1 mm of mercury at standard temperature. In
kilopascals, that would be 3.17 (1 mmHg = 7.5 kPa). Convert 250 mL to 0.250 L and 25°C
to 298 K.

2. Use Dalton’s law to find the hydrogen pressure:

PTotal = PWarer +P

Hydrogen
102.4 kPa = 3.17 kPa + Py, on
Prtsarogen = 9923 kPa

3. Recall that the ideal gas law is

PXV=nXRXT

where P is pressure, V is volume, 7 is the number of moles, R is the ideal gas constant (8.31
L-kPa/mol-K or 0.821 L-atm/mol-K), and T is temperature. Therefore,

99.2 kPa X 0.250 L = n x 8.31 L-kPa/mol-K x 298 K

Rearranged:
n=99.2 kPa x 0.250 L/8.31 L-kPa/mol-K/298 K
n = 0.0100 mol or 1.00 x 10-2 mol hydrogen

Raoult’s Law

Raoult’s law states that the vapor pressure of mixed liquids is dependent on the vapor pressures of
the individual liquids and the molar fraction of each present. Accordingly, for concentrated solu-
tions where the components do not interact, the resulting vapor pressure (P) of component a in
equilibrium with other solutions can be expressed as

P=x,xP, 4.16)

where
P = Resulting vapor pressure.
x, = Mole fraction of component « in solution.
P, = Vapor pressure of pure a at the same temperature and pressure as the solution.

Henry’s Law

Henry’s law states that the mass of a gas that dissolves in a definite volume of liquid is directly
proportional to the pressure of the gas, provided the gas does not react with the solvent. A formula
for Henry’s law is

P=Hxx @.17)

where P is the partial pressure of a gas above the solution, H is Henry’s constant, and x is the solubil-
ity of a gas in the solution phase.
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TABLE 4.1
Henry’s Law Constants (H)

Henry’s Law Constant

Chemical (atm x m3/mol) (dimensionless)
Aroclor 1254 2.7x 1073 1.2 x 10!
Aroclor 1260 7.1 x 1073 3.0x 10!
Atrazine 3x10° 1 x 107
Benzene 5.5x%x 103 2.4 x 107!
Benz[a]anthracene 5.75 x 10 24 x10#
Carbon tetrachloride 2.3 %1072 9.7 x 10!
Chlorobenzene 3.7x 1073 1.65 x 10!
Chloroform 48 x 1073 2.0x 10!
Cyclohexane 0.18 7.3
1,1-Dichloroethane 6x 103 2.4 x 10!
1,2-Dichloroethane 1073 4.1 x 102
cis-1,2-Dichloroethene 34 %1073 0.25
trans-1,2-Dichlorethene 6.7 x 1073 0.23
Ethane 4.9 x 10! 20
Ethanol 6.3 x 10 —
Ethylbenzene 8.7x 1073 3.7 x 107!
Lindane 4.8 x 107 2.2 %107
Methane 0.66 27
Methylene chloride 3x 1073 1.3 x 10!
n-Octane 2.95 121
Pentachlorophenol 34 x10° 1.5x 10
n-Pentane 1.23 50.3
Perchloroethane 8.3x 1073 3.4 x 107!
Phenanthrene 35%x107 1.5%x 103
Toluene 6.6 x 1073 2.8 x 10!
1,1,1-Trichloroethane (TCA) 1.8 x 102 7.7 x 107!
Trichloroethene (TCE) 1x 10?2 4.2 x 10!
o0-Xylene 5.1x 1073 22 x 107!
Vinyl chloride 24 99

Source: Adapted from Lyman, W.J. et al., Handbook of Chemical Property
Estimation Methods, American Chemical Society, Washington, DC, 1990.

Henry’s law constant (H) is a partition coefficient usually defined as the ratio of the concentration
of a chemical in air to its concentration in water at equilibrium. Henry’s law constants generally
increase with increased temperature, primarily due to the significant temperature dependency of
chemical vapor pressures. Solubility is much less affected by the changes in temperature that are
normally found in the environment (Hemond and Fechner-Levy, 2000). H can be expressed either
in a dimensionless form or with units. Table 4.1 lists the Henry’s law constants for some common
environmental chemicals.

CHEMICAL TRANSPORT SYSTEMS

In environmental modeling, environmental practitioners have a fundamental understanding of the
phenomena involved with the transport of certain chemicals through the various components of
the environment. The primary transport mechanism at the microscopic level is molecular diffusion
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driven by concentration gradients; whereas, mixing and bulk movement of the medium are the
primary transport mechanisms at the macroscopic level. Transport by molecular diffusion and mix-
ing is referred to as dispersive transport; transport by bulk movement of the medium is referred
to as advective transport. Advective and dispersive transports are fluid-element driven. Advection,
for example, is the movement of dissolved solute with flowing groundwater. The amount of con-
taminant being transported is a function of its concentration in the groundwater and the quantity of
groundwater flowing, and advection will transport contaminants at different rates in each stratum.
Diffusive transport, on the other hand, is the process by which a contaminant in water will move
from an area of greater concentration toward an area where it is less concentrated. Diffusion will
occur as long as a concentration gradient exists, even if the fluid is not moving, and as a result a
contaminant may spread away from the place where it is introduced into a porous medium.

In today’s computer age, environmental engineers have the advantage of choosing from a wide
variety of mathematical models available. These models enable environmental engineers and stu-
dents with minimal computer programming skills to develop computer-based mathematical models
for natural and engineered environmental systems. Commercially available syntax-free authoring
software can be adapted to create customized, high-level models of environmental phenomena in
groundwater, air, soil, aquatic, and atmospheric systems.

ALGORITHMS: WHAT ARE THEY?

An algorithm is a specific mathematical calculation procedure, a computable set of steps to achieve
a desired result. More specifically, “an algorithm is any well-defined computational procedure that
takes some value, or set of values, as input and produces some value, or set of values, as output”
(Cormen et al., 2002). In other words, an algorithm is a recipe for an automated solution to a prob-
lem. A computer model may contain several algorithms. The word “algorithm” is derived from the
name of a ninth-century Persian mathematician, al-Khomwarizmi.

Algorithms should not be confused with computations. Whereas an algorithm is a systematic
method for solving problems, and computer science is the study of algorithms (although the algo-
rithm was developed and used long before any device resembling a modern computer was available),
the act of executing an algorithm—that is, manipulating data in a systematic manner—is called com-
putation. For example, the following algorithm for finding the greatest common divisor of two given
whole numbers (attributed to Euclid ca. 300 BC, thus known for millennia) may be stated as follows:

* Seta and b to the values A and B, respectively.

* Repeat the following sequence of operations until » has value 0:
1. Let r take the value of @ mod b.
2. Let a take the value of b.
3. Let b take the value of r.

* The greatest common divisor of A and B is the final value of a.

Note: The operation a mod b gives the remainder obtained upon dividing a by b.

Here, the problem—{finding the greatest common divisor of two numbers—is specified by stat-
ing what is to be computed; the problem statement itself does not require that any particular algo-
rithm be used to compute the value. Such method-independent specifications can be used to define
the meaning of algorithms: the meaning of an algorithm is the value that it computes.

Several methods can be used to compute the required value; Euclid’s method is just one. The
chosen method assumes a set of standard operations (such as basic operations on the whole number
and a means to repeat an operation) and combines these operations to form an operation that com-
putes the required value. Also, it is not at all obvious to the vast majority of people that the proposed
algorithm does actually compute the required value. That is one reason why a study of algorithms
is important—to develop methods that can be used to establish what a proposed algorithm achieves.
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EXPRESSING ALGORITHMS

Although an in-depth discussion of algorithms is beyond the scope of this text, the analysis of algo-
rithms often requires us to draw upon a body of mathematical operations. Some of these operations
are as simple as high-school algebra, but others may be less familiar to the average environmental
engineer. Along with learning how to manipulate asymptotic notations and solving recurrences,
several other concepts and methods must be learned to analyze algorithms.

Methods for evaluating bounding summations, for example, occur frequently in the analysis of
algorithms and are used when an algorithm contains an iterative control construct such as a while
or for loop. In this case, the running time can be expressed as the sum of the times spent on each
execution of the body of the loop. Many of the formulas commonly used in analyzing algorithms
can be found in any calculus text. In addition, in order to analyze many algorithms, we must be
familiar with the basic definitions and notations for sets, relations, functions, graphs, and trees. A
basic understanding of elementary principles of counting (permutations, combinations, and the like)
is important as well. Most algorithms used in environmental engineering require no probability for
their analysis; however, a familiarity with these operations can be useful.

Because mathematical and scientific analyses (and many environmental engineering functions)
are so heavily based on numbers, computation has tended to be associated with numbers; however,
this need not be the case. Algorithms can be expressed using any formal manipulation system—that
is, any system that defines a set of entities and a set of unambiguous rules for manipulating those
entities. For example, SKI calculus consists of three combinators (entities) called, coincidentally, S,
K, and I. The computation rules for the calculus are

1. Sxyz — fx(gx)
2. Kxy - x
3.Ix—>x

where f, g, x, and y are strings of the three entities. SKI calculus is computationally complete; that
is, any computation that can be performed using any formal system can be performed using SKI
calculus. (Equivalently, all algorithms can be expressed using SKI calculus.) Not all systems of
computation are equally as powerful, though; some problems that can be solved using one system
cannot be solved using another. Further, it is known that problems exist that cannot be solved using
any formal computation system.

GENERAL ALGORITHM APPLICATIONS

Practical applications of algorithms are ubiquitous. All computer programs are expressions of
algorithms, where the instructions are expressed in computer language being used to develop the
program. Computer programs are described as expressions of algorithms, as an algorithm is a gen-
eral technique for achieving some purpose and can be expressed in a number of different ways.
Algorithms exist for many purposes and are expressed in many different ways. Examples of algo-
rithms include recipes in cookbooks, servicing instructions in the manual of a computer, knitting
patterns, digital instructions for a welding robot indicating where each weld should be made, or
cyberspeak for any system used in cyberspace.

Algorithms can be used in sorting operations—for example, to reorder a list into some defined
sequence. It is possible to express an algorithm as instructions given to a human who has a similar
requirement to reorder some list—for example, to sort a list of tax records into a sequence deter-
mined by the date of birth on the record. These instructions could employ the insertion sort algo-
rithm, the bubble sort algorithm, or one of many other available algorithms. Thus, an algorithm, as
a general technique for expressing the process of completing a defined task, is independent of the
precise manner in which it is expressed.



Environmental Modeling and Algorithms 113

Sorting is by no means the only application for which algorithms have been developed. Practical
applications of algorithms include the following examples:

¢ Internet routing (e.g., single-source shortest paths)

* Search engine (e.g., string matching)

e Public-key cryptography and digital signatures (e.g., number-theoretic algorithms)
¢ Allocating scarce resources in the most beneficial way (e.g., linear programming)

Algorithms are at the core of most technologies used in contemporary computers:

* Hardware design uses algorithms.

e The design of any GUI relies on algorithms.

¢ Routing in networks relies heavily on algorithms.

* Compilers, interpreters, and assemblers make extensive use of algorithms.

A few classic algorithms are commonly used to illustrate the function, purpose, and applicability
of algorithms. One of these classics is known as the Byzantine Generals (Black, 2012). Briefly, this
algorithm is about the problem of reaching a consensus among distributed units if some of them
give misleading answers. The problem is couched in terms of generals deciding on a common plan
of attack. Some traitorous generals may lie about whether they will support a particular plan and
what other generals told them. What decision-making algorithm should the generals use to reach a
consensus through only an exchange of messages? What percentage of liars can the algorithm toler-
ate and still correctly determine a consensus?

Another classic algorithm that is used to illustrate how an algorithm can be applied to real-world
situations (because of its general usefulness and because it is easy to explain to just about anyone) is
the Traveling Salesman problem. The Traveling Salesman problem is the most notorious NP-complete
problem; that is, no polynomial-time algorithm has yet been discovered for an NP-complete problem,
nor has anyone yet been able to prove that no polynomial-time algorithm can exist for any one of
them. For the Traveling Salesman problem, imagine that a traveling salesman has to visit each of a
given set of cities by car, but he can only stop in each city one time. In Figure 4.1A, find the shortest
possible route that visits each city once and returns to the origin city (Figure 4.1B).

We have pointed out some of the functions that algorithms can perform, but the question arises:
“Can every problem be solved algorithmically?”” The simple and complex answer is no. For exam-
ple, for some problems no generalized algorithmic solution can possibly exist (they are unsolvable).
Also, some problems—NP-complete problems—have no known efficient solutions; that is, it is
unknown if efficient algorithms exist for these problems. If an efficient algorithm exists for any one
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FIGURE 4.1 Traveling Salesman problem.
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of them, then efficient algorithms exist for all of them (e.g., Traveling Salesman problem). Finally,
problems exist that we simply do not know how to solve algorithmically. From this discussion, it
should be apparent that computer science is not simply about word processing and spreadsheets; it
can include applications and not just software applications.

ENVIRONMENTAL PRACTICE ALGORITHM APPLICATIONS

Although algorithms can be used in transportation applications (e.g., Traveling Salesman prob-
lem), many of their most important applications are in environmental engineering functions. For
example, consider a robot arm assigned to weld all the metal parts on an automobile in an assem-
bly line. The shortest path that visits each weld point exactly once would be the most efficient one
for the robot. A similar application arises in minimizing the amount of time taken by a design
engineer or draftsperson to draw a given structure. Algorithms have found widespread application
in all branches of environmental practice. In environmental engineering, for example, the U.S.
Environmental Protection Agency (USEPA) uses computer models relying upon various algorithms
to monitor chemical spill and ultimate fate data. In the following, we provide selected model sum-
mary descriptions of applications used in dispersion modeling. Specifically, we discuss how the
USEPA (and others) employ preferred or recommended models (i.e., refined models that are rec-
ommended for a specific type of regulatory application) in monitoring air quality (i.e., ambient
pollutant concentrations and their temporal and spatial distribution). Further information on this
important topic can be found at USEPA (2003).

DISPERSION MODELS®

e BLP (buoyant line and point source model) is a Gaussian plume dispersion model designed
to handle unique modeling problems associated with aluminum reduction plants and other
industrial sources where plume rise and downwash effects from stationary line sources are
important.

e CALINES3 is a steady-state Gaussian dispersion model designed to determine air pollution
concentrations at receptor locations downwind of “at-grade,” fill,” “bridge,” and “cut sec-
tion” highways located in relatively uncomplicated terrain.

e CALPUFF is a multilayer, multispecies, non-steady-state puff dispersion model that simu-
lates the effects of time- and space-varying meteorological conditions on pollution trans-
port, transformation, and removal. CALPUFF can be applied on scales of tens to hundreds
of kilometers. It includes algorithms for subgrid scale effects (such as terrain impinge-
ment), as well as longer range effects (such as pollutant removal due to wet scavanging
and dry deposition, chemical transformation, and visibility effects of particulate matter
concentrations).

e CTDMPLUS (Complex Terrain Dispersion Model Plus Algorithms for Unstable Situations)
is arefined point-source Gaussian air quality model for use in all stability conditions for
complex terrain (i.e., terrain exceeding the height of the stack being modeled as contrasted
with simple terrain, which is defined as an area where terrain features are all lower in
elevation than the top of the stack of the source). The model contains, in its entirety, the
technology of CTDM for stable and neutral conditions.

e ISC3 (Industrial Source Complex Model) is a steady-state Gaussian plume model that
can be used to assess pollutant concentrations from a wide variety of sources associated
with an industrial complex. This model can account for the following: settling and dry

“ The algorithm-based models described in this section are currently listed in Appendix A of the Guidelines on Air Quality
Models (Appendix W of 40 CFR Part 51).
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deposition of particles; downwash; point, area, line, and volume sources; plume rise as
a function of downwind distance; separation of point sources; and limited terrain adjust-
ment. ISC3 operates in both long-term and short-term modes.

e OCD (Offshore and Coastal Dispersion Model) is a straight-line Gaussian model devel-
oped to determine the impact of offshore emissions from point, area, or line sources on the
air quality of coastal regions. OCD incorporates overwater plume transport and dispersion
as well as changes that occur as the plume crosses the shoreline. Hourly meteorological
data are needed from both offshore and onshore locations.

SCREENING TOOLS

Screening tools are relatively simple analysis techniques to determine if a given source is likely to
pose a threat to air quality. Concentration estimates from screening techniques precede a refined
modeling analysis and are conservative. Following are some of the screening tools available:

e CAL3QHC/CAL3QHCR (CALINE3 with queuing and hot-spot calculations) isa CALINE3-
based CO model with a traffic model to calculate delays and queues that occur at signalized
intersections; CAL3QHCR requires local meteorological data.

e COMPLEX I is a multiple point-source screening technique with terrain adjustment that
incorporates the plume impaction algorithm of the VALLEY model.

e CTSCREEN (Complex Terrain Screening Model) is a Gaussian plume dispersion model
designed as a screening technique for regulatory application to plume impaction assess-
ments in complex terrain. CTSCREEN is a screening version of the CTDMPLUS model.

* LONGZis a steady-state Gaussian plume formulation for both urban and rural areas in flat
or complex terrain to calculate long-term (seasonal and/or annual) ground-level ambient
air concentrations attributable to emissions from up to 14,000 arbitrarily placed sources
(stack, buildings, and area sources).

e SCREENS3 is a single-source Gaussian plume model that provides maximum ground-level
concentrations for point, area, flare, and volume sources, as well as concentrations in
the cavity zone and concentrations due to inversion break-up and shoreline fumigation.
SCREEN3 is a screening version of the ISC3 model.

e SHORTZ is a steady-state bivariate Gaussian plume formulation model for both urban and
rural areas in flat or complex terrain to calculate ground-level ambient air concentrations.
It can calculate 1-hr, 2-hr, 3-hr, etc., average concentrations due to emissions from stacks,
buildings, and area sources for up to 300 arbitrarily placed sources.

e VALLEY is a steady-state, complex-terrain, univariate Gaussian plume dispersion algo-
rithm designed for estimating either 24-hour or annual concentrations resulting from emis-
sions from up to 50 (total) point and area sources.

e VISCREEN calculates the potential impact of a plume of specified emissions for specific
transport and dispersion conditions.
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There are three kinds of lies: lies, damned lies, and statistics.

—Benjamin Disraeli, British statesman

To the uninitiated it may often appear that the statistician’s primary function is to prevent or at least
impede the progress of research. And even those who suspect that statistical methods may be more
boon than bane are at times frustrated in their efforts to make use of the statistician’s wares.

Frank Freese (1967)

No aphorism is more frequently repeated in connection with field trials, than that we must ask Nature
few questions, or, ideally, one question, at a time. The writer is convinced that this view is wholly
mistaken.

—Ronald Fisher, biologist, geneticist, and statistician

STATISTICAL CONCEPTS

Despite the protestation of Disraeli and the wisdom of Freese, environmental practice includes the
study of and use of statistical analysis of the results. The principal concept of statistics is that of
variation. Variation is often found when conducting typical environmental health functions requir-
ing the use of biostatistics, where a wide range of statistics are applied to an even wider range of
topics in biology, such as toxicological or biological sampling protocols for air contamination, and
other environmental functions applied to agriculture, forestry, fisheries, and other specialized areas.
This chapter provides environmental practitioners with a survey of the basic statistical and data
analysis techniques that can be used to address many of the problems that they will encounter on
a daily basis. It covers the data analysis process, from research design to data collection, analysis,
reaching conclusions, and, most importantly, the presentation of findings.

Finally, it is important to point out that statistics can be used to justify the implementation of a
program, identify areas that need to be addressed, or evaluate the impact that various environmental
health and safety programs might have on losses and accidents. A set of occupational health and
safety data (or other data) is only useful if it is analyzed properly. Better decisions can be made when
the nature of the data is properly characterized. For example, the importance of using statistical data
when selling an environmental health and safety plan or some other type of environmental opera-
tion and trying to win over those who control the purse strings cannot be overemphasized.

With regard to Freese’s opening statement, much of the difficulty is due to not understanding the
basic objectives of statistical methods. We can boil these objectives down to two:

1. Estimation of population parameters (values that characterize a particular population)
2. Testing hypotheses about these parameters

A common example of the first is estimation of the coefficients a and b in the linear relationship
Y = a + bX. To accomplish this objective one must first define the population involved and specify
the parameters to be estimated. This is primarily the research worker’s job. The statistician helps
devise efficient methods of collecting the data and calculating the desired estimates.

* Much of the information in this chapter is modeled after Freese, F., Elementary Statistical Methods for Foresters,
Handbook 317, U.S. Department of Agriculture, Washington, DC, 1967.
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Unless the entire population is examined, an estimate of a parameter is likely to differ to some
degree from the population value. The unique contribution of statistics to research is that it pro-
vides ways of evaluating how far off the estimate may be. This is ordinarily done by computing
confidence limits, which have a known probability of including the true value of the parameter.
For example, the mean diameter of the trees in a pine plantation may be estimated from a sample
as being 9.2 inches, with 95% confidence limits of 8.8 and 9.6 inches. These limits (if properly
obtained) tell us that, unless a 1-in-20 chance has occurred in sampling, the true mean diameter is
somewhere between 8.8 and 9.6 inches.

The second basic objective in statistics is to test some hypothesis about the population parame-
ters. A common example is a test of the hypothesis that the regression coefficient in the linear model

Y=a+bX

has some specified value (say zero). Another example is a test of the hypothesis that the difference
between the means of two populations is zero.

Again, it is the research worker who should formulate meaningful hypotheses to be tested, not
the statistician. This task can be tricky. The beginner would do well to work with the statistician
to be sure that the hypothesis is put in a form that can be tested. Once the hypothesis is set, it is up
to the statistician to work out ways of testing it and to devise efficient procedures for obtaining the
data (Freese, 1969).

PROBABILITY AND STATISTICS

Those who work with probabilities are commonly thought to have an advantage when it comes to
knowing, for example, the likelihood of tossing coins heads up six times in a row, the chances of
a crapshooter making several consecutive winning throws (“passes”), and other such useful bits of
information. It is fairly well known that statisticians work with probabilities; thus, they are often
associated with having the upper hand, so to speak, on predicting outcomes in games of chance.
However, statisticians also know that this assumed edge they have in games of chance is often
dependent on other factors.

The fundamental role of probability in statistical activities is often not appreciated. In putting
confidence limits on an estimated parameter, the part played by probability is fairly obvious. Less
apparent to the neophyte is the operation of probability in the testing of hypotheses. Some of them
say with derision, “You can prove anything with statistics” (remember what Disraeli said about
statistics). Anyway, the truth is, you can prove nothing; you can at most compute the probability of
something happening and let the researcher draw his own conclusions.

Let’s return to our game of chance to illustrate this point. In the game of craps, the probability
of a shooter winning (making a pass) is approximately 0.493—assuming, of course, a perfectly bal-
anced set of dice and an honest shooter. Suppose now that you run up against a shooter who picks
up the dice and immediately makes seven passes in a row! It can be shown that if the probability
of making a single pass is really 0.493, then the probability of seven or more consecutive passes is
about 0.007 (or 1 in 141). This is where the job of statistics ends; you can draw your own conclusions
about the shooter. If you conclude that the shooter is pulling a fast one, then in statistical terms you
are rejecting the hypothesis that the probability of the shooter making a single pass is 0.493.

In practice, most statistical tests are of this nature. A hypothesis is formulated and an experi-
ment is conducted or a sample is selected to test it. The next step is to compute the probability of
the experimental or sample results occurring by chance if the hypothesis is true. If this probability
is less than some preselected value (perhaps 0.05 or 0.01), then the hypothesis is rejected. Note that
nothing has been proved—we haven’t even proved that the hypothesis is false. We merely inferred
this because of the low probability associated with the experiment or sample results.
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Our inferences may be incorrect if we are given inaccurate probabilities. Obviously, reliable
computation of these probabilities requires knowledge of how the variable we are dealing with
is distributed (that is, what the probability is of the chance occurrence of different values of the
variable). Accordingly, if we know that the number of beetles caught in light traps follows what is
called the Poisson distribution we can compute the probability of catching X or more beetles. But,
if we assume that this variable follows the Poisson distribution when it actually follows the negative
binomial distribution, then our computed probabilities may be in error.

Even with reliable probabilities, statistical tests can lead to the wrong conclusions. We will some-
times reject a hypothesis that is true. If we always test at the 0.05 level, we will make this mistake
on the average of 1 time in 20. We accept this degree of risk when we select the 0.05 level of testing.
If we are willing to take a bigger risk, we can test at the 0.10 or the 0.25 level. If we are not willing
to take this much risk, we can test at the 0.01 or 0.001 level.

Researchers can make more than one kind of error. In addition to rejecting a hypothesis that is
true (a Type I error), one can make the mistake of not rejecting a hypothesis that is false (a Type II
error). In crapshooting, it is a mistake to accuse an honest shooter of cheating (Type I error—reject-
ing a true hypothesis), but it is also a mistake to trust a dishonest shooter (Type II error—failure to
reject a false hypothesis).

The difficulty is that for a given set of data, reducing the risk of one kind of error increases the
risk of the other kind. If we set 15 straight passes as the critical limit for a crapshooter, then we
greatly reduce the risk of making a false accusation (probability about 0.00025). But in doing so we
have dangerously increased the probability of making a Type II error—failure to detect a phony. A
critical step in designing experiments is the attainment of an acceptable level of probability of each
type of error. This is usually accomplished by specifying the level of testing (i.e., probability of an
error of the first kind) and then making the experiment large enough to attain an acceptable level of
probability for errors of the second kind.

It is beyond the scope of this book to go into basic probability computations, distribution theory,
or the calculation of Type II errors, but anyone who uses statistical methods should be fully aware
that he or she is dealing primarily with probabilities (not necessarily lies or damnable lies) and not
with immutable absolutes. Remember, 1-in-20 chances do actually occur—about one time out of
twenty.

MEASURE OF CENTRAL TENDENCY

When we talk about statistics, it is usually because we are estimating something with incomplete
knowledge. Maybe we can only afford to test 1% of the items we are interested in and we want to
say something about the properties of the entire lot, or perhaps we must destroy the sample to test
it. In that case, 100% sampling is not feasible if someone is supposed to get the items back after we
are done with them. The questions we are usually trying to answer are “What is the central tendency
of the item of interest?” and “How much dispersion about this central tendency can we expect?”
Simply, the average or averages that can be compared are measures of central tendency or central
location of the data.

SYMBOLS, SUBSCRIPTS, BASIC STATISTICAL TERMS, AND CALCULATIONS

In statistics, symbols such as X, Y, and Z are used to represent different sets of data. Hence, if we
have data for five companies, we might let

X = Company income.
Y = Company materials expenditures.
Z = Company savings.
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Subscripts are used to represent individual observations within these sets of data. Thus, X; repre-
sents the income of the ith company, where i takes on the values 1, 2, 3, 4, and 5. Using this notation,
X,, X,, X5, X,, and X; stand for the incomes of the first company, the second company, and so on.
The data are arranged in some order, such as by size of income, the order in which the data were
gathered, or any other way suitable to the purposes or convenience of the investigator.

The subscript i is a variable used to index the individual data observations; therefore, X, Y;, and
Z, represent the income, materials expenditures, and savings of the ith company. For example, X,
represents the income of the second company, Y, the materials expenditures of the second company,
and Z; the savings of the fifth company.

Suppose that we have data for two different samples: the net worths of 100 companies and the
test scores of 30 students. To refer to individual observations in these samples, we can let X; denote
the net worth of the ith company, where i assumes values from 1 to 100 (as indicated by the notation
i=1,2,3, ..., 100.) We can also let Y, denote the test score of the jth student, where j =1, 2, 3, ...,
20. The different subscript letters make it clear that different sample are involved. Letters such as
X, Y, and Z generally represent the different variables or types of measurements involved, whereas
subscripts such as i, j, k, and [ designate individual observations (Hamburg, 1987).

Next, we turn our attention to the method of expressing summations of sets of data. Suppose we
want to add a set of four observations, denoted X, X,, X;, and X,. A convenient way of designating
this addition is

4
Y X=X +Xo+ X5+ X4

i=1

where the symbol ¥ (Greek capital “sigma”) means the “sum of.” Thus, the following

is read “the sum of the X values going from 1 to 4.” For example, if X, =5,X, =1, X;=8,and X, =
6, then

4
Y Xi=5+148+6=20

i=1

In general, if there are n observations, we write
n
Y X=X +Xo+ X5 +...+ X,
i=1

Basic statistical terms include mean or average, median, mode, and range. The following is an
explanation of each of these terms.

MEAN

Mean is one of the most familiar and commonly estimated population parameters. It is the total of
the values of a set of observations divided by the number of observations. Given a random sample,
the population mean is estimated by
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where X, is the observed value of the ith unit in the sample, » is the number of units in the sample,
and

>
i=1

means to sum up all n of the X values in the sample.
If there are N units in the population, the total of the X values over all units in the population
would be estimated by

A

T=NX

The circumflex (*) over the T is frequently used to indicate an estimated value as opposed to the
true but unknown population value. It should be noted that this estimate of the mean is used for a
simple random sample. It may not be appropriate if the units included in the sample are not selected
entirely at random.

MEDIAN

The median is the value of the central item when the data are arrayed in size.

MobE

The mode is the observation that occurs with the greatest frequency and thus is the most “fashion-
able” value.

RANGE

The range is the difference between the values of the highest and lowest terms.

B EXAMPLE 5.1

Problem: Given the following laboratory results for the measurement of dissolved oxygen (DO) in
water, find the mean, mode, median, and range.

6.5 mg/L, 6.4 mg/L, 7.0 mg/L, 6.9 mg/L, 7.0 mg/L

Solution: To find the mean:

X,
_ 6.5 mg/L +6.4 mg/L+7.0 mg/L+6.0 mg/L+7.0 mg/L
n 5

=6.58 mg/L

The mode is 7.0 mg/L, the number that appears most often.

Now arrange the measurements in order:
6.4 mg/L, 6.5 mg/L, 6.9 mg/L, 7.0 mg/L, 7.0 mg/L.

The median is 6.9 mg/L, the central value, and the range is 0.6 mg/L (7.0 mg/L — 6.4 mg/L).
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The importance of using statistically valid sampling methods cannot be overemphasized. Several
different methodologies are available. A careful review of these methods (with an emphasis on
designing appropriate sampling procedures) should be made before computing analytic results.
Using appropriate sampling procedures along with careful sampling techniques will provide basic
data that are accurate. The need for statistics in environmental practice is driven by the discipline
itself. Environmental studies often deal with entities that are variable. If there were no variation in
collected data, then there would be no need for statistical methods.

Over a given time interval there will always be some variation in sampling analyses. Usually,
the average and the range yield the most useful information. For example, in evaluating the indoor
air quality (IAQ) in a factory, a monthly summary of air-flow measurements, operational data, and
laboratory tests for the factory would be used. Another example is when a work center or organiza-
tion evaluates its monthly on-the-job reports of accidents and illnesses, where a monthly summary
of reported injuries, lost-time incidents, and work-caused illnesses would be used.

In the preceding section, we used the term sample and the sampling scenario to illustrate the
use and definition of mean, mode, median, and range. Though these terms are part of the common
terminology used in statistics, the term sample in statistics has its own unique meaning. There is a
difference between the term sample and the term population. In statistics, we most often obtain data
from a sample and use the results from the sample to describe an entire population. The population
of a sample signifies that one has measured a characteristic for everyone or everything that belongs
to a particular group. For example, if one wishes to measure that characteristic of the population
defined as environmental professionals, one would have to obtain a measure of that characteristic
for every environmental professional possible. Measuring a population is difficult, if not impossible.

We use the term subject or case to refer to a member of a population or sample. There are statis-
tical methods for determining how many cases must be selected in order to have a credible study.
Data, another important term, are the measurements taken for the purposes of statistical analysis.
Data can be classified as either qualitative or quantitative. Qualitative data deal with characteristics
of the individual or subject (e.g., gender of a person or the color of a car), whereas quantitative data
describe a characteristic in terms of a number (e.g., the age of a horse or the number of lost-time
injuries an organization had over the previous year). Along with common terminology, the field
of statistics also generally uses some common symbols. Statistical notation uses Greek letters and
algebraic symbols to convey meaning about the procedures that one should follow to complete a
particular study or test. Greek letters are used as statistical notation for a population, while English
letters are used for statistical notation for a sample. Table 5.1 summarizes some of the more com-
mon statistical symbols, terms and procedures used in statistical operations.

TABLE 5.1

Commonly Used Statistical Symbols and Procedures
Symbol

Term or Procedure Population Symbol  Sample Notation

Mean u X

Standard deviation c s

Variance o2 s2

Number of cases N

Raw umber or value X X

Correlation coefficient R r

Procedure Symbol

Sum of ¥

Absolute value of x Ixl

Factorial of n n!
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DISTRIBUTION

An environmental professional conducting a research study collects data, and a group of raw data is
obtained, but to make sense out of the data they must be organized into a meaningful format. The
formatting begins by putting the data into some logical order, then grouping the data. Before the
data can be compared to other data it must be organized. Organized data are referred to distribu-
tions. When confronted with masses of ungrouped data (listings of individual values), it is difficult
to generalize about the information the mass es contain. However, if a frequency distribution of the
figures is formed, then many features become readily discernible. A frequency distribution records
the number of cases that fall into each class of the data.

B EXAMPLE 5.2

Problem: An environmental health and safety professional gathered data on the medical costs of 24
on-the-job injury claims for a given year. The raw data collected are shown below:

$60 $1500 $85 $120
$110 $150 $110 $340
$2000 $3000 $550 $560
$4500 $85 $2300 $200
$120 $880 $1200 $150
$650 $220 $150 $4600

Solution: To develop a frequency distribution, the investigator took the values of the claims and
placed them in order. Then the investigator counted the frequency of occurrences for each value as
shown in Table 5.2. In order to develop a frequency distribution, groupings were formed using the
values in Table 5.2, ensuring that each group had an equal range. The safety engineer grouped the
data into ranges of 1000. The lowest range and highest range were determined by the data. Because
it was decided to group by thousands, values fell in the ranges of $0 to $4999, and the distribution
ended with this. The frequency distribution for the data appears in Table 5.3.

NoORMAL DISTRIBUTION

When large amounts of data are collected on certain characteristics, the data and subsequent fre-
quency can follow a distribution that is bell shaped in nature—the normal distribution. Normal
distributions are a very important class of statistical distribution. As stated, all normal distributions
are symmetric and have bell-shaped curves with a single peak (see Figure 5.1).

TABLE 5.2
Value and Frequency of Claims
Value  Frequency Value  Frequency

$60 1 $650 1 TABLE 5.3

585 2 5880 ! Frequency Distribution
$110 2 $1200 1
$120 2 $1500 1 Range Frequency
$150 3 $2000 1 $0-$999 17
$200 1 $2300 1 $1000-1999 2
$220 1 $3000 1 $2000-2999 2
$340 1 $4500 1 $3000-3999 1
$550 1 $4600 1 $4000-4999 2
$560 1 Total 24 Total 24
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FIGURE 5.1 Normal distribution curve showing the frequency of a measurement.

