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List of the elements with their symbols and atomic masses*

Atomic Atomic Atomic Atomic
Element Symbol Number Mass+ Element Symbol Number Mass+t
Actinium Ac 89 (227) Mendelevium Md 101 (258)
Aluminum Al 13 26.98 Mercury Hg 80 200.6
Americium Am 95 (243) Molybdenum Mo 42 95.94
Antimony Sb 51 121.8 Neodymium Nd 60 144.2
Argon Ar 18 39.95 Neon Ne 10 20.18
Arsenic As 33 74.92 Neptunium Np 93 (237)
Astatine At 85 (210) Nickel Ni 28 58.69
Barium Ba 56 137.3 Niobium Nb 41 9291
Berkelium Bk 97 (247) Nitrogen N 7 14.01
Beryllium Be 4 9.012 Nobelium No 102 (259)
Bismuth Bi 83 209.0 Osmium Os 76 190.2
Bohrium Bh 107 (262) Oxygen (@) 8 16.00
Boron B 5 10.81 Palladium Pd 46 106.4
Bromine Br 35 79.90 Phosphorus P 15 30.97
Cadmium Cd 48 112.4 Platinum Pt 78 195.1
Calcium Ca 20 40.08 Plutonium Pu 94 (244)
Californium Cf 98 (251) Polonium Po 84 (209)
Carbon C 6 12.01 Potassium K 19 39.10
Cerium Ce 58 140.1 Praseodymium Pr 59 140.9
Cesium Cs 55 132.9 Promethium Pm 61 (145)
Chlorine Cl 17 35.45 Protactinium Pa 91 (231)
Chromium Cr 24 52.00 Radium Ra 88 (226)
Cobalt Co 27 58.93 Radon Rn 86 (222)
Copper Cu 29 63.55 Rhenium Re 75 186.2
Curium Cm 96 (247) Rhodium Rh 45 102.9
Dubnium Db 105 (262) Rubidium Rb 37 85.47
Dysprosium Dy 66 162.5 Ruthenium Ru 44 101.1
Einsteinium Es 99 (252) Rutherfordium Rf 104 (261)
Erbium Er 68 167.3 Samarium Sm 62 150.4
Europium Eu 63 152.0 Scandium Sc 21 44.96
Fermium Fm 100 (257) Seaborgium Sg 106 (266)
Fluorine F 9 19.00 Selenium Se 34 78.96
Francium Fr 87 (223) Silicon Si 14 28.09
Gadolinium Gd 64 157.3 Silver Ag 47 107.9
Gallium Ga 31 69.72 Sodium Na 11 22.99
Germanium Ge 32 72.64 Strontium Sr 38 87.62
Gold Au 79 197.0 Sulfur S 16 32.07
Hafnium Hf 72 178.5 Tantalum Ta 73 180.9
Hassium Hs 108 (277) Technetium Tc 43 98)
Helium He 2 4.003 Tellurium Te 52 127.6
Holmium Ho 67 164.9 Terbium Tb 65 158.9
Hydrogen H 1 1.008 Thallium Tl 81 204.4
Indium In 49 114.8 Thorium Th 90 232.0
Iodine I 53 126.9 Thulium Tm 69 168.9
Iridium Ir 77 192.2 Tin Sn 50 118.7
Iron Fe 26 55.85 Titanium Ti 22 47.88
Krypton Kr 36 83.80 Tungsten w 74 183.9
Lanthanum La 57 138.9 Uranium U 92 238.0
Lawrencium Lr 103 (262) Vanadium \'% 23 50.94
Lead Pb 82 207.2 Xenon Xe 54 131.3
Lithium Li 3 6.941 Ytterbium Yb 70 173.0
Lutetium Lu 71 175.0 Yttrium Y 39 88.91
Magnesium Mg 12 2431 Zinc Zn 30 65.41
Manganese Mn 25 54.94 Zirconium Zr 40 91.22
Meitnerium Mt 109 (268)

*All atomic masses have four significant figures. These values are recommended by the Committee on Teaching of Chemistry, International Union of Pure and

Applied Chemistry.

‘+Approximate values of atomic masses for radioactive elements are given in parentheses.

Source: Chang, R. Chemistry, 7Tth ed. Copyright © 2002 The McGraw-Hill Companies, Inc. New York. Reproduced with permission.
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The 1-18 group designation has been recommended by the International Union of Pure and Applied Chemistry (IUPAC) but is not yet in wide use. No names have been assigned
for elements 110112, 114, 116, and 118. Elements 113, 115, and 117 have not yet been synthesized.

Source: Chang, R. Chemistry, 7th ed. Copyright © 2002 The McGraw-Hill Companies, Inc. New York. Reproduced wih permission.
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PREFACE

This book is designed for use by professionals. The book covers the design of municipal water
and wastewater facilities. I have assumed that the reader has had an introductory environ-
mental engineering course and a first course in fluid mechanics. That is, I have assumed the
reader is familiar with notation such as mg/L and acronyms such as BOD as well as the con-
cepts of mass balance, Bernoulli’s equation, and friction loss. Because I could not assume
that the reader has used either Introduction to Environmental Engineering or Principles of
Environmental Engineering and Science, some material from those texts is used to introduce
the subject matter included here.

A Professional Advisory Board has provided their experience and expertise to vet the material
in Water and Wastewater Engineering. The Board is composed of licensed engineers, a licensed
geologist, and licensed treatment plant operators. A short biographical sketch and affiliation of
the Professional Advisory Board members is presented following this preface. They have read
and commented on all of the chapters. In addition, a number of operators have been interviewed
to obtain hints on methods for improving designs.

The book format is one that I used successfully over the 20 years that I taught the material.
The book starts with an overview of the design and construction process including the application
of the code of ethics in the process. The first half of the book addresses water treatment. Because
my course was built around a term design project, the subject matter follows the flow of water
through the unit processes of coagulation, flocculation, softening (including NF and RO), sedi-
mentation, filtration (including MF and UF), disinfection, and residuals management.

The topics of wastewater treatment follow a similar pattern of following the flow through a
plant, that is, preliminary treatment, primary treatment, secondary treatment, tertiary treatment,
and residuals management. Special attention is given to the application of membranes.

Each subject in each chapter is introduced with a discussion of the theoretical principles that
are to be applied in the design of the unit process. In addition, in each chapter, appropriate design
criteria from the Great Lakes—Upper Mississippi River Board of State and Provincial Public
Health and Environmental Managers (known to the elders of the profession as the Ten State Stan-
dards) as well as alternative approaches from the literature are addressed.

The text features over 100 example problems, 500 end-of-chapter problems, and 300 illustra-
tions. A highlight of the book is the inclusion of safety issues in the design requirements as well
as operation and maintenance activities. Hints from the field bring real-life experience in solving
technical issues.

For those using this book for a formal university level course, an instructor’s manual is avail-
able online for qualified instructors. Please inquire with your McGraw-Hill representative for the
necessary access password. The instructor’s manual includes sample course outlines for both a one-
semester option and a two-semester option, solved example exams, and detailed solutions to the
end-of-chapter problems. In addition, there are suggestions for using the pedagogic aids in the text.

McGraw-Hill hosts a website at http://www.mhprofessional.com/wwe. It includes over 500
annotated photos of equipment and the construction process as well as a primer on engineering
economics, and seminar presentations by professional engineers and operators.


http://www.mhprofessional.com/wwe

X

PREFACE

There is a student edition of this book under the same title. It does not contain chapters on the
following subjects: (1) intake structures, (2) wells, (3) chemical handling and feeding, (4) removal
of specific contaminants, (5) water plant process selection and integration, (6) storage and dis-
tribution systems, (7) sanitary sewer design, and (8) clean water plant process selection and
integration.

I appreciate any comments, suggestions, corrections, and contributions for future editions.

Mackenzie L. Davis
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CHAPTER

1

THE DESIGN AND CONSTRUCTION
PROCESSES

If it works, it is good. The trick, of course, is designing
something that works.
P. Aarne Vesilind
Wastewater Treatment Plant Design
Water Environment Federation, 2003

The devil is in the details.
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INTRODUCTION 1-6 OVERALL CONSTRUCTION PROCESS
PROJECT PARTICIPANTS 17 HINTS FROM THE FIELD
THE PROFESSIONAL-CLIENT 1-8 CHAPTER REVIEW
RELATIONSHIP AND THE CODE
OF ETHICS 19 PROBLEMS
RESPONSIBLE CARE 1-10 DISCUSSION QUESTIONS
OVERALL DESIGN PROCESS 1-11 REFERENCES

1-1



1-2

WATER AND WASTEWATER ENGINEERING

1-1 INTRODUCTION

Overview

Water and wastewater engineering encompasses the planning, design, construction, and supervi-
sion of water and wastewater systems. This chapter gives an overview of the design and construc-
tion process as an introduction to planning. Chapters 2 through 17 address water treatment. The
subject matter follows the flow of water (and the design of unit processes) from the development
of a source through the unit processes of coagulation, flocculation, softening, reverse osmosis,
nanofiltration, sedimentation, granular filtration, membrane filtration, disinfection, and residuals
management. The topics of wastewater treatment follow a similar pattern of following the flow
through a plant. Chapters 18 through 28 address preliminary treatment, primary treatment, sec-
ondary treatment, tertiary treatment, and residuals management. Special attention is given to the
application of membranes.

Setting the Stage

Before presenting the design and construction processes, the stage is set by identifying the
project participants and their roles. The Code of Ethics provides a framework to discuss the
professional—client relationship. Responsible care is introduced as a higher level of perfor-
mance than demanded by the code of ethics.

1-2  PROJECT PARTICIPANTS

Decision making for any municipal water or wastewater engineering design involves many par-
ticipants: the public, the regulator, the legal counsel, the owner, the designer, the financier/invest-
ment banker, the operator, and the contractor. The owner serves as the focus of all the project’s
activities. The design professional, as a member of the design team under the owner’s direction,
responds to the project’s design needs. The design team consists of principal design engineers
and supporting specialists (WEF, 1991).

All projects begin with an identification of a problem by the regulator, the public, legal counsel, or owner.
The design professional then enters the project during the idea generation and evaluation phase of the
problem-solving activity. Thereafter, the design professional or firm generally participates actively in all
of the project’s activities, typically until the end of the first year of operation. (WEF, 1991)

The design professional may enter the process by many routes. Typically one of the fol-
lowing three methods or a combination of the methods are used to obtain engineering design
services:

* Request for Qualifications (RFQ): The owner solicits qualifications from firms that wish to
be considered for engineering services on a design project.

* Request for Proposals (RFP): The owner solicits proposals for engineering services on a
project. The RFP usually includes a requirement to provide a statement of qualifications.
Alternatively, the RFQ may be a second step following the evaluation of the responses to
the RFP.

* Qualified Bidder Selection (QBS): The owner selects the design firm from a list of previ-
ously qualified companies.
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TABLE 1-1

Some observed professional—client relationship models

Model Description and comments

Agency Professional acts as an expert for agency, but agency has authority and responsibility.
Plausible for an attorney or a consultant to a government agency such as the Corps of
Engineers.

Contract Authority and responsibility shared equally. This model assumes bargaining between
equals. Not likely for an engineering consultant in classical design and construction.

Paternal Professional has superior knowledge and makes all the decisions for the client. This

model assumes the professional has not only superior technical knowledge but also
knows what is in the client’s best interest. Paternalism requires justification because it
involves performing on behalf of the client regardless of that person’s consent.

Fiduciary Professional’s superior knowledge is recognized, but the client retains significant
authority and responsibility for decision making. The professional supplies ideas and
information and proposes courses of action. The client’s judgement and consent are
required.

Extracted from Bayles, 1991.

In the case of the focus of this text, the owner is a municipality or an operating authority repre-
senting several municipalities.

The central issue in the professional—client relationship is the allocation of responsibility and
authority in decision making—who makes what decisions. These are ethical models that are, in
effect, models of different distributions of authority and responsibility in decision making. One
can view the professional—client relationship as one in which the client has the most authority and
responsibility in decision making, the professional being an employee; one in which the profes-
sional and the client are equals, either dealing at arm’s length or at a more personal level; or one
in which the professional, in different degrees, has the primary role (Bayles, 1991). The models
are summarized in Table 1-1.

1-3 THE PROFESSIONAL-CLIENT RELATIONSHIP
AND THE CODE OF ETHICS

The professional—client relationship may move back and forth between two or more models as
the situation changes. However, for the professional engineer, the requirements of the Code of
Ethics are overarching. The American Society of Civil Engineers (ASCE) Code of Ethics is
shown in Figure 1-1.

First Canon

This canon is paramount. It is held superior to all the others.
Regulations, codes, and standards serve as the engineer’s guidance in ensuring that the facili-
ties are safe and protect the health of the community. A large portion of this book and, for that

1-3
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1.

2.

3.

AMERICAN SOCIETY OF CIVIL ENGINEERS
CODE OF ETHICS

Fundamental Principles

Engineers uphold and advance the integrity, honor
an

dignity of the engineering profession by:
using their knowledge and skill for the enhance-
ment of human welfare and the environment;
being honest and impartial and serving with fidel-
ity the public, their employers and clients;
striving to increase the competence and prestige
of the engineering profession; and

. supporting the professional and technical soci-

eties of their disciplines.

Fundamental Canons

. Engineers shall hold paramount the safety, health

and welfare of the public and shall strive to com-
ply with the principles of sustainable development
in the performance of their professional duties.

. Engineers shall perform services only in areas of

their competence.

. Engineers shall issue Fublic statements only in an

objective and truthful manner.

. Engineers shall act in professional matters for each

em(f)loyer or client as faithful agents or trustees,
and shall avoid conflicts of interest.

. Engineers shall build their professional reputation

on the merit of their services and shall not compete
unfairly with others.

. Engineers shall act in such a manner as to uphold
an

enhance the honor, integrity, and dignity of
the engineering profession.

. Engineers shall continue their professional de-

velopment throughout their careers, and shall
provide opportunities for the professional develop-
ment of those engineers under their supervision.

FIGURE 1-1

American Society of Civil Engineers code of ethics.

matter, the education of environmental engineers is focused on these two issues. They will be
discussed in more detail at appropriate points in the remaining chapters.

The public “welfare” is not articulated in regulations, codes, and standards. It is comprised of
two parts: prosperity and happiness. The public prospers when the decisions of the professional
result in economical projects. The public is “happy” when their trust and reliance on the profes-

sional is justified by successful completion of a project.

Economical projects do not imply the cheapest project. Rather, they imply projects that
serve the client’s needs and satisfy the client’s elective options while conforming to regula-
tory constraints. In the classical engineering approach economical projects are achieved by
the following:

* Scoping of the engineering contract (Bockrath, 1986 and Sternbach, 1988).
* Economic analysis of alternatives (GLUMRB, 2003; WEF, 1991; WPCF, 1977).
* Selection of lowest responsible bidder (Bockrath, 1986).

* Diligent inspection of the work in progress (Firmage, 1980).
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In alternative approaches such as design-build, economy is achieved by alternate delivery
methods.

At the beginning of a project, on approval of the selection of a specific consulting engineer,
it is customary to hold a “scope meeting.” At the scope meeting a typical agenda includes (Fir-
mage, 1980 and Sternbach, 1988):

* Identification of primary contacts for the owner and engineering firm.
* Scope and extent of engineering work.

 Starting and completion dates.

 Construction inspection.

* Responsibility for allied engineering services.

* Procedures for out-of-scope requests.

¢ The fee.

Many times these items are addressed in the engineering firm’s proposal. In the proposal pro-
cess, the clarity with which these are addressed may serve as a basis for selection of the engi-
neering firm.

The scope and extent of engineering work should be explicitly defined, in writing, to
avoid misunderstanding. The scope ensures that the client understands the limits of the work
the engineer is willing and/or able to perform. It provides the engineer with a framework for
establishing the fee and level of effort to be provided as well as ensuring that the engineer is
not expected to perform work outside of the area of competence. It may include such things as
personnel assigned to the project, their qualifications and responsibilities, evaluation of alterna-
tives, design of the facility, preparing detail drawings, cost estimates, evaluating bids, as well as
bidder qualifications, surveying, staking the project, preparation of operation and maintenance
manuals, attendance at meetings, and documentation.

The starting and completion dates provide both the client and the engineer with realistic
expectations as to the progress of the project.

The scope meeting should identify the design engineer’s responsibilities for construction
inspection. Typically, the design engineering firm provides a field engineer and/or a construction
observer to diligently observe and, to the best of their ability, assure the owner that the construc-
tion is taking place in accordance with the plans and specifications as the project is being built.
Although a field engineer from a firm not involved in the design may be retained, it is preferable
that the design firm provide the engineer to ensure continuity. While construction observers may
be competent to do routine examinations of the progress of work, they generally do not have the
technical background to assure compliance with design specifications unless they are given spe-
cific training. For large projects, a full-time field engineer is on site. For small projects, periodic
inspection and inspection at critical construction milestones is provided.

Small engineering firms may not have the expertise to provide the design specifications for
all of the components of the design. In this instance, the responsibility for providing allied engi-
neering services such as geotechnical/soils consultants and electrical, mechanical, and structural
engineering as well as architectural services should be spelled out in writing at the scope meeting.
The professional engineering qualifications of those supplying the allied engineering should also
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TABLE 1-2

Common fee structures

Model Description and comments

Fixed percentage The engineering fee is a fixed percentage of the final cost of the constructed

facility. There is a negative incentive for the engineer to produce an economical
design. This fee system is outdated and rarely, if ever, used.

Fixed fee (lump sum) The engineering fee is a stated sum. There is no incentive for the engineer
to explore alternatives when it is specified as part of the work. There is an
incentive to get the work done as expeditiously as possible.

Time and materials The cost of engineering services (the amount paid for salaries, fringe benefits,
(T&M) or time and retirement allowances, and operating costs) plus a percentage for overhead
expenses (T&E) and a fee for profit. In this procedure, the client will pay the “true” cost of the

engineering. However, without a scope of work and deadline, there is an no
incentive for the engineer to expedite the work.

