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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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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

1-9



1-10

WATER AND WASTEWATER ENGINEERING

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.
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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



GENERAL WATER SUPPLY DESIGN CONSIDERATIONS 2'7

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

GENERAL WATER SUPPLY DESIGN CONSIDERATIONS

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.
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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.

2-39
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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
annual drought. If the demand is 0.021 m?/s, will storage be required if the regulatory
agency will allow a withdrawal of 3%?
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Squannacook River near West Groton, MA

Mean monthly discharge (m3/s)

Year Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

1951 3.48 8.18 6.63 6.63 3.20 2.38 2.40 1.49 1.06 1.82 6.60 4.47
1952 6.68 5.07 6.51 9.94 5.44 3.71 .87 1.01 .69 45 1.05 3.37
1953 4.79 6.77 11.44 9.80 6.34 1.21 52 42 29 Sl 1.34 3.65
1954 2.06 3.20 4.67 4.53 9.71 2.75 1.21 1.05 6.94 2.27 6.26 7.16
1955 2.92 3.06 541 6.17 2.77 1.44 46 1.63 .61 8.38 8.61 2.17
1956 9.15 3.29 3.82 14.56 5.21 2.50 a7 40 .50 54 1.14 2.33
1957 2.92 2.63 4.22 3.99 2.65 .87 37 22 22 29 97 3.91
1958 5.89 3.48 6.60 12.40 5.35 1.29 .81 49 45 .62 1.13 1.49
1959 2.07 2.05 541 8.67 2.37 1.22 1.17 .59 .82 2.55 4.08 5.55
1960 3.51 3.96 3.03 14.73 5.52 241 1.09 1.21 2.71 2.18 3.34 2.49
1961 1.57 3.09 7.28 11.10 4.67 2.31 1.03 .80 1.23 .99 2.06 1.73
1962 3.14 1.80 5.47 10.93 3.71 1.25 .56 .69 .50 2.95 4.73 4.30
1963 2.19 1.76 6.83 7.53 2.66 77 .38 24 25 35 1.52 1.98
1964 3.77 2.57 7.33 6.57 1.85 .59 .38 25 21 27 .36 79
1965 .65 1.33 2.38 3.79 1.47 .59 23 .20 .19 27 45 .64
1966 .61 1.96 5.55 2.92 2.46 .80 .26 18 27 52 1.75 1.35
1967 1.68 1.53 2.64 10.62 6.29 3.17 222 72 AT .60 1.07 3.03
1968 2.02 2.14 9.60 3.79 3.82 4.79 1.92 .61 A48 46 1.88 4.33
1969 2.21 2.17 5.81 10.70 2.80 1.01 .58 1.03 .93 52 5.24 5.83
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Clear Fork Trinity River at Fort Worth, TX

Mean monthly discharge (m3/s)

Year Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
1940 — — — — — — — — — 0.00 5.63 154
1941 4.59 23.8 7.50 6.91 10.2 17.0 2.07 2.29 0.20 1.71 0.631 0.926
1942 0.697 0.595 0.614 58.93 24.1 9.09 0.844 0.714 1.21 10.0 2.38 1.87
1943 1.33 1.00 3.99 3.71 8.38 3.77 0.140 0.00 1.33 0.014 0.00 0.139
1944 0.311 4.93 2.83 2.25 13.3 1.68 0.210 0.609 4.11 0.985 0.515 1.47
1945 3.06 30.38 35.23 28.85 5.69 21.7 2.14 0.230 0.162 0.971 0.617 0.541
1946 1.88 5.75 3.54 1.89 6.57 5.86 0.153 1.45 4.02 0906 122 103
1947 4.64 2.62 4.87 5.13 2.27 4.25 0.292 0.054 0.535 0.371 0.331 3.51
1948 3.99 16.9 9.06 1.91 2.64 1.11 1.22 0.00 0.00 0.00 0.00 0.003
1949 0.309 4.19 9.94 4.16 55.21 11.1 1.38 0.450 0.447 4.53 0.711 0.614
1950 3.28 14.7 3.26 12.7 15.1 2.50 3.60 2.44 10.6 1.12 0.711 0.801
1951 0.708 0.994 0.719 0.527 1.37 6.20 0.980 0.00 0.00 0.00 0.006 0.090
1952 0.175 0413 0.297 1.93 3.65 0.210 0.003 0.029 0.007 0.00 0.368 0.167
1953 0.099 0.080 0.134 0.671 0.934 0.008 0.286 0.249 0.041 0.546 0.182 0.066
1954 0.108 0.092 0.114 0.088 0.278 0.017 0.021 0.015 0.008 0.047 0.024 0.063
1955 0.091 0.153 0.317 0.145 0.464 0.640 0.049 0.050 0.119 0.104 0.055 0.058
1956 0.069 0.218 0.026 0.306 1.35 0.30 0.026 0.019 0.029 0.266 0.030 0.170
1957 0.065 0.300 0.385 12.8 23.6 59.9 6.97 1.36 0.501 0.476 0.855 1.55
1958 1.65 1.61 4.59 5.69 28.1 0.589 0.524 0.456 0.549 0.572 0.490 0.566
1959 0.759 0.776 0.120 0.261 0.097 0.685 0.379 0.668 0.473 9.03 1.64 3.65
1960 11.8 4.45 3.26 1.42 0.631 0.379 0.660 0.566 0.467 0.498 0.241 0.648
1961 2.05 1.92 3.40 1.02 0.306 2.34 0.821 0.816 1.08 0.824 0.297 0.504
1962 0.311 2.03 0.467 0.759 0.459 0.236 0.745 1.41 6.94 1.31 0.405 0.767
1963 0.345 0.268 0.379 1.74 3.79 1.48 0.527 0.586 0.331 0.277 0.249 0.266
1964 0.416 0.266 1.16 0.813 1.02 0.374 0.535 0.963 3.96 0.351 1.47 0.886
1965 2.13 14.6 4.16 2.28 20.5 2.45 1.22 0.821 0.776 0.394 0.476 0.213
1966 0.169 0.354 0.462 6.40 23.1 18.5 5.32 0.951 0.294 1.37 0.15 0.134
1967 0.244 0.244 0.198 0.688 1.04 3.65 0.354 0.068 0.697 0.473 0.394 0.558
1968 1.64 3.85 23.2 1.89 15.7 6.12 0.583 0.144 0.220 0.419 0.396 0.206
1969 0.259 0.555 2.66 12.1 21.2 0.745 0.674 0.30 1.56 0.917 0.459 1.94
1970 5.78 6.37 27.0 3.31 15.0 1.03 0.521 0.697 1.23 — — —
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Using a spreadsheet you have written and the data in Table 2-7, continue the analysis
of the required storage volume begun in Example 2-3 through April, 2001. What size
reservoir is required? Is it full at the end of the April 2001? Ignore the need for
increased volume for sediment.

Using a spreadsheet you have written and the data for the Hoko River near Sekiu,
WA, below, determine the required storage volume for a uniform demand

of 0.35 m*/s for the period January 1969 through December 1973. Assume a regula-
tory restriction that allows only 6% of the flowrate to be withdrawn. What size reser-
voir is required? Is it full at the end of December, 19737 Ignore the need for
increased volume for sediment.

Eudora is served by a single well that pumps at a rate of 0.016 m?/s. They anticipate
the need for a pumping rate of 0.025 m’/s. They would like to use the current well and
replace the pump with a higher capacity pump. The artesian aquifer is 10 m thick with
a piezometric surface 40 m above the bottom confining layer. The aquifer is a medium
sand. After 300 days of pumping, the drawdown at a nonpumping well 200 m from
the pumping well is 1 m. The pumping well is 1 m in diameter. Assuming a typical
hydraulic conductivity for medium sand, determine the maximum allowable sustained
pumping rate.

Hoko River near Sekiu, WA

Mean monthly discharge (m3/s)

2-43

Year Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
1963 12.1 15.0 8.55 9.09 5.78 1.28 2.59 1.11 810 133 26.1 20.3
1964 27.3 12.2 18.0 8.21 4.08 3.62 4.53 2.44 4.28 7.67 13.3 14.7
1965 274 27.3 5.01 5.61 6.68 1.38 705 .830 .810 7.31 16.8 19.6
1966 29.8 11.3 17.6 5.18 2.67 2.10 1.85 .986 1.54 10.3 17.0 39.0
1967 35.6 26.8 18.5 6.51 343 1.46 .623 413 937 257 14.2 27.8
1968 342 22.4 15.7 9.20 3.68 2.65 1.72 1.55 9.12 16.8 16.5 25.2
1969 17.2 18.5 12.9 12.8 3.74 2.23 1.19 .810 6.15 7.84 9.15 15.9
1970 17.3 12.1 8.50 17.7 3.85 1.32 932 708 4.22 7.96 13.9 254
1971 32.7 21.0 21.1 8.13 343 2.83 1.83 932 2.22 10.7 22.7 22.0
1972 27.4 26.9 25.4 14.6 3.00 1.00 5.32 .841 2.00 1.14 11.8 37.8
1973 28.0 9.23 113 4.13 5.30 4.93 1.63 736 .810 13.1 29.8 31.5
2-11. Your supervisor has asked you to make a first approximation estimate of the maxi-

mum allowable sustained pumping rate for a I m diameter well located in a confined
aquifer. She has given you the well boring log shown below. Your firm uses a 2 m
safety factor to ensure that the piezometric surface is not lowered below the aqui-
clude. She has said you may assume that the aquifer has a typical hydraulic conduc-
tivity. For a first trial assume that the drawdown in an observation well 100 m away
from the pumping well is 0.0 m; that is, the pumping well’s radius of influence is

= 100 m.
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2-12.

2-13.

Typical well boring log

Aquifer material Depth, m

Clay and sand 12 static water level = 12 m
Fine gray sand 10

Hardpan 2

Shale 2

Fractured rock 55

Shale 2 well terminated

Your firm has been employed to perform a preliminary data analysis for renovation
and expansion of a surface water treatment plant. The plant operator has provided the
following summary of daily turbidity readings. Using a spreadsheet you have writ-
ten, perform a cumulative probability analysis on the data shown below and prepare a
plot on probability paper. Using the plot, write a short summary report for your
supervisor that discusses the following:
* A general description of the behavior of the data.
* Your impression of the degree of difficulty in operating the plant and the need
for operational flexibility.
* A recommendation regarding further data analysis.
Monthly Average Turbidity 2005-2007 for Lake Michigan
Turbidity, Turbidity, Turbidity,
Month NTU Month NTU Month NTU
1 6.89 13 4.26 25 5.76
2 4.63 14 2.95 26 4.37
3 3.42 15 2.07 27 3.59
4 1.40 16 1.56 28 2.31
5 1.25 17 1.11 29 0.66
6 0.91 18 0.59 30 0.73
7 1.18 19 1.01 31 0.84
8 0.79 20 0.59 32 0.67
9 1.07 21 1.09 33 0.87
10 1.06 22 2.70 34 2.09
11 541 23 1.07 35 1.68
12 6.15 24 4.51 36 6.20
Your firm has been employed to perform a preliminary data analysis for renovation

and expansion of a surface water treatment plant. The plant operator has provided the
following summary of daily turbidity readings. Using a spreadsheet you have writ-
ten, perform a cumulative probability analysis on the data shown below and prepare
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a plot on probability paper. Using the plot, write a short summary report for your

supervisor that discusses the following:

* A general description of the behavior of the data.

* Your impression of the degree of difficulty in operating the plant and the need

for operational flexibility.

¢ A recommendation regarding further data analysis.

Daily Turbidity for the Alma River, January, 2005

Day Turbidity, NTU Day Turbidity, NTU
1 11.50 17 8.47
2 5.53 18 7.10
3 7.40 19 6.47
4 5.83 20 3.77
5 3.35 21 3.60
6 2.80 22 2.65
7 3.00 23 2.77
8 3.20 24 2.63
9 2.75 25 2.30
10 247 26 2.10
11 1.95 27 2.03
12 4.00 28 2.10
13 63.67 29 1.95
14 59.60 30 2.15
15 24.33 31 2.00
16 12.70
DISCUSSION QUESTIONS

Your design office has been contracted to design a municipal well field for a small
village. The planning meeting has yielded the following information: no federal
or state money will be involved in the project, the bond rate is 6%, the population
growth rate is negligible. What design period would you recommend to the client?

Explain your reasoning.

Explain why a favorable yield analysis alone is not a sufficient reason to select a

surface water supply.

An intern has asked why a unit demand of less than 440 Lpcd was selected for a
village of 2,000 in the upper peninsula of Michigan. Explain why. Would your
answer be different if the village was in the southern half of Arizona? Why?

Can a well fail without “going dry”? Explain.

A probability plot of turbidity for a surface water results in a very steep slope. What
does this imply for the difficulty of operating the plant?

2-45
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3-1 INTRODUCTION

Intakes are structures constructed in or adjacent to lakes, reservoirs, or rivers for the purpose of
withdrawing water. In general, they consist of an opening with a grate or strainer through which
the water enters, and a conduit to conduct the water by gravity to a low-lift pumping station.*
The water is pumped from the low-lift pumping station to the water treatment facility. Schematic
diagrams of lake and river intake systems are shown in Figures 3-1 and 3-2.

The key requirements of the intake structures are that they are:

» Reliable.

e Of adequate size to provide the required quantity of water.
e Located to obtain the best quality water.

* Protected from objects that may damage equipment.

* Easy to inspect and maintain.

* Designed to minimize damage to aquatic life.

* Located to minimize navigational hazards.

3-2 DESIGN ELEMENTS
Reliability

Reliability is an essential feature of intake structures. The water supply system ceases to function
when the intake system fails. Small systems with only one intake structure are particularly vul-
nerable. For larger systems, current design practice provides for duplicate intake structures that
include multiple inlet ports, screens, conduits, and pumping units.

Capacity

Because they are very difficult to expand to provide additional capacity, a design life of the
intake structures in the range of 20 to 40 years (minimum) should be considered (Foellmi,
2005). Although reliable intake systems are very expensive, perhaps as much as two to four
times the cost of a similar project built on dry land, the additional cost of increasing capacity
may be relatively small. In one case, increasing the capacity by more than 70 percent resulted
in a construction cost increase of less than 20 percent (ASCE, 1990).

Location
The major factors to be considered in locating the intake are listed in Table 3-1 on page 3-4.

*The pumping station is called “low-lift” or “low-service” because the function of the pumps is to raise the water from the
surface water supply to the treatment facility. “High-service” pumps that supply water to the distribution system are selected
with the objective of providing a high enough pressure to make water flow at a high rate through service connections at various
elevations throughout the distribution system.
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River intake.
TABLE 3-1
Considerations in locating water intakes
Criteria Remarks
Water quality See Section 2-3 and Table 2-14

Lake and stream currents

Wind and wave impacts

Variation with water depth due to stratification

Infiltration galleries “under the influence” of surface

water must comply with surface water regulations
Water depth Maximum available

Adequate submergence over inlet ports

Avoid ice problems

Silt, sand Locate to minimize impact
Treatment facility Minimize conduit length to treatment plant
Cost Minimize consistent with long-term performance

and operation & maintenance requirements

Adapted from Foellmi, 2005.

Type of Intake

In a broad sense, intake structures may be classified into two categories as noted in Table 3-2.
Many varieties of these types have been used. The selection of the type of intake is highly depen-
dent on local circumstances. Because the circumstances are fundamentally different, the systems
are often classified as either river intakes or lake/reservoir intakes.
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TABLE 3-2
Types of intake structure
Category Design type Remarks
Exposed Tower integral with dam Applicable to large systems, expensive
Tower in lake Navigational impact
Shore inlet Design for floating debris and/or ice
Floating or movable Good access for O&M*
Siphon well Applicable to small systems, flexible, easy
to expand
Submerged Plain-end pipe or elbow Applicable to small systems

Screened inlet crib

No navigational impact

No impact from floating debris or ice?

Not flexible
Difficult O&M*
Gravel-packed well(s) No navigational impact
No impact from floating debris or ice?
Must have favorable geology

Horizontal collection systems (also
called infiltration gallery or
infiltration bed)

No navigational impact
No impact from floating debris or ice”
Must have favorable geology

“0O&M = operation and maintenance.
b With sufficient depth, ice impacts are minimized.
Adapted from Foellmi, 2005.

Lakes and Reservoirs. Because of their navigational impacts as well as severe winter weather
and consequent difficulties in their operation and maintenance (O&M), exposed structures are
not often used in the Great Lakes and other large cold-climate lakes. On the other hand, exposed
intake structures have been widely used in more warm-climate lakes and in reservoirs. A classic
tower design (Figure 3-3) includes multiple intake ports at different elevations, screens for each
port, and access for maintenance. The tower may be divided into two sections or cells to provide
redundancy. It is accessed by a bridge, causeway, or boat.

Submerged intake structures avoid many of the problems of the exposed systems but are
significantly more difficult to maintain because of lack of access. On the other hand, the lack of
exposed mechanical parts lowers the amount of maintenance time required. A typical submerged
inlet structure is shown in Figure 3-4. With a favorable geologic strata of sand and gravel on the
shore or the bottom of the lake or reservoir, either an infiltration gallery as shown in Figure 3-5
or a horizontal collection system (called a “Ranney well” after its inventor) under the lake bottom
(Figure 3-6) may be appropriate.

Rivers. Both exposed and submerged inlet structures have been used in rivers. In large rivers
that are controlled by locks and dams, the variation in flow and consequent variation in water
surface elevation are of less concern than in unregulated waterways. For most water supplies,

3-5
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shore-based systems provide the best combination of access for operation and maintenance and
reliable supply (Bosserman et al., 2000).

Unlike lakes and reservoirs, special consideration must be given to the impact of floods and
droughts on river intakes. In the first instance, structural integrity, availability of power, and
access must be considered in the design. In the second instance, provision must be made for
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alternative access to water when drought conditions lower the water level below the lowest intake
port.

While a reservoir or lake will have suspended matter during high wind events, it will seldom
have the quantity or quality of the grit produced during flood events on rivers. The river intake
structure must be designed to protect the pumps and valves in the transmission system from
undue wear from grit.

Conduits

The intake conduit connects the inlet works with the low-lift pump station. Either a tunnel or a
pipeline may be used. Although tunnels have a high degree of reliability, they are expensive to
construct. For large water systems, they may be the more economical choice when both capital
and long-term maintenance costs are considered.

3-3 DESIGN CRITERIA

Design Capacity

The design process to select a design flow rate (Q) is based on a forecast demand. With Q, the
hydraulics of the intake structure design are based on the worst case estimate of friction loss,
an estimate of potential sand intrusion into the conduit, the all-time historic low water level,
and a life expectancy of 60+ years. Some hydraulic design capacities are listed in Table 3-3.
Because the life expectancy is very long, prudent engineers use the ultimate flow to design the
hydraulic structures (intake tower or crib, conduit, gates, etc.). The design flow is used to select
pumps and motors. Space is provided for additional pumps that will be required to meet the
ultimate flow.

Layout

Division of the intake system into two or more independent cellular or parallel components is
recommended for all but the smallest systems. This enhances reliability, provides flexibility in
operation, and simplifies maintenance. The operating deck (also called the operating floor and
pump station floor) that houses the motors, control systems, and so on should be located 1.5 m or
more, depending on the maximum wave height, above the high water level of a lake or reservoir
or the 500-year flood level of a river supply. The area of the operating deck should be sufficient
to allow for the installation and servicing of the pumps, intake gates, and screens. Overhead
cranes are an essential feature (Foellmi, 2005; Kawamura, 2000).

TABLE 3-3
Hydraulic criteria

Flow criteria Capacity Remarks

Design flow 0 Capacity at design life under worst case conditions
Minimum flow 0.10 0t0 0.20 Q System specific

Ultimate flow 2.0 Q or higher At life expectancy

Adapted from Foellmi, 2005.
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TABLE 3-4
Intake port design criteria

Criterion Typical recommendation

Number Multiple; three minimum

Vertical spacing 3 to 5 m maximum

Depth of lowest port 0.6 to 2 m above bottom depending on “muck” quality

Depth of top port Variable; 5 to 9 m below surface to avoid wave action

Ice avoidance At least one port 6 to 9 m below the surface

Port velocity Gross area of ports at same elevation sized to limit velocity to less

than 0.3 m/s. To avoid ice buildup, limit velocity to less than 0.1 m/s.

Sources: Foellmi, 2005, and Kawamura, 2000.

Intake Tower

Location. Intake towers should be located as close to the shore as possible, consistent with the
variation in water depth. With the exception of very small intakes, the minimum depth should be
3 m (Kawamura, 2000).

Intake Ports. Gated ports are provided at various depths to allow for changes in water eleva-
tion and changes in water quality due to wind/wave action, stratification, and lake turnover. Typi-
cal design criteria are listed in Table 3-4.

The port area may be estimated using the relationship

0=1A (3-1)

where Q = flow rate, m’/s
v = velocity of flow, m/s
A = cross-sectional area of flow, m?

Example 3-1. A two-cell intake tower located in a cold climate reservoir is being designed for
a winter design flow rate of 6,000 m?/d. The tower will have three ports at three different eleva-
tions in each cell. Each port must be able to deliver the design flow rate operating alone. Deter-
mine the area of each port opening.

Solution. For a cold climate reservoir, the intake velocity should be limited to less than 0.10
m/s (Table 3-4). Using an intake velocity of 0.08 m/s and Equation 3-1,

= = 0.868 or about 0.9 m>
(0.08 m/s)(86,400 s/d)

4.2 6,000 m¥d
1%

This area is a preliminary estimate that will have to be enlarged because it does not take into
account the area of the screen that has to be installed to prevent debris from entering the tower.

Comment. Note that the design flow rate specified was for winter conditions. Summer flow
rates generally are higher than winter flow rates, and the velocities will be higher.
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TABLE 3-5
Typical rack and screen characteristics

Type Remarks

Coarse screens
Bar racks Clear opening 2 to 8 cm between bars
Steel bars 1 to 2 cm in diameter
Inclined or vertical; if inclined, angle is 20 to 30° from vertical
Trash racks Clear opening 8 to 10 cm between bars
Steel bars 2 to 4 cm in diameter
Inclined or vertical; if inclined, angle is 20 to 30° from vertical
Fine screens Clear opening 0.5 to 1 cm between elements
Mechanically cleaned on either a continuous or intermittent schedule
Inclined or vertical; equipment supplier specifies angle
Provide head space or other means to raise the screen entirely
out of the water for inspection and maintenance

Adapted from Foellmi, 2005, and Kawamura, 2000.

Gates. Sluice gates may be used on either the interior or exterior of the tower. Historically, gate
valves have been preferred because the other valves become fouled with debris.

Coarse Screens. Also known as bar racks, these screens are provided to prevent leaves, sticks,
and other large pieces of debris from entering the tower. They are located as shown in Figure 3-3.
Rack and screen characteristics are summarized in Table 3-5. Bar rack screenings are taken to a
licensed landfill.

To maintain the desired inlet design velocity, the design of the port must take the area
occupied by the bars into account.

Example 3-2. Revise the area estimate made in Example 3-1 to take into account the area occu-
pied by a bar rack with a clear opening of 4 cm and a bar 1 cm in width. Assume that the opening
is a square.

Solution. The arrangement of a bar and opening is shown in the sketch below.

e ey

Individual
bars
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The unit space occupied by a bar and the adjacent opening is 4 cm + 1 cm = 5 cm. The fraction
of the area occupied by the bar is 1 cm/5 cm = 0.20 or 20 percent. To account for the bars, the
area of the port opening must be increased by 20 percent or

A =(1.20)(0.9 m?)=1.08 or 1.1 m?

Fine Screens. A fine screen is placed downstream of the coarse screen. Its purpose is to collect
smaller material that has passed through the coarse screen but is still large enough to damage
downstream equipment. Generally, it is placed in the low-lift pump station ahead of the pump
intake. Fine screen characteristics are given in Table 3-5.

Intake Crib

Location. The desired location of the intake crib is in deep water where it will not be buried
by sediment, be washed away, be a navigational hazard, or be hampered by problems associ-
ated with ice. The minimum suggested depth is 3 m from the surface. In rivers, where the depth
exceeds 3 m, the top of the intake should be 1 m above the river bottom. In cases where the water
depth is less than 3 m, the crib is buried 0.3 to 1 m (Kawamura, 2000).

Structure. The Milwaukee, Wisconsin, intake crib shown in Figure 3-4 is a classic design. It is
octagonal in shape. A similar circular design was used for the Cincinnati, Ohio, intake (Figure 3-7).
Other structures include hydraulically balanced inlet cones and inlet drums. The intake is protected
by riprap or a concrete slab.

Intake Ports. In warm climates, the intake crib ports are sized to provide a maximum velocity
of less than 0.3 m/s (Kawamura, 2000). In cold climates, where frazil ice is anticipated, the intake
velocity is limited to less than 0.1 m/s.

Screens. Submerged intakes are screened with coarse screens. The T-screen (Figure 3-8) has
found application in both river and reservoir applications. It is especially employed to prevent

small fish from entering the intake structure. It is cleaned by a burst of air at a pressure of
1,000 kPa.

Conduit

The conduit may be either a tunnel or a pipeline. Generally, it is designed to flow by gravity.

Size. The conduit is sized to carry the maximum design flow rate (Table 3-3). To minimize the
accumulation of sediment the flow velocity should be greater than 1 m/s (Kawamura, 2000). The

3-11
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/ Bar screen

River bottom

P e o T R T T N
Tunnel conduit to o
wet well -
o e e w T e T e R m % R T 1\/ <
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FIGURE 3-7
River intake.

Hazen-Williams equation is the one most commonly used to describe the flow of water in pipes.
In terms of flow rate, it is given as

0 =0.278 CD*%3504 (3-2)

where Q = flow rate, m/s
C = Hazen-Williams coefficient of roughness
D = diameter of pipe, m
S = slope of energy grade line, m/m

Williams and Hazen (1905) investigated a number of different types of pipe to determine C. A
table of updated values is given in Appendix C.
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Submerged intake T-screens with typical dimensions.



3-14

WATER AND WASTEWATER ENGINEERING

Example 3-3. Determine the diameter of a concrete conduit to transport the water from the
intake tower described Example 3-1 to a low-lift pump station on shore. From Table 3-3, the
maximum flow rate is assumed to be 2.0(Q), that is, twice the winter design flow rate. A sketch
of the minimum lake elevation and the maximum allowable drawdown in the low-lift pump sta-
tion is shown below.

Energy grade line PN
Intake town T
Minimum lake elevation
B - T = — —=L—<— Maximum drawdown
0.3m/ 100 m

Low-lift pump station

Solution. From Example 3-1, the winter design flow rate is 6,000 m*/d. The maximum flow rate is

2.0(0) = 2(6,000 m¥d) = 12,000 m’/d.