To speak specifically of any normal distribution, two quantities have to be specified: the mean
K (pronounced “mu”), where the peak of the density occurs, and the standard deviation ¢ (sigma).
Different values of p and o yield different normal density curves and hence different normal distri-
butions. Although there are many normal curves, they all share an important property that allows us
to treat them in a uniform fashion. All normal density curves satisfy the following property, which
is often referred to as the empirical rule:

*  68% of the observations fall within 1 standard deviation of the mean; that is, between 4 — ¢
and u +o.

¢ 95% of the observations fall within 2 standard deviations of the mean; that is, between
U —2c and pu + 26.

¢ 98% of the observations fall within 3 standard deviations of the mean; that is, between
p—3c and pu + 3o.

Thus, for a normal distribution, almost all values lie within 3 standard deviations of the mean (see
Figure 5.1). It is important to stress that the rule applies to all normal distributions. Also remember
that it applies only to normal distributions.

Note: Before applying the empirical rule it is a good idea to identify the data being described and
the value of the mean and standard deviation. A sketch of a graph summarizing the information
provided by the empirical rule should also be made.

B EXAMPLES5.3

Problem: The scores for all high school seniors taking the math section of the Scholastic Aptitude
Test (SAT) in a particular year had a mean of 490 (u = 490) and a standard deviation of 100 (c =
100). The distribution of SAT scores is bell shaped.

1. What percentage of seniors scored between 390 and 590 on this SAT test?

2. One student scored 795 on this test. How did this student do compared to the rest of the
scores?

3. A rather exclusive university admits only students who received among the highest 16%
of the scores on this test. What score would a student need on this test to be qualified for
admittance to this university?

The data being described are the math SAT scores for all seniors taking the test in one year. A
bell-shaped curve summarizing the percentages given by the empirical rule is shown in Figure 5.2.
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FIGURE 5.2 Sample Scholastic Aptitude Test (SAT) math percentages given by the empirical rule.

Solution:
1. From Figure 5.2, about 68% of seniors scored between 390 and 590 on this SAT test.
2. Because about 99.7% of the scores are between 190 and 790, a score of 795 is excellent.
This is one of the highest scores on this test.
3. Because about 68% of the scores are between 390 and 590, this leaves 32% of the scores
outside the interval. Because a bell-shaped curve is symmetric, one-half of these scores, or
16%, are on each end of the distribution.

STANDARD DEVIATION

The standard deviation, s or ¢ (sigma), is often used as an indicator of precision. The standard devia-
tion is a measure of the variation (spread) in the set of observations; that is, it gives us some idea as to
whether most of the individuals in a population are close to the mean or spread out. In order to gain a
better understanding of the benefits derived from using statistical methods in safety engineering, it is
appropriate to consider some of the basic theory of statistics. In any set of data, the true value (mean)
will lie in the middle of all of the measurements taken. This is true, providing the sample size is large
and only random error is present in the analysis. In addition, the measurements will show a normal
distribution as shown in Figure 5.1. In Figure 5.1, 68.26% of the results fall between M + s and M — s,
95.46% of the results lie between M + 2s and M — 25, and 99.74% of the results lie between M + 3s and
M - 3s. Therefore, if they are precise, then 68.26% of all the measurements should fall between the
true value estimated by the mean, plus the standard deviation and the true value minus the standard
deviation. The following equation is used to calculate the sample standard deviation:

Y(x-X)

n—1

S =

where
s = Standard deviation.
Y = Means to sum the values from X to X,,.
X = Measurements from X to X,
X = Mean.
n = Number of samples.
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TABLE 5.4
Calculations for Example 5.4
X X-X X=X
9.5 -05 025
105 0.5 0.25
10.1 0.1 0.01
9.9 0.1 0.01
10.6 0.6 0.36
9.5 05 0.25
115 1.5 225
9.5 -05 0.25
10.0 0 0
9.4 0.6 0.36

3.99

B EXAMPLE 54

Problem: Calculate the standard deviation (o) of the following dissolved oxygen values:

9.5, 10.5, 10.1, 9.9, 10.6, 9.5, 11.5, 9.5, 10.0, 9.4

X=10.0

X-X)’
oo Y x-x) _[39 e
n—1 10-1

COEFFICIENT OF VARIATION

In nature, populations with large means often show more variation than populations with small
means. The coefficient of variation (C) facilitates comparison of variability in different sized means.
It is the ratio of the standard deviation to the mean. A standard deviation of 2 for a mean coefficient
of variation would be 0.20 or 20% in each case. If we have a standard deviation of 1.414 and a mean
of 9.0, the coefficient of variation would be estimated by

Solution: See Table 5.4.

c=S MY 6157 or15.9%
X 90

STANDARD ERROR OF THE MEAN

There is usually variation among the individual units of a population. Again, the standard deviation
is a measure of this variation. Because the individual units vary, variation may also exist among the
means (or any other estimates) computed from samples of these units. Take, for example, a popula-
tion with a true mean of 10. If we were to select four units at random, they might have a sample
mean of 8. Another sample of four units from the same population might have a mean of 11, another
10.5, and so forth. Clearly it would be desirable to know the variation likely to be encountered
among the means of samples from this population. A measure of the variation among sample means
is the standard error of the mean. It can be thought of as a standard deviation among sample means;
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it is a measure of the variation among sample means, just as the standard deviation is a measure of
the variation among individuals. The standard error of the mean may be used to compute confidence
limits for a population mean.

The computation of the standard error of the mean (often symbolized by sX) depends on the
manner in which the sample was selected. For simple random sampling without replacement (i.e., a
given unit cannot appear in the sample more than once) from a population having a total of N units
the formula for the estimated standard error of the mean is

In a forestry example, if we had n = 10 and found that s = 1.414 and s? = 2 in the population that
contains 1000 trees, then the estimated mean diameter (X = 9.0) would have a standard error of

2
- J0.198 = 0.445
s ( 1000)

10

Note: The term (1 — n/N) is called the finite population correction, or fpc. The fpc is used when
the sampling fraction (the number of elements or respondents sampled relative to the population)
becomes large. The fpc is used in the calculation of the standard error of the estimate. If the value
of the fpc is close to 1, it will have little impact and can be safely ignored.

COVARIANCE

Very often, each unit of a population will have more than a single characteristic. In forestry practice,
for example, trees may be characterized by their height, diameter, and form class (amount of taper).
The covariance is a measure of the association between the magnitudes of two characteristics. If
there is little or no association, the covariance will be close to zero. If the large values of one char-
acteristic tend to be associated with the small values of another characteristic, the covariance will
be negative. If the large values of one characteristic tend to be associated with the large values of
another characteristic, the covariance will be positive. The population covariance of X and Y is often
symbolized by c,,; the sample estimate by s,,.

Let’s return to a forestry practice example. Suppose that the diameter (inches) and age (years)
have been obtained for a number of randomly selected trees. If we symbolize diameter by Y and age
by X, then the sample covariance of diameter and age is given by

- (Z2E2)

n—l

Sy =

This is equivalent to the formula

_2X-X)(-Y)

n—1

Xy

If n = 12 and the Y and X values were as follows:

Y=4+9+7+7+5+10+9+6+8+6+4+11=86
X=20+40+30+45+25+45+30+40+20+35+25+40=2395



128 Handbook of Environmental Engineering

DID YOU KNOW?

The computed value of a statistic such as the correlation efficient depends on which particular
units were selected for the sample. Such estimates will vary from sample to sample. More
important, they will usually vary from the population value which we try to estimate.

then

(86)(395)
T 12 _2960-2830.83

12-1 11

(4)(20)+(9)(40)+...+(11)(40) -

Sy =

=11.74

The positive covariance is consistent with the well-known and economically unfortunate fact that
larger diameters tend to be associated with older ages.

SIMPLE CORRELATION COEFFICIENT

The magnitude of the covariance, like that of the standard deviation, is often related to the size
of the variables themselves. Units with large X and Y values tend to have larger covariances than
units with small X and Y values. Also, the magnitude of the covariance depends on the scale of
measurement; in the previous example, if the diameter had been expressed in millimeters instead of
inches, the covariance would have been 298.196 instead of 11.74. The simple correlation coefficient,
a measure of the degree of linear association between two variables, is free of the effects of scale of
measurement. It can vary from between —1 and +1. A correlation of 0 indicates that there is no linear
association (although there may be a very strong nonlinear association). A correlation of +1 or —1
would suggest a perfect linear association. As for the covariance, a positive correlation implies that
the large values of X are associated with the large values of Y. If the large values of X are associated
with the small values of Y, then the correlation is negative.

The population correlation coefficient is commonly symbolized by p (rho) and the sample-based
estimate r. The population correlation coefficient is defined to be

_ Covariance of X and Y
P \/ (Variance of X)(Variance of Y)

For a simple random sample, the simple correlation coefficient is computed as follows:

r= = ny
s [T0)TY)

Sy

where
5., = Sample covariance of X and Y.
s, = Sample standard deviation of X.
s, = Sample standard deviation of Y.
Xxy = Corrected sum of XY products:

Sy (E2E
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>x? = Corrected sum of squares for X:

gy (5]

n

Yy? = Corrected sum of squares for Y
5y (51)
n

For the values used to illustrate the covariance we have:

D xy = (4)(20) + (9)(40) + ...+ (11)(40) — % =129.1667
N V=449 + 11— B0 _ 57 6667
D x* =207 +40" +...+40° _O9 _ g9y 9167
So,
129.1667 _ 129.1667 _

"= J(57.6667)9229167)  230.6980

VARIANCE OF A LINEAR FUNCTION

Routinely we combine variables or population estimates in a linear function. For example, if the
mean timber volume per acre has been estimated as X, then the total volume on M acres with be
MX; the estimate of total volume is a linear function of the estimated mean volume. If the estimate
of cubic volume per acre in sawtimber is X, and that of pulpwood above the sawtimber top is X,,
then the estimate of total cubic foot volume per acre is X, + X,. If on a given tract the mean volume
per half-acre is X, for spruce and the mean volume per quarter-acre is X, for yellow birch, then the
estimated total volume per acre of spruce and birch would be 2X + 4X,. In general terms, a linear
function of three variables (say X, X,, and X;) can be written as

L= aIXI +a2X2+a3X3

where a,, a,, and a; are constants.
If the variances are s,2, 5,2, and s;* (for X, X, and X;, respectively) and the covariances are s, ,,
513, and s, 5, then the variance of L is given by

2 2.2 2.2 2.2
SL =aisy +a>s; +azsy + 2(a1a2s1,2 +aazs13 + a2a3s2,3)

The standard deviation (or standard error) of L is simply the square root of this. The extension of the
rule to cover any number of variables should be fairly obvious.
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B EXAMPLES.S

Problem: The sample mean volume per forested acre for a 10,000-acre tract is X = 5680 board feet
with a standard error of sX = 632 (so = 399,424). The estimated total volume is

L =10,000(X) = 56,800,000 board feet

The variance of this estimate would be

si = (10,000)? (53 ) = 39.942,400,000,000

Because the standard error of an estimate is the square root of its variance, the standard error of the
estimated total is

51 =+/s? =6,320,000

B EXAMPLE 5.6

Problem: In 1995, a random sample of 40 1/4-acre circular plots was used to estimate the cubic foot
volume of a stand of pine. Plot centers were monumented for possible relocation at a later time. The
mean volume per plot was X, = 225 ft3. The plot variance was s, = 8281 so that the variance of the
mean was s, = 8281/40 = 207.025. In 2000, a second inventory was made using the same plot
centers. This time, however, the circular plots were only 1/10 acre. The mean volume per plot was
X, = 122 ft3. The plot variance was 52, = 6084, so the variance of the mean was sZ, = 152.100. The

covariance of initial and final plot volumes was s,,, = 4259, making the covariance of the means
Sx1x2 = 4259/40 = 106.475.

Solution: The net periodic growth per acre would be estimated as

G =10X, —4X, =10(122) — 4(225) = 320 ft’ /acre
By the rule for linear functions the variance of G would be

s& = (10)252, +(—4)*s2, +2(10)(—4)s51 52
=100(152.100) + 16(207.025) — 80(106.475)
=10,004.4

In this example there was a statistical relationship between the 2000 and 1995 means because the
same plot locations were used in both samples. The covariance of the means ( sx1x2 ) is a measure
of this relationship. If the 2000 plots had been located at random rather than at the 1995 locations,
the two means would have been considered statistically independent and their covariance would
have been set at zero. In this case the equation for the variance of the net periodic growth per acre
(G) would reduce to

s& =(10)%s2, + (—4)? 52, =100(152.100) + 16(207.025) = 18,522.40
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SAMPLING MEASUREMENT VARIABLES

SimpLE RANDOM SAMPLING

Most environmental practitioners are familiar with simple random sampling. As in any sampling
system, the aim is to estimate some characteristic of a population without measuring all of the
population units. In a simple random sample of size n, the units are selected so that every possible
combination of # units has an equal chance of being selected. If sampling is without replacement,
then at any stage of the sampling each unused unit should have an equal chance of being selected.

Sample Estimates of the Population Mean and Total

From a population of N = 100 units, #n = 20 units were selected at random and measured. Sampling
was without replacement—once a unit had been included in the sample it could not be selected
again. The unit values were

00 9 10 9 11 16 11 7 12 12 11 3 5 11 14 8 13 12 20 10

Sum of all 20 random units = 214

From this sample we estimate the population mean as

n 20

X = ZX 214 =10.7

A population of N = 100 units having a mean of 10.7 would then have an estimated total of
T = NX =100(10.7) = 1070

Standard Errors

The first step in calculating a standard error is to obtain an estimate of the population variance (62)
or standard deviation (o). As noted in a previous section, the standard deviation for a simple random
sample (like our example here) is estimated by

n—1

2
102+162+...+102—214

- o 20 _ [13.4842 =3.672

For sampling without replacement, the standard error of the mean is

2
s n 13.4842 20
S L P 1- = | = J0.539368 = 0.734
. n( Nj \/ 20 ( 100)

From the formula for the variance of a linear function we can find the variance of the estimated total:
s% =N 25%

The standard error of the estimated total is the square root of this, or

s7 = Nsz =100(0.734)=73.4
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Confidence Limits

Sample estimates are subject to variation. How much they vary depends primarily on the inherent
variability of the population (Var?) and on the size of the sample () and of the population (V). The
statistical way of indicating the reliability of an estimate is to establish confidence limits. For esti-
mates made from normally distributed populations, the confidence limits are given by

Estimate + ¢ (standard error)

For setting confidence limits on the mean and total we already have everything we need except for
the value of ¢, and that can be obtained from a table of the ¢ distribution.

In the previous example, the sample of 7 = 20 units had a mean of X = 10.7 and a standard error
of s; = 0.734. For 95% confidence limits on the mean we would use a ¢ value (from a 7 table) of 0.05
and (also from a ¢ table) 19 degrees of freedom. As 7,5 = 2.093, the confidence limits are given by

X £ (1)(s5) = 10.7 £(2.093)(0.734) = 9.16 to 12.24

This says that, unless a 1-in-20 chance has occurred in sampling, the population mean is somewhere

between 9.16 and 12.24. It does not say where the mean of future samples from this population

might fall, nor does it say where the mean may be if mistakes have been made in the measurements.
For 99% confidence limits, we find #,,, = 2.861 (with 19 degrees of freedom), so the limits are

10.7 £ (2.861)(0.734) = 8.6 to 12.8

These limits are wider, but they are more likely to include the true population mean. For the popula-
tion total the confidence limits are

95% limits = 1070 = (2.093)(73.4) = 916 to 1224
99% limits = 1070 + (2.861)(73.4) = 860 to 1280

For large samples (n > 60), the 95% limits are closely approximated by

Estimate + 2 (standard error)
and the 99% limits by

Estimate + 2.6 (standard error)

Sample Size

Samples cost money. So do errors. The aim in planning a survey should be to take enough obser-
vations to obtain the desired precision—no more, no less. The number of observations needed in
a simple random sample will depend on the precision desired and the inherent variability of the
population being sampled. Because sampling precision is often expressed in terms of the confidence
interval on the mean, it is not unreasonable in planning a survey to say that in the computed confi-
dence interval

Xits;

we would like to have the ts; equal to or less than some specified value E, unless a 1-in-20 (or 1-in-
100) chance has occurred in the sample. That is, we want

ts;=F
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DID YOU KNOW?

It is important for the specified error (E) and the estimated variance (s?) to be on the same
scale of measurement. We could not, for example, use a board-foot variance in conjunction
with an error expressed in cubic feet. Similarly, if the error is expressed in volume per acre,
the variance must be put on a per-acre basis.

or, because

we want

To apply this equation we need to have an estimate (s?) of the population variance and a value for
Student’s ¢ at the appropriate level of probability. The variance estimate can be a real problem. One
solution is to make the sample survey in two stages. In the first state, n, random observations are
made and from these an estimate of the variance (s?) is computed. This value is then plugged into
the sample size equation:

where ¢ has n; — 1 degrees of freedom and is selected from the appropriate table. The computed
value of 7 is the total size of sample needed. As we have already observed n, units, this means that
we will have to observed (n — n;) additional units.

If pre-sampling as described above is not feasible then it will be necessary to make a guess at
the variance. Assuming our knowledge of the population is such that the guessed variance (s?) can
be considered fairly reliable, then the size of sample (n) needed to estimate the mean to within +E
units is approximately

452
T
for 95% confidence and

_20s”
3E?

for 99% confidence.
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Less reliable variance estimates could be doubled (as a safety factor) before applying these equa-
tions. In many cases, the variance estimate may be so poor as to make the sample size computation
just so much statistical window dressing.

When sampling is without replacement (as it is in most forest sampling situations) the sample size
estimates given above apply to populations with an extremely large number (V) of units so that the
sampling fraction (n/N) is very small. If the sampling fraction is not small (say n/N = 0.05), then the
sample size estimates should be adjusted. This adjusted value of n is

n

1+
N

ng =

Suppose that we plan to use quarter-acre plots in a survey and estimate the variance among plot
volumes to be 5% = 160,000. If the error limit is £ = 5000 feet per acre, we must convert the variance
to an acre basis or the error to a quarter-acre basis. To convert a quarter-acre volume to an acre basis
we multiply by 4, and to convert a quarter-acre variance to an acre variance we multiply by 16. Thus,
the variance would be 2,560,000 and the sample-size formula would be

. 2(2,560,000)

42
Goor ! (10.24)

Alternatively, we can leave the variance alone and convert the error statement from an acre to a
quarter-acre basis (E = 125). Then, the sample-size formula is

i #*(160,000)

- =17(10.24), as before
(125)

STRATIFIED RANDOM SAMPLING

In stratified random sampling, a population is divided into subpopulations (strata) of known size,
and a simple random sample of at least two units is selected in each subpopulation. This approach
has several advantages. For one thing, if there is more variation between subpopulations than within
them, the estimate of the population mean will be more precise than that given by a simple random
sample of the same size. Also, it may be desirable to have separate estimates for each subpopula-
tion (e.g., in timber types or administrative subunits). In addition, it may be administratively more
efficient to sample by subpopulations.

B EXAMPLE 5.7

Problem: A 500-acre forested area was divided into three strata on the basis of timber type. A
simple random sample of 0.2-acre plots was taken in each stratum, and the means, variances, and
standard errors were computed by the formulas for a simple random sample. These results, along
with the size (V,) of each stratum (expressed in number of 0.1-acre plots), are shown in Table 5.5.

Solution: The squared standard error of the mean for stratum 4 is computed by the formula given
for the simple random sample
2
2 = sh(l _ n/)
My Ny,
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TABLE 5.5
Data for Example 5.7
Squared
Within-  Standard
Stratum  Stratum  Sample Stratum  Stratum Error of
Number Size Size Mean  Variance the Mean
Type (h) A (n,) Xy (sh) (sz)
Pine 1 1350 30 251 10,860 353.96
Upland hardwoods 2 700 15 164 9680 631.50
Bottom-land hardwoods 3 450 10 110 3020 265.29
Sum 2500
Thus, for stratum 1 (pine type),
2= 10,860 (1_ 30 )2353.96
30 1350
Where the sampling fraction (n,/N,) is small, the fpc can be omitted.
With these data, the population mean is estimated by
= N, X
Xy = 2#
where N = YN,
For this example we have
X, = NiXi +NoXo + N3 Xy _ (1350)(251) +(700)(164) + (450)(110) ~901.26

N 2500

The formula for the standard error of the stratified mean is cumbersome but not complicated:

2 2 2
5x, = %[ZN}%&%] :\/(1350) (353.96) +(700)7(631.50) +(450)7(295.29) _ 1274

(2500)?

If the sample size is fairly large, the confidence limits on the mean are given by

95% confidence limits = X, + 255,
99% confidence limits = X, +2.6s%,

There is no simple way of compiling the confidence limits for small samples.

Sample Allocation

If a sample of 7 units is taken, how many units should be selected in each stratum? Among several
possibilities, the most common procedure is to allocate the sample in proportion to the size of the
stratum; in a stratum having 2/5 of the units of the population, we would take 2/5 of the samples.

In the population discussed in the previous example, the proportional allocation of the 55 sample
units was as follows:
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Stratum Relative Size (N,/N)  Sample Allocation

1 0.54 29.7 or 30

2 0.28 154 0r 15

3 0.18 9.9 or 10
Sums 1.00 55

Some other possibilities are equal allocation, allocation proportional to estimated value, and
optimum allocation. In optimum allocation, an attempt is made to get the smallest standard error
possible for a sample of n units. This is done by sampling more heavily in the state having a larger
variation. The equation for optimum allocation is

Ny = N wSh n
W= | et
z N, WSh
Optimum allocation obviously requires estimates of the within-stratum variances—information
that may be difficult to obtain. A refinement of optimum allocation is to take sampling cost differ-

ences into account and allocate the sample so as to get the most information per dollar. If the cost
per sampling unit in stratum £ is c,,, the equation is

Nysy,

%)

Sample Size

To estimate the size of sample to take for a specified error at a given level of confidence, it is first
necessary to decide on the method of allocation. Ordinarily, proportional allocation is the simplest
and perhaps the best choice. With proportional allocation, the size of sample needed to be within
+FE units of the true value at the 0.05 probability level can be approximated by

N(X Nisi)

N’E?
4 +2Nhs;zl

n=

For the 0.01 probability level, use 6.76 in place of 4.

B EXAMPLE 5.8

Problem: Assume that prior to sampling a 500-acre forest we decided to estimate the mean volume
per acre to within +£100 cubic feet per acre unless a 1-in-20 chance occurs in sampling. As we plan
to sample with 0.2-acre plots, the error specification should be put on a 0.2-acre basis. Therefore, E
= 20. From previous sampling, the stratum variances for 0.2-acre volumes are estimated to be

s2=8000 s%2=10,000 s%=5000

Therefore,

B 2500[(1350)(8000) + (700)(10,000) + (450)(5000) ]
"~ (2500)%(20)?
4

=77.7,0r78
+ [(1350)(8000) +(700)(10,000) + (450)(5000)]
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The 78 sample units would now be allocated to the strata by the formula

h N
gi\/ing nl = 42, n2 = 22, and n3 = 14

SAMPLING—DISCRETE VARIABLES

RANDOM SAMPLING

The sampling methods discussed in the previous sections apply to data that are on a continuous or
nearly continuous scale of measurement. These methods may not be applicable if each unit observed
is classified as alive or dead, germinated or not germinated, infected or not infected. Data of this
type may follow what is known as the binomial distribution. They require slightly different statisti-
cal techniques.

As an illustration, suppose that a sample of 1000 seeds was selected at random and tested for
germination. If 480 of the seeds germinated, the estimated viability for the lot would be

5= 380 _ 048 ora8%

For large samples (say, n > 250) with proportions greater than 0.20 but less than 0.80, approximate
confidence limits can be obtained by first computing the standard error of p by the equation

5 p(l—p)(l_i)
(n-1) N
Then, the 95% confidence limits are given by

_ 1

Applying this to the above example (and ignoring the fpc) we get

. [(0.48)(0.52) —0.0158
r 999 ’

And the 95% confidence interval is given by the following:

48+ {2(0.0158) + } =0.448 to 0.512

2(1000)

The 99% confidence limits are approximated by

1
pE|2.6s5+—
P ( ° ZnJ



138 Handbook of Environmental Engineering

SAMPLE Si1ZE

An appropriate table can be used to estimate the number of units that would have to be observed in
a simple random sample in order to estimate a population proportion with some specified precision.
Suppose, for example, that we wanted to estimate the germination percent for a population to within
+10% (or 0.10) at the 95% confidence level. The first step is to guess about what the proportion of
seed germination will be. If a good guess is not possible, then the safest course is to guess p = 0.59,
as this will give the maximum sample size.

Next, pick any of the sample sizes given in the appropriate table (e.g., 10, 15, 20, 30, 50, 100, 250,
and 1000) and look at the confidence interval for the specified value of p. Inspection of these limits
will tell whether or not the precision will be met with a sample of this size or if a larger or smaller
sample would be more appropriate.

Thus, if we guess p = 0.2, then in a sample of n = 50 we would expect to observe (0.2)(50) = 10,
and the table says that the 95% confidence limits on p would be 0.10 and 0.34. Since the upper limit
is not within 0.10 of p , a larger sample would be needed. For a sample of n = 100 the limits are
0.13 to 0.29. Because both of these values are within 0.10 of p, a sample of 100 would be adequate.

If the table indicates the need for a sample of over 250, the size can be approximated by

n= w, for 95% confidence

or,

20(p)d—p
n= M, for 99% confidence
3E
where E is the precision with which p is to be estimated (expressed in same for as p, either percent
or decimal).

CLUSTER SAMPLING FOR ATTRIBUTES

Simple random sampling of discrete variables is often difficult or impractical. When estimating
tree plantation survival, for example, we could select individual trees at random and examine them,
but it wouldn’t make much sense to walk down a row of planted trees in order to observe a single
member of that row. It would usually be more reasonable to select rows at random and observe all
of the trees in the selected row.

Seed viability is often estimated by randomly selecting several lots of 100 or 200 seeds each and
recording for each lot the percentage of the seeds that germinate. These are examples of cluster
sampling; the unit of observation is th e cluster rather than the individual tree or single seed. The
value attached to the unit is the proportion having a certain characteristic rather than the simple fact
of having or not having that characteristic. If the clusters are large enough (say, over 100 individuals
per cluster) and nearly equal in size, the statistical methods that have been described for measure-
ment variables can often be applied. Thus, suppose that the germination percent of a seedlot is esti-
mated by selecting n = 10 sets of 200 seeds each and observing the germination percent for each set:

Set 1 2 3 4 5 6 7 8 9 10 Sum
Germination percent (p) 78.5 82.0 86.0 80.5 74.5 78.0 79.0 81.0 80.5 83.5 803.5

then the mean germination percent is estimated by

po P 8035 g se
n 10
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The standard deviation of p is

2
2
Y oo (Xr) (78.5) +...(83.5)° — 203
n

= - 5 10 _ /10.002778 =3.163
-

And the standard error for p (ignoring the fpc) is

2
55 = h(l_l): le_ooo
n N \ 10

Note that n and N in these equations refer to the number of clusters, not to the number of individuals.
The 95% confidence interval, computed by the procedure for continuous variables is

pE(to05)(s5), where ¢ has (n—1) =9 degrees of freedom

80.35£(2.262)(1.000) = 78.1 to 82.6

TRANSFORMATIONS

The above method of computing confidence limits assumes that the individual percentages follow
something close to a normal distribution with homogeneous variance (i.e., same variance regard-
less of the size of the percent). If the clusters are small (say, less than 100 individuals per cluster) or
some of the percentages are greater than 80 or less than 20, the assumptions may not be valid and
the computed confidence limits will be unreliable. In such cases, it may be desirable to compute the

transformation
y = arcsin ,/percent

and to analyze the transformed variable.

CHI-SQUARE TESTS

TesT OF INDEPENDENCE

Individuals are often classified according to two (or more) distinct systems. A tree can be classified
as to species and at the same time according to whether it is infected or not infected with some
disease. A milacre plot can be classified as to whether or not it is stocked with adequate reproduc-
tion and whether it is shaded or not shaded. Given such a cross-classification, it may be desirable
to know whether the classification of an individual according to one system is independent of its
classification by the other system. In the species-infection classification, for example, independence
of species and infection would be interpreted to mean that there is no difference in infection rate
among species (i.e., infection rate does not depend on species).

The hypothesis that two or more systems of classification are independent can be tested by chi-
square. The procedure can be illustrated by a test of three termite repellents. A batch of 1500
wooden stakes was divided at random into three groups of 500 each, and each group received
a different termite-repellent treatment. The treated stakes were driven into the ground, with the
treatment at any particular stake location being selected at random. Two years later the stakes were
examined for termites. The number of stakes in each classification is shown in the following 2x3
(two rows by three columns) contingency table:
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Groupl Group Il  Group lll  Subtotals
Attacked by termites 193 148 210 551
Not attacked 307 352 390 949
Subtotals 500 500 500 1500

If the data in the table can be symbolized as shown below:

Group!l Group Il  Group lll  Subtotals
Attacked by termites a, a, as A
Not attacked b, b, by B
Subtotals T, T, T, G

then the test of independence is made by computing

, 1 3((a,-B—b,-A)2J
VT R

i=1

L, (210)949) - 29055 D)’
500 500

1 ((193)(949) — (307)(551))
~(551)(949)

=17.66

The result is compared to the appropriate tabular accumulative distribution of chi-square values
of y? with (c — 1) degrees of freedom, where ¢ is the number of columns in the table of data. If the
computed value exceeds the tabular value given in the 0.05 column, then the difference among treat-
ments is said to be significant at the 0.05 level (i.e., we reject the hypothesis that attack classification
is independent of termite-repellent treatment).

For illustrative purposes, in this example, we say that the computed value of 17.66 (2 degrees of
freedom) exceeds the tabular value in the 0.01 column, so the difference in rate of attack among
treatments is said to be significant at the 1% level. Examination of the data suggests that this is pri-
marily due to the lower rate of attack on the Group II stakes.

Test oF A HyroTHESIZED COUNT

A geneticist hypothesized that, if a certain cross were made, the progeny would be of four types, in
the following proportions:

A=048, B=032, C=012, D=008

The actual segregation of 1225 progeny is shown below, along with the numbers expected according
to the hypothesis:

Type A B C D Total

Number (X)) 542 401 164 118 1225
Expected (m;) 588 392 147 98 1225

As the observed counts differ from those expected, we might wonder if the hypothesis is false. Or,
can departures as large as this occur strictly by chance?
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The chi-square test is

o[ (Xi—mi)’
X = | = |, with (k —1) degrees of freedom

i=1 m;

where
k = Number of groups recognized.
X; = Observed count for the ith.
m; = Count expected in the ith group if the hypothesis is true.

For the above data,

_ 2 _ 2 _ 2 _og)2
2 (542-588) +(401 392) +(164 147) +(118 98)" _

- 9.85
Kaai 588 392 147 98

This value exceeds the tabular x> with 3 degrees of freedom at the 0.05 level (i.e., it is greater than
7.81). Hence, the hypothesis would be rejected (if the geneticist believed in testing at the 0.05 level).

BARTLETT’S TEST OF HOMOGENEITY OF VARIANCE

Many of the statistical methods described later are valid only if the variance is homogeneous (i.e.,
variance within each of the populations is equal). The ¢ test of the following section assumes that
the variance is the same for each group, and so does the analysis of variance. The fitting of an
unweighted regression as described in the last section also assumes that the dependent variable has
the same degree of variability (variance) for all levels of the independent variables.

Bartlett’s test offers a means of evaluating this assumption. Suppose that we have taken random
samples in each of four groups and obtained variances (s?) of 84.2, 63.8, 88.6, and 72.1 based on
samples of 9, 21, 5, and 11 units, respectively. We would like to know if these variances could have
come from populations all having the same variance. The quantities needed for Bartlett’s test are
tabulated here:

Corrected Sum
Group  Variance (s?) (n-1) of Squares (§S) 1/(n-1) log s? (n-1)(log s?

1 84.2 8 673.6 0.125 1.92531 15.40248
2 63.8 20 1276.0 0.050 1.80482 36.09640
3 88.6 5 443.0 0.200 1.94743 9.73715
4 72.1 10 721.0 0.100 1.85794 18.57940
Sums - 43 3113.6 0.475 - 79.81543

where the number of groups (k) = 4, and the corrected sum of squares (SS) is

From this we compute the pooled within-group variance:

L, X85 31136

s7= = =72.4093
Y- 43
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and

logs?® =1.85979
Then the test for homogeneity is

Xy = (2.3026)| (logs2)( X (= 1)~ X n; ~ D(logs?) |
L = (2.3026)[(1.85979)(43) - 79.81543]
=0.358

This value of y? is now compared with the value of ¥? in an accumulative distribution of chi-square
for the desired probability level. A value greater than that given in the table would lead us to reject
the homogeneity assumption.

Note: The original form of this equation used natural logarithms in place of the common loga-
rithms shown here. The natural log of any number is approximately 2.3026 times its common
log—hence, the constant of 2.3026 in the equation. In computations, common logarithms are
usually more convenient than natural logarithms.

The y? value given by the above equation is biased upward. If ¥? is nonsignificant, the bias is not
important. However, if the computed y? is just a little above the threshold value for significance, a
correction for bias should be applied. The correction (C) is

3(k—1)+{2(ni1_1j_2(n]i—1):|

3(k—1)

C=

The corrected value of ¥? is then

34—+ (0.475 - ij
=1.0502

34-1)

DID YOU KNOW?

According to Ernst Mayr (1970, 2002), races are distinct, generally divergent populations
within the same species with relatively small morphological and genetic differences. The pop-
ulations can be described as ecological races if they arise from adaptations to different local
habitats or geographic races when they are geographically isolated. If sufficiently different,
two or more races can be identified as subspecies, an official biological taxonomy unit subor-
dinate to species. If not, they are denoted as races, which means that a formal rank should not
be given to the group or taxonomists are unsure whether or not a formal rank should be given.
Again, according to Mayr, “a subspecies is a geographical race that is sufficiently different
taxonomically to be worthy of a separate name.”
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COMPARING TWO GROUPS BY THE T TEST

T TestT FOR UNPAIRED PLOTS

An individual unit in a population may be characterized in a number of different ways. A sin-
gle tree, for example, can be described as alive or dead, hardwood or softwood, infected or not
infected, and so forth. When dealing with observations of this type, we usually want to estimate
the proportion of a population having a certain attribute. Or, if there are two or more different
groups, we will often be interested in testing whether or not the groups differ in the proportions
of individuals having the specified attribute. Some methods of handling these problems have been
discussed in previous sections.