Time and materials, Same as T&M above but a maximum fee is specified. This provides the

not to exceed engineer some incentive to expedite the work but only so as not to exceed
the ceiling fee. On the other hand, the owner has an incentive to expand the
scope. Both parties need to be alert to these possibilities and make appropriate
adjustments.

be explicitly defined. For example, structural engineers that specialize in building design may not
be appropriate for designing structures subject to aggressive wastewater.

Billing schedules and expectations of payment are also included in the scope meeting.
Typical fee structures are outlined in Table 1-2.

Economic analysis of alternatives, selection of lowest responsible bidder, and diligent
inspection of the work in progress will be discussed in the context of the design/construction
process described below.

Turning to the issue of “happiness” or more formally “How is trust and reliance on the profes-
sional justified?”, three elements are to be considered:

* The engineer’s view of the client.
* The client’s view of the project.

* Minimal versus appropriate standards.

For all but the very largest municipal systems, the first two models of the professional—client
relationship, Agency and Contract, do not apply. That leaves us with the latter two models. “Al-
though a professional and a client are not equals, sufficient client competence exists to undermine
the paternalistic model as appropriate for their usual relationship. Clients can exercise judgement
over many aspects of professional services. If they lack information to make decisions, profession-
als can provide it.” (Bayles, 1991) This is not meant to suggest that the public needs to be taught
environmental engineering. Rather, it suggests that educated members of our modern society are
capable of understanding alternatives and making reasonable choices based on their values. They
should be provided enough information to make choices that accomplish their purposes—not
those of the professional.
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The client’s view of the project is most closely matched by the Fiduciary model, where the
client has more authority and responsibility in decision making than in the Paternal model. The
client must exercise judgement and offer or withhold consent in the decision making process.
In the Fiduciary model, the client depends on the professional for much of the information they
need to give or withhold their consent. The term consents (the client consents) rather than decides
(the client decides) indicates that it is the professional’s role to propose courses of action. It is
not the conception of two people contributing equally to the formulation of plans, whether or not
dealing at arm’s length. Rather, the professional supplies the ideas and information, and the client
agrees or not. For the process to work, the client must trust the professional to analyze accurately
the problem, canvass the feasible alternatives and associated costs, know as well as one can their
likely consequences, fully convey this information to the client, perhaps make a recommenda-
tion, and work honestly and loyally for the client to effectuate the chosen alternative. In short,
the client must rely on the professional to use his or her knowledge and ability in the client’s
interests. Because the client cannot check most of the work of the professional or the information
supplied, the professional has special obligations to the client to ensure that the trust and reliance
are justified.

This is not to suggest that the professional simply presents an overall recommendation for
the client’s acceptance or rejection. Rather, a client’s interests can be affected by various aspects
of a professional’s work, so the client should be consulted at various times (Bayles, 1991).

“Sustainable development is development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs.” (WECD, 1987) If we look
beyond the simple idea of providing water and controlling pollution to the larger idea of sustain-
ing our environment and protecting the public health, we see that there are better solutions for our
pollution problems. For example:

* Pollution prevention by the minimization of waste production.

 Life cycle analysis of our production techniques to include built-in features for extraction
and reuse of materials.

 Selection of materials and methods that have a long life.

* Manufacturing methods and equipment that minimize energy and water consumption.

Second Canon

Engineers are smart, confident people. With experience, we gain wisdom. The flaw of our nature
is to overextend our wisdom to areas not included in our experience. Great care must be taken to
limit engineering services to areas of competence. Jobs may be too large, too complicated, require
technology or techniques that are not within our experience. Competence gained by education
or by supervised on-the-job training sets the boundaries on the areas in which we can provide
service. Others more qualified must be called upon to provide service beyond these experiences.

Engineers are creative. We pride ourselves in developing innovative solutions. We believe
that civilization advances with advances in technology. Someone has to build the first pyramid,
the first iron bridge, the first sand filter. Many times “the first” design fails (Petroski, 1985).
Thus, there may be a conflict between creativity and service in an area of competence. The con-
flict must be resolved very carefully. Although safety factors, bench and pilot scale experiments,
and computer simulations may be used, the client and professional must, in a very explicit way,
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agree on a venture into uncharted territory. If the territory is simply uncharted for the design
engineer but not for the profession, then the design engineer must employ a partner that can bring
experience or obtain the necessary training to become competent.

Third Canon

It may not seem that engineers would be called upon to issue public statements. Yet, there are nu-
merous times that public statements are issued. Often these are formal, such as signing contracts,
making presentations to a city council or other public body, and issuing statements to the news
media. In other instances it is not so obvious that the statements are public. Verbal statements
to individual members of the public, posting of signs, and signing change orders on government
financed projects are examples of informal public statements.

Fourth Canon

A faithful agent is more than a loyal one. A faithful agent must be completely frank and open
with his/her employer and client. This means getting the facts, explaining them, and not violating
the other canons to please the client or your employer.

Conlflicts of interest may be subtle. A free lunch, a free trip, or a golf outing may not seem
like much of a conflict of interest, but in the eyes of the public, any gift may be seen as an attempt
to gain favors. Appearances do count and, in the public’s view, perception is reality.

Fifth Canon

This canon appears to be self-explanatory. We understand that cheating on exams is unethical.
Likewise, cheating by claiming credit for work that someone else has done is unethical.

Unfair competition has taken a broad meaning in the review of ethics boards. For example,
offering services to a potential client that has retained another engineer to do the same work falls
into the category of unfair competition if the engineer solicits the work. The circumstances are
different if the client solicits the engineer after having already retained another engineer. This
type of request must be treated with great care. It is best to decline this type of employment until
the client and original engineer resolve or dissolve their relationship.

Similarly, a request to review the work of another engineering firm may be construed to be
unfair competition. The best procedure is for the client to advise the original firm of their desire
to have an independent review. Another alternative is to advise the originating engineering firm
that the request has been made. This is a matter of courtesy, if not a matter of ethics.

Sixth Canon

This canon has two elements. The first is to treat others with the same courtesy that you
would expect from them. The second is to behave such that the credibility of your work is not
jeopardized.

Seventh Canon

Engineers use technology both in the process of doing their job and in the provision of solutions
to problems. It is incumbent on them to keep up with the technology. One of the best means of
doing this is to participate in one of the relevant professional societies by attending meetings,
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reading journal articles, and participating in workshops. Appropriate organizations for municipal
water and wastewater engineering include the American Society of Civil Engineers (Journal
of Environmental Engineering), American Water Works Association (Journal AWWA), and the
Water Environment Federation (Water Environment Research).

1-4 RESPONSIBLE CARE

Codes of ethics are minimalist (Ladd, 1991). They stipulate only the minimal acceptable stan-
dards. To say that only minimal standards qualify as reasonable and sufficient is to suggest
that these standards result in a product that is as good as anyone could expect it to be (Harris
et al., 1995). This is belied by the fact that others in the profession choose to exceed the mini-
mal standards:

“A major responsibility of the engineer is to precisely determine the wants of the client.”
(Firmage, 1980).

“. .. the first task of the engineer is find out what the problem really is.”

“An important aspect of the problem definition that is frequently overlooked is human
factors. Matters of customer use and acceptance are paramount.” (Kemper and Sanders,
2001)

The responsibilities of engineers are to (Baum, 1983):

1. “Recognize the right of each individual potentially affected by a project to participate to
an appropriate degree in the making of decisions concerning that project.”

2. “Do everything in their power to provide complete, accurate, and understandable infor-
mation to all potentially affected parties.”

To go beyond the minimalist requirements is to endorse the concepts of responsible or reason-
able care and informed consent. Reasonable care is “a standard of reasonableness as seen by a
normal, prudent nonprofessional” (Harris et al., 1995). Informed consent is understood as includ-
ing two main elements: knowledge and voluntariness. To elaborate, informed consent may be
defined by the following conditions (Martin and Schinzinger, 1991):

1. The consent is given voluntarily without being subjected to force, fraud, or deception.

2. The consent is based on the information that a rational person would want, together with
any other information requested, presented to them in an understandable form.

3. The decision is made by an individual competent to process the information and make
rational decisions.

4. The consent is offered in proxy by an individual or group that collectively represents
many people of like interests, concerns, and exposure to the risks that result from the
decision.

To go beyond the minimalist level of holding the public welfare paramount, the professional
engineer must view the relationship to the client as fiducial. They owe the client responsible care.
The client must be given the right and opportunity to express informed consent or to withhold
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consent as they deem fit. This is not to say that the client must consent to the selection of every
nut and bolt in the project, but rather that critical decision points must be identified for the client.
At these decision points the client must be provided enough information to allow rational deci-
sions. This information should include the alternatives, the consequences of choosing one alter-
native over another, and the data and/or logic the engineer used to arrive at the consequences.

1-5 OVERALL DESIGN PROCESS

Project Design and Construction Delivery Processes

The design process is not like a computer program that is executed exactly the same way for
every project. The process described here is an overview of the classical engineering approach
to design- and construction-related activities. In this approach, vendor-furnished equipment is
procured according to performance or prescriptive specifications through contractors who are
bidding from drawings and specifications prepared by a consulting engineer. All funding and
ownership of the facilities rest with the owner in the classical approach. In actual practice some
of the steps described below will be bypassed and others, not described, will be inserted based on
the experience of the designer and the complexity of the design.

Other approaches to the design and construction process include (1) design-build, (2) con-
struction management-agent, (3) construction management-at risk, (4) design engineer/
construction manager. These alternative approaches are discussed at the website http://www.
mhprofessional.com/wwe.

The classic design procedure includes the following steps:

e Study and conceptual design
* Preliminary design
* Final design

These steps will be examined in more detail in the following paragraphs. Each of these steps
forms a major decision point for the owner. He or she must be provided enough information to
allow a rational decision among the alternatives, including the alternative to not proceed.

The design process is iterative. Each step requires reevaluation of the design assumptions
made in previous steps, the ability of the design to meet the design criteria, the compatibility of
processes, and integration of the processes. At key decision points, the economic viability of the
project must be reassessed.

Study and Conceptual Design

In this phase of the design, alternatives are examined and appropriate design criteria are estab-
lished. It is in this stage of the project that alternatives to facility construction are examined. For
water supply, the alternatives to facility construction might include purchasing water from a
nearby community, instituting water conservation, or having individual users supply their own
water by private wells. For wastewater treatment, the alternatives to facility construction might
include connection to a nearby community’s system or controlling infiltration and inflow into
the sewer system. In addition, the null alternative, that is the cost of doing nothing must also be
considered.
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Establishment of Design Criteria. Design criteria are the boundary conditions that establish
the functional performance of the facility. Two general types of criteria are used: performance
and prescriptive. Performance criteria define the desired objective, but not the means of achiev-
ing it. Prescriptive criteria define the explicit details of how the facility will be built. The design
criteria are frequently a combination of the two types of criteria.

Water and wastewater treatment systems will be used for illustration in the following para-

graphs. Some of the factors to be considered will differ for water supply and sewer systems.
Six factors are normally considered in establishing the design criteria for water and wastewater
treatment systems:

Raw water or wastewater characteristics.
Environmental and regulatory standards.
System reliability.

Facility limits.

Design life.

Cost.

Raw water or wastewater characteristics. Water characteristics include the demand for water

and
rate

The

the composition of the untreated (raw) water. Wastewater characteristics include the flow
of the wastewater and its composition.

Sound design practice must anticipate the range of conditions that the facility or process can reasonably be
expected to encounter during the design period. The range of conditions for a plant typically varies from
a reasonably certain minimum in its first year of operation to the maximum anticipated in the last year of
the design service period in a service area with growth of customers. . . . Often the minimum is overlooked
and the maximum is overstated. (WEF, 1991)

Consideration of the flowrates during the early years of operation is often overlooked, and over sizing
of equipment and inefficient operations can result. (Metcalf & Eddy, Inc., 2003).

The water characteristics include:
Raw water composition.

Hourly, daily, weekly, monthly, and seasonal variations in raw water composition and
availability.

Variations in demand from domestic, industrial, commercial, and institutional activities.
wastewater characteristics include:
Composition and strength of the wastewater.

Hourly, daily, weekly, monthly, and seasonal variations in flow and strength of the waste-
water.

Contributions from industrial and commercial activities.

Rainfall/runoff intrusion.
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¢ Groundwater infiltration.

e Raw water mineral composition.

Water quality standards to be met. Early consideration of the water quality standards provides
the basis for elimination of treatment technologies that are not appropriate. The standards are pre-
scribed by the regulating agency. The standards require that the treatment facility provide potable
water or discharge wastewater that meets numerical requirements (performance standards). They
are based on statutory requirements. For example, regulations specify the concentration of coli-
form organisms that may be delivered to consumers or discharged into a river. For wastewater,
modeling studies of the stream or river may also be required. For the river, the regulating agency
will focus on the critical seasonal parameters for the stream or river. Normally, this will be in the
summer dry-season because the flow in the river or stream will be low (reducing the capacity for
assimilation of the treated wastewater), the oxygen carrying capacity of the stream will be low
(stressing the aquatic population), and the potential exposure from recreational activities will be
high. The potable water or wastewater effluent standards do not prescribe the technology that is
to be used in meeting the standards, but they do establish the goals that the engineer uses to select
the appropriate treatment processes.

Other requirements. In addition to the numerical standards, other requirements may be
established by the regulatory agency as well as the owner. For example, drinking water limits on
taste and odor, and specific minerals such as calcium, magnesium, iron, and manganese may be
specified. For wastewater, in addition to the numerical standards, the absence of foam, floating
material, and oil films may be required.

System reliability. System reliability refers to the ability of a component or system to perform
its designated function without failure. Regulatory reliability requirements are, in fact, redun-
dancy requirements. True reliability requirements would specify the mean time between failure
for given components or processes. This is difficult, if not impossible, criteria to specify or, for
that matter, to design, for the wide range of equipment and environmental conditions encountered
in municipal water and wastewater projects.

For water supply systems, some redundancy recommendations of the Great Lakes—Upper
Mississippi River Board of State and Provincial Pubic Health and Environmental Managers are
shown in Table 1-3 (GLUMRB, 2003).

There are three “reliability” classes for wastewater treatment facilities established by the
U.S. Environmental Protection Agency (EPA). Class I reliability is required for those plants that
discharge into navigable waters that could be permanently or unacceptably damaged by effluent
that was degraded in quality for only a few hours. Class II reliability is required for those plants
that discharge into navigable waters that would not be permanently or unacceptably damaged
by short-term effluent quality, but could be damaged by continued (several days) effluent qual-
ity degradation. Class III reliability is required for all other plants (U.S. EPA, 1974). Table 1-4
provides EPA guidance on minimum equipment to meet reliability requirements. In reviewing
the design that is submitted by the engineer, the regulatory agency uses this guidance to estab-
lish prescriptive requirements prior to the issuance of the permit to construct the facility. Some
states may require more stringent requirements than the federal guidance. For example, Michigan
requires Class I reliability for all plants.
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Guidance for minimum equipment and process reliability for water treatment

Component

Recommendation

Source

Surface water
Capacity

Intake structures
Pumps

Groundwater
Capacity

Wells
Treatment

Rapid mix
Flocculation
Sedimentation
Disinfection
Power

Finished water storage

Capacity

Distribution

High service pumps

System pressure

Meet a one-in-50-year drought with due consideration for multiple year
droughts

Where intake tower is used, provide two independent intake cells, each
with three intake ports at different elevations

Minimum of two; meet the maximum day demand with one unit out of
service

Equal or exceed maximum day demand with largest producing well out
of service
Minimum of two

Minimum of two; meet the maximum day demand with one unit out of
service

Minimum of two; meet the maximum day demand with one unit out of
service

Minimum of two; meet the maximum day demand with one unit out of
service

Minimum of two; meet the maximum day demand with one unit out of
service

Provide primary transmission lines from two separate sources or
standby generator

Equal to the average day demand when fire protection is not provided
Meet domestic demand and fire flow demand where fire protection is
provided

Minimum of two; meet the maximum day demand with one unit out of
service

Minimum of 140 kPa at ground level at all points in the system
Nominal working pressure should be 410 to 550 kPa and not less than
240 kPa

Sources: Foellmi, 2005; GLUMRB, 2003.

1-13



vI-1

TABLE 1-4

EPA Construction Grants Program guidance for minimum equipment and process reliability for the liquid-processing train

Reliability classification

I I 1
Component Treatment Power Treatment Power Treatment Power
system source system source system source
Holding basin Adequate capacity for all flows Not applicable Not applicable
Degritting Optional No No
Primary sedimentation Multiple units® Yes Same as class I Two minimum? Yes
Trickling filters Multiple units” Yes Same as class I Optional No backup No
Aeration basins Two minimum w/equal Yes Same as class I Optional Single unit No
volume permissible
Blowers or mechanical Multiple units® Yes Same as class I Optional Two minimum® No
aerators
Diffusers Multiple sections? Same as class I Same as class I
Final sedimentation Multiple units” Yes Multiple units® Optional Two minimum® No
Chemical flash mixer Two minimum or backup® Optional No backup Optional Same as class II No
Chemical sedimentation Multiple units” Optional No backup Optional Same as class 11 No
Flocculation Two minimum Optional No backup Optional Same as class II No
Disinfection basins Multiple units” Yes Multiple units® Yes Same as class 11

“Remaining capacity with largest unit out of service must be for at least 50% of the design maximum flow.
”Remaining capacity with largest unit out of service must be for at least 75% of the design maximum flow.
“Remaining capacity with largest unit out of service must be able to achieve design maximum oxygen transfer; backup unit need not be installed.

IMaximum oxygen transfer capability must not be measurably impaired with largest section out of service.
“If only one basin, backup system must be provided with at least two mixing devices (one may be installed).

Source: U.S. EPA, 1974.
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Site limitations. The location and area available for the treatment plant, availability of power,
roads, and a connection to the raw water supply or point to discharge define the facility limits. In
addition, the need for easements for the water distribution system and sewer system, and connec-
tion to the power and road grid are limitations that must be considered.

Design life. The basis for economic comparison of alternatives is the design life. Processes and
components of processes with different design lives must be brought to an equivalent life for
valid economic comparison. Standard engineering economic techniques are available to perform
this analysis. A primer on economic analysis is given at http://www.mhprofessional.com/wwe.