Solving Equation 3-2 for D:

0.380
Do 0
[(0.278><C)(S>°~54 }

Convert Q to appropriate units:

_ 12,000 m¥d
86,400 s/d

0 =0.139 mYs

Because of the very long life expectancy for the conduit, from Appendix C, select a very conser-
vative C = 80 for concrete pipe. The slope in appropriate units is 0.3 m/100 m = 0.003 m/m).

0.380
0.139 ms
D= 0.54
(0.278)(80)(0.003)*

5 0.380
={0.139 mYs }

0.966
=0.479 or 0.5 m or 500 mm

Protection. When a pipeline is used, the pipe is laid in a trench at the bottom of the lake, reser-
voir, or river. The soil cover for the pipe is about 1 m over the top of the pipe with an additional
protective layer of crushed rock (Foellmi, 2005). Richardson (1969) suggests a rule of thumb is to
use 2.5 m° of rock per linear meter of pipe (2.5 m>/m).
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Slope. To avoid air blockage, the conduit must be laid on a continuously rising or falling grade.

Shore Intake

Location. The minimum water depth for a shore intake should be about 2 m. For river intakes,
a stable channel is preferred. In general, the outside bank of an established river bend is preferred
over the inside bank because of low river velocities, shallow water, and the formation of sand
bars (Foellmi, 2005).

Intake Bay. The structure should be divided into two or more independent inlets to provide
redundancy. The inlet velocity may be as high as 0.5 m/s in warm climates but should be reduced
to 0.3 m/s or less if large amounts of debris are expected (Kawamura, 2000). In cold climates,
inlet velocities below 0.10 m/s are used to minimize ice buildup (Foellmi, 2005).

Screens. Trash racks as described in Table 3-5 are used to remove large objects. An example is
shown in Figure 3-9. These are followed by fine screens to protect the pumps. Screenings from
the fine screen are collected in a roll-off box and disposed of in a municipal solid waste landfill.
The maximum head loss from clogging of the trash racks should be limited to between 0.75
and 1.5 m. The screen bars should be designed to withstand the differential hydraulic load.
As shown in Figure 3-9, a mechanical cleaning device is used to remove the debris from the
trash rack.

Wet Well

The wet well* should be divided into cells so that a portion can be taken out of service for inspec-
tion and maintenance of the equipment.

FIGURE 3-9
Coarse bar screen, mechanically cleaned.
(Source: Foellmi, 2005.)

*The wet well is that portion of the low-lift pump station that serves as a reservoir of water in which the pump and screens are placed.
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Location. With the exception of the tower intake, the wet well is located at the shore or river
bank. The decision whether or not to locate the wet well in a tower intake is dependent on the
distance between the tower and the shore. When the tower is close to shore, it may be more eco-
nomical to place the wet well in the tower rather than build two structures close together—one
for the intake and another for the wet well.

Dimensions. The area of the wet well must be large enough to accommodate the fine screen
and pumps. Sufficient space must be provided to service or remove the mechanical equipment.
The overhead space above the operating deck must be sufficient to raise the equipment from the
wet well to the deck.

The depth of the wet well is governed by hydraulic considerations. The high water level is
set at the highest elevation of the lake or reservoir or at the 500-year flood level for rivers. The
bottom of the wet well must be low enough to allow drawdown of the wet well while pumping
at the design flow rate when the source water elevation is at its minimum level. In addition, there
must be enough depth to maintain the pump manufacturer’s required submergence to prevent
cavitation of the pump.

Vertical turbine pumps may be mounted in a can or barrel that extends from the pump inlet
to near the bottom of the wet well. The entrance to the barrel is bell-shaped. Dimensions of wet
well appurtenances are given in terms of the bell diameter, D. To avoid interference between ad-
jacent intakes, they are spaced 2.5D center-to-center with the additional provision of a minimum
distance between adjacent pumps of 1.2 m for access clearance. The bell is set at 0.5D above
the wet well floor (Figure 3-10). The water velocity into the pump intake bell should be limited
to 1.1-1.2 m/s at runout, that is, the pump flow rate at the least possible dynamic head. In clean
water wet wells, cones are sometimes placed below the pump intake to prevent vortices. The top
of the cone is located 12 mm below the bell (Jones and Sanks, 2006).

Rectangular pump intake basins with multiple pumps are provided with dividing walls between
the pumps. The walls improve the flow patterns in the intake throat. The dividing walls should be
at a distance of at least 5.75D apart from each other to be effective (Jones and Sanks, 2006).

} | __0.125D
Fillet 3 D
T\
(a)
45°\/

E 8
E S
5

(9}

¢ FIGURE 3-10
AN T /\ Pump intake bell (a) and floor cones: right cone; (b),

(b) © (c) flat cone.



Pump Criteria

Pump Type.

INTAKE STRUCTURES

The most common pump used in the low-lift pump station is a vertical turbine pump

as shown in Figure 3-11 (Honeycutt and Clopton, 1976). The water enters the pump through the
strainer or screen. It is lifted by one or more impellers located inside the pump bowl! (Figure 3-12).

Top shaft

Prelubricating pipe

Top column pipe

Column pipe coupling

FIGURE 3-11

/

Pump motor

— Discharge head

Shaft coupling

[ Line shaft

Bearing bracket
Shaft sleeve

i

I Open lineshaft bearing

Column pipe
Impeller shaft
Bearing cap

Top bowl bearing
Top bowl

Bowl
Impeller

Suction head bearing

Suction head
Suction pipe

Strainer

Discharge to water
treatment plan

Section of vertical turbine pump with closed impellers and open-line shafting (water

lubrication).
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Section of bowls of a vertical turbine pump with open

plug impellers for a connection to open-line shafting.

The water is discharged from the top impeller up through the column pipe to the discharge pipe.
Each impeller is designed to lift the water to a given height. This is the discharge head or pressure
delivered by the impeller. The flow rate of the pump is a function of its diameter and rotational
speed. For a given impeller design, higher discharge pressures are achieved by adding impellers or
stages to the stack. There are, for example, three impellers shown in Figure 3-11.

Pump Drive. Low-lift pumps are commonly driven by electric motors. These are mounted on the
operating deck. The range of demands (daily, weekly, seasonal) can be met with either multiple pumps
with constant speed drives or, in some cases, with fewer pumps with variable speed drives. One
type of variable speed equipment that is frequently used is the adjustable frequency drive* (AFD).

*Practitioners and operators refer to this as a variable frequency drive or, more commonly, a VFD.
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The AFD allows changes in the flow rate by changing the frequency of the alternating current (AC)
electrical supply. The selection of the number of pumps and drive arrangement is based on an eco-
nomic evaluation of the alternatives that includes the capital investment for the pump(s) and the
drive(s) and the required operating floor area as well as the cost of power and maintenance. The AFD
has a higher capital cost than constant speed drives but is often more efficient to operate because of
lower power costs that result from being able to match pumping rate to the demand for water.

The power input of the drive is estimated from the following equation:

p= YOH,

Ep

(3-3)

where P = brake power, kW

y = specific weight of fluid, kN/m>
9.807 kN/m? for water at 5°C
O = flow rate, m/s
H, = total dynamic head, m
E,, = efficiency of pump

Pump Capacity. The flow rate of the pump is called the capacity or discharge (Q). The capac-
ity is usually expressed in cubic meters per second (m%/s) for large pumps and cubic meters per
hour (m*/h) for small pumps.

Although the wet well structure is designed for anticipated demands at a design life of 50
to 75 years, common practice is to provide initial pumping capacity for a 20-year life. As the
demand increases over time, additional capacity may be added as required by the addition or
replacement of pumping units (Honeycutt and Clopton, 1976).

Head. The term head is the elevation of a free surface of water above or below a reference datum.
The reference datum for a vertical flow centrifugal pump is the inlet to the impeller. Two cases are
illustrated in Figures 3-13 and 3-14 . The definition of terms used in the figures is given in Table 3-6
on page 3-22.

The total energy required to deliver the water from the wet well to the discharge point at the
water treatment plant is commonly calculated in terms of equivalent elevation of a water column.
This is termed the total head or total dynamic head (H; or TDH). It is expressed in meters (m). It
is calculated as

2
v,
TDH = Hyyy + hons + iy + hyg + Shpys + Shpyg + Zd_g (3-4)

where, with the exception of ,,,; (which is the entrance loss), the terms are described in Table 3-6.

The friction losses may be calculated from a revised form of the Hazen-Williams equation:

1.85
- 0 L
hfs or hfd = 107(C) (D4'87 J (3—5)

where hy or hy; = head loss in m, L = equivalent length of pipe in m, and the other terms are as
defined previously.

3-19
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FIGURE 3-13

Terminology for a pump with a positive suction head.

Sanks (2006) offers several warnings in the use of this equation for estimating friction losses.
Errors of up to 40 percent may be encountered for pipes less than 200 mm in diameter and more
than 1,500 mm in diameter, for very cold or hot water, and for unusually high or low veloci-
ties. Growths of slime layers and corrosion add to the inherent potential for errors in using the
Hazen-Williams equation or, for that matter, any equation for estimating friction losses. The
prudent engineer will use a range of coefficients to define a probable region of losses that may
be encountered.

The fitting and valve losses are estimated using Equation 3-6:

2

\4
hfvs or hfvd = Kz_g (3'6)

where K = energy loss coefficient. Energy loss coefficients are given in Appendix C.
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FIGURE 3-14
Terminology for a pump with a negative suction head.

Net Positive Suction Head. Liquids at temperatures above their freezing point have a corre-
sponding vapor pressure. If the pressure in a pump suction pipe is reduced below the vapor pres-
sure, the liquid will flash, that is, it will form a vapor. Because no water pump of ordinary design
can pump only vapor, flow to the pump decreases and the pump is said to be “vapor-bound.” A
more serious consequence occurs when the vapor and water mixture move toward the pump dis-
charge. Here the pressure is increased, and the vapor bubbles collapse from bubble size to particle
size. This implosion is violent and destructive. The implosion blasts small particles of metal from
the impeller. This process is called cavitation. Ultimately it destroys the impeller. The most com-
mon method to avoid cavitation is to provide enough head on the pump suction so that the pressure
in the suction pipe is always greater than the vapor pressure of the liquid. This is called the required
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TABLE 3-6

Definition of terms for Figures 3-13 and 3-14

Term

Definition

Absolute pressure (/)

Barometric pressure in vessels open to the atmosphere

Energy grade line (EGL) Total energy at any point in the pumping system

Fitting and valve losses (/s, i) Energy loss due to eddy formation and turbulence as the water passes through
a fitting or valve

Friction headloss (A, hyzy) Head of water that must be supplied to overcome friction losses in the pipe system

Hydraulic grade line (HGL) Locus of all pressure head values—always below the energy grade line by the amount
of the velocity head

Manometric suction head () Suction gauge reading

Manometric discharge head (h44) Discharge gauge reading

Manometric head (Hy)

NPSHj4
NPSHg
Static suction head (h;)

Difference between the manometric suction head and the manometric discharge
head (hgq — hys)

Net positive suction head available

Net positive suction head required

Difference in elevation between the wet well water level and the reference datum
of the pump impeller

Static discharge head () Difference in elevation between the reference datum of the pump impeller and the

Total static head (Hgy)

Velocity head (v*/2g)

discharge water level

Difference in elevation between the water level in the wet well and the water level
at the discharge (hy — hy)

Kinetic energy in the water being pumped at any point where v = velocity of water
and g is the acceleration due to gravity = 9.81 m/s?

Adapted from Cooper and Tchobanoglous, 2006.

Net Positive Suction Head (NPSHRg). The NPSHp is a function of the pump design and operating
conditions (capacity, speed, and discharge head). Each model pump has a different NPSHg. It is
provided by the manufacturer along with other data graphically on a head-discharge curve.

As part of the process of selecting an appropriate pump, the design engineer must evaluate the
available Net Positive Suction Head (NPSH ) and, if appropriate, adjust the head (depth of water).
Two operating conditions are of interest: (1) source of water above the pump and (2) source of
water below the pump. Using Figure 3-15 to identify terms, the equations for these conditions are

For water above pump:

NPSHp = hy +hg — hyg — hyy, (3-7)
For water below pump:

NPSHp = hy — hy = hys — hyy (3-8)

where h,, is the absolute vapor pressure and other terms are as described in Table 3-6. The abso-
lute pressure of the standard atmosphere is a function of altitude above or below mean sea level
as shown in Table 3-7. The vapor pressure is a function of the water temperature as shown in
Table 3-8 on page 3-24.
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Nomenclature for NPSH,.

TABLE 3-7
Atmospheric pressure as a function of altitude

Atmospheric pressure

Altitude, m kPa m of water
—1,000 113.9 11.62
—-500 107.5 10.97
0 101.3 10.33
500 95.46 9.74
1,000 89.88 9.17
1,500 84.56 8.66
2,000 79.50 8.11
2,500 74.69 7.62
3,000 70.12 7.15

Adapted from COESA, U.S. Standard Atmosphere, U.S.
Government Printing Office, Washington, D.C., 1976.

INTAKE STRUCTURES

3-23



3-24

WATER AND WASTEWATER ENGINEERING

TABLE 3-8
Vapor pressure as a function of temperature

Vapor pressure

Temperature, °C kPa m of water
0 0.611 0.0623
5 0.872 0.0889

10 1.228 0.1253

15 1.706 0.1740

20 2.339 0.2386

25 3.169 0.3232

30 4.246 0.4331

35 5.627 0.5740

40 7.381 0.7529

50 12.34 1.259

Adapted from L. Haar, J. S. Gallagher, and G. S. Kell,
NBS/NRC Steam Tables, Hemisphere Publishing Corp.,
New York, 1984.

The design must provide NPSH, = NPSHg. Of the terms in Equations 3-7 and 3-8, the de-
signer can adjust the height of the water surface (/) and the friction losses (45). Because of the
requirements for piping to the pump, 4, is generally the most easy to manipulate. Example 3-4
illustrates the calculations.

Example 3-4. A pump intake is located 0.5 m below the water surface in a wet well located at
an elevation of 1,500 m above sea level. The water temperature is 5°C. The pump intake friction
headlosses amount to 0.015 m. The selected pump requires a NPSH of 1.0 m. Does the design of
the wet well provide NPSHy?

Solution:

a. From Table 3-7, find &, = 8.66 m of water at 1,500 m elevation.
b. From Table 3-8, find &,, = 0.0889 m of water at 5°C.

c. With A4, = 0.5 m, the net positive suction head available is
NPSH, =8.66 +0.5—0.015—0.889 = 8.256 or 8.26 m

d. NPSH, is > NPSHg. Therefore, this design is acceptable.

System Head Curves. The system head curve is the TDH curve formed over the range of de-
sign flow rates (that is, the minimum, average, maximum). The TDH will vary with the flow rate
and will be approximately proportional to the square of the flow through the system because of the
change in the velocity head term in Equation 3-3. In addition, the TDH will vary as the static head
changes because of drawdown in the wet well and changes in the surface elevation of the lake or
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river. Appropriate pumps and pump valve systems must be selected to operate in the range of the
system head curve. Common practice is to plot two curves. One curve is plotted for the maximum
system total head and one for the minimum system total head as shown in Figure 3-16.

Example 3-5. Develop the system head curves for the low-lift pump station to the water treat-
ment plant pumping system shown in the sketch below. The minimum flow rate is 3,000 m’/d.
The average flow rate is 6,000 m’/d. The maximum flow rate is 12,000 m’/d.

) 2m \ 286 m ,
|- > >|
‘ 7/ [j
1 Elev.=190.9 m
/\ .
~ s =
Minimum lake |
v elev.
= < Z— 400 mm @ DIP
\
‘\ Gate valve, fully open
Elev. = 175.6 m 2 (—
Check valve, swing, fully open
Elev. = 1729 m % —
Conduit Note: all elbows = 90°,
flanged, long radius
I — Pump

Wet well
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Solution:

a. Calculate Hy,,;, for the maximum and minimum drawdown in the wet well.

Using the sketch elevations, the maximum static head is

Hyw =190.9m—172.9 m = 18.0 m

and the minimum static head is

H;;; =1909m—175.6 m =153 m

b. Calculate the friction losses using Equation 3-5 for a 400 mm diameter ductile iron pipe
(DIP) at three flow rates.

From Appendix C, select C = 100 for DIP. At the maximum flow rate of 12,000 m>/d
or 0.139 m?/s, for the 300 m long pipe the total friction headloss is

0.139 m% 5 300
gy =107 =2 .
100 04 m)*

=144 m

Similarly for the average and low flow rates
htg =0.399 or 0.4 m at average flow
hgz = 0.11 m at low flow

c. Compared to the values calculated in (a) and (b), the losses for valves and fittings are
negligible and are neglected here. Likewise, the velocity headloss (v2/2g) is very small
and is neglected here.

d. The plotting points for the system curves for the maximum drawdown are

18.0m+1.44 m =19.44 m at Q = 12,000 m’d
18.0 m + 0.4 m = 18.4 m at Q = 6,000 m%d
18.0m+0.11m =18.11 at Q = 3,000 m¥d

For the minimum drawdown the plotting points are

153 m+1.44 m =16.74 m at Q = 12,000 m7/d
153m+0.4 m=15.7 mat Q = 6,000 m’/d
153 m+0.11m =154 at Q = 3,000 m7/d

These points are plotted in Figure 3-16.

Pump Selection. Multiple pumps and/or variable speed pumps are selected to cover the range
of conditions described by the system head curve. It is important to select a pump that will have
its best efficiency within the operating range of the system and preferably at the operating point
(head and discharge) where the pump will operate most often.
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Pumps are selected from those commonly available from pump manufacturers. This then
becomes a problem of matching a pump characteristic or head-discharge curve from a pump
manufacturer’s catalog or database to the system head curve.

A typical, constant speed, vertical turbine curve is shown in Figure 3-17. Important features

of the curve to be noted are:

e The head delivered (ordinate) is per stage. Thus, for higher heads than noted, multiple
stages are identified in the selection of the pump.

e The maximum number of stages that may be used is specified.

e The best efficiency point (BEP) is a function of the flow rate and the head.

* The required net positive suction head (NPSHR) may be specified per stage or as a total for

the maximum number of stages. Typically, it is only critical for the first stage.

* Multiple impeller sizes allow some adjustment over the range of capacity and head.

Radial loads on the impeller and problems with cavitation are minimized when the pump is
operated at its BEP. Although it is not possible to operate at the BEP all the time, there is a range
of operating conditions that is preferred to optimize the life of the pump. The American National

Curve no. 3-18

Size 1 Rpm 1750

Single-stage lab head and horse-power with
enameled cast iron bowls and bronze impeller

Effieciency shown for 2 or more stages
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stages | change change
1 —1 Imp.-C.I. 0
2 0 Imp.-C.I. Enn 0
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Thurst constang - C = 2.3
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Impeller number = P-2397-10
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FIGURE 3-17

Typical vertical head-discharge curve.
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Standards Institute (ANSI) has provided the following guidance for the Preferred Operating
Range (POR) for vertical pumps (ANSI/HI 9.6.3-1997):

For specific speeds less than 87, the bounded region is between 70 and 120 percent of the
BEP flow rate.

For higher specific speeds, the bounded region is between 80 and 115 percent of the BEP
flow rate.

Specific speed is defined as
Ns = — =575 (3-9)

where n = revolutions per minute
QO = flow rate, m’/s
H, = total dynamic head, m

ANSI also established a wider region than the POR called the Acceptable (or Allowable)
Operating Region (AOR). It “is that range of flow recommended by the pump manufacturer over
which the service life of a pump is not seriously compromised. Minimum bearing life will be
reduced and noise, vibration, and component stresses will be increased when a pump is operated
outside its POR. As a result, service life within the AOR may be lower than within the POR.” The
pump may be operated in this region for short, infrequent periods without significant equipment
deterioration (Cooper and Tchobanoglous, 2006).

Example 3-6. Using the pump head-discharge curve shown in Figure 3-17 for the system head
curve shown in Figure 3-16, and data from Example 3-5, specify the following at the average
flow rate: (1) BEP, (2) number of stages, (3) efficiency at BEP, (4) the operating range of flow
rate, (5) motor power, (6) the depth of the wet well, and (7) the location of the pump intake.

Solution:
a. From Figure 3-16, the maximum total system head is 18.4 m at the average flow rate
of 6,000 m>/d. On Figure 3-17, the BEP is found at a flow rate of
6,000 m”d
24 h/d

=250 m7h

and a head of 3 m/stage.

b. The number of stages required is

Total system head _ 18.4 m

No. of stages = =6.130or7

Head per stage 3

This is less than the maximum number of stages allowed of 35 noted in the box in
Figure 3-17.

¢. From Figure 3-17 at 250 m>/h and 3 m head per stage, the efficiency is 78 percent for
impeller A.

d. From Figure 3-17, the rpm = 1,750. The flow rate is

250 m¥h

e —0.0694 mYs
3,600 s/h
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e. From Figure 3-16, the maximum TDH at 250 m>/h is 18.4 m.

The specific speed is

. (1750 pm)(0.0694 m¥s)™* _ 4610
’ (184 m)*"> 8.88

=5192
f. For specific speeds less than 87, the POR is from 70 to 120 percent of the BEP flow rate or

(0.70)(250 m¥h) = 175 m¥h
to
(1.2)(250 m¥h) = 300 m7h
g. The pump curve is plotted on the system curve in Figure 3-18.

h. Using Equation 3-3, the motor brake power is

p  (9-807 kN/m*)(0.0694 m¥s)(18 m)
0.78

=15.7 kW

i. The depth of the wet well is determined by the hydraulics of the conduit, the depth of the
conduit carrying water to the wet well, and the minimum submergence required by
the pump. The following sketch shows the relationships using the results of calculations
in Example 3-3, the NPSHy, for the selected pump, and the NPSH assuming an altitude
of 500 m and a temperature of 5°C.

() Pump motor

rZ ra

1 < Operating deck

1 <« Pump room floor

Maximum lake v
elevation

£
=}
/ =
. ) d A
Minimum lake v A L
surface evevation { A ~Z Elev.=175.6 m E
4
Maximum drawdown $
7 Blev.= 1729

I3

S Minimum pump
/ sbmagene
ndut
Tntake co @
i 0.5D

5

D

_T Maximum NPSHy = 1.6 m

Comment. The selected pump is not “ideal” for the system curves. A pump with fewer stages
and a flatter head-discharge curve would be a better choice.
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FIGURE 3-18

Pump and system curves.

Infiltration Gallery or Ranney Wells

When the geological conditions are favorable, an infiltration gallery or collector wells may be
placed onshore or offshore.

Direction. The infiltration gallery consists of perforated pipe laid parallel to the shore for
lakes. For rivers, the pipe gallery may be either at a right angle to the river flow or parallel to
shore depending on the groundwater flow pattern (Kawamura, 2000). As shown in Figure 3-6,
the Ranney well system will have well screens radiating from a collector caisson.

Depth. The actual depth should be determined by hydrogeological studies that identify the pi-
ezometric surface and its variability. Common depths are generally in the range of 4 to 5 m below
the bottom of the river or lake.

Pipe Material. Because of the high potential for corrosion, perforated polyvinyl chloride
(PVC) or concrete pipe is used for the collection gallery. Ranney well screens are generally made
of stainless steel.

Orifice Size. The diameter of each orifice is generally 1 to 2 cm. The number of orifices is 20
to 30 per square meter of the collector surface (Kawamura, 2000).

Length. The gallery must be long enough to meet the design capacity. The velocity into each
orifice at the design capacity is limited to 0.03 m/s to minimize entrainment of sand.
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Slope. The gallery can be horizontal, but a slight slope of 500:1 will minimize air binding/
blockage (Kawamura, 2000).

Pipe Velocity. At design capacity, the velocity is limited to 1 m/s at the outlet of the gallery.

Backfilling. Because the Ranney well screens are bored into the natural aquifer material, there
is no backfilling required. The pipe laid in the gallery is backfilled with gravel and sand similar
to that used in filter bed gradation (see Chapter 11 for details).

Junction Wells. At junction points in the gallery where the pipe changes direction and at the
end of the gallery, a well is provided. The recommended minimum diameter is 1 m (Kawamura,
2000).

Regulatory Considerations. In addition to the withdrawal restrictions that may be imposed,
the water removed from the infiltration gallery may be considered under the influence of the sur-
face water and thus subject to water quality regulations that apply to surface water. Nonetheless,
the filtering action of the ground improves the quality of the water and makes it easier to treat.

3-4 OPERATIONAL CONSIDERATIONS

Grit

Abrasive materials such as silt, sand, and shells is called grit. This material is very abrasive and
will result in excessive wear to mechanical equipment as well as potentially settling out during
low-demand flows.

When the source water bottom is soft and subject to scour or when flood conditions result in
a high sediment load and turbidity, grit chambers are provided. The grit chamber is a horizontal
flow settling tank (Figure 3-19). The theoretical design basis of the grit chamber is Stokes’ law
which is discussed in Chapter 10.

The design objective of the grit chamber is to remove sand or silt particles greater than 0.1 mm
in diameter. Generally, particles smaller than this do not pose a hazard to pumps and pipelines.
The design objectives for raw water grit chambers are significantly different from those used for
wastewater treatment. Thus, wastewater treatment plant designs should not be used for raw water
grit removal. Typical design criteria are listed in Table 3-9.

Ice

In cold regions, ice in its various forms is of concern. Surface ice and ice floes create struc-
tural hazards to exposed intakes. Selection of submerged intake alternatives alleviates this
problem.

Frazil ice is small, disk-shaped ice crystals (Foellmi, 2005). It has also been described as
slush. Frazil ice adheres to surfaces such as intake screens and pipe walls. The reduction in area
lowers the flow rate into the intake structure and ultimately will plug it. Frazil ice forms when
turbulent water is supercooled.
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FIGURE 3-19
Grit chamber.
TABLE 3-9
Water intake grit chamber design criteria
Parameter Range of values
Location Downstream of the fine screen
and upstream of the raw water pumps
Number of chambers 2
Water depth
Mechanical grit removal 3to4m
Manual grit removal 4t05m
Length to width 4:1
Length to depth 6:1
Velocity 0.05 to 0.08 m/s
Detention time 6 to 15 min
Overflow rate” 10 to 25 m/h.

“Overflow rate = Q/surface area of water in tank.
Adapted from Kawamura, 2000.

Experience on the Great Lakes and elsewhere indicates that location and design features of
submerged intakes can significantly reduce the buildup of frazil ice but probably cannot elimi-
nate it. Submerging intakes in deep water (10 m appears to be the minimum with 12 to 14 m
preferred) and sizing inlet ports for a maximum velocity of 10 cm/s minimizes frazil ice buildup.
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Heating the water at the intake port to 0.1°C also appears to work, but the energy requirements
are extremely large. Using smooth materials such as solid plastic and plastic-coated metal also
helps (Foellmi, 2005, Bosserrman et al., 2006). Wood is commonly used because of its low ther-
mal conductivity.