Alternatively, we might describe a tree by a measurement of some characteristic such as its diam-
eter, height, or cubic volume. For this measurement type of observation we may wish to estimate the
mean for a group as discussed in the section on sampling for measurement variables. If there are two
or more groups we will frequently want to test whether or not the group means are different. Often
the groups will represent types of treatment that we wish to compare. Under certain conditions, the
t or F tests may be used for this purpose.

Both of these tests have a wide variety of applications. For the present we will confine our
attention to tests of the hypothesis that there is no difference between treatment (or group) means.
The computational routine depends on how the observations have been selected or arranged. The
first illustration of a ¢ test of the hypothesis that there is no difference between the means of two
treatments assumes that the treatments have been assigned to the experimental units completely at
random. Except for the fact that there are usually (but not necessarily) an equal number of units or
“plots” for each treatment, there is no restriction on the random assignment of treatments.

In this example the “treatments” were two races of white pine which were to be compared on the
basis of their volume production over a specified period of time. Twenty-two square, 1-acre plots
were staked out for the study; 11 of these were selected entirely at random and planted with seed-
lings of race A. The remaining 11 were planted with seedlings of race B. After the prescribed time
period the pulpwood volume (in cords—a stack of wood 4 ft wide by 4 ft high by 8 ft in length) was
determined for each plot:

Race A Race B
11 5 9 9 6 9
8 10 11 9 13 8
10 8 11 6 5 6
8 8 10 7
Sum =99 Sum = 88
Average =9.0 Average = 8.0

To test the hypothesis that there is no difference between the race means (sometimes referred to as
a null hypothesis—general or default position) we compute

e
/ 5% (na +ng)
(na)(np)
where

X, and X = Arithmetic means for groups A and B.
n, and ny = Number of observations in groups A and B (n, and n; do not have to be the same).
s? = Pooled within-group variance (calculation shown below).
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To compute the pooled within-group variance, we first get the corrected sum of squares (SS)
within each group:

(Zxa) 997
SSa=2 XA— Sl =148+ 1P =34
na 11
2
X 2
SSh =2X§—(2B)=92+92+...+62—(8181)=54
ng

Then the pooled variance is

2 SSa+SSy 88 _,

T a—D+(p—1) 20

Hence,
. 90-80 _ 10 _ .
11+11) +0.800000
4.4
IDan

This value of # has (n, — 1) + (ny — 1) degrees of freedom. If it exceeds the tabular value (from a
distribution of ¢ table) at a specified probability level, we would reject the hypothesis. The dif-
ference between the two means would be considered significant (larger than would be expected
by chance if there is actually no difference). In this case, tabular ¢ with 20 degrees of freedom at
the 0.05 level is 2.086. Since our sample value is less than this, the difference is not significant
at the 0.05 levels.

One of the unfortunate aspects of the ¢ test and other statistical methods is that almost any kind of
numbers can be plugged into the equations. But, if the numbers and methods of obtaining them do
not meet certain requirements, then the result may be a fancy statistical facade with nothing behind
it. In a handbook of this scope it is not possible to make the reader aware of all of the niceties of
statistical usage, but a few words of warning are certainly appropriate.

A fundamental requirement in the use of most statistical methods is that the experimental mate-
rial must be a random sample of the population to which the conclusions are to be applied. In the ¢
test of white pine races, the plots should be a sample of the sites on which the pine are to be grown,
and the planted seedlings should be a random sample representing the particular race. A test con-
ducted in one corner of an experimental forest may yield conclusions that are valid only for that
particular area or sites that are about the same. Similarly, if the seedlings of a particle race are the
progeny of a small number of parents, their performance may be representative of those parents
only, rather than of the race.

In addition to assuming that the observations for a given race are a valid sample of the population
of possible observations, the ¢ test described above assumes that the population of such observations
follows the normal distribution. With only a few observations, it is usually impossible to determine
whether or not this assumption has been met. Special studies can be made to check on the distribu-
tion, but often the question is left to the judgment and knowledge of the research worker.

Finally, the ¢ test of unpaired plots assumes that each group (or treatment) has the same popula-
tion variance. Since it is possible to compute a sample variance for each group, this assumption
can be checked with Bartlett’s test for homogeneity of variance. Most statistical textbooks present
variations of the 7 test that may be used if the group variances are unequal.
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Sample Size

If there is a real difference of D feet between the two races of white pine, how many replicates
(plots) would be needed to show that it is significant? To answer this, we first assume that the
number of replicates will be the same for each group (n, = ny = n). The equation for 7 can then be
written as

; D or 21252
= n=
252 D?
n

Next we need an estimate of the within-group variance, s2. As usual, this must be determined from
previous experiments, or by special study of the populations.

B EXAMPLES5.9

Suppose that we plan to test at the 0.05 level and wish to detect a true difference of D = 1 cord if it
exists. From previous tests, we estimate s = 5.0. Thus, we have

2.2
D 1.0

Here we hit a snag. In order to estimate n we need a value for #, but the value of ¢ depends on the
number of degrees of freedom, which depends on n. The situation calls for an iterative solution,
which is a mathematical procedure that generates a sequence of improving approximate solutions
for a class of problems—in other words, a fancy name for trial and error. We start with a guessed
value for n, say n,=20. As thas (n, — 1) + (ny — 1) = 2(n — 1) degrees of freedom, we’ll use ¢ = 2.025
(which is equal to #,,; with 38 degrees of freedom) and compute

ny =2(2.025)% (5—0) =41
1.0

The proper value of n will be somewhere between n, and n,—much closer to n, than to n, We can
now make a second guess at n and repeat the process. If we try n, = 38, t will have 2(n — 1) = 74
degrees of freedom and ¢, s = 1.992. Thus,

5.0

=2(1.992)%| ==
ns ( ) (1.0

)= 39.7

Thus, n appears to be over 39 and we will use n = 40 plots for each group, or a total of 80 plots.

T Test FOR PAIRED PLOTS

A second test was made of the two races of white pine. It also had 11 replicates of each race, but
instead of the two races being assigned completely at random over the 22 plots, the plots were
grouped into 11 pairs and a different race was randomly assigned to each member of a pair. The
cordwood volumes at the end of the growth period were as follows:



146 Handbook of Environmental Engineering

Plot Pair
1 2 3 4 5 6 7 8 9 10 11 Sum Mean
Race A 12 8 8 11 10 9 11 11 13 10 7 110 10.0
Race B 10 7 8 9 11 6 10 11 10 8 9 99 9.0
d =A,-B, 2 1 0 2 -1 3 1 0 3 2 2 11 1.0

As before, we wish to test the hypothesis that there is no real difference between the race means.
The value of r when the plots have been paired is

 Xa-Xy  d

t=—"F—— , with (n—1) degrees of freedom
Isi s
n

where
n = Number of pairs of plots.
5% = Variance of the individual differences between A and B.

2
d;
Zd?—@ 22+12+...+(—2)2—£
3= n_ - I -26
(n—1) 10

So, in this example we find

10.0-9.0

togf = ———
NPT

When this value of 2.057 is compared to the tabular value of ¢ in a distribution of # table (¢, o with
10 degrees of freedom = 2.228), we find that the difference is not significant at the 0.05 level. That
is, a sample means difference of 1 cord or more could have occurred by chance more than one time
in twenty even if there is no real difference between the race means. Usually such an outcome is not
regarded as sufficiently strong evidence to reject the hypothesis.

“The method of paired observations is a useful technique. Compared with the standard two-
sample 7 test, in addition to the advantage that we do not have to assume that the two samples are
independent, we also need not assume that the variances of the two samples are equal” (Hamburg,
1987, p. 304). Moreover, the paired test will be more sensitive (capable of detecting smaller real dif-
ferences) than the unpaired test whenever the experimental units (plots, in this case) can be grouped
into pairs such that the variation between pairs is appreciably larger than the variation within pairs.
The basis for paring plots may be geographic proximity or similarity in any other characteristic that
is expected to affect the performance of the plot. In animal-husbandry studies, litter mates are often
paired, and where patches of human skin are the plots, the left and right arms may constitute the
pair. If the experimental units are very homogeneous, then there may be no advantage in pairing.

=2.057

Number of Replicates
The number (n) of plot pairs needed to detect a true mean difference of size D is

2.2
1Sy
D2

n=
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COMPARISON OF TWO OR MORE GROUPS BY ANALYSIS OF VARIANCE

CoMPLETE RANDOMIZATION

A planter wanted to compare the effects of five site-preparation treatments on the early height
growth of planted pine seedlings. He laid out 25 plots and applied each treatment to 5 randomly
selected plots. The plots were then hand planted and at the end of 5 years the height for all pines was
measured and an average height computed for each plot. The plot averages (in feet) were as follows:

Treatments
A B C D E Total
15 16 13 11 14
14 14 12 13 12
12 13 11 10 12
13 15 12 12 10
13 14 10 11 11
Sums 67 72 58 57 59 313

Treatment means 134 14.4 11.6 114 11.8 12.52

Looking at the data we see that there are differences among the treatment means: A and B
have higher averages than C, D, and E. Soils and planting stock are seldom completely uniform,
however, so we would expect some differences even if every plot had been given exactly the same
site-preparation treatment. The question is, can differences as large as this occur strictly by chance
if there is actually no difference among treatments? If we decide that the observed differences are
larger than might be expected to occur strictly by chance, then the inference is that the treatment
means are not equal. Statistically speaking, we reject the hypothesis of no difference among treat-
ment means.

Problems like this are neatly handled by an analysis of variance. To make this analysis, we need
to fill in a table like the following:

Source of Variation ~ Degrees of Freedom  Sums of Squares  Mean Squares

Treatments 4
Error 20
Total 24

Source of Variation

There are a number of reasons why the height growth of these 25 plots might vary, but only one can
be definitely identified and evaluated—that attributable to treatments. The unidentified variation is
assumed to represent the variation inherent in the experimental material and is labeled error. Thus,
total variation is being divided into two parts: one part attributable to treatments, and the other
unidentified and called error.

Degrees of Freedom

Degrees of freedom are difficult to explain in non-statistical language. In the simpler analyses of
variance, however, they are not difficult to determine. For the total, the degrees of freedom are one
less than the number of observations; there are 25 plots, so the total has 24 degrees of freedom.
For the sources, other than error, the degrees of freedom are one less than the number of classes
or groups recognized in the source. Thus, in the source labeled “Treatments,” there are five groups
(five treatments), so there will be four degrees of freedom for treatments. The remaining degrees of
freedom (24 — 4 = 20) are associated with the error term.
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Sums of Squares

There is a sum of squares associated with every source of variation. These SS are easily calculated
as follows. First we need what is known as a “correction term,” or CT. This is simply

; 2
( X) : N
CT = 27 = % =3918.76, where z is the sum of n items
n

Then the total sum of squares is

Total S = X*—CT=(15"+147+...+11*)-CT =64.24
24df

The sum of squares attributable to treatments is

n
2 (treatment totals)2

Treatment SS = -CT
4df  No. of plots per treatment
2 2 2
_67°+72 5+...+59 (T = 19,5767 _CT =34.64

Note that in both SS calculations the number of items squared and added was one more than the
number of degrees of freedom associated with the sum of squares. The number of degrees of free-
dom just below the SS and the numbers of items to be squared and added over the n value provided
a partial check as to whether the proper totals are being used in the calculation—the degrees of
freedom must be one less than the number of items.

Note also that the divisor in the treatment SS calculation is equal to the number of individual
items that go to make up each of the totals being squared in the numerator. This was also true in the
calculation of total SS, but there the divisor was 1 and did not have to be shown. Note further that
the divisor times the number over the summation sign (5 X 5 = 25 for treatments) must always be
equal to the total number of observations in the test—another check.

The sum of squares for error is obtained by subtracting the treatment SS from total SS. A good
habit to get into when obtaining sums of squares by subtraction is to perform the same subtraction
using degrees of freedom. In the more complex designs, doing this provides a partial check on
whether the right items are being used.

Mean Squares

The mean squares are now calculated by dividing the sums of squares by the associated degrees of
freedom. It is not necessary to calculate the mean squares for the total. The items that have been cal-
culated are entered directly into the analysis table, which at the present stage would look like this:

Source of Variation = Degrees of Freedom  Sums of Squares ~ Mean Squares

Treatments 4 34.64 8.66
Error 20 29.60 1.48
Total 24 64.25

An F test of treatments (used to reject the null hypothesis) is now made by dividing the mean
square for treatments by the mean square for error. In this case,
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F:@=5.851
1.48

Fortunately, critical values of the F'ratio have been tabulated for frequently used significance lev-
els analogous to the y? distribution. Thus, the result, 5.851, can be compared to the appropriate value
of F in the table. The tabular F for significance at the 0.05 level is 2.87 and that for the 0.01 level
is 4.43. As the calculated value of F exceeds 4.43, we conclude that the difference in height growth
between treatments is significant at the 0.01 level. (More precisely, we reject the hypothesis that
there is no difference in mean height growth between the treatments.) If F had been smaller than
4.43 but larger than 2.87, we would have said that the difference is significant at the 0.05 level. If F
had been less than 2.87, we would have said that the difference between treatments is not significant
at the 0.05 level. Researchers should select their own levels of significance (preferably in advance
of the study), keeping in mind that significance at the a (alpha) level, for example, means this: If
there is actually no difference among treatments, then the probability of getting chance differences
as large as those observed is o or less.

t Test vs. the Analysis of Variance

If only two treatments are compared, the analysis of variance of a completely randomized design
and the ¢ test of unpaired plots lead to the same conclusion. The choice of test is strictly one of per-
sonal preference, as may be verified by applying the analysis of variance to the data used to illustrate
the # test of unpaired plots. The resulting F value will be equal to the square of the value of ¢ that
was obtained (i.e., F = ). Like the ¢ test, the F test is valid only if the variable observed is normally
distributed and if all groups have the same variance.

MuttirLE COMPARISONS

In the example illustrating the completely randomized design, the difference among treatments was
found to be significant at the 0.01 probability level. This is interesting as far as it goes, but usually
we will want to take a closer look at the data, making comparisons among various combinations of
the treatments. Suppose, for example, that A and B involve some mechanical form of site prepara-
tion while C, D, and E are chemical treatments. We might want to test whether the average of A and
B together differ from the combined average of C, D, and E. Or, we might wish to test whether A
and B differ significantly from each other. When the number of replications (n) is the same for all
treatments, such comparisons are fairly easy to define and test.

The question of whether the average of treatments A and B differs significantly from the average
of treatments C, D, and E is equivalent to testing whether the linear contrast

0=(3A+3B)-(2C+2D+2E)

differs significantly from zero (A = the mean for treatment A, etc.). Note that the coefficients of this
contrast sum to zero (3 + 3 —2 — 2 — 2 =0) and are selected so as to put the two means in the first
group on an equal basis with the three means in the second group.

F Test with Single Degree of Freedom

A comparison specified in advance of the study (on logical grounds and before examination of the
data) can be tested by an F test with single degree of freedom. For the linear contrast

Q=a1X1+a2X2+a3)?3+...
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among means based on the same number (n) of observations, the sum of squares has one degree of
freedom and is computed as

~

2

nQ
SS =
Y a;

This sum of squares divided by the mean square for error provides an F test of the comparison.
Thus, in testing A and B vs. C, D, and E we have

Q =3(13.4)+3(14.4)—2(11.6)-2(11.4)-2(11.8) =13.8

and

5(13.8)° 952.20
SS="5—"3 2 2 2=
- 32 +3 (22 +(-2)* +(-2) 30

=31.74

Then, dividing by the error mean square gives the F value for testing the contrast:

F= % =21.446 with 1 and 20 degrees of freedom

This exceeds the tabular value of F (4.35) at the 0.05 probability level. If this is the level at which we
decided to test, we would reject the hypothesis that the mean of treatments A and B does not differ
from the mean of treatments C, D, and E.

If Q is expressed in terms of the treatment totals rather than their means so that
QT =a (2X1)+a2 (2X2)+

then the equation for the single degree of freedom sum of squares is

_ 0;
Y

The results will be the same as those obtained with the means. For the test of A and B vs. C, D, and E,

QT =3(67)+3(72)—2(58)-2(57)—2(59) = 69
And,

2
SS = 69 _ 4761 =31.74, as before

0 5[32437+(-2)7 +(-2) +(-2) | 150

Working with the totals saves the labor of computing means and avoids possible rounding errors.
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Scheffe’s Test

Quite often we will want to test comparisons that were not anticipated before the data were collected.
If the test of treatments was significant, such unplanned comparisons can be tested by the method
of Scheffe, or Scheffe’s test. Named after the American statistician Henry Scheffe, the Scheffe test
adjusts significant levels in a linear regression analysis to account for multiple comparisons. It is
particularly useful in analysis of variance and in constructing simultaneous bands for regressions
involving basic functions. When there are n replications of each treatment, k degrees of freedom
for treatment, and v degrees of freedom for error, any linear contrast among the treatment means

O=aX +a,X,+-
is tested by computing

F= nQ’
k (Z a,-z)(Error mean square)

This value is then compared to the tabular value of F with k and v degrees of freedom. For example,
to test treatment B against the means of treatments C and E we would have

0=[2B-(C+B)]=[20144)-11.6-11.8]=5.4

And,

Fe 5(5.4)*
@[22+ + (-1 ](1.48)

=4.105, with 4 and 20 degrees of freedom

This figure is larger than the tabular value of F (2.87), so in testing at the 0.05 level we would reject
the hypothesis that the mean for treatment B did not differ from the combined average of treatments
CandE.

For a contrast (Q;) expressed in terms of treatment totals, the equation for ' becomes

A2
Or

F =
nk (z a? ) (Error mean square)

Unequal Replication
If the number of replications is not the same for all treatments, then for the linear contrast

Q =a1)?1 +Cl2Y2 +...
The sum of squares in the single degree of freedom F test is given by
SS = L

i (at @
A=
m ny

where n, is the number of replications on which X; is based.
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With unequal replication, the F' value in Scheffe’s test is computed by the equation

A

Q2

2 2

ai a

[ [N (Error mean square)
n np

F=

Selecting the coefficients (a;) for such contrasts can be tricky. When testing the hypothesis that there
is no difference between the means of two groups of treatments, the positive coefficients are usually

Positive a; = —
P

where p is the total number of plots in the group of treatments with positive coefficients.
The negative coefficients are

. n;
Negative a; = —
m

where m is the total number of plots in the group of treatments with negative coefficients.

To illustrate, if we wish to compare the mean of treatments A, B, and C with the mean of treat-
ments D and E and there are two plots of treatment A, three of B, five of C, three of D, and two of
E,thenp=2+3+5=10,m=3+2 =35, and the contrast would be

Q:(2A+3B+5Cj—(3D+2E)
10 10 10 5 5

RAaNDOMIZED BLock DESIGN

There are two basic types of the two-factor analysis of variance: completely randomized design
(discussed in the previous section) and randomized block design. In the completely randomized
design, the error mean square is a measure of the variation among plots treated alike. It is in fact
an average of the within-treatment variances, as may easily be verified by computation. If there is
considerable variation among plots treated alike, the error mean square will be large and the F test
for a given set of treatments is less likely to be significant. Only large differences among treatments
will be detected as real and the experiment is said to be insensitive.

Often the error can be reduced (thus giving a more sensitive test) by use of a randomized block
design in place of complete randomization. In this design, similar plots or plots that are close
together are grouped into blocks. Usually the number of plots in each block is the same as the
number of treatments to be compared, though there are variations having two or more plots per
treatment in each block. The blocks are recognized as a source of variation that is isolated in the
analysis. A general rule in randomized block design is to “block what you can, randomize what
you can’t.” In other words, blocking is used to remove the effects of nuisance variables or factors.
Nuisance factors are those that may affect the measured result but are not of primary interest. For
example, in applying a treatment, nuisance factors might be the time of day the experiment was run,
the room temperature, or the specific operator who prepared the treatment (Addelman, 1969, 1970).

As an example, a randomized block design with five blocks was used to test the height growth of
cottonwood cuttings from four selected parent trees. The field layout looked like this:

D B B C A D B A C
C A A D B C C D A B

I II I v \
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DID YOU KNOW?

The term “block™ derives from experimental design work in agriculture in which parcels of land
are referred to as blocks. In a randomized block design, treatments are randomly assigned to
units within each block. To test the yield of different fertilizers, for example, this design ensures
that the best fertilizer is applied to all types of soil, not just the best soil (Hamburg, 1987).

Each plot consisted of a planting of 100 cuttings of the clone assigned to that plot. When the trees
were 5 years old the heights of all survivors were measured and an average computed for each plot.
The plot averages (in feet) by clones and blocks are summarized below:

Clone Block

Block A B C D Totals
I 18 14 12 16 60
I 15 15 16 13 59
I 16 15 8 15 54
1\Y% 14 12 10 12 48
v 12 14 9 14 49

Clone totals 75 70 55 70 270
Clone means 15 14 11 14 —

The hypothesis to be tested is that clones do not differ in mean height. In this design there are
two identifiable sources of variation—that attributable to clones and that associated with blocks.
The remaining portion of the total variation is used as a measure of experimental error. The outline
of the analysis is therefore as follows:

Source of Variation  Degrees of Freedom  Sums of Squares ~ Mean Squares

Blocks 4
Clones 3
Error 12
Total 19

The breakdown in degrees of freedom and computation of the various sums of squares follow the
same pattern as in the completely randomized design. Total degrees of freedom (19) are one less
than the total number of plots. Degrees of freedom for clones (three) are one less than the number of
clones. With five blocks, there will be four degrees of freedom for blocks. The remaining 12 degrees
of freedom are associated with the error term.

Sums-of-squares calculations proceed as follows:

20

2
ZX) _270?

1. CT = ( =3645
n 20

20
2. Total SS =Y X~ CT =(18"+15"+...+14%) - CT = 3766 3645 = 121
19df

4
Clone totals? 2 2 2 2
3. Clone SS = 2 ) _op I3 +70° 4555470

- —CT =3690-3645=45
3df  No. of plots per clone 5
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5

Block totals? 2 2 )
4. Block SS = 2. (Block totals”) _p 2SO HAT 5675536452305
4df  No. of plots per block 4

5. Error SS =Total SS— Clone SS— Block SS=45.5
12df 19df 3df 4df

Note that in obtaining the error SS by subtraction, we get a partial check on ourselves by subtracting
clone and block df’s from the total df to see if we come out with the correct number of error df. If
these don’t check, we have probably used the wrong sums of squares in the subtraction.

Mean squares are again calculated by dividing the sums of squares by the associated number of
degrees of freedom. Tabulating the results of these computations

Source of Variation = Degrees of Freedom  Sums of Squares  Mean Squares

Blocks 4 30.5 7.625
Clones 3 45.0 15.000
Error 12 45.5 3.792
Total 19 121.0

F for clones is obtained by dividing the clone means square by the error mean square. In this case
F =15.000/3792 = 3.956. As this is larger than the tabular F of 3.49 (obtained from a distribution
of F table) (F,,s with 3 and 12 degrees of freedom) we conclude that the difference between clones
is significant at the 0.05 level. The significance appears to be due largely to the low value of C as
compared to A, B, and D.

Comparisons among clone means can be made by the methods previously described. For exam-
ple, to test the prespecified (i.e., before examining the data) hypothesis that there is no difference
between the mean of clone C and the combined average A, B, and D we would have:

5(3c-A-B-D) 5010y

= =41.667
3+ (=DE+ (=D +(=1)? 12

S;S for(A+B+Dvs.C)=
ldf

Then,

_ 41.667
3.792

F =10.988

Tabular F at the 0.01 level with 1 and 12 degrees of freedom is 9.33. As calculated F is greater than
this, we conclude that the difference between C and the average of A, B, and D is significant at the
0.01 level.

The sum of squares for this single-degree-of-freedom comparison (41.667) is almost as large
as that for clones (45.0) with three degrees of freedom. This result suggests that most of the clonal
variation is attributable to the low value of C, and that comparisons between the other three means
are not likely to be significant.

DID YOU KNOW?

With only two treatments, the analysis of variance of a randomized block design is equiva-
lent to the ¢ test of paired replicates. The value of F will be equal to the value of > and the
inferences derived from the tests will be the same. The choice of tests is a matter of personal
preference.
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There is usually no reason for testing blocks, but the size of the block mean square relative to the
mean square for error does give an indication of how much precision was gained by blocking. If the
block mean square is large (at least two or three times as large as the error mean square) the test is
more sensitive than it would have been with complete randomization. If the block mean square is
about equal to or only slightly larger than the error mean square, the use of blocks has not improved
the precision of the test. The block mean square should not be appreciably smaller than the error mean
square. If it is, the method of conducting the study and the computations should be re-examined.

In addition to the assumption of homogeneous variance and normality, the randomized block
design assumes that there is no interaction between treatments and blocks; that is, that differences
among treatments are about the same in all blocks. Because of this assumption, it is not advisable to
have blocks that differ greatly, as they may cause an interaction with treatments.

LATIN SQUARE DESIGN

In the randomized block design the purpose of blocking is to isolate a recognizable extraneous
source of variation. If successful, blocking reduces the error mean square and gives a more sensi-
tive test than could be obtained by complete randomization. In some situations, however, we have
a two-way source of variation that cannot be isolated by blocks alone. In an agricultural field, for
example, fertility gradients may exist both parallel to and at right angles to plowed rows. Simple
blocking isolates only one of these sources of variation, leaving the other to swell the error term and
reduce the sensitivity of the test.

When such a two-way source of extraneous variation is recognized or suspected, the Latin square
design may be helpful. In this design, the total number of plots or experimental units is made equal
to the square of the number of treatments. In forestry and agricultural experiments, the plots are
often (but not always) arranged in rows and columns, with each row and column having a number
of poles equal to the number of treatments being tested. The rows represent different levels of one
source of extraneous variation while the columns represent different levels of the other source of
extraneous variation. Thus, before the assignment of treatments, the field layout of a Latin square
for testing five treatments might look like this:

Columns
1 2 3 4 5
1
2
w
Z 3
[~
4
5

Treatments are assigned to plots at random, but with the very important restriction that a given
treatment cannot appear more than once in any row or any column. An example of a field layout of
a Latin square for testing five treatments is given below. The letters represent the assignment of five
treatments (which here are five species of hardwoods). The numbers show the average 5-year height
growth by plots. The tabulation below shows the totals for rows, columns, and treatments:
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Columns
1 2 3 4 5
1 CI13 | A21 |B16 [ E16 | D 14
2 A18 | BI15S | D17 | C17 | E 15
’d
23 D17 | CI15 | EI15 | AI15 | B8
&
4 E18 | D18 | C16 | B 14 | A 16
5 B17 | E16 | A25 | D19 | C 14
Row > Column Y Treatment Y X
1 80 1 83 A 95 19
2 82 2 85 B 80 16
3 80 3 89 C 75 15
4 82 4 81 D 85 16
Total 415 415 415 16.6

The partitioning of degrees of freedom, the calculation of sums of squares, and the subsequent
analysis follow much the same pattern illustrated previously for randomized blocks.

( 25 j2
X 2
n 25 25

=6889.0

25
Total SS =Y X*~CT =7041-CT =152.0
24df

5

Row totals®
Row SS = Z( ) —CT=34’529—CT=16.8
4df  No. of plots per row
5
Column totals
Column 5 = (Colmn O 34525 o
4df  No. of plots per column 5
5
Species totals>
Species 55— 2P O 34675 e

4d¢f  No. of plots per species

Error SS =Total SS—Row SS—Column SS— Species SS =73.2
12df 24df 4df 4df 4df
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The analysis of variance is as follows:

Source of Variation = Degrees of Freedom  Sums of Squares  Mean Squares

Rows 4 16.8 4.2
Columns 4 16.0 4.0
Species 4 46.0 11.5
Error 12 73.2 6.1
Total 24 152.0

F (for species) = 161715 =1.885

As the computed value of F is less than the tabular value of F at the 0.05 level (with 4/12 degrees of
freedom), the differences among species are considered nonsignificant.

The Latin square design can be used whenever there is a two-way heterogeneity that cannot be
controlled simply by blocking. In greenhouse studies, distance from a window could be treated as a
row effect while distance from the blower or heater might be regarded as a column effect. Though
the plots are often physically arranged in rows or columns, this is not required. When testing the use
of materials in a manufacturing process where different machines and machine operators will be
involved, the variation between machines could be treated as a row effect and the variation due to
operators could be treated as a column effect. The Latin square should not be used if an interaction
between rows and treatments or columns and treatments is suspected.

FACTORIAL EXPERIMENTS

In environmental practice, knowledge that interactions between elements of the environment occur
and an understanding of what their influence or impact on the environment is, or can be, is impor-
tant. Consider a comparison of corn yields following three rates or levels of nitrogen fertilization
indicating that the yields depended on how much phosphorus was used along with the nitrogen. The
differences in yield were smaller when no phosphorus was used than when the nitrogen applications
were accompanied by 100 Ib/acre of phosphorus. In statistics, this situation is referred to as an inter-
action between nitrogen and phosphorus. Another example is when leaf litter was removed from
the forest floor, the catch of pine seedlings was much greater than when the litter was not removed,
but for red oak the reverse was true—the seedling catch was lower where litter was removed. Thus,
species and litter treatment were interacting.

Interactions are important in the interpretation of study results. In the presence of an interac-
tion between species and litter treatment it obviously makes no sense to talk about the effects of
litter removal without specifying the species. The nitrogen—phosphorus interaction means that it
may be misleading to recommend a level of nitrogen without mentioning the associated level of
phosphorus.

Factorial experiments are aimed at evaluating known or suspected interactions. In these experi-
ments, each factor to be studied is tested at several levels and each level of a factor is tested at all
possible combinations of the levels of the other factors. In a planting test involving three species of
trees and four methods of preplanting site preparation, each method will be applied to each species,
and the total number of treatment combinations will be 12. In a factorial test of the effects of two
nursery treatments on the survival of four species of pine planted by three different methods, there
would be 24 (2 X 4 x 3 = 24) treatment combinations.

The method of analysis can be illustrated by a factorial test of the effects of three levels of nitro-
gen fertilization (0, 100, and 200 Ib/acre) on the growth of three species (A, B, and C) of planted
pine. The nine possible treatment combinations were assigned at random to nine plots in each of
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three blocks. Treatments were evaluated on the basis of average annual height growth in inches per
year over a 3-year period. Field layout and plot data were as follows (with subscripts denoting nitro-
gen levels: 0 =0, 1 = 100, 2 =200):

C, 17 | B, 18 | C, 37 B,23 | C,20 | A, 18 C, 19 | C, 21 | A, 37

A, 45 | B, 24 | C, 20 B, 18 | A, 14 | C, 43 B, 19 | A, 17 | A, 28

B, 21 | A, 24 | A 17 A, 40 | €, 25 | B, 35 B,29 | C,39 | B, I5
1 il I

Preliminary analysis of the nine combinations (temporarily ignoring their factorial nature) is made just
as though this were a straight randomized block design (which is exactly what it is). (See table below.)

Summary of Plot Data

Nitrogen Blocks Nitrogen  Species
Species Level I I I Subtotals Totals

A 0 45 40 37 122
1 17 18 28 63
2 24 14 17 55

Block subtotals 86 72 82 240
B 0 24 35 29 88
1 21 18 19 58
2 18 23 15 56

Block subtotals 63 76 63 202
C 0 37 43 39 119
1 20 25 19 64
2 17 20 21 58

Block subtotals 74 88 79 241
All species 0 106 118 105 329
1 58 61 66 185
2 59 57 53 169
Totals 223 236 224 683

( 27 jz
X 2
cT 2 683

=2 =17,271.3704
27 27
26
Total SS =Y X*>~CT = (45" +17*+...+21%) - CT =2275.63
26df

3
Y (Block totals?) (2237 +2367 +224)
Block SS = -CT = —CT =11.6296
2df  No. of plots per block 9
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9

2 (Treatment totals®) (1222 +63% + 582)
Treatment SS = —-CT = —CT =1970.2963
sdf  No. of plots per treatment 3

Error SS =Total SS— Treatment SS— Block SS =293.7037
16df 26df 8df 2df

Tabulating these in the usual form:

Source of Variation = Degrees of Freedom  Sums of Squares  Mean Squares

Blocks 2 11.6296 5.8148
Treatments 8 1970.2963 246.2870
Error 16 293.7037 18.3565
Total 26 2275.6296
Fneqr = 246.2870 =13.417, significant at 0.01
18.3565

The next step is to analyze the components of the treatment variability. How do the species com-
pare? What is the effect of fertilization? And does fertilization affect all species the same way (i.e.,
is there a species-nitrogen interaction)? To answer these questions we have to partition the degrees
of freedom and sums of squares associated with treatments. This is easily done by summarizing the
data for the nine combinations in a two-way table:

Nitrogen Levels

Species 0 1 2 Totals
A 122 63 55 240
B 88 58 56 202
C 119 64 58 241
Totals 329 185 169 683

The nine individual values will be recognized as those that entered into the calculation of the
treatment SS. Keeping in mind that each entry in the body of the table is the sum of three plot values
and that the species and nitrogen totals are each the sum of nine plots, the sums of squares for spe-
cies, nitrogen, and the species—nitrogen interaction can be computed as follows:

Treatment SS =1970.2963, as previously calculated
8df

3
, Y (Species totals?) (2407 + 2027 +2417)
Species SS = ——CT =
2df  No. of plots per species 9

156,485

—CT =109.8518
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3
i 2 (Nitrogen totals?)
Nitrogen SS = -
2df  No. of plots per level of nitrogen

-CT

3292 +185% +1692
| ) _ o 171,027

9 - —CT =1725.6296

Species—nitrogen interation SS = Treatment SS— Species SS— Nitrogen SS =134.8149
4df 8df 2df 2df

The analysis now becomes:

Source of Variation = Degrees of Freedom  Sums of Squares  Mean Squares F
Blocks 2 11.6296 5.8148 —
Treatments 8 1970.2963 246.2870 13.417°
Species 28 109.8518¢ 54.9259 2.992¢
Nitrogen 22 1725.6296° 862.8148 47.003°
Species-nitrogen 4a 134.81492 33.7037 1.836¢
Error 16 293.7037 18.3565 —
Total 26 2275.6296 — —

2 These figures are a partitioning of the degrees of freedom and sums of squares for treatments and
are therefore not included in the total at the bottom of the table.

b Significant at the 0.01 level.

¢ Not significant.

The degrees of freedom for simple interactions can be obtained in two ways. The first way is by
subtracting the degrees of freedom associated with the component factors (in this case, two for spe-
cies and two for nitrogen levels) from the degrees of freedom associated with all possible treatment
combinations (eight in this case). The second way is to calculate the interaction degrees of freedom
as the product of the component factor degrees of freedom (in this case, 2 X 2 = 4). Do it both ways
as a check. The F values for species, nitrogen, and the species—nitrogen interaction are calculated by
dividing their mean squares by the mean square for error. The analysis indicates a significant differ-
ence among levels of nitrogen, but no difference between species and no species—nitrogen interaction.