Cost. Cost is part of the design criteria because “(t)he ultimate selection among otherwise
acceptable unit processes or process trains is based on an economic evaluation.” (WPCF, 1977)
The degree of effort and care taken to estimate the capital investment cost and the operating and
maintenance cost depends on the stage of development of the project. In the early stages, rough
and relatively rapid estimation methods are usually the only ones justified. These are called
order-of-magnitude estimates. In the middle stages of the development of the project more
sophisticated estimates are made based on better information about the alternatives. These are
called study estimates. Authorization estimates are made to make the final choice between com-
peting alternatives to complete the project. Bid estimates are made when the decision is made
to proceed with construction of the project. To provide an accurate document against which
to control expenditures during construction, a project control estimate is made using detailed
drawings and equipment inquiries (Valle-Riestra, 1983).

Cost estimates consist of two parts: capital costs and operating costs. “The capital cost and
operating cost estimated for each alternative must be made equivalent to make an economic com-
parison.” (WPCEF, 1977) Several alternative methods may be used to make equivalent economic
comparisons. These include present worth analysis, annual cash flow analysis, rate of return
analysis, benefit-cost analysis, and breakeven analysis. These are described in numerous standard
textbooks on engineering economic analysis, for example, Newnan et al. (2000) and Thuesen and
Fabrycky (2000). Consideration of both the capital cost and the operating cost on an equivalent
basis is an essential part of making the correct choice in selecting the most economical alterna-
tive, as illustrated in Table 1-5. Using Table 1-5, on the basis of capital cost alone, alternative
B would be selected as the more economical plant. On an equivalent basis (total annual costs),
alternative A is the more economical plant. The selection of alternative B on the basis of capital
cost alone would result in an excess expenditure of more than $1,000,000 over that of alternative
A over the 25-year life of the project.

A frequent omission failure in the examination of alternatives is the failure to consider the
null alternative. In addition, care must be taken not to include sunk costs (that is, past costs) in
the economic analysis and decision making process. The only relevant costs in an engineering
economic analysis are present and future costs (Newnan and Johnson, 1995).

Screening of alternatives. Alternative designs are examined for the feasibility of meeting
design criteria. Either experience, literature review, or rough calculations are used to determine
sizes to be used in examining feasibility. Potential sites for the project are identified based on the
rough sizes. An order-of-magnitude level of cost is made at this point.

This is a critical decision point for the project. The owner must be provided enough informa-
tion to allow a rational decision about the choices available. This information should include the
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TABLE 1-5

Comparison of design alternatives by equivalent costs”

Equivalent Costs”

Cost Items Alternative A Alternative B
Capital costs
Construction cost $6,300,000 $5,300,000
Engineering 945,000 795,000
Land 130,000 200,000
Legal, fiscal, administrative 50,000 80,000
Interest during construction 189,000 159,000
Subtotal $7,614,000 $6,534,000
Inflation prior to construction 228,000 196,000
Total capital costs $7,842,000 $6,730,000
Annualized capital cost’ 557,000 478,000
Operating and maintenance costs
Personnel 220,000 290,000
Power 120,000 60,000
Chemicals 15,000 128,000
Miscellaneous utilities 30,000 30,000
Miscellaneous supplies and materials 50,000 50,000
Annual operating and maintenance costs $ 435,000 $ 558,000
Total annual costs? $ 992,000 $1,036,000

“Adapted from Water Pollution Control Federation, MOP 8, Wastewater Treatment Plant Design, Washington. D.C., 1977.
bCost basis = 2006. Engineering News Record Construction Cost Index = 7690.72.

“Also called “debt service.” Capital cost recovery factor (A/P, 5%, 25) = 0.0710.

4 Annualized capital cost + annual operating and maintenance costs.

alternatives, the consequences of deciding one alternative over another, and the data and/or logic
the engineer used to arrive at the consequences.

In the iterative process of design, the engineer must return to this step each time the list of al-
ternatives or the cost estimates change to verify the original decision or to make a new decision.

Preliminary Design

At this stage, the engineer is given approval to perform the initial stages of design. This stage of
design is to allow a more rigorous comparison of the alternatives that appear to meet the goals of
the client.

The engineer develops a work plan and schedule. These provide the client with realistic ex-
pectations of the timing of the project, while ensuring that the level of effort and degree of detail
developed by the engineer are appropriate for making decisions about the economic feasibility
of the project.
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In conjunction with the client, the engineer establishes the level of sophistication of the
facility. The following are examples of the items to be established:

1. Degree of automation.
2. Nature of maintenance history.
3. Number of people to operate the facility.

4. Qualifications of personnel required to operate and maintain the facility.

The availability and responsibility for providing connection to the electric grid, road access,
fuel requirements, and sludge disposal alternatives are also established at this stage. In addition,
facility aesthetics (architecture) and construction impacts on the local community are discussed.

The engineer completes a design of the major processes. This design includes sufficient
calculations to firm up the estimated land requirements, directs the location of soil borings, and
establishes horizontal and vertical control surveying.

An authorization estimate is made to provide a basis for making the final choice of the
treatment processes and to allow the client’s budget planning to proceed. Sufficient informa-
tion is available at this stage to allow a rigorous cost estimate comparison, such as that shown in
Table 1-5, to be completed.

This is another critical decision point for the project. As noted previously, the owner must
be provided enough information to allow a rational decision about the choices available. This
information should include the alternatives, the consequences of deciding one alternative over
another, and the data and/or logic the engineer used to arrive at the consequences. This is also
an opportunity to revisit the assumptions made in screening the alternatives to determine if they
have changed due to circumstances or the passage of time. The null alternative should also be
explicitly addressed.

Final Design

At this point the project alternative has been selected. Detailed calculations and justifications
are prepared. In these calculations, a range of conditions are examined. For example, minimum
values for hydraulics, reactor oxygen, mixing, biological nutrient control, alkalinity, seasonal
nitrification temperature, and unit equipment sizing and maximum values for waste solids, reactor
sizing, oxygen demand, and return sludge are recommended (WEF, 1991). In addition, in cold
weather regions, the following should be addressed in the detailed design (WEF, 1991):

* The potential for ice formation on equipment.

* Freezing of the process equipment.

* Freezing of chemicals in storage.

* Freezing of pipes not located below the frost line.

* Viscosity changes in lubricants.

* Snow and ice accumulations on structures, equipment, and roads.

* Changes in the reaction rates of biological, physical and chemical processes.
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Extreme heat must also be considered. The following should be addressed in a detailed design:

e Operator heat exposure.

* Equipment temperature limits.

e Flammability of chemicals and fuels in storage.

* Viscosity changes in lubricants.

* Expansion of joints and piping.

* Changes in the reaction rates of biological, physical, and chemical processes.

The design is completed in sufficient detail to select standard manufacturers’ equipment, pre-
pare specifications in draft form, and firm up the site plan and layout of the facilities. The choice
of equipment is another critical decision point for the project. It is frequently to the economic
advantage of the owner to purchase the equipment directly, rather than through the construction
contract, because the contractor may have to pay taxes on the purchase and the municipality
will not. Owner-procured equipment provides the owner greater control in selection of specific
equipment. Thus, the equipment choices should be thoroughly reviewed with the owner.

As the design is finalized, well-developed drawings and specifications are prepared. Bid esti-
mates are prepared based on the detailed design. The economics of alternative means of complet-
ing the selected treatment process are considered in the bid estimate. For example, the choice of a
variable-speed drive or constant-speed drive for pumps is analyzed on a life-cycle cost basis (cap-
ital plus operating, maintenance, and replacement). Quotes are obtained to finalize cost estimates,
and an engineer’s opinion of the probable cost and cash flow projections are prepared. Because
the financial arrangements for funding the project are based on this estimate, it is imperative that
an accurate estimate of the cost be made.

The detailed design process is completed with an ongoing review of the project with the
client. Typically, these occur at 30, 60 and 90 percent completion. These are critical decision
points for the project. As before, the owner must be provided enough information to allow a ra-
tional decision about the choices available. This is not to imply that the owner needs to consent
to every nut and bolt in the design, but they should have the opportunity to review alternatives
with major economic and/or operating implications. This is also an opportunity to revisit the
assumptions made at the preceding decision points to determine if they have changed due to
circumstances or the passage of time. The null alternative should also be explicitly addressed.

At this point the project is sufficiently well understood to submit an application to the per-
mitting authority for a construction permit.

Once the final design is complete, bid documents are prepared and the bid is /et. This is the
end of the formal design process and the beginning of the construction phase of the project. Un-
usual circumstances such as the unavailability of specified equipment or materials or unexpected
soil conditions may require more design work. At this point the engineer’s scope of work may
have to be renegotiated.

Incremental Design and Iteration

As noted earlier, the design process is incremental. In addition, individual steps as well as criti-
cal decision points often may require iteration. That is, a trial design may not meet performance
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requirements because an initial assumption to start the design is not valid. For example, a pipe
diameter may be assumed to carry an estimated flow rate. The selection of this pipe diameter may
not be large enough based on friction loss calculations. Thus, a larger pipe must be selected, and
a second friction loss calculation must be completed.

1-6 OVERALL CONSTRUCTION PROCESS

From the owner’s perspective, the construction process has the following important steps or
stages:

¢ Initiation of project financing arrangements.
* Acquisition of land or easements.

* Project design.

* Completion of project financing.

* Bid letting.

* Construction.

* Preparation of project record documents.

* Preparation of the O&M manual.

 Start-up and shake-down.

* Acceptance of the project.

The owner’s perspective is taken because the contracts for construction are with the owner
and, ultimately, the facility belongs to the owner, not the engineer. None the less, the engineer’s
role is critical because he/she must diligently observe and, to the best of their ability, assure the
owner that the facility is built according to the plans and specifications.

The construction process should not begin before the design process and project financing
are complete. Practicing engineers recommend that with the classical design-bid-construct proj-
ect delivery, construction not begin until the design is complete. Other delivery methods, such
as design-build, may begin the construction process before the design is complete. Although
starting before the design is complete expedites the process, it imposes a need for extreme care
in making commitments.

Project Financing

The funds to pay for the project may come from a variety of sources. Bonds, state aid funds, oper-
ating revenue, and user fees are some examples. Discussion of these are beyond the scope of this
book. They are discussed at length in Water Utility Capital Financing (AWWA, 1998).

Acquisition of Land or Easements

Once the study phase is completed, enough information is available to begin identifying suit-
able sites for the project and, in the case of sewers and other utilities, routes for easements.
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In general this is the responsibility of the client because, as noted in the second canon of the
Code of Ethics, it falls outside of the area of competence of the engineer. The client hires some
combination of qualified and experienced people to do this work. A team may consist of a
registered land surveyor, attorney, and government official familiar with the community. The
engineer’s role is to provide guidance with respect to the requirements of the design. If neces-
sary, the engineer may also be called on to perform environmental site investigations to ensure
the site(s) are free of hazardous materials. Of course, this effort should be included in the scope
of work.

Options on the land to be purchased and freely given easements provide a means of expe-
diting the construction process without making an unalterable commitment before the detailed
design and bid estimate are completed. These are essential for the final design, and they also
provide cost information for the estimate of total funding of the project.

Once property bids have been accepted, final land acquisition can begin. For those not will-
ing to give or sell land for the treatment facility or easements for the water main or sewer, con-
demnation proceedings may be instituted. This may cause a substantial delay in the start and
completion of the project and should be anticipated in the bid documents.

Bid Letting

Bid documents may be disseminated in a variety of ways. Many municipalities have developed a
program of prequalification of bidders and an invitation to bid is sent only to qualified bidders.

At some reasonable time interval, after the bid package is disseminated to interested contrac-
tors, a prebid meeting is held to answer questions and clarify requirements of the bidders. This
meeting may be either mandatory or optional. The engineer and the owner’s contracting officer
are present at this meeting. Substantive questions are answered, in writing, to all participants by
issuing a bid document addendum.

When the bids are received, the engineer assists the owner in determining the lowest qualified
bidder. The bid must be responsive in that it meets the specifications without unacceptable substi-
tutions and agrees to meet the stated completion date. In addition, the bidder must have appropri-
ate licenses, bonding, and insurance. A qualified bidder must also be free of outstanding claims
and liens from previous work. Appropriately licensed personnel and people qualified to supervise
the work should also be included in consideration of whether or not the bidder is qualified.

This is a critical decision point in the project. First, the decision to proceed must be made.
Second, the decision(s) on the awardee(s) must be made. As at all the previous decision points,
the client must be given appropriate information to make informed decisions.

Construction

Before construction begins, a preconstruction meeting is held. All parties (engineer, owner, con-
tractor) meet to review the contractor’s schedule, special provisions, sequence of construction,
payment process, and progress meetings schedule.

During the construction process the engineer determines if the work is proceeding in accor-
dance with the contract documents. For large projects, a full-time resident project representa-
tive (RPR) is on site. For small projects, the engineer provides periodic inspection and special
inspection at critical construction milestones. Thus, for small projects it is imperative that critical
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points in the construction be identified and that the contractor’s progress be monitored so that
timely inspection can be made.

The RPR acts as the engineer’s agent at the site. He/she will have various duties as spelled out
in the contract between the owner and the engineer. Some examples include (EJCDC, 2002):

e Review schedules of progress, schedules of drawing submittals.
* Attend conferences and meetings.
» Serve as the engineer’s liaison with the contractor through the contractor’s superintendent.

* Report to the engineer when clarification and interpretation of the contract documents are
required and transmit these to the contractor.

* Receive samples and shop drawings for review and approval.

* Consult with the engineer in advance of scheduled major inspections, tests, and systems
start-ups.

* Accompany visiting inspectors representing public or other agencies having jurisdiction.

e Maintain records and daily log book.

The engineer makes visits to the site at intervals appropriate to the various stages of con-
struction. Based on information obtained during these visits, the engineer will determine if the
work is proceeding in accordance with the contract documents and will keep the owner informed
of the progress of the work. The engineer recommends to the owner that the contractor’s work be
rejected while it is in progress if, on the basis of his/her observations, the engineer believes that
the work will not produce a completed project that conforms to the contract documents or that it
will threaten the integrity of the project (EJCDC, 2002). In addition the engineer

* Clarifies contract documents for the contractor.

* Recommends change orders as appropriate.

* Reviews and approves shop drawings provided by the contractor.
* Reviews samples and other data submitted by the contractor.

* Recommends the amounts the contractor be paid based on observation of the progress and
quality of the contractor’s work (EJCDC, 2002).

As work progresses, it is prudent for the contractor, engineer, and owner to have periodic
progress meetings. These should be scheduled at regular intervals as well as at milestone points.
Typical topics for discussion include percent completion, projections for completion in the next
period, staffing, and unexpected problems.

Preparation of Project Record Documents

Progress record documents show the results of the construction process. They record changes
from the design drawings that occurred during the construction process. These are important
documents for the owner as they provide the first step in performing maintenance or repair work.
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The contractor and/or the engineer may be responsible for the “as-built” drawings. This respon-
sibility should be clearly indicated in contract documents or the engineer’s scope of work. The
accuracy of as-built drawings is increased substantially if they are prepared as the work progresses
rather than after it has been completed.

Preparation of the Operation and Maintenance Manual

The engineer or the contractor may be responsible for preparing the operation and maintenance
(O&M) manual. Even for a small plant, the O&M manual addresses a large number of items.
A small set of examples include: start-up and shut-down of pumps, preventive maintenance for
pumps and compressors, sampling and analysis methods to meet permit requirements, opera-
tion of analytical equipment in the laboratory, emergency procedures in the case of equipment
failure, methods for repair of equipment or procedures for obtaining repair services, procedures
for weatherproofing equipment for winter, building maintenance, sewer maintenance, and other
appurtenances. The O&M manual may also include a computer-based management system (often
called an asset management system) for maintaining records of preventive maintenance, repair,
and replacement.

Work on the manual must be complete before start-up and shake-down can commence be-
cause “testing” of the manual is part of the start-up and shake-down.

Start-up and Shake-down

When the facility construction is substantially complete and functional, the permitting authority
issues a discharge permit. At this point equipment can be started up and checked for perfor-
mance. The contractor and equipment manufacturers perform the start-up. Routine and non-
routine operation is checked for each individual component and for the components working
together. The engineer provides inspection services to verify that the equipment works as speci-
fied and that the O&M manual is adequate.

Acceptance of the Project

Substantial completion. When the contractor considers the entire work ready for its intended
use, the engineer in company with the owner and contractor performs an inspection to deter-
mine if the work is substantially complete. A “punch list” of deficiencies is created during this
inspection. If after considering any objections of the owner, the engineer considers the work
substantially complete, he/she delivers a Certificate of Substantial Completion to the owner and
contractor.

Final Notice of Acceptability. The contractor then uses the punch list for final completion of
the work. Once the punch list is completed, the engineer conducts a final inspection to determine
if the completed work of the contractor is acceptable. If he/she agrees that it is, the engineer
recommends final payment to the contractor. In addition, the engineer provides a Notice of
Acceptability of Work to the owner that certifies that the completed work furnished and per-
formed by the contractor under the contract is acceptable (EJCDC, 2002). The notice is not a
guarantee or warranty of the contractor’s performance nor is it an assumption of responsibility
for any failure of the contractor to furnish and perform the work in accordance with the contract
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documents (EJCDC, 2002). Not withstanding the engineer’s contract exculpatory provisions,
the courts have insisted that the engineer provide a standard of responsible care (Loulakis and
McLaughlin, 2007).

1-7 HINTS FROM THE FIELD

Experienced engineers have provided the following insights on the design and construction
process:

* The option for a municipal owner to purchase equipment should be considered carefully.
Tax issues should be discussed with appropriate legal counsel. Other issues include poten-
tial late or early delivery of equipment. In these cases what is the impact/responsibility for
contract completion? Who stores equipment delivered early? Who insures it?

» Construction cost estimates should be conservatively high. A low estimate may require
redoing the bond application and authorization including the potential requirement for an
election to approve additional bonding authority.