Anchor ice is differentiated from frazil ice in that it forms in sheets and grows by attachment
of frazil ice. The methods of control are the same as those for frazil ice.

Zebra Mussels

The zebra mussel (Dreissena polymorpha) is a small bivalve mollusk that has alternating dark
and light bands on its shell and averages about 2.5 cm in length. The mussel grows filamentous
threads that allow it to attach to hard surfaces. Zebra mussels reproduce prolifically and as a con-
sequence clog intakes and pumps. They are well established in the Great Lakes and are forecast
to infest all freshwater in two-thirds of the United States and all of southern Canada.

The control techniques currently in use are listed in Table 3-10. In the Great Lakes area,
chlorine and potassium permanganate feed systems piped to the inlet port have been successful
in mitigating the problem. Intermittent chlorination is used to kill the juveniles (velligers) before
shells develop and attachment becomes virtually permanent. This dosing scheme minimizes the
use of chlorine. Periodic cleaning of the screens is required to remove adult and dead mussels as
the chemical treatment does not remove them. Care should be used in the application of chlorine
as the presence of naturally occurring organic matter may lead to the formation of trihalometh-
anes, a group of compounds that are regulated (see Chapter 2 for details).

Fish Protection

The need to provide a means to prevent fish from entering the intake structure is addressed by
one of three approaches:

 Physical barrier screens,
* Behavioral guidance systems, and
* Capture and release systems.

The highest standard of protection is for juvenile, endangered species. The National Oceanic and
Atmospheric Administration (NOAA) has developed guidelines for inlets to protect these fish.

TABLE 3-10
Zebra mussel control

Treatment technique Remarks
Thermal 35°Cfor2h
100% effective
Repeat 2 to 3 times per year
Chemical Oxidizing chemicals such as chlorine, potassium permanganate, and ozone
Continue for 2 or 3 weeks; continuous application may be required
Mechanical Shovel or scrape, high-pressure hose, sandblasting

Other Ultrasound, electrocution, oxygen depletion, UV light
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Physical barrier screens are the most widely accepted and successful approach. The screens
are fine mesh with openings of 1.75 mm. The inlet velocity is designed to be a maximum of 12
cm/s (Foellmi, 2005).

Behavioral guidance may be accomplished with either electric shock (Bosserman et al.,
2006) or, for submerged intakes, a velocity cap (Foellmi, 2005). The velocity cap on top of a
submerged intake, such as shown in Figure 3-20, forces water to enter horizontally. Fish tend to
swim against horizontal currents.

Frazil ice complicates the fish protection issue because fine mesh systems are very suscep-
tible to clogging (Bosserman et al., 2006). As noted above, air burst systems with 1,000 kPa pres-
sure have been used to alleviate this problem. For T-screens at shore-based facilities, mounting
the screen on a boom that can be rotated out of the water for mechanical cleaning has also been
use as a method to alleviate the frazil icing problem.

3-5 OPERATION AND MAINTENANCE

With a well designed and constructed intake system, very little operation and maintenance (O&M)
is required. O&M tasks include regular preventive maintenance of the mechanical equipment
such as the fine screens, pumps, and gates. The tasks include removal of large floating objects
on the racks, deicing, lubrication and adjustment of the moving parts on the screens and pumps,
and exercising the port gates to prevent them from freezing up because of corrosion. Periodically,
divers must be employed to examine the condition of underwater structures.

For installations with multiple level ports, regular chemical analysis of the water at various
port levels will allow for adjustment of the intake level to reduce treatment costs. This is particu-
larly important when algal blooms and taste and odor problems are evident.

Velocity cap

A

~«——— Horizontal inflow

—~€—— Bottom of lake
Or reservoir

FIGURE 3-20
Velocity cap.
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Hints from the Field. Operation and maintenance personnel who have to live with the results
of the engineer’s design have offered the following suggestions:

3-6

The overhead crane supplied to facilitate maintenance of the pumps and motors should also
provide a means to move the equipment outside of the building to facilitate replacement
of equipment that has reached its life expectancy. Alternatively, a hatch in the roof with a
means of positioning the equipment to be removed below the hatch should be provided. In
the second instance, a crane can be rented to remove the old equipment and transfer the new
equipment into the building. The hatch should be sized to consider the likelihood that the
replacement equipment will be larger than the equipment being removed.

For zebra mussel control, a chlorine feed line should be supplied to the screen/bar rack of
the intake. The feed line is commonly located inside the conduit carrying water from the
intake structure to the low-lift pump station. Sodium hypochlorite solution is used to sup-
ply the chlorine. Care should be taken in selecting the pipe material and joining cements
because sodium hypochlorite may adversely affect the material and/or the cement. This
includes polyvinyl chloride (PVC) cements.

In hard water, with high concentrations of calcium and magnesium carbonate, the addition
of commercial sodium hypochlorite may cause precipitation of carbonates on the interior
of the pipe. Operators call this “plating out” of the hardness. Over time this will limit the
capacity of the supply pipe. The addition of sodium hexametaphosphate to the hypochlorite
feed will help to mitigate the precipitation.

The conduit from the intake to the low-lift pump station should be inspected regularly (pref-
erably annually). For large conduits (1.5 m or large in diameter) a diver is employed to
“swim” the conduit and make the inspection. For small pipes, a TV camera inspection may
be used. The inspection should include such items as structural integrity of the pipe, build-
up of zebra mussels and slime layers, and the condition of the chlorine supply line (both the
pipe and the hangers).

Because the air supply used by divers will be released inside of the conduit during the inspec-
tion, some means must be provided to release the gas; otherwise the gas “bubble” that accu-
mulates in the pipe will limit the flow rate. This is particularly true if the discharge into the wet
well is through a downward facing bell. One solution is to provide a small (5 cm diameter) tap
at the terminus to the pipe just above the bell and use it to release the accumulated air.

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

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. For a client, sketch a diagram of a lake intake structure and a river intake structure.
Identify the following features: bar screen, sluice gate, fine screen, pump, operating
floor, water level in surface water supply relative to the intake structure vertical profile.

2. List and discuss the key requirements of intake structures.
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3.

Select the appropriate screen type (coarse or fine) for a given scenario, that is, place-
ment in the intake structure or type of material to be removed.

4. Select the appropriate type of pump from a pump catalog for a deep low-lift pump station.

5. Explain the advantages and disadvantages of an adjustable frequency drive for a pump

to a client.

Explain, to a client, what frazil ice is and how its buildup on the intake structure may
be minimized.

Explain, to a news media person, why zebra mussels are an operational problem and
list two control techniques.

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

8.

10.
11.
12.

13.

14.

3-7

3-1.

For a given scenario (river or lake) with appropriate data on depth, sediment, and cli-
mate, select an acceptable type of intake structure.

Design an intake port given the seasonal flow rates and climate conditions.
Design a bar rack for an intake port given the seasonal flow rates and climate conditions.
Design the conduit to carry water from an offshore intake structure to a low-lift pump station.

Construct a system head curve given the elevations, pipe dimensions, and identification
of the fittings.

Given a system head curve and a set of head-discharge curves, select an appropriate
pump and specify (1) BEP, (2) number of stages, (3) efficiency at BEP, (4) the operat-
ing range of flow rate, and (5) motor power.

Design the wet well for a low-lift pump station including specifications of (1) the depth
of the wet well and (2) the location of the pump intake given the surface water level,
intake conduit specifications, and pump NPSH.

PROBLEMS

Design a tower intake to be placed in a reservoir in a warm climate. Provide the mini-
mum number of ports. The design conditions are:

Summer design flow rate = 38,000 m>/d
Maximum reservoir elevation = 499.0 m
Minimum reservoir elevation = 480.7 m

Lake bottom elevation = 477.7 m

Bar rack bars: 1 cm diameter; 8 cm between bars

Specify the following:

Number and location of intake ports
Spacing of the ports

Depth of lowest port

Depth of top port

Dimensions of a port

Provide a sketch of the following:

Intake tower with elevations of ports, reservoir elevations, and lake bottom
elevation
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Design a shore river intake system in a cold climate. Provide the minimum number
of ports. The design conditions are:

Winter design flow rate = 4,300 m3/d

Minimum river elevation held constant by lock and dam system = 99.0 m
500-year flood elevation = 113.3 m

River bottom elevation = 90.4 m

Assume a muck bottom

Trash rack: 2 cm diameter; 8 cm between bars

Specify the following:

Number and location of intake ports
Spacing of the ports

Depth of lowest port

Depth of top port

Dimensions of a port

Provide a sketch of the following:
Intake tower with elevations of ports, reservoir elevations, and lake bottom elevation

Design a conduit to carry water from a submerged intake structure to the wet well of
a low-lift pump station. The design conditions are:

Low water surface elevation = 353.5 m

Elevation of lake bottom = 306.6 m

Length of pipe from intake structure to wet well = 1,500 m
Maximum demand at design life = 53,000 m’/d

Concrete pipe

Assume the lake bottom is flat

Specify the following:

Wet well drawdown elevation

Minimum slope of energy grade line required to carry the maximum demand
Diameter of the conduit

Velocity in the conduit

Depth of soil cover at the intake structure and at the wet well

Provide a sketch showing the following:

Low water surface elevation

Surface elevation of water in the wet well at maximum flow rate

Pipe profile from the intake structure to the low-lift pump station
Elevation of bottom of conduit at the intake structure and at the wet well

Note: Because both the slope of the energy grade line and the diameter are unknown,
a trial and error solution is required. A spreadsheet solution for the trial and error cal-
culation is recommended.

Design a conduit to carry water from a submerged intake structure to the wet well of
a low-lift pump station. The design conditions are:

Low water surface elevation = 153.5 m
Elevation of lake bottom = 106.6 m
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3-5.

3-6.

3-7.

Length of pipe from intake structure to wet well = 2,500 m
Maximum demand at design life = 26,000 m/d

Concrete pipe

Assume the lake bottom is as shown in Figure P-3-4

el

Low water surface elevation = 153.5 m

e

AvA

FIGURE P-3-4

Specify the following:

Wet well drawdown elevation

Minimum slope of energy grade line required to carry the maximum demand
Diameter of the conduit

Velocity in the conduit

Depth of soil cover at the intake structure and at the wet well

Provide a sketch showing the following:

Low water surface elevation

Surface elevation of water in the wet well at maximum flow rate

Pipe profile from the intake structure to the low-lift pump station
Elevation of bottom of conduit at the intake structure and at the wet well

Note: Because both the slope of the energy grade line and the diameter are unknown,
a trial and error solution is required. A spreadsheet solution for the trial and error cal-
culation is recommended.

Show by calculation that losses for valves, fittings, and velocity head are negligible
compared to the static head at the maximum flow rate for Example 3-5.

Develop the system head curves for the low-lift pump station to the water treatment plant
pumping system shown in Figure P-3-6. The minimum flow rate is 9,500 m>/d. The av-
erage flow rate is 19,000 m?/d. The maximum flow rate is 38,000 m*/d. You may ignore
losses from valves, fittings, and velocity head.

Develop the system head curves for the low-lift pump station to the water treatment
plant pumping system shown in Figure P-3-7. The minimum flow rate is 4,500 m>/d.
The average flow rate is 9,000 m>/d. The maximum flow rate is 18,000 m’/d. You
may ignore losses from valves, fittings, and velocity head.
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3-8.  For the system head curve shown in Figure P-3-8, select a pump. Specify the fol-
lowing at the average flow rate of 9,000 m>/d: (1) BEP, (2) number of stages,
(3) efficiency at BEP, (4) the operating range of flow rate, and (5) motor power.
Sketch and label (1) the depth of the wet well and (2) the location of the pump intake.

Total dynamic head, m

| | J
5,000 10,000 15,000 20,000

Flow rate, m3/d

FIGURE P-3-8

3-9. For the system head curve shown in Figure P-3-9, select a pump. Specify the fol-
lowing at the average flow rate of 24,000 m’/d: (1) BEP, (2) number of stages,

21 Maximum total head

Minimum total head

18—

Total dynamic head, m

15 1 1 1 1 1
10,000 20,000 30,000 40,000 50,000

Flow rate m3/d

FIGURE P-3-9
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(3) efficiency at BEP, (4) the operating range of flow rate, and (5) motor power.
Sketch and label (1) the depth of the wet well and (2) the location of the pump
intake.

3-8 DISCUSSION QUESTIONS

3-1. A city council member has suggested that the council would avoid having to comply
with surface water rules for water treatment if an infiltration gallery was used instead
of a shoreline intake structure on the river water supply for their community. Explain
to the council member why this statement may not be true.

3-2.  Given a choice of a sluice gate or butterfly valve for controlling the flow into an in-
take port, which would you select? Explain why.

3-3.  What design data must you have to establish the depth of the wet well?

3-4.  Which of the following depths for a submerged intake structure is the best to mini-
mize the formation of frazil ice:

*S5m
e 10m
e I5m

3-5.  What chemical(s) would you recommend in setting up a zebra mussel control system?
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4-1 INTRODUCTION

The design of a well field and/or individual wells begins after the completion of the evaluation
of the groundwater source to establish that a safe yield is available to meet the demand and that
water quality standards can be met. These issues were discussed in Chapter 2. The design must
provide for protection of the well from contamination, and it must conform to the hydraulic and
hydrogeologic constraints of the aquifer.

4-2 DESIGN ELEMENTS

The key requirements of wells are that they are:

* Located in an aquifer that has adequate long-term capacity (see Chapter 2 for a detailed
discussion).

* Protected from contamination.

* Reliable.

* Of adequate size and/or number to provide the required quantity of water.
* Located to obtain the best quality water.

* Not located where they will cause an adverse resource impact.

Protection from Contamination

A significant effort is made to protect wells from contamination because of their vulnerability to
numerous sources of contamination. Aquifers lack the inherent protection of replenishment that
is afforded to surface water supplies. Unlike surface waters that are replenished in hours, days,
weeks, or even years, contaminated groundwater may only be replenished over geologic time
scales—Ilifetimes in the shortest instances and centuries in most cases.

Reliability
Reliability is an essential requirement of groundwater supplies. The water supply system ceases

to function when the well system fails. Small systems are particularly vulnerable because they
typically have only a few wells.

Capacity

Unlike surface water systems, well systems may be expanded relatively inexpensively as com-
munities grow. However, the ability of the aquifer to yield adequate water is not infinite. The
geologic structure of the aquifer limits both the total quantity of water and the rate at which it can
be withdrawn.

Quality
All groundwater is not equal in quality. Contact with geologic minerals guarantees an abundance
of chemical constituents in the water. While most groundwater may be treated to meet water



quality standards, the strata that serve as aquifers may differ both in the constituents and the
concentration of the constituents.

Adverse Resource Impact

As noted in Chapter 3, one method of withdrawing water from a surface water body is by the
installation of a gallery or a Ranney well system. Individual wells may also cause water from a
surface water body to flow out of the water body into the aquifer. If the pumping rate is too high,
this may lower the water level in the surface water body enough to have a negative impact on its
aquatic life.

4-3 WELL PROTECTION

The elements employed to protect the well include:

¢ Isolation from sources of contamination.
* Sanitary considerations in well construction.

* Provision of structural protection.
Although the provisions of the Michigan Safe Drinking Water Act (MSDWA, 1976) that

are discussed in the following paragraphs serve as guidelines for good practice, individual state
requirements vary, and these should be consulted as a matter of normal engineering practice.

Isolation

For the purpose of this discussion, the Michigan Safe Drinking Water Act definitions of different
types of water supplies discussed in Chapter 2 are classified as follows:

e Type I: all community supplies.
e Type II: all noncommunity supplies.
e Type Ila: average daily water production for the maximum month equal to or greater
than 75 m*/d.

* Type IIb: average daily water production for the maximum month less than 75 m?/d.

e Type III: all public supplies that are not Type I or Type II.

This classification is used to set isolation distances based on the probable radius of influence
of the well and the risk to the population exposed. The recommended isolation distances are
shown in Table 4-1 on page 4-5.

Well Construction

Geologic conditions dictate two general types of well construction. A well that taps an aquifer
of water-bearing sand is cased through the overburden and screened in the water-bearing sand as
shown in Figure 4-1a (Johnson, 1975). A well that taps an aquifer of consolidated rock consists
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FIGURE 4-1

(a) Typical construction of a screened, gravel-packed well in an unconsolidated-deposits aquifer.



TABLE 4-1
Typical isolation distances”

Contaminant source Type I Type Ila Type IIb Type 11
Barnyards 60 60 20 20
Chemical or waste chemical storage 600 600 250 250
or disposal facilities

Land application of wastewater or 600 600 250 250
sludges

Municipal solid waste landfill 600 600 250 250
Pipelines 60 60 20 20
Septic tanks, drain fields, dry wells, 60 60 20 20
cesspools, leaching beds

Sewers—storm or sanitary 60 60 20 20
Surface water 60 60 20 20

“ Distances are in meters.
Adapted from MSDWA, 1976.

of a

cased portion that passes through the loose overburden material and an open borehole in the

rock (Figure 4-1b).

Wel

1 Drilling. There are numerous methods for drilling the well. A few of these are high-

lighted here.

Cable-tool percussion: The drilling operation is carried out by lifting and dropping a heavy
string of drilling tools. The reciprocating action of the drilling tools mixes the crushed or
loosened particles with water to form a slurry that is removed by a sand pump or bailer.

Jet drilling: The drill tools for the jet-percussion method consist of a chisel-shaped bit
attached to the lower end of a string of pipe. Water is pumped through the drill bit and
flows upward in the annular space around the drill bit carrying the cuttings to the surface.

Hollow-rod or hydraulic percussion: This method is similar to jet drilling except the water is
pumped down through the annular space, and the cuttings are carried up through the pipe by
the reciprocating motion and a set of valves that keeps the water from flowing downward.

Rotary drilling: The borehole is cut by a rotating bit. The cuttings are removed by drilling
fluid that passes down the drill pipe system and out through the nozzles of the bit. When the
fluid reaches the surface, it is pumped to a pit where the bulk of the cuttings settle out. The
drilling fluid is then reused.

Reverse circulation rotary drilling (RCR): The flow of drilling fluid is reversed from
that used in conventional drilling. A schematic of this drilling method is shown in
Figure 4-2 on page 4-7. This is a common method for drilling community wells. This
method is favored when completion of the well is to be by artificial gravel packing.

The suitability of these methods for different geological conditions is summarized in

Table 4-2 on page 4-8.

WELLS

4-5



4-6

WATER AND WASTEWATER ENGINEERING

Well head
(includes pump motor, discharge
head, and base plate)

Discharge pipe

-1

1

Air-line
gauge

Grout seal

W

Casing (note: an
outer casing may
also be used)

Overburden

/M
Overburden

Static water level
oL

Column -
and
shaft assembly
—— N\ N\ \| AN N\ NT~——
NN S . X N
Drive shoe [ Eiv
AN ) \
< ~ AN s Y
A} A\ A N X S
pun\:;r{)l(:f:]t:;::;tfbly ) \ \
S and intake N | ¢ Openborehole
\ N < construction
A\ \
\ \ NN ANEAN :
AN

FIGURE 4-1 (Continued)

(b)

(b) Typical construction components of an open-borehole well in a bedrock aquifer.

Casing. The purpose of the casing is two-fold. It provides a means of maintaining the bore
opening by keeping loose and unstable soil from falling in. In addition, it is a key feature in pro-
tecting the well from contamination.

Steel pipe is commonly used for the casing. There are several types of pipe available: drive
pipe, line pipe, reamed and drifted pipe, standard pipe, and water well casing. Electric-resistance—
welded and seamless “line pipe” is preferred (Johnson, 1975). The most commonly accepted

specifications for water well casing are those prepared by:



Large diameter suction hose

High capacity, low head pump or jet

Rotary table —

- - Settled sand and cuttings in pit

FIGURE 4-2
Basic principles of reverse-circulation, rotary drilling are shown in this schematic diagram. Cuttings are lifted by upflow inside
the drill pipe. The Kelly is a part of the Kelly drive. It is square, hexagonal-or octagonal-shaped tubing which connects to the
drill pipe for drilling wells.

* American Society for Testing Materials (ASTM).

American Petroleum Institute (API).

American Iron and Steel Institute (AISI).

American Water Works Association (AWWA).

U.S. federal government.

Kelly with
large bore

Typically one of the following is specified: AWWA A-100, ASTM A-120 and A-53B grade,
“stenciled” or API 5-L. Minimum weights and thicknesses may be found in Recommended
Standards for Water Works (GLUMRB, 2003).
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TABLE 4-2
General suitability of well construction methods”

Reverse
Rotary circulation
Characteristics Hollow-rod Jetted Cable-tool drilling rotary drilling
Practical range of depth 30m 60 m 600 m 1,000 m 1,000 m
Diameter 0.1 m 0.3m 0.6 m 1.5m 1.5m
Geologic formation
Clay yes yes yes yes yes
Silt yes yes yes yes yes
Sand yes yes yes yes yes
Gravel <0.5cm <0.5cm yes yes yes
Cemented gravel no no yes yes yes
Boulders no no no yes yes
Sandstone no no no yes no
Limestone no no no yes no
Igneous rock no no no yes no

“ The ranges of values in this table are based on general conditions. They may be exceeded for specific areas or conditions or
advances in technology.
Sources: Campbell and Lehr, 1973; Johnson, 1975; Stollhans, 2007: U.S. EPA, 1973.

Grouting and Sealing the Well Casing. The annular space between the casing and the drill
hole is one of the principal avenues for contamination to enter the well. To block this route of
entry into the well, the space is filled with neat cement grout.

Neat cement grout is a mixture of cement and water in the ratio of between 1.9 to 2.25 kg of
cement to 1 L of clean water with the higher ratio of cement preferred. Hydrated lime, up to 10
percent of the volume of cement, may be added to make the grout mix more fluid. Up to 5 percent
by weight of bentonite clay may be added to reduce shrinkage (U.S. EPA, 1973).

Careful attention should be given to see that:

e The grout mixture is properly prepared and mixed well.
* The grout material is placed in one continuous mass.

e The grout material is placed upward from the bottom of the space to be grouted.

One method of introducing the grout is shown in Figure 4-3. A packer connection with a
one-way valve is provided at the bottom of the casing to prevent the grout from flowing into the
casing while grouting is in progress. The valve is called a cementing shoe or a float shoe. Grout
is pumped through the grout pipe and forced upward around the casing.

The procedure to be followed with this arrangement is as follows:

The casing, with float shoe attached and grout pipe properly installed, is suspended a short distance above
the bottom (3 cm is recommended to prevent clogging). The casing is filled with water to provide sufficient
mass to prevent flotation of the pipe. Grout is pumped into the annular space until it appears at the surface
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FIGURE 4-3
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Rubber seat
/

Plastic ball valve

Plastic cage

Concrete

N

(b)

Grout pipe inside casing connects to drillable cementing plug or float shoe at bottom of casing pipe (a). After the grout has set,
the bottom plug is drilled out and drilling continues. Detail of cementing shoe or float shoe with ball check value (b).

and all other fluid has been displaced. The grout pipe is disconnected from the float shoe, and it is washed
in place with water. It is then removed. After the grout has set, the bottom plug is drilled out and drilling is

continued below the grouted section (Johnson, 1975).

The bore hole for this method of placing the grout should be 10 cm larger in diameter than
the nominal casing size (U.S. PHS, 1965). The entire casing length is to be grouted. Screened
wells are to be grouted from a point not more than 3 m above the screen to the ground surface
(MSDWA, 1976). For wells ending with an open borehole in a rock formation, the casing is
grouted from the top of the borehole to the ground surface. For artesian aquifers, the casing is
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sealed to the upper confining layer from within 1.5 m of the top of the aquifer to the ground sur-
face (U.S. PHS, 1965).

Grout made from Type I, Ia, or III cement should cure a minimum of 24 hours before drill-
ing operations resume. When a cement/bentonite mixture is used, a waiting period of 48 hours is
recommended (MSDWA, 1976). Some rules require a curing time of three to seven days.

Well Screen. A well screen is installed when the water-bearing formation is unconsolidated
material such as sand. The well screen prevents fine material from entering the well and then
causing undue wear on the pump and, potentially, filling the well.

Gravel-Packed Well. When the water-bearing formation is unconsolidated, the gravel-packed
well (Figure 4-1a) is used. As shown in Figure 4-4, there are numerous configurations for the
gravel pack. The gravel wall retains the water-bearing sand while the screen keeps the gravel

Casing

(s

DAIAROL

5
0
N

POSH

I 20

ol @7

Gravel

Gravel

Gravel

Underreamed—single casing Straight hole—dual casing Underreamed—dual casing

FIGURE 4-4

Some alternative schemes for packing gravel in a gravel-packed well.
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FIGURE 4-5

Installation of gravel-packed well. (a) Start of drilling. (b) Finished bore hole with casing and screen lowered into place, gravel
in place, and casing grouted.

from entering the well casing. The gravel-packed well is one of the most commonly used well
designs in the United States. This system improves the efficiency of the well by increasing the
inlet volume, specific capacity, retention of sand, and size of the screen openings, and by reduc-
ing the entrance friction, entrance velocity, drawdown, operating cost, and maintenance. All of
these factors contribute to increasing the life of the well.

The reverse circulation rotary method of drilling is well suited to the installation of a gravel-
packed well system. As shown in Figure 4-5, the bore-hole is begun with a temporary surface
casing. The annular space between the drill and the bore-hole wall is about 10 to 15 cm. When
the well is completed to its final depth, the casing and screen are lowered into the hole. Water in
the hole maintains static pressure on the assembly and the walls of the hole. The annular space is
filled with gravel to the desired level. The assembly must be supported from the ground surface
until the gravel and grout are in place as the column is too long to be self-supporting.

Well Development. The aim of well development is to remove finer material from the aquifer
to enlarge passages in the aquifer formation, so water can enter the well more freely.
Development has the following benefits:

* It corrects any damage or clogging that may occur during drilling.
¢ It increases the porosity and permeability of the natural formation in the vicinity of the well.

¢ ]t stabilizes unconsolidated material around a screened well.

The fundamental intent of the development operation is to cause reversals of flow through
the well screen to rearrange the particles in the formation to break down bridging of small groups
of particles. There are a number of procedures used to create the reversal. Some of these are
mechanical surging with air and backwashing. Alternatively, high-velocity jetting with water
may be employed. Details of these techniques are described in Hanna (2007).
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Both gravel-packed wells and those in consolidated formations benefit from well development
because the placement of the rock and the drilling operations tend to smear and seal the surface
of the aquifer material around the well. The development operations will break up this layer. This
effort is worthwhile to obtain the maximum capacity of the well.