As before, a prespecified comparison among treatment means can be tested by breaking out the
sum of squares associated with that comparison. To illustrate the computations, we will test nitro-
gen vs. no nitrogen and also 100 Ib vs. 200 1b of nitrogen.

2
oL (5)-(5)]
Nitrogen vs. no nitrogen SS =

1df 22412412

_[2(329)-185-169]
- 9(6)

=1711.4074

In the numerator, the mean for the zero level of nitrogen is multiplied by 2 to give it equal weight
with the mean of levels 1 and 2 with which it is compared. The 9 is the number of plots on which
each mean is based. The (22 + 1% + 1?) in the denominator is the sum of squares of the coefficients
used in the numerator.
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2
1001b vs. 200 1b SS =
1df

12+1°

2
_ (1851691 _ 11 0rns
92)

Note that these two sums of squares (1711.4075 and 14.2222), each with one degree of freedom, add
up to the sum of squares for nitrogen (1,725.6296) with two degrees of freedom. This additive char-
acteristic holds true only if the individual degree of freedom comparisons selected are orthogonal
(i.e., independent). When the number of observations is the same for all of the treatments, then the
orthogonality of any two comparisons can be checked in the following manner.

First, tabulate the coefficients and check to see that for each comparison the coefficients sum to
Zero:

Nitrogen Level

Comparison 1 2 Sum
2N, vs. N, + N, 2 - - 0
N, vs. N, 0 + - 0
Product of coefficients 0 - - 0

Then, for two comparisons to be orthogonal the sum of the products of corresponding coefficients
must be zero. Any sum of squares can be partitioned in a similar manner, with the number of
possible orthogonal individual degree of freedom comparisons being equal to the total number of
degrees of freedom with which the sum of squares is associated.

The sum of squares for species can also be partitioned into two orthogonal single-degree-of-
freedom comparisons. If the comparisons were specified before the data were examined, we might
make single degree of freedom tests of the difference between B and the average of A and C and
also of the difference between A and C. The method is the same as that illustrated in the comparison
of nitrogen treatments. The calculations are as follows:

2
9[1(240)+1(241)_2(202ﬂ
2B vs. (A+C) SS = K 9 ?

1df P+12+22
2
_[240+241-2002)F _ | 0o
9(6)
241 240\ T
M) e [241-240]
Avs.C SS= A = =0.0555
1df 1" +1 9(2)

These comparisons are orthogonal, so the sums of squares each with one degree of freedom add up
to the species SS with two degrees of freedom.

Note that in computing the sums of squares for the single-degree-of-freedom comparisons, the
equations have been restated in terms of treatment totals rather than means. This often simplifies
the computations and reduces the errors due to rounding.
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With the partitioning the analysis has become:

Source of Variation Degrees of Freedom  Sums of Squares  Mean Square F
Blocks 2 11.6296 5.8148 —
Species 2 109.8518 54.9259 2.992a
2B vs. (A+C) 1 109.7963 109.7963 5.981°
Avs.C 1 0.0555 0.0555 —
Nitrogen 2 1725.6296 862.8148 47.003¢
2N, vs. (N; + N,) 1 1711.4074 1711.4074 93.232¢
N, vs. N, 1 14.2222 14.2222 —
Species X nitrogen interaction 4 134.8149 33.7037 1.836°
Error 16 293.7037 18.3565 —
Total 26 2275.6296 —

2 Not significant.
b Significant at the 0.05 level.
¢ Significant at the 0.01 level.

We conclude that species B is poorer than A or C and that there is no difference in growth between
A and C. We also conclude that nitrogen adversely affected growth and that 100 Ib was about as bad
as 200 Ib. The nitrogen effect was about the same for all species (i.e., no interaction).

It is worth repeating that the comparisons to be made in an analysis should, whenever possible,
be planned and specified prior to an examination of the data. A good procedure is to outline the
analysis, putting in all the times that are to appear in the first two columns (source of variation and
degrees of freedom) of the table.

The factorial experiment, it will be noted, is not an experimental design. It is, instead, a way
of selecting treatments; given two or more factors each at two or more levels, the treatments are
all possible combinations of the levels of each factor. If we have three factors with the first at four
levels, the second at two levels, and the third at three levels, we will have 4 X 2 X 3 = 24 facto-
rial combinations or treatments. Factorial experiments may be conducted in any of the standard
designs. The randomized block and split plot design are the most common for factorial experi-
ments in forest research.

SeuiT-PLot DESIGN

When two or more types of treatment are applied in factorial combinations, it may be that one type
can be applied on relatively small plots while the other type is best applied to larger plots. Rather
than make all plots of the size needed for the second type, a split-plot design can be employed.
In this design, the major (large-plot) treatments are applied to a number of plots with replication
accomplished through any of the common designs (such as complete randomization, randomized
blocks, Latin square). Each major plot is then split into a number of subplots, equal to the number
of minor (small-plot) treatments. Minor treatments are assigned at random to subplots within each
major plot.

As an example, a test was to be made of direct seeding of loblolly pine at six different dates on
burned and unburned seedbeds. To get typical burn effects, major plots 6 acres in size were selected.
There were to be four replications of major treatments in randomized blocks. Each major plot was
divided into six 1-acre subplots for seeding at six dates. The field layout was somewhat as follows
(blocks denoted by Roman numerals, burning treatment by capital letters, day of seeding by low-
ercase letters):
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One pound of seed was sowed on each 1-acre subplot. Seedling counts were made at the end of the
first growing season. Results were as follows:

1 ] ]l v Date Subtotals

Date

Date A BA BA BA BA B Totals
a 900 880 810 1100 760 960 1040 1040 3510 3980 7490
b 880 1050 1170 1240 1060 1110 910 1120 4020 4520 8540
c 1530 1140 1160 1270 1390 1320 1540 1080 5620 4810 10430
d 1970 1360 1890 1510 1820 1490 2140 1270 7820 5630 13450
e 1960 1270 1670 1380 1310 1500 1480 1450 6420 5600 12020
f 830 150 420 380 570 420 760 270 2580 1220 3800
Major plot totals 8070 5850 7120 6880 6910 6800 7870 6230 29,970 25,760 —

Block totals 13,920 14,000 13,710 14,100 — 55,730

The correction term and total sum of squares are calculated using the 48 subplot values:

(Grand total of all subplots)” _ 55,730°
Total number of subplots 48

=64,704,852

48
Total $S =Y (Subplot values)’— CT = (900 +8807 +...+270%)— CT = 9,339,648
47df

Before partitioning the total sum of squares into its components, it may be instructive to ignore
subplots for the moment, and examine the major plot phase of the study. The major phase can be
viewed as a straight randomized block design with two burning treatments in each of four blocks.
The analysis would be as follows:

Source of Variation  Degrees of Freedom

Blocks 3
Burning 1
Error (major plots) 3
Major plots 7

Now, looking at the subplots, we can think of the major plots as blocks. From this standpoint, we
would have a randomized block design with six dates of treatment in each of eight blocks (major
plots) for which the analysis is as follows:
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Source of Variation ~ Degrees of Freedom

Major plots 7
Dates 5
Remainder 35
Subplots (= Total) 47

In this analysis, the remainder is made up of two components. One of these is the burning—date
interaction, with five degrees of freedom. The rest, with 30 degrees of freedom, is called the subplot
error. Thus, the complete breakdown of the split-plot design is as follows:

Source of Variation = Degrees of Freedom

Blocks 3
Burning 1
Major plot error 3

Total major plot 7
Date 5

Total date 5
Burning X date 5
Subplot error 30

Total remainder 35
Total 47

The various sums of squares are obtained in an analogous manner. We first compute the following:

8

) 2 (Major plot totals?)
Major plot SS = - -CT
7df  No. of subplots per major plot
(80707 +...+6230%)
= o —CT =647,498
4
Z (Block totals?)
Block SS = -
3df  No. of subplots per block
(13,920 +...+14,100%)
= —CT =6856
12
2
. Z(Buming treatment totalsz)
Burning SS = cr

1df  No. of subplots per burning treatment

~ (29.970% +25,760°)
B 24

—CT =369,252

Major plot error SS = Major plot SS—Block SS—Burning SS =271,390
3df 7df 3df 1df
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Subplot SS =Total SS— Major plot SS =8,692,150
40df 47df 7df

6
Y (Date totals?) (74907 + ...+ 38007
T= ~CT =7,500,086

No. of subplots per date - 8

Date SS =
sdf

To get the sum of squares for the interaction between date and burning we resort to a factorial
experiment device—the two-way table of the treatment combination totals:

Date .
Burning
Burning a b c d e f Subtotals
A 3510 4020 5620 7820 6420 2580 29,970
B 3980 4520 4810 5630 5600 1220 25,760
Date subtotals 7490 8540 10,430 13,450 12,020 3800 55,730

12

Z(Date—buming combination totals?) cr

Date—burning subclass SS =

1i¢f No. of subplots per date-burning combination

B (35107 +...+1220%)

2 —CT =8,555,723

Date—burning interaction SS = Date-burning subclass SS— Date SS— Burning

SS =686,385
5df 11df sdf 1df

Subplot error SS = Subplot SS —Date SS— Date—burning interaction SS = 505,679
30df 40df 5df 5df

Thus the completed analysis table is

Source of Variation Degrees of Freedom  Sums of Squares ~ Mean Squares

Blocks 3 6856 —
Burning 1 369,252 369,252
Major plot error 3 271,390 90,463
Date 5 7,500,086 1,500,017
Date-burning interaction 5 686,385 137,277
Subplot error 30 505,679 16,856
Total 47 9,339,648
The F test for burning is
Burning mean square 369,252

Fig = =4.082 (not significant at 0.05 level)

Major plot error mean square 90,463
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The F test for dates is

Date mean square _ 1,500,017

Fsj30ar = = 88.99 (significant at 0.01 level)

Subplot error mean square 16,856

And for the date—burning interaction,

Date—burning interaction mean square _ 137,277

Fsp30qr = =8.14 (significant at 0.01 level)

Subplot error mean square 16,856

Note that the major plot error is used to test the sources above the dashed line in the table, while the
subplot error is used for the sources below the line. Because the subplot error is a measure of random
variation within major plots it will usually be smaller than the major plot error, which is a measure of
the random variation between major plots. In addition to being smaller, the subplot error will generally
have more degrees of freedom than the major plot error, and for these reasons the sources below the
dashed line will usually be tested with greater sensitivity than the sources above the line. This fact is
important; when planning a split-plot experiment the designer should try to get the items of greatest
interest below the line rather than above. Rarely will the major plot error be appreciably smaller than
the subplot error. If it is, the conduct of the study and the computations should be carefully examined.
If desired, the subplots can also be split for a third level of treatment, producing a split-split-plot design.
The calculations follow the same general pattern but are more involved. A split-split-plot design has
three separate error terms. For comparisons among major or subplot treatments, F tests with a single
degree of freedom may be made in the usual manner. Comparisons among major plot treatments
should be tested against the major plot error mean square, while subplot treatment comparisons are
tested against the subplot error. In addition, it is sometimes desirable to compare the means of two
treatment combinations. This can get tricky, for the variation among such means may contain more
than one source of error. A few of the more common cases are discussed below.
In general, the ¢ test for comparing two equally replicated treatment means is

. Mean difference _
Standard error of the mean difference s

=1

o]

1. For the difference between two major treatment means:

o= 2(Major plot error mean square)
? (m)(R)

where R is the number of replications of major treatments, and m is the number of subplots
per major plot; ¢ has degrees of freedom equal to the degree of freedom for the major plot
error.

2. For the difference between two minor treatment means:

o= 2(Subplot error mean square)
? (R)Y(M)

where M is the number of major plot treatments; ¢ has degrees of freedom equal to the
degree of freedom for the subplot error.
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3. For the difference between two minor treatments within a single major treatment:

o= \/Z(Subplot erTor mean square)
b=
R

where the degrees of freedom for ¢ are equal to the degrees of freedom for the subplot
erTor.

4. For the difference between the means of two major treatments at a single level of a minor
treatment, or between the means of two major treatments at different levels of a minor
treatment:

. \/ 2{ (m —1)(Subplot error mean square) + (Major plot error mean square) :|
D

(m)(R)

In this case, ¢ will not follow the ¢ distribution. A close approximation to the value of ¢
required for significance at the a level is given by

_ (m—1)(Subplot error mean square)t,, + (Major plot error mean square)z,,

(m —1)(Subplot error mean square) + (Major plot error mean square)

where
t,, = Tabular value of 7 at the a level for degrees of freedom equal to the degrees of freedom
for the subplot error.
t,, = Tabular value of ¢ at the « level for degrees of freedom equal to the degrees of freedom
for the major plot error.

Other symbols are as previously defined.

MissING PLoTs

A mathematician who had developed a complex electronic computer program for analyzing a wide
variety of experimental designs was asked how he handled missing plots. His disdainful reply was,
“We tell our research workers not to have missing plots.” This is good advice. But it is sometimes
hard to follow, and particularly so in forest, environmental, and ecological research, where close
control over experimental material is difficult and studies may run for several years. The likelihood
of plots being lost during the course of a study should be considered when selecting an experimental
design. Lost plots are least troublesome in the simple designs. For this reason, complete randomiza-
tion and randomized blocks may be preferable to the more intricate designs when missing data can
be expected.

In the complete randomization design, loss of one or more plots causes no computational difficul-
ties. The analysis is made as though the missing plots never existed. Of course, a degree of freedom
will be lost from the total and error terms for each missing plot and the sensitivity of the test will
be reduced. If missing plots are likely, the number of replications should be increased accordingly.
In the randomized block design, completion of the analysis will usually require an estimate of the
values for the missing plots. A single missing value can be estimated by
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_bB+1T-G
S (b-D@-1)

where
b = Number of blocks.
B = Total of all other units in the block with a missing plot.
t = Number of treatments.
T = Total of all other units that received the same treatment as the missing plot.
G = Total of all observed units.

If more than one plot is missing, the customary procedure is to insert guessed values for all but
one of the missing units, which is then estimated by the above formula. This estimate is used in
obtaining an estimated value for one of the guessed plots, and so on through each missing unit.
Then the process is repeated, with the first estimates replacing the guessed values. The cycle should
be repeated until the new approximations differ little from the previous estimates.

The estimated values are now applied in the usual analysis-of-variance calculations. For each
missing unit one degree of freedom is deducted from the total and from the error term.

A similar procedure is used with the Latin square design, but the formula for a missing plot is

_r(R+C+T)-2G
 r=D(r-2)

where
r = Number of rows.
R = Total of all observed units in the row with the missing plot.
C = Total of all observed units in the column with the missing plot.
T = Total of all observed units in the missing plot treatment.
G = Grand total of all observed units.

With the split-plot design, missing plots can cause trouble. A single missing subplot value can be
estimated by the following equation:

_rP+m(T,-j)—(T,-)
C (r=Dm-1)

where
r = Number of replications of major plot treatments.
P =Total of all observed subplots in the major plot having a missing subplot.
m = Number of subplot treatments.
T;; = Total of all subplots having the same treatment combination as the missing unit.
T, = Total of all subplots having the same major plot treatment as the missing unit.

For more than one missing subplot the iterative process described for randomized blocks must
be used. In the analysis, one degree of freedom will be deducted from the total and subplot error
terms for each missing subplot.

When data for missing plots are estimated, the treatment mean square for all designs is biased
upwards. If the proportion of missing plots is small, the bias can usually be ignored. Where the pro-
portion is large, adjustments can be made as described in the standard references on experimental
designs.
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REGRESSION

SIMPLE LINEAR REGRESSION

An environmental researcher had an idea that she could tell how well a loblolly pine was growing
from the volume of the crown. Very simple: big crown—good growth, small crown—poor growth.
But she couldn’t say how big and how good, or how small and how poor. What she needed was
regression analysis, which would allow her to express a relationship between tree growth and crown
volume in an equation. Given a certain crown volume, she could use the equation to predict what
the tree growth was. To gather data, she ran parallel survey lines across a large tract that was rep-
resentative of the area in which she was interested. The lines were 5 chains apart. At each 2-chain
mark along the lines, she measured the nearest loblolly pine of at least 5.6 inches diameter at breast
height (d.b.h.; 4.5 ft above the forest floor on the uphill side of the tree) for crown volume and basal
area growth over the past 10 years.

A portion of the data is printed below to illustrate the methods of calculation. Crown volume in
hundreds of cubic feet is labeled X and basal area growth in square feet is labeled Y. Now, what can
we tell the environmental researcher about the relationship?

X X X
Crown Y Crown Y Crown Y
Volume  Growth Volume  Growth Volume  Growth
22 0.36 53 0.47 51 0.41
6 0.09 70 0.55 75 0.66
93 0.67 5 0.07 6 0.18
62 0.44 90 0.69 20 0.21
84 0.72 46 0.42 36 0.29
14 0.24 36 0.39 50 0.56
52 0.33 14 0.09 9 0.13
69 0.61 60 0.54 2 0.10
104 0.66 103 0.74 21 0.18
100 0.80 43 0.64 17 0.17
41 0.47 22 0.50 87 0.63
85 0.60 75 0.39 97 0.66
90 0.51 29 0.30 33 0.18
27 0.14 76 0.61 20 0.06
18 0.32 20 0.29 96 0.58
48 0.21 29 0.38 61 0.42
37 0.54 30 0.53
67 0.70 59 0.58
56 0.67 70 0.62
31 0.42 81 0.66
17 0.39 93 0.69
7 0.25 99 0.71
2 0.06 14 0.14
Totals 3050 26.62
Means (n = 62) 49.1935 0.42935

Often, the first step is to plot the field data on coordinate paper (see Figure 5.3). This is done to
provide some visual evidence of whether the two variables are related. If there is a simple relation-
ship, the plotted points will tend to form a pattern (a straight line or curve). If the relationship is very
strong, the pattern will generally be distinct. If the relationship is weak, the points will be more
spread out and the pattern less definite. If the points appear to fall pretty much at random, there may
be no simple relationship or one that is so very poor as to make it a waste of time to fit any regression.
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FIGURE 5.3 Plotting of growth (¥) over crown volume (X).

The type of pattern (straight line, parabolic curve, exponential curve, etc.) will influence the
regression model to be fitted. In this particular case, we will assume a simple straight-line relation-
ship. After selecting the model to be fitted, the next step will be to calculate the corrected sums of
squares and products. In the following equations, capital letters indicate uncorrected values of the
variables; lowercase letters will be used for the corrected values.

The corrected sum of squares for Y is

n

2
n 2
2= ZYQ—(E‘Y)z (0.367 +0.097 +...+0.42) - 266'622 =2.7826

n

The corrected sum of squares for X is

n

2
n 2
Y= sz—(zxj = (222 +6° +...+612)—306% =59,397.6775

n

The corrected sum of products is

n ZY

(2]
Yoy =Y (XY)- Zn = [(22)(0.36)+ (6)(0.09) +..+ (61)(0.42)] - C20N26-62)

62
=354.1477

The general form of equation for a straight line is Y = a + bX. In this equation, a and b are constants
or regression coefficients that must be estimated. According to the principle of least squares, the
best estimates of these coefficients are

o 2 _ 3541477

=&5-= =0.005962
Y x* 59,397.6775

a=Y —bX =0.42935-(0.005962)(49.1935) = 0.13606
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Substituting these estimates in the general equation gives

Y =0.13606 + 0.005962X

where Y is used to indicate that we are dealing with an estimated value of Y.

With this equation we can estimate the basal area growth for the past 10 years (Y) from the mea-
surements of the crown volume X. Because Y is estimated from a known value of X, it is called the
dependent variable and X is the independent variable. In plotting on graph paper, the values of Y are
usually (purely by convention) plotted along the vertical axis (ordinate) and the values of x along the
horizontal axis (abscissa).

How WELL DoEs THE REGRESSION LINE FiT THE DATA?

A regression line can be thought of as a moving average. It gives an average value of Y associated
with a particular value of X. Of course, some values of ¥ will be above the regression line (moving
average) and some below, just as some values of Y are above or below the general average of Y. The
corrected sum of squares for Y (i.e., Xy?) estimates the amount of variation of individual values of Y
about the mean value of Y. A regression equation is a statement that part of the observed variation in
Y (estimated by Xy?) is associated with the relationship of Y to X. The amount of variation in Y that
is associated with the regression on X is the reduction or regression sum of squares:

(o) @sa1am77
> x* 59,397.6775

Reduction SS = =2.1115

As noted above, the total variation in Y is estimated by Xy?> = 2.7826 (as previously calculated).
The part of the total variation in Y that is not associated with the regression is the residual sum of
squares:

Residual SS = Zyz —Reduction SS =2.7826—-2.1115=0.6711

In analysis of variance we used the unexplained variation as a standard for testing the amount of
variation attributable to treatments. We can do the same in regression. What’s more, the familiar F
test will serve.

Source of Variation Degrees of Freedom®  Sums of Squares ~ Mean Squares®
2
Due to regression |:= (2x) i| 1 2.1115 2.1115
sz
Residual (unexplained) 60 0.6711 0.01118
Total (= Zy?) 61 2.7826

2 As there are 62 values of Y, the total sum of squares has 61 degrees of freedom. The regression of
Y on X has one degree of freedom. The residual degrees of freedom are obtained by subtraction.
® Mean square is, as always, equal to sum of squares/degrees of freedom.

The regression is tested by

_ Regression mean square _ 2.1115 188.86
Residual mean square ~ 0.01118 '
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Because the calculated F is much greater than tabular F;,, with 1/60 degree of freedom, the regres-
sion is deemed significant at the 0.01 level.

Before we fitted a regression line to the data, ¥ had a certain amount of variation about its mean
(7). Fitting the regression was, in effect, an attempt to explain part of this variation by the linear
association of Y with X. But even after the line had been fitted, some variation was unexplained—
that of Y about the regression line. When we tested the regression line above, we merely showed that
the part of the variation in Y that is explained by the fitted line is significantly greater than the part
that the line left unexplained. The test did not show that the line we fitted gives the best possible
description of the data (a curved line might be even better), nor does it mean that we have found the
true mathematical relationship between the two variables. There is a dangerous tendency to ascribe
more meaning to a fitted regression than is warranted.

It might be noted that the residual sum of squares is equal to the sum of the squared deviations
of the observed values of Y from the regression line. That is,

Residual SS = Z(Y— f)z =>(Y-a —bXy

The principle of least squares says that the best estimates of the regression coefficients (a and b) are
those that make this sum of squares a minimum.

COEFFICIENT OF DETERMINATION

The coefficient of determination, denoted R2, is used in the context of statistical models whose
main purpose is the prediction of future outcomes on the basis of other related information. Stated
differently, the coefficient of determination is a ratio that measures how well a regression fits the
sample data:

Reduction SS _ 21115
Total SS  2.7826

Coefficient of determination = =0.758823

When someone says, “76% of variation in Y was associated with X,” she means that the coefficient

of determination was 0.76. Note that R? is most often seen as a number between 0 and 1.0, used to

describe how well a regression line fit a set of data. An R? near 1.0 indicates that a regression line fits

the data well, while an R? closer to 0 indicates that a regression line does not fit the data very well.
The coefficient of determination is equal to the square of the correlation coefficient:

Reduction S§ _ (ZW)Z/sz _ (ny)2 =2
Total S 3 X)X

In fact, most present-day users of regression refer to R? values rather than to coefficients of
determination.

CONFIDENCE INTERVALS

Because it is based on sample data, a regression equation is subject to sample variation. Confidence
limits (i.e., a pair of numbers used to estimate a characteristic of a population) on the regression line
can be obtained by specifying several values over the range of X and computed by

—\2

, _ 1 (X0-X)

Y £¢ [(Residual mean square)| —+-—~=—5"—
n Zx
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where X, = a selected value of X, and degrees of freedom for ¢ equal the degrees of freedom for
residue mean square. In the example we had

Y =0.13606 +0.005962X

Residual mean square = 0.01118 with 60 degrees of freedom
n=62

X =49.1935

> x*=59,397.6775

So, if we pick X, = 28 we have Y = 0.303, and 95% confidence limits

—\2
. , 1 (X0-X)
Y £t |(Residual mean square)| 1+ —+ ="
n 2 X

For other values of X, we would get:

95% Limits
Xo Y Lower  Upper
8 0.184  0.139 0.229
49.1935 0429  0.402 0.456
70 0.553  0.521 0.585
90 0.673  0.629 0.717

Note that these are confidence limits for the regression of ¥ on X (see Figure 5.4). They indi-
cate the limits within which the true mean of Y for a given X will lie unless a 1-in-20 chance has
occurred. The limits do not apply to a single predicted value of Y. The limits within which a single

Y might lie are given by

0.80

0.60 [

040 F Y =0.13606 + 0.005962X

0.20 95% confidence limits

20 40 60 80 100

FIGURE 5.4 Confidence limits for the regression of ¥ on X.
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(%~ X)

pIS

Y+t (Residual mean square)| 1+ 1 +
n

In addition to assuming that the relationship of Y to X is linear, the above method of fitting
assumes that the variance of Y about the regression line is the same at all levels of X (the assumption
of homogeneous variance or homoscedasticity—that is, the property of having equal variances).
The fitting does not assume nor does it require that the variation of Y about the regression line follow
the normal distribution. However, the F test does assume normality, and so does the use of ¢ for the
computation of confidence limits.

There is also an assumption of independence of the errors (departures from regression) of the
sample observations. The validity of this assumption is best ensured by selecting the sample units
at random. The requirements of independence may not be met if successive observations are made
on a single unit or if the units are observed in clusters. For example, a series of observations of tree
diameter made by means of a growth band would probably lack independence.

Selecting the sample units so as to get a particular distribution of the X values does not violate
any of the regression assumptions, provided the Y values are a random sample of all Y values associ-
ated with the selected values of X. Spreading the sample over a wide range of X values will usually
increase the precision with which the regression coefficients are estimated. This device must be
used with caution, however, for if the Y values are not random then the regression coefficients and
mean square residual may be improperly estimated.

MuttirLe REGRESSION

It frequently happens that a variable (Y) in which we are interested is related to more than one inde-
pendent variable. If this relationship can be estimated, it may enable us to make more precise pre-
dictions of the dependent variable than would be possible by a simple linear regression. This brings
us up against multiple regression, which describes the changes in a dependent variable associated
with changes in one or more independent variables; it is a little more work but no more complicated
than a simple linear regression.

The calculation methods can be illustrated with the following set of hypothetical data from an
environmental study relating the growth of even-aged loblolly—shortleaf pine stands to the total
basal area (X)), the percentage of the basal area in loblolly pine (X,), and loblolly pine site index (X;).

Y X; X, X,
65 41 79 75
78 90 48 83
85 53 67 74
50 42 52 61
55 57 52 59
59 32 82 73
82 71 80 72
66 60 65 66
113 98 96 99
86 80 81 90
104 101 78 86
92 100 59 88
96 84 84 93
65 72 48 70

81 55 93 85
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71 71 68 71
83 98 51 84
97 95 82 81
90 90 70 78
87 93 61 89
74 45 96 81
70 50 80 77
75 60 76 70
75 68 74 76
93 75 96 85
76 82 58 80
71 72 58 68
61 46 69 65
Sums 2206 1987 2003 2179

Means (n = 28) 78.7857  70.9643  71.5387 77.8214

With these data we would like to fit an equation of the form

Y=a+bX,+bX;+b:X;5

According to the principle of least squares, the best estimates of the X coefficients can be obtained
by solving the set of least squares normal equations.

b equation: (lez)b] + (2 xlxz)bz + (2 x1x3)b3 = 2)61)’
b, equation: (lexz)bl + (ng)bz + (2 X2xs)b3 = 2)62)’
by equation: (me)b] +(2x2x3)bz +(2x32)b3 = 2x3y

where

Zx,-xj :inyj_m

Having solved for the X coefficients (b,, b,, and b;), we obtain the constant term by solving
a=Y - bl)?l + bz)?z - b3)?3

Derivation of the least squares normal equations requires a knowledge of differential calculus.
However, for the general linear mode with a constant term

Y=a+b X +b: X5 +...b: X,

the normal equations can be written quite mechanically once their pattern has been recognized.
Every term in the first row contains an x,, every term in the second row an x,, and so forth down
to the kth row, every term of which will have an x,. Similarly, every term in the first column has an
x, and a b, every term in the second column has an x, and a b,, and so on through the kth column,
every term of which has an x, and a b,. On the right side of the equations, each term has a y times the
x that is appropriate for a particular row. So, for the general linear model given above, the normal
equations are
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by equation: (lez)bl +(2x1x2)bz +(2x1x3)b3 +...+(Zx|xk)bk =2x|y
b, equation: (le)CQ)b] +(2x%)b2 +(2xzx3)b3 +...+(2x2xk)bk = szy
bs equation: (prq)bl +(2x2x3)b2 +(2x32)b3 +...+(2x3xk)bk = ngy

b, equation: (lexk)bl +(2x2xk)b2 +(2x3xk)b3 +...+(2x;§)bk = Zxky

Given the X coefficients, the constant term can be computed as
a= ?_bl}?l —bz}?z _---_bkik

Note that the normal equations for the general linear model include the solution for the simple linear
regression

(lez)b] = ley
Hence,

b= (X)Xt

In fact, all of this section on multiple regression can be applied to the simple linear regression as a
special case.
The corrected sums of squares and products are computed in the familiar manner:

2
2y2=2Y2—(ZnY)=(652+...+612)—(222%6)2=5974.7143

2
Y=Y x? -M =(417+...+46%)- (1987 _ 1,436.9643
n 28
X))y
Y xy=Y Xy _M = (41)(65) + ...+(46)(61)—% =6428.7858
n

Similarly,

Y xix, =—1171.4642
Y xix; =3458.8215
Y x3 =5998.9643

Y x2x3 =1789.6786
Y xay=2632.2143
Y x3 =2606.1072

Y x3y=3327.9286



Statistics Review 177

Putting these values in the normal equations gives:

11,436.9643b, —1171.4642b, + 3458.8215b; = 6428.7858
—1171.4642b, +5998.9643b, +1789.6786b; = 2632.2143
3458.8215b, —1789.6786b, +2606.1072b; = 3327.9286

These equations can be solved by any of the standard procedures for simultaneous equations. One
approach (applied to the above equations) is as follows:

1. Divide through each equation by the numerical coefficient of b,.

by —0.102,427,897b, +0.302,424,788b; = 0.562,105,960
by —5.120,911,334b, —1.527,727,949b; = —2.246,943,867
b +0.517,424,389b, +0.753,466,809b; = 0.962,156,792

2. Subtract the second equation from the first and the third from the first so as to leave two
equations in b, and b;.

5.018,483,437b, + 1.830,152,737b, = 2.809,049,827
-0.619,852,286b, — 0.451,042,021b; = —0.400,050,832
3. Divide through each equation by the numerical coefficient of b,.
b? + 0.364,682,430b, = 0.559,740,779
b? + 0.727,660,494b, = 0.645,397,042
4. Subtract the second of these equations from the first, leaving one equation in b;.
—-0.362,978,064bH, = —0.085,656,263

5. Solve for b;.

—0.085,656,263

= =0.235,981,927
—0.326,978,064

3

6. Substitute this value of b, in one of the equations (the first one, for example) of step 3 and
solve for b,.

b, + (0.364,682,43)(0.381,927) = 0.59,740,779

b, =0.473,682,316

7. Substitute the solutions for b, and b5 in one of the equations (the first one, for example) of
step 1, and solve for b,.

b, —(0.102,427,897)(0.473,682,316) + (0.302,424,788)(0.235,981,927) = 0.562,105,960

b, =0.539,257,459
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8. As acheck, add up the original normal equations and substitute the solutions for b,, b,, and
b.
13,724.3216b, + 6,617.1787b, + 7,854.6073b, = 12,388.9287

12,388.92869 ~ 12,388.9287

Given the values of b,, b,, and b; we can now compute
a= ? - b])?] - bz)?z - bg)?g =-11.7320

Thus, after rounding of the coefficients, the regression equation is

Y =-11.732+0.539X, + 0.474X, + 0.236X;

It should be noted that in solving the normal equations more digits have been carried than would be
justified by the rules for number of significant digits. Unless this is done, the rounding errors may
make it difficult to check the computations.

Tests of Significance

Tests of significance refer to the methods of inference used to support or reject claims based on sam-
ple data. To test the significance of the fitted regression, the outline for the analysis of variance is

Source of Variation Degrees of Freedom
Reduction due to regression on X,, X,, and X, 3
Residuals 24
Total 27

The degrees of freedom for the total are equal to the number of observations minus 1. The total
sum of squares is

Total SS =) y* =5974.7143

The degrees of freedom for the reduction are equal to the number of independent variables fitted, in
this case 3. The reduction sum of squares for any least squares regression is

Reduction SS = Z(Estimated coefficients) (right side of their normal equations)

In this example there are three coefficients estimated by the normal equations, and so

Reduction SS:;; =b (z xly) +b, (ngy) +bs (2 x3y)
=(0.53926)(6428.7858) + (0.47368)(2632.2143) + (0.23598)(3327.9286)
=5498.9389

The residual df and sum of squares are obtained by subtraction. Thus, the analysis becomes

Source of Variation Degrees of Freedom  Sums of Squares  Mean Squares
Reduction due to X;, X,, and X; 3 5498.9389 1832.9796
Residuals 24 475.7754 19.8240

Total 27 5974.7143
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To test the regression we compute

1832.9696
Fpaqr = 198240 92.46

which is significant at the 0.01 level.

Often we will want to test individual terms of the regression. In the previous example we might
want to test the hypothesis that the true value of b, is zero. This would be equivalent to testing
whether the viable X; makes any contribution to the prediction of Y. If we decide a b; may be equal
to zero, we might rewrite the equation in terms of X, and X,. Similarly, we could test the hypothesis
that b, and b, are both equal to zero.

To test the contribution of any set of the independent variables in the presence of the remaining
variables:

—_—

. Fit all independent variables and compute the reduction and residual sums of squares.

2. Fit a new regression that includes only the variables not being tested. Compute the reduc-
tion due to this regression.

3. The reduction obtained in the first step minus the reduction in the second step is the gain
due to the variables being tested.

4. The mean square for the gain (step 3) is tested against the mean square residual from the

first step.

Coefficient of Multiple Determination

As a measure of how well the regression fits the data it is customary to compute the ratio of the
reduction sum of squares to the total sum of squares. This ratio is symbolized by R? and is some-
times called the coefficient of determination:

» _ Reduction S§
Total S§

For the regression of Y on X, X,, and Xj,

R = 5498.9389 _ 0.92

5974.7143
The R? value is usually referred to by saying that a certain percentage (92 in this case) of the varia-
tion in Y is associated with regression. The square root (R) of the ratio is the multiple correlation
coefficient.

c-Multipliers

Putting confidence limits on a multiple regression requires computation of the Gauss or c-multipli-
ers. The c-multipliers are the elements of the inverse of the matrix of corrected sums of squares and
products as they appear in the normal equations.