Operation and maintenance personnel who have to live with the results of the engineer’s
design have offered the following suggestions:

* The engineer’s job is not done when the owner accepts the project. Good engineering prac-
tice, as well as good client relations, requires that the design team keep in contact with the
facility. Immediately after project completion, a monthly phone call for a status check, and
to hear about problems and/or concerns, is a first step. This is to get issues raised early by
the owner, so they do not become major sore points. After a reasonable time of operation,
generally within six months and perhaps again a year or two later, the design team should
visit the facility. The purpose of the visit is to assess the practical operation of the facility as
well remove the impression that “It’s built, I am paid, so I am gone.” Often these visits will
reveal some enhancement that operators have made to make the operation of the facility
easier or more economical.

The visit can also serve as an after-action summary of the communications issues that
occurred and corrections to enhance future work. It is also useful at this time to compare the
economic analysis assumptions with actual operating experience.

* O&M manuals do not give much operational guidance. Their focus is the mechanics of
equipment start-up, shut-down, and maintenance. Frequently, they only include the equip-
ment suppliers’ O&M manuals. In general operators must prepare standard operating pro-
cedures (SOPs) for process control. This means the operators should be hired before project
construction is completed so they have a chance to ask questions and prepare the SOPs.
Because hiring is the owner’s responsibility, the need for operators to be on board before
construction is complete should be brought to their attention by the engineer.

Visit the text website at www.mhprofessional.com/wwe for supplementary materials
and a gallery of photos.
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1-8

CHAPTER REVIEW

When you have completed studying this chapter, you should be able to do the following without
the aid of your textbook or notes:

1.

Select the appropriate client—professional relationship for a given situation that de-
scribes the nature of the work and the knowledge/experience of the client.

Decide if any of the ASCE canons of the Code of Ethics may be violated for a given
situation that describes the proposed action.

Describe the five steps of the overall design process to a client that has not had previ-
ous experience with the design process for a municipal water or wastewater project.

Explain the role of each of the six elements of the design criteria in setting the bound-
ary conditions of the design.

Identify the critical decision points for a client in the design process.

Describe the six steps of the overall construction process to a client that has not had
previous experience with the construction process for a municipal water or wastewater
project.

With the aid of the text, you should be able to do the following:

7.

1-9
NOTE:

Select the appropriate design alternative based on an engineering economic analysis of
the alternatives given the appropriate cost data, interest rate, and design life.

PROBLEMS

An engineering economic analysis primer is available at http://www.mhprofessional

.com/wwe.

1-1.

1-2.

At the end of the preliminary design-stage of a small water treatment system design,
the following three options remain feasible. The consulting firm uses an interest rate
of 6.00% and a design life of 20 years for project evaluation. Based on cost, which
alternative should the engineering firm recommend?

Option Capital cost Annual operation and maintenance cost

Connect to nearby WTP $1,500,000 $300,000¢
Membrane A $2,374,000 $209,000
Membrane B $2,162,000 $258,000

“ The community will not have to provide O&M, but the nearby WTP will charge a monthly service fee
equivalent to this amount.

During the conceptual design stage of Problem 1-1, the design firm identifies the
need for iron removal that was not anticipated in the screening of alternatives.
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The capital cost for each of the membrane alternatives is now estimated to be an
additional $500,000. Is the Membrane A alternative still the best choice? Use the
interest rate and design life from Problem 1-1.

In the design of a water treatment plant, the design engineer has a choice of selecting
a constant speed pump or a adjustable-frequency drive (AFD) pump. The capital and
operating costs for each pump are shown below. Assume an interest rate of 6.00%
and a 10 year life. Which pump should the engineer recommend?

Option Capital cost Annual electric cost
Constant speed pump $10,000 $16,000
AFD pump $20,000 $10,000

Using a spreadsheet you have written, by trial and error determine the construction
cost of Alternative B in Table 1-5 that will make its total annual cost equal to the
total annual cost of Alternative A. With the significant figures given, the costs may
be assumed to be “equal” when they are within $1,000 of each other. Note: the
interest during construction and inflation prior to construction used in Table 1-5
was 3.00%.

DISCUSSION QUESTIONS

The city engineer has called your firm to ask that you review the design of a sewer
that has had periodic flooding. The design was performed by another consulting firm
in the community. What actions should you take before accepting the job?

The professional organization that you belong to has been offered the opportunity to
meet in the facilities of a local casino free of charge. As the person in charge of
arrangements, what action would you recommend to the executive committee of your
organization?

A small community of lakefront homes believes that the algae bloom in their lake is
the result of leaking septic tanks and tile fields. They retained an engineering firm
to explore alternatives for building a collection system and wastewater treatment
plant. An exhaustive feasibility study of alternative wastewater treatment systems
to replace the existing septic tank and tile field system has been completed. The en-
gineering firm has recommended a sewer system and a wastewater treatment plant
to be operated by the community. After the report and recommendation to build has
been accepted by the client, the Department of Natural Resources and county health
department provide a report that declares that the existing system does not contribute
to pollution of the lake and the likely source of pollution is upstream agricultural
runoff. Should the engineering firm pursue the development of a wastewater
treatment system? Explain your reasoning.
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1-4.  The chairperson of the civil engineering department has asked that a local engineer
teach a one-semester course on engineering economics. The person that he is
recruiting has never taught before but is a registered professional engineer and does
economic analysis routinely. Does the candidate comply with the second canon?
Explain.

1-5.  List three methods to maintain your professional development throughout your
career.
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2-1 WATER DEMAND

A fundamental prerequisite to begin the design of water supply facilities is a determination of
the design capacity. This, in turn, is a function of water demand. The determination of water
demand consists of four parts: (1) selection of a design period, (2) estimation of the population,
commercial, and industrial growth, (3) estimation of the unit water use, and (4) estimation of the
variability of the demand.

Design Period

The design period (also called the design life) is not the same as the life expectancy. The design
period is the length of time it is estimated that the facility will be able to meet the demand, that is,
the design capacity. The life expectancy of a facility or piece of equipment is determined by wear
and tear. Typical life expectancies for equipment range from 10 to 20 years. Buildings, other
structures, and pipelines are assumed to have a useful life of 50 years or more.

New water works are generally made large enough to meet the demand for the future. The
number of years selected for the design period is based on the following:

* Regulatory constraints.

 The rate of population growth.

e The interest rate for bonds.

e The useful life of the structures and equipment.
* The ease or difficulty of expansion.

e Performance in early years of life under minimum hydraulic load.

Because state and federal funds are often employed in financing water works, their require-
ments for establishing the design period often govern the selection of the design period. This time
period may be substantially less than the useful life of the plant.

Because of their need for population data and forecast estimates for numerous policy deci-
sions, local government entities in the United States generally have the requisite information for
water works planning. In the absence of this data, U.S. census data may be used. Historic records
provide a basis for developing trend lines and making forecasts of future growth. For short-range
forecasts on the order of 10 to 15 years, data extrapolation is of sufficient accuracy for planning
purposes. For long-range forecasts on the order of 15 to 50 years, more sophisticated techniques
are required. These methods are beyond the scope of this book. McJunkin (1964) provides a
comprehensive discussion of alternative methods for developing a population growth projection
estimate.

Although all of the indicators mentioned above may lead to the conclusion that a long design
period is favored, serious consideration must be given to the impact of low flow rates in the early
years of the facility. In addition to the behavior and efficiency of the unit operations, the impact
on the energy efficiency of the equipment should be evaluated. A successful alternative is the use
of modular units and construction of hardened facilities without installation of mechanical equip-
ment until the units are needed.

Design periods that are commonly employed in practice and commonly experienced life
expectancies are shown in Table 2-1.
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TABLE 2-1
Design periods for water works
Type of facility Characteristics Design period, y Life expectancy, y
Difficult and expensive
Large dams and pipelines to enlarge 40-60 100+
Wells Easy to refurbish/replace 15-25 25+
Treatment plants
Fixed facilities Difficult and expensive to 20-25 50+
enlarge/replace
Equipment Easy to refurbish/replace 10-15 10-20

Distribution systems
Replacement is expensive

Mains > 60 cm and difficult 20-25 60+
Laterals and
mains = 30 cm Easy to refurbish/replace To full development” 40-50

“Full development (also called build-out) means that the land area being serviced is completely occupied by houses and/or
commercial and institutional facilities.

Unit Water Use

When the proposed project is in a community with an existing community supply, the community’s
historic records provide the best estimate of water use. Conversion of total demand to per capita
demand (liters per capita per day, Lpcd) allows for the separation of population growth from the
growth in unit consumption. If the proposed project is to improve the water quality, consideration
should be given to the likelihood that unit demand will increase because of the improved water
quality. In the absence of existing data for the client community, nearby communities with similar
demographics are a good alternative source. When the demographics differ in some particular aspect
such as a higher or lower density of commercial facilities or a major industrial component, adjust-
ment in the total demand will be appropriate. Although they were developed for wastewater flow
rates, Tables 2-2 and 2-3 can provide a basis for adjustment of commercial and institutional users.
Likewise, flow rates for recreational facilities may be estimated using Table 2-4 on page 2-6.

Community adoption of the use of one or more flow-reduction devices such as flow-limiting
shower heads and low-flush toilets may have a substantial impact on per capita consumption.
Typical results are shown in Table 2-5 on page 2-7. The implementation of requirements for water
saving devices conserves both water resources and energy. These aspects should be addressed in
strategic planning for community development as well as requirements for new or expanded
facilities.

Gross estimates of unit demand may be made using statewide data. Hutson et al. (2001) have
estimated water use by state and the U. S. Bureau of Census (Census, 2006) maintains a popula-
tion database by state. Great care should be used in making estimates from generalized data. Due
consideration must be given to the following local factors that modify gross estimates:

1. Climate
2. Industrial activity

3. Meterage
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TABLE 2-2

Typical wastewater flow rates from commercial sources in the United States

Flow rate, L/unit - d

Source Unit Range Typical
Airport Passenger 10-20 15
Apartment Bedroom 380-570 450
Automobile service station Vehicle 30-60 40
Employee 35-60 50
Bar/cocktail lounge Seat 45-95 80
Employee 40-60 50
Boarding house Person 95-250 170
Conference center Person 40-60 30
Department store Restroom 1,300-2,300 1,500
Employee 30-60 40
Hotel Guest 150-230 190
Employee 30-60 40
Industrial building Employee 60-130 75
(sanitary wastewater only)
Laundry (self-service) Machine 1,500-2,100 1,700
Customer 170-210 190
Mobile home park Mobile home 470-570 530
Motel with kitchen Guest 210-340 230
Motel without kitchen Guest 190-290 210
Office Employee 25-60 50
Public restroom User 10-20 15
Restaurant without bar Customer 25-40 35
Restaurant with bar Customer 35-45 40
Shopping center Employee 25-50 40
Parking space 5-10 8
Theater Seat 10-15 10

Adapted from Metcalf and Eddy, 2003.

4. System management

5. Standard of living

The extent of sewerage, system pressure, water price, water loss, age of the community, and
availability of private wells also influence water consumption but to a lesser degree.

Climate is the most important factor influencing unit demand. This is shown dramatically in
Table 2-6 on page 2-7. The average annual precipitation for the “wet” states is about 100 cm per year,
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TABLE 2-3
Typical wastewater flow rates from institutional sources in the United States

Flow rate, L/unit - d

Source Unit Range Typical
Assembly hall Guest 10-20 15
Hospital Bed 660-1,500 1,000
Employee 20-60 40
Prison Inmate 300-570 450
Employee 20-60 40
School”
With cafeteria, gym,
and showers Student 60-120 100
With cafeteria only Student 40-80 60
School, boarding Student 280-380 320

“Flow rates are L/unit-school day.
Adapted from Metcalf and Eddy, 2003.

while the average annual precipitation for the “dry” states is only about 25 cm per year. Of course, the
dry states are also considerably warmer than the wet states.

The influence of industry is to increase average per capita water demand. Small rural and
suburban communities will use less water per person than industrialized communities. Tables 2-2
and 2-3 can provide a basis for adjustment for commercial and institutional users.

The third most important factor in water use is whether individual consumers have water
meters. Meterage imposes a sense of responsibility not found in unmetered residences and busi-
nesses. This sense of responsibility reduces per capita water consumption because customers
repair leaks and make more conservative water-use decisions almost regardless of price. Because
water is so inexpensive, price is not much of a factor.

Following meterage closely is the aspect called system management. If the water distribution
system is well managed, per capita water consumption is less than if it is not well managed. Well-
managed systems are those in which the managers know when and where leaks in the water main
occur and have them repaired promptly.

Climate, industrial activity, meterage, and system management are more significant factors
controlling water consumption than standard of living. The rationale for the last factor is straight-
forward. Per capita water use increases with an increased standard of living. Highly developed
countries use much more water than less developed nations. Likewise, higher socioeconomic
status implies greater per capita water use than lower socioeconomic status.

For a community supply system that includes a new treatment plant and a new distribution
system, water loss through leaks is not a major factor in estimating demand. For a new plant with
an existing old distribution system, water loss through leaks may be a major consideration.

Older communities that lack modern water saving devices will use more water than newer
communities with building codes that require water saving devices. For example, modern water
closets use about 6 L per flush compared to older systems that use about 18 L per flush.
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TABLE 2-4
Typical wastewater flow rates from recreational facilities in the United States

Flow rate, L/unit - d

Facility Unit Range Typical
Apartment, resort Person 190-260 230
Cabin, resort Person 30-190 150
Colateria Customer 10-15 10
Employee 3045 40
Camp:
With toilets only Person 55-110 95
With central toilet
and bath facilities Person 130-90 170
Day Person 55-75 60
Cottages, (seasonal
with private bath) Person 150-230 190
Country club Member present 75-150 100
Employee 40-60 50
Dining hall Meal served 15-40 25
Dormitory, bunkhouse Person 75-190 150
Playground Visitor 5-15 10
Picnic park with flush toilets Visitor 20-40 20
Recreational vehicle park:
With individual connection Vehicle 280-570 380
With comfort station Vehicle 150-190 170
Roadside rest areas Person 10-20 15
Swimming pool Customer 20-45 40
Employee 3045 40
Vacation home Person 90-230 190
Visitor center Visitor 1020 15

Adapted from Metcalf and Eddy, 2003.

The total U.S. water withdrawal for all uses (agricultural, commercial, domestic, mining, and
thermoelectric power) including both fresh and saline water was estimated to be approximately
5,400 liters per capita per day (Lpcd) in 2000 (Hutson et al., 2001). The amount for U.S. public
supply (domestic, commercial, and industrial use) was estimated to be 580 Lpcd in 2000 (Hutson
et al., 2001). The American Water Works Association estimated that the average daily household
water use in the United State was 1,320 liters per day in 1999 (AWWA, 1999). For a family of
three, this would amount to about 440 Lpcd.

Variability of Demand

The unit demand estimates are averages. Water consumption changes with the seasons, the days
of the week, and the hours of the day. Fluctuations are greater in small than in large communi-
ties, and during short rather than long periods of time (Fair et al., 1970). The variation in demand
is normally reported as a factor of the average day. For metered dwellings the U. S. national
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TABLE 2-5
Typical changes in water consumption with use of water saving devices
Without water conservation, With water conservation,
Use Lpcd Lpcd
Showers 50 42
Clothes washing 64 45
Toilets 73 35

Source: AWWA, 1998.

average factors are as follows: maximum day = 2.2 X average day; peak hour = 5.3 X average
day (Linaweaver et al., 1967). Figure 2-1 provides an alternative method of estimating the vari-
ability. As noted above, when the proposed project is in a community with an existing community
supply, the community’s historic records provide the best estimate of water use. This includes its
variability. The demand for water for fire fighting is normally satisfied by providing storage.

The Recommended Standards for Water Works (GLUMRB, 2003) stipulates that the design
basis for the water source and treatment facilities shall be for the maximum day demand at the
design year. Pumping facilities and distribution system piping are designed to carry the peak hour
flow rate. When municipalities provide water for fire protection, the maximum day demand plus
fire demand is used to estimate the peak hour flow rate.

2-2 WATER SOURCE EVALUATION

Although the portion of the population of the United States supplied by surface water is 150 percent
of that supplied by groundwater, the number of communities supplied by groundwater is more than
a factor of 10 times that supplied by surface water (Figure 2-2 on page 2-9). The reason for this

TABLE 2-6

Total fresh water withdrawals for public supply

State Withdrawal, Lpcd”

Wet

Connecticut 471

Michigan 434

New Jersey 473

Ohio 488

Pennsylvania 449
Average 463

Dry

Nevada 1,190

New Mexico 797

Utah 1,083
Average 963

Compiled from Hutson et al. (2001).
“Lpcd = liters per capita per day.
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Ratio of extreme flows to average daily flow

pattern is that larger cities are supplied by large surface water bodies while many small communities
use groundwater.

Groundwater has many characteristics that make it preferable as a water supply. First,
groundwater is less subject to seasonal fluctuations and long-term droughts. Second, the aquifer
provides natural storage that eliminates the need for an impoundment. Third, because the ground-
water source is frequently available near the point of demand, the cost of transmission is reduced
significantly. Fourth, because natural geologic materials filter the water, groundwater is often
more aesthetically pleasing and to some extent protected from contamination.

Groundwater as a supply is not without drawbacks. It dissolves naturally occurring minerals
which may give the water undesirable characteristics such as hardness, red color from iron oxida-
tion, and toxic contaminants like arsenic.

Yield

One of the first considerations in selecting a water supply source is the ability of the source to
provide an adequate quantity of water. One measure of quantity is yield. Yield is the average flow
available over a long period of time.

Surface Water

When the proposed surface water supply is to be the sole source of water, the design basis is the
long-term or “safe” yield. The components of the design are: (1) determination of the allowable
withdrawal, (2) completion of a complete series analysis and, if the design drought duration exceeds
the recorded data interval, completion of a partial duration series analysis, and (3) completion of an
extreme-value analysis to determine the probable recurrence interval (return period) of a drought.

The allowable withdrawal is determined from regulatory constraints. Obviously, the municipality
desiring to use the surface water for supply cannot withdraw all of the available water. Enough
must be left for the ecological health of the river or stream as well as for downstream users.