Other Sanitary Considerations.

Figure 4-6 summarizes several sanitary considerations in

well construction. The sanitary well seal is a gasket to prevent contamination from entering the
top of the casing. It is to be water tight with an air vent to relieve the negative pressure caused
by lowering of the water in the well. Because it keeps the air above the water at atmospheric
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FIGURE 4-6

Drilled well with submersible pump.
(Source: U.S. EPA, 1973.)
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pressure, the vent is essential to ensure that the calculated NPSH represents actual conditions.
The seal should be located 0.6 m above the highest known flood level.
The well casing is never used as the discharge pipe to bring water to the surface.

Disinfection. All newly constructed wells as well as those that have been repaired should be
disinfected before being put into service. The well should be thoroughly cleaned before disinfec-
tion is initiated. Foreign substances such as sediment, soil, grease, joint dope, and scum should
be removed.

Calcium hypochlorite (Ca(OCl), - 4H,0) containing approximately 65 percent available
chlorine is the most common disinfectant in use. Alternatively commercial sodium hypochlorite
(12 to 15 percent available chlorine) or household bleach (5.25 percent available chlorine) may
be used.

Calcium hypochlorite, also known as high-test calcium hypochlorite or HTH®, is a granular
material that contains minor amounts of impurities. It has the advantage that it is cheaper than the
other forms of chlorine as well as being able to be handled as a solid in the field. Because it is a
solid, dissolving the material requires some care.

Sodium hypochlorite is a liquid. While it is more expensive than HTH®, less preparation
time is required to use it.

The recommended procedure for disinfection once all foreign substances have been cleared
from the well is to prepare a sufficient amount of solution to achieve 100 mg/L of available
chlorine in the water in the well without pumping, that is, the water that has risen to the static
water level. The solution is placed in the well. A 20 to 40 L excess of solution is added to force
the chlorinated water into the formation. The well is then pumped until the odor of chlorine is
apparent. Pumping should then be shut down, valves closed, and the solution held in place for a
minimum of 4 hours with 24 hours preferred. The well is then pumped until the water is free of
chlorine odor. A field test is conducted to ensure that no chlorine is present and then a sample is
take for coliform analysis (Johnson, 1975; U.S EPA, 1973).

Example 4-1. Calculate the volume of solution and the amount of HTH® to be added to it to
disinfect a 300 mm diameter well. The static water level in the well is 18 m above the bottom of
the well.

Solution. The volume of water in the well is
2
V=8 m)(MJ =127 m’or 1,270 L

plus the recommended 40 L excess.
For the recommended concentration of 100 mg/L, the mass of chlorine required is

Chlorine mass = (100 mg/L)(1,310L) = 131,000 mg or 131 g

Because the HTH® is only 65 percent available chlorine, the mass of HTH® required is

HTH® mass = B3lg _ 201.5¢
0.65
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Although the solubility of HTH® is about 215 g/L at 0°C, a more practical working solution
is at about one-third of this concentration, that is

215 _ 71.66 or 72g/L

The volume of stock solution is then

2015 ¢

——==27990r2.8L
72 g/l

Vitock =

Structural Protection

Every well should be provided with an overlapping, tight fitting cover at the top of the casing
to prevent contaminated water from entering the well. In Figure 4-6 this is done with a concrete
pad 1.2 m in diameter. The concrete pad should slope away from the well head. The slab should
be poured separately from the grout seal and, where the threat of freezing exists, insulated
from it and the well casing by a plastic or mastic coating to prevent bonding of the concrete to
either.

The top of the well should be readily accessible for inspection, servicing, and testing.
This requires that any structure over the well be easily removable to provide full, unobstructed
access.

Well House. For municipal wells, a well house is a common means of providing structural
protection. Figure 4-7 is an example of a typical well house. In addition to the sanitary protection
features noted in Figure 4-6, the following are typically specified:

* A removable roof or hatch to allow for access to the top of the pump by a crane. This will
make maintenance of motors, pumps, and screens much easier.

e Thermostatically controlled auxiliary heat in cold climates. This will prevent lines from
freezing when the pump is not running or when the heat from the pump cannot compensate
for excessively low temperatures.

e Ventilation with a thermostat controller. Although motors are designed to “run hot,” in
warm climates the introduction of ambient air is required to keep them operating within
their service range.

 Lightning protection. Valve type arresters are preferred. The arrester must be connected to
a good ground. Connecting the ground terminal of the arrester to a copper rod driven into
the ground does not provide a good ground. It should be connected to the motor frame of a
submersible pump or to a casing that reaches the groundwater when the pump motor is at
the ground surface.

* Security features. Typically these include the absence of windows, doors without windows,
keyed locks, intrusion alarms.
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FIGURE 4-7
Pumphouse. (U.S. EPA, 1973.)

4-4 WELL DESIGN

The elements to be selected and/or designed include:

. Number of wells
. Location of wells

. Pump type

. Well diameter

1

2

3

4. Pump size (capacity)
5

6. Well depth

7

. Well screen length
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8. Screen slot size
9. Screen diameter
10. Screen entrance velocity

11. Pump power

Number of Wells

Redundancy Requirement. Many states require at least two wells. The maximum day demand
must be met with one well out of service. Thus, a complete backup system is available in case
one well fails. With the two-well system, it is better to alternate the operation of the redundant
and prime system than to operate just the prime and allow the redundant to remain idle.

Demand Requirement. When the demand is such that pumping from one well dewaters the
aquifer, then multiple wells must be operated at the same time (parallel operation). When wells
are operated in parallel or when the time sequencing of operation of nearby wells is not sufficient
to allow recovery of the cone of depression that results from drawdown, the overlap of the cones
of depression will result in an additional lowering of the piezometric surface (Figure 4-8). The
wells must be far enough apart that the interference of the cones of depression is not excessive.

Location of Wells

An initial estimate in setting the location of wells relative to one another may be made using one
of the two following rules of thumb (Walton, 1970):

* For two wells, if the aquifer is 30 m or less in thickness, the distance between the two wells
should be at least 2D where D is the thickness of the aquifer.

* For more than two wells, the distance between wells should be at least 75 m regardless of
the thickness of the aquifers.

Static water table

N

Discharge —> Discharge

L/ Cone created by pumping Well A"

-, .. ..Cone created by pumping .. ~
Wells A and B s

——> 4—-— .Aquifer__;- _» o

(a) (b)

FIGURE 4-8
Effect of overlapping cones of depression. (U.S. EPA, 1973.)



In either instance, the degree of interference and its impact on capacity must be evaluated. This
can be accomplished by an investigation of the well interference hydraulics.

The degree of interference, that is, the additional drawdown in a well that is caused by the
operation of another well, is a function of the duration of pumping as well as the aquifer prop-
erties. When multiple wells are used, it is generally more efficient to operate the well for time
periods substantially less than those required to achieve steady state. Thus, the selection of a time
period for investigation of interference effects is a critical part of the analysis.

The Michigan Safe Drinking Water Act (MSDWA, 1976) requires that the design drawdown
be that which results from 100 days of continuous drawdown at the design yield. If the maximum
day demand can be met with only one well in service, then the drawdown may be calculated for
only one well. Otherwise, the calculation must be made with all the wells required to meet the
maximum day demand.

Unsteady Flow in a Confined Aquifer. Pumping times that are too short to achieve steady
state drawdown result in unsteady flow in the aquifer. A solution for estimating drawdown result-

ing from unsteady flow in a confined aquifer (transient-flow) was developed by Theis (1935).
Using heat-flow theory as an analogy, he found the following for an infinitesimally small diam-

eter well with radial flow:
_ Q o e_”
= Gt | @1

where s = drawdown (H — h), m

r = distance between pumping well and observation well, or radius of pumping well, m
S = storage coefficient

T = transmissivity, m?/s

t = time since pumping began, s

Note that u is dimensionless. Some explanations of the other terms may be of use. The lower
case s refers to the drawdown at some time, #, after the start of pumping. Time does not appear
explicitly in Equation 4-1 but is used to compute the value of u to be used in the integration.
The transmissivity and storage coefficient also are used to calculate u. You should note that
the r term used to calculate the value of u may take on values ranging upward from the radius
of the well. Thus, you could, if you wished, calculate every point on the cone of depression
(i.e., value of s) by iterating the calculation with values of » from the well radius to infinity.
The integral in Equation 4-1 is called the “well function of #” and is evaluated by the following

series expansion:

2 u3

W(u) = —0.577216 — In  + 1t — —— + —— —... (4-2)
221 33
A table of values of W(u) was prepared by Ferris et al. (1962). Values of W(u) are reproduced in
Table 4-3. The following example demonstrates the evaluation of the integral and calculation of
drawdown.
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TABLE 4-3

Values of W(u)

N Nx107% Nx107™" Nx107® Nx1072 Nx107" Nx107" Nx107? Nx107® Nx107 Nx10® Nx107° Nx10* Nx10° Nx102 Nx107! N

1.0 339616  31.6590 293564  27.0538 247512 224486  20.1460  17.8435 155409  13.2383 109357 86332 63315 40379 18229 0219
1.1 338662 315637 292611 269585  24.6559 223533  20.0507  17.7482 154456  13.1430  10.8404 85379 62363  3.9436  1.7371  0.1860
12 337792 314767  29.1741 268715 245689  22.2663 19.9637  17.6611 153586  13.0560 107534 84509  6.1494  3.8576  1.6595  0.1584
13 33.6992 313966  29.0940 267914  24.4889  22.1863 19.8837 17.5811 15.2785 12.9759 10.6734 83709  6.0695  3.7785 15889  0.1355
14 33.6251 313225  29.0199 267173 244147 221122 19.8096  17.5070 152044  12.9018 105993 82968  5.9955  3.7054  1.5241  0.1162
15 335561 312535  28.9509  26.6483 243458 220432 197406 174380  15.1354  12.8328 105303 82278 59266  3.6374 14645  0.1000
1.6 334916  31.1890  28.8864  26.5838  24.2812 219786  19.6760  17.3735 150709  12.7683 104657 81634 58621 35739 14092  0.08631
1.7 334309  31.1283  28.8258  26.5232 242206 219180  19.6154  17.3128 150103  12.7077 104051  8.1027  5.8016  3.5143 13578 0.07465
1.8 333738 310712 287686 264660  24.1634  21.8608  19.5583 17.2557  14.9531 12.6505 103479 8.0455 57446 34581 13089 0.06471
1.9 333197 310171 287145 264119  24.1094  21.8068  19.5042  17.2016  14.8990 125964 102939 7.9915  5.6906  3.4050  1.2649  0.05620
20 332684 309658  28.6632 263607  24.0581  21.7555 19.4529  17.1503 14.8477 125451 102426 7.9402  5.6394 33547 12227  0.04890
2.1 332196 309170  28.6145 263119  24.0093  21.7067  19.4041 17.1015 147969 124964  10.1938  7.8914 55907 33069  1.1829  0.04261
22 331731 30.8705 285679 262653  23.9628  21.6602 193576  17.0550 147524  12.4498 10.1473  7.8449 55443 32614 11454  0.03719
23 331286  30.8261 285235 262209 239183  21.6157 193131 17.0106 147080  12.4054  10.1028  7.8004 54999 32179  1.1099  0.03250
24 330861  30.7835 284809  26.1783  23.8758  21.5732 192706 169680  14.6654  12.3628 10.0603  7.7579 54575  3.1763 10762 0.02844
25 33.0453 307427 284401  26.1375  23.8349  21.5323  19.2298 169272  14.6246  12.3220  10.0194  7.7172 54167  3.1365  1.0443  0.02491
26 33.0060 307035 284009  26.0983  23.7957  21.4931 19.1905  16.8880  14.5854  12.2828 99802 7.6779 53776  3.0983 10139  0.02185
27 329683  30.6657  28.3631 260606 237580 214554  19.1528  16.8502  14.5476 122450 9.9425  7.6401 53400  3.0615 09849  0.01918
28 329319 306294 283268  26.0242 237216 214190  19.1164 168138 145113  12.2087 99061  7.6038 53037  3.0261 09573  0.01686
29 328068 305943 282917 259891  23.6865 213839  19.0813 167788 144762  12.1736 98710  7.5687 52687 29920  0.9309  0.01482
3.0 328629 305604 282578 259552  23.6526 213500  19.0474 167449  14.4423  12.1397 98371  7.5348 52349 29591 09057  0.01305
3.1 32.8302 305276 282250 259224  23.6198 213172 19.0146 167121 14.4095 12.1069 98043  7.5020 52022 29273  0.8815  0.01149
32 327984 304958  28.1932  25.8907  23.5880  21.2855  18.9829  16.6803 143777 12.0751 97726 74703  5.1706  2.8965  0.8583  0.01013
33 327676 304651  28.1625 258599  23.5573 212547  18.9521 16.6495 143470 12.0444 97418 74395 51399 28668  0.8361  0.008939
34 327378 304352 281326 25.8300  23.5274  21.2249 189223  16.6197 143171 12.0145 97120  7.4097  5.1102 238379 08147  0.007891
35 327088 304062  28.1036  25.8010  23.4985  21.1959  18.8933 165907  14.2881 11.9855 9.6830  7.3807  5.0813  2.8099  0.7942  0.006970
3.6 326806 303780  28.0755 257729 234703  21.1677 18.8651 16.5625 142599 119574 9.6548  7.3526 50532 27827  0.7745  0.006160
37 326532 303506 28.0481 257455  23.4429  21.1403 18.8377 165351 142325  11.9300 9.6274 73252 5.0259 27563 07554  0.005448
3.8 326266 303240  28.0214 257188 234162  21.1136  18.8110  16.5085 142059  11.9033 9.6007 7.2985  4.9993 27306  0.7371  0.004820
39 326006  30.2980  27.9954  25.6928  23.3902  21.0877 18.7851 16.4825 14.1799  11.8773 95748 72725 49735 27056  0.7194  0.004267
40 325753 302727 279701 256675 233649  21.0623 18.7598 164572 14.1546  11.8520 95495  7.2472 49482 26813 07024  0.003779
4.1 325506 302480  27.9454 256428  23.3402  21.0376  18.7351 16.4325 14.1299  11.8273 95248 72225 49236 2.6576  0.6859  0.003349
42 325265 302239 279213 256187 233161  21.0136 187110 164084  14.1058 11.8032 95007 7.1985  4.8997  2.6344  0.6700  0.002969
43 325029 302004  27.8978 255952  23.2926  20.9900  18.6874 163884  14.0823  11.7797 94771 71749 48762 26119  0.6546  0.002633
44 324800  30.1774  27.8748 255722 232696 209670  18.6644 163619  14.0593  11.7567 94541  7.1520  4.8533 25899  0.6397  0.002336
45 324575 30.1519  27.8523 255497  23.2471 209446  18.6420 163394  14.0368 11.7342 94317 71295 48310 25684  0.6253  0.002073
4.6 324355  30.1329  27.8303 255277  23.2252 209226  18.6200 163174  14.0148  11.7122 94097  7.1075  4.8091 25474  0.6114  0.001841
47 324140  30.1114  27.8088 255062  23.2037  20.9011 18.5985 162959  13.9933 11.6907 93882  7.0860  4.7877 25268 05979  0.001635
48 323929  30.0904  27.7878 254852  23.1826  20.8800 185774 162748  13.9723 11.6697 93671 7.0650  4.7667 25068 05848  0.001453
49 323723 300697 277672 254646  23.1620  20.8594  18.5568  16.2542  13.9516  11.6491 93465 7.0444 47462 24871 05721  0.001291
50 323521 30.0495  27.7470 254444  23.1418  20.8392 185366 162340  13.9314  11.6289 93263  7.0242 47261 24679 05598  0.001148
5.1 323323 300297  27.7271 254246 23.1220 208194 185168 162142 139116  11.6091 93065 7.0044 47064 24491 05478  0.001021
52 323129 300103 277077 254051  23.1026  20.8000 184974  16.1948  13.8922  11.5896 92871 69850  4.6871 24306 05362  0.0009086
53 322939 299913  27.6887 253861  23.0835  20.7809  18.4783 16.1758  13.8732  11.5706 92681  6.9659  4.6681 24126  0.5250  0.0008086
54 322752 299726  27.6700 253674  23.0648  20.7622  18.4596 16.1571 13.8545 11.5519 92494 69473  4.6495 23948 05140  0.0007198




TABLE 4-3 (continued)

Values of W(u)

13"\ Nx10® Nx107" Nx107® Nx107? Nx107" Nx107'" Nx107° Nx10® Nx107 Nx10° NxX10° Nx10* Nx10°® Nx102 Nx10' N

55 322568  29.9542  27.6516 253491  23.0465  20.7439 184413  16.1387  13.8361 11.5336 92310 692890  4.6313 23775 05034  0.0006409
5.6 322388 299362  27.6336 253310  23.0285  20.7259 18.4233 16.1207 13.8181 11.5155 92130 69109  4.6134 23604 04930  0.0005708
57 322211 299185  27.6159 253133  23.0108 207082 184056  16.1030  13.8004  11.4978 9.1953  6.8932 45958 23437 04830  0.0005085
58 322037 299011  27.5985 252959  22.9934  20.6908 183882  16.0856  13.7830  11.4804 9.1779  6.8758  4.5785 23273 04732 0.0004532
59 321866  29.8840  27.5814 252789 229763  20.6737 18.3711 16.0685 137659 11.4633 9.1608  6.8588 45615 23111 04637  0.0004039
6.0 321608  29.8672 275646 252620 229595  20.6569 183543 160517  13.7491 11.4465 9.1440  6.8420 45448 22953 04544  0.0003601
6.1 321533 29.8507  27.5481 252455 229429  20.6403 183378  16.0352  13.7326  11.4300 9.1275  6.8254 45283 22797 04454  0.0003211
6.2 321370  29.8344 275318 252293 229267  20.6241 183215  16.0189  13.7163  11.4138 9.1112  6.8092 45122 22645 04366  0.0002864
63 321210 298184 275158 252133 229107  20.6081 18.3055 16.0029 13.7003 11.3978 9.0952 67932 44963 22494 04280  0.0002555
64 321053  29.8027  27.5001  25.1975  22.8949  20.5923 182898 159872  13.6846  11.3820 9.0795 6.7775 44806 22346 04197  0.0002279
6.5  32.0898 297872 274846  25.1820  22.8794 205768 182742 159717  13.6691 11.3665 9.0640  6.7620 44652 22201 04115 0.0002034
6.6 320745 297719 274693  25.1667  22.8641 205616 182590 159564  13.6538  11.3512 9.0487 67467 44501 22058  0.4036  0.0001816
6.7 320595  29.7569  27.4543  25.1517  22.8491  20.5465 182439 159414  13.6388  11.3362 9.0337  6.7317 44351 21917 03959  0.0001621
6.8  32.0446  29.7421 274395 251369  22.8343  20.5317 18.2291 159265  13.6240 113214 90189 6.7169 44204  2.1779 03883  0.0001448
6.9 320300  29.7275 274249 251223  22.8197  20.5171 182145 159119  13.6094  11.3608 9.0043  6.7023 44059  2.1643 03810  0.0001293
70 320156  29.7131 274105  25.1079  22.8053  20.5027  18.2001 15.8976 135950  11.2924 89899  6.6879 43916  2.1508 03738  0.0001155
7.1 320015  29.6989 273963  25.0937 227911  20.4885 18.1860  15.8834  13.5808  11.2782 89757  6.6737 43775 21376 03668  0.0001032
72 319875  29.6849 273823 250797  22.7771 20.4746 18.1720  15.8694  13.5668 11.2642 89617  6.6598 43636  2.1246 03599  0.00009219
73 319737  29.6711 273685  25.0659 227633 204608  18.1582  15.8556  13.5530  11.2504 8.9479  6.6460 43500  2.1118 03532  0.00008239
74 31.9601 296575  27.3549 250523 227497 204472  18.1446 158420 135394  11.2368 8.9343  6.6324 43364 20991 03467  0.00007364
75 319467  29.6441 273415 250389 227363 204337  18.1311 15.8286 135260  11.2234 89209 6.6190 43231  2.0867 03403  0.00006583
7.6 319334 29.6308 273282  25.0257  22.7231 204205  18.1179 158153  13.5127  11.2102 89076  6.6057 43100  2.0744 03341  0.00005886
77 319203 29.6178 273152 250126 227100 204074  18.1048 158022  13.4997 11.1971 8.8946  6.5927 42970  2.0623 03280  0.00005263
7.8 319074  29.6048 273023 249997  22.6971 203945  18.0919 157893  13.4868  11.1842 8.8817 6.5798 42842 20503 03221  0.00004707
7.9  31.8947 295921  27.2895 249869  22.6844  20.3818 18.0792 157766 134740  11.1714 8.8689  6.5671 42716 20386 03163  0.00004210
8.0  31.8821  29.5795  27.2769 249744 226718 203692  18.0666 157640  13.4614  11.1589 8.8563  6.5545 42591 20269 03106  0.00003767
8.1 31.8697  29.5671 272645 249619  22.6594  20.3568 18.0542 157516 13.4490  11.1464 8.8439  6.5421 42468 20155 03050  0.00003370
82  31.8574  29.5548  27.2523 249497  22.6471  20.3445 18.0419  15.7393 134367  11.1342 8.8317 6.5298 42346  2.0042  0.2996  0.00003015
83  31.8453  29.5427  27.2401 249375 226350 203324 18.0298 157272 134246 11.1220 8.8195 65177 42226 19930  0.2943  0.00002699
84  31.8333  29.5307  27.2282 249256  22.6230  20.3204  18.0178 157152 134126  11.1101 8.8076  6.5057  4.2107 19820  0.2891  0.00002415
85  31.8215 295189  27.2163 249137 226112 203086  18.0060 157034  13.4008  11.0982 8.7957 64939  4.1990 19711 02840  0.00002162
8.6  31.8098  29.5072  27.2046 249020  22.5995  20.2969 17.9943 15.6917 13.3891 11.0865 87840 64822  4.1874 19604 02790  0.00001936
87 317982 294957  27.1931  24.8905  22.5879  20.2853 17.9827  15.6801 133776 11.0750 87725 64707  4.1759 19498 02742  0.00001733
8.8 317868  29.4842  27.1816  24.8790 225765 202739  17.9713 156687  13.3661 11.0635 87610 64592  4.1646 19393 02694  0.00001552
89 317755 294729  27.1703 248678 225652 202626  17.9600  15.6574 133548  11.0523 87497 64480  4.1534 19290 02647  0.00001390
9.0 317643 294618  27.1592  24.8566  22.5540 202514  17.9488 15.6462 13.3437 11.0411 87386 64368  4.1423 19187 02602  0.00001245
9.1 317533 294507  27.1481  24.8455  22.5429 202404  17.9378  15.6352  13.3326  11.0300 87275 64258  4.1313 19087 02557  0.00001115
92 317424 294398  27.1372  24.8346 225320 202294  17.9268 15.6243 133217 11.0191 87166 64148  4.1205 1.8987 02513 0.000009988
93 317315 294290  27.1264  24.8238  22.5212 202186 179160  15.6135 133109  11.0083 87058 64040  4.1098  1.8888  0.2470  0.000008948
94 317208 294183  27.1157 248131 225105 202079  17.9053  15.6028  13.3002  10.9976 8.6951 63934  4.0992  1.8791 02429  0.000008018
95 317103 294077  27.1051 24.8025 224999  20.1973 17.8948 155922 132896  10.9870 8.6845  6.3828  4.0887 1.8695  0.2387  0.000007185
9.6  31.6998 293972  27.0946 247920  22.4895  20.1869  17.8843 155817  13.2791 10.9765 8.6740 63723  4.0784  1.8599 02347  0.000006439
9.7  31.6894 293868  27.0843 247817  22.4791 20.1765 17.8739 155713 13.2688  10.9662 8.6637 63620  4.0681 1.8505  0.2308  0.000005771
98 316792 293766  27.0740 247714 224688  20.1663 17.8637 155611 13.2585 10.9559 8.6534 63517  4.0579  1.8412 02269  0.000005173
9.9  31.6690 293664  27.0639 247613 224587  20.1561 17.8535 155509  13.2483  10.9458 8.6433 63416  4.0479  1.8320 02231  0.000004637

Source: Ferris et al., 1962.
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Example4-2. Ifthe storage coefficientis2.74 X 10~ *and the transmissivity is 2.63 X 1073 m%s,
calculate the drawdown that will result at the end of 100 days of pumping a 0.61 m diameter well
at a rate of 2.21 X 10”2 m%s.

Solution. Begin by computing u. The radius is 0.305 m and

(0.305 m)*(2.74 X 107%)

u= —— =280 %1071
4(2.63X107% m*/)(100 d)(86,400 s/d)

From the series expansion, find

(2.80 X 107102

W(u) = —0.577216 — In(2.80 X 10 '19) + 2.80 x 10710 — T

+.o..=21.42

and compute s as
2.21%X1072 m¥/s

§= 33
4(3.14)(2.63 X 10 ~ m’/s)
=14.32 or14 m

(21.42)

Comment. In this example, the transmissivity and storage coefficient are given. Obviously,
they need to be determined to use Equation 4-2. The method of estimating 7 and S are given in
the next section.

Determining the Hydraulic Properties of a Confined Aquifer. The estimation of the trans-
missivity and storage coefficient of an aquifer is based on the results of a pumping test. The
preferred situation is one in which one or more observation wells located at a distance from
the pumping well are used to gather the data. In the transient state, we cannot solve for 7" and S
directly. The Cooper and Jacob method has been selected from the several indirect methods that
are available (Cooper and Jacob, 1946). For values of u less than 0.01, they found that Equa-
tion 4-1 could be rewritten as:

2.25Tt
s = &mz— (4-3)
47T reS
A semilogarithmic plot of s versus 7 (log scale) from the results of a pumping test (Figure 4-9)
enables a direct calculation of T from the slope of the line. From Equation 4-3, the difference in
drawdown at two points in time may be shown to be

S$H =8 = 0 lnt—2
47T 4
Solving for 7, we find
0 2 (4-5)

B dm(sy —s) 4
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Pumping test results.

(Source: Davis and Cornwell, 2008.)

Cooper and Jacob showed that an extrapolation of the straight-line portion of the plot to the
point where s = 0 yields a “virtual” (imaginary) starting time (#y). At this virtual time, Equation
4-3 may be solved for the storage coefficient, S, as follows:

. 2.252Tt0 “6)

7

The calculus implies that the distance to the observation well () may be as little as the radius of
the pumping well itself. This means that although it is preferable to have a second observation
well to use for drawdown measurements, drawdown measured in the pumping well may be used
as a source of data.