CURVILINEAR REGRESSIONS AND INTERACTIONS

Curves

Many forms of curvilinear relationships can be fitted by the regression methods that have been
described in the previous sections. If the relationship between height and age is assumed to be
hyperbolic so
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Height=a+ Aige
then we could let Y = height and X, = 1/age and fit
Y=a+bX,
Similarly, if the relationship between Y and X is quadratic,
Y=a+bX + cX?
then we can let X = X, and X? = X, and fit
Y=a+bX, +b,X,

Functions such as

Y=aX®
Y=a®
10Y = aX®

which are nonlinear in the coefficients can sometimes be made linear by a logarithmic transforma-
tion. The equation

Y=aX’
would become
log Y =log a + b(log X)
which could be fitted by

Y =a+bX

where Y’ =log Y, and X, = log X.
The second equation transforms to
log Y =log a + (log b) X
The third becomes
Y=log a+ b(log X)
Both can be fitted by the linear model.
When making these transformations, the effect on the assumption of homogeneous variance

must be considered. If ¥ has homogeneous variance, then log Y probably will not—and vice versa.
Some curvilinear models cannot be fitted by the methods that have been described, including

Y=a+ b
Y=a(X-b)?
Y= a(X, - b)X, - o)

Fitting these models requires more cumbersome procedures.
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Interactions

Suppose that there is a simple linear relationship between Y and X,. If the slope () of this relation-
ship varies, depending on the level of some other independent variable (X,), then X, and X, are said
to interact. Such interactions can sometimes be handled by introducing interaction variables. To
illustrate, suppose that we know that there is a linear relationship between Y and X;:

Y=a+ bX,
Suppose further that we know or suspect that the slope (b) varies linearly with Z:
b=a +b'Z
This implies the relationship
Y=a+ @ +b'Z)X,
or
Y=a+adX +bXZ

where X, = X,Z, an interaction variable.
If the Y-intercept is also a linear function of Z, then

a=a"+b"Z
and the form of relationship is
Y=a"+b"Z+adX, +b'XZ

Group Regressions
Linear regressions of Y on X were fitted for each of two groups:

Group A Sum  Mean

Yy 3 7 9 6 8 1310 12 14 82 9.111
X 1 4 7 7 2 9 10 6 12 58 6.444

where
n=9, MY’ =848 D XY=609, » X*=480, » y’=100.8889
Y xy=80.5556, » x’=106.2222, ¥ =4.224+0.7584X
Residual SS =39.7980, with 7 degrees of freedom
Group B Sum  Mean
Y 4 6 12 2 8 7 0 5 9 2 11 3 10 79 6.077
X 4 9 14 6 9 12 2 7 5 5 11 2 13 99 7.616
where

n=13, Y Y*=653, Y XY=753, > X*=951, » y*=172.9231
> xy=151.3846, > x?=197.0796, ¥ =0.228+0.7681X

Residual SS =56.6370, with 11 degrees of freedom
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Now, we might ask, are these really different regressions? Or could the data be combined to pro-
duce a single regression that would be applicable to both groups? If there is no significant difference
between the mean square residuals for the two groups (this matter may be determined by Bartlett’s
test), the test described below helps to answer the question.

Testing for Common Regressions

Simple linear regressions may differ either in their slope or in their level. When testing for common
regressions the procedure is to test first for common slopes. If the slopes differ significantly, the
regressions are different and no further testing is needed. If the slopes are not significantly different,
the difference in level is tested. The analysis table is

Residuals

Line Group df Ty? Zxy x? df A\ Ms
1 A 8  100.8889 80.5556  106.2222 7 39.7980 —
2 B 12 1729231  151.3846 97.0769 11 56.6370 —
3 Pooled residuals 18 96.4350 5.3575
4 Difference for testing common slopes 1 0.0067 0.0067
5 Common slope 20 273.8120  231.9402  303.2991 19 5.0759  96.4417
6 Difference for testing trends 1 80.1954  80.1954
7 Single regression 21 322.7727  213.0455 310.5909 20 176.6371 —

The first two lines in this table contain the basic data for the two groups. To the left are the total
degrees of freedom for the groups (8 for A and 12 for B). In the center are the corrected sums of
squares and products. The right side of the table gives the residual sum of squares and degrees of
freedom. Since only simple linear regressions have been fitted, the residual degrees of freedom of
each group are one less than the total degrees of freedom. The residual sum of squares is obtained
by first computing the reduction sum of squares for each group.

(o)
i

Reduction S§S =

This reduction is then subtracted from the total sum of squares (Zy?) to give the residuals.

Line 3 is obtained by pooling the residual degrees of freedom and residual sums of squares for
the groups. Dividing the pooled sum of squares by the pooled degrees of freedom gives the pooled
mean square. The left side and center of line (we will skip line 4 for the moment) is obtained by
pooling the total degrees of freedom and the corrected sums of squares and products for the groups.
These are the values that are obtained under the assumption of no difference in the slopes of the
group regressions. If the assumption is wrong, the residuals about this common slope regression will
be considerably larger than the mean square residual about the separate regressions. The residual
degrees of freedom and sum of squares are obtained by fitting a straight line to these pooled data.
The residual degrees of freedom are, of course, one less than the total degrees of freedom. The
residual sum of squares is, as usual,

(231.9402)*
303.2991

Reduction SS =273.8120— =96.4417
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Now, the difference between these residuals (line 4 = line 5 — line 3) provides a test of the
hypothesis of common slopes. The error term for this test is the pooled mean square from line 3:

0.0067

Test of common slopes: Fiji34 = ﬁ

The difference is not significant.

If the slopes differed significantly, the groups would have different regressions, and we would
stop here. Because the slopes did not differ, we now go on to test for a difference in the levels of the
regression.

Line 7 is what we would have if we ignored the groups entirely, lumped all the original observa-
tions together, and fitted a single linear regression. The combined data are as follows:

1.n=(9+13) =22, so the degrees of freedom = 21
2.0 Y =(82+79)=161
3.) ¥* =(848+653)=1501

(161)%

4.3 y*=1501- =322.7727

5.0 X =(58+99)=157
6. X*=(480+951)=1431

=310.5909

(157)*
7. x*=1431-

2 2
8. ) XY = (609 +753) = 1362

157)@ae61)
22

9. xy=1362- =213.0455

From this we obtain the residual values on the right side of line 7.

(213.0455)*
310.5909

Residual S§ =322.7727 - =176.6371

If there is a real difference among the levels of the groups, the residuals about this single regres-
sion will be considerably larger than the mean square residual about the regression that assumed
the same slopes but different levels. This difference (line 6 = line 7 — line 5) is tested against the
residual mean square from line 5.

80.1954
5.0759

Test of levels: Fi/igqr = =15.80

As the levels differ significantly, the groups do not have the same regressions.

The test is easily extended to cover several groups, though there may be a problem in finding
which groups are likely to have separate regressions and which can be combined. The test can also
be extended to multiple regressions.
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Analysis of Covariance in a Randomized Block Design

A test was made of the effect of three soil treatments on the height growth of 2-year-old seedlings.
Treatments were assigned at random to the three plots within each of 11 blocks. Each plot was made
up of 50 seedlings. Average 5-year height growth was the criterion for evaluating treatments. Initial
heights and 5-year growths, all in feet, were as follows:

Treatment A Treatment B Treatment C Block Totals

Block  Height  Growth Height Growth Height Growth  Height  Growth

1 3.6 8.9 3.1 10.7 4.7 12.4 11.4 32.0
2 4.7 10.1 4.9 14.2 2.6 9.0 12.2 333
3 2.6 6.3 0.8 59 1.5 7.4 49 19.6
4 53 14.0 4.6 12.6 4.3 10.1 14.2 36.7
5 3.1 9.6 39 12.5 33 6.8 10.3 28.9
6 1.8 6.4 1.7 9.6 3.6 10.0 7.1 26.0
7 5.8 12.3 5.5 12.8 5.8 11.9 17.1 37.0
8 3.8 10.8 2.6 8.0 2.0 7.5 8.4 26.3
9 24 8.0 1.1 7.5 1.6 52 5.1 20.7
10 53 12.6 4.4 11.4 5.8 13.4 15.5 37.4
11 3.6 74 1.4 8.4 4.8 10.7 9.8 26.5
Sums 42.0 106.4 34.0 113.6 40.0 104.4 116.0 3244
Means 3.82 9.67 3.09 10.33 3.64 9.49 3.52 9.83

The analysis of variance of growth is

Source of Variation  Degrees of Freedom  Sums of Squares  Mean Squares

Blocks 10 132.83 —

Treatment 2 4.26 2.130

Error 20 68.88 3.444

Total 32 205.97 —
2.130

F(for testing treatments )04 = 3444

which is not significant at the 0.05 level.

There is no evidence of a real difference in growth due to treatments. There is, however, reason
to believe that, for young seedlings, growth is affected by initial height. A glance at the block totals
seems to suggest that plots with greatest initial height had the greatest 5-year growth. The possibil-
ity that effects of treatment are being obscured by differences in initial heights raises the question
of how the treatments would compare if adjusted for differences in initial heights.

If the relationship between height growth and initial height is linear and if the slope of the
regression is the same for all treatments, the test of adjusted treatment means can be made by
an analysis of covariance as described below. In this analysis, the growth will be labeled Y and
initial height X.

Computationally the first step is to obtain total, block, treatment, and error sums of squares of X
(8S,) and sums of products of X and Y (SP, ), just as has already been done for Y.



Statistics Review 185

For X:

For XY:

2
cr, = 1160 _ 10776
33
Total SS, = (3.62 +...+4.82)—CTx =73.26
2 2
Block SS, = [“4+3+98J _CT, =5431

42.0% +34.0* +40.0%
11

Error SS, = Total SS, — Block SS, — Treatment SS, =15.80

Treatment SS, = [ ]— CT,=3.15

T, = (116.0)(324.4)
33

Total SP,, = (3.6)(8.9) +...+(4.8)(10.7) - CT,, =103.99
(11.4)(32.0)+...+(9.8)(26.5)
3
(42.0)(106.4)+(34.0)(113.6) +(40.0)(104.4)
11
Error SP,, = Total SP,, — Block SP,, — Treatment SP,, = 24.58

=1140.32

Block SP,, = ( )— CT,, =82.71

Treatment SP,, = ( ) -CT,,=-3.30

These computed terms are arranged in a manner similar to that for the test of group regressions
(which is exactly what the covariance analysis is). One departure is that the total line is put at the top.

Residuals
Source of Variation  df ss, sp,, SS, df ss MS
Total 32 20597 103.99 73.26
Blocks 10 132.83 82.71 5431
Treatment 2 4.26 -3.30 3.15
Error 20 68.88 2458 1580 19 30.641 1.613

On the error line, the residual sum of squares after adjusting for a linear regression is

2

(SPy)

X

(24.58)*

=68.88 - =30.641

Residual S =SS, —

This sum of squares has one degree of freedom less than the unadjusted sum of squares.

To test treatments we first pool the unadjusted degree of freedom and sums of squares and prod-
ucts for treatment and error. The residual terms for this pooled line are then computed just as they
were for the error line:

Residuals

Source of Variation  df ss, sp,, SS, df )

Treatment plus error 22 73.14 21.28 1895 21  49.244
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Then to test for a difference among treatments after adjustment for the regression of growth on ini-
tial height, we compute the difference in residuals between the error and the treatment + error lines:

Source of Variation Degrees of Freedom  Sums of Squares  Mean Squares

Difference for testing adjusted treatments 2 18.603 9.302

The mean square for the difference in residual is now tested against the residual mean square for
error.

9.302
Foogr = 1613 5.77

Thus, after adjustment, the difference in treatment means is found to be significant at the 0.05
level. It may also happen that differences that were significant before adjustment are not significant
afterwards.

If the independent variable has been affected by treatments, interpretation of a covariance anal-
ysis requires careful thinking. The covariance adjustment may have the effect of removing the
treatment differences that are being tested. On the other hand, it may be informative to know that
treatments are or are not significantly different in spite of the covariance adjustment. The beginner
who is uncertain of the interpretations would do well to select as covariates only those that have not
been affected by treatments.

The covariance test may be made in a similar manner for any experimental design and, if desired
(and justified), adjustment may be made for multiple or curvilinear regressions.

The entire analysis is usually presented in the following form:

Adjusted

Source df ss, sp, SS, df ) MS
Total 32 20597 10399  73.26

Blocks 10 132.83 8271 5431

Treatment 2 4.26 -3.30 3.15

Error 20 68.88 2458 1580 19  30.641 1.613
Treatment + error 22 73.14 21.28 1895 21  49.244 —
Difference for testing adjusted treatment means 2 18.603 9.302

.130 .
———, not significant
3.444

9.302

Adjusted treatments: Fy/j94 = 1613 =5.717, significant at 0.05 level

Unadjusted treatments: Fp/04 =

Adjusted Means
If we wish to know what the treatment means are after adjustment for regression, the equation is

Adjusted Y; =¥; - b(X; - X)

where
Y, = Unadjusted mean for treatment i.
Iz = Coefficient of the linear regression = (Error SP,,)/(Error SS,)
X; = Mean of the independent variable for treatment i.

X = Mean of X for all treatments.



Statistics Review 187

In the example, we had YA =3.82, )_(B =3.09, )_(C =3.64, X =3.52, and

Z 2856
15.80

So, the unadjusted and adjusted mean growths are

Mean Growth

Treatment  Unadjusted  Adjusted

A 9.67 9.20
B 10.33 11.00
C 9.49 9.30

Tests among Adjusted Means
In an earlier section we encountered methods of making further tests among the means. Ignoring
the covariance adjustment, we could, for example, make an F test for pre-specified comparisons
such as A + C vs. B, or A vs. C. Similar tests can also be made after adjustment for covariance,
through they involve more labor. The F test will be illustrated for the comparison B vs. A + C after
adjustment.

As might be suspected, to make the F' test we must first compute sums of squares and products
of X and Y for the specified comparison:

— 2
o 2T )X+ X¥e)] [2113.6)-(106.4-+104.4) e
v Q2 +12+15)1) - 66 T
— 2
2N Xs)- (X X4+ 2 Xe)] [2(34.0)- (42.0+ 40.0)
SS, ==+ —5 = =297
Q2+ 12+ 12)(11) 66
2
o X ) (Zxa+ X xe)] _[2640)-(420+400] _ o
v 22 +12+15)11) B 66 -

From this point on, the F test of A + B vs. C is made in exactly the same manner as the test of treat-
ments in the covariance analysis.

Residuals
Source df ss, sp,, SS, df ss MS
2B-(A+C) 1 408 -3.48 297 — — —
Error 20 68.88 2458 1580 19  30.641 1.613
Sum 21 7296 21.10 1877 20  49.241 —
Difference for testing adjusted comparison 1 18.600  18.600

F\j194¢= 11.531, which is significant at the 0.01 level.
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Fundamental Engineering
Concepts

The mountain, and the deep and gloomy wood,
Their colours and their forms, were then to me
An appetite; a feeling and a love,

That had no need of remoter charm, ...

—VWilliam Wordsworth (1798)

INTRODUCTION

Education can only go so far in preparing environmental engineers for on-the-job experience. A
person who wishes to become an environmental engineer is greatly assisted by two personal fac-
tors. First, well-rounded, broad development of experience in many areas is required and results in
the production of the classic generalist. Although environmental engineers cannot possibly gain
in-depth knowledge about all areas, they must have the desire and the aptitude to do so. They must
be interested in—and well informed about—many widely differing fields of study. The necessity
for this in environmental applications is readily apparent, as the range of problems encountered is
so immense that a narrow education will not suffice. Environmental engineers must handle situa-
tions that call upon skills ranging from the ability to understand the psychological and sociological
problems of people to the ability to perform calculations required for mechanics and structures. The
would-be practicing environmental engineer can come from just about any background, and a nar-
row educational focus does not preclude students and others from broadening their expertise later;
however, quite often those who are very specialized lack appreciation for other disciplines, as well
as the adaptability necessary for environmental engineering.

A second requirement calls for an educational emphasis upon quantitative and logical problem
solving. A student whose mathematical ability is limited to simple algebra is not likely to acquire
the necessary quantitative expertise without great effort. Along with mathematics, environmental
engineers must have a good foundation in mechanics and structures. An education that does not
include a foundation in the study of forces that act on buildings, machines, and processes leaves the
environmental practitioner in the same position as a thoracic surgeon with incomplete knowledge
of gross anatomy—both will have to feel their way to the target, which leaves a lot to be desired
(especially in the case of the surgery patient).

Although individual learning style is important when choosing a career as an environmental engi-
neer, again it must be stressed that generalized education is the key ingredient in the mix that pro-
duces an adequately educated environmental professional. Along with an education in the basic and
applied sciences of mathematics, natural science, and behavioral science (which are applied to solve
technological, biological, and behavioral problems), further study in engineering and technology is
a must. Topics such as applied mechanics, properties of materials, electrical circuits and machines,
fire science hydraulics, principles of engineering design, and computer science fall into this category.

In this chapter, the focus is on applied mechanics and, in particular, forces and the resolution
of forces. Many accidents and resulting injuries are caused by forces of too great a magnitude for
a machine, material, or structure to withstand. To design and inspect systems, devices, or products
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to ensure their safety, environmental engineers must account for the forces that act or might act on
them. Environmental engineers must also account for forces from objects that may act on the human
body (an area of focus that is often overlooked). Important subject areas that are part of or that
interface with applied mechanics are the properties of materials, electrical circuits and machines,
and engineering design considerations. We cannot discuss all engineering aspects related to these
areas in this text; instead, our goal is to look at some fundamental concepts and their relationships
to environmental engineering.

RESOLUTION OF FORCES

With regard to the environmental and occupational health aspects of environmental engineering,
we tend to focus our attention on those forces that are likely to cause failure or damage to some
device or system, resulting in an occurrence that is likely to produce secondary and tertiary damage
to other devices or systems and harm to individuals. Typically, large forces are more likely to cause
failure or damage than small ones. Environmental engineers must understand force and how a force
acts on a body, particularly (1) the direction of force, (2) point of application (location) of force, (3)
the area over which force acts, (4) the distribution or concentration of forces that act on bodies, and
(5) how essential these elements are in evaluating the strength of materials. For example, a 40-1b
force applied to the edge of a sheet of plastic and parallel to it probably will not break it. If a sledge-
hammer strikes the center of the sheet with the same force, the plastic will probably break. A sheet
metal panel of the same size undergoing the same force will not break.

Practice tells us that different materials have different strength properties. Striking a plastic
panel will probably cause it to break, whereas striking a sheet metal panel will cause a dent. The
strength of a material and its ability to deform are directly related to the force applied. Important
physical, mechanical, and other properties of materials include the following:

e Crystal structure

e Strength

* Melting point

* Density

* Hardness

* Brittleness

¢ Ductility

e Modulus of elasticity

e Wear properties

» Coefficient of expansion
» Contraction

e Conductivity

e Shape

» Exposure to environmental conditions
» Exposure to chemicals

* Fracture toughness

Note: All of these properties can vary, depending on whether the force is crushing, corroding,
cutting, pulling, or twisting.

The forces an object can encounter are often different from the forces that an object can with-
stand. An object may be designed to withstand only minimal force before it fails (a toy doll may
be designed of very soft, pliable materials or designed to break or give way in certain places when
a child falls on it, thus preventing injury). Other devices may be designed to withstand the greatest
possible load and shock (e.g., a building constructed to withstand an earthquake).
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When working with any material that will go in an area with a concern for safety, a safety fac-
tor (SF) is often introduced. As defined by ASSE (1988), a safety factor is the ratio allowed for in
the design between the ultimate breaking strength of a member, material, structure, or equipment
and the actual working stress or safe permissible load placed on it during ordinary use. Simply put,
including a factor of safety—into the design of a machine, for example—makes an allowance for
many unknowns (e.g., inaccurate estimates of real loads or irregularities in materials) related to the
materials used to make the machine, related to the machine’s assembly, and related to the use of the
machine. Safety factors can be determined in several ways. One of the most commonly used ways is

Safety factor = (Failure-producing load)/(Allowable stress) 6.1)

Forces on a material or object are classified by the way they act on the material. For example, a
force that pulls a material apart is called the tensile force. Forces that squeeze a material or object
are called compression forces. Shear forces cut a material or object. Forces that twist a material or
object are torsional forces. Forces that cause a material or object to bend are bending forces. A bear-
ing force occurs when one material or object presses against or bears on another material or body.

So, what is force? Force is typically defined as any influence that tends to change the state of rest
or the uniform motion in a straight line of a body. The action of an unbalanced or resultant force
results in the acceleration of a body in the direction of action of the force, or it may (if the body is
unable to move freely) result in its deformation. Force is a vector quantity, possessing both magni-
tude and direction (see Figure 6.1); its SI unit is the newton (equal to 3.6 ounces, or 0.225 Ib).

According to Newton’s second law of motion, the magnitude of a resultant force is equal to the
rate of change of momentum of the body on which it acts. Force F producing acceleration a (m/s?)
on a body of mass m (kg) is therefore given by

F=mxaxSF (6.2)

With regard to environmental engineering, a key relationship between force F' and a body on which
it acts is

F=sxA 6.3)

where
s = Force or stress per unit area (e.g., pounds per square inch).
A = Area (e.g., square inches, square feet) over which a force acts.

Note: The stress a material can withstand is a function of the material and the type of loading.

Frequently, two or more forces act together to produce the effect of a single force, called a resul-
tant. This resolution of forces can be explained by either the triangle law or the parallelogram law.
The triangle law provides that if two concurrent forces are laid out vectorially with the beginning
of the second force at the end of the first, the vector connecting the beginning and the end of the
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FIGURE 6.1 Force is a vector quantity.
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forces represents the resultant of the two forces (see Figure 6.1A). The parallelogram law provides
that if two concurrent forces are laid out vectorially, with either forces pointing toward or both
away from their point of intersection, a parallelogram represents the resultant of the force. The
concurrent forces must have both direction and magnitude if their resultant is to be determined (see
Figure 6.1B). If the individual forces are known or if one of the individual forces and the resultant
are known, the resultant force may be simply calculated by either the trigonometric method (sines,
cosines, and tangents) or the graphic method (which involves laying out the known force, or forces,
at an exact scale and in the exact directions in either a parallelogram or triangle and then measuring
the unknown to the same scale).

SLINGS

Let’s take a look at a few example problems involving forces that the environmental engineer
might be called upon to calculate. In our examples, we use lifting slings under different conditions
of loading.

Note: Slings are commonly used between cranes, derricks, or hoists and the load, so the load may
be lifted and moved to a desired location. For the safety engineer, the properties and limitations
of the sling, the type and condition of material being lifted, the weight and shape of the object
being lifted, the angle of the lifting sling to the load being lifted, and the environment in which the
lift is to be made are all important considerations to be evaluated—before the transfer of material
can take place safely.

B EXAMPLE 6.1

Problem: Let us assume a load of 2000 Ib supported by a two-leg sling; the legs of the sling make
an angle of 60° with the load. What force is exerted on each leg of the sling?

Solution: When solving this type of problem, always draw a rough diagram as shown in Figure
6.2. A resolution of forces provides the answer. We will use the trigonometric method to solve this
problem, but remember that it may also be solved using the graphic method. Using the trigonometric
method with the parallelogram law, the problem could be solved as described below. Again, make a
drawing to show a resolution of forces similar to that shown in Figure 6.3.
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FIGURE 6.2 Tllustration for Example 6.1. FIGURE 6.3 Tllustration for Example 6.1
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We could consider the load (2000 1b) as being concentrated and acting vertically, which can be
indicated by a vertical line. The legs of the slings are at a 60° angle, which can be shown as ab and
ac. The parallelogram can now be constructed by drawing lines parallel to ab and ac, intersecting
at d. The point where cb and ad intersect can be indicated as e. The force on each leg of the sling
(ab, for example) is the resultant of two forces, one acting vertically (ae), the other horizontally (be),
as shown in the force diagram. Force ae is equal to one-half of ad (the total force acting vertically,
2000 1b), so ae = 1000. This value remains constant regardless of the angle ab makes with bd,
because as the angle increases or decreases, ae also increases or decreases. But ae is always ad/2.
The force ab can be calculated by trigonometry using the right triangle abe:

Sine of an angle = (Opposite side)/(Hypotenuse)

therefore,

sin 60° = (ae)/(ab)
transposing,

ab = (ae)/(sin 60°)
substituting known values,

ab = (1000)/(0.866) = 1155
The total weight on each leg of the sling at a 60° angle from the load is 1155 lb. Note that the

weight is more than half the load, because the load is made up of two forces—one acting vertically,
the other horizontally. An important point to remember is that the smaller the angle, the greater
the load (force) on the sling. For example, at a 15° angle, the force on each leg of a 2000-1b load
increases to 3864 Ib.

Let’s take a look at what the force would be on each leg of a 2000-Ib load at various angles that
are common for lifting slings (Figure 6.4) and work a couple of example problems.

B EXAMPLE 6.2

Problem: We have a 3000-1b load to be lifted with a two-leg sling whose legs are at a 30° angle from
the load. What is the load (force) on each leg of the sling?

Solution: We know that the sin A = a/c, and sin 30° = 0.5. Thus,
a = (3000 1b)/(2) = 1500 1b

¢ = (@)/(sin A) = 1500 1b/0.5 = 3000 Ib

2000 Ib 1414 1b 2000 Ib 1000 Ib

2000 Ib 2000 Ib 2000 Ib

(A) (B) (@) (D)

FIGURE 6.4 Sling angle and load examples for Example 6.2.
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B EXAMPLE 6.3

Problem: Given a two-rope sling supporting 10,000 Ib, what is the load (force) on the left sling?
Sling angle to load is 60°.

Solution: We know that the sin A = a/c, and sin 60° = 0.866. Thus,
a = (10,000 Ib)/(2) = 5000 1b

¢ = (@/(sin A) = 5000 1b/0.866 = 5774 1b

INCLINED PLANE

Another common problem encountered by environmental engineers involves the resolution of forces
that occurs in material handling operations when moving a load (e.g., a cart) up an inclined plane (or
ramp). The safety implications in this type of work activity should be obvious. The forces acting on
an inclined plane are shown in Figure 6.5. Let’s take a look at a typical example of how to determine
the force required to pull a fully loaded cart up a ramp (an inclined plane).

B EXAMPLE 6.4

Problem: We assume that a fully loaded cart weighing 400 Ib is to be pulled up a ramp that has a
5-ft rise for each 12 ft, measured along the horizontal direction (make a rough drawing; see Figure
6.6). What force is required to pull it up the ramp?

normal

1j,gravity

y

FIGURE 6.5 Forces acting on an inclined plane.

|

FIGURE 6.6 Inclined plane for Example 6.4.
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Note: For illustrative purposes, we will assume no friction. Without friction, of course, the work
done in moving the cart in a horizontal direction would be zero; once the movement of the
cart was started, it would move with constant velocity—the only work required is that neces-
sary to get it started. However, a force equal to J is necessary to pull the cart up the ramp or to
maintain the car at rest (in equilibrium). As the angle (slope) of the ramp is increased, greater
force is required to move it, because the load is being raised as it moves along the ramp, thus
doing work. Remember that this is not the case when the cart is moved along a horizontal plane
without friction; however, in actual practice friction can never be ignored, and some work is
accomplished in moving the cart.

Solution: To determine the actual force involved, we can again use a resolution of forces. The first
step is to determine the angle of the ramp. This can be calculated by the formula:

Tangent (angle of ramp) = (Opposite side)/(Adjacent side) = (5)/(12) = 0.42

and arctan 0.42 = 22.8°.

Now we need to draw a force parallelogram (see Figure 6.7) and apply the trigonometric method.
The weight of the cart (W) (shown as force acting vertically) can be resolved into two components:
force J parallel to the ramp and force K perpendicular to the ramp. Component K, being perpen-
dicular to the inclined ramp, does not hinder movement up the ramp. Component J represents a
force that would accelerate the cart down the ramp. To pull the cart up the ramp, a force equal to or
greater than J is necessary.

Applying the trigonometric method, angle WOK is the same as the angle of the ramp.

OJ = WK + OW =400 b
Sine of angle WOK (22.8°) = (Opposite side, WK)/(Hypotenuse, OW)

Transposing,

WK = OW X sin 22.8° =400 x 0.388 = 155.2

Thus, a force of 155.2 1b is necessary to pull the cart up the 22.8° angle of the ramp (with fric-
tion ignored). Note that the total amount of work is the same, whether the cart is lifted vertically
(400 1b x 5 ft = 2000 ft-1b) or is pulled up the ramp (155.2 Ib x 13 ft = 2000 ft-Ib). The advan-
tage gained in using a ramp instead of a vertical lift is that less force is required—but through a
greater distance.

22.8° S

FIGURE 6.7 Force parallelogram.
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PROPERTIES OF MATERIALS AND PRINCIPLES OF MECHANICS

To be able to recognize hazards and to select and implement appropriate controls, an environmental
engineer must have a good understanding of the properties of materials and principles of mechan-
ics. In this section, we begin with a discussion of the properties of materials then address the wide
spectrum that is mechanics, beginning with statics and ending with electrical machines. The intent
is to clearly illustrate the wide scope of knowledge required in areas germane to the properties of
materials, the principles of mechanics, and other relevant topics that will help to produce well-
rounded, knowledgeable environmental engineers.

PROPERTIES OF MATERIALS

When we speak of the properties of materials or a material’s properties, what are we referring to
and why should we concern ourselves with this topic? The best way to answer this question is to
consider an environmental engineer working with design engineers in a preliminary design confer-
ence. The engineer might typically be exposed to engineering design data, parameters, and speci-
fications related to the properties of a particular construction material to be used in the fabrication
of, for example, a large mezzanine in a warehouse. To construct this particular mezzanine, consid-
eration must be given to the fact that it will be used to store large, heavy equipment components.
The demands placed on the finished mezzanine create the need for the mezzanine to be built using
materials that can safely support a heavy load.

For illustration, let’s say that the design engineers plan to use an aluminum alloy (structural, No.
17ST). Before they decide upon using No. 17ST and determining the quantity necessary to build the
mezzanine, they must examine the material’s mechanical properties to ensure that it will be able to
handle the intended load (they will also factor in, many times over, for safety, the use of a material
that will handle a load much greater than expected). Using a table on the mechanical properties of
engineering materials in Urquhart’s Civil Engineering Handbook, they found the information for
No. 17ST shown in Table 6.1.

Is this information important to an environmental engineer? Not particularly, but what is impor-
tant to an environmental engineer is that (1) professional engineers in this case actually took the
time to determine the correct materials to use to construct the mezzanine, and (2) when exposed to
this type of information, to specific terms, the environmental engineer must know enough about the
language used to know what the design engineers are talking about and to understand its signifi-
cance. (Remember Voltaire: “If you wish to converse with me, define your terms.”)

Let’s take a look at a few essential engineering terms and their definitions. Keep in mind that
many of these definitions are defined exactly and precisely in mathematical formulas and computa-
tions. These exact and precise mathematical definitions are beyond the scope of this text, but we do
include a few here that are pertinent to the environmental profession. Many of the engineering terms
defined below are from Heisler (1998), Tapley (1990), and Giachino and Weeks (1985), all highly rec-
ommended texts and ones that should serve as standard reference texts for environmental engineers.

TABLE 6.1

Properties of Engineering Materials No. 17ST

Ultimate strength (defined as the ultimate Tension = 58,000 psi
strength in compression for ductile materials, =~ Compression strength = 35,000 psi
which is usually taken as the yield point) Shear strength = 35,000 psi

Yield point tension 35,000 psi.

Modulus of elasticity, tension or compression 10,000,000

Modulus of elasticity, shear 3,750,000

Weight 0.10 Ib/in.?
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FIGURE 6.8 (A) Stress is measured in terms of the load applied over the area. (B) Strain is expressed in
terms of amount of deformation per square inch.

Stress—The internal resistance a material offers to being deformed; it is measured in terms of
the applied load over the area (see Figure 6.8A)

Strain—Deformation that results from a stress; it is expressed in terms of the amount of defor-
mation per square inch (see Figure 6.8B).

Intensity of stress—Stress per unit area, usually expressed in pounds per square inch; it is
the result of a force of P pounds producing tension, compression, or shear on an area of A
square inches, over which it is uniformly distributed. The simple term stress is normally
used to indicate intensity of stress.

Ultimate stress—The greatest stress that can be produced in a body before rupture occurs.

Allowable stress or working stress—The intensity of stress that the material of a structure or
a machine is designed to resist.

Elastic limit—The maximum intensity of stress to which a material may be subjected and
return to its original shape upon the removal of stress (see Figure 6.9).

Yield point—The intensity of stress beyond which the change in length increases rapidly with
little (if any) increase in stress.

Modulus of elasticity—Ratio of stress to strain, for stresses below the elastic limit. By check-
ing the modulus of elasticity, the comparative stiffness of different materials can readily
be ascertained. Rigidity and stiffness are very important considerations for many machine
and structural applications.

Poisson’s ratio—Ratio of the relative change of diameter of a bar to its unit change of length
under an axial load that does not stress it beyond the elastic limit.

Tensile strength—Resistance to forces acting to pull the metal apart, a very important factor
in the evaluation of a metal (see Figure 6.10).

Force

FIGURE 6.9 Elasticity and elastic limit; a metal has the ability to return to its original shape after being
elongated or distorted, unless it reaches its maximum stress point.
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Force Force

FIGURE 6.10 A metal with tensile strength resists pulling forces.

Force Force

FIGURE 6.11 Compressive strength is the ability of a metal to resist crushing forces.

Force

Force Force

FIGURE 6.12 Bending strength (stress) is a combination of tensile strength and compressive strength.
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FIGURE 6.13 Torsional strength is the ability of a metal to withstand twisting forces.

Compressive strength—Ability of a material to resist being crushed (see Figure 6.11).

Bending strength—Resistance to forces causing a member to bend or deflect in the direction
in which the load is applied; it is actually a combination of tensile and compressive stresses
(see Figure 6.12).

Torsional strength—Resistance to forces causing a member to twist (see Figure 6.13).

Shear strength—Resistance to two equal forces acting in opposite directions (see Figure 6.14).

Fatigue strength—Resistance to various kinds of rapidly alternating stresses.

Impact strength—Resistance to loads that are applied suddenly and often at high velocity.
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_ Force

FIGURE 6.14 Sheer strength determines how well a member can withstand two equal forces acting in
opposite directions.
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FIGURE 6.15 Distribution of stress in a beam cross-section during bending.

Ductility—Ability of a metal to stretch, bend, or twist without breaking or cracking (see
Figure 6.15).

Hardness—Property in steel that resists indentation or penetration.

Brittleness—A condition whereby a metal will easily fracture under low stress.

Toughness—May be considered as strength, together with ductility. A tough material can
absorb large amounts of energy without breaking.