In some cases, such as the Great Lakes, the water body is so large that the classic analysis of
drought conditions is not warranted. However, the fluctuation of the lake level does impact the
design of the intake structure, and it must be evaluated.
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Population water source System supply source

Surface
water
8%

Groundwater
39%

Groundwater
92%

(a) (b)

Number of systems (thousands) Population served (millions)
Large Small
Medium 3.6 25
43
Medium
25.1
(c) (d)
FIGURE 2-2

(a) Percentage of the population served by drinking-water system source. (b) Percentage of drinking-water systems by supply
source. (¢) Number of drinking-water systems (in thousands) by size. (d) Population served (in millions of people) by drinking-
water system size.

Source: 1997 National Public Water Systems Compliance Report. U.S. EPA, Office of Water. Washington, D.C. 20460.
(EPA-305-R-99-002).
(Note: Small systems serve 25-3,300 people; medium systems serve 3301-10,000 people; large systems serve 10,000 + people.)

Complete Series. A complete series analysis is used to construct a flow-duration curve. This
curve is used to determine whether or not the long-term average flow exceeds the long-term aver-
age demand. All of the observed data are used in a complete series analysis. This analysis is usu-
ally presented in one of two forms: as a yield curve (also known as a duration curve, Figure 2-3)
or as a cumulative probability distribution function (CDF). In either form the analysis shows the
percent of time that a given flow will be equaled or exceeded. The percent of time is interpreted
as the probability that a watershed will yield a given flow over a long period of time. Thus, it is
sometimes called a yield analysis.

To perform a yield analysis, discharge data are typed into a spreadsheet in the order of their
occurrence. Using the spreadsheet “sort” function, the data are arranged in descending order of
flow rate. The percent of time each value is equaled or exceeded is calculated. The spreadsheet
is then used to create the duration curve: a plot of the discharge versus the percent of time the
discharge is exceeded. This is demonstrated in Example 2-1 using the data in Table 2-7.
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FIGURE 2-3

Complete series analysis for Troublesome Creek at Nosleep.

Example 2-1. Perform a complete series analysis on the Troublesome Creek data in Table 2-7.
Determine the mean monthly discharge. If the average demand for Nosleep’s municipal sup-
ply is 0.25 m’/s, and the regulatory agency will permit a withdrawal of 5% of the flow, will the
Troublesome Creek provide a safe yield?

Solution. A spreadsheet was used to perform the calculations and plot the duration curve. The
first few values in the spreadsheet are shown below. A sample calculation for the spreadsheet is
shown below the spreadsheet.

Rank Monthly discharge, m’/s % of time equaled or exceeded
1 69.1 0.38
2 59.8 0.76
3 56.6 1.14
4 474 1.52
5 45.1 1.89
6 41.1 2.27
7 40.8 2.65

There are 264 values in the table (12 months/year X 22 years of data). The highest discharge
in the table is 69.1 m’/s. It is assigned a rank of 1.
The percent of time this value is equaled or exceeded is:

% of time =L(100%) =0.38%
264

The plot of the duration curve is shown in Figure 2-3. From the data sort, find that the flow rate
that is exceeded 50% of the time is 5.98 m*/s.
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TABLE 2-7

Average monthly discharge of Troublesome Creek at Nosleep, m>/S

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1987 2.92 5.10 1.95 4.42 3.31 2.24 1.05 0.74 1.02 1.08 3.09 7.62
1988 24.3 16.7 11.5 17.2 12.6 7.28 7.53 3.03 10.2 10.9 17.6 16.7
1989 15.3 133 14.2 36.3 13.5 3.62 1.93 1.83 1.93 3.29 5.98 12.7
1990 11.5 4.81 8.61 27.0 4.19 2.07 1.15 2.04 2.04 2.10 3.12 2.97
1991 11.1 7.90 41.1 6.77 8.27 4.76 2.78 1.70 1.46 1.44 4.02 4.45
1992 2.92 5.10 28.7 12.2 7.22 1.98 0.91 0.67 1.33 2.38 2.69 3.03
1993 7.14 10.7 9.63 21.1 10.2 5.13 3.03 10.9 3.12 2.61 3.00 3.82
1994 7.36 474 29.4 14.0 14.2 4.96 2.29 1.70 1.56 1.56 2.04 2.35
1995 2.89 9.57 17.7 16.4 6.83 3.74 1.60 1.13 1.13 1.42 1.98 2.12
1996 1.78 1.95 7.25 24.7 6.26 8.92 3.57 1.98 1.95 3.09 3.94 12.7
1997 13.8 6.91 12.9 11.3 3.74 1.98 1.33 1.16 0.85 2.63 6.49 5.52
1998 4.56 8.47 59.8 9.80 6.06 5.32 2.14 1.98 2.17 3.40 8.44 11.5
1999 13.8 29.6 38.8 13.5 37.2 22.8 6.94 3.94 2.92 2.89 6.74 3.09
2000 2.51 13.1 27.9 229 16.1 9.77 2.44 1.42 1.56 1.83 2.58 2.27
2001 1.61 4.08 14.0 12.8 332 22.8 5.49 4.25 5.98 19.6 8.50 6.09
2002 21.8 8.21 45.1 6.43 6.15 10.5 391 1.64 1.64 1.90 3.14 3.65
2003 8.92 5.24 19.1 69.1 26.8 31.9 7.05 3.82 8.86 5.89 5.55 12.6
2004 6.20 19.1 56.6 19.5 20.8 7.73 5.75 2.95 1.49 1.69 4.45 4.22
2005 15.7 38.4 14.2 19.4 6.26 3.43 3.99 2.79 1.79 2.35 2.86 10.9
2006 21.7 19.9 40.0 40.8 11.7 13.2 4.28 3.31 9.46 7.28 14.9 26.5
2007 314 37.5 29.6 30.8 11.9 5.98 2.71 2.15 2.38 6.03 14.2 11.5
2008 29.2 20.5 349 353 13.5 5.47 3.29 3.14 3.20 2.11 5.98 7.62
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The regulatory agency will only permit a withdrawal of 5%. Therefore, the allowable with-
drawal will be

(0.05)(5.98 m>/s)=0.30 m>/s

This is sufficient to meet the safe yield of 0.25 m?/s required for the municipality.

If the determination is made that the 50 percentile allowable withdrawal is less than the
required safe yield, then, even with storage, the safe yield cannot be met. An alternative source
should be investigated. If the determination is made that the allowable withdrawal will be adequate,
then an analysis is performed to determine the need for a storage reservoir for droughts. This
analysis is called an annual series or extreme-value analysis.

Annual Series. Extreme-value analysis is a probability analysis of the largest or smallest values
in a data set. Each of the extreme values is selected from an equal time interval. For example, if
the largest value in each year of record is used, the extreme-value analysis is called an annual
maxima series. If the smallest value is used, it is called an annual minima series.

Because of the climatic effects on most hydrologic phenomena, a water year or hydrologic
year is adopted instead of a calendar year. The U.S. Geological Survey (U.S.G.S.) has adopted
the 12-month period from October 1 to September 30 as the hydrologic year for the United
States. This period was chosen for two reasons: “(1) to break the record during the low-water
period near the end of the summer season, and (2) to avoid breaking the record during the winter,
s0 as to eliminate computation difficulties during the ice period.” (Boyer, 1964)

The procedure for an annual maxima or minima analysis is as follows:

1. Select the minimum or maximum value in each 12-month interval (October to September)
over the period of record.

2. Rank each value starting with the highest (for annual maxima) or lowest (for annual
minima) as rank number one.

3. Compute a return period using Weibull’s formula (Weibull, 1939):

T:l’l+1 (2_1)
m

where T = average return period, y
n = number of years of record
m = rank of storm or drought

4. Plot the annual maxima or minima series on a special probability paper known as Gumbel
paper. (A blank copy of Gumbel paper may be downloaded from the website: http//www.
mhprofessional.com/wwe.) Although the same paper may be used for annual minima series,
Gumbel recommends a log extremal probability paper (axis of ordinates is log scale) for
droughts (Gumbel, 1954).

From the Gumbel plot, the return period for a flood or drought of any magnitude may be deter-
mined. Conversely, for any magnitude of flood or drought, one may determine how frequently it
will occur.


http://www.mhprofessional.com/wwe
http://www.mhprofessional.com/wwe
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In statistical parlance a Gumbel plot is a linearization of a Type I probability distribution. The
logarithmically transformed version of the Type I distribution is called a log-Pearson Type III
distribution. The return period of the mean (X) of the Type I distribution occurs at T = 2.33 years.
Thus, the U.S.G.S. takes the return period of the mean annual flood or drought to be 2.33 years.
This is marked by a vertical dashed line on Gumbel paper (Figure 2-4).

The data in Table 2-8 were used to plot the annual minima line in Figure 2-4. The computa-
tions are explained in Example 2-2.

Example 2-2. In continuing the evaluation of the Troublesome Creek as a water supply for
Nosleep (Example 2-1), perform an annual minima extreme-value analysis on the data in Table 2-7.
Determine the recurrence interval of monthly flows that fail to meet an average demand of 0.31 m’/s.
Also determine the discharge of the mean monthly annual minimum flow.

Solution. To begin, select the minimum discharge in each hydrologic year. The first nine
months of 1987 and the last three months of 2008 cannot be used because they are not complete
hydrologic years. After selecting the minimum value in each year, rank the data and compute
the return period. The 1988 water year begins in October 1987.

The computations are summarized in Table 2-8. The return period and flows are plotted in
Figure 2-4. From Figure 2-4 find that for the 22 years of record, the minimum flow exceeds a
demand of 0.31 m*/s and that the mean monthly minimum flow is about 1.5 m’/s.

However, as noted in Example 2-1, the regulatory agency will only permit removal of 5% of
the flow. The fifth column in Table 2-8 shows the computation of 5% of the flow. Obviously, stor-
age must be provided if the Troublesome Creek is to be used as a water source.

Partial-Duration Series. It often happens that the second largest or second smallest flow in a
water year is larger or smaller than the maxima or minima from a different hydrologic year. To
take these events into consideration, a partial series of the data is examined. The procedure for
performing a partial-duration series analysis is very similar to that used for an annual series. The

Annual droughts on ~ Troublesome Creek at Nosleep

Drainage area,................sq. m.  Period .....1988-2008

35

3.0 )
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2.0

Annual minimum monthly discharge, m?/s

00
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1.1
1.2
1.3
1.4
1.5
S

s g FIGURE 2-4
Return period, in years Annual droughts on Troublesome Creek at Nosleep.
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TABLE 2-8

Tabulated computations of annual minima for Troublesome Creek at Nosleep

Year Annual minima, m/s Rank Return period, years 5% of Minima, m/s
1992 0.67 1 22.00 0.034
1997 0.85 2 11.00 0.043
1988 1.08 3 7.33 0.054
1995 1.13 4 5.50 0.057
1990 1.15 5 4.40 0.058
1996 1.42 6 3.67 0.071
2000 1.42 7 3.14 0.071
1991 1.46 8 2.75 0.073
2004 1.49 9 2.44 0.075
1994 1.56 10 2.20 0.078
2001 1.61 11 2.00 0.081
2002 1.64 12 1.83 0.082
2005 1.69 13 1.69 0.085
1989 1.83 14 1.57 0.092
2003 1.90 15 1.47 0.099
1998 1.98 16 1.38 0.099
2007 2.15 17 1.29 0.108
2006 2.35 18 1.22 0.118
1993 2.38 19 1.16 0.119
1999 2.92 20 1.10 0.146
2008 3.14 21 1.05 0.157

theoretical relationship between an annual series and partial series is shown in Table 2-9. The
partial series is approximately equal to the annual series for return periods greater than 10 years
(Langbein, 1949).

If the time period over which the event occurs is also taken into account, the analysis is
termed a partial-duration series. While it is fairly easy to define a flood as any flow that exceeds
the capacity of the drainage system, in order to properly define a drought, one must specify the
low flow and its duration. For example, if a roadway is covered with water for 10 minutes, one
can say that it is flooded. In contrast, if the flow in a river is below our demand for 10 minutes,
one certainly would not declare it a drought! Thus, a partial-duration series is particularly rel-
evant for low-flow conditions.

Low-Flow Duration. From an environmental engineering point of view, three low-flow
durations are of particular interest. The 10-year return period of seven days of low flow has
been selected by many states as the critical flow for water pollution control. Wastewater treat-
ment plants must be designed to provide sufficient treatment to allow effluent discharge without
driving the quality of the receiving stream below the standard when the dilution capacity of the
stream is at a 10-year low.

A longer duration low flow and longer return period are selected for water supply. In the
Midwest, drought durations of 1 to 5 years and return periods of 25 to 50 years are used in the
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TABLE 2-9
Theoretical relationship between partial
series and annual series return periods in years

Partial series Annual series

0.5 1.18

1.0 1.58

1.45 2.08

2.0 2.54

5.0 5.52
10.0 10.5
50.0 50.5
100.0 100.5

Source: W. B. Langbein, “Annual Floods and Partial Duration
Series,” Transactions of the American Geophysical Union,
vol. 30, pp. 879-881, 1949.

design of water-supply reservoirs. Where water supply is by direct draft (withdrawal) from a
river, the duration selected may be on the order of 30 to 90 days with a 10-year return period.
When alternate sources are available, shorter return periods may be acceptable.

When to Use Which Series. The probability of occurrence (1/7) computed from an annual
series will not be the same as that found from a complete series. There are many reasons for this
difference. Among the most obvious is the fact that, in computing an annual series, 1/12 of the
data is treated as if it were all of the data when, in fact, it is not even a representative sample. It is
only the extreme end of the possible range of values.

The following guidelines can be used to decide when to use which analysis:

1. Use a complete series to determine the long-time reliability (yield) for water supply.
2. Use an annual minima series to determine the need for storage.

3. Use a partial-duration series to predict low-flow conditions.

In practice the complete-series analysis can be performed to decide whether or not it is worth
doing a partial series for water supply. If the complete series indicates that the mean monthly
flow will not supply the demand, then computation of an annual minima series to determine the
need for storage is not worth the trouble, since it would be impossible to store enough water to
meet the demand.

Volume of Reservoirs. The techniques for determining the storage volume required for a res-
ervoir are dependent both on the size and use of the reservoir. This discussion is limited to the
simplest procedure, which is quite satisfactory for small water-supply impoundments.* It is called
the mass diagram or Rippl method (Rippl, 1883). The main disadvantage of the Rippl method is

*It is also useful for sizing storm-water retention ponds and wastewater equalization basins.

2-15



2-16

WATER AND WASTEWATER ENGINEERING

that it assumes that the sequence of events leading to a drought or flood will be the same in the
future as it was in the past. More sophisticated techniques have been developed to overcome this
disadvantage. These techniques are left for advanced hydrology classes.

The Rippl procedure for determining the storage volume is an application of the mass bal-
ance method of analyzing problems. In this case it is assumed that the only input is the flow into
the reservoir (Q i,) and that the only output is the flow out of the reservoir (Q o). Therefore,with
the assumption that the density term cancels out because the change in density across the reser-
voir is negligible,

ds _ d(n) _ d(Out) (2-2)
dt dt dt
becomes
ds
- = Qin - Qout (2_3)
dt

If both sides of the equation are multiplied by dt, the inflow and outflow become volumes (flow
rate X time = volume), that is,

dS = (Qin)(d1) = (Qout)(d1) (2-4)
By substituting finite time increments (Af), the change in storage is then
(Qin)(A1) = (Qout)(AD) = AS (2-5)

By cumulatively summing the storage terms, the size of the reservoir can be estimated. For
water supply reservoir design, Q o is the demand, and zero or positive values of storage (AS)
indicate there is enough water to meet the demand. If the storage is negative, then the reservoir
must have a capacity equal to the absolute value of cumulative storage to meet the demand. This
is illustrated in the following example.

Example 2-3. Using the data in Table 2-7, determine the storage required to meet Nosleep’s
demand of 0.25 m?/s for the period from August 1994 through January 1997.

Solution. The computations are summarized in the table below.