Example 4-3. Determine the transmissivity and storage coefficient for the Nosleep’s well field
based on the pumping test data plotted in Figure 4-9.

Solution. Using Figure 4-9, we find s; = 0.49 m at #{ = 1.0 min, and at #, = 100.0 min, we find
s> = 2.37 m. Thus,

_ 22110 2m3/s 15, 100.0
4(3.14)237m—049m) 1.0
=(9.35X107*)(4.61) = 4.31 X 10 > m?/s

WELLS
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From Figure 4-9, we find that the extrapolation of the straight portion of the graph to a drawdown
of 0.0 m yields #y = 0.30 min. Using the distance between the pumping well and the observation
(r = 68.58 m), we find

_ (2.25)(4.31X107% m*/5)(0.30 min)(60 s/min)

S 2
(68.58 m)

=3.7%107
Now we should check to see if our implicit assumption that « is less than 0.01 was true. We use
t = 100.0 min for the check.
L (68.58 m)*(3.7 X107)
4(4.31 %107 m?/s)(100.0 min)(60 s/min)
=1.68 X103

Thus, the assumption is acceptable. In this example, the pumping test curve plots as a straight line
on semilog paper. In most instances a more complex curve results. Analysis of the more complex
case is left for more advanced texts.

Calculating Interference. As was mentioned earlier, the cones of depression of wells located
close together will overlap. This interference will reduce the potential yield of the wells. In severe
circumstances, well interference can cause drawdowns that lower the piezometric surface below
the bottom of the aquiclude and, thus, cause structural failure of the well and surrounding struc-
tures due to settlement of the ground surface.

The method of superposition is used to estimate the total drawdown due to interference. This
method assumes that the drawdown at a particular location is equal to the sum of the drawdowns
from all of the influencing wells. Mathematically this can be represented as follows:

n
Sresultant — zz’ill (4'7)

where s; = individual drawdown caused by well i at location r.
This method is illustrated in the next example for the case of three identical wells located
symmetrically in a line.

Example 4-4. Three wells are located at 75-m intervals along a straight line. Each well is 0.50
m in diameter. The coefficient of transmissivity is 2.63 X 10~ m?/s, and the storage coefficient
is 2.74 X 10~ *. Determine the drawdown at each well if each well is pumped at 4.42 X 1072 m%/s
for 10 days.

Solution. The drawdown at each well will be the sum of the drawdown of each well pumping
by itself plus the interference from each of the other two wells. Because each well is the same
diameter and pumps at the same rate, we may compute one value of the term Q/(4wT) and apply
it to each well.

Q0 442X1072m’/s

= ———5 - —134m
47T 4(3.14)(2.63 X 10~ m~/s)
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In addition, because each well is identical, the individual drawdowns of the wells pumping
by themselves will be equal. Thus, we may compute one value of u and apply it to each well.

(0.25m)* (2.74 X 10~ %)

u= —— =1.88x10°°
4(2.63 X 10" m*/s)(10 d)(86,400 s/d)

Using Equation 4-2 with u = 1.88 X 1077, find W(u) = 19.51. The drawdown of each indi-
vidual well is then

s =(1.34 m)(19.51) = 26.15 m

Before we begin calculating interference, we should label the wells so that we can keep track
of them. Let us call the two outside wells A and C and the inside well B. Let us now calculate
interference of well A on well B, that is, the increase in drawdown at well B as a result of pump-
ing well A.

Because we have pumped only for 10 days, we must use the transient-flow equations and
calculate u at 75 m.

(75m)> (2.74 X 10~ %)

u= —— =1.70x107"
4(2.63 X107 m’/5)(10 d)(86,400 s/d)

Using Equation 2-8 with u = 1.70 X 10~ find W(u) = 8.10. The interference of well A on
B is then
SAonB = (1.34)(8.10) =10.86 m

In a similar fashion, we calculate the interference of well A on well C.
wso = (1502(3.01X10°%) =6.78 X 10°*
and W(u) = 6.72. The interference of well A on well C is then
SAonc = (1.34)(6.72) =9.00 m
Because the well arrangement is symmetrical, the following equalities may be used:
SAonB = SBonA ~ SConB

and
SAonC = SConA

The total drawdown at each well is computed as follows:

SA =85tSBonA TSCona
sp =26.15+10.86 +9.00 = 46.01 or 46 m

SB =8t SaonB T SConB
sg = 26.15+10.86 +10.86 = 47.86 or 48 m

sc =sp =46.01 or 46 m

Drawdowns are measured from the undisturbed piezometric surface.

The results of these calculations have been plotted in Figure 4-10.
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Piezometric surface
before pumping begins
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FIGURE 4-10
Interference drawdown of three wells.
(Source: Davis and Cornwall, 2008.)

Comment. Note that if the wells are pumped at different rates, the symmetry would be destroyed
and the value Q/(4wT) would have to be calculated separately for each case. Likewise, if the
distances were not symmetric, then separate u values would be required.

Unsteady Flow in an Unconfined Aquifer. There is no exact solution to the transient-flow
problem for unconfined aquifers because 7" changes with time and r as the water table is lowered.
Furthermore, vertical-flow components near the well invalidate the assumption of radial flow that
is required to obtain an analytical solution. If the unconfined aquifer is very deep in comparison
to the drawdown, the transient-flow solution for a confined aquifer may be used for an approxi-
mate solution. For larger drawdowns, Boulton (1954) presented a solution that is valid if the
water depth in the well is greater than the half of the height of the nonpumping water level above
the bottom confining layer, that is 0.5H in Figure 4-11.

The height of the water level in a pumping well (taking into account the surface of seepage
but neglecting well losses) can be estimated from

0.5
hiy? = H? — g111{1 5 <ﬁ>} (4-8)

7K T

where h;,, = height of water inside pumped well, m

H = static height of piezometric surface (the water table), m
K = hydraulic conductivity, m/s
t = time from beginning of pumping, s

S = specific yield
r, = radius of well, m
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FIGURE 4-11
Geometry and symbols for pumped well in unconfined aquifer.
(Source: Bouwer, 1978.)

The equation is valid if the ratio K#/SH is greater than 5 (Boulton, 1954). If the ratio is greater
than 0.05 but less than 5, an alternative form of the equation is used:

hiw:H—zQKH{valnE} (4-9)

. Ky

where m is a function of K#/SH and can be obtained from a curve plotted through the following
points (Boulton, 1954):

Kt/SH 0.05 0.2 1 5

m —0.043 0.087 0.512 1.288

The range Kt/SH < 0.05 will usually be of minor practical significance (Bouwer, 1978).
This is an approximation technique. The estimate of K and S is crucial to the technique. Field
methods for obtaining these are discussed in Bouwer (1978).

Calculating Interference. As with confined aquifers, operation of multiple wells will result
in interference. The height of water in individual wells can be estimated from Equations 4-8 and
4-9. The interference of one well on another well can be estimated with a modified form of
Thiem’s steady-state equation (Thiem, 1906):

_ 7K’ — )
ln(rz/rl)

0 (4-10)

where Q = pumping flow rate, m’/s
K = hydraulic conductivity, m/s

WELLS
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hy, hy = height of piezometric surface above the confining layer, m
r1, rp = radius from pumping well, m

The term h22 - hlz may written as 2(hy — hy)(hy + hy)/2, where (hy + h;)/2 is the average
height of the aquifer between r, and r|. The product K (h, + h;)/2 represents the average
transmissivity between r, and r; (Bouwer, 1978).

The procedure then is to calculate the individual drawdowns (4;,,) at r,, at time ¢ with Equa-
tion 4-8 and use this value as h; at r; in Equation 4-10 to determine the value of %, (and con-
sequently s,) at another well located at r,. Then, as with the confined aquifer system discussed
above, determine the total drawdown by the method of superposition.

In general, finite-element numerical methods for estimating interference yield more satisfac-
tory results than the approximation technique presented here. These are left for more advanced
texts.

Evaluation of Interference Calculations. The first criteria in evaluating the results of the
interference calculation is to determine whether or not the operation of the wells results in failure
of the well.

* For a confined aquifer, this is a drawdown that lowers the resultant piezometric surface
below the bottom of the upper confining layer, that is, the top of the confined aquifer. If
it does, then the solution is unacceptable because the dewatering of the aquifer will cause
ground settlement and structural failure of the wells as well as buildings in or near the well
field.

e For an unconfined aquifer, failure occurs when the drawdown lowers the piezometric
surface below the pump. In effect, the well “drys up.”

These are “catastrophic” events. Prudent engineering design will ensure that the operation of the
well does not approach failure.

Because there is a need to provide a reliable groundwater source, it is unusual to pump all
the wells in the well field at the same time. Some wells must serve as a backup in case of pump
failures, downtime for maintenance, and emergency demand such as fires. Thus, the evaluation
of the interference calculations is guided by the need to assess the impact on the reserve wells,
that is, will the piezometric surface of the nonpumping wells be lowered to such an extent that
pumping from them is impractical or uneconomical?

A general operational technique then is to operate a fraction of the wells for shorter periods
of time and to rotate between wells to allow time for recovery.

Well Field Layout. The selected arrangement of wells and the number of wells is based on
the hydraulic analysis and the operational schedule that can be employed. The maximum day
demand must be satisfied with enough pumping reserve capacity to allow for pumps to be out of
service for repairs. The wells must be spaced to meet the hydraulic constraints of the aquifer as
well as property boundaries and any existing pipe network.

Pump Type
Vertical turbine pumps are frequently selected for municipal water supply. These are the same
type of pump that was discussed in Chapter 3. They may be either submerged pumps, where the



motor and pump are in the water in the well, or they may be a motor at ground level with the
pump submerged in the water.

Pump Size

The pump capacity is a function of the demand, the demand cycle, the distribution system design,
the yield of the aquifer, screen size, casing diameter, and column pipe size.

Small Systems. For small systems* that pump directly to elevated storage, the capacity of the
pump required is determined by the daily water consumption and the volume of the storage tank.
In general, it may be assumed that the daily total consumption takes place in 12 to 16 hours.
The pump capacity (m’/h) is normally selected to deliver the average daily water demand to
the storage tank in 6 to 12 hours. In very small systems, the pump may be sized to supply the
average demand in 2 hours. This is done to take advantage of the increased efficiency of larger
pumps.

If the maximum daily demand is two times the average day (a rule of thumb commonly used
in small systems), a pump capable of supplying the average daily demand in 12 hours will, after
the maximum day, be able to refill a storage tank sized to provide one full day of storage at aver-
age demand by 24 hours of continuous pumping. Obviously, larger capacity pumps that deliver
the daily demand in a shorter time provide an additional margin of safety in pumping capacity.
However, very short pumping times are also undesirable because of dynamic structural loading
effects on the storage vessel and the requirement for larger transmission lines.

In small systems, no attempt is made to supply fire demand by pumping. Fire demand is
satisfied from the storage reservoir.

Pump Capacity Selection Criteria. The results of the hydraulic analysis set the boundary
conditions for the maximum capacity that the aquifer will yield without adverse effects.

The operational characteristics of the well field should take into account the demand cycle,
over various periods (daily, weekly, monthly). For example, the minimum flow rate during the
winter period can be used to establish the minimum capacity to be supplied by the well field and
the minimum number of wells that need to be operated. In extreme, this may mean operating for
only a fraction of the day at the beginning of the design life.

The maximum demand flow rate is used to establish the capacity to be supplied by the well
field and the minimum number of wells that need to be operated to do this. In addition, extra well
capacity must be provided to comply with redundancy requirements.

The distribution system design, and, in particular, the available storage capacity will also
play arole in selection of the pumping capacity. Storage provides a means of reducing the pump-
ing capacity. Nighttime pumping to storage during off-peak hours will allow for smaller pumping
capacity for the well field as part of the daytime demand can be met from storage rather than the
well field.

The following two examples illustrate some of the decisions that must be made.

*For example, those where one pump satisfies the maximum day demand and is without an adverse impact on the aquifer
operating at maximum capacity over long periods of time.
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Example 4-5. A very small village has an average day design demand of 190 m¥d and a
maximum day design demand of 380 m’/d. They will have a distribution system. Compare the
number of wells and the capacity of each well for a system that includes the wells and one
elevated storage tank and a system that does not have an elevated storage tank.

Solution. To meet regulatory redundancy requirements there must be a minimum of two
wells. Each well must be capable of meeting the maximum day design demand with one
pump out of service.

Some alternative selections are:

« Two wells, each well rated at 380 m*/d. For the average day, one well would pump for
12 hours, that is

(@j(ssonﬁ/d) =190m’/d
24 h

e Two wells, each well capable of providing the average day demand in two hours to take
advantage of a higher efficiency pump. For the maximum day, the pump would operate for
four hours. Each well would have a rated capacity of

(%)(%om%l) = 4,560 m>/d

Thus, the provision of an elevated storage system gives a range of pumping capacity from 190 m>/d
to 4,560 m*/d. Without the storage tank, the pump capacity is restricted to 190 m?/d.

Example 4-6. A community well system is to provide 11,450 m*/d for the average day at its
design life. The minimum demand at the beginning of the design life of the well field is estimated
to be 3,800 m*/d. A hydraulic analysis of three wells operating at a maximum day demand of
22,900 m*/d sustained for a 10-day period will lower the piezometric surface to the bottom of the
confining layer of the artesian aquifer. The distribution system has storage capacity for one day
at the maximum demand.

Recommend a well system (number of wells and pumping rate) for this community.

Solution. The three-well system is not satisfactory for two reasons. First it does not provide
the redundancy requirement of one well out of service at the time of the maximum demand.
Second, it provides no margin of safety to protect the aquifer from overpumping. Even if the
demand fell to the average day demand after the sustained maximum demand, continued pump-
ing would lower the piezometric surface below the aquiclude. More likely, pumping to meet the
average day demand prior to the 10 days of maximum demand would have lowered the piezo-
metric surface sufficiently so the aquifer would be dewatered.

One alternative solution is to provide six wells with a capability of meeting the maximum day
requirement with only three wells operating. This would meet the regulatory requirement to have
one spare well available at the time of the maximum demand. The six wells would have to be



located by hydraulic analysis to lower the interference effects sufficiently so that the piezometric
surface would not be lowered below the aquiclude over a long term pumping cycle that included
the 10 day maximum demand.

Comment. One day’s storage in the system has little impact on the well system design for this case.

Well Diameter

For practical purposes, the well diameter is equal to the screen diameter, and the screen diameter
is generally taken to be equal to the casing diameter. The casing diameter must be large enough
to accommodate the pump and to permit entry of the groundwater without undue head losses.
Table 4-4 provides guidance on the relationship between expected well yield and the recom-
mended inside diameter (ID) of the well casing.

These are recommended casing diameters. The casing must be large enough to hold the
selected pump with some additional clearance to provide space for installation of a sounding tube
or air line to measure depth of water in the well, and to allow for free operation of the pump shaft
and, for submersible pumps, the cable, as well as an allowance for misalignment during drilling.
It is recommended that the casing diameter be increased a minimum of an additional 50 mm
greater than the selected pump diameter. For submersible pumps, a further 50 mm increase in the
diameter is recommended. Likewise, for pumps set more than 120 m from the surface, a further
50 mm in diameter is recommended (RMC, 2007).

Well Depth

The well must be deep enough to penetrate the water-bearing aquifer. Generally the well is com-
pleted to the bottom of the aquifer. This allows use of more of the aquifer thickness. It results in
a higher specific capacity (flow rate per unit fall of the water level in the well, m¥/d - m) as well
as potential for more drawdown that results in a greater yield.

Michigan Safe Drinking Water Act rules require that the depth of a well in an unconfined
aquifer be below the design drawdown plus the length of the screen, plus 1.5 m. The additional
1.5 m is provided to enhance uniform velocities through the screen.In a confined aquifer, the

TABLE 4-4

Recommended well casing diameter

Expected well yield, m*/d Well casing ID, mm
< 500 150
400-1,000 200
800-2,000 250
2,000-3,500 300
3,000-5,000 350
4,500-7,000 400
6,500-10,000 500
8,500-17,000 600

ID = inside diameter.
Adapted from Johnson, 1975.
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depth of the well is not dependent on the drawdown. However, the drawdown must not lower the
piezometric surface below the top of the aquifer (MSDWA, 1976).

Well Screen Length

The factors that affect the choice of the screen length include: the open area per unit length of
screen, the character of the aquifer, the cost of the screen, the desired yield, and the design ser-
vice life of the well. The optimum length of well screen depends on the thickness of the aquifer,
available drawdown, and stratification of the aquifer. As long a screen as possible should be used
to reduce entrance velocities and the effects of partial penetration of the aquifer. For unconfined
aquifers, optimum specific capacity and yield are generally obtained by screening the lower 30
percent to 50 percent of the aquifer (Walton, 1970). Because the drawdown must be kept above
the top of the screen, longer screens reduce the available drawdown.

In homogeneous artesian aquifers, 70 to 80 percent of the water-bearing sand should be
screened. If the aquifer is less than 10 m thick, 70 percent is satisfactory. Between 10 and 20 m
thick aquifers should be screened about 75 percent of the thickness. Aquifers greater than 20 m
thick should be screened for 80 percent of their depth (Johnson, 1975).

There are some exceptions to this approach. One is to center the well screen between the top
and bottom of the aquifer to make more efficient use of a given length of screen in a uniform arte-
sian aquifer. Another exception is when a portion of the aquifer is not screened because it yields
a poor quality water (Johnson, 1975).

Walton made a study of well failures due to partial clogging of the well walls and screen
openings. He found that, on the average, about one-half of the open area of the screen will be
blocked by aquifer material. Thus, the effective open area of the screen is about 50 percent of
the actual open area. He developed a technique for estimating the screen length taking this into
account (Walton, 1962). The length of screen for a natural pack well may be selected using
Table 4-5 and Walton’s equation:

0
S = 4-11)
L oV

where Q = flow rate, m/s

A, = effective open area per meter of screen, m%/m

v = optimum screen velocity, m/s
TABLE 4-5
Optimum screen entrance velocities
Hydraulic conductivity, m/d Optimum screen entrance velocity, m/s
<20 0.010
20 0.015
40 0.020
80 0.030
120 0.040
160 0.045
200 0.050
240 0.055
> 240 0.060

Source: Walton, 1962.
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Grain size analysis for selection of screen slot size.

Screen Slot Size

The size of the screen openings, commonly called the slot size, is selected on the basis of a sieve
analysis of the aquifer material. A plot of the results of a sieve analysis is shown in Figure 4-12.
Table 4-6 is an example of slot size options that are obtained from screen manufacturers. For
relatively fine and uniform materials (uniformity coefficient* < 3), the slot size may be taken as
the size of the sieve opening that will retain 40 percent of the material (D¢, if the groundwater
is noncorrosive and Dsq, if the groundwater is corrosive. If the aquifer is coarse sand and gravel,
the slot size may be D3gq, to Dsgq, of the sand fraction. For nonuniform materials (uniformity
coefficient > 6), slot sizes should be about equal to D3q, if the overlying material is stable. If it
is unstable, the slot size should be Dgoq,.

The grain size of the gravel pack is selected to retain the grains of native material while allow-
ing the maximum amount of water into the pump. A typical approach is to select the 70 percent
retained size of the unconsolidated aquifer material and then multiply that grain size by 4 to 6 in
specifying the grain size of the gravel. The screen opening is then sized to retain 100 percent of
the gravel.

*The uniformity coefficient is defined as the quotient of the 40 percent size (D4q9,) of the sand divided by the 90 percent size
(Dgog,). The Dypq, is the size of the sieve opening that retains 40 percent of the sand upon sieving. U.S. Standard sieve sizes are
given in Appendix B.
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TABLE 4-6
Representative open areas of screens

Nominal No. 10 slot No. 15slot No. 20 slot No. 25 slot No. 30 slot No. 40 slot No. 50 slot No.60 slot No. 80 slot No. 100

screen slot
diameter,
mm 0.25 mm 0.38 mm 0.50 mm 0.64 mm 0.76 mm 1.0 mm 1.3 mm 1.5 mm 2.0 mm 2.5 mm

Intake area, m%/m of screen length

150 0.053 0.076 0.097 0.116 0.133 0.165 0.193 0.214 0.252 0.282
200 0.087 0.123 0.152 0.182 0.207 0.252 0.288 0.320 0.370 0.409
250 0.061 0.091 0.116 0.142 0.163 0.205 0.243 0.275 0.332 0.379
300 0.074 0.106 0.138 0.167 0.193 0.243 0.288 0.326 0.394 0.449
350 0.080 0.116 0.150 0.182 0.212 0.267 0.313 0.358 0.432 0.491
400 0.085 0.125 0.161 0.195 0.226 0.286 0.339 0.387 0.470 0.538
450 0.095 0.138 0.178 0.216 0.252 0.318 0.375 0.428 0.519 0.595
500 0.114 0.167 0214 0.260 0.303 0.379 0.447 0.508 0.614 0.701
600 0.097 0.142 0.184 0.226 0.265 0.339 0.404 0.466 0.578 0.671
660 0.104 0.152 0.197 0.241 0.284 0.360 0.432 0.497 0.614 0.715
760 0.119 0.174 0.226 0.277 0.326 0.415 0.497 0.572 0.707 0.821
900 0.144 0.210 0.273 0.332 0.389 0.497 0.597 0.688 0.849 0.986

Note: these screens are hypothetical and do not represent actual choices. Screen manufacturers data must be used to select the screen.



Screen Diameter

The selection of a screen diameter equal to the casing diameter is recommended because a screen
diameter equal to the casing diameter minimizes the headloss through a restricted tube, facilitates
development and when necessary, redevelopment of the well. The selection of a screen diameter
equal to the casing diameter also facilitates repairs and increasing well depth at a later time if the
well depth becomes necessary (RMC, 2007).

Because the cost of the screen is quite high, some designers will reduce the diameter of the
screen if the reduction does not adversely affect the entrance velocity. In wells deeper than 350
m, a reduction in screen diameter of 10 cm for a nominal screen diameter (based on the casing
diameter) of 30 cm may be practical (RMC, 2007).

The length of the screen, slot opening, and diameter are used to estimate the entrance veloc-
ity. This is compared to the recommended values in Table 4-5.

Screen Entrance Velocity

The entrance velocity of the water is selected to avoid excessive well losses and incrustation
rates, both of which increase with increasing entrance velocity. The “optimum” values given by
Walton (Table 4-5) are higher than those suggested by others. Johnson (1975) and Hunter Blair
(1970) recommend that the velocity not exceed 0.03 m/s.

Pump Power

The selection of an appropriate pump and the calculation of the power requirement follows the
process discussed in Chapter 3. The placement of the pump is determined by the regulatory
restrictions in reference to the top of the well screen and the requirements for Net Positive Suction
Head (NPSH) as shown in Figure 4-13.

The following example illustrates the complete well design for a very small system.

Example 4-7. Because individual shallow wells in the community have become contaminated,
the village of Knotwell has decided to provide a well system for the community. A two-well
system with elevated storage has been proposed. System water pressure will be maintained by the
elevated storage tank. The design data are as follows:

Design flow rate = 190 m?>/d for the average day

Top of reservoir = 50 m above ground level

Friction losses + minor losses in piping from well to top of reservoir = 0.15 m
Altitude = 500 m above mean sea level

Static water level before pumping = 5.2 m below grade

Extract from Well Log

Strata Thickness, m Depth, m
Sand 7.6 7.6
Glacial till 19.8 27.4
Gravel 9.1 36.5
Dolomite 53.3 89.8
Shale 61.0 150.8
Sand 38.7 189.5

Shale well terminated
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FIGURE 4-13

Placement of pump with respect to drawdown, height above screen, and NPSHp.

Note: With the NPSHgr and NPSH shown, the pump could be set at a higher elevation.



WELLS 4'35

An analysis of the water indicates that it is corrosive

Sieve analysis of water-bearing sand

U.S. sieve no. Cumulative % passing
100 1.0
70 4.0
50 10.0
40 22.0
30 40.0
20 60.0
16 75.0
12 88.0
8 96.0
6 100.0

Water temperature = 5°C

Pumping test results

Drawdown at observation well 300.0 m from test well pumped at 0.035 m?/s

Time, min Drawdown, m
100 3.10
500 4.70
1,700 5.90
Solution:

a. Number of wells

Two wells will be provided. One will be a duplicate well and pump. Both will be of the
same design. These will be provided to meet the regulatory requirement to have one
spare available for the maximum day demand.

b. Pump size

From the estimated average day demand, select pumping rate based on rules of thumb for
a small system. In this instance, a six-hour pumping time is selected for each daily cycle.

_ 190 m’/d

o (1 day) = 31.66 or 32 m>/h

Q

Therefore, one well can supply the maximum day (estimated maximum day
demand =(2)(190 m*/d) = 380 m*/d) in 12 hours.

c. Well diameter

From Table 4-4, based on the demand, select a trial diameter of 15 cm. Note this will
have to be adjusted if the actual pump selected will not fit with the recommended clear-
ances.

d. Check for potential well failure due to dewatering aquifer

From the well log and the static water level in the well, the sand layer is determined to be
an artesian aquifer. Therefore, the transient flow equations for a confined aquifer may be
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used to estimate the drawdown. Estimates of the transmissivity and storage coefficient
are required to use the transient flow equations.
(1) Transmissivity

Transmissivity can be obtained from the pumping test data. The pumping test data given
in the example problem statement are plotted on semilog paper as shown in Figure 4-14.
From the straight line portion of the curve, select two points and calculate the transmis-
sivity using Equation 4-5:

(s, —s)

1,700 min

= n
4m(5.90 —3.10)

100 min

) =2.818 X107 m%s

Note that Q is not the design pumping rate of 32 m>/h. It is the pumping rate used in the

pumping test.

(2) Storage coefficient

Using the Michigan Department of Environmental Quality rules, the drawdown must be
estimated based on 100 days of pumping. Because only one pump is required to meet
the maximum day demand, only the drawdown for one operating pump is required. The
storage coefficient (S) is estimated as follows:

In Figure 4-14, extrapolate the straight line portion of the graph to the virtual starting

elevation of 0.0 m to find the virtual time: 7y, = 4.2 min.

Use Equation 4-6 to estimate S.

t, = 4.2 min

\O\

~.

4.0

FIGURE 4-14

Pumping test curve for Example 4-7.
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g (2.25)(2.818 x10™> m/s)(4.2 min)(60 s/min)

=1.775X10°
(300 m)®

where r = 300 m, the distance from the pumping well to the observation well.
(3) Estimate drawdown
Calculate the drawdown with Equation 4-1.

With T = 2.818 X 10 > m?s, S = 1.775 X 10>, and a well diameter of 15 cm selected
in step (c) above (r = 15 cm/2 = 7.5 cm or 0.075 m), calculate u as

(0.075m)*(1.775 X 1079)

u= = =1.025x10""?
4(2.818 X 10 >m?/s)(100 d)(86,400s/d)
and
_ _ 1.025 X107 12)? 025x107 12y

W) = —0.577216 — In 1.025 X 10~ 2 +1.025 x 10”2 _ 2;0 N 025331'0 ...