Malleability—Ability of a metal to be deformed by compression forces without developing
defects, such as forces encountered in rolling, pressing, or forging.
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Friction

Earlier, in the discussion on the principle of the inclined plane, the effect of friction was ignored.
In actual use, friction cannot be ignored and we must have some understanding of its characteris-
tics and applications. Friction results when an object on the verge of sliding, rotating, rolling, or
spinning, or in the process of any of these, is in contact with another body. Friction allows us to
walk, ski, drive vehicles, and power machines, among other things. Whenever one object slides
over another, frictional forces opposing the motion are developed between them. Friction force
is the force tangent to the contact surface that resists motion. If motion occurs, the resistance is
due to kinetic friction, which is normally lower than the value for static friction. Contrary to com-
mon perception, the degree of smoothness of a surface area is not responsible for these frictional
forces; instead, the molecular structure of the materials is responsible. The coefficient of friction
(M) (which differs among different materials) is the ratio of the frictional force (F) to the normal
force (N) between two bodies:

M = FIN 6.4)

For dry surfaces, the coefficient of friction remains constant, even if the weight of an object (i.e.,
force N) is changed. The force of friction (F) required to move the block changes proportionally.
Note that the coefficient of friction is independent of the area of contact, which means that pushing
a brick across the floor requires the same amount of force whether it is on end, on edge, or flat. The
coefficient of friction is useful in determining the force necessary to do a certain amount of work.
Temperature changes only slightly affect friction. Friction causes wear. To overcome this wear
problem, lubricants are used to reduce friction.

Pressure
Pressure, in mechanics, is defined as the force per unit of area or

Pressure = (Total force)/(Area) (6.5)

Pressure is usually expressed in terms of force per unit of area, as in pounds per square inch when
dealing with gases or in pounds per square foot when dealing with weight on a given floor area. The
pressure exerted on a surface is the perpendicular force per unit area that acts upon it. Gauge pres-
sure is the difference between total pressure and atmospheric pressure.

Specific Gravity

Specific gravity is the ratio of the weight of a liquid or solid substance to the weight of an equal
volume of water, a number that can be determined by dividing the weight of a body by the weight
of an equal volume of water. Because the weight of any body per unit of volume is its density, then

Specific gravity = (Density of body)/(Density of water) 6.6)

B EXAMPLE 6.5
Problem: The density of a particular material is 0.24 1b/in.3, and the density of water is 0.0361 1b/
in.3. What is the specific gravity?

Solution:

Specific gravity = (Density of body)/(Density of water) = 0.24/0.0361 = 6.6

The material is 6.6 times as heavy as water. This ratio does not change, regardless of the units that
may be used, which is an advantage for two reasons: (1) the ratio will always be the same for the
same material, and (2) specific gravity is less confusing than the concept of density, which changes
as the units change.
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Force, Mass, and Acceleration
According to Newton’s second law of motion:

The acceleration produced by unbalanced force acting on a mass is directly proportional to the unbal-
anced force, in the direction of the unbalanced force, and inversely proportional to the total mass being
accelerated by the unbalanced force.

If we express Newton’s second law mathematically, it is greatly simplified and becomes
F=ma 6.7)

where F is force, m is mass, and a is acceleration; 1 Newton = 1 kg - m/s?. This equation is extremely
important in physics and engineering. It simply relates acceleration to force and mass. Acceleration
is defined as the change in velocity divided by the time taken. This definition tells us how to mea-
sure acceleration. F' = ma tells us what causes the acceleration—an unbalanced force. Mass may
be defined as the quotient obtained by dividing the weight of a body by the acceleration caused by
gravity. Because gravity is always present, we can, for practical purposes, think of mass in terms of
weight, making the necessary allowance for gravitational acceleration.

Centrifugal and Centripetal Forces

Two terms with which the environmental professional should be familiar are centrifugal force and
centripetal force. Centrifugal force is a concept based on an apparent (but not real) force. It may
be regarded as a force that acts radially outward from a spinning or orbiting object (a ball tied to a
string whirling about), thus balancing a real force, the centripetal force (the force that acts radially
inward). This concept is important in environmental engineering, because many of the machines
encountered on the job may involve rapidly revolving wheels or flywheels. If the wheel is revolving
fast enough, and if the molecular structure of the wheel is not strong enough to overcome the cen-
trifugal force, it may fracture and pieces of the wheel would fly off tangent to the arc described by
the wheel. The safety implications are obvious. Any worker using such a device, or near it, may be
severely injured when the rotating member ruptures. This is what happens when a grinding wheel
on a pedestal grinder “bursts.” Rim speed determines the centrifugal force, and rim speed involves
both the speed (rpm) of the wheel and the diameter of the wheel.

Stress and Strain

In materials, stress is a measure of the deforming force applied to a body. Strain (which is often erro-
neously used as a synonym for stress) is really the resulting change in its shape (deformation). For
perfectly elastic material, stress is proportional to strain. This relationship is explained by Hooke’s
law, which states that the deformation of a body is proportional to the magnitude of the deforming
force, provided that the body’s elastic limit is not exceeded. If the elastic limit is not reached, the
body will return to its original size once the force is removed. For example, if a spring is stretched 2
cm by a weight of 1 N, it will be stretched 4 cm by a weight of 2 N, and so on; however, once the load
exceeds the elastic limit for the spring, Hooke’s law will no longer be obeyed, and each successive
increase in weight will result in a greater extension until the spring finally breaks.
Stress forces are categorized in three ways:

1. Tension (or tensile stress), in which equal and opposite forces that act away from each other
are applied to a body; tends to elongate a body

2. Compression stress, in which equal and opposite forces that act toward each other are
applied to a body; tends to shorten a body

3. Shear stress, in which equal and opposite forces that do not act along the same line of
action or plane are applied to a body; tends to change the shape of a body without changing
its volume
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PRINCIPLES OF MECHANICS

This section discusses the mechanical principles of statics, dynamics, soils, beams, floors, columns,
electric circuits, and machines. Field safety engineers should have at least some familiarity with all
of these. Note that safety engineers whose function is to verify design specifications (with safety in
mind) should have more than just a familiarity with these topics.

Statics

Statics is the branch of mechanics concerned with the behavior of bodies at rest and forces in equilib-
rium and is distinguished from dynamics (concerned with the behavior of bodies in motion). Forces
acting on statics do not create motion. Static applications are bolts, welds, rivets, load-carrying com-
ponents (ropes and chains), and other structural elements. A common example of a static situation is
shown in the bolt-and-plate assembly. The bolt is loaded in tension and holds two elements together.

Welds

Welding is a method of joining metals to achieve a more efficient use of the materials and faster
fabrication and erection. Welding also permits the designer to develop and use new and aesthetically
appealing designs, and it saves weight because connecting plates are not needed and allowances
need not be made for reduced load-carrying ability due to holes for rivets, bolts, and so on (Heisler,
1998). Simply put, the welding process joins two pieces of metal together by establishing a metal-
lurgical bond between them. Most processes use a fusion technique; the two most widely used are
arc welding and gas welding. In the welding process, where two pieces of metal are joined together,
the mechanical properties of metals are important, of course. The mechanical properties of metals
primarily determine how materials behave under applied loads—in other words, how strong a metal
is when it comes in contact with one or more forces. The important point is that if you apply knowl-
edge about the strength properties of a metal, you can build a structure that is both safe and sound.
The welder must know the strength of his weld as compared with the base metal to produce a weld-
ment that is strong enough to do the job. Thus, the welder is just as concerned with the mechanical
properties of metals as is the engineer.

Dynamics

Dynamics (kinetics in mechanics) is the mathematical and physical study of the behavior of bodies
under the action of forces that produce changes of motion in them. In dynamics, certain properties
are important: displacement, velocity, acceleration, momentum, kinetic energy, potential energy,
work, and power. Environmental engineers work with these properties to determine, for example, if
rotating equipment will fly apart and cause injury to workers or to determine the distance required
to stop a vehicle in motion.

Hydraulics and Pneumatics—Fluid Mechanics

Hydraulics (liquids only) and pneumatics (gases only) make up the study of fluid mechanics, which in
turn is the study of forces acting on fluids (both liquids and gases). Environmental engineers encounter
many fluid mechanics problems and applications of fluid mechanics. Environmental engineers work-
ing in chemical industries, or in or around processes using or producing chemicals, particularly need
to have an understanding of flowing liquids or gases to be able to predict and control their behavior.

Soil Mechanics

When dealing with soil, nature’s building material, engineers should keep the following statement
in mind:

“Observe always that everything is the result of change, and get used to thinking that there is nothing
Nature loves so well as to change existing forms and to make new ones like them.”

—Marcus Aurelius (Meditations)
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Soil for Construction

By the time most students reach the third or fourth year of elementary school, they are familiar with
the Leaning Tower of Pisa, and many are also familiar with Galileo’s experiments with gravity and
the speed of falling objects dropped from the top of the tower. This 12th-century bell tower has been
a curiosity for literally millions of people from the time it was first built to the present. Eight stories
high and 180 feet tall, with a base diameter of 52 feet, the tower began to lean by the time the third
story was completed, and leans about 1/25 inch further each year.

How many people know why the tower is leaning in the first place—and who would be more than
ordinarily curious about why the Leaning Tower leans? If you are a soil scientist or an engineer,
this question has real significance and requires an answer. In fact, the Leaning Tower of Pisa should
never have acquired the distinction of being a leaning tower in the first place. The problem is that
the Leaning Tower of Pisa rests on a non-uniform consolidation of clay, and the ongoing process of
leaning may eventually lead to failure of the building.

As you might have guessed, the mechanics of why the Leaning Tower of Pisa leans is what this sec-
tion is all about. More specifically, it is about the mechanics and physics of the soil—important factors
in making the determination as to whether a particular building site is viable for building. Simply put,
these two factors are essential in answering the question “Will the soils present support buildings?”

Soil Characteristics

When we refer to the characteristics of soils, we are referring to the mechanical characteristics,
physical factors important to environmental engineers. Environmental engineers focus on the char-
acteristics of the soil related to its suitability as a construction material and its ability to be exca-
vated. Simply put, the environmental engineer must understand the response of a particular volume
of soil to internal and external mechanical forces. Obviously, it is important to be able to determine
the soil’s ability to withstand the load applied by structures of various types and its ability to remain
stable when excavated. From a purely engineering point of view, soil is any surficial (near the sur-
face) material that is unconsolidated enough to be excavated with tools (from bulldozers to shovels).
The engineer takes into consideration both the advantages and disadvantages of using soil for engi-
neering purposes. The obvious key advantage of using soil for engineering is that there is (in many
places) no shortage of it—it may already be on the construction site, thus avoiding the expense of
hauling it from afar. Another advantage of using soil for construction is its ease of manipulation; it
may be easily shaped into almost any desired form. Soil also allows for the passage of moisture, or,
as needed, it can be made impermeable.

The environmental engineer looks at both the advantages and disadvantages of using soil for
construction projects. The most obvious disadvantage of using soil is its variability from place to
place and from time to time. Soil is not a uniform material for which reliable data related to strength
can be compiled or computed. Cycles of wetting and drying and freezing and thawing affect the
engineering properties of soil. A particular soil may be suitable for one purpose but not for another.
Stamford clay in Texas, for example, is rated as “very good” for sealing of farm ponds but “very
poor” for use as base for roads and buildings (Buol et al., 1980).

To determine whether a particular soil is suitable for use as a base for roads or buildings, the
environmental engineer studies soil survey maps and reports. The environmental engineer also
checks with soil scientists and other engineers familiar with the region and the soil types of that
region. Any good engineer will also want to conduct field sampling to ensure that the soil product
he or she will be working with possesses the soil characteristics required for its intended purpose.

Important characteristics of soils for environmental engineering purposes include the following:

* Soil texture

» Kinds of clay present
¢ Depth to bedrock

* Soil density



204 Handbook of Environmental Engineering

¢ Erodibility

* Corrosivity

* Surface geology

* Plasticity

* Content of organic matter

e Salinity

* Depth to seasonal water table

The environmental engineer will also want to know the soil’s density, space—volume and weight—
volume relationships, stress and strain, slope stability, and compaction. Because these concepts are
of paramount importance to the engineer, these concepts are discussed in the following sections.

Soil Weight=Volume or Space—Volume Relationships

The proportions of the components vary dramatically between and within various soil types,
because water that is not chemically attached is a void filler, and the relationship between it and the
void areas is dependent on how much water (moisture) is available. The volume of the soil mass is
the sum of the volumes of the three components:

Vo=V, +V, +V, (6.8)

where
V= Total volume.
V, = Air volume.
V,, = Water volume.
V, = Solids volume.

The volume of the voids is the sum of V, and V,. However, because the weighing of air in the soil
voids would be done within the Earth’s atmosphere as with other weighings, the weight of the solids
is determined on a different basis. We consider the weight of air in the soil to be zero and the total
weight is expressed as the sum of the weights of the soil solids and the water:

Wp=W,+ W, 6.9)

where
W, = Total weight.
W, = Solids weight.
W, = Water weight.

The relationship between weight and volume can be expressed as

w,=V,G (6.10)

m-w

where
W, = Weight of the material (solid, liquid, or gas).
V,, = Volume of the material.
G,, = Specific gravity of the material (dimensionless).
w = Unit weight of water.

With the relationships described above, a few useful problems can be solved. When an environ-
mental engineer determines that, within a given soil, the proportions of the three major components
need to be mechanically adjusted, this can be accomplished by reorienting the mineral grains by
compaction or tilling. The environmental engineer may want to blend soil types to alter the propor-
tions, such as increasing or decreasing the percentage of void space.
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How do we go about doing this? Relationships between volumes of soil and voids are described
by the void ratio (e¢) and porosity (1)). To accomplish this, we must first determine the void ratio (the
ratio of the void volume to the volume of solids):

e=VJV. 6.11)

We must also determine the ratio of the volume of void spaces to the total volume. This can be
accomplished by determining the porosity () of the soil, which is the ratio of void volume to total
volume. Porosity is usually expressed as a percentage:

n=(V,/Vy) x 100% 6.12)

where
V., = Void space volume.
V= Total volume.

Two additional relationships, moisture content (w) and degree of saturation (S), relate the water
content of the soil and the volume of the water in the void space to the total void volume:

w= (W, /W) x 100% (6.13)
and

S=(V,/V) x 100% (6.14)

Soil Particle Characteristics

The size and shape of particles in the soil, as well as density and other characteristics, relate to sheer
strength, compressibility, and other aspects of soil behavior. Engineers use these index properties
to form engineering classifications of soil. Simple classification tests are used to measure index
properties (see Table 6.2) in the lab or the field. From Table 6.2, we see that an important division of
soils (from the engineering point of view) is the separation of the cohesive (fine-grained) from the
incohesive (coarse-grained) soils. Let’s take a closer look at these two important terms.

TABLE 6.2

Index Property of Soils

Soil Type Index Property

Cohesive (fine-grained) Water content
Sensitivity

Type and amount of clay

Consistency

Atterberg limits
Incohesive (coarse-grained) Relative density

In-place density

Particle-size distribution

Clay content

Shape of particles

Source: Adapted from Kehew, A.E., Geology for Engineers
and Environmental Scientists, 2nd ed., Prentice
Hall, Englewood Cliffs, NJ, 1995, p. 284.
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Cohesion indicates the tendency of soil particles to stick together. Cohesive soils contain silt and
clay. The clay and water content makes these soils cohesive through the attractive forces between
individual clay and water particles. The influence of the clay particles makes the index properties
of cohesive soils somewhat more complicated than the index properties of cohesionless soils. The
resistance of a soil at various moisture contents to mechanical stresses or manipulations depends
on the soil’s consistency, the arrangement of clay particles, and is the most important characteristic
of cohesive soils.

Another important index property of cohesive soils is sensitivity. Simply defined, sensitivity is
the ratio of unconfined compressive strength in the undisturbed state to strength in the remolded
state (see Equation 6.15). Soils with high sensitivity are highly unstable.

Sensitivity = (Strength in undisturbed condition)/(Strength in remolded condition) (6.15)

Soil water content is an important factor that influences the behavior of the soil. The water con-
tent values of soil are known as the Atterburg limits, a collective designation of so-called limits
of consistency of fine-grained soils which are determined with simple laboratory tests. They are
usually presented as the liquid limit (LL), plastic limit (PL), and shrinkage limit (SL). The plastic
limit is the water level at which soil begins to be malleable in a semisolid state, but molded pieces
crumble easily when a little pressure is applied. When the volume of the soil becomes nearly con-
stant (solid) with further decreases in water content, the soil has reached the shrinkage limit. The
liquid limit is the water content at which the soil-water mixture changes from a liquid to a semifluid
(or plastic) state and tends to flow when jolted. Obviously, an engineer charged with building a
highway or building would not want to choose a soil for the foundation that tends to flow when wet.
The difference between the liquid limit and the plasticity limit is the range of water content over
which the soil is plastic and is called the plasticity index. Soils with the highest plasticity indices
are unstable in bearing loads.

Several systems for classifying the stability of soil materials have been devised, but the best
known (and probably the most useful) system is called the Unified System of Classification. This
classification gives each soil type (14 classes) a two-letter designation, primarily based on particle-
size distribution, liquid limit, and plasticity index.

Cohesionless coarse-grained soils behave much differently than cohesive soils and are based
on (from index properties) the size and distribution of particles in the soil. Other index properties
(particle shape, in-place density, and relative density, for example) are important in describing cohe-
sionless soils, because they relate to how closely particles can be packed together.

Soil Stress and Strain

If the reader is familiar with water pressure and its effect as you go deeper into the water (as when
diving deep into a lake), it should come as no surprise that the same concept applies to soil and
pressure. Like water, pressure within the soil increases as the depth increases. A soil, for exam-
ple, that has a unit weight of 75 Ib/ft3 exerts a pressure of 75 psi at a 1-foot depth and 225 psi at 3
feet, etc. As you might expect, as the pressure on a soil unit increases, the soil particles reorient
themselves structurally to support the cumulative load. This consideration is important, because
the elasticity of the soil sample retrieved from beneath the load may not be truly representative
once it has been delivered to the surface. The importance of taking representative samples cannot
be overstated. The response of a soil to pressure (stress) is similar to what occurs when a load is
applied to a solid object; the stress is transmitted throughout the material. The load subjects the
material to pressure, which equals the amount of load divided by the surface area of the external
face of the object over which it is applied. The response to this pressure or stress is called dis-
placement or strain. Stress (like pressure), at any point within the object, can be defined as force
per unit area.
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Soil Compressibility

When a vertical load such as a building or material stockpile is placed above a soil layer, some
settlement can be expected. Settlement is the vertical subsidence of the building (or load) as the soil
is compressed. Compressibility refers to the tendency of soil to decrease in volume under load. This
compressibility is most significant in clay soils because of the inherent high porosity. Although the
mechanics of compressibility and settlement are quite complex and beyond the scope of this text,
the reader should know something about the actual evaluation process for these properties, which
is accomplished in the consolidation test. This test subjects a soil sample to an increasing load. The
change in thickness is measured after the application of each load increment.

Soil Compaction

The goal of compaction is to reduce void ratio and thus increase the soil density, which, in turn,
increases the shear strength. This is accomplished by working the soil to reorient the soil grains
into a more compact state. If water content is within a limited range (sufficient enough to lubricate
particle movement), efficient compaction can be obtained. The most effective compaction occurs
when the soil placement layer (commonly called [/iff) is approximately 8 inches. At this depth, the
most energy is transmitted throughout the lift. Note that more energy must be dispersed, and the
effort required to accomplish maximum density is greatly increased when the lift is greater than 10
inches in thickness. For cohesive soils, compaction is best accomplished by blending or kneading
the soil using sheepsfoot rollers and pneumatic tire rollers. These devices work to turn the soil into
a denser state. To check the effectiveness of the compactive effort, the in-place dry density of the
soil (weight of solids per unit volume) is tested by comparing the dry density of field-compacted
soil to a standard prepared in an environmental laboratory. Such a test allows a percent compaction
comparison to be made.

Soil Failure

Construction, environmental, and design engineers must be concerned with soil structural implica-
tions involved with natural processes (such as frost heave, which could damage a septic system) and
changes applied to soils during remediation efforts (e.g., when excavating to mitigate a hazardous
materials spill in soil). Soil failure occurs whenever it cannot support a load. Failure of an over-
loaded foundation, collapse of the sides of an excavation, or slope failure on the sides of a dike,
hill, or similar feature is termed structural failure. The type of soil structural failure that probably
occurs more frequently than any other is slope failure (commonly known as a cave-in). A Bureau of
Labor Statistics review of on-the-job mishaps found that cave-ins occur in construction excavations
more frequently than you might think, even considering the obvious dangers inherent in excavation.

What is an excavation? How deep does an excavation have to be to be considered dangerous?
The answers to these questions could save your life or help you protect others when you become
an engineer involved with safety. An excavation is any manmade cut, cavity, trench, or depression
in the Earth’s surface formed by earth removal. This can include excavations for anything from a
remediation dig to sewer line installation. No excavation activity should be accomplished without
keeping personnel safety in mind. Any time soil is excavated, care and caution are advised. As
a rule of thumb (and as law under 29 CFR 1926.650—-652), the Occupational Safety and Health
Administration (OSHA) requires trench protection in any excavation 5 feet or more in depth. Before
digging begins, proper precautions must be taken. The responsible party in charge (the competent
person, according to OSHA) must

* Contact utility companies to ensure that underground installations are identified and
located.

* Ensure that underground installations are protected, supported, or removed as necessary
to safeguard workers.
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¢ Remove or secure any surface obstacles (trees, rocks, and sidewalks, for example) that may
create a hazard for workers.

* Classify the type of soil and rock deposits at the site as stable rock, type A, type B, or type
C soil. One visual and at least one manual analysis must be performed to make the soil
classification.

Let’s take a closer look at the requirement to classify the type of soil to be excavated. Before an
excavation can be accomplished, the soil type must be determined. The soil must be classified as
stable rock, type A, type B, or type C soil. Remember, commonly you will find a combination of
soil types at an excavation site. In this case, soil classification is used to determine the need for a
protective system. Following is a description of the various soil classifications:

e Stable rock is a natural solid mineral material that can be excavated with vertical sides.
Stable rock will remain intact while exposed, but keep in mind that, even though solid rock
is generally stable, it may become very unstable when excavated (in practice you never
work in this kind of rock).

* Type A soil, the most stable soil, includes clay, silty clay, sandy clay, clay loam, and some-
times silty clay loam and sandy clay loam.

* Type B soil, moderately stable, includes silt, silt loam, sandy loam, and sometimes silty
clay loam and sand clay loam.

* Type C soil, the least stable, includes granular soils such as gravel, sand, loamy sand, sub-
merged soil, soil from which water is freely seeping, and submerged rock that is not stable.

To test and classify soil for excavation, both visual and manual tests should be conducted. Visual
soil testing looks at soil particle size and type. Of course, a mixture of soils will be visible. If the
soil clumps when dug it could be clay or silt. Type B or C soil can sometimes be identified by the
presence of cracks in walls and spalling (breaks up into chips or fragments). If you notice layered
systems with adjacent hazardous areas—buildings, roads, and vibrating machinery—a professional
engineer may be required for classification. Standing water or water seeping through trench walls
automatically classifies the soil as type C.

Manual soil testing is required before a protective system (e.g., shoring or shoring box) is selected.
A sample taken from soil dug out into a spoil pile should be tested as soon as possible to preserve its
natural moisture. Soil can be tested either onsite or offsite. Manual soil tests include a sedimentation
test, wet shaking test, thread test, and ribbon test.

A sedimentation test determines how much silt and clay are in sandy soil. Saturated sandy soil
is placed in a straight-sided jar with about 5 inches of water. After the sample is thoroughly mixed
(by shaking it) and allowed to settle, the percentage of sand is visible. A sample containing 80%
sand, for example, will be classified as type C. The wet shaking test is another way to determine the
amount of sand vs. clay and silt in a soil sample. This test is accomplished by shaking a saturated
sample by hand to gauge soil permeability based on the following facts: (1) shaken clay resists water
movement through it, and (2) water flows freely through sand and less freely through silt.

The thread test is used to determine cohesion (remember, cohesion relates to stability—how well
the grains hold together). After a representative soil sample is taken, it is rolled between the palms of
the hands to about 1/8-inch diameter and several inches in length (any child who has played in dirt
has accomplished this at one time or another—nobody said soil science has to be boring). The rolled
piece is placed on a flat surface and then picked up. If a sample holds together for 2 inches, it is con-
sidered cohesive. The ribbon test is used as a backup for the thread test. It also determines cohesion.
A representative soil sample is rolled out (using the palms of your hands) to a 3/4-inch diameter and
several inches in length. The sample is then squeezed between the thumb and forefinger into a flat
unbroken ribbon 1/8 to 1/4 inch thick that is allowed to fall freely over the fingers. If the ribbon does
not break off before several inches are squeezed out, the soil is considered cohesive.
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TABLE 6.3
Maximum Safe Side Slopes in Excavations

Soil Type  Side Slope (Vertical to Horizontal)  Side Slope (Degrees from Horizontal)

A 75:1 53¢
B 1:1 45°
C 1.5:1 34°

Source: OSHA Excavation Standard 29 CFR 1926.650-652.

Once soil has been properly classified, the correct protective system can be chosen. This choice is
based on both soil classification and site restrictions. The two main types of protective systems are
(1) sloping or benching, and (2) shoring or shielding. Sloping and benching are excavation protective
measures that cut the walls of an excavation back at an angle to its floor. The angle used for sloping
or benching is a ratio based on soil classification and site restrictions. In both systems, the flatter the
angle, the greater the protection for workers. Reasonably safe side slopes for each of these soil types
are presented in Table 6.3.

Shoring and shielding are two protective measures that add support to an existing excavation;
they are generally used in excavations with vertical sides but can be used with sloped or benched
soil. Shoring is a system designed to prevent cave-ins by supporting walls with vertical shores called
uprights or sheeting. Wales are horizontal members along the sides of a shoring structure. Cross braces
are supports placed horizontally between trench walls. Shielding is a system that employs a trench
box or trench shield. These can be premanufactured or built onsite under the supervision of a licensed
engineer. Shields are usually portable steel structures placed in the trench by heavy equipment. For
deep excavations, trench boxes can be stacked and attached to each other with stacking lugs.

Soil Physics

Soil is a dynamic, heterogeneous body that is non-isotropic; that is, it does not have the same proper-
ties in all directions. As you might expect, because of these properties various physical processes
are active in soil at all times. This important point was made clear by Winegardner (1996, p. 63):
“All of the factors acting on a particular soil, in an established environment, at a specified time, are
working from some state of imbalance to achieve a balance.” Most soil specialists have little dif-
ficulty in understanding why soils are very important to the existence of life on Earth. They know,
for example, that soil is necessary (in a very direct sense) to sustain plant life and thus other life
forms that depend on plants, and they know that soil functions to store and conduct water, serves
a critical purpose in soil engineering involved with construction, and acts as a sink and purifying
medium for waste disposal systems. The environmental practitioner involved with soil management
activities must be well versed in the physical properties of soil. Specifically, he or she must have
an understanding of those physical processes that are active in soil. These factors include physical
interactions related to soil water, soil grains, organic matter, soil gases, and soil temperature. To
gain this knowledge, the environmental engineer must have training in basic geology, soil science,
and engineering construction.
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7 Air Pollution

The difference between science and the fuzzy subjects is that science requires reasoning, while those
other subjects merely require scholarship.
Heinlein (1973)

INTRODUCTION TO AIR

Engineers always seem to have definitions for just about anything and everything (most of which
cannot be easily understood by many of us). An engineer might refer to air as a fluid, because it
is. Like water, air is fluid and it can be poured. Engineers are primarily interested in air as a fluid
because they deal with fluid mechanics, the study of the behavior of fluids (including air) at rest or
in motion. Fluids may be either gases or liquids. You are probably familiar with the physical differ-
ence between gases and liquids, as exhibited by air and water, but for the study of fluid mechanics
(and the purposes of this text) it is convenient to classify fluids according to their compressibility.

* Gases are very readily compressible (as in the familiar compressed air).
e Liquids are only slightly compressible (not likely the reader has heard much about com-
pressed water).

What is air? Air is a mixture of gases that constitutes the Earth’s atmosphere. The approximate
composition of dry air is, by volume at sea level, nitrogen (78%); oxygen (21%), which is necessary
for life as we know it; argon (0.93%); and carbon dioxide (0.03%), together with very small amounts
of numerous other constituents, including water vapor (see Table 7.1). The water vapor content is
highly variable and depends on atmospheric conditions. Air is said to be pure when none of the
minor constituents is present in sufficient concentration to be injurious to the health of human
beings or animals, to damage vegetation, or to cause loss of amenity (e.g., through the presence of
dirt, dust, or odors or by diminution of sunshine).

Where does air come from? Genesis 1:2 states that God separated the water environment into the
atmosphere and surface waters on the second day of creation. Many scientists believe that 4.6 billion
years ago a cloud of dust and gases forged the Earth and also created a dense molten core enveloped
in cosmic gases. This was the proto-atmosphere or proto-air, composed mainly of carbon dioxide,
hydrogen, ammonia, and carbon monoxide, but it was not long before it was stripped away by a tre-
mendous outburst of charged particles from the Sun. As the outer crust of Earth began to solidify, a
new atmosphere began to form from the gases outpouring from gigantic hot springs and volcanoes.
This created an atmosphere of air composed of carbon dioxide, nitrogen oxides, hydrogen, sulfur
dioxide, and water vapor. As the Earth cooled, water vapor condensed into highly acidic rainfall,
which collected to form oceans and lakes.

For much of Earth’s early existence (the first half), only trace amounts of free oxygen were pres-
ent, but then green plants evolved in the oceans, and they began to add oxygen to the atmosphere
as a waste gas. Eventually, oxygen increased to about 1% of the atmosphere and with time to its
current 21%.
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TABLE 7.1

Composition of Air/Earth’s Atmosphere
Gas Chemical Symbol Volume (%)
Nitrogen N, 78.08
Oxygen 0, 20.94
Carbon dioxide CO, 0.03
Argon Ar 0.093
Neon Ne 0.0018
Helium He 0.0005
Krypton Kr Trace
Xenon Xe Trace
Ozone (ON 0.00006
Hydrogen H, 0.00005

How do we know for sure about the evolution of air on Earth? Are we guessing, using voodoo
science? There is no guessing or voodoo involved in the historical geological record. Consider, for
example, geological formations that are dated to 2 billion years ago. In these early sediments there
is a clear and extensive band of red sediment (red-bed sediments), sands colored with oxidized
(ferric) iron. Earlier, ferrous formations had been laid down showing no oxidation. But, there is
more evidence. We can look at the time frame of 4.5 billion years ago, when carbon dioxide in the
atmosphere was beginning to be lost in sediments. The vast amounts of carbon deposited in lime-
stone, oil, and coal indicate that carbon dioxide concentrations must once have been many times
greater than today, when it stands at only 0.03%. The first carbonated deposits appeared about 1.7
billion years ago, the first sulfate deposits about 1 billion years ago. The decreasing carbon dioxide
was balanced by an increase in the nitrogen content of the air. The forms of respiration practiced
advanced from fermentation 4 billion years ago to anaerobic photosynthesis 3 billion years ago to
aerobic photosynthesis 1.5 billion years ago. The aerobic respiration that is so familiar today only
began to appear about 500 million years ago.

Fast-forward to the present. The atmosphere itself continues to evolve, but human activities—
with their highly polluting effects—have now overtaken Nature’s role in determining the changes.
If we cannot live without air, if air is so precious and so necessary for sustaining life, then two
questions arise: (1) Why do we ignore air? and (2) Why do we abuse it by polluting it? We tend to
ignore air (like we do water) because it is so common, usually so accessible, so inexpensive, and so
unexceptional.

Is air pollution really that big of a deal, though? Isn’t pollution relative? That is, isn’t pollution
dependent on your point of view—a judgment call? Well, if it were possible to ask the victims of the
incidents listed in Table 7.2 their opinion on how big a deal pollution is, they would say big, very big.

Beyond the fact that air is an essential resource that sustains life, it also stimulates and pleases
the senses. Although invisible to the human eye, it makes possible such sights as beautiful and
dazzling rainbows, heart-pinching sunsets and sunrises, the Northern Lights, and, on occasion, a
clear view of that high alpine meadow sprinkled throughout with the colors of spring. Air is more
than this, though—for example, have you ever felt the light touch of a cool, soothing breeze against
your skin? But air is capable of more, much more. It carries thousands of scents—both pungent
and subtle: salty ocean breezes, approaching rain, fragrances from blooming flowers, and others. It
is the others that concern us here: the sulfurous gases from industrial processes with their typical
rotten egg odor; the stink of garbage, refuse, and trash; the toxic poison remnants from pesticides,
herbicides, and all the other “-cides.” We are surrounded by air but seldom think about it until it
displeases us. It is pollution, the discarded, sickening leftovers of the heavy hand of humans, that
causes the problem.
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TABLE 7.2
Mortality Occurring during Air Pollution Events

Deaths Reported as a Result

Location Year of a Pollution Event
Meuse Valley, Belgium 1930 63
Donora, Pennsylvania 1948 20
London 1948 700-800
London 1952 4000
London 1956 1000
London 1957 700-800
London 1959 200-250
London 1962 700
London 1963 700
New York 1963 200400
New York 1966 168
Bhopal, India 1984 12,000
Graniteville, South Carolina 2004 8

DeriNiTION OF Key TerMS

In order to work at even the edge of air science and the science disciplines closely related to air sci-
ence, it is necessary for the reader to acquire a familiarity with the vocabulary used in air pollution
control activities.

Absolute pressure—The total pressure in a system, including both the pressure of a substance
and the pressure of the atmosphere (about 14.7 psi, at sea level).

Acid—Any substance that releases hydrogen ions (H*) when it is mixed into water.

Acid precipitation—Rain, snow, or fog that contains higher than normal levels of sulfuric or
nitric acid, which may damage forests, aquatic ecosystems, and cultural landmarks.

Acid surge—A period of short, intense acid deposition in lakes and streams as a result of the
release (by rainfall or spring snowmelt) of acids stored in soil or snow.

Acidic solution—A solution that contains significant numbers of (H*) ions.

Airborne toxins—Hazardous chemical pollutants that have been released into the atmosphere
and are carried by air currents.

Albedo—Reflectivity, or the fraction of incident light that is reflected by a surface.

Arithmetic mean—A measurement of average value, calculated by summing all terms and
dividing by the number of terms.

Arithmetic scale—A scale is a series of intervals (marks or lines), usually made along the side
or bottom of a graph, that represents the range of values of the data. When the marks or
lines are equally spaced, it is called an arithmetic scale.

Atmosphere—A 500-km-thick layer of colorless, odorless gases known as air that surrounds
the Earth and is composed of nitrogen, oxygen, argon, carbon dioxide, and other gases in
trace amounts.

Atom—The smallest particle of an element that still retains the characteristics of that
element.

Atomic number—The number of protons in the nucleus of an atom.

Atomic weight—The sum of the number of protons and the number of neutrons in the
nucleus of an atom.