O (0.05Qiw)  (0.05)(Qi)AD Qo Qou(A1) AS Z(As)

Month (m>/s) (m>/s) (10 m?) (m>/s) 10°m?  10°m?)  (10°md)
1994
Aug 1.70 0.085 0.228 0.25 0.670 —0.442 —0.442
Sep 1.56 0.078 0.202 0.25 0.648 —0.446 —0.888
Oct 1.56 0.078 0.209 0.25 0.670 —0.461 —1.348
Nov 2.04 0.102 0.264 0.25 0.648 —0.384 —1.732
Dec 2.35 0.1175 0.315 0.25 0.670 —0.355 —2.087

(continued)
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Jan

Feb
Mar
Apr

Jun
Jul
Aug
Sep
Oct
Nov
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1996

Jan

Feb
Mar
Apr

Jun
Jul

Sep
Oct
Nov
Dec

1997

Jan

2.89
9.57
17.7
16.4
6.83
3.74
1.60
1.13
1.13
1.42
1.98
2.12

1.78
1.95
7.25
247
6.26
8.92
3.57
1.98
1.95
3.09
3.94
12.7

13.8

0.1445
0.4785
0.885
0.82
0.3415
0.187
0.08
0.0565
0.0565
0.071
0.099
0.106

0.089
0.0975
0.3625
1.235
0.313
0.446
0.1785
0.099
0.0975
0.1545
0.197
0.635

0.69

0.387
1.158
2.370
2.125
0.915
0.485
0.214
0.151
0.146
0.190
0.257
0.284

0.238
0.236
0.971
3.201
0.838
1.156
0.478
0.265
0.253
0.414
0.511
1.701

1.848

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.25

0.670
0.605
0.670
0.648
0.670
0.648
0.670
0.670
0.648
0.670
0.648
0.670

0.670
0.605
0.670
0.648
0.670
0.648
0.670
0.670
0.648
0.670
0.648
0.670

0.670
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—0.283 —2.370
0.553 —1.817
1.701 —0.166
1.477
0.245

—0.163 —0.163

—0.455 —0.619

—0.518 —1.137

—0.502 —1.638

—0.479 —2.118

—0.391 —2.509

—0.386 —2.895

—0.431 —3.326

—0.369 —3.695
0.301 —3.39%4
2.533 —0.841
0.169 —0.672
0.508 —0.164

—0.192 —0.355

—0.404 —0.760

—0.395 —1.155

—0.256 —1.411

—0.137 —1.548
1.031 —0.517
1.178

The data in the first and second columns of the table were extracted from Table 2-7. The
third column is the product of the second column and the regulatory restriction of 5%. The fourth

column is the product of the second column and the time interval for the month. For example, for
August (31 d) and September (30 d), 1994:

(0.085 m¥s)(31 d)(86,400 vd) = 227,664 m>
(0.078 m¥s)(30 d)(86,400 sid) = 202,176 m>

The fifth column is the demand given in the problem statement.
The sixth column is the product of the demand and the time interval for the month. For
example, for August and September 1994:

(0.25 m¥s)(31 d)(86,400 s/d) =669,600 m*
(0.25 m¥s)(30 d)(86,400 s/d) = 648,000 m>
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The seventh column (AS) is the difference between the third and fifth columns. For example,
for August and September 1994:

227,664 m> —669,600 m> =—441,936 m>
202,176 m> —648,000 m> = —445,824 m>

The last column(Z(AS)) is the sum of the last value in that column and the value in the sixth
column. For August 1994, it is —441,936 m° since this is the first value.
For September 1994, it is

(—441,936 m>) +(—445,824 m’) = —887,760 m>

The following logic is used in interpreting the table. From August 1994 through March 1995,
the demand exceeds the flow, and storage must be provided. The maximum storage required
for this interval is 2.370 X 10°m?. In April 1995, the storage (AS) exceeds the deficit (Z(AS))
from March 1995. If the deficit is viewed as the volume of water in a virtual reservoir with a
total capacity of 2.370 X 10° m®, then in March 1995, the volume of water in the reservoir is
2.204 X 10® m? (2.370 X 10° — 0.166 X 106). The April 1995 inflow exceeds the demand and
fills the reservoir deficit of 0.166 X 10° m°.

Because the inflow (Q;,) exceeds the demand (0.25 m?/s) for the months of April and May
1995, no storage is required during this period. Therefore, no computations were performed.

From June 1995 through December 1996, the demand exceeds the inflow, and storage is
required. The maximum storage required is 3.695 X 10° m*. Note that the computations for stor-
age did not stop in May 1996, even though the inflow exceeded the demand. This is because the
storage was not sufficient to fill the reservoir deficit. The storage was sufficient to fill the reser-
voir deficit in January 1997.

Comment. These tabulations are particularly well suited to spreadsheet programs.

The storage volume determined by the Rippl method must be increased to account for water
lost through evaporation and volume lost through the accumulation of sediment.

Groundwater

Unlike surface water supplies, groundwater is less subject to seasonal fluctuations and long-term
droughts. The design basis is the long term or “safe” yield. The safe yield of a ground water basin
is the amount of water which can be withdrawn from it annually without producing an undesired
result. (Todd, 1959) A yield analysis of the aquifer is performed because of the potential for over-
pumping the well with consequent failure to yield an adequate supply as well as the potential to
cause dramatic ground surface settlement, detrimental dewatering of nearby ponds or streams or,
in wells near the ocean, to cause salt water intrusion.

Confined Aquifer. The components of the evaluation of the aquifer as a water supply are:
(1) depth to the bottom of the aquiclude, (2) elevation of the existing piezometric surface,
(3) drawdown for sustained pumping at the design rate of demand, and (4) recharge and drought
implications.
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The depth to the bottom of the aquiclude (Figure 2-5) sets the limit of drawdown of the
piezometric surface. If the piezometric surface drops below the bottom of the aquiclude, ground
settlement will begin to occur and, in addition to structural failure of the well, structural damage
will occur to buildings and roadways. In populated areas of the United States, regulatory agen-
cies gather hydrogeologic data reported by well drillers and others that may be used to estimate
the depth to the aquiclude. In less densely populated areas, exploration and evaluation by a pro-
fessional hydrogeologist is required.

The existing piezometric surface sets the upper bound of the range of drawdown. That is,
the difference between the existing piezometric surface and the bottom of the aquiclude (s pax
in Figure 2-5) is the maximum allowable drawdown for a safe yield. As noted above, in popu-
lated areas, regulatory agencies will have a database that includes this information. Otherwise,
a hydrogeologic exploration will be required.

Drawdown Estimation. The derivation of equations relating well discharge to water-level
drawdown and the hydraulic properties of the aquifer is based on the following assumptions
(Bouwer, 1978):

. The well is pumped at a constant rate.
. Flow toward the well is radial and uniform.

. Initially the piezometric surface is horizontal.

1

2

3

4. The well fully penetrates the aquifer and is screened for the entire length.

5. The aquifer is homogeneous, isotropic, horizontal, and of infinite horizontal extent.
6

. Water is released from the aquifer in immediate response to a drop in the piezometric
surface.

Although the steady state will seldom occur in practice, it may be approached after pro-
longed pumping when the piezometric surface declines at a very slow rate. The Thiem equation

Original piezometric surface
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FIGURE 2-5

Geometry and symbols for a pumped well in a confined aquifer. (Source: H. Bouwer, 1978.)
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may be used to estimate the maximum pumping rate that can be sustained by a single well in a
confined aquifer (Thiem, 1906):
2wT(hy —h
0= (hy — ) (2-6)
ln(r 2 /r 1 )
where Q = pumping flow rate, m>/s
T = KD = transmissivity of aquifer, m?%/s
K = hydraulic conductivity, m/s
D = thickness of aquifer, m
hy, hy = height of piezometric surface at ry, r, from the pumping well

In practice, the transmissivity (7) of the aquifer is determined from a pumping test. For aca-
demic purposes, the typical values of hydraulic conductivity given in Table 2-10 may be used.

The maximum sustainable pumping rate is found by setting /&; equal to the height of the
aquifer (D in Figure 2-5) and h; equal to the height of the piezometric surface before pumping (H
in Figure 2-5). If the required Q cannot be achieved using one well for the design flow, multiple
wells may be required. Except for very small demands, this is the rule rather than the exception.

Multiple wells may be used to take advantage of the fact that wells will “recover” their origi-
nal piezometric surface when pumping ends if there is adequate water in the aquifer. Thus, if the
cones of depression of multiple wells do not interfere with one another, the wells can be operated
on a schedule that allows them to recover. Theoretically, if the non-pumping time equals the
pumping time, the recovery will be complete (Brown, 1963). If the cones of depression do over-
lap, each well interferes with each of the other wells and the resultant drawdown is increased.

TABLE 2-10
Values of aquifer parameters
Typical Range of

Typical Range of Range of hydraulic hydraulic
Aquifer porosity porosities  specific yield conductivity conductivities
material (%) (%) (%) (m/s) (m/s)
Unconsolidated
Clay 55 50-60 1-10 12x10°%  01-23x107°
Loam 35 25-45 6.4 x10°¢ 10 %0 1073
Fine sand 45 40-50 3.5%x 1077 1.1-58 X107
Medium sand 37 35-40 10-30 1.5%x107% 1077t 1074
Coarse sand 30 25-35 6.9 X 1074 104t 1073
Sand and gravel 20 10-30 15-25 6.1 x107* 10 t0 1073
Gravel 25 20-30 6.4 % 103 10 3101072
Consolidated
Shale <5 0.5-5 12x 10712
Granite <1 — 12x 10710
Sandstone 15 5-30 5-15 58x 1077 10301077
Limestone 15 10-20 0.5-5 58x 107 10770107
Fractured rock 5 2-10 — 58 X107 10 %t 107

Adapted from Bouwer, 1978, Linsley et al., 1975, and Walton, 1970.
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Unconfined Aquifer. The components of the evaluation of the aquifer as a water supply are:
(1) depth of the aquifer, (2) annual precipitation and resultant aquifer recharge, and (3) draw-
down for sustained pumping at the design rate of demand.

The depth of the aquifer for a unconfined aquifer is measured from the static, unpumped
water level to the underlying impermeable layer (Figure 2-6). In theory, the depth of the aquifer
sets one dimension of the maximum extent of pumping. Once the water level is lowered to the
impermeable layer, the well “drys up.” In actuality, this depth cannot be achieved because of
other constraints. In populated areas, regulatory agencies have data that permit estimation of the
depth of the aquifer. In less densely populated areas, exploration and evaluation by a professional
hydrogeologist is required.

Aquifer Recharge. A hydrologic mass balance is used to estimate the potential volume of wa-
ter that recharges the aquifer. An annual time increment rather than the shorter monthly periods
used in surface water analysis may be used for estimation purposes because the aquifer behaves
as a large storage reservoir. Under steady-state conditions, the storage volume compensates for
dry seasons with wet seasons. Thus, like the analysis of reservoirs, a partial duration series analy-
sis for drought durations of 1 to 5 years with return periods of 25 to 50 years are used in evalua-
tion of an unconfined aquifer as a water source.

Even though vast quantities of water may have accumulated in the aquifer over geologic time
periods, the rate of pumping may exceed the rate of replenishment. Even with very deep aquifers
where the well does not dry up, the removal of water results in removal of subsurface support.
This, in turn, results in loss of surface elevation or land subsidence. Although this occurs in nearly
every state in the United States, the San Joaquin Valley in California serves as a classic example.
Figure 2-7 is a dramatic photograph showing the land surface as it was in 1977 in relation to its
location in 1925. The distance between the 1925 sign and the 1977 sign is approximately 9 m.

Reclaimed Wastewater

Another source of water is recycled or reclaimed water. In regions where potable water is scarce,
literally hundreds of communities are recycling wastewater for nonpotable uses. This provides an

Original piezometric surface = GWT

Piezometric
surface after
pumping

Geometry and symbols for a pumped well in
7 > an unconfined aquifer. (Source: H. Bouwer,
Impermeable 1978.)

l FIGURE 2-6
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1925

FIGURE 2-7
Land subsidence in the San Joaquin Valley,
16 km southwest of Mendota, CA.

(Source: US Geological Survey Professional
Paper 1401-A, Ground Water in the Central
Valley, California—A Summary Report.
Photo by Dick Ireland, USGS, 1977.)

initial means of extending a fully exploited water source. A half dozen cities, including El Paso,
Texas and Los Angeles, California, are using treated wastewater to recharge potable aquifers.
Los Angeles has been doing so since 1962 (Pinholster, 1995).

2-3  WATER QUALITY

The following four categories are used to describe drinking water quality:

1. Physical: Physical characteristics relate to the quality of water for domestic use. They
include color, turbidity, temperature, and, in particular, taste and odor.

2. Chemical: Chemical characteristics of waters are sometimes evidenced by their observed
reactions, such as the comparative performance of hard and soft waters in laundering.
Most often, differences are not visible. However, in some cases, such as the oxidation of
iron, the reactions result in highly objectionable color.
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3. Microbiological: Microbiological agents are very important in their relation to public
health and may also be significant in modifying the physical and chemical characteristics
of water.

4. Radiological: Radiological factors must be considered in areas where there is a possibility
that the water may have come in contact with radioactive substances. The radioactivity
of the water is of public health concern in these cases.

Physical Characteristics

Color. Dissolved organic material from decaying vegetation and certain inorganic matter cause
color in water. Occasionally, excessive blooms of algae or the growth of aquatic microorganisms
may also impart color. Often the color in water is not true color but apparent color that results
from a colloidal suspension. Tea is an example of apparent color. While color itself is not usually
objectionable from the standpoint of health, its presence is aesthetically objectionable and sug-
gests that the water needs appropriate treatment.

Taste and Odor. Taste and odor (T&O) in water can be caused by foreign matter such as
organic compounds, inorganic salts, or dissolved gases. These materials may come from domestic,
agricultural, or natural sources. Algae are frequently the source of T&O in surface water supplies.
T&O can also result as a byproduct of chlorine disinfection. Drinking water should be free from
any objectionable taste or odor at the point of use.

Temperature. The most desirable drinking waters are consistently cool and do not have tem-
perature fluctuations of more than a few degrees. Groundwater and surface water from mountain-
ous areas generally meet these criteria. Most individuals find that water having a temperature
between 10°C—15°C is most palatable. Municipal drinking water is not treated to adjust the tem-
perature. However, the temperature of the water may be an important water quality objective for
a client and may be an important consideration in the selection of the water source.

Turbidity. The presence of suspended material such as clays, silt, finely divided organic mate-
rial, plankton, and other particulate material in water is known as turbidity. The unit of measure
is a nephelometric turbidity unit (NTU). It is determined by reference to a chemical mixture that
produces a reproducible refraction of light. Turbidities in excess of 5 NTU are easily detectable
in a glass of water and are usually objectionable for aesthetic reasons.

Clay or other inert suspended particles in and of themselves may not adversely affect health,
but water containing such particles may require treatment to make it suitable for disinfection. In
general, turbidity reduces disinfection efficiency by consuming the disinfectant and shielding the
microorganisms. Following a rainfall, variations in the groundwater turbidity may be considered
an indication of surface or other introduced pollution entering the aquifer.

Chemical Characteristics

Arsenic. Arsenic occurs naturally in some geologic formations. It is widely used in timber
treatment, agricultural chemicals (pesticides), and the manufacture of computer chips, glass, and
alloys. Arsenic in drinking water has been linked to lung and urinary bladder cancer.
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Chloride. Most waters contain some chloride. The amount present can be caused by the leach-
ing of marine sedimentary deposits or by pollution from sea water, brine, or industrial or domestic
wastes. Chloride concentrations in excess of about 250 mg/L usually produce a noticeable taste in
drinking water. Domestic water should contain less than 100 mg/L of chloride to be palatable.

Fluoride. In some areas, water sources contain natural fluoride. Where the concentrations
approach optimum levels, beneficial health effects have been observed. In such areas, the
incidence of dental caries (tooth decay) has been found to be below the levels observed in areas
without natural fluoride. Many cities choose to add fluoride to the water supply to reduce the
incidence of dental caries. The optimum fluoride level for a given area depends upon air tem-
perature because temperature greatly influences the amount of water people drink. Excessive
fluoride in drinking water supplies may produce fluorosis (mottling) of teeth,* which increases
as the optimum fluoride level is exceeded.

Iron. Small amounts of iron frequently are present in water because of the large amount of iron
in the geologic materials. The presence of iron in water is considered objectionable because it
imparts a reddish color to the water, stains bathroom fixtures and laundered goods with a yellow
to reddish-brown color, and affects the taste of beverages such as tea and coffee.

Lead. Lead occurs in drinking water primarily from corrosion of lead pipes. Lead exposure is
associated with a large number of pathological effects including but not limited to interference
with red blood cell formation, kidney damage, and impaired cognitive performance.

Manganese. Naturally occurring manganese is often present in significant amounts in ground-
water. Anthropogenic sources include discarded batteries, steel alloy production, and agricultural
products. It imparts a dark brown or black color to water and stains fixtures and cloth that is
washed in it. It flavors coffee and tea with a medicinal taste.

Sodium. The presence of sodium in water can affect persons suffering from heart, kidney,
or circulatory ailments. When a strict sodium-free diet is recommended, any water should be
regarded with suspicion. Home water softeners may be of particular concern because they add
large quantities of sodium to the water.

Sulfate. Waters containing high concentrations of sulfate, caused by the leaching of natural
deposits of magnesium sulfate (Epsom salts) or sodium sulfate (Glauber’s salt), may be undesir-
able because of their laxative effects.

Zinc. Zinc is found in some natural waters, particularly in areas where zinc ore deposits have
been mined. Zinc is not considered detrimental to health, but it will impart an undesirable taste
to drinking water.

Toxic Inorganic Substances. Nitrates (NO;y), cyanides (CN ), and heavy metals constitute
the major classes of inorganic substances of health concern. Methemoglobinemia (infant cyano-
sis or “blue baby syndrome”) has occurred in infants who have been given water or fed formula
prepared with water having high concentrations of nitrate. Cyanide ties up the hemoglobin sites
that bind oxygen to red blood cells. This results in oxygen deprivation. A characteristic symptom

*Mottled teeth are characterized by black spots or streaks and may become brittle when exposed to large amounts of fluoride.
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is a blue skin color, which gives the syndrome its name, cyanosis. This condition is called
cyanosis. Cyanide also causes chronic effects on the thyroid and central nervous system.

The toxic heavy metals include arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr),
lead (Pb), mercury (Hg), selenium (Se), and silver (Ag). The heavy metals have a wide range of
effects. They may be acute poisons (As and Cr®", for example), or they may produce chronic
disease (Pb, Cd, and Hg, for example).

Toxic Organic Substances. There are over 120 toxic organic compounds listed on the U.S.
EPA’s Priority Pollutant list (Table 2-11). These include pesticides, insecticides, and solvents.
Like the inorganic substances, their effects may be acute or chronic.

Microbiological Characteristics

Water for drinking and cooking purposes must be made free from pathogens. These organisms
include viruses, bacteria, protozoa, and helminths (worms).

Some organisms that cause disease in people originate with the fecal discharges of infected
individuals. Others are from the fecal discharge of animals.

Unfortunately, the specific disease-producing organisms present in water are not easily
identified. The techniques for comprehensive bacteriological examination are complex and time-
consuming. It has been necessary to develop tests that indicate the relative degree of contami-
nation in terms of an easily defined quantity. The most widely used test estimates the number
of microorganisms of the coliform group. This grouping includes two genera: Escherichia coli
and Aerobacter aerogenes. The name of the group is derived from the word “colon”. While E.
coli are common inhabitants of the intestinal tract, Aerobacter are common in the soil, on leaves,
and on grain; on occasion they cause urinary tract infections. The test for these microorganisms,
called the Total Coliform Test, was selected for the following reasons:

1. The coliform group of organisms normally inhabits the intestinal tracts of humans and
other mammals. Thus, the presence of coliforms is an indication of fecal contamination
of the water.