=27.03 ' '

(32m’/h) L
B 3,600 s/h

= ——,—(27.03) = 6.785 or 6.8 m
(4)(m)(2.818 X 10 "m™/s)

The 6.8 m is measured from the static piezometric surface that is 5.2 m below grade. The
drawdown piezometric surface will be a total of 5.2 + 6.8 = 12.0 m below the ground
surface. The top of the artesian aquifer is 150.8 m below grade. Thus, there is no poten-
tial for failure of the well due to dewatering the aquifer.

. Well depth, casing length, and grout requirements

(1) From the well log, select the water-bearing aquifer

The well penetrates an impervious layer of shale, extends through a sand layer, and
terminates in shale. From the well log and the static water level in the well, the sand
layer is determined to be an artesian aquifer.

(2) A fully penetrating well is selected. Therefore, the well depth is 189.5 m.
(3) The casing length and grout requirements are based on MSDWA rules, that is:
For artesian aquifers, the casing is sealed to the upper confining layer from within

1.5 m of the top of the aquifer to the ground surface.

. Slot size

Plot the grain size analysis as “Cumulative % Retained” versus “Grain Size, mm.” The
points in Figure 4-12 were plotted using the data provided for this example. Note that the
data are presented as “Cumulative % passing” and that they are plotted as “Cumulative
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% Retained” by subtracting each value from 100 percent. From the graph, select the
grain sizes to calculate the uniformity coefficient:

For a corrosive water (from the water analysis given in the problem statement) with a
uniformity coefficient less than 3, the recommended slot size is Dsgg,. From the graph,
select the 50 percent point on the graph. An acceptable slot number is 20. Note that it is
acceptable to have more percent retained than 50 percent but not less.

. Screen diameter

Select a screen diameter equal to the casing diameter.

. Screen length

Screen length is a function of aquifer homogeneity and aquifer depth. Based on Johnson’s
rules of thumb, the aquifer should be screened for 80 percent of its depth. This is a screen
length of

Sp =(0.8)(38.7m) =30.96 or 31 m

This estimate must be checked using Equation 4-11.

i. Hydraulic conductivity

An estimate of the hydraulic conductivity is required to use Equation 4-11. Hydraulic
conductivity (K) and the transmissivity (7) are related (from Equation 2-6, T = KD).
Transmissivity was estimated in step c (1) above.

The hydraulic conductivity is

2.818X10 °m? -
_2818X10 "m’ss =728%107> mk or 629 m/id

K:z
D 38.7m

The value of D is the thickness of the sand layer (that is, the artesian aquifer) given in
the well boring log.

j. Check of screen length and entrance velocity

Using Table 4-6, a slot number of 20 and a well diameter of 15 cm has an effective
open area of 0.097 m?/m of screen length. From Table 4-5, for a hydraulic conductiv-
ity of 6.29 m/d, the screen velocity should be 0.010 m/s. The recommended screen
length is

(32 /) [3 600 /h]
S, = DY —9.16m

(0.097)(0.010m/s)

The selected screen length of 31 m exceeds this recommended length.

Check the entrance velocity:
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The open area of the screen is
A =(0.097 m*/m)(31 m) = 3.0 m*

The velocity is

1
3,600 s/h
3.0m?

(32m>/h) ( j
=0.003m/s

y =

Thus, the entrance velocity criteria are met with the longer screen. The decision on
whether or not to shorten the screen (or reduce its diameter) is based on economic con-
siderations: well efficiency, the cost of the screen, and design life.

. Pump selection
The required head and discharge are used to select an appropriate pump from manufac-
turer’s data. The total dynamic head (TDH) is calculated as

TDH = static lift to ground level + static lift to the top of the reservoir
+h¢ + h, + minor losses

The drawdown was estimated as 6.8 m in step d(3). The 6.8 m is measured from the
static piezometric surface that is 5.2 m below grade. The drawdown piezometric surface
will be a total of 5.2 + 6.8 = 12.0 m below the ground surface.

The total dynamic head required for the pump is

TDH =12.0m + 50 m to the top of the reservoir + iy + h, + minor losses

From the problem statement iy + h, + minor losses = 0.15 m. Therefore,

TDH=120m+50m+0.15m =62.15m

From manufacturer’s catalogs, find a pump characteristic curve with maximum effi-
ciency at 32 m>/h and 62.15 m TDH. For this example, the pump in Figure 4-15 on
page 40 was selected. At a discharge of 32 m>/h, a head per stage of 3.2 m is shown. The
number of stages to achieve the TDH is

TDH _ 62.15m
head/stage 3.2 m/stage

No. stages = =19.4 or 20 stages

From the box at the left of the head-discharge curve, the maximum number of stages
is 35. Therefore this pump will work.
. Elevation of pump intake

The pump intake elevation must meet both the requirements of the regulatory agency (in
this instance MSDWA rules) and the NPSH.

The MSDWA requires that the pump be set a minimum of 1.5 m above the top of the
well screen. The required NPSH is that at run-out. For the pump in Figure 4-15, it is
about 1.5 m. Using Tables 3-7 and 3-8 for the water temperature and altitude given
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Curve no. 4-15

Size 1 Rpm 1750
Single- stage lab head and horse-power with
enameled cast iron bowls and bronze impeller

Effieciency shown for 2 or more stages N —— Impeller B
No. Eff. Material Eff. —— Impeller A
stages | change change
1 —1 Imp.-C.L. 0
0 Imp.-C.I. Enn 0

2
3 0 Bowl -C.I. -1
4 0 Bowl -Brz. —1
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/
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at pump inlet, m
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Max. operating pressure = 3,900 kPa AT TN
Std. lateral = .375 Ve N
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N
S
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Enclosed line shaft 20 /

10.0 20.0 30.0 40.0
Discharge, m’h

FIGURE 4-15

Vertical turbine head—discharge curve for Example 4-7.

in the problem data (i.e., 5°C and altitude of 500 m), the NPSH , is greater than 9.6 m.
If the pump intake is set 1.0 m below the maximum 100 day drawdown as shown in
Figure 4-16, it will meet both requirements.

m. Check the dimension drawing for the diameter to see if the pump will fit in the casing. Its
diameter is 13 cm, and the casing inside diameter is 15 cm. While the pump will fit, the
recommended minimum clearance of 5 cm is not met. The next larger diameter casing
of 20 cm should be chosen and the calculations reworked for screen length, velocity, and
drawdown. Because the estimates with the smaller diameter casing met the guidelines
for screen length and velocity with a substantial margin of safety, in this instance they do
not need to be reevaluated. However, the drawdown calculation and TDH will need to be
adjusted to account for the larger diameter.

Comments:
1. The number of stages for the pump is very high. A more reasonable number would be on
the order of three to five stages. A more extensive search of available pumps should be
conducted.

2. For some well systems, a submersible pump may be more appropriate than a line pump.
These should also be investigated.
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Sketch of elevations for setting pump.

Visit the text website at www.mhprofessional.com/wwe for supplementary materials

and a gallery of photos.

4-5 CHAPTER REVIEW

When you have completed studying this chapter, you should be able to do the following without

the aid of your textbooks or notes:

1. Sketch a subsurface cross section from the results of a well boring log and identify

pertinent hydrogeologic features.

2. Define “isolation” as it applies to wells.

3. Sketch a well and label the major sanitary protection features according to this text.
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Explain the purpose of a removable roof, auxilary heat, and ventilation in a well house.

. Sketch a piezometric profile for a single well pumping at a high rate, and sketch a pro-

file for the same well pumping at a low rate.

Sketch a piezometric profile for two or more wells located close enough together to
interfere with one another.

Sketch a well-pumping test curve which shows (a) the interception of a barrier and (b)
the interception of a recharge area.

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

8.
9.

10.

11.

12.
13.
14.
15.
16.
17.
18.
19.

20.

4-6

4-1.

4-2.

Select the correct isolation distances for a well based on a description of the users.

Calculate the appropriate amount of disinfectant for a well given the diameter, depth of
water in the well, and the reagent to be used.

Calculate the drawdown at a pumped well or observation well if you are given the
proper input data.

Calculate the transmissivity and storage coefficient for an aquifer if you are provided
with the results of a pumping test.

Calculate the interference effects of two or more wells.

Determine the number of wells for a small community’s well field.

Select an appropriate type of pump and the required discharge capacity to meet demand.
Select and check the appropriate diameter for a well casing.

Determine the required depth of a well.

Determine the appropriate length of well screen for a given aquifer formation.

Select the appropriate slot size given a grain size distribution.

Determine the appropriate screen diameter given the hydraulic conductivity of the aqui-
fer and the slot size.

Select an appropriate pump and specify the number of stages based on a TDH calcula-
tion you have performed.

PROBLEMS

A 0.30 m diameter well fully penetrates a confined aquifer that is 28.0 m thick. The
aquifer material is fractured rock. If the drawdown in the pumped well is 6.21 m after
pumping for 48 hours at a rate of 0.0075 m*/s, what will the drawdown be at the end
of 48 days of pumping at this rate?

An aquifer yields the following results from pumping a 0.61 m diameter well at
0.0303 m*/s: s = 0.98 m in 8 min; s = 3.87 m in 24 h. Determine its transmissivity.
Report your answer to three significant figures.



4-3.

4-4.

4-5.

4-6.

4-7.

4-9.

4-10.

4-11.

WELLS

Determine the transmissivity of a confined aquifer that yields the following results
from a pumping test of a 0.46 m diameter well that fully penetrates the aquifer.

Pumping rate = 0.0076 m*/s
s = 3.00 m in 0.10 min
s = 34.0 min 1.00 min

An aquifer yields a drawdown of 1.04 m at an observation well 96.93 m from a well
pumping at 0.0170 m" 3s after 80 min of pumping. The virtual time is 0.6 min and the
transmissivity is 5.39 X 1073 m%s. Determine the storage coefficient.

Using the data from Problem 4-4, find the drawdown at the observation well 80 days
after pumping begins.

If the transmissivity is 2.51 X 10~> m?/s and the storage coefficient is 2.86 X 10~ %,
calculate the drawdown that will result at the end of two days of pumping a 0.50 m
diameter well at a rate of 0.0194 m%/s.

Determine the storage coefficient for an artesian aquifer from the pumping test
results shown in the table below. The measurements were made at an observation
well 300.00 m away from the pumping well. The pumping rate was 0.0350 m’/s.

Time (min) Drawdown (m)
100.0 3.10
500.0 4.70
1,700.0 5.90

Rework Problem 4-7, but assume that the data were obtained at an observation well
100.0 m away from the pumping well.

Determine the storage coefficient for an artesian aquifer from the pumping test
results shown in the table below. The measurements were made at an observation
well 100.00 m away from the pumping well. The pumping rate was 0.0221 m?/s.

Time (min) Drawdown (m)
10.0 1.35
100.0 3.65
1,440.0 6.30

Rework Problem 4-9, but assume that the data were obtained at an observation well
60.0 m away from the pumping well.

Determine the storage coefficient for an artesian aquifer from the following pumping
test results on a 0.76 m diameter well that fully penetrates the aquifer. The pumping
rate was 0.00350 m*/s. The drawdowns were measured in the pumping well.

Time (min) Drawdown (m)
0.20 2.00
1.80 3.70

10.0 5.00
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4-12.

4-13.

4-14.

4-15.

4-16.

4-17.

4-18.

Two wells located 106.68 m apart are both pumping at the same time. Well A pumps
at 0.0379 m/s and well B pumps at 0.0252 m?>/s. The diameter of each well is 0.460

m. The transmissivity is 4.35 X 10~ m?/s and the storage coefficient is 4.1 X 10>

What is the interference of well A on well B after 365 days of pumping? Report your
answer to two decimal places.

Using the data from Problem 4-12, find the total drawdown in well B after 365 days
of pumping. Report your answer to two decimal places.

If two wells, no. 12 and no. 13, located 100.0 m apart, are pumping at rates of
0.0250 m?/s and 0.0300 m?/s, respectively, what is the interference of well no. 12 on
well no. 13 after 280 days of pumping? The diameter of each well is 0.500 m. The
transmissivity is 1.766 X 10~3 m%s and the storage coefficient is 6.675 X 107
Report your answer to two decimal places.

Using the data from Problem 4-14, find the total drawdown in well 13 after 280 days
of pumping. Report your answer to two decimal places.

Wells X, Y, and Z are located equidistant at 100.0 m intervals. Their pumping rates
are 0.0315 m3/s, 0.0177 ms/s, and 0.0252 m*/s res ectively. The diameter of each
well is 0.300 m. The transmissivity is 1.77 X 10"~ m?/s. The storage coefficient is
6.436 X 10~°. What is the interference of well X on well Y and on well Z after 100
days of pumping? Report your answer to two decimal places.

Using the data in Problem 4-16, find the total drawdown in well X at the end of 100
days of pumping. Report your answer to two decimal places.

For the well field layout shown in Figure P-4-18, determine the effect of adding

a sixth well. Is there any potential for adverse effects on the well or the aquifer?
Assume all the wells are pumped for 100 days and that each well is 0.300 m in
diameter. Well data are given in the table below. Aquifer data are shown below the
well field data.

Knotquite Well Field No. 1

Well no. Pumping rate (m3/s) Depth of well (m)
1 0.0221 111.0
2 0.0315 112.0
3 0.0189 110.0
4 0.0177 111.0
5 0.0284 112.0
6 (proposed) 0.0252 111.0

The aquifer characteristics are as follows:
Storage coefficient = 6.418 X 1073
Transmissivity = 1.761 X 1073 m%s
Nonpumping water level = 6.90 m below grade
Depth to top of artesian aquifer = 87.0 m
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FIGURE P-4-18

4-19. For the well field layout shown in Figure P-4-19 on page 4-46, determine the effect
of adding a sixth well. Is there any potential for adverse effects on the well or the
aquifer? Assume all the wells are pumped for 100 days and that each well is 0.300 m
in diameter. Aquifer data are shown below the well field data.

Fair Well Field No. 2

Well no. Pumping rate (m3/s) Depth of well (m)
1 0.020 105.7

2 0.035 112.8

3 0.020 111.2

4 0.015 108.6

5 0.030 113.3

6 (proposed) 0.025 109.7

The aquifer characteristics are as follows:

Storage coefficient = 2.11 X 10™°
Transmissivity = 4.02 X 107> m%/s
Nonpumping water level = 9.50 m below grade
Depth to top of artesian aquifer = 50.1 m
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4-20. What pumping rate, pumping time, or combination thereof can be sustained by the
new well in Problem 4-19 if all of the well diameters are enlarged to 1.50 m?

4-21. For the well field layout shown in Figure P-4-21 on page 4-47, determine the effect
of adding a sixth well. Is there any potential for adverse effects on the well or the
aquifer? Assume all the wells are pumped for 180 days and that each well is 0.914 m
in diameter. Well data are given in the table below. Aquifer data are shown below the

well field data.

Bode Well Field No. 3

Well No. Pumping rate (ms/s) Depth of well (m)
1 0.0426 169.0

2 0.0473 170.0

3 0.0426 170.0

4 0.0404 168.0

5 0.0457 170.0

6 (proposed) 0.0473 170.0
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The aquifer characteristics are as follows:
Storage coefficient = 2.80 X 1073
Transmissivity = 1.79 X 1073 m%s
Nonpumping water level = 7.60 m below grade
Depth to top of artesian aquifer = 156.50 m

4-22. What pumping rate, pumping time, or combination thereof can be sustained by the
new well in Problem 4-21 if all of the well diameters are enlarged to 1.80 m?

The design elements required in the following problems are:

a. Demand estimate
b. Well details
(1) Number
(2) Distance between wells
(3) Diameter
(5) Depth and anticipated 100-day drawdown
(6) Screen dimensions
(5) Slot size

WELLS

4-47



4-48

WATER AND WASTEWATER ENGINEERING

c. Well protection requirements
(1) Casing
(2) Grouting
(3) Disinfection
(4) Well house specifications
d. Pump details
(1) Capacity
(2) Select a candidate pump
(3) Specify the number of stages and NPSH

4-23. Your firm has been retained to develop plans for a well system for the village of
Waffle. Using the design elements listed above Problem 4-23 and the following data,
design the well system.

a. Population: 250

b. Demand: 570 Lpcd

c. Water is to be supplied from wells. No treatment will be provided.

d. Top of reservoir is 66.0 m above ground level

e. Friction losses + minor losses in piping from well to top of reservoir = 0.5 m
f. Water supply is to be chlorinated, but no other treatment will be provided.

TEST BORING RESULTS, WAFFLE

Bore hole no. 2 (surface elevation: 335 m)

Strata Thickness, m Depth to bottom of strata, m
Soil (Rubicon) 1.2 1.2

Sand 13.1 14.3

Clay, red 6.1 20.4

Galena dolomite 44.8 65.2

Maquoketa shale 39.0 104.2

Someko sand 41.9 146.1

Eau Claire shale Boring terminated at 146.1 m

An analysis of the water indicates that it is not corrosive.

Grain size analysis of Someko sand

U.S. sieve no. Wt. % retained
8 2
12 1
16 2
20 15
30 35
40 33
50 6
70 2
100 2
PAN 2
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EXTRACT FROM WELL LOG
Location: Pancake, TX (approx. 5.6 km west of Waffle)

Boring results (surface elevation at 323 m)

Depth, m Soil description
0-1.8 Soil (Selkirk)
1.8-8.2 Clay, red
8.2-54.0 Galena dolomite
54.0-92.0 Magquoketa shale
92.0-133.9 Someko sand
133.9 Well terminated in shale

Pumping test results

Static water level before pumping began: 38.7 m below grade
Drawdown in observation well 91.4 from test well pumped at 0.095 m?/s.

Time from start Drawdown from static
of pumping, min water level, m
20 2.00
100 2.68
1500 3.79

Your firm has been retained to develop plans for a well system for the Bastogne
Retirement Center. Using the design elements listed below Problem 4-22 and the fol-
lowing data, design the well system.

a. Population: 150

b. Demand: 400 Lpcd

c. Water is to be supplied from wells. No treatment will be provided.

d. Top of reservoir is 35.8 m above ground level

e. Friction losses + minor losses in piping from well to top of reservoir = 0.25 m
f. Water supply is to be chlorinated, but no other treatment will be provided.
TEST BORING RESULTS

Bastogne Retirement Center

Bore hole no. 3 (surface elevation: 164 m)

Strata Thickness, m Depth to bottom of strata, m
Soil (Emmet-Trenary) 1.5 1.5
Sandy loam 5.1 6.6
Silty clay 6.1 12.7
Clay 6.1 18.8
Unconsolidated sandy clay (water at 6.7 m) 75.6 94.4
Clay 30.5 124.9
Sand and gravel 45.7 170.6

Shale Boring terminated at 170.6 m
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An analysis of the water indicates that it is not corrosive.
Grain size analysis of sand and gravel

U.S. sieve no. Wt. retained, g
6 16.7
8 44.5
10 23.0
16 56.6
20 63.1
30 48.5
40 34.0
50 53.4
60 23.3
80 43.5
100 57.3
PAN 50.2
Total 494.1
EXTRACT FROM WELL LOG

Location: Mt Blanc (approx. 3 km east of Bastogne Retirement Center)
Boring Results (surface elevation at 158.5 m)

Depth, m Soil description
0-0.5 Sandy loam

0.5-0.9 Sandy clay loam

0.9-1.5 Silty clay

1.5-10.7 Clay

10.7-11.1 Sandy loam

11.1-11.7 Sandy clay loam

11.7-12.1 Unconsolidated sandy clay (water at 17.0 m)
12.1-103.6 Clay
103.6-152.5 Shale

Well terminated in shale at 152.5 m

Pumping test results

Static water level before pumping began: 2.4 m below grade
Test well pumped at 0.006 m’/s.
Drawdown in observation well 38.1 m from pumping well.

Time from start Drawdown from static
of pumping, min water level, m
1.0 0.42
2.0 0.53
4.0 0.69
8.0 0.79
10.0 0.85

20.0 0.96
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40.0 1.11
60.0 1.17
100.0 1.28
120.0 1.31
180.0 1.39
240.0 1.45

4-7 DISCUSSION QUESTIONS

4-1. An artesian aquifer is under pressure because of the weight of the overlying geologic
strata. Is this sentence true or false? If it is false, rewrite the sentence to make it true.

4-2.  For the following well boring log, identify the pertinent hydrogeologic features. The
well screen is set at 6.0-8.0 m, and the static water level after drilling is 1.8 m from
the ground surface.

Strata Depth, m Remarks

Top soil 0.0-0.5

Sandy till 0.5-6.0 Water encountered at 1.8 m
Sand 6.0-8.0

Clay 8.0-9.0

Shale 9.0-10.0 Well terminated

4-3.  For the following well boring log (Bracebridge, Ontario, Canada), identify the per-
tinent hydrogeologic features. The well screen is set at 48.0-51.8 m, and the static
water level after drilling is 10.2 m from the ground surface.

Strata Depth, m Remarks

Sand 0.0-6.1

Gravelly clay 6.10-8.6

Fine sand 8.6-13.7

Clay 13.7-17.5 Casing sealed
Fine sand 17.5-51.8

Bedrock 51.8 Well terminated

4-4.  Sketch the piezometric profiles for two wells that interfere with one another. Well A
pumps at 0.028 m>/s and well B pumps at 0.052 m>/s. Show the ground water table
before pumping, the drawdown curve of each well pumping alone, and the resultant
when both wells are operated together.
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5-1 INTRODUCTION

Principal components of the design of water and wastewater treatment plants are the selection of
appropriate chemicals, calculation of their dosage, selection of their physical state (gas, liquid,
or solid), how they are to be stored, how much is to be stored, and the type of feed equipment
to be used. The selection of appropriate chemicals and calculation of dosage will be discussed
in Chapters 6, 7, 13, 22, 23, 25, and 26. This chapter summarizes some of the alternatives and
design criteria for storage and handling as well as consideration of safety and security issues.

Of the over 50 chemicals used in treating water and wastewater, four chemicals have been
selected for illustration purposes: aluminum sulfate (alum), ferric chloride, lime (CaO), and chlo-
rine. Detailed discussion of the other chemicals may be found in Anderson (2005) and Metcalf
& Eddy (2003).

5-2  REDUNDANCY AND CAPACITY PROVISIONS

Redundancy

The requirement for redundancy is dependent on whether or not the application of the chemical is
noncritical and, therefore, interruptible or, critical, and, therefore, noninterruptible. Where chemi-
cal feed is necessary for the protection of the water supply or, in the case of wastewater, where
the receiving body could be permanently or unacceptably degraded, the chemical is considered to
be noninterruptible. For example, coagulants and chlorine in water supplies are noninterruptible
(GLUMRB, 2003). Chemicals used for corrosion control, taste-and-odor control, and fluoridation
are interruptible.

For small plants where one feeder may be adequate for the range of anticipated flows a mini-
mum of two feeders shall be provided for noninterruptible chemicals (GLUMRB, 2003 and U.S.
EPA, 1974). In larger plants, where it is necessary to have three or more feeders, there should
be one feeder for each application point plus one or more standby units in reserve of sufficient
capacity to replace the largest unit when a unit is out of service (GLUMRB, 2003).

Capacity

The required capacity of feeding equipment is based on two requirements: ability to meet the maxi-
mum dosage required and capability to feed that dosage at the maximum flow rate while still main-
taining reserve units. Multiple units of different capacity may be required because the minimum
feed rate may be less than that provided by the turn-down ratio, that is, the ratio of the maximum
feed rate to the minimum feed rate, of standard manufacturer’s equipment. This may be especially
true during low flows at the beginning of the design life of the plant. In this case, a larger number
of units may be required to cover the range of the feed equipment. It may be more economical to
plan chemical feed equipment for a shorter design life than the entire facility with an incremental
increase in the number of units or replacement of smaller units as the flow rate increases.

5-3 DELIVERY, HANDLING, AND STORAGE
Delivery and Handling

Dry Chemicals. For small plants, dry chemicals are purchased in bags or barrels and delivery
is by truck to a loading dock. For large plants, dry chemicals are delivered by truck or railcar.



CHEMICAL HANDLING AND STORAGE

Unloading may be accomplished by pneumatic equipment (blower or vacuum), screw conveyors,
or bucket elevators.

Pneumatic truck unloading is through a pipe conveying system. The trucks are equipped with
air compressors to off-load the chemical. The compressors are capable of providing air flow rates
of up to 20 m>/min. The design of the conveying system includes a truck inlet panel, piping to
the storage silo, a safety release valve, and a dust collector located on top of the silo. The piping
diameter is generally standardized at 100 mm with bends having a minimum radius of 1.2 m. The
maximum length of piping depends on the material. Pebble lime may be blown 30 m vertically if
the total length of pipe is less than 50 m. Powder can be transported over 90 m over a combined
vertical and horizontal distance (Anderson, 2005).

Liquid Chemicals. For delivery by tank truck, the plant design must provide labeled fill-pipe
connections with protective caps. To avoid adverse chemical reactions with residue in the pipe,
separate pipes are provided for each chemical. The pipe connection should be surrounded with a
concrete drip sump that has a chemically resistant coating.

To prevent accidental overflows, level indicators and high level audible alarms are provided
on the storage tank. The alarm should be mounted at the unloading station to alert the vehicle
operator.

For smaller deliveries of liquid chemicals in drums or carboys, loading dock and staging are
elements to consider for the delivery system. For very large plants, railcar delivery may need to
be considered.

Liquified Gases. Gases such as chlorine and ammonia are shipped as pressurized liquids.
Chlorine is shipped in containers of the following sizes: 70 kg cylinders, 900 kg cylinders,*
and railroad tank cars. It is important to note that the mass designation only refers to the mass
of chemical contained in the cylinders and does not reflect the additional mass of the container
itself. In all of the containers, liquid chlorine occupies a maximum of about 85 percent of the
volume when it is delivered. The 15 percent free space is to allow the chlorine to expand if the
container becomes warm.

The 70 kg cylinders are physically moved into the plant by a hand truck. The 900 kg cylin-
ders are moved by an overhead crane.

GLUMRB (2003) specifies that weighing scales shall be provided for weighing the chlorine
gas as it is used.

Storage

Suggested chemical storage requirements are listed in Table 5-1.