Base—Any substance that releases hydroxyl ions (OH-) when it dissociates in water.
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Chemical bond—The force that holds atoms together within molecules. A chemical bond is
formed when a chemical reaction takes place. Two types of chemical bonds are ionic bonds
and covalent bonds.

Chemical reaction—A process that occurs when atoms of certain elements are brought together
and combine to form molecules, or when molecules are broken down into individual atoms.

Climate—The long-term weather pattern of a particular region.

Covalent bond—A type of chemical bond in which electrons are shared.

Density—The weight of a substance per unit of its volume (e.g., pounds per cubic foot).

Dewpoint—The temperature at which a sample of air becomes saturated; that is, it has a rela-
tive humidity of 100%.

Element—Any of more than 100 fundamental substances that consist of atoms of only one
kind and that constitute all matter.

Emission standards—The maximum amount of a specific pollutant permitted to be legally
discharged from a particular source in a given environment.

Emissivity—The relative power of a surface to reradiate solar radiation back into space in the
form of heat, or long-wave infrared radiation.

Energy—The ability to do work, to move matter from place to place, or to change matter from
one form to another.

First law of thermodynamics—During physical or chemical change, energy is neither created
not destroyed, but it may be changed in form and moved from place to place.

Global warming—The increase in global temperature predicted to arise from increased levels
of carbon dioxide, methane, and other greenhouse gases in the atmosphere.

Greenhouse effect—The prevention of the reradiation of heat waves to space by carbon diox-
ide, methane, and other gases in the atmosphere. The greenhouse effect makes possible the
conditions that enable life to exist on Earth.

Insolation—Solar radiation received by the Earth and its atmosphere (incoming solar radiation).

Ion—An atom or radical in solution carrying an integral electrical charge either positive (cat-
ion) or negative (anion).

Lapse rate—The rate of temperature change with altitude. In the troposphere, the normal lapse
rate is —3.5°F per 1000 ft.

Matter—Anything that exists in time, occupies space, and has mass.

Mesosphere—A region of the atmosphere based on temperature that is between approximately
35 and 60 miles in altitude.

Meteorology—The study of atmospheric phenomena.

Mixture—Two or more elements, compounds, or both, mixed together with no chemical reac-
tion occurring.

Ozone—The compound Os;. It is found naturally in the atmosphere in the ozonosphere and is
also a constituent of photochemical smog.

pH—A means of expressing hydrogen ion concentration in terms of the powers of 10; measure-
ment of how acidic or basic a substance is. The pH scale runs from O (most acidic) to 14
(most basic). The center of the range (7) indicates that the substance is neutral.

Photochemical smog—An atmospheric haze that occurs above industrial sites and urban areas
resulting from reactions, which take place in the presence of sunlight, between pollutants
produced in high temperature and pressurized combustion processes (such as the combus-
tion of fuel in a motor vehicle). The primary component of smog is ozone.

Photosynthesis—The process of using the sun’s light energy by chlorophyll-containing plants
to convert carbon dioxide (CO,) and water (H,0) into complex chemical bonds forming
simple carbohydrates such as glucose and fructose.

Pollutant—A contaminant at a concentration high enough to endanger the environment.

Pressure—The force pushing on a unit area. Normally, in air applications, pressure is mea-
sured in atmospheres (atm), Pascals (Pa), or pounds per square inch (psi).
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Primary pollutants—Pollutants that are emitted directly into the atmosphere where they exert
an adverse influence on human health or the environment. The six primary pollutants are
carbon dioxide, carbon monoxide, sulfur oxides, nitrogen oxides, hydrocarbons, and particu-
lates. All but carbon dioxide are regulated in the United States.

Radon—A naturally occurring radioactive gas arising from the decay of uranium 238, which
may be harmful to human health in high concentrations.

Rain shadow effect—The phenomenon that occurs as a result of the movement of air masses
over a mountain range. As an air mass rises to clear a mountain, the air cools and precipita-
tion forms. Often, both the precipitation and the pollutant load carried by the air mass will
be dropped on the windward side of the mountain. The air mass is then devoid of most of its
moisture; consequently, the lee side of the mountain receives little or no precipitation and is
said to lie in the rain shadow of the mountain range.

Raleigh scattering—The preferential scattering of light by air molecules and particles that
accounts for the blueness of the sky. The scattering is proportional to 1/A*.

Relative humidity—The concentration of water vapor in the air. It is expressed as the percent-
age that its moisture content represents of the maximum amount that the air could contain
at the same temperature and pressure. The higher the temperature the more water vapor the
air can hold.

Second law of thermodynamics—Natural law that dictates that with each change in form some
energy is degraded to a less useful form and given off to the surroundings, usually as low-
quality heat.

Secondary pollutants—Pollutants formed from the interaction of primary pollutants with other
primary pollutants or with atmospheric compounds such as water vapor.

Solute—The substance dissolved in a solution.

Solution—A liquid containing a dissolved substance.

Specific gravity—The ratio of the density of a substance to a standard density. For gases, the
density is compared with the density of air (= 1).

Stratosphere—Atmospheric layer extending from 6 to 30 miles above the Earth’s surface.

Stratospheric ozone depletion—The thinning of the ozone layer in the stratosphere; occurs
when certain chemicals (such as chlorofluorocarbons) capable of destroying ozone accumu-
late in the upper atmosphere.

Thermosphere—An atmospheric layer that extends from 56 miles to outer space.

Troposphere—The atmospheric layer that extends from the Earth’s surface to 6 to 7 miles above
the surface.

Weather—The day-to-day pattern of precipitation, temperature, wind, barometric pressure,
and humidity.

Wind—Horizontal air motion.

COMPONENTS OF AIR: CHARACTERISTICS AND PROPERTIES®

As pointed out earlier, air is a combination of component parts: gases and other matter (suspended
minute liquid or particulate matter). In this section, we discuss each of these components.

ATMOSPHERIC NITROGEN

Nitrogen (N,) makes up the major portion of the atmosphere (78.03% by volume, 75.5% by weight).
It is a colorless, odorless, tasteless, nontoxic, and almost totally inert gas. Nitrogen is nonflammable,
will not support combustion, and is not life supporting. Nitrogen is part of Earth’s atmosphere

“ Much of the information pertaining to atmospheric gases that follows was adapted from Handbook of Compressed Gases
(Compressed Gas Association, 1990), Environmental Science and Technology: Concepts and Applications (Spellman
and Whiting, 2006), and The Science of Air (Spellman, 2008).
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FIGURE 7.1 Nitrogen cycle.

primarily because, over time, it has simply accumulated in the atmosphere and remained in place
and in balance. This nitrogen accumulation process has occurred because, chemically, nitrogen is
not very reactive. When released by any process, it tends not to recombine with other elements and
accumulates in the atmosphere. This is a good thing, because we need nitrogen. No, we don’t need it
for breathing but we do need it for other life-sustaining processes. Although nitrogen in its gaseous
form is of little use to us, after oxygen, carbon, and hydrogen, it is the most common element in
living tissues. As a chief constituent of chlorophyll, amino acids and nucleic acids—the “build-
ing blocks” of proteins (which are used as structural components in cells)—nitrogen is essential
to life. Nitrogen is dissolved in and is carried by the blood. Nitrogen does not appear to enter into
any chemical combination as it is carried throughout the body. Each time we breathe, the same
amount of nitrogen is exhaled as is inhaled. Animals cannot use nitrogen directly but only when it
is obtained by eating plant or animal tissues; plants obtain the nitrogen they need when it is in the
form of inorganic compounds, principally nitrate and ammonium.

Gaseous nitrogen is converted to a form usable by plants (nitrate ions) chiefly through the pro-
cess of nitrogen fixation via the nitrogen cycle (see Figure 7.1), when aerial nitrogen is converted
into nitrates mainly by microorganisms, bacteria, and blue—green algae. Lightning also converts
some aerial nitrogen gas into forms that return to the Earth as nitrate ions in rainfall and other
types of precipitation. Ammonia plays a major role in the nitrogen cycle. Excretion by animals
and anaerobic decomposition of dead organic matter by bacteria produce ammonia. Ammonia, in
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TABLE 7.3

Physical Properties of Nitrogen

Chemical formula N,
Molecular weight 28.01
Density of gas at 70°F 0.072 Ib/ft?
Specific gravity of gas at 70°F and 1 atm (air = 1) 0.967
Specific volume of gas at 70°F and 1 atm 13.89 ft?
Boiling point at 1 atm -320.4°F
Melting point at 1 atm —-345.8°F
Critical temperature —232.4°F
Critical pressure 493 psia
Critical density 19.60 lb/ft?
Latent heat of vaporization at boiling point 85.6 Btu/lb
Latent heat of fusion at melting point 11.1 Btu/lb

turn, is converted by nitrification bacteria into nitrites and then into nitrates. This process is known
as nitrification. Nitrification bacteria are aerobic. Bacteria that convert ammonia into nitrites are
known as nitrite bacteria (Nitrosococcus and Nitrosomonas). Although nitrite is toxic to many
plants, it usually does not accumulate in the soil. Instead, other bacteria (such as Nitrobacter)
oxidize the nitrite to form nitrate (NOj), the most common biologically usable form of nitrogen.

Nitrogen reenters the atmosphere through the action of denitrifying bacteria, which are found in
nutrient-rich habitats such as marshes and swamps. These bacteria break down nitrates into nitro-
gen gas and nitrous oxide (N,O), which then reenter the atmosphere. Nitrogen also reenters the
atmosphere from exposed nitrate deposits and emissions from electric power plants, automobiles,
and volcanoes.

Physical Properties of Nitrogen
The physical properties of nitrogen are provided in Table 7.3.

Uses for Nitrogen

In addition to being the preeminent (with regard to volume) component of Earth’s atmosphere and
an essential ingredient in sustaining life, nitrogen gas has many commercial and technical applica-
tions. As a gas, it is used to heat-treat primary metals, in the production of semiconductor electronic
components, as a blanketing atmosphere (e.g., blanketing of oxygen-sensitive liquids and volatile
liquid chemicals), to inhibit aerobic bacteria growth, and in the propulsion of liquids through can-
isters, cylinders, and pipelines.

Nitrogen Oxides

The six oxides of nitrogen are nitrous oxide (N,0), nitric oxide (NO), dinitrogen trioxide (N,O5),
nitrogen dioxide (NO,), dinitrogen tetroxide (N,0O,), and dinitrogen pentoxide (N,O;). Nitric
oxide, nitrogen dioxide, and nitrogen tetroxide are fire gases. One or more of them is generated
when certain nitrogenous organic compounds (polyurethane) burn. Nitric oxide is the product of
incomplete combustion, whereas a mixture of nitrogen dioxide and nitrogen tetroxide is the prod-
uct of complete combustion. The nitrogen oxides are usually collectively symbolized by the for-
mula NO,. The U.S. Environmental Protection Agency (USEPA), under the Clean Air Act (CAA),
regulates the amount of nitrogen oxides that commercial and industrial facilities may emit to the
atmosphere. The primary and secondary standards are the same: The annual concentration of
nitrogen dioxide may not exceed 100 mg/m? (0.05 ppm).
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TABLE 7.4

Physical Properties of Oxygen
Chemical formula 0O,
Molecular weight 31.9988
Freezing point -361.12°F
Boiling point —297.33°F
Heat of fusion 5.95 Btu/lb
Heat of vaporization 91.70 Btu/lb
Density of gas at boiling point 0.268 1b/ft?
Density of gas at room temperature 0.081 Ib/ft?
Vapor density (air = 1) 1.105
Liquid-to-gas expansion ratio 875

ATMOSPHERIC OXYGEN

Oxygen (O,; from Greek oxys for “acid” and genes for “forming”) constitutes approximately a fifth
(21% by volume and 23.2% by weight) of the air in Earth’s atmosphere. Gaseous oxygen (0O,) is vital
to life as we know it. On Earth, oxygen is the most abundant element. Most oxygen on Earth is not
found in the free state but in combination with other elements as chemical compounds. Water and
carbon dioxide are common examples of compounds that contain oxygen, but there are countless
others. At ordinary temperatures, oxygen is a colorless, odorless, tasteless gas that supports not
only life but also combustion. All elements except the inert gases combine directly with oxygen to
form oxides; however, oxidation of different elements occurs over a wide range of temperatures.
Oxygen is nonflammable but readily supports combustion. All materials that are flammable in air
burn much more vigorously in oxygen. Some combustibles, such as oil and grease, burn with nearly
explosive violence in oxygen if ignited.

Physical Properties of Oxygen
The physical properties of oxygen are provided in Table 7.4.

Uses for Oxygen

The major uses of oxygen stem from its life-sustaining and combustion-supporting properties. It
also has many industrial applications (when used with other fuel gases such as acetylene), including
metal cutting, welding, hardening, and scarfing.

Ozone: Just Another Form of Oxygen

Ozone (O,) is a highly reactive pale-blue gas with a penetrating odor. Ozone is an allotropic modi-
fication of oxygen. An allotrope is a variation of an element that possesses a set of physical and
chemical properties significantly different from the “normal” form of the element. Only a few
elements have allotropic forms; oxygen, phosphorus, and sulfur are some of them. Ozone is just
another form of oxygen. It is formed when the molecule of the stable form of oxygen (O,) is split
by ultraviolet (UV) radiation or electrical discharge. It has three instead of two atoms of oxygen
per molecule; thus, its chemical formula is represented by O;. Ozone forms a thin layer in the upper
atmosphere, which protects life on Earth from ultraviolet rays, a cause of skin cancer. At lower
atmospheric levels it is an air pollutant that contributes to the greenhouse effect. At ground level,
ozone, when inhaled, can cause asthma attacks, stunted growth in plants, and corrosion of certain
materials. It is produced by the action of sunlight on air pollutants, including car exhaust fumes,
and is a major air pollutant in hot summers. More will be said about ozone and the greenhouse
effect later in the text.
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ATMOSPHERIC CARBON DIOXIDE

Carbon dioxide (CO,) is a colorless, odorless gas (although it is felt by some persons to have a slight
pungent odor and biting taste) that is slightly soluble in water and denser than air (one and half times
heavier than air); it is a slightly acid gas. Carbon dioxide gas is relatively nonreactive and nontoxic.
It will not burn, and it will not support combustion or life. CO, is normally present in atmospheric
air at about 0.035% by volume and cycles through the biosphere via the carbon cycle (see Figure
7.2). Carbon dioxide, along with water vapor, is primarily responsible for the absorption of infrared
energy re-emitted by the Earth, and, in turn, some of this energy is reradiated back to the Earth’s
surface. It is also a normal endproduct of human and animal metabolism. Exhaled breath contains up
to 5.6% carbon dioxide. In addition, the burning of carbon-laden fossil fuels releases carbon dioxide
into the atmosphere. Much of this carbon dioxide is absorbed by ocean water, some of it is taken
up by vegetation through photosynthesis in the carbon cycle (see Figure 7.2), and some remains in
the atmosphere. Today, it is estimated that the concentration of carbon dioxide in the atmosphere
is approximately 350 parts per million (ppm) and is rising at a rate of approximately 20 ppm every
decade. The increasing rate of combustion of coal and oil has been primarily responsible for this
occurrence, which (as we will see later in this text) may eventually have an impact on global climate.

Physical Properties of Carbon Dioxide
The physical properties of carbon dioxide are provided in Table 7.5.

TABLE 7.5

Physical Properties of Carbon Dioxide

Chemical formula CO,
Molecular weight 44.01
Vapor pressure at 70°F 838 psig
Density of the gas at 70°F and 1 atm 0.1144 1b/f3
Specific gravity of the gas at 70°F and 1 atm (air = 1) 1.522
Specific volume of the gas at 70°F and 1 atm 8.741 ft’/1b
Critical temperature —109.3°F
Critical pressure 1070.6 psia
Critical density 29.2 Ib/ft
Latent heat of vaporization at 32°F 100.8 Btu/lb

Latent heat of fusion at triple point 85.6 Btu/lb
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Uses for Carbon Dioxide

Solid carbon dioxide is used quite extensively to refrigerate perishable foods while in transit. It
is also used as a cooling agent in many industrial processes, such as grinding, rubber work, cold-
treating metals, vacuum cold traps, and so on. Gaseous carbon dioxide is used to carbonate soft
drinks, for pH control in water treatment, in chemical processing, as a food preservative, and in
pneumatic devices.

ATMOSPHERIC ARGON

Argon (Ar; from Greek argos for “idle”) is a colorless, odorless, tasteless, nontoxic, nonflammable
gaseous element (noble gas). It constitutes almost 1% of the Earth’s atmosphere and is plentiful
compared to the other rare atmospheric gases. It is extremely inert and forms no known chemical
compounds. It is slightly soluble in water.

Physical Properties of Argon
The physical properties of argon are provided in Table 7.6.

Uses for Argon

Argon is used extensively in filling incandescent and fluorescent lamps and electronic tubes, to
provide a protective shield for growing silicon and germanium crystals, and as a blanket in the pro-
duction of titanium, zirconium, and other reactive metals.

ATMOSPHERIC NEON

Neon (Ne; from Greek neon for “new”) is a colorless, odorless, gaseous, nontoxic, chemically inert
element. Air is about 2 parts per 1000 neon by volume.

Physical Properties of Neon
The physical properties of neon are provided in Table 7.7.

Uses for Neon

Neon is used principally to fill lamp bulbs and tubes. The electronics industry uses neon singly or
in mixtures with other gases in many types of gas-filled electron tubes.

TABLE 7.6

Physical Properties of Argon

Chemical formula Ar
Molecular weight 39.95
Density of the gas at 70°F and 1 atm 0.103 Ib/ft?
Specific gravity of the gas at 70°F and 1 atm 1.38
Specific volume of the gas at 70°F and 1 atm 9.71 ft¥/1b
Boiling point at 1 atm -302.6°F
Melting point at 1 atm -308.6°F
Critical temperature at 1 atm —-188.1°F
Critical pressure 711.5 psia
Critical density 33.444 b/ft?

Latent heat of vaporization at boiling point and 1 atm 69.8 Btu/lb
Latent heat of fusion at triple point 12.8 Btu/lb
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TABLE 7.7
Physical Properties of Neon

Chemical formula Ne
Molecular weight 20.183
Density of the gas at 70°F and 1 atm 0.05215 Ib/ft?
Specific gravity of the gas at 70°F and 1 atm 0.696
Specific volume of the gas at 70°F and 1 atm 19.18 ft¥/lb
Boiling point at 1 atm —410.9°F
Melting point at 1 atm —415.6°F
Critical temperature at 1 atm —379.8°F
Critical pressure 384.9 psia
Critical density 30.15 lb/ft?
Latent heat of vaporization at boiling point 37.08 Btu/lb
Latent heat of fusion at triple point 7.14 Btu/lb
TABLE 7.8
Physical Properties of Helium
Chemical formula He
Molecular weight 4.00
Density of the gas at 70°F and 1 atm 0.0103 Ib/ft
Specific gravity of the gas at 70°F and 1 atm 0.138
Specific volume of the gas at 70°F and 1 atm 97.09 ft¥/1b
Boiling point at 1 atm —452.1°F
Critical temperature at 1 atm —450.3°F
Critical pressure 33.0 psia
Critical density 4.347 1b/ft
Latent heat of vaporization at boiling point and 1 atm 8.72 Btu/lb

ATMOSPHERIC HELIUM

Helium (He; from Greek helios for “sun”) is inert (and, as a result, does not appear to have any
major effect on, or role in, the atmosphere), nontoxic, odorless, tasteless, nonreactive, and colorless;
it forms no compounds and occurs at about 0.00005% (5 ppm) by volume of air in the Earth’s atmo-
sphere. Helium, as with neon, krypton, hydrogen, and xenon, is a noble gas. Helium is the second
lightest element; only hydrogen is lighter. It is one-seventh as heavy as air. Helium is nonflammable
and is only slightly soluble in water.

Physical Properties of Helium
The physical properties of helium are provided in Table 7.8.

ATMOSPHERIC KRYPTON

Krypton (Kr; from Greek kryptos for “hidden”) is a colorless, odorless, inert gaseous component of
Earth’s atmosphere. It is present in very small quantities in the air (about 114 ppm).

Physical Properties of Krypton
The physical properties of krypton are provided in Table 7.9.
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TABLE 7.9

Physical Properties of Krypton

Chemical formula Kr
Molecular weight 83.80
Density of the gas at 70°F and 1 atm 0.2172 Ib/ft?
Specific gravity of the gas at 70°F and 1 atm 2.899
Specific volume of the gas at 70°F and 1 atm 4.604 ft3/1b
Boiling point at 1 atm —244.0°F
Melting point at 1 atm —251°F
Critical temperature at 1 atm —82.8°F
Critical pressure 798.0 psia
Critical density 56.7 lb/ft?
Latent heat of vaporization at boiling point 46.2 Btu/lb
Latent heat of fusion at triple point 8.41 Btu/lb

Uses for Krypton

Krypton is used principally to fill lamp bulbs and tubes. The electronics industry uses it singly or in
mixture in many types of gas-filled electron tubes.

ATMOSPHERIC XENON

Xenon (Xe; from Greek xenon for “stranger”) is a colorless, odorless, nontoxic, inert, heavy gas that
is present in very small quantities in the air (about 1 part in 20 million).

Physical Properties of Xenon
The physical properties of xenon are provided in Table 7.10.

Uses for Xenon

Xenon is used principally to fill lamp bulbs and tubes. The electronics industry uses it singly or in
mixtures in many types of gas-filled electron tubes.

TABLE 7.10

Physical Properties of Xenon

Chemical formula Xe
Molecular weight 131.3
Density of the gas at 70°F and 1 atm 0.3416 Ib/ft3
Specific gravity of the gas at 70°F and 1 atm 4.560
Specific volume of the gas at 70°F and 1 atm  2.927 {t¥/Ib
Boiling point at 1 atm -162.6°F
Melting point at 1 atm —-168°F
Critical temperature at 1 atm 61.9°F
Critical pressure 847.0 psia
Critical density 68.67 1b/ft?
Latent heat of vaporization at boiling point 41.4 Btu/lb

Latent heat of fusion at triple point 7.57 Btu/lb
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TABLE 7.11

Physical Properties of Hydrogen

Chemical formula H,
Molecular weight 2.016
Density of the gas at 70°F and 1 atm 0.00521 Ib/ft?
Specific gravity of the gas at 70° and 1 atm 0.06960
Specific volume of the gas at 70°F and 1 atm 192.0 ft/1b
Boiling point at 1 atm —423.0°F
Melting point at 1 atm —434.55°F
Critical temperature at 1 atm —399.93°F
Critical pressure 190.8 psia
Critical density 1.88 lb/ft?
Latent heat of vaporization at boiling point 191.7 Btu/lb
Latent heat of fusion at triple point 24.97 Btu/lb

ATMOSPHERIC HYDROGEN

Hydrogen (H,; from Greek hydros for “water” and gen for “generator”) is a colorless, odorless,
tasteless, nontoxic, flammable gas. It is the lightest of all the elements and occurs on Earth chiefly
in combination with oxygen as water. Hydrogen is the most abundant element in the universe, where
it accounts for 93% of the total number of atoms and 76% of the total mass. It is the lightest gas
known, with a density approximately 0.07 that of air. Hydrogen is present in the atmosphere in con-
centrations of only about 0.5 ppm by volume at lower altitudes.

Physical Properties of Hydrogen
The physical properties of hydrogen are provided in Table 7.11.

Uses for Hydrogen

Hydrogen is used by refineries, petrochemical, and bulk chemical facilities for hydrotreating,
catalytic reforming, and hydrocracking. Hydrogen is used in the production of a wide variety of
chemicals. Metallurgical companies use hydrogen in the production of their products. Glass manu-
facturers use hydrogen as a protective atmosphere in a process whereby molten glass is floated on
a surface of molten tin. Food companies hydrogenate fats, oils, and fatty acids to control various
physical and chemical properties. Electronic manufacturers use hydrogen at several steps in the
complex processes for manufacturing semiconductors.

ATMOSPHERIC WATER

Leonardo da Vinci understood the importance of water when he said: “Water is the driver of nature.”
He was actually acknowledging what most scientists and many of the rest of us have come to realize:
Water, propelled by the varying temperatures and pressures in Earth’s atmosphere, allows life as
we know it to exist on our planet (Graedel and Crutzen, 1995). The water vapor content of the lower
atmosphere (troposphere) is normally within a range of 1 to 3% by volume with a global average
of about 1%. The percentage of water in the atmosphere can vary from as little as 0.1% to as much
as 5% water, depending on altitude; the water content of the atmosphere decreases with increasing
altitude. Water circulates in the atmosphere in the hydrological cycle, as shown in Figure 7.3. Water
vapor contained in Earth’s atmosphere plays several important roles: (1) it absorbs infrared radia-
tion; (2) it acts as a blanket at night, retaining heat from the Earth’s surface; and (3) it affects the
formation of clouds in the atmosphere.
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ATMOSPHERIC PARTICULATE MATTER

Significant numbers of particles (particulate matter) are suspended in the atmosphere, particularly
the troposphere. These particles originate in nature from smokes, sea sprays, dusts, and the evapora-
tion of organic materials from vegetation. There is also a wide variety of Nature’s living or semi-liv-
ing particles—spores and pollen grains, mites and other tiny insects, spider webs, and diatoms. The
atmosphere also contains a bewildering variety of anthropogenic (manmade) particles produced by
automobiles, refineries, production mills, and many other human activities.

Atmospheric particulate matter varies greatly in size (colloidal-sized particles in the atmosphere
are called aerosols—usually less than 0.1 pm in diameter). The smallest are gaseous clusters and
ions and submicroscopic liquids and solids. Somewhat larger ones produce the beautiful blue haze
in distant vistas, those 2 to 3 times larger are highly effective in scattering light, and the largest
consist of such things as rock fragments, salt crystals, and ashy residues from volcanoes, forest fires,
or incinerators.
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The concentrations of particulates in the atmosphere vary greatly, ranging from more than
10,000,000/cm? to less than 1/L (0.001/cm?). Excluding the particles in gases as well as vegetative
material, sizes range from 0.005 to 500 pum, a variation in diameter of 100,000 times. The largest
numbers of airborne particulates are always in the invisible range. These numbers vary from less
than 1 liter to more than a half a million per cubic centimeter in heavily polluted air to at least 10
times more than that when a gas-to-particle reaction is occurring (Schaefer and Day, 1981).

Based on particulate level, there are two distinct regions in the atmosphere: very clean and dirty.
The clean parts have so few particulates that they are almost invisible, making them difficult to col-
lect or measure. In the dirty parts of the atmosphere—the air of a large metropolitan area—the con-
centration of particles includes an incredible variety of particulates from a wide variety of sources.

Atmospheric particulate matter performs a number of functions, undergoes several processes,
and is involved in many chemical reactions in the atmosphere. Probably the most important function
of particulate matter in the atmosphere is that it serves as nuclei for the formation of water droplets
and ice crystals. Vincent J. Schaefer, who invented cloud seeding, used dry ice in his early attempts,
but the process later evolved to adding condensing particles to atmospheres supersaturated with
water vapor and the use of silver iodide, which forms huge numbers of very small particles. Another
important function of atmospheric particulate matter is that it helps determine the heat balance of
the Earth’s atmosphere by reflecting light. Particulate matter is also involved in many chemical
reactions in the atmosphere such as neutralization, catalytic effects, and oxidation reactions. These
chemical reactions will be discussed in greater detail later.

AIR FOR COMBUSTION

It is difficult to imagine where humans would be today or how far we would have progressed from
our beginnings to the present day if we had not discovered and developed the use of fire. Today, of
course, we are quite familiar with fire. We use the terms fire, combustion, oxidation, and burning
pretty much to mean the same thing; however, there is a subtle difference between combustion and
oxidation. During combustion, two or more substances chemically unite. In practice, one of them is
almost always atmospheric oxygen, but combustion reactions are known in which oxygen is not one
of the reactants. Thus, it is more correct to describe combustion as a rapid oxidation—or fire. To state
that atmospheric air plays an important role in combustion is to understate its significance; that is,
we are stating the obvious, something that is readily apparent to most of us. Though air is important
in combustion, most of us give little thought to the actual chemical reaction involved in combustion.
Combustion is a chemical reaction—one in which a fuel combines with air (oxygen) to produce heat
(burning). The combustion of fuels containing carbon and hydrogen is said to be complete when these
two elements are oxidized to carbon dioxide and water (e.g., the combustion of carbon C + O, = CO,).
In air pollution control, it is incomplete combustion that concerns us. Incomplete combustion may
lead to (1) appreciable amounts of carbon remaining in the ash, (2) emission of some of the carbon as
carbon monoxide, and (3) reaction of the fuel molecules to give a range of products emitted as smoke.

AIR FOR POWER

Along with performing its important function in Earth’s atmosphere and its vital role in combustion,
most industrial processes use gases to power systems of one type or another. The work is actually per-
formed by a gas under pressure in the system. A gas power system may function as part of a process,
such as heating and cooling, or it may be used as a secondary service system, such as compressed air.
Compressed air is the gas most often found in industrial applications, but nitrogen and carbon dioxide
are also commonly used. A system that uses a gas for transmitting force is referred to as a pneumatic
system. The word pneumatic is derived from the Greek word for an unseen gas. Originally, pneumatic
referred only to the flow of air, but today it is used to refer to the flow of any gas in a system under
pressure. Pneumatic systems perform work in many ways, including operating pneumatic tools, door
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openers, linear motion devices, and rotary motion devices. Have you ever watched (or heard) an auto-
mobile mechanic remove and replace a tire on your car? The device used to take off and put on tire lug
nuts is a pneumatic (air operated) wrench. Pneumatic hoisting equipment may be found in heavy fabri-
cating environments, and pneumatic conveyors are used in the processing of raw materials. Pneumatic
systems are also used to control flow valves in chemical process equipment and in large air-condi-
tioning systems. The pneumatic system in an industrial plant usually handles compressed air, which
is used for operating portable air tools, such as drills, wrenches, and chipping tools; for vises, chucks,
and other clamping devices; for movable locating stops; for operating plastic molding machines; and
for supplying air used in various manufacturing processes. Although the pieces of pneumatic equip-
ment just described are different from each other, they all convert compressed air into work. Later we
will review some of the laws of force and motion and their relation to pneumatic principles.

GAS PHYSICS

MATERIAL BALANCE

Material balance is one of the most basic and useful tools in the air pollution engineering field.
Stated simply, material balance means “what goes in must come out.” Matter is neither created nor
destroyed in (nonradioactive) industrial processes:

Mass,,, = Mass;, (7.1)

Material balance is used in a wide variety of air pollution control calculations; for example, it is used
to evaluate the following:

* Formation of combustion products in boilers

* Rates of air infiltration into air pollution control systems

* Material requirements for process operations

* Rate of ash collection in air pollution control systems

* Humidities of exhaust gas streams

e Exhaust gas flow rates from multiple sources controlled by a single air pollution control
system

* QGas flow rates from combustion processes

This principle, otherwise known as the conservation of matter, can be applied to solving problems
involving the quantities of matter moving through various parts of a process.

COMPRESSIBILITY

Air unlike water, is readily compressed, and large quantities can be stored in relatively small con-
tainers. The more the air is compressed, the greater its pressure becomes. The higher the pressure
in a container, the stronger the container must be. Gases are important compressible fluids, not only
from the standpoint that a gas can be a pollutant but also because gases convey particulate matter
and gaseous pollutants (Hesketh, 1991).

Gas Laws

Gases can be pollutants as well as the conveyors of pollutants. Air (which is mainly nitrogen) is usu-
ally the main gas stream. Gas conditions are usually described in two ways: standard temperature
and pressure (STP) and standard conditions (SC). STP represents 0°C (32°F) and 1 atm. SC is more
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commonly used and represents typical room conditions of 20°C (70°F) and 1 atm; SC is usually
measured in cubic meters (m?), Nm?, or standard cubic feet (scf). To understand the physics of air
it is imperative to have an understanding of various physical laws that govern the behavior of pres-
surized gases. One of the more well-known physical laws is Pascal’s law, which states: “A confined
gas (fluid) transmits externally applied pressure uniformly in all directions, without change in mag-
nitude.” This is easily demonstrated by a container that is flexible and assumes a spherical shape
(think of a balloon). You probably have noticed that most compressed-gas tanks are cylindrical in
shape (which allows the use of thinner sheets of steel without sacrificing safety) with spherical ends
to contain the pressure more effectively.

Boyle’s Law

Though gases are compressible, note that, for a given mass flow rate, the actual volume of gas pass-
ing through the system is not constant within the system due to changes in pressure. This physical
property (the basic relationship between the pressure of a gas and its volume) is described by Boyle’s
law, named for the Irish physicist and chemist Robert Boyle, who discovered this property in 1662.
It states: “The absolute pressure of a confined quantity of gas varies inversely with its volume, if
its temperature does not change.” For example, if the pressure of a gas doubles, its volume will be
reduced by a half, and vice versa; that is, as pressure goes up, volume goes down, and the reverse is
true. This means, for example, that if 12 ft3 of air at 14.7 psia (pounds per square inch absolute) is
compressed to 1 ft3, air pressure will rise to 176.4 psia, as long as air temperature remains the same.
This relationship can be calculated as follows:

PXV,=P,xV, (12)

where

P, = Original pressure (units for pressure must be absolute).
P, = New pressure (units for pressure must be absolute).

V., = Original gas volume at pressure P,.

V, = New gas volume at pressure P,.

This equation can also be written as:

P_Vi R_V
R W BV

To allow for the effects of atmospheric pressure, always remember to convert from gauge pressure
(psig, or pounds per square inch gauge) before solving the problem, then convert back to gauge pres-
sure after solving it:

psia = psig + 14.7 psi
and

psig = psia — 14.7 psi
Note that in a pressurized gas system where gas is caused to move through the system by the fact
that gases will flow from a area of high pressure to that of low pressure, we will always have a

greater actual volume of gas at the end of the system than at the beginning (assuming the tempera-
ture remains constant). Let’s take a look at a typical gas problem using Boyle’s law.
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B EXAMPLE 7.1
Problem: What is the gauge pressure of 12 ft* of air at 25 psig when compressed to 8 ft3?

Solution:
25 psig + 14.7 psi =39.7 psia

PZ:PIX%=39.7X%=59.6 psia

2

psig = psia—14.7 psi = 59.6 psia —14.7 psi = 44.9 psig

The gauge pressure is 44.9 psig (remember that the pressures should always be calculated on the
basis of absolute pressures instead of gauge pressures).