2. Even in acutely ill individuals, the number of coliform organisms excreted in the feces
outnumber the disease-producing organisms by several orders of magnitude. The large
numbers of coliforms make them easier to culture than disease-producing organisms.

3. The coliform group of organisms survives in natural waters for relatively long periods of
time but does not reproduce effectively in this environment. Thus, the presence of coli-
forms in water implies fecal contamination rather than growth of the organism because
of favorable environmental conditions. These organisms also survive better in water than
most of the bacterial pathogens. This means that the absence of coliforms is a reasonably
safe indicator that pathogens are not present.

4. The coliform group of organisms is relatively easy to culture. Thus, laboratory techni-
cians can perform the test without expensive equipment.

Current research indicates that testing for Escherichia coli specifically may be warranted.
Some agencies prefer the examination for E. coli as a better indicator of biological contamination
than total coliforms.
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TABLE 2-11

EPA’s priority pollutant list

P S

. Antimony
. Arsenic

. Beryllium
. Cadmium
Sa.
5b.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

Chromium (TIT)
Chromium (VI)
Copper

Lead

Mercury

Nickel

Selenium

Silver

Thallium

Zinc

Cyanide

Asbestos
2,3,7,8-TCDD (Dioxin)
Acrolein

Acrylonitrile

Benzene

Bromoform

Carbon tetrachloride
Chlorobenzene
Chlorodibromomethane
Chloroethane
2-Chloroethylvinyl ether
Chloroform
Dichlorobromomethane
1,1-Dichloroethane
1,2-Dichloroethane
1,1-Dichloroethylene
1,2-Dichloropropane
1,3-Dichloropropylene
Ethylbenzene

Methyl bromide
Methyl chloride
Methylene chloride
1,2,2,2-Tetrachloroethane
Tetrachloroethylene
Toluene
1,2-trans-dichloroethylene
1,1,1-Trichloroethane
2,4 Dichlorophenol

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
71.
78.
79.
80.
81.
82.
83.
84.
85.
86.

Trichloroethylene

Vinyl chloride
2-Chlorophenol
2,4-Dichlorophenol
2,4-Dimethylphenol
2-Methyl-4-chlorophenol
2,4-Dinitrophenol
2-Nitrophenol
4-Nitrophenol
3-Methyl-4-chlorophenol
Pentachlorophenol

Phenol
2,4,6-Trichlorophenol
Acenaphthene
Acenaphthylene
Anthracene

Benzidine
Benzo(a)anthracene
Benzo(a)pyrene
Benzo(a)fluoranthene
Benzo(ghi)perylene
Benzo(k)fluoranthene
bis(2-Chloroethoxy)methane
bis(2-Chloroisopropyl)ether
bis(2-Ethylhexyl)phthalate
4-Bromophenyl phenyl ether
Butylbenzyl phthalate
2-Chloronaphthalene
4-Chlorophenyl phenyl ether
Chrysene
Dibenzo(a,h)anthracene
1,2-Dichlorobenzene
1,3-Dichlorobenzene
1,4-Dichlorobenzene
3,3-Dichlorobenzidine
Diethyl phthalate
Dimethyl phthalate
Di-n-butyl phthalate
2,4-Dinitrotoluene
2,6-Dinitrotoluene
Di-n-octyl phthalate
1,2-Diphenylhydrazine
Fluoranthene

87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.

Fluorene
Hexachlorobenzene
Hexachlorobutadiene
Hexachlorocyclopentadiene
Hexachloroethane
Indeno(1,2,3-cd)pyrene
Isophorone

Naphthalene
Nitrobenzene
N-Nitrosodimethylamine
N-Nitrosodi-n-propylamine
N-Nitrosodiphenylamine
Phenanthrene

Pyrene
1,2,4-Trichlorobenzene
Aldrin

alpha-BHC

beta-BHC

gamma-BHC

delta-BHC

Chlordane

4,4-DDT

4,4-DDE

4,4-DDD

Dieldrin
alpha-Endosulfan
beta-Endosulfan
Endosulfan sulfate
Endrin

Endrin aldehyde
Heptachlor

Heptachlor epoxide
PCB-1242

PCB-1254

PCB-1221

PCB-1232

PCB-1248

PCB-1260

PCB-1016

Toxaphene

Source: Code of Federal Regulations, 40 CFR 131.36, July 1, 1993.
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The two protozoa of most concern are Giardia lamblia and Cryptosporidium parvum. Both
pathogens are associated with gastrointestinal illness. The dormant Giardia cysts and Cryptosporidium
oocysts are carried in animals in the wild and on farms.

Radiological Characteristics

The use of atomic energy as a power source and the mining of radioactive materials, as well as
naturally occurring radioactive materials, are sources of radioactive substances in drinking water.
Drinking water standards have been established for alpha particles, beta particles, photons emit-
ters, radium-226 and -228, and uranium.

Although no standard has been established for radon, it is of concern because it is highly
volatile and is an inhalation hazard from showering. Its decay products (*'*Po, 2'*Po, and >'*Bi)
release alpha, beta, and gamma radiation.

Raw Water Characteristics

The quality of the raw (untreated) water plays a large role in determining the unit operations
and processes required to treat the water. A comparison of the source water quality with the
desired finished water quality provides a basis for selecting treatment processes that are capable
of achieving the required treatment efficiency.

In addition to the regulated constituents discussed under “Water Quality Standards” in the
next section there are a number of other common analyses used to assess the characteristics of
the water with respect to potential treatment requirements. That is, the need for treatment, the
difficulty of treatment, and the unit operations and processes that may be required. These are
listed in Table 2-12 by the test used for their determination.

If the client’s water quality objectives include a soft finished water and the source water is a
groundwater or a surface water with a large groundwater contribution, the dissolve cations and
anions as well as alkalinity, carbon dioxide, pH, and total hardness are of particular interest. For
surface water that will not be softened, sodium, alkalinity, conductivity, pH, and total organic
carbon provide useful information beyond the regulated compounds.

For expansion of existing plants, these data may be readily available. Because groundwater
quality is not highly variable, annual grab samples provide sufficient data for plant design. Because

TABLE 2-12
Common analyses to characterize raw water

Alkalinity Tron
Bicarbonate Manganese
Carbonate Magnesium
Total pH
Ammonia Nitrate
Arsenic Nitrite
Calcium Silica
Carbon dioxide Sodium
Chloride Total hardness
Conductivity Total Kjeldahl nitrogen

Hydrogen sulfide
Hydroxide

Total organic carbon
Turbidity
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surface water is often highly variable in composition, more extensive time dependent data are
desirable.

The ability of a selected design to consistently meet regulatory and client water quality
goals is enhanced when the range of the source water quality is within the range of quality
that the plant can successfully treat (Logsdon et al., 1999). A probability plot, like that shown
in Figure 2-8, provides a comprehensive view of the range of constituent concentrations that
must be treated. (A blank copy of probability paper may be downloaded from the website:
http//www.mhprofessional.com/wwe.) It will be easier to maintain product water quality for
source water with a shallow slope (Water A in Figure 2-8) than it will for a source water with
a steep slope (Water B).

In addition to the chemical analyses, it is imperative that the design engineer conduct a sani-
tary survey (AWWA, 1999). This is a field investigation that covers a large geographic area
beyond the immediate area surrounding the water supply source.The purpose of the sanitary
survey is to detect potential health hazards and assess their present and future importance. This
assessment includes such things as landfills, hazardous waste sites, fuel storage areas, industrial
plants, and wastewater treatment plants. Examples of sources to be investigated during the sani-
tary survey are listed in Table 2-13.

Water Quality Standards

Water quality standards are a crucial element in setting the design criteria for a water supply proj-
ect. The standards apply to both the treatment plant and the distribution system. Because of their
crucial role, they are examined in detail in the following paragraphs.

The National Safe Drinking Water Act (SDWA) was signed into law on December 16, 1974.
The Environmental Protection Agency (EPA) was directed to establish maximum contaminant
levels (MCLs) for public water systems to prevent the occurrence of any known or anticipated
adverse health effects with an adequate margin of safety. EPA defined a public water system to
be any system that either has 15 or more service connections or regularly serves an average of

99.99

100.

Raw water turbidity, NTU

_ FIGURE2-8
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TABLE 2-13

Examples of sources to be investigated during the sanitary survey
Surface water Groundwater

Land use and zoning Land use and zoning
Local geology and soils Local geology and soils
Cultivated areas Cultivated areas
Orchards Orchards

Pastures Pastures

Bathing areas Raw materials storage
Gross erosion Landfills

Marinas Septic tank tile fields
Septic tank tile fields Well logs

Sewer outfalls
Storm water drains
Swamps

Upstream tributaries
Vegetation

at least 25 or more people daily for at least 60 days out of the year. The SDWA defines two
types of public water supply: community and noncommunity. A community system serves a
residential, year-round, population greater than 25 people or 15 living units. A noncommunity
system is one that is not a community system but that serves not fewer than 25 individuals on an
average daily basis for not less than 60 days per year. The noncommunity systems are further
separated into two groups: transient and nontransient. The transient systems serve intermittent
nonresidential users. Examples are campgrounds and restaurants. Nontransient systems are non-
residential systems that routinely serve the same individuals. Schools and places of business are
examples of this category.

From 1975 through 1985, the EPA regulated 23 contaminants in drinking water supplied by
public water systems. These regulations are known as National Interim Primary Drinking Water
Regulations (IPDWRs). In June of 1986, the SDWA was amended. The amendments required
EPA to set maximum contaminant level goals (MCLGs) and MCLs for 83 specific substances.
This list included 22 of the IPDWRs (all except trihalomethanes). The amendments also required
EPA to regulate 25 additional contaminants every three years beginning in January, 1991 and
continuing for an indefinite period of time.

Table 2-14 lists each regulated contaminant and summarizes its adverse health effects. Some
of these contaminant levels are being considered for revision. The notation “TT” in the table
means that a treatment technique is specified rather than a contaminant level. The treatment tech-
niques are specific processes that are used to treat the water. Some examples include coagulation
and filtration, lime softening, and ion exchange. These are discussed in Chapters 6 through 14.

Lead and Copper. In June 1988, EPA issued proposed regulations to define MCLs and MCLGs
for lead and copper, as well as to establish a monitoring program and a treatment technique for
both. The MCLG proposed for lead is zero; for copper, 1.3 mg/L. The MCL action levels, appli-
cable to water entering the distribution system, are 0.005 mg/L for lead and 1.3 mg/L for copper.
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TABLE 2-14
Standards and potential health effects of the contaminants regulated under the SDWA
Maximum Maximum
contaminant contaminant Best Available
Contaminant level goal mg/L  level mg/L Technology (BAT) Potential health effects
Organics
Acrylamide Zero TT PAP Cancer, nervous system effects
Alachor Zero 0.002 GAC Cancer
Atrazine 0.003 0.003 GAC Liver, kidney, lung, cardiovascular effects; possible
carcinogen
Benzene Zero 0.005 GAC, PTA Cancer
Benzo(a)pyrene Zero 0.0002 GAC Cancer
Bromodichloromethane Zero See TTHM GAC, NF' Cancer
Bromoform Zero See TTHM GAC, NFT Cancer
Carbofuran 0.04 0.04 GAC Nervous system, reproductive system effects
Carbon tetrachloride Zero 0.005 GAC, PTA Cancer
Chlordane Zero 0.002 GAC Cancer
Chloroform 0.07 See TTHM GAC, NE* Cancer
Chlorodibromomethane No MCLG See TTHM GAC, NE" Cancer
2,4-D 0.07 0.07 GAC Liver, kidney effects
Dalapon 0.2 0.2 GAC Kidney, liver effects
Di(2-ethylhexyl)adipate 04 0.4 GAC, PTA Reproductive effects
Di(2-ethylhexyl)phthalate Zero 0.006 GAC Cancer
Dibromochloropropane
(DBCP) Zero 0.0002 GAC, PTA Cancer
Dichloroacetic acid No MCLG See HAAS GAC, PTA Cancer
p-Dichlorobenzene 0.075 0.075 GAC, PTA Kidney effects, possible carcinogen
o-Dichlorobenzene 0.6 0.6 GAC, PTA Liver, kidney, blood cells effects
1,2-Dichloroethane Zero 0.005 GAC, PTA Cancer
1,1-Dichloroethylene 0.007 0.007 GAC, PTA Liver, kidney effects, possible carcinogen
cis—1,2-Dichloroethylene 0.07 0.07 GAC, PTA Liver, kidney, nervous system, circulatory effects
trans—1,2-Dichloroethylene 0.1 0.1 GAC, PTA Liver, kidney, nervous system, circulatory effects
Dichloromethane
(methylene chloride) Zero 0.005 PTA Cancer
1,2-Dichloropropane Zero 0.005 GAC, PTA Cancer
Dibromoacetic acid No MCLG See HAAS GAC, NE* Cancer
Dichloroacetic acid No MCLG See HAAS GAC, NE" Cancer
Dinoseb 0.007 0.007 GAC Thyroid, reproductive effects
Diquat 0.02 0.02 GAC Ocular, liver, kidney effects
Endothall 0.1 0.1 GAC Liver, kidney, gastrointestinal effects
Endrin 0.002 0.002 GAC Liver, kidney, nervous system effects
Epichlorohydrin Zero TT PAP Cancer
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Organics

Ethylbenzene

Ethylene dibromide (EDB)

Glyphosate
Haloacetic acids (sum
of 5; HAAS)'
Heptachlor
Heptachlor epoxide
Hexachlorobenzene

Hexachlorocyclopentadiene

Lindane

Methoxychlor
Monochlorobenzene
Monochloroacetic acid
Monobromoacetic acid
Oxamyl (vydate)
Pentachlorophenol
Picloram

Polychlorinated biphenyls

(PCBs)
Simazine
Styrene
2,3,7,8-TCDD (dioxin)
Tetrachloroethylene
Toluene
Toxaphene
2,4,5-TP (silvex)
Trichloroacetic acid
1,2,4-Trichlorobenzene
1,1,1-Trichloroethane
1,1,2-Trichloroethene
Trichloroethylene
Trihalomethanes (sum
of 4; TTHM’s)?
Vinyl chloride
Xylenes (total)

0.7
Zero
0.7

No MCLG
Zero

Zero

Zero

0.05
0.0002

0.04

0.1

0.07

No MCLG
0.2

Zero

0.5

Zero
0.004
0.1
Zero
Zero
1
Zero
0.05
0.02
0.07
0.2
0.003
Zero

No MCLG
Zero
10

0.7
0.00005
0.7

0.060
0.0004
0.0002
0.001
0.05
0.0002

0.04

0.1

See HAAS
See HAAS
0.2

0.001

0.5

0.0005
0.004

0.1

5% 1078
0.005

1

0.003

0.05

See HAAS
0.07

0.2

0.005
0.005

0.080
0.002
10

GAC, PTA
GAC, PTA
(0):¢

GAC, NF"
GAC
GAC
GAC
GAC, PTA
GAC

GAC
GAC, PTA
GAC, NF'
GAC, NF'
GAC
GAC
GAC

GAC
GAC
GAC, PTA
GAC
GAC, PTA
GAC, PTA
GAC
GAC
GAC, NF'
GAC, PTA
GAC, PTA
GAC, PTA
GAC, PTA

GAC, NF'
PTA
GAC, PTA

Liver, kidney, nervous system effects
Cancer
Liver, kidney effects

Cancer

Cancer

Cancer

Cancer

Kidney, stomach effects

Liver, kidney, & nervous, immune, circulatory system
effects

Development, liver, kidney, nervous system effects
Cancer

Cancer

Cancer

Kidney effects

Cancer

Kidney, liver effects

Cancer

Body weight and blood effects, possible carcinogen
Liver, nervous system effects, possible carcinogen
Cancer

Cancer

Liver, kidney, nervous system, circulatory system effects
Cancer

Liver, kidney effects

Cancer

Liver, kidney effects

Liver, nervous system effects

Kidney, liver effects, possible carcinogen

Cancer

Cancer

Cancer
Liver, kidney, nervous system effects

(continued)
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TABLE 2-14 (continued)

Standards and potential health effects of the contaminants regulated under the SDWA

Maximum Maximum
contaminant contaminant Best Available
Contaminant level goal mg/L.  level mg/L Technology (BAT) Potential health effects
Inorganics
Antimony 0.006 0.006 C-F’,RO Decreased longevity, blood effects
IX,AARO,
Arsenic Zero 0.010 C-F,LS,ED, Dermal, nervous system effects, cancer
OX-F
Asbestos (fibers > 10 um) 7million 7million C-F°, DF, DEF Possible carcinogen by ingestion
(fibers/L) (fibers/L)
Barium 2 2 IX,RO, Ls? Blood pressure effects
Beryllium 0.004 0.004 IX,RO, C-P Bone, lung effects, cancer
LS?, AAIX
Bromate Zero 0.010 DC
Cadmium 0.005 0.005 C—FS, LS3, IX, Kidney effects
RO
Chlorite 0.8 1.0 DC Nervous system effects
Chromium (total) 0.1 0.1 C—F3, LS3, (Cr IID), Liver, kidney, circulatory system effects
IX, RO
Copper 1.3 TT CC, SWT Gastrointestinal effects
Cyanide 0.2 0.2 IX, RO, Cl, Thyroid, central nervous system effects
Fluoride 4 4 AA, RO Skeletal fluorosis
Cancer, kidney, central and peripheral nervous system
Lead Zero TT CC, PE, SWT, LSLR effects
Mercury 0.002 0.002 C-F? (influent < Kidney, central nervous system effects
10 &Lg/L),
LS, GAC, RO
(influent < 10 wg/L) Methemoglobinemia (blue baby syndrome)
Nitrate (as N) 10 10 IX,RO,ED
Nitrite (as N) 1 1 IX,RO Methemoglobinemia (blue baby syndrome)
Nitrate + nitrite (both as N) 10 10 IX,RO
Selenium 0.05 0.05 C-F (Se V), LS’
AA,RO.ED Nervous system effects
Thallium 0.0005 0.002 IX, AA Liver, kidney, brain, intestine effects
Radionuclides
Beta particle and Zero 4 mrem C-F,IX,RO Cancer
photon emitters
Alpha particles Zero 15 pCi/L C-F,RO Cancer
Radium-226 + radium-228 No MCLG 5 pCGi/L IX,LS,RO Cancer
Uranium Zero 30 pug/L C-F3,LS% AX Cancer
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Microbials

Cryptosporidium

E. coli

Fecal coliforms
Giardia lambia
Heterotrophic bacteria
Legionella

Total coliforms
Turbidity

Viruses

Zero
Zero
Zero
Zero
No MCLG
Zero
Zero

Zero

TT
T
T
TT
TT
TT

PS

TT

NA
NA
NA
NA
NA
NA
NA
NA

NA

Gastroenteric disease

Gastroenteric disease

Gastroenteric disease

Gastroenteric disease

Gastroenteric disease

Pneumonialike effects

Indicator of gastroenteric infections

Interferes with disinfection, indicator of filtration
performance

Gastroenteric disease, respiratory disease, and other
diseases, (e.g. hepatitis, myocarditis)

*Consecutive systems can use monochloramine (NH,Cl) as BAT.