Dry Chemicals. Bins and silos can be designed with rectangular, square, hexagonal, or circu-
lar cross sections: the first three make optimum use of plant space, but the circular silo is less
susceptible to sidewall hang-ups that occur in bins and silos of other shapes (Anderson, 2005).
This is particularly true of chemicals, like lime, that are hygroscopic. Hopper bottoms should
have a slope of at least 60° from the horizontal; for the storage of lime, an even greater slope is

*In the United States, these cylinders are commonly referred to as “one-ton” cylinders because the contents weigh 1 short ton
in U.S. Customary units.
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TABLE 5-1
Suggested chemical storage provisions

Critical, Noncritical,
Provision Noninterruptible interruptible
Minimum storage volume 1.5 truck loads® 1.5 truck loads®
Minimum stock to be 30 10
maintained in days
Additional allowance 2 times shipping time 1.5 times shipping time
based on shipping

time in days

“ Because a full truck load is a normal delivery quantity, the extra 0.5 truck load provides a factor
of safety.
Data from Hudson, 1978, and GLUMRB, 2003.

desirable (Anderson, 2005). Provision of vibrators on the silo cone minimizes bridging. Relief
valves, access hatches, and dust collectors must be airtight as well as watertight to reduce the hy-
groscopic effects. Because the surface of the dry material is generally not level, exact inventory
level cannot be measured by systems that measure the height of material in the silo. The best and
most reliable method of keeping inventory is the installation of load cells to weigh both the silo
and its contents (Kawamura, 2000).

The design volume should be based on the purity and average bulk density of the chemical.
Purity and average bulk densities of some chemicals used in water and wastewater treatment are
given in Appendix A.

Example 5-1. Determine the lime storage volume required for the following conditions:

Average water demand = 0.18 m>/s
Maximum dosage = 200 mg/L as CaO
Shipping time = 1 week

Lime is an interruptible chemical

Assume the bulk density and purity of lime is the average of the values given in Appendix A.

Solution:

a. The average purity of lime from the range given in Appendix A is

(15+99) _ g0

b. The daily lime consumption is

(200 mg/L)(0.18 m*s)(10° L/m? )(86,400s/d)( #](10‘6 kg/mg) = 3,575 kg/d
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¢. From Table 5-1, an interruptible chemical should have a 10-day supply plus 1.5 times
the shipping time of one week. The mass to store is

(3,575 kg/d)(10 d + (1.5)(7 d)) = or 73,287.5 or 73,000 kg

d. Using the bulk density from Appendix A, the volume of lime to be stored is

73,287.5 kg

So0 ke~ 36:220r86 m’
g/m

Liquid Chemicals. The majority of storage tanks are located in the lower or basement areas
of the water treatment plants. If they are located out-of-doors, above ground storage rather than
underground storage is preferred as it allows the operator to inspect for leaks. The temperature
regimen of the tanks and the concentration of the solution should be considered carefully for
outside storage because some chemicals will crystallize. For example, a 50.7 percent commercial
liquid alum solution will crystalize at +8.3°C while a 48.8 percent alum solution has a crystal-
lization point of —15.6°C. In climates with severe cold weather, the storage tanks may have to
be heated.

The storage tank must have a liquid level indicator, vent, overflow line, access hatches, and
secondary containment capable of preventing uncontrolled discharge.

The storage tank design volume should be based on the solution strength and percent active
ingredient of the chemical. Characteristics of common liquid chemicals used in water and waste-
water treatment are given in Appendix A.

Secondary containment, that is, an additional tank that completely surrounds the primary
storage vessel, must be provided for liquids (Figure 5-1). Typical secondary containment consists
of a basin with dike walls sufficiently high that the volume of the secondary containment will
hold 100 percent of the volume of the single largest primary storage vessel in the containment

e N

Maximum fill level T
- l<«—=2—Leak
S
H W
B o c

Recommended relationship: H = B + C

Volume of containment = 100% of storage volume + 10% + freeboard Too low Too close
(a) Good indoor containment (b) Poor containment
FIGURE 5-1

Secondary containment relationships. Storage tanks placed out-of-doors must either have a roof or provide additional volume
for a 25-year, 24-hour rainfall.
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area plus a safety factor of 10 percent and freeboard. If the primary storage vessel is located
out-of-doors uncovered, the containment structure should be capable of holding 100 percent of
the volume of the largest vessel plus precipitation from the 25-year, 24-hour rainfall (40 CFR
264.193(e)). The secondary containment structure is constructed of concrete with a chemical
resistant coating. It should not have floor drains or penetrations for personnel entry, piping, con-
trol valves, electrical conduits, or other appurtenances.

The model facility provides secondary containment for bulk and day tanks, pumping equip-
ment, safety valves, and unloading piping associated with each chemical. Incompatible chemicals
are not stored in the same secondary containment structure. Motorized remote control components
should be considered to limit the number of times personnel must enter the containment area.

Day tanks are smaller tanks that are used to supply the chemical feeders or to make dilutions of
the higher concentration solution held in the bulk storage tanks. They allow more accurate measure-
ment of smaller volumes on an hourly, shift, of daily basis. The capacity of the day tank is nominally
sufficient that it can supply the maximum day volume of solution for a 24-hour period (a “day”), so
the operator only needs to service it once a day. Day tanks should hold no more than a 30-hour sup-
ply because of chemical degradation of the diluted solution over time (GLUMRB, 2003).

Example 5-2. Determine the alum storage volume required for the following conditions:

Average water demand = 0.18 m>/s
Maximum dosage = 60 mg/L as alum
Shipping time = one week

Alum is a noninterruptible chemical

Solution:
a. From Appendix A, alum is shipped as a 50% solution with 100% active ingredient.

b. At the maximum dosage, the daily mass of alum used is

(60 mg/L)(0.18 m*/s)(86,400s/d)(10°L/m>)(10™® kg/mg) =933.12 or 930 kg/d
¢. The mass of solution required is

933.12 kg/d

=1,866.24 or 1,900 kg/d
0.50

d. From Table 5-1, a noninterruptible chemical should have a 30-day supply plus 2 times
the shipping time. The mass to store is

(1,866.24 kg/d)(30 d + (2)(7d)) = 82,114.56 or 82,000 kg

e. Using the density of alum from Appendix A, the volume of solution to be stored is

m =61.28 or 61 m’
1,340 kg/m
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Liquified Gases. Gases are normally stored in their shipping containers. The recommended
standards for chlorine are provided here in detail because of the extreme hazard of the gas and the
wide use of chlorine gas for disinfection (GLUMRB, 2003):

* Chlorine gas feed and storage shall be enclosed and separated from other operating areas.
The chlorine room shall be:

* Provided with a shatter resistant inspection window installed in an interior wall,

e Constructed in such a manner that all openings between the chlorine room and the
remainder of the plant are sealed, and

* Provided with doors equipped with panic hardware, assuring ready means of exit and
opening outward only to the building exterior.
* The room shall be constructed to provide the following:
* Each room shall have a ventilating fan with a capacity that provides one complete air
change per minute,

* The ventilating fan shall take suction near the floor as far as practical from the door and
air inlet,

* Air inlets should be through louvers near the ceiling,

* Separate switches for the fan and lights shall be located outside the chlorine room and at
the inspection window,

e Vents from the feeders and storage shall discharge to the outside atmosphere through
chlorine gas collection and neutralization systems,

* Floor drains are discouraged. Where provided, the floor drains shall discharge to the
outside of the building and shall not be connected to other internal or external drainage
systems.

¢ Chlorinator rooms should be heated to 15°C and be protected from excessive heat.
 Pressurized chlorine feed lines shall not carry chlorine gas beyond the chlorinator room.

e A continuous chlorine sensor and alarm is recommended.

5-4 CHEMICAL FEED AND METERING SYSTEMS

Figure 5-2 provides a diagrammatic system for the classification of chemical feed systems.

Dry Chemical Feed Systems

A typical dry chemical feed system consists of a storage silo or day hopper, a feeder, a dissolv-
ing tank, and a distribution system as shown in Figure 5-3. Gravimetric feeders have an accuracy
range of 0.5 percent to 1 percent of the set feed rate. Volumetric feeders have an accuracy range
of 1 percent to 5 percent. Gravimetric feeders are preferred for chemicals with varying bulk
densities (Anderson, 2005).

5-7
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Chemical feeders

[ I
Dry feeders Liquid feeders

Peristaltic pump

Gas feeder

Vacuum regulator

Piston pump Rotameter
Diaphragm pump
Rotating dipper
Rotameter
I I Loss-in-weight
Gravimetric Volumetric
| |
Loss-in-weight belt Rotaing disc
Rotaing cylinder
Screw
Ribbon
Belt
FIGURE 5-2
Chemical feed systems.
Dust Fill pipe
collector (pneumatic)
Dust
Bulk storage collector
bin Bag
Screen fill
with  —— T
breaker \L ]
. Day hopper for
Bin gate dry chemicals
I— Flexible from bags
/conneclion or drums
Alternative supplies depending on storage
Watfl:r Dust and vapor Feeder
_SupPPly | remover | [ Scale or
le chut
Drain Control  Solenoid | Baffle sample chute
valve valve :’_
Rotameter . . .
Dissolver Gravity to application
; Level
Pressure reducing :|
valve I probes
Holding
tank
g
Water supply Pump to use
FIGURE 5-3

Dry chemical feed system. (Source: Metcalf & Eddy, 2003.)
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TABLE 5-2
Dry feeder characteristics
Capacity Turn-down
Type of feeder Application m’/h ratio Remarks
Gravimetric
Loss-in-weight Granules, powder or lumps 6% 10 *t02 100:1
Continuous belt Dry, free-flowing granules 6 X 10 410 0.06 100:1 Use hopper agitator
to maintain constant
density
Volumetric
Rotating disc Dry, free-flowing granules or powder 3x10 %01 20:1 Use disk unloader for
arching
Rotating cylinder Dry, free-flowing granules or powder 0.2 to 60 10:1
Screw Dry, free-flowing granules or powder 1xX10%t01 20:1
Ribbon Granules, powder or lumps 6 X 1077 to 10:1
5x107°
Belt Dry, free-flowing granules or powder 3% 10 085 10:1

up to 3 cm size

Adapted from Hudson, 1981, and Kawamura, 2000.

The characteristics of dry chemical feeders are summarized in Table 5-2.

Gravimetric Feeders. There are two types: loss-in-weight and belt-type. The loss-in-weight
type uses a feed hopper suspended from scale levers, a material feed control mechanism, and
a scale beam with a motorized counterpoise. The rate of weight loss of the hopper equals the
weight loss equivalent of a traveling counterpoise when the feeder is in balance. If it does not, the
scale beam deflects and the feed mechanism adjusts the feed rate.

A feed hopper and control gate regulate the flow and depth of material on the belt-type
feeder. A scale counterpoise is adjusted to establish the desired belt loading. The gate releasing
material and the speed of the belt are adjusted to produce the desired flow of material.

The loss-in-weight type feeder capacity is limited to about 400-500 kg/h. The belt-type feeders
have capacities of 225 Mg/h and up.

Volumetric Feeders. The volumetric feeders provide good overall performance at low feed
rates and acceptable accuracy for materials with stable density and uniformity. They do not per-
form well when the density of the material is not stable or is hygroscopic. They must be cali-
brated frequently.

Lime Slakers. Slaking means combining water with quicklime (CaO) in various proportions to
produce milk of lime or a lime slurry. Lime feed systems combine the addition of the chemical
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and mixing it with water into one system. They include a quicklime feeder, water control valve,
grit removal device, and a reaction vessel.

The slaking reaction is highly exothermic. The reaction vessel is designed for the high
heat release rate. It is completely contained to protect the operator from “boil up” of the
slurry.

Example 5-3. Select a feeder for the lime described in Example 5-1. The quicklime is lumpy.

Solution:

a. From Example 5-1, the average purity of lime is 87% and the daily lime consumption is
3,575 kg/d.

b. The feeder must be capable of handling a lumpy material. The first choice of feeder from
Table 5-2 is “loss-in-weight.”

c. Check the capacity:

(3,575 kg/d)( ! j ! =0.18 m’h
24 hAd )| 850 kg/m®

where 850 kg/m3 is the average bulk density of lime from Appendix A. This is within the
operating range of 6 X 10~ % to 2 m*/h for the loss-in-weight feeder.

Liquid Feed Systems

A typical liquid feed system consists of a storage tank and/or a day tank, pump, meter, and distri-
bution system as shown in Figure 5-4.
The characteristics of liquid chemical feeders are summarized in Table 5-3 on page 5-12.

Piston and Diaphragm Pumps. The capacity of these pumps depends on the stroking speed
and the length of the stroke. In contrast to the piston pump where the piston is in direct contact
with the chemical, diaphragm pumps, as the name implies, use the movement of a diaphragm to
move the fluid.

Progressive Cavity Pumps. These pumps use a combination of an eccentric rotation of a shaft
combined with stator elements to move the fluid. They are particularly suited to moving viscous,
shear sensitive fluids, pastes, and gritty slurries.

Eductors. A stream of water passing through a venturi in the eductor creates a vacuum that
draws the liquid chemical into the eductor. Because the eductor is incapable of flow rate control,
the chemical must be metered in some fashion. This system has found success in moving lime
slurry from a slaker to a mixing system.
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Liquid chemical feed system.

Notes:

1. Tanks, horizontal or vertical.
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TABLE 5-3

Liquid feeder characteristics

Capacity Turn-down
Type of feeder Application m>/h ratio Remarks
Proportioning pump
Peristaltic Most solutions 10 %0 1073 10:1 Flow rate very sensitive to changes in head
Positive displacement
Piston at low feed Most solutions, light 3x10 %05 10:1¢ Higher turn-down ratio leads to inaccuracy
slurries
Diaphragm at low feed ~ Most solutions 1x10* 3to 10:1 Higher turn-down ratio leads to inaccuracy
4 X 10"

Rotating dipper

Most solutions or slurries 3 X 10 3 t0 0.8 100:1

Nonpositive displacement

Rotameter

Loss-in-weight

Clear solutions 1X10*to 10:1 Calibrated valve
5%x1073

Most solutions 6X 107 t0 30:1 Tank with control valve
6x1073

“Although manufacturers sometimes claim the capability of high turn-down ratios (i.e., 100:1) by using a combination of stroke length and speed, pumps
should be sized so that the turn-down ratio does not exceed 10:1 to ensure accuracy at low feed rates (Anderson, 2005).

Peristaltic Pumps. These pumps use a rotating cam to create successive waves of contrac-
tion on a flexible tube to move the fluid. They are particularly well suited to small flow rates of
chemical on the order of a few milliliters per minute up to about 1 L per minute.

Gas Feed System

A conventional gas feed system for chlorine, called a chlorinator, is shown in Figure 5-5. It
consists of an inlet pressure reducing valve, a rotameter, a metering control orifice, a vacuum
differential regulating valve, and a venturi injector. The vacuum created by the chlorine injector
moves the gas from the storage cylinders to the injection system. Evaporators may be used on
very large systems.

The chlorine passes through the rotameter that measures the gas flow rate, then through a
metering or control orifice. A vacuum differential regulator is mounted across the control orifice
to stabilize the flow for a particular setting of the orifice. Current design practice is to locate the
vacuum regulators as close as possible to the storage containers to minimize the amount of pres-
surized gas piping in the plant.

Typically, the control orifice has a range of 20 to 1, and the vacuum differential regulator
has a range of about 10 to 1. The overall range is thus about 200 to 1. Because rotameter ranges
are generally limited to about 20 to 1, their selection controls the actual operating range without
changing rotameters (Anderson, 2005).

To maintain an inventory of the chemical remaining in a cylinder, it is placed on a scale be-
fore being put into service. The weight is noted periodically.
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Differential regulating
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FIGURE 5-5

Flow diagram for conventional chlorinator.
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5-5 CHEMICAL COMPATIBILITY

It is not intended here to present an exhaustive list of incompatible chemicals but rather to
highlight combinations that may lead to violent reactions. Many others used in water and waste-
water require care. In particular, the design should provide sufficient piping and storage vessels
that the potential for residues from prior-use chemicals reacting with new-use chemicals is
minimized.

Because there is a tendency for water of crystallization from alum to slake lime, it is impera-
tive that mixture of these two chemicals be avoided. In a closed container, this combination may
lead to a violent explosion. For the same reason, ferric sulfate and lime should not be mixed
(Anderson, 2005). Mixtures of potassium permanganate and ferric chloride will form toxic chlo-
rine gas (Kawamura, 2000).

An abbreviated list of incompatible chemicals is presented in Table 5-4. A rigorous search
for chemical combinations not shown in Table 5-4 is recommended as part of the design
process.

5-6 MATERIALS COMPATIBILITY

For very corrosive chemicals such as ferric salts, sodium hypochlorite, and sodium hydrox-
ide, nonmetallic materials are preferred. These include fiberglass-reinforced plastic (FRP)
and various forms of polyethylene (PE) such as high-density, cross-linked polyethylene
(HDXLPE).

Polyvinyl chloride (PVC), polypropylene, rubber-lined steel and type 316 stainless steel are
used for alum. In warm climates where the temperature of liquid alum may exceed 50°C, chlori-
nated polyvinyl chloride (CPVC) is recommended.

Lime and soda ash can be stored in concrete or mild steel silos.

Suitable materials for storage containers for other chemicals are listed in Appendix A. Rec-
ommended materials for piping are given in Table 5-5.

TABLE 5-4

A short list of incompatible chemicals used in water and wastewater treatment

Chemicals Keep out of contact with: Remarks
Activated carbon Oxidizing agents such as chlorine, Potential for fire

hypochlorites, potassium permanganate,
sufuric acid

Alum Lime, milk of lime—Ca(OH), Violent exothermic reaction

Ammonia Concentrated chlorine and Violent exothermic reaction
chlorine compounds

Ferric chloride Potassium permanganate Formation of chlorine gas

Fluorine compounds All chemicals Etches glass

Sulfuric acid Strong bases, light metal compounds Violent exothermic reaction

containing potassium and sodium
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TABLE 5-5
Recommended materials for piping

Piping material

Iron  Type Type Fiberglass-reinforced
or 316 304 polyester Rubber

Chemical steel stainless stainless Copper PVC—type 1 (FRP) Polypropylene tubing Glass
Activated carbon (slurry) X X X
Alum NR S NR S X X X
Ammonia, aqua S X
Calcium hydroxide (slurry) S X X X X X
Calcium hypochlorite X X X
Carbon dioxide (dry) S X X X X X X X
Chlorinated copperas X X
Chlorine (dry gas) S X NR NR
Chlorine solution NR NR NR S X X
Chlorine dioxide (3% soln.) X X
Coagulant aids Consult manufacturer—generally not corrosive
Copper sulfate X S X X X
Dolomitic lime (slurry) X X X X X X
Ferric chloride NR NR NR NR S X X X X
Fluosilicic acid NR NR NR X X NR
Hydrochloric acid NR NR NR NR X X X X
Potassium permanganate (2% soln.) X X X X X
Sodium carbonate (soln.) S X X X X
Sodium chloride X X X X X
Sodium chlorite X X X X
Sodium fluoride (1% to 5% soln.) X X X X X
Sodium hexametaphosphate (soln.) X X X X
Sodium hydroxide (to 50% soln.) X X X X X X X
Sodium hypochlorite (to 16% soln.) S X X X
Sodium silicate S X X X X X X
Sodium silicofluoride X X X
Sulfur dioxide (dry gas) X X X X
Sulfur dioxide (soln.) X
Sulfuric acid (conc.) S
Sulfuric acid NR S X X X X

Key: S = Industrial standard or excellent for handling
X = Suitable for handling
NR = Not recommended

Source: Anderson, 2005.
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The following example illustrates the complete design of the storage and handling system for one
chemical.

Example 5-4. Design the coagulant chemical handling and storage system for Boiling Water,
Arizona using the following design data:

Average daily design flow rate = 38,000 m>/d
Coagulant = ferric chloride

Maximum dosage = 50 mg/L as FeClj
Shipping time = 1 week

Summer temperature frequently exceeds 40°C

Solution:
a. Off-loading piping
From Table 5-5, select a 100 mm diameter schedule 80 PVC pipe with a notation to
check manufacturer’s data for temperature limitations.

b. Storage tank

(1) From Appendix A select FRP for tank material. The tank should be located indoors
in a cool location.

(2) From Appendix A, note that ferric chloride is shipped as a 40% solution with
100% active ingredient. At the maximum dosage, the daily mass of ferric chloride
used is

(50 mg/L)(38,000 m*/d)(10°L/m*)(107% kg/mg) = 1,900 kg/d

and the mass of solution required is
1 k
L1900k _ 4 750 keid
0.40

(3) Noting, from Table 5-1, that coagulants are noninterruptible, the volume to be held
in two tanks for redundancy is 30-days supply plus two times the shipping time.

(4,750 ke/d)(30 d + (2)(7d)) = 209,0000 kg

(4) Using the density of ferric chloride from Appendix A, the volume of solution to be
stored is

209,000 kg

- =145.14 or 150 m’
1,440 kg/m
c. Feeder
Two feeder pumps are required to meet redundancy requirements.

From Table 5-3, a piston metering pump with PVC or PE coated piston is selected.
Checking the capacity
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1 1
(4,750 kg/d)( ] =0.14 m’h
24 h/d )\ 1,440 kg/m®

where 1,440 kg/m3 is the density of ferric chloride from Appendix A. This is in the op-
erating range of 3 X 10"*to 5 m*h.

d. Transfer piping
From Table 5-5, select a 50 to 100 mm diameter schedule 80 PVC pipe.

e. The arrangement of the system is shown in Figure 5-4.

5-7 DESIGNING FOR SAFETY AND HAZARDOUS CONDITIONS

Table 5-6 provides a general overview of safety requirements and protective measures for han-
dling chemicals. Many of these measures are to be implemented by the operators, but several
require design provisions. Material Safety Data Sheets (MSDS) provided by the manufacturer of
the chemical provide more detailed information on its safe handling. Another general reference
for chemical safety, exposure limits, and incompatibilities is NIOSH Pocket Guide to Chemical
Hazards (NIOSH, 2003).

The Emergency Planning and Community Right-to-Know Act (EPCRA), also known as
Title IIT of the Superfund Amendments and Reauthorization Act (SARA), requires facilities
with chemicals above the thresholds given in Table 5-7 to report this to the State Emergency
Response Commission (SERC) and coordinate with the appropriate Local Emergency Planning
Commission (LEPC). Construction of a new facility exceeding these amounts requires that the
owner notify the SERC and LEPC. Operating and maintenance manuals should address these
issues.

In many communities, chlorine gas is the most hazardous substance in substantial quan-
tity in the community. Not only is it a hazard because of potential accidental release from
delivery through application to the water supply, but it also is a security hazard. Although it
is more expensive, sodium hypochlorite (NaOCl) is being used to replace gaseous chlorine to
reduce the hazard that gaseous chlorine poses. Many water treatment plants are using alterna-
tive disinfectants, such as ultraviolet (UV) radiation and ozone, to reduce the need for large
amounts of chlorine. Wastewater treatment plants have implemented the use of UV for the
same reason.

5-8 OPERATION AND MAINTENANCE

The major issues in operation and maintenance are safety programs and training, preventive
maintenance, good housekeeping, and good record keeping.

Because the concentrated chemicals used in water and wastewater treatment are for the most
part harmful to human health, formal safety programs are essential. This includes periodic hands-
on training, provision of appropriate safety equipment in accessible locations, and provision of
personal protective equipment (PPE).

5-17



8I-S

TABLE 5-6

Protective measures for water & wastewater treatment chemicals

Protective equipment required

z g ¢ s £ gz

Chemical (D = dry; :% é 512 % ._‘\é E g g Eug 5 “:5 % g .”g é E‘ E‘

L = liquid; G = gas) £2 &£2 2z © & & & £ & & & <8 &g Remaks

Activated alumina (D) | Store away from gasoline, mineral or
vegetable oils, calcium hypochlorite (HTH),
lime, sodium chlorite, or potassium
permanganate

Activated carbon

Powder (D) | | | | | | | | | | | |
Granulate (D) | | | u

Alum sulfate (D) | | | | | | | | | | | | | Similar to other acids

Alum sulfate (L) | | | | |

Ammonium hydroxide (L) | ] ] Moist NHj reacts with many metals and
alloys—Iliquid contact produces burns

Ammonium sulfate (D) | | | | | | | | | | | | | | See alum sulfate above

Anhydrous ammonia (G) | || ] | ] ] ] ] Fire sprinklers and water hoses effective in
removing gas

Bauxite (D) | | ] ]

Bentonite (D) | |

Calcium carbonate (D) | |

Calcium hypochlorite (D) | | | | | | | | |

Carbon dioxide (G) | | | |

Chlorine (G) | | | | u | Avoid contact with hydrogen or organic
compounds or other flammable materials

Chlorine dioxide (G) | | | | | | | | | | | | | Solution is corrosive

Copper sulfate (D) | | | | | | | | | Very corrosive

Ferric chloride (D) | | | | | | | | | | | | | | | | | | Very corrosive

Ferric sulfate (D) | | | | | | ] | | | | | | | | | | | |

Ferrous sulfate (D) | | | | | | | | | |

Ferrous sulfate (L) | ] | | | | | | | | |

Fluorosilicic acid (L) ] ] ] | ] [ | ] [ | | ] ] Have lime slurry on hand

Fluorspar (D) L] u u L] L] | | | Etches glass when moist
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Protective equipment required

Chemical (D = dry; é é § é % § % % %:ﬁ § :§ '3‘} E % é 5 5

L = liquid; G = gas) £ 2 £3 z o 5 & 8 £ & & 3 zZ 3 & 5  Remarks

Hydrated lime (D) u | u u | u | u | Can burn eyes or skin
Hydrochloric acid (L) | ] | ] ] [ ] [ ] [ ]

Iron-exchange resins (D) L] | L] u u Hydrogen cation resins are acidic
Ozone (G) | ]

Potassium permanganate (D) L] u u L] L L Large quantities present fire hazard
Quicklime (D) u u u u u u Can burn eyes or skin

Sodium aluminate (D) ] | |

Sodium aluminate (L) | ] | [ |

Sodium bisulfate (D) | ] ]

Sodium carbonate (D) | ] | [ ] [ ]

Sodium chloride (D) | ] | | ] ] Can dehydrate skin

Sodium chlorite (D) ] u ] | u Rinse any spills immediately with water
Sodium fluoride (D) ] | | | ] | | u |

Sodium polyphosphate, glassy (D) H n u | |

Sodium hydroxide (D) || u u | | u | n | |

Sodium hydroxide (L) u | | u | | |

Sodium hypochlorite (L) L] L u u u | | | u |

Sodium silicate (D) |

Sodium fluorosilicate (D) ] n | | ] | ] | |

Sodium sulfite (D) ] | ] |

Sodium dioxide (G) | | | | ]

Sulfuric acid (L) ] ] ] ] ] ] [ ] [ ]

Adapted from Anderson, 2005.
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TABLE 5-7
EPCRA threshold planning quantities

Threshold planning
Chemical quantity, kg
Chlorine 45
Chlorine dioxide Not listed
Anhydrous ammonia 225
Aqua ammonia Not listed
Hydrogen peroxide (52%) 450
Sulfuric acid 450
Ozone 45

Preventive maintenance includes regularly scheduled times for equipment to be taken out
of service for replacement of worn parts, calibration, and so on. Frequently, this type of work
is scheduled in the winter to take advantage of low flows. In addition, feeders, feed lines, and
instrumentation are to be checked routinely during each shift.