Charles’s Law

Another physical law dealing with temperature is Charles’s law, discovered by French physicist
Jacques Charles in 1787. It states: “The volume of a given mass of gas at constant pressure is directly
proportional to its absolute temperature.” The absolute temperature is the temperature in Kelvin
(273 + °C); absolute zero = —460°F, or 0°R on the Rankine scale. This is calculated as follows:

T
P=Px—= 73
2=Rxo (7.3)

Charles’s law also states: “If the pressure of a confined quantity of gas remains the same, the change in
the volume (V) of the gas varies directly with a change in the temperature of the gas,” as given below:

T.
Vo=V x 72 (74)

1

Ideal Gas Law

The ideal gas law combines Boyle’s and Charles’s laws because air cannot be compressed without
its temperature changing. The ideal gas law can be expressed as

AxVi _ BXxV, (1.5)
T I

Note that the ideal gas law is still used as a design equation even though the equation shows that the

pressure, volume, and temperature of the second state of a gas are equal to the pressure, volume,

and temperature of the first state. In actual practice, however, other factors such as humidity, heat of

friction, and efficiency losses all affect the gas. Also, this equation uses absolute pressure (psia) and

absolute temperatures (°R) in its calculations.

In air science practice, the importance of the ideal gas law cannot be overstated. It is one of the
fundamental principles used in calculations involving gas flow in air-pollution-related work. This
law is used to calculate actual gas flow rates based on the quantity of gas present at standard pres-
sures and temperatures. It is also used to determine the total quantity of that contaminant in a gas
that can participate in a chemical reaction. The ideal gas law has three important variables:

e Number of moles of gas
* Absolute temperature
* Absolute pressure
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In practical applications, practitioners generally use the following standard ideal gas law equation:

nRT

V= or PV =nRT

where
V = Volume.
n = Number of moles.
R = Universal gas constant.
T = Absolute temperature.
P = Absolute pressure.

B EXAMPLE 7.2

Problem: What is the volume of 1 pound mole (Ib mole) of combustion gas at an absolute pressure
of 14.7 psia and a temperature of 68°F? (These are USEPA-defined standard conditions.)

Solution:

_ nRT

P

Vv

Convert the temperature from relative to absolute scale (from °F to °R):
TAbsolule = 68°F + 460 = 528°R

Calculate the gas volume:

10.73 (psia)(ft’)
(Ib mole)(°R)
14.7 psia

1 1b mole x X 528°R

V= =385.4 ft’

FLow RATE

Gas flow rate is a measure of the volume of gas that passes a point in an industrial system during
a given period of time. The ideal gas law tells us that this gas flow rate varies depending on the
temperature and pressure of the gas stream and the number of moles of gas moving per unit of time.
When gas flow rates are expressed at actual conditions of temperature and pressure, the actual gas
flow rate is being used. As you will learn later, gas flow rates can also be expressed at standard con-
ditions of temperature and pressure; this is referred to as the standard gas flow rate.

GAs CONVERSIONS

Gases of interest in air pollution control are usually mixtures of several different compounds; for
example, air is composed of three major constituents: nitrogen (N,) at approximately 78.1%, oxygen
(O,) at approximately 20.9%, and argon at 0.9%. Many flue gas streams generated by industrial
processes consist of the following major constituents: (1) nitrogen, (2) oxygen, (3) argon, (4) carbon
dioxide (CO,), and (5) water vapor (H,0O). Both air and industrial gas streams also contain minor
constituents, including air pollutants, present at concentrations that are relatively low compared to
these major constituents. We need ways to express both the concentrations of the major constituents
of the gas stream and the concentrations of the pollutants present as minor constituents at relatively
low concentrations. The following text presents a variety of ways to express gas phase concentra-
tions, which can easily be converted from on type of units to another.
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Major Constituents

Volume percent is one of the most common formats used to express the concentrations of major
gas stream constituents such as oxygen, nitrogen, carbon dioxide, and water vapor. The format is
very common partially because the gas stream analysis techniques used in USEPA emission testing
methods provide data directly in a volume percent format. Partial pressure is also used to express
concentrations. This expression refers to the portion of the total pressure exerted by one of the
constituent gases. Gases composed of different chemical compounds such as molecular nitrogen
and oxygen behave physically the same as gases composed of a single compound. At any give tem-
perature, one mole of a gas exerts the same pressure as one mole of any other type of gas. All of the
molecules move at a rate that is dependent on the absolute temperature, and they exert pressure. The
total pressure is the sum of the pressures of each of the components. The equations below are often
referred to as Dalton’s law of partial pressures:

Prow = pi+ Pii + Diii -+ Pn (7.6)

PTolal = 2 pi (77)
i=1

Volume% (gas)

X Proa 7.8
100% :| Total ( )

Partial pressure (gas) = [

Because the partial pressure value is related to the total pressure, concentration data expressed as
partial pressure are not the same at actual and standard conditions. The partial pressure values are
also different in American engineering units and centimeter—gram—second (CGS) units.

Both Major and Minor Constituents

Mole fraction is simply an expression of the number of moles of a compound divided by the total
number of moles of all the compounds present in the gas.

Minor Constituents

All of the concentration units below can be expressed in a dry format as well as corrected to a stan-
dard oxygen concentration. These corrections are necessary because moisture and oxygen concen-
trations can vary greatly in gas streams, causing variations in pollutant concentrations:

e Parts per million (ppm)

* Milligrams per cubic meter (mg/m?)
* Micrograms per cubic meter (ug/m?)
* Nanograms per cubic meter (ng/m?3)

GAs VELOCITY

Gas velocity is one of the fundamental design variables for ventilation systems and air pollution
control equipment. Gas streams containing particulate are usually maintained at velocities of 3000
to 4500 ft/min in ductwork leading to particulate collectors to minimize particle deposition. The
velocity of gas streams without particulate matter is often in the range of 1500 to 3000 ft/min.
The gas velocities in air pollution control equipment are usually low to allow for sufficient time to
remove the contaminants. For example, gas velocities through electrostatic precipitators are usually
in the range of 2.5 to 6 ft/sec. The filtration velocities through pulse jet fabric filters are usually in
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the range of 2 to 10 ft/min. Variations in the gas velocity can have a direct impact on the contami-
nant removal efficiency.

v = Gas velocity = Gas flow rate, actual (79
Area

Gas Stream Treatment (Residence) Time

The flow rate of the gas stream through an air pollution control system determines the length of
time that the pollutants can be removed from the gas stream. This is termed the treatment time or
residence time. These common equipment sizing parameters are defined mathematically below:

. . . Volume of control device
Treatment time = Residence time = (7.10)
Gas flow rate, actual

GAs DEensITY

Gas density is important primarily because it affects the flow characteristics of the moving gas
streams. Gas density affects the velocities of gas through ductwork and air pollution control equip-
ment. It determines the ability to move the gas stream using a fan. Gas density affects the velocities
of gases emitted from the stack and thereby influences the dispersion of the pollutants remaining
in the stack gases. It affects the ability of particles to move through gases. It also affects emission
testing. Gas density data are needed in many of the calculations involved in air pollution control
equipment evaluation, emission testing, and other studies related to air pollution control.

m
Fir=1p=j) = V(i (7.11)
T=1,P=j)

where
Py pjy=Density at T=1, P =.
m = Mass of a substance.
Vit pj = VYolume at T=1, P = j.
T = Absolute temperature.
P = Absolute pressure.

HEeAT CAPACITY AND ENTHALPY

The heat capacity of a gas is the amount of heat required to change the temperature of a unit-mass of
gas one temperature degree. Enthalpy represents the total quantity of internal energy, such as heat,
measured for a specific quantity of material at a given temperature. Enthalpy data are often repre-
sented in units of energy (e.g., Btu, kcal, joule). The enthalpy content change is often expressed in
Btu/unit mass (Btu/lb,, or Btu/scf). The change in enthalpy of the total quantity of material present
in a system is expressed in units of Btu/unit time (Btu/min). The symbols H and AH denote enthalpy
and the change in enthalpy, respectively.

HeAT AND ENERGY IN THE ATMOSPHERE

The prime source of the energy that drives Earth’s climatic system is the sun, from which energy
reflects, scatters, and is absorbed and reradiated within the system but which does not distribute uni-
formly. More energy enters some areas than is lost; in other areas, more energy is lost than gained. If
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this situation were to continue, the areas with surplus energy would become too hot and those with
a deficit would become too cold. Because the temperature differences produced help to drive the
wind and ocean currents of the world, they carry heat with them and help to counteract the radiation
imbalance. Normally, warm winds from the tropics carry excess heat with them. Polar winds blow
from areas with a heat deficit and so are cold. Acting together, these energy transfer mechanisms
help to produce the current climates on Earth.

Adiabatic Lapse Rate

The atmosphere is always moving, either horizontally or vertically, or both. As air rises, pressure
decreases and the air expands. This expansion of air expends energy. Because temperature is a
measure of internal energy, this energy expenditure makes the temperature of the air drop—an
important process in air physics known as the adiabatic lapse rate. Adiabatic refers to a process
that occurs without the gain or loss of heat, such as the expansion or contraction of a gas in which a
change takes place in the pressure or volume although no heat enters or leaves. Lapse rate refers to
the rate at which air temperature decreases with increasing height. The normal lapse rate in station-
ary air is on the order of 3.5°F/1000 ft (6.5°C/km). This value varies with latitude and with changing
seasonal and atmospheric conditions:

T=T,-Rh (712)

where
T = Temperature of the air.
T, = Temperature of the air at the level from which the height is measured.
R = Lapse rate.
h = Height of air.

B EXAMPLE 7.3

Problem: If the air temperature of stationary air (R = 3.5°F/1000 ft) at the Earth’s surface is 70°F,
then at 5000 ft what would the stationary air temperature be?

Solution:

T =T,—- Rh ="70°F — (3.5°F/1000 ft)(5000 ft) = 70°F — 17.5°F = 52.5°F

The formula simply says that for every 1000 ft of altitude, 3.5° is subtracted from the initial air
temperature, in this case. Adiabatic lapse rates have an important relationship with atmospheric
stability and will be discussed in greater detail later in the text.

ViscosITy

All fluids (gases included) resist flow. Absolute viscosity is a measure of this resistance to flow. The
absolute viscosity of a gas for given conditions can be calculated from the following formula:

u=>51.12+0.372(T)+1.05x 107(T)*
(7.13)
+53.147(%0,/100%) - 74.143(%H,0/100%)

where
p = Absolute viscosity of gas at the prevailing conditions (micropoise, or uP).
T = Gas absolute temperature (°K).
%0, = Oxygen concentration (% by volume).
9%H,0 = Water vapor concentration (% by volume).
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As this equation indicates, the viscosity of a gas increases as the temperature increases. It is
more difficult to push something (e.g., particles) through a hot gas stream than a cooler one due to
increased molecular activity as temperature rises, which results in increased momentum transfer
between the molecules. For liquids, the opposite relationship between viscosity and temperature
holds. The viscosity of a liquid decreases as temperature increases, so it is more difficult to push
something through a cold liquid than a hot one because in liquids hydrogen bonding increases with
colder temperatures. Gas viscosity actually increases slightly with pressure, but this variation is
very small in most air-pollution-related engineering calculations.

The absolute viscosity and density of a gas are occasionally combined into a single parameter
because both of these parameters are found in many common equations describing gas flow charac-
teristics. The combined parameter is termed the kinematic viscosity:

u=plp (7.14)

where
u = Kinematic viscosity (m?/sec).
| = Absolute viscosity (Pa-sec).
p = Gas density (g/cm?).

The kinematic viscosity can be used in equations describing particle motion through gas streams.
The expression for kinematic viscosity is used to simplify these calculations.

FLow CHARACTERISTICS

When fluids such as gases are moving slowly, the bulk material moves as distinct layers in parallel
paths. The only movement across these layers is the molecular motion, which creates viscosity. This
is termed laminar flow. As the velocity of the gas stream increases, the bulk movement of the gas
changes. Eddy currents develop and cause mixing across the flow stream. This is called turbulent
flow and is essentially the only flow characteristic that occurs in air pollution control equipment and
emission testing situations.

A dimensionless parameter called the Reynolds number is used to characterize fluid flow. It is the
ratio of the inertial force that is causing gas movement to the viscous force that is restricting move-
ment. The Reynolds number is calculated as below; consistent units must be used to ensure that the
Reynolds number is dimensionless:

NRe(g) = va/l,l (715)

where
L = Linear dimensions (usually duct diameter).
v = Fluid velocity.
p = Fluid density.
p = Fluid viscosity.

Reynolds numbers less than 2000 are associated with laminar flow conditions. Due to the rela-
tively low velocities associated with this type of flow, they are rarely encountered in air pollution
field situations. Reynolds numbers above 10,000 are associated with turbulent flow. In many field
situations, the Reynolds numbers exceed 100,000.

Essentially, all gas flow situations are turbulent in air pollution control systems, emission test-
ing and monitoring equipment, and dispersion modeling studies; however, this does not mean that
the gas stream is entirely well mixed. In reality, the side-to-side mixing (and even mixing in the
direction of flow) can be limited. For this reason, it is possible to have different concentrations of
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pollutants at different positions in the duct. This condition is called pollutant stratification and can
be caused by a variety of factors: combining of two separate gas streams into a single duct, tempera-
ture differences in the gas stream, and in-leakage of cold ambient air into the duct.

Stratification does not exist in most industrial gas handling systems; however, it is important to
check for this condition prior to installation of continuous emission monitors or other instruments,
which are located at a single sampling or measurement point in the gas stream. These measurements
can be in error if stratification is severe.

PARTICLE PHYSICS

Particulates constitute a major class of air pollution that includes dusts, fumes, mists, and smoke.
They come in a variety of shapes and their physical and chemical properties vary widely. Important
particulate matter characteristics include size, size distribution, shape, density, stickiness, corrosiv-
ity, reactivity, and toxicity. With such a wide range of characteristics it is apparent that particular
types of collection devices might be better suited for some particles than others. For example, par-
ticulate matter typically ranges in size from 0.005 to 100 um in diameter. This wide range in size
distribution must certainly be taken into account. Understanding the characteristics of particles is
important in air pollution control technology for the following reasons: The efficiency of the particle
collection mechanisms depends strongly on particle size, the particle size distribution of the flue gas
dictates the manner in which air testing is performed, the particle size distribution of the flue gas
determines the operating conditions necessary to collect the particles, and particle characteristics
are important in determining the behavior of particles in the respiratory tract.

SURFACE AREA AND VOLUME

The size range of particles of concern in air pollution studies is remarkably broad. Some of the
droplets collected in the mist eliminators of wet scrubbers and the solid particles collected in large-
diameter cyclones are as large as raindrops. Some of the small particles created in high-temperature
incinerators and metallurgical processes can consist of less than 50 molecules clustered together.
It is important to recognize the categories because particles behave differently depending on their
size. Most particles of primary interest in air pollution emission testing and control have diameters
that range from 0.1 to 1000 um. Following are some useful conversions for particle sizes:

Micrometer = (1/1,000,000) meter (7.16)
Micrometer = (1/10,000) centimeter (7.17)
1000 ym =1 mm = 0.1 cm (7.18)

To appreciate the difference in particle sizes commonly found in emission testing and air pol-
lution control, compare the diameters, volumes, and surfaces areas of particles as shown in Table
7.12. The data in Table 7.12 indicate that 1000-um particles are 1,000,000,000,000 (1 trillion)
times larger in volume than 0.1-um particles. As an analogy, assume that the 1000-um particle is a
large domed sports stadium. A basketball in this stadium would be equivalent to a 5-um particle.
Approximately 100,000 spherical particles of 0.1-um diameter would fit into this 5-um basketball.
Now consider that the entire 1000-pm stadium is the size of a small raindrop. As previously stated,
particles over this entire size range of 0.1 to 1000 um are of interest in air pollution control (USEPA,
2006). Equations for calculating the volume and surface area of spheres are provided below:

Surface area of a sphere = 4mr? = nD? (7.19)
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TABLE 7.12
Spherical Particle Diameter, Volume, and Area
Particle Diameter Particle Volume Particle Area
(pm) (cm3) (cm?)
0.1 5.23 x 10°'¢ 3.14 x 10710
1 523 x 1013 3.14 x 108
10 5.23 x 10710 3.14 x 10
100 5.23 x 107 3.14 x 10*
1000 523 x 10+ 3.14 x 10?

Source:  Adapted from USEPA, Basic Concepts in Environmental Sciences,
U.S. Environmental Protection Agency, Washington, DC, 2007
(http://www.epa.gov/air/oagps/eog/bces/modulel/).

Volume of a sphere = %nﬁ =naD? /6 (7.20)

where
r = Radius of sphere.
D = Diameter of sphere.

B EXAMPLE 74

Problem: Calculate the volumes of three spherical particles (in cm?) given that their diameters are
0.6, 6.0, and 60 um.

Solution:

V=@nB3)xaxr=419xr
For a 0.6-um particle, r = 0.3 um = 0.00003 cm:
V=419 x (0.00003 cm)* = 1.13 x 103 cm?
For a 6.0-um particle, » = 3.0 um = 0.0003 cm:
V=4.19 x (0.0003 cm)* = 1.13 X 1071 cm?
For a 60-pum particle, r = 30 um = 0.003 cm:

V=419 x (0.003 cm)? = 1.13 x 10”7 cm?

AERODYNAMIC DIAMETER

Particles emitted from air pollution sources and formed by natural processes have a number of dif-
ferent shapes and densities. Defining particle size for a spherical particle is easy; it is simply the
diameter of the particle. For nonspherical particles, the term “diameter” is not strictly applicable. In
air pollution control, particle size is based on particle behavior in the Earth’s gravitational field. The
aerodynamic equivalent diameter refers to a spherical particle of unit density that falls at a standard
velocity. As noted earlier, particle size is important because it determines atmospheric lifetime,
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effects on light scattering, and deposition in the lungs. It is important to keep in mind that, when we
speak of particulate size, we are not referring to particulate shape. This is an obvious point, but also
a very important one. For the sake of simplicity, it is common practice to assume that particles are
spherical, even though particles are not spherical and are usually quite irregularly shaped. In pollu-
tion control technology design applications, size of the particle is taken into consideration, but it is
the behavior of the particle in a gaseous waste stream that we are most concerned with.

To better understand this important point, drop a flat piece of regular typing paper from the top
of a 6-foot ladder. The paper will fall irregularly to the floor. Now, crumple the same sheet of paper
and drop it from the ladder and see what happens. The crumpled paper will fall rapidly. Thus, size
is important but other factors such as particle shape are also important. The aerodynamic diameter
for all particles greater than 0.5 pm can be approximated using the following equation (for particles
less than 0.5 um, refer to aerosol textbooks to determine the aerodynamic diameter):

dpe =d,\[P, (7.21)

where
d,, = Particle aerodynamic diameter (um).
d,, = Stokes diameter (um).

P, = Particle density (g/cm?).

Along with particle size and shape, particle density must be taken into consideration; for exam-
ple, a baseball and a whiffle ball have approximately the same diameter but behave quite differently
when tossed into the air. Particle density affects the motion of a particle through a fluid and is taken
into account in Equation 7.21. The Stokes diameter for a particle is the diameter of the sphere that
has the same density and settling velocity of the particle. It is based on the aerodynamic drag force
caused by the difference in velocity of the particle and the surrounding fluid. For smooth, spherical
particles, the Stokes diameter is identical to the physical or actual diameter.

Inertial sampling devices such as cascade impactors are used for particle sizing to determine the
aerodynamic diameter. The aerodynamic diameter is a useful measure for all particles including
fibers and particle clusters, but it is not a true size because nonspherical particles require more than
one dimension to characterize their size.

Note: In this text, particle diameter and particle size refer to the aerodynamic diameter, unless
otherwise stated.

PARTICLE SizE CATEGORIES

Because the range of particle sizes of concern for air emission evaluation is quite broad, it is benefi-
cial to divide this range into smaller categories. Defining different size categories is useful because
particles of different sizes behave differently in the atmosphere and the respiratory system. The
USEPA has defined terms for categorizing particles of different sizes; Table 7.13 displays this ter-
minology along with the corresponding particle sizes.

Regulated Particulate Matter Categories

In addition to the terminology provided in Table 7.13, the USEPA also categorizes particles as
indicated in the following text. These particle categories are important because particulate matter is
regulated and tested for under these categories.

Total Suspended Particulate Matter

Particles ranging in size from 0.1 to about 30 pm in diameter are referred to as total suspended
particulate matter (TSP). TSP covers a broad range of particle sizes, including fine, coarse, and
supercoarse particles.
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TABLE 7.13

EPA Terminology for Particle Sizes
EPA Description Particle Size
Supercoarse d,,> 10 um
Coarse 2.5um<d,, <10 ym
Fine 0.l pm<d,, £2.5um
Ultrafine d,,<0.1 ym

Note: d,, = particle aerodynamic diameter.

pa

PM;,

PM,, is defined as particulate matter with a diameter of 10 pm collected with 50% efficiency by a
PM,, sampling collection device. For convenience in this text, the term PM,, will be used to include
all particles having an aerodynamic diameter of less than or equal to 10 pm. PM,,is regulated as a
specific type of pollutant because particles this size are considered respirable. In other words, par-
ticles less than approximately 10 um can penetrate into the lower respiratory tract. The particle size
range between 0.1 and 10 um is especially important in air pollution studies. A major fraction of the
particulate matter generated in some industrial sources is in this size range.

PM, &

PM, ; is defined as particulate matter with a diameter of 2.5 um collected with 50% efficiency by
a PM, 5 sampling collection device. For convenience in this text, the term PM, 5 will be used to
include all particles having an aerodynamic diameter of less than or equal to 2.5 um. USEPA chose
2.5 um as the partition between fine and coarse particulate matter. Particles less than approximately
2.5 um are regulated as PM, 5. Air emission testing and air pollution control methods for PM, s
particles are different than those for coarse and supercoarse particles. PM, 5 particles settle quite
slowly in the atmosphere relative to coarse and supercoarse particles. Normal weather patterns can
keep PM, ; particles airborne for several hours to several days and allow these particles to cover
hundreds of miles. PM, 5 particles can cause health problems due to their potentially long airborne
retention time and the inability of the human respiratory system to defend itself against particles of
this size. In addition, the chemical makeup of PM, s particles is quite different than for coarse and
supercoarse particles. USEPA data indicate that PM, s particles are composed primarily of sulfates,
nitrates, organic compounds, and ammonium compounds. USEPA has also determined that PM, 5
particles often contain acidic materials, metals, and other contaminants believed to be associated
with adverse health effects. Particles less than 1 um in diameter are termed submicrometer particles
and can be the most difficult size to collect. Particles in the range of 0.2 to 0.5 um are common in
many types of combustion, waste incineration, and metallurgical sources. Particles in the range
of 0.1 to 1.0 um are important because they can represent a significant fraction of the particulate
emissions from some types of industrial sources and because they are relatively difficult to collect.

Particles Less Than 0.1 ym

Particles can be much smaller than 0.1 pm. In fact, particles composed of as few as 20 to 50 mol-
ecules clustered together can exist in a stable form. Some industrial processes such as combus-
tion and metallurgical sources generate particles in the range of 0.01 to 0.1 pm. These sizes are
approaching the size of individual gas molecules, which are in the range of 0.0002 to 0.001 pm.
However, particles in the size range of 0.01 to 0.1 um tend to agglomerate rapidly to yield particles
in the greater than 0.1-pm range. Accordingly, very little of the particulate matter entering an air
pollution control device or leaving the stack remains in the very small size range of 0.01 to 0.1 pm.
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Condensable Particulate Matter

Particulate matter that forms from condensing gases or vapors is referred to as condensable par-
ticulate matter. Condensable particulate matter forms by chemical reactions as well as by physical
phenomena. Condensable particulate matter is usually formed from material that is not particulate
matter at stack conditions but which condenses or reacts upon cooling and dilution in the ambient
air to form particulate matter. The formation of condensable particulate matter occurs within a few
seconds after discharge from the stack. From a health standpoint, condensable particulate matter is
important because it is almost entirely contained in the PM, 5 classification.

Size DISTRIBUTION

Particulate emissions from both manmade and natural sources do not consist of particles of any one
size. Instead, they are composed of particles over a relatively wide size range. It is often necessary to
describe this size range. Particulate matter for size distribution evaluation is measured in a variety
of ways. The data must be measured in a manner whereby they can be classified into successive
particle diameter size categories.

PARTICLE FORMATION

The range of particle sizes formed in a process is largely dependent on the types of particle forma-
tion mechanisms present. The general size range of particles can be estimated by simply recogniz-
ing which particle formation mechanisms are most important in the process being evaluated. The
most important particle formation mechanisms in air pollution sources include physical attrition/
mechanical dispersion, combustion particle burnout, homogeneous and heterogeneous nucleation,
and droplet evaporation. Several particle formation mechanisms can be present in an air pollution
source. As a result, the particles created can have a wide range of sizes and chemical composition.
Particle formation mechanisms are described in detail below.

Physical Attrition

Physical attrition generates primarily moderate-to-large sized particles and occurs when two
surfaces rub together; for example, the grinding of a metal rod on a grinding wheel yields small
particles that break off from both surfaces. The compositions and densities of these particles are
identical to the parent materials. In order for fuel to burn, it must be pulverized or atomized so there
is sufficient surface area exposed to oxygen and high temperature. As indicated in Table 7.14, the
surface area of particles increases substantially as more and more of the material is reduced in size.
Accordingly, most industrial-scale combustion processes use one or more types of physical attrition
to prepare their fuel or introduce it into the furnace. For example, oil-fired boilers use pulverizers
to reduce the chunks of coal to sizes that can be burned quickly. Oil-fired boilers use atomizers to
disperse the oil as fine droplets. In both cases, the fuel particle size is generally reduced to the range
of 10 to 1000 um by physical attrition.

Combustion Particle Burnout

When fuel particles are injected into the hot furnace area of the combustion process, such as in
fossil-fuel-fired boilers, most of the organic compounds in the fuel are vaporized and oxidized in
the gas stream. Fuel particles become smaller as the volatile matter leaves, and they are quickly
reduced to only the incombustible matter (ash) and the slow-burning char composed of organics
compounds. Eventually, most of the char will also burn, leaving primarily the incombustible mate-
rial. As combustion progresses, the fuel particles, which started as 10- to 1000-um particles, are
reduced to ash and char particles that are primarily in the range of 1 to 100 um. This mechanism for
particle formation is combustion particle burnout.
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TABLE 7.14
Surface Area Comparison for Spherical Particles of
Different Diameters®

Diameter Number of Particles Surf:(:teall\rea
of Particles (Approximate, o
Total Mass (pm) in millions) (cm?) (m?)
1000 0.002 60 0.006
100 2 600 0.06
10g 10 2000 6000 0.6
1 2,000,000 60,000 6
0.1 2,000,000,000 600,000 60

Source: Adapted from USEPA, Basic Concepts in Environmental Sciences, U.S.
Environmental Protection Agency, Washington, DC, 2007 (http://www.
epa.gov/air/oaqps/eog/bces/modulel/).

2 Based on density of 1.0 g/cm?.

Homogeneous and Heterogeneous Nucleation

Homogeneous and heterogeneous nucleation involves the conversion of vapor-phase materials to a
particulate form. In both cases, the vapor-containing gas streams must cool to the temperature at
which nucleation can occur, which is the dew point. Each vapor-phase element and compound has
a different dew point; therefore, some materials nucleate in relatively hot gas zones while others
remain as vapor until the gas stream is cold.

* Homogeneous nucleation is the formation of new particles composed almost entirely of
the vapor-phase material. The formation of particles by homogeneous nucleation involves
only one compound.

* Heterogeneous nucleation is the accumulation of material on the surfaces of existing par-
ticles. In the case of heterogeneous nucleation, the resulting particle consists of more than
one compound.

There are two main categories of vapor-phase material that can nucleate air pollution source gas
streams: (1) organic compounds, and (2) inorganic metals and metal compounds. In a waste incin-
erator, waste that volatizes to organic vapor is generally oxidized completely to carbon dioxide and
water. However, if there is an upset in the combustion process, a portion of the organic compounds
or their partial oxidation products remain in the gas stream as it leaves the incinerator. Volatile
metals and metal compounds such as mercury, lead, lead oxide, cadmium, cadmium oxide, and
arsenic trioxide can also volatilize in the hot incinerator. Once the gas stream passes through the
heat-exchange equipment (i.e., waste heat boiler) used to produce steam, the organic vapors and
metal vapors can condense homogeneously or heterogeneously. Generally, the metals and metal
compounds search their dew point first and begin to nucleate in relatively hot zones of the unit.

The organic vapors begin to condense in areas downstream from the process where the gas
temperatures are cooler. These particles must then be collected in the downstream air pollution
control systems. Homogeneous and heterogeneous nucleation generally creates particles that are
very small, often between 0.1 and 1.0 pm.

Heterogeneous nucleation facilitates a phenomenon known as enrichment of particles in the sub-
micrometer size range. The elemental metals and metal compounds volatized during high-tem-
perature operations (e.g., fossil-fuel combustion, incineration, industrial furnaces, metallurgical
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processes) nucleate preferentially as small particles or on the very small particles produced by
these processes. Consequently, very small particles have more potentially toxic materials than the
very large particles leaving the processes. Heterogeneous nucleation contributes to the formation of
article distributions that have quite different chemical compositions in different size ranges.

Another consequence of particle formation by heterogeneous nucleation is that a greater variety
of chemical reactions may occur in the gas stream than would otherwise happen. During heteroge-
neous nucleation, small quantities of metals are deposited on the surfaces of many small particles.
In this form, the metals are available to participate in catalytic reactions with gases or other vapor-
phase materials that are continuing to nucleate. Accordingly, heterogeneous nucleation increases the
types of chemical reactions that can occur as the particles travel in the gas stream from the process
source and through the air pollution control device.

Droplet Evaporation

Some air pollution control system use solids-containing water recycled from wet scrubbers to
cool the gas streams. This practice inadvertently creates another particle formation mechanism
that is very similar to fuel burnout. The water streams are atomized during injection into the hot
gas streams. As these small droplets evaporate to dryness, the suspended and dissolved solids are
released as small particles. The particle size range created by this mechanism has not been exten-
sively studied; however, it probably creates particles that range in size from 0.1 to 20 um. All of
these particles must then be collected in the downstream air pollution control systems.

COLLECTION MECHANISMS

When sunlight streams into a quiet room, particles of many different shapes and sizes can be seen;
some appear to float while others slowly settle to the floor. All of these small particles are denser
than the room air, but they do not settle very quickly. The solid, liquid, and fibrous particles formed
in air pollution sources behave in a manner that is very similar to standard household dusts and
other familiar particles. What we instinctively understand about these everyday particles can be
applied in many respects to the particles from air pollution sources. There are, however, two major
differences between industrially generated particles and those in more familiar settings. The indus-
trial particles are much smaller than most household particles. Also, some industrial particles have
complex chemical compositions and include compounds and elements that are known to be toxic.
Emission testing devices and air pollution control systems apply forces to the particles in order
to remove them from the gas stream. These forces include inertial impaction and interception,
Brownian diffusion, gravitational settling, electrostatic attraction, thermophoresis, and diffusiopho-
resis. These forces are basically the “tools” that can be used for separating particles from the gas
stream. All of these collection mechanism forces are strongly dependent on particle size.

INERTIAL IMPACTION AND INTERCEPTION

Due to inertia, a particle moving in a gas stream can strike slowly moving or stationary obstacles
(targets) in its path. As the gas stream deflects around the obstacle, the particle continues toward
the object and impacts it. The obstacle may be a solid particle, stationary object or a water drop-
let. Two primary factors affect the probability of an impaction occurring: (1) aerodynamic article
size, and (2) the difference in velocity between the particle and the obstacle. Larger particles are
collected more easily than smaller particles due to their greater inertia. Also, collection efficiency
increases as the difference in velocity between the particle in the gas stream and the obstacle (or
target) increases.

Inertial impaction is analogous to a small car riding down an interstate highway at 65 mph and
approaching a merge lane where a slow-moving truck is entering the highway. If the car is unable
to get into the passing lane to go around the merging truck, there could be an impaction incident.
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Larger cars will have more difficulty going around the truck than smaller cars. Also, the faster the
car is going relative to the truck, the more probable is an impaction.

The efficiency of impaction is directly proportion to the impaction parameter shown in Equation
7.22. As the value of this parameter increases, the efficiency of inertial impaction increases. This
parameter is related to the square of the Stokes particle diameter and the difference in velocity
between the particle and the target droplet:

K, = C‘(L)ZVP” (7.22)
! 18uD, '

where
K, = Impaction parameter (dimensionless).
C. = Cunningham slip correction factor (dimensionless).
d,,= Stokes particle diameter (um).
v = Difference in velocity (cm/sec).
P, = Particle density (g/cm?).
p = Gas viscosity (g/cm-sec).
D, = Diameter of a droplet (cm).

The Cunningham slip correction factor (also called Cunningham’s correction factor) accounts
for molecular slip. Molecular slip occurs when the size of the particle is the same magnitude as the
distance between gas molecules. The particle no longer moves as a continuum in the gas but as a
particle among discrete gas molecules, thereby reducing the drag force. For particles in air with
actual diameter of 1.0 um and less, the Cunningham correction factor is significant.

Inertial impaction occurs when obstacles (e.g., water droplets) are directly in the path of the
particle moving in the gas stream. Sometimes the obstacle or target is offset slightly from the direct
path of the moving particle. In this instance, as the particle approaches the edge of the obstacle, the
obstacle may collect the particle through a process called interception.

BrROWNIAN DIFFUSION

Brownian diffusion becomes the dominant collection mechanism for particles less than 0.3 um and
is especially significant for particles ranging in size from 0.01 to 0.1 um. Very small particles in
a gas stream deflect slightly when gas molecules strike them. Transfer of kinetic energy from the
rapidly moving gas molecule to the small particle causes this deflection, called Brownian diffusion.
These small particles are captured when they impact a target (e.g., liquid droplet) as a result of this
random movement. Diffusivity is a measure of the extent to which molecular collisions influence
very small particles, causing them to move in a random manner across the direction of gas flow.
The diffusion coefficient in the equation below represents the diffusivity of a particle at certain gas
stream conditions.

_ CKT
3nd .

(7.23)

P

where
D, = Diffusion coefficient (cm?*sec).
C. = Cunningham slip correction factor (dimensionless).
K = Boltzmann constant (g-cm?/sec? K).
T = Absolute temperature (degrees K).
d,, = Particle aerodynamic diameter (um).

I
u = Gas viscosity (kg/m-sec).
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GRAVITATIONAL SETTLING

Particles in still air have two forces acting on them: (1) a gravitational force downward, and (2) the
air resistance (or drag) force upward. When particles begin to fall, they quickly reach a terminal set-
tling velocity, which represents the constant velocity of a falling particle when the gravitational force
downward is balanced by the air resistance (or drag) force upward. The terminal settling velocity can
usually be expressed using Equation 7.24. (Note: Equation 7.24 is applicable for particles less than 80
pum in size [aerodynamic diameter] with a Reynolds number less than 2.0 and a low velocity.)

_ GP,(d,,) C.

7.24
18 (7.24)

Vi

where
v, = Terminal settling velocity (cm/sec).
G = Gravitational acceleration (cm/sec?).
P, = Density of particle (g/cm?).
d,,= Stokes particle diameter (cm).
C. = Cunningham slip correction factor (dimensionless).
u = Viscosity of air (g/cm