AA-activated alumina, AX—anion exchange, CC—corrosion control, C-F—coagulation and filtration, Cl)—chlorination, DC—disinfection system control, DEF-deatomaceous
earth filtration, DF—direct filtration, EF—enhanced coagulation, ED—electrodialysis, GAC—granular activated carbon, IX—ion exchange, LS—lime softening, LSLR-lead service
line replacement, NA—not applicable, N-F—nanofiltration, OX-oxidation, OX-F-oxidation and filtration, PAP—polymer addition practices, PE—public education, PR—precursor
removal, PS—performance standard, PTA—packed-tower aeration, RO-reverse osmosis, SWT—source water treatment, TT—treatment technique.

1. Sum of the concentrations of mono-, di-, and trichloroacetic acids and mono- and dibromoacetic acids.

2. Sum of the concentrations of bromodichloromethane, dibromonochloromethane, bromoform, and chloroform.
3. Coagulation-filtration and lime-softening are not BAT for small systems for variance unless treatment is already installed.
4. No more than 5 percent of the samples per month may be positive. For systems collecting fewer than 40 samples per month, no more than 1 sample per month may be

positive.

5. If arepeat total coliform sample is fecal coliform- or E. coli-positive, the system is in violation of the MCL for total coliforms. The system is also in violation of the MCL
for total coliforms if a routine sample is fecal coliform- or E. coli-positive and is followed by a total coliform-positive repeat sample.
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Compliance with the regulations is also based on the quality of the water at the consumer’s
tap. Monitoring is required by means of collection of first-draw samples at residences. The num-
ber of samples required to be collected will range from 10 per year to 50 per quarter, depending
on the size of the water system.

The SDWA amendments forbid the use of pipe, solder, or flux that is not lead-free in the
installation or repair of any public water system or in any plumbing system providing water for
human consumption. This does not, however, apply to leaded joints necessary for the repair of
old cast iron pipes.

Disinfectants and Disinfectant By-Products (D-DBPs). The disinfectants used to destroy patho-
gens in water and the by-products of the reaction of these disinfectants with organic materials in the
water are of potential health concern. One class of DBPs has been regulated since 1979. This class is
known as trihalomethanes (THMs). THMs are formed when a water containing an organic precursor
is chlorinated. In this case it means an organic compound capable of reacting to produce a THM. The
precursors are natural organic substances formed from the decay of vegetative matter, such as leaves,
and aquatic organisms. THMs are of concern because they are known or potential carcinogens. The
four THMs that were regulated in the 1979 rules are chloroform (CHCl3), bromodichloromethane
(CHBrCl,), dibromochloromethane (CHBr,Cl). and bromoform (CHBTr3). Of these four, chloroform
appears most frequently and is found in the highest concentrations.

The D-DBP rule was developed through a negotiated rule-making process, in which indi-
viduals representing major interest groups concerned with the rule (for example, public-water-
system owners, state and local government officials, and environmental groups) publicly work
with EPA representatives to reach a consensus on the contents of the proposed rule.

Maximum residual disinfectant level goals (MRDLGS) and maximum residual disinfectant lev-
els (MRDLS) were established for chlorine, chloramine, and chlorine dioxide (Table 2-15). Because
ozone reacts too quickly to be detected in the distribution system, no limits on ozone were set.

The MCLGs and MCLs for disinfection byproducts are listed in Table 2-16. In addition
to regulating individual compounds, the D-DBP rule set levels for two groups of compounds:
HAAS and TTHMs. These groupings were made to recognize the potential cumulative effect of
several compounds. HAAS is the sum of five haloacetic acids (monochloroacetic acid, dichloro-
acetic acid, trichloroacetic acid, monobromoacetic acid, and dibromoacetic acid). TTHMs (total
trihalomethanes) is the sum of the concentrations of chloroform (CHCI;), bromodichloromethane
(CHBrCl,), dibromochloromethane (CHBr,Cl), and bromoform (CHBr3).

The D-DBP rule is quite complex. In addition to the regulatory levels shown in the tables,
levels are established for precursor removal. The amount of precursor required to be removed is a
function the alkalinity of the water and the amount of total organic carbon (TOC) present.

TABLE 2-15
Maximum residual disinfectant level goals (MRDLGs) and
maximum residual disinfectant levels (MRDLs)

Disinfectant residual MRDLG, mg/l. ~ MRDL, mg/L.
Chlorine (free) 4 4.0
Chloramines (as total chlorine) 4 4.0

Chlorine dioxide 0.8 0.8
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TABLE 2-16
Maximum contaminant level goals (MCLGs) and maximum contaminant levels (MCLs) for
disinfectant by-products (DBPs)

Contaminant MCLG, mg/L Stage 1 MCL, mg/L  Stage 2 MCL, mg/L
Bromate Zero 0.010
Bromodichloromethane Zero

Bromoform Zero

Chloral hydrate 0.005

Chlorite 0.3 1.0

Chloroform 0.07

Dibromochloromethane 0.06

Dichloroacetic acid Zero

Monochloroacetic acid 0.03

Trichloroacetic acid 0.02

HAA5S 0.060 0.060°
TTHMs 0.080 0.080°

“Calculated differently in Stage 2.

The D-DBP rule was implemented in stages. Stage 1 of the rule was promulgated in November
1998. Stage 2 was promulgated in 2006.

When chlorine is added to water that contains TOC, the chlorine and TOC slowly react to form
THMs and HAAS. The concentrations of THM and HAAS continuously increase until the reactions
go to completion. Compliance with the regulation is based on samples taken from the distribution
system. Although the number of samples may vary, generally it is about four samples collected
quarterly. In the Stage 1 rule, the sample points are averaged over four quarters of data. Thus, for the
case of four samples for four quarters, 16 data points are averaged to determine compliance. In the
Stage 2 rule, four samples (one from each quarter) from a single site are averaged. Each site must
be below the MCL. This is referred to as a locational running annual average (LRAA). Although
the MCLs in Stage 1 and 2 are the same, compliance is more difficult with the Stage 2 rule.

Surface Water Treatment Rule (SWTR). The Surface Water Treatment Rule (SWTR) and its
companion rules, the Interim Enhanced Surface Water Treatment Rule IESWTR) and the Long-
Term Enhanced Surface Water Treatment Rules (LTIESWTR and LT2ESWTR), set forth primary
drinking water regulations requiring treatment of surface water supplies or groundwater supplies
under the direct influence of surface water. The regulations require a specific treatment tech-
nique-filtration and/or disinfection in lieu of establishing maximum contaminant levels (MCLs)
for turbidity, Cryptosporidium, Giardia lamblia, viruses, Legionella, and heterotrophic bacteria,
as well as many other pathogenic organisms that are removed by these treatment techniques.
The regulations also establish a maximum contaminant level goal (MCLG) of zero for Giardia
lamblia, Cryptosporidium, viruses, and Legionella. No MCLG is established for heterotrophic
plate count or turbidity.

Turbidity Limits. Treatment by conventional or direct filtration must achieve a turbidity level
of less than 0.3 NTU in at least 95 percent of the samples taken each month. Those systems using
slow sand filtration must achieve a turbidity level of less than 5 NTU at all times and not more
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than 1 NTU in more than 5 percent of the samples taken each month. The 1 NTU limit may be
increased by the state up to 5 NTU if it determines that there is no significant interference with
disinfection. Other filtration technologies may be used if they meet the turbidity requirements set
for slow sand filtration, provided they achieve the disinfection requirements and are approved by
the state.

Turbidity measurements must be performed on representative samples of the system’s fil-
tered water every four hours or by continuous monitoring. For any system using slow sand filtra-
tion or a filtration treatment other than conventional treatment, direct filtration, or diatomaceous
earth filtration, the state may reduce the monitoring requirements to once per day.

Disinfection Requirements. Filtered water supplies must achieve the same disinfection as
required for unfiltered systems (that is, 99.9 or 99.99% removal, also known as 3-log and 4-log
removal or inactivation, for Giardia lamblia and viruses) through a combination of filtration and
application of a disinfectant.

Giardia and viruses are both fairly well inactivated by chlorine. Thus, with proper physical
treatment and chlorination, both can be controlled. Cryptosporidium, however, is resistant to
chlorination. Depending on the source water concentration, EPA establishes levels of treatment
that include physical barriers and disinfection techniques. Ozonation and disinfection with ultra-
violet light are effective in destroying Cryptosporidium.

Total Coliform. On June 19, 1989, the EPA promulgated the revised National Primary Drink-
ing Water Regulations for total coliforms, including fecal coliforms and E. coli. These regula-
tions apply to all public water systems.

The regulations establish a maximum contaminant level (MCL) for coliforms based on the
presence or absence of coliforms. Larger systems that are required to collect at least 40 samples
per month cannot obtain coliform-positive results in more than 5 percent of the samples col-
lected each month to stay in compliance with the MCL. Smaller systems that collect fewer
than 40 samples per month cannot have coliform-positive results in more than one sample per
month.

The EPA will accept any one of the five analytical methods noted below for the determina-
tion of total coliforms:

Multiple-tube fermentation technique (MTF)

Membrane filter technique (MF)

Minimal media ONPO-MUG test (colilert system) (MMO-MUG)
Presence-absence coliform test (P-A)

Colisure technique

Regardless of the method used, the standard sample volume required for total coliform test-
ing is 100 mL.

A public water system must report a violation of the total coliform regulations to the state
no later than the end of the next business day. In addition to this, the system must make public
notification according to the general public notification requirements of the Safe Drinking Water
Act, but with special wording prescribed by the total coliform regulations.
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TABLE 2-17
Secondary maximum contaminant levels

Contaminant SMCL, mg/L¢
Chloride 250

Color 15 color units
Copper 1
Corrosivity Noncorrosive
Foaming agents 0.5
Hydrogen sulfide 0.05

Iron 0.3
Manganese 0.05

Odor 3 threshold odor number units
pH 6.5-8.5
Sulfate 250

Total dissolved solids (TDS) 500

Zinc 5

“All quantities are mg/L except those for which units are given.

Secondary Maximum Contaminant Levels (SMCLs). The National Safe Drinking Water
Act also provided for the establishment of an additional set of standards to prescribe maximum
limits for those contaminants that tend to make water disagreeable to use, but that do not have
any particular adverse public health effect. These secondary maximum contaminant levels are
the advisable maximum level of a contaminant in any public water supply system. The levels are
shown in Table 2-17.

AWWA Goals. The primary and secondary maximum contaminant levels are the maximum
allowed (or recommended) values of the various contaminants. However, a reasonable goal may
be much lower than the MCLs themselves. The American Water Works Association (AWWA)
has issued its own set of goals to which its members try to adhere. These goals are shown in
Table 2-18.

2-4 EVALUATION OF PROCESS OPTIONS

In the design process, the data gathered in the sections outlined to this point in the chapter would
be sufficient to begin screening alternative supply and treatment options. In most cases a number
of options will be available. The pros and cons of these selections are discussed in Chapters 3
through 16.

2-5 PLANT SIZING AND LAYOUT

Once the preliminary selection of the water treatment unit operations and processes has been
made (the screening process discussed in Chapter 1), rough calculations are made to determine
sizes to be used in examining feasibility of site locations and cost. The elements to be considered

2-37
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TABLE 2-18

American Water Works Association water quality goals
Contaminant Goal, mg/L*
Turbidity < 0.1 turbidity units (TU)
Color < 3 color units

Odor None

Taste None objectionable
Aluminum <0.05

Copper <0.2

Iron <0.05

Manganese <0.01

Total dissolved solids (TDS) 200.0

Zinc <1.0

Hardness 80.0

“All quantities are mg/L except those for which units are given.

in plant sizing include: (1) number and size of process units, and (2) number and size of ancillary
structures. The layout should include: (1) provision for expansion, (2) connection to the transpor-
tation net, (3) connection to the water distribution system, and (4) residuals handling system.

Number and Size of Process Units

To ensure the provision of water to the public water supply, in general, a minimum of two units
is provided for redundancy. When only two units are provided, each shall be capable of meeting
the plant design capacity. Normally, the design capacity is set at the projected maximum daily
demand for the end of the design period. The size of the units is specified so that the plant can
meet the design capacity with one unit out of service (GLUMRB, 2003). Consideration should
also be given to the efficiency/effectiveness of the process units with the low demand at start up
of the facility.

Number and Size of Ancillary Units

The ancillary units include: administration building, laboratory space, storage tanks, mechanical
building for pumping facilities, roads, and parking. The size of these facilities is a function of the
size of the plant. In small to medium sized facilities, particularly in cold climates and when land
is expensive, administration, laboratory, pumping and storage are housed in one building.

The storage tanks include those for chemicals, treated water, and in some instances fuel.
Space for storage of chemical residuals must also be provided.

Plant Layout

When space is not a constraint, a linear layout generally allows the maximum flexibility for
expansion. Redundancy is enhanced if the units are interconnected in such a way that the flow
through the plant can be shuttled from one treatment train to another. Because chemicals must be
delivered to the plant, connection to the transportation net becomes an integral part of the layout.
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Likewise, because residuals are generally transported off-site, the residuals handling system is an
integral part of the plant layout.

2-6 PLANT LOCATION

Ideally a site comparison study will be performed after alternatives have been screened and rough
sizing of the processes is complete. Many factors may preclude the ideal situation. For example,
in highly urbanized areas the availability of land may preclude all but one site. In some cases the
availability of land may force the selection of processes that fit into the available space.

Given that more than one site is available, there are several major issues to be considered. As
noted in Chapter 1, cost is a major element in the selection process. In addition, the site should
allow for expansion. The location of the plant relative to the transportation net, raw water supply,
and the service area should be weighed carefully. The physical characteristics of the site alterna-
tives that must be evaluated include the potential for flooding, foundation stability, groundwater
intrusion, and the difficulty in preparing the site. For example, the need for blasting of rock
may make the cost prohibitive for an otherwise ideal site. Other issues to be considered include
wetland infringement, the availability of alternate, independent sources of power, waste disposal
options, public acceptance, and security.

Visit the text website at www.mhprofessional.com/wwe for supplementary materials
and a gallery of additional photos.

2-7 CHAPTER REVIEW

When you have completed studying this chapter, you should be able to do the following without
the aid of your textbook or notes:

1. Explain to a client the influence of regulatory constraints on the selection of a design
period.

2. For a given population growth rate, select an appropriate design period.

3. Explain to a news media person the influence of local factors such as climate, industrial
development, and meterage on a national estimate of unit demand.

4. Explain to a client why groundwater is often preferred as a source of water.
5. Use a yield curve to estimate a safe yield.

6. Describe the potential deleterious effects of overpumping a confined or an unconfined
aquifer.

7. Explain the implications of a flat or steep slope in a log-probability plot of a water
quality parameter in the design of a water treatment plant.

With the use of this text, you should be able to do the following:
8. Construct a yield curve.

9. Construct an annual minima series.
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10.
11.
12.

13.

Use mass balance techniques to estimate the required volume of a small reservoir.
Estimate the maximum sustainable drawdown of a well pumping from a confined aquifer.

Compare the results of a water analysis with water quality criteria and determine defi-
ciencies that need to be remedied by treatment.

Estimate the demand flow rate for the average day, maximum day, and peak hour for a
small nonindustrial community.

2-8§ PROBLEMS

2-1.

2-2.

2-3.

2-4.

2-5.

2-6.

2-7.

Estimate the demand (in m3/d) of a new suburban subdivision of 333 houses for the
average, maximum, and minimum day. Assume that both the AWWA household
average demand and Figure 2-1 apply. Also assume that each house is occupied by
three residents.

A resort community has been platted in Arizona. The year round population when
it is fully developed is estimated to be 7,000. A gross estimate of the average day
demand is required for planning purposes. Using Hutson et al. (2001) and census
population data, estimate the demand. Assume that the “public water supply”
category applies.

A ski lift operation in Colorado plans to expand to include a 250 room hotel, a res-
taurant to seat 250, and dormitory-style living quarters for a staff of 25 individuals.
Estimate the increase in average daily demand during the ski season that must be pro-
vided. Assume the average hotel occupancy is two people per room.

Using a spreadsheet you have written, perform a complete series analysis on the data
for the Squannacook River near West Groton, MA, given on page 2-41 Plot a yield
curve. What is the safe yield of the river if the regulatory agency will allow a with-
drawal of 6%?

Using a spreadsheet you have written, perform a complete series analysis on the data
for the Clear Fork Trinity River at Fort Worth, TX, given on page 2-42. Plot a yield
curve. What is the safe yield of the river if the regulatory agency will allow a with-
drawal of 3%?

Using a spreadsheet you have written, perform an annual minima analysis on the data
for the Squannacook River near West Groton, MA, given on page 2-41 Plot the data
on Gumbel paper and determine the minimum monthly discharge for the mean an-
nual drought. If the demand is 0.131 m’/s, will storage be required if the regulatory
agency will allow a withdrawal of 6%?

Using a spreadsheet you have written, perform an annual minima analysis on the data
for the Clear Fork Trinity River at Fort Worth, TX, given on page 2-42. Plot the data
on Gumbel paper and determine the minimum monthly discharge for the mean
ann