Good housekeeping includes prompt cleaning of spills and removal of chemical dust.

Although regulatory agencies will dictate that certain records be kept, operation of the plant
often requires more information than is reported. For example, the status of the chemical inven-
tory and the operating performance of each piece of the chemical handling and feeding equip-
ment should be logged and conveyed to the next shift operator (Kawamura, 2000).

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

Schedule 80 PVC and CPCYV are the most commonly used materials for sodium hypochlo-
rite piping. Early installation of these systems failed because of leaks at the solvent welded
joints. Special glues designed for use with NaOCIl must be used to guard against this type of
failure.

* Quicklime storage silos should always be cylindrical. Because of its hygroscopic nature,
lime will invariably cake in the silo. In one case, the working volume of a 200 Mg square
silo was effectively reduced to 35 Mg. Vibration and other attempts to loosen the caked
material were ineffective. The additional expense of a cylindrical silo will be repaid many
times by the reduced O&M costs of trying to loosen the caked lime.

* As shown in Figure 5-6, place the slaker directly beneath the lime storage silo to minimize
dust in transporting the lime to the slaker.

* Grit in the lime can be removed after slaking by the simple expedient of placing a milk
crate lined with hardware cloth in the exit stream (Figure 5-6).

* Transport the slaked lime to the mixing device with an eductor and flexible hose (Figure 5-6).
Pumps will cake with lime, and rigid pipes will clog. The eductor eliminates moving parts,
and the flexible pipe makes it easy to spot blockages and either break them in place or quickly
replace a section for out-of-service cleaning.
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FIGURE 5-6
Lime materials storage, handling, and feed system. Two feeder slaker units are required for redundancy.
Both may serve one silo. Transfer from the silo to day bins may also simplify measuring chemical usage.

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

5-9 CHAPTER REVIEW

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

1. Given the plant capacity and/or the scenario for discharge, determine the number of
feeders required.

2. Describe a method for covering the range of feed capacities required when the turn-
down ratio of the feeder may not be sufficient.

3. Explain why the liquid chlorine level in chlorine tanks is nominally at 85 percent of the
volume of the tank.

b

Explain the difference between interruptible and noninterruptible chemicals and give
examples of each.


www.mhprofessional.com/wwe
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5. Describe a method to keep track of the inventory in a dry chemical silo.

8.
9.

Explain why the percent concentration of some liquid chemicals is important in han-
dling and storage.

Given the plans for secondary containment of a storage area, identify the components
that would need to be checked to meet acceptable design criteria.

Explain the purpose of a day tank.
Define MSDS.

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

10.
11.
12.

13.
14.

5-10

5-1.

5-2.

5-3.

Design a chemical storage tank or silo.
Design a secondary containment system given the dimensions of a storage tank or silo.

Examine a set of drawings to verify safety features for a chlorine gas feed and storage
system.

Select an appropriate feeder for a given chemical.

Given a chemical and material or two chemicals, use appropriate charts to determine
whether or not they are incompatible.

PROBLEMS

Design a storage silo for lime for a water treatment plant with a design average day
capacity of 0.23 m>/s. The maximum dose is estimated to be 133 mg/L as CaO.

The local supplier has current contracts with other munlclpahtles that specify

85% purity and an average bulk density of 960 kg/m Shipping time is

normally two weeks. Provide a dimensioned drawing of the silo with recom-
mended appurtenances.

Design a storage s110 for soda ash for a water treatment plant with a design average day
capacity of 0.23 m 3/s. The maximum dose is estimated to be 106 mg/L as NayCOs. The
local supplier has current contracts with 0ther municipalities that specify 99% purity
and an average bulk density of 800 kg/m Shipping time is normally 10 working days.
Provide a dimensioned drawing of the silo with recommended appurtenances.

Mule Shoe is to provide fluoride to augment the natural fluoride in the water supply.
The natural fluoride concentratlon is 0.25 mg/L. The design concentration is 1.0 mg/L.
The flow rate is 0.057 m*/s. The municipal water authority has decide to use

45 kg polyethylene kegs of fluorosilicic acid (H,SiFg) provided by the chemical
supplier as their storage system. Commercial strength is 40% H,SiF¢. Estimate the
number of kegs they must store if delivery is once a month.

For safety and security reasons, the city of Alum Rock has decided to replace its chlo-
rine gas disinfection system with a sodium hypochlorite (NaOCl) system. You have
been tasked with the design of the storage tank(s) for sodium hypochlorite that is to
replace the gas cylinders. The existing storage system consists of twelve 900 kg
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chlorine gas cylinders. These are housed in a room thatis 11.5m X 7m X 3.3 m.
Assume that the chlorine gas is 100% pure and that commercial NaOCl will provide
12% available chlorine. Specify the dimensions of the tank(s) and the materials for
constructing an equivalent sodium hypochlorite storage system. Provide a dimensioned
drawing of the tank(s) with recommended appurtenances and show how they will fit in
the existing chlorine room. Assume the density of 12% NaOCl is 1,210 kg/m and that
a 1.0 m clearance between the top of the tank and the ceiling is required.

Determine the s1ze (in m /hour) and number of diaphragm pumps to feed ferric chlo-
ride for a 3,800 m*/d water treatment plant. The optimum dose selected is 50 mg/L.
Ferric chloride may be obtained in a liquid form that is 40% pure. The density of this
solution is 1.415 kg/L.

Black Gold is to expand their water treatment plant because of a major increase in
population due to the discovery of oil in the county. Lime is used to adjust the pH of
their coagulation process. The estimated dosage range from the opening of the plant
until it reaches 1ts design life is 3 to 150 kg/h. The bulk density of lime is approxi-
mately 960 kg/m Select an appropriate type of feeder or combination of feeders
from the list below.

Capacity Turn-down
Feeder type Model m’/h ratio
Loss-in-weight A-1 0.06 100:1
A-2 2.0 100:1
Continuous belt B-1 0.03 10:1
B-2 0.06 10:1

A chlorinator needs to be selected to complete the design of the disinfection facili-
ties for Camp Verde. The average chlorine dose required is estimated to be 2.0 mg/L.
The max1mum dose required is estimated to be 10 mg/L. The average flow rate is
0.23 m>/s. The available chlorinators are listed below. Each rotameter has a turn-
down ratio of 20:1. Select the appropriate model and rotameter(s).

Capacity, Rotameter
Model kg/d rating, kg/d

V-1 225 45
90

135

180

225

V-2 900 45
115

225

450
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DISCUSSION QUESTIONS

A small batch coagulation plant did not receive the expected shipment of alum on
time. However, they have lime (CaO) available, if they could use it. Can they use it

as a substitute? Explain why or why not. Mention any safety precautions.

In Figure P-5-2, identify design items that are either wrong or that are missing.

Type 304

Quick
connect,
typical

TS

stainless \

Bolted
manhole

Batch meter

Alum storage tank

Flushing
connection,
typical
Pressure
transmitter
N
M
S Provide
cap for
future
connection

Y

Mixing pump

FIGURE P-5-2

Bulk chemical storage area

Utility water

Calibration reservoir
and valves, typical

Pulsation dampener
and pressure gauge,
typical

Flushing
connection, typical

Sample drain,
typical

Operations building chemical feed room
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6-1 INTRODUCTION

Coagulation and flocculation are essential components of conventional water treatment systems
that are designed to

* Remove infectious agents,
* Remove toxic compounds that have adsorbed to the surface of particles,
* Remove precursors to the formation of disinfection byproducts, and

* Make the water palatable.

Surface water supplies contain organic and inorganic particles. Organic particles may include
algae, bacteria, cysts of protozoa, oocysts, and detritus from vegetation that has fallen into the
water. Erosion produces inorganic particles of clay, silt, and mineral oxides. Surface water will
also include particulate and dissolved organic matter, collectively referred to as natural organic
matter (NOM), that is a product of decay and leaching of organic detritus. NOM is important
because it is a precursor to the formation of disinfection byproducts.

Groundwater treated to remove hardness, or iron or manganese, by precipitation contains
finely divided particles.

Both the precipitates and the surface water particles may, for practical purposes, be classi-
fied as suspended and colloidal. Suspended particles range in size from about 0.1 pm up to about
100 wm in diameter (Figure 6-1). Colloidal particles are in the size range between dissolved sub-
stances and suspended particles. They are in a solid state and can be removed from the liquid by
physical means such as very high-force centrifugation or by passage of the liquid through filters
with very small pore spaces. Colloidal particles are too small to be removed by sedimentation or
by sand filtration processes.

The object of coagulation (and subsequently flocculation) is to turn the small particles into
larger particles called flocs, either as precipitates or suspended particles. The flocs are readily
removed in subsequent processes such as settling, dissolved air flotation (DAF), or filtration.
For the purpose of this discussion coagulation means the addition of one or more chemicals to

Giardia cysts
Viruses
Cryptospoiium oocysts
Algae
Bacteria
| Fog I Mist I Rain
Pollens
Human hair
Visible to eye
Screen mesh
| | | |
0.01 0.1 1 10 100 1000
Particle size, um
FIGURE 6-1

Particulates in water and miscellaneous other reference sizes.
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condition the small particles for subsequent processing by flocculation.* Flocculation is the
process of aggregation of the destabilized particles and precipitation products.

6-2 CHARACTERISTICS OF PARTICLES

Electrical Properties

The most important electrical property of the colloidal and suspended particles is their surface
charge. This charge causes the particles to remain in suspension without aggregating for long
periods of time. Surface water particle suspensions are thermodynamically unstable and, given
enough time, they will flocculate and settle. However, the aggregation process is very slow, and
the particles cannot be removed by sedimentation in a reasonable amount of time, that is, a short
enough time that would allow production of a sufficient amount of water for a community of
more than a few people.

For most particles in water the sign of the charge is negative (Niehof and Loeb, 1972; Hunter
and Liss, 1979). This charge arises in four principal ways (Stumm and Morgan, 1970):

* Jonization. For example, silica has hydroxyl groups on its exterior surface. Depending on
the pH, these can accept or donate protons:

—Si—-OH; = -Si—-OH=-Si—0"
pH <<2 pH=2 pH >>2

* Adsorption. In this case, a solute becomes bound to the solid surface, for example, a humic
acid or natural color on a silica surface. These large macromolecules have carboxylic acid
groups that dissociate at pH values greater then 5 to form negative ions.

* Isomorphous replacement. Under geologic conditions, the metal in a metal oxide is re-
placed by a metal atom with a lower valence. For example, if, in an array of solid SiO,
tetrahedra, an Si atom is replaced by an Al atom (Al3+ has one less electron than Si4+), the
lattice becomes negatively charged.

o Structural imperfections. In the formation of the mineral crystal, bonds are broken on the
edge of the crystal. These lead to development of surface charge.

Electrical Double Layer. A colloidal dispersion in solution does not have a net charge. This is
because the negatively charged particles accumulate positive counterions on and near the particle
surface. Thus, as shown in Figure 6-2, a double layer forms. The adsorbed layer of cations (known
as the Helmholtz layer or the Stern layer) is bound to the particle surface by electrostatic and adsorp-
tion forces. It is about 0.5 nanometers (nm) thick. A loose diffuse layer forms beyond the Helmholtz
layer. The double layer (Helmholtz plus diffuse) has a net negative charge over the bulk solution.
Depending on the solution characteristics, it can extend up to 30 nm into the solution (Kruyt, 1952).

Zeta Potential. When a charged particle is placed in an electric field, it will migrate to the pole
of opposite charge. This movement is called electrophoresis. As the particle moves, a portion of
the water near the surface moves with it. This movement displaces the ion cloud and gives it the

*Although the conditioning of colloidal and suspended matter is the primary function of the coagulation process, the precipita-
tion of dissolved NOM is a concurrent objective.

6-3
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Surface charge on a particle in water.

shape shown in Figure 6-3. The electric potential between the shear plane and the bulk solution is
called the zeta potential. 1t is noted in Figure 6-2. The zeta potential is calculated as

0
7= kb (6-1)
€ &0

where Z = zeta potential, mV

W = electrophoretic mobility, (pm/s)/(V/cm) = vg/E
£ = electrophoretic velocity of migrating particle, pm/s
E = electric field at particle, V/cm
k, = shape constant of 4 or 67
18
€

=

= dynamic viscosity of water, Pa - s
= permitivity relative to vacuum
= 78.54 for water
£y = permitivity in vacuum
= 8.854188 X 102 N/V?

The values for electrophoretic mobility for particles in natural water vary from about —2 to
+2 (wm/s)/(V/cm). The constant k. is 4 if the extent of the diffuse layer is small relative to
the curvature of the particle. It is 67 where the particle is much smaller than the thickness of the
double layer (MWH, 2005).

Empirically, when the absolute value of the zeta potential is reduced below about 20 mV,
rapid flocculation occurs (Kruyt, 1952).

Particle Stability. Particles in natural waters remain stable when there is a balance between the
electrostatic force of the charged particles and attractive forces known as van der Waals forces.
Because the particles have a net negative charge, the principal mechanism controlling stability is
electrostatic repulsion.
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FIGURE 6-3
Schematic illustration of electrophorsis. Charged particle movement in an applied electric field. Note that each particle
drags a cloud of ions with it.

Van der Waals forces arise from magnetic and electronic resonance when two particles
approach one another. Because the double layer extends further into solution than the van der
Waals forces, an energy barrier is formed that prevents particles from aggregating.

The theory of particle to particle interaction is based on the interaction of the attractive and
repulsive forces as two particles approach each other. The theory is known as the DLVO theory after
the individuals who developed it (Derjaguin and Landau, 1941; Verway and Overbeek, 1948).

The DLVO model concept is illustrated in Figure 6-4. The left and right ordinate represent the
respective surfaces of two particles. The diagrams show the forces acting on the particles as they move
toward each other. Two cases are shown. The van der Waals attractive force is the same in both cases. In
case (a), the repulsive force from the electrostatic force exceeds the attractive force, and the net energy
is repulsive. If the particles aggregate at all, it will be a loose aggregation at a distance of 4/k, where k is
the double layer thickness. This aggregation can be ruptured easily because the net force holding them
together is weak. The particles will not aggregate strongly because of the energy barrier. In case (b), the
repulsive force is less and the resultant net energy is zero. The particles will aggregate strongly because
the resultant attractive forces become stronger as the particles close on one another.

6-3 COAGULATION THEORY

Coagulants

Inorganic coagulants used for the treatment of potable water exhibit the following characteristics:

* They are nontoxic at the working dosage.

6-5
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sion curve no. 1 and net energy curve no. 1 result when no coagulant is present. Coagulant
reduces the repulsion to curve no. 2.

* They have a high charge density.

* They are insoluble in the neutral pH range.

The inorganic chemicals commonly used in the United States are listed in Table 6-1. They
are classified as hydrolyzable metal cations. In the United States, the predominant water treat-
ment coagulant is aluminum sulfate or “alum.” It is sold in a hydrated form as Al>(SOy); - xH,O
(where x is usually 14), because it is the least expensive coagulant (MWH, 2005).

Polyelectrolytes such as polydiallyldimethyl ammonium chloride (poly-DADMAC) and epi-
chlorohydrin dimethylamine (epi-DMA) are the typical organic coagulants used in water treat-
ment in the United States (MWH, 2005). Their chemical formulae are summarized in Table 6-2.
They are water soluble and cationic.

Physics of Coagulation

There are four mechanisms employed to destabilize natural water suspensions:
» Compression of the electric double layer,
* Adsorption and charge neutralization,
* Adsorption and interparticle bridging, and

* Enmeshment in a precipitate.

Although these mechanisms are discussed separately, in practice several mechanisms are
employed simultaneously.



TABLE 6-1

Frequently used inorganic coagulants

COAGULATION AND FLOCCULATION

Molecular weight,

Coagulant Chemical formula g/mole Remarks
Aluminum sulfate Aly(SOy)3 - 14H,O 594 Hg contamination may
be of concern
Sodium aluminate NayAl,O4 164 Provides alkalinity and
pH control
Aluminum chloride AlCl; 133.5 Used in blends with
polymers
Polyaluminum chloride Al(OH),(CI),(SO4), Variable “PACI” used when
Hg contamination is a
concern
Polyaluminum sulfate Al,(OH)(C1),(SO4), Variable “PAS” used when Hg
contamination is a
concern
Polyiron chloride Fe,(OH),(CI),(SOy4), Variable
Ferric chloride FeClj 162.5
Ferric sulfate Fe (SOy4)3 400
TABLE 6-2
Frequently used cationic organic coagulants
Coagulant Chemical formula
) ) - ™
Epichlorohydrin CH;
dimethylamine ‘
(epi-DMA) —N*Cl—CH,  CH,—
‘ \ CH /
CH3 ‘
OH
N X
. . - ™
Polydiallyl dimethyl ——CH— CH CH
ammonium ‘ ‘ ‘
chloride CH CH CH CH
(poly-DADMAC) 2\ / 2 2\ / 3
N~ CI™ / N— {
CH; CH; CH, CH;4
— X ‘
CH = CH,

6-7
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Compression of the Double Layer. If the electric double layer is compressed, the repulsive
force is reduced and particles will come together as a result of Brownian motion and remain
attached due to van der Waals forces of attraction. Both the ionic strength and the charge of coun-
terions are important in the compression of the double layer.

The DLVO model postulates that the van der Waals forces extend out into solution about
1 nm. If the double layer can be reduced to less than this, a rapidly flocculating suspension is
formed. As shown in Figure 6-5a, increasing the ionic strength of the solution compresses the
double layer. Although this method is effective, the ionic strength* is much greater than would
be acceptable for potable water.
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FIGURE 6-5a

Effect of solution concentration on double layer.
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FIGURE 6-5b
Effect of charge on double layer. “Z” is the charge.

*lonic strength is calculated as

1=123CZz?
where / = ionic strength, mole/L; C; = concentration of species i, mole/L, and Z; = number of replaceable hydrogen atoms or
their equivalent (for oxidation-reduction, Z; is equal to the change in valence).
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As shown in Figure 6-5b, the charge of the counterions has a strong effect. In 1900, Hardy
summarized a series of experiments with various coagulants in what is known as the Schulze-Hardy
rule. They reported that for monovalent counterions, flocculation occurred at a concentration
range of 25 to 15 millimoles/L; for divalent ions the range was 0.5 to 2 millimoles/L; for triva-
lent ions the range was 0.01 to 0.1 millimoles/L (Schulze, 1882, 1883; Hardy, 1900a, 1900b).
For example, the ratio of Na™:Ca®":A1" "™ to achieve a given residual turbidity would be as
shown in Figure 6-6 (O’Melia, 1972). According to the DLVO model, the ratios are 1:1/2%:1/3°.
Because coagulants are not “indifferent,” they will undergo many interactions in addition to elec-
trostatic attraction and repulsion. If, for example, phosphate is present, substantially more triva-
lent coagulant will be required because the coagulant will react with the phosphate. If multivalent
ions comprise the fixed layer next to the negatively charged particle, the double layer will be re-
duced significantly and the critical coagulation concentration will be much lower than predicted
by the Schultz-Hardy rule.

Adsorption and Charge Neutralization. Hydrolyzed metal salts, prehydrolyzed metal salts, and
cationic polymers have a positive charge. They destabilize particles through charge neutralization.

Adsorption and Interparticle Bridging. Schematically, polymer chains such as poly-
DADMAC and epi-DMA adsorb on particle surfaces at one or more sites along the polymer
chain. The adsorption is a result of (1) coulombic, charge-charge interactions, (2) dipole interac-
tion, (3) hydrogen bonding, and (4) van der Waals forces of attraction (Hunter, 2001). Other sites
on the polymer chain extend into solution and adsorb on surfaces of other particles, thus creating
a “bridge” between the particles. This bridge results in a larger particle that settles more quickly
and forms a more dense sludge.

Enmeshment in a Precipitate. With doses exceeding saturation for the metal hydroxide, alumi-
num and iron salts form insoluble precipitates and particulate matter is entrapped in the precipitate.
This type of destabilization has been described as sweep coagulation (Packham, 1965; Stumm
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FIGURE 6-6

Schematic coagulation curves illustrating DLVO theoretical relation-
ship between charge and dose to achieve a given turbidity reduction.
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and O’Melia, 1968). In water treatment applications the mechanism is hypothesized to be nucle-
ation of the precipitate on a particle surface followed by growth of an amorphous precipitate that
entraps other particles.

CHEMISTRY OF COAGULATION

The chemistry of coagulation is extremely complex. The following discussion is limited to the
basic chemistry. Because metal coagulants hydrolyze to form acid products that affect pH that
in turn affects the solubility of the coagulant, it is useful to begin with a review of a few basic
concepts that will help explain the interaction of coagulants and pH.

Buffer Solutions. A solution that resists large changes in pH when an acid or base is added or
when the solution is diluted is called a buffer solution. A solution containing a weak acid and
its salt is an example of a buffer. Atmospheric carbon dioxide (CO,) produces a natural buffer
through the following reactions:

COy(g) = CO, + H,O = H,CO; = H + HCO; = H* + CO%; 62)

where H,CO3 = carbonic acid
HCO3 = bicarbonate ion
CO%7 = carbonate ion

This is perhaps the most important buffer system in water and wastewater treatment.
It will be referred to several times in this and subsequent chapters as the carbonate buffer
system.

As depicted in Equation 6-2, the CO; in solution is in equilibrium with atmospheric CO,(g).
Any change in the system components to the right of CO, causes the CO, either to be released
from solution or to dissolve.

One can examine the character of the buffer system in resisting a change in pH by assuming
the addition of an acid or a base and applying the law of mass action (Le Chatelier’s principle).
For example, if an acid is added to the system, it unbalances it by increasing the hydrogen ion
concentration. Therefore, the carbonate combines with it to form bicarbonate. Bicarbonate reacts
to form more carbonic acid, which in turn dissociates to CO, and water. The excess CO, can be
released to the atmosphere in a thermodynamically open system. Alternatively, the addition of a
base consumes hydrogen ions, and the system moves to the right with the CO, being replenished
from the atmosphere. When CO, is bubbled into the system or is removed by passing an inert
gas such as nitrogen through the liquid (a process called stripping), the pH will change more dra-
matically because the atmosphere is no longer available as a source or sink for CO,. Figure 6-7
summarizes the four general responses of the carbonate buffer system. The first two cases are
common in natural settings when the reactions proceed over a relatively long period of time. In a
water treatment plant, the reactions can be altered more quickly than the CO, can be replenished
from the atmosphere. The second two cases are not common in natural settings. They are used in
water treatment plants to adjust the pH.

In natural waters in equilibrium with atmospheric CO,, the amount of CO, in solution is
quite small in comparison to the HCO3 in solution. The presence of Ca*" in the form of lime-
stone rock or other naturally occurring sources of calcium results in the formation of calcium
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Case I
Acid is added to carbonate buffer system”

Reaction shifts to the left as HyCO3 is formed when H' and HCO3 combine”
CO,is released to the atmosphere

pH is lowered slightly because of the availability of free H (amount depends on
buffering capacity)

Case I1
Base is added to carbonate buffer system

Reaction shifts to the right
CO, from the atmosphere dissolves into solution

pH is raised slightly because H" combines with OH™ (amount depends on
buffering capacity)

Case I11
CO; is bubbled into carbonate buffer system

Reaction shifts to the right because H,COj3 is formed when CO, and H,0
combine

CO, dissolves into solution

pH is lowered

Case IV
Carbonate buffer system is stripped of CO,

Reaction shifts to the left to form more H,CO3 to replace that removed by
stripping

CO, is removed from solution

pH is raised

“Refer to Equation 6-2.
bThe asterisk * in the H,COj is used to signify the sum of CO, and H,COj in solution.

FIGURE 6-7
Behavior of the carbonate buffer system with the addition of acids and bases or the addition and removal
of CO,. (Source: Davis and Cornwell, 2008.)

carbonate (CaCO3), which is very insoluble. As a consequence, it precipitates from solution. The
reaction of Ca*>" with CO§_ to form a precipitate is one of the fundamental reactions used to
soften water.

Alkalinity. Alkalinity is defined as the sum of all titratable bases down to about pH 4.5. It is
found by experimentally determining how much acid it takes to lower the pH of water to 4.5. In
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most waters the only significant contributions to alkalinity are the carbonate species and any free
H" or OH ™. The total H" that can be taken up by a water containing primarily carbonate species is

Alkalinity = [HCO3 ]+ 2[CO3 "]+ [OH ] - [H] (6-3)

where [] refers to concentrations in moles/L. In most natural water situations (pH 6 to 8), the
OH and H' are negligible, such that

Alkalinity = [HCO3 ]+ 2[CO3 ] (6-4)

Note that [CO%f] is multiplied by two because it can accept two protons. The pertinent acid/base
reactions are

H,CO; = H" +HCO; pK,, =635at25°C (6-5)
HCO; = H" +C0%~ pK,, =10.33 at25°C (6-6)

From the pK values, some useful relationships can be found. The more important ones are as
follows:

1. Below pH of 4.5, essentially all of the carbonate species are present as HyCO3, and the
alkalinity is negative (due to the H).

2. At a pH of 8.3 most of the carbonate species are present as HCO3 and the alkalinity
equals HCO5 .

3. Above a pH of 12.3, essentially all of the carbonate species are present as [CO3 ] and the
alkalinity equals [CO%f] + [OH ]. The [OH ] may not be insignificant at this pH.

Figure 6-8 schematically shows the change of species described above as the pH is lowered
by the addition of acid to a water containing alkalinity. Note that the pH starts at above 12.3
and as acid is added the pH drops slowly as the first acid (H") addition is consumed by free
hydroxide (OH ), preventing a significant pH drop, and then the acid is consumed by carbonate
(CO%_) being converted to bicarbonate (HCO3). At about pH 8.3 the carbonate is essentially all
converted to bicarbonate, at which point there is another somewhat flat area where the acid is
consumed by converting bicarbonate to carbonic acid.

From Equation 6-4 and the discussion of buffer solutions, it can be seen that alkalinity serves
as a measure of buffering capacity. The greater the alkalinity, the greater the buffering capacity.
We differentiate between alkaline water and water having high alkalinity. Alkaline water has a
pH greater than 7, while a water with high alkalinity has a high buffering capacity. An alkaline
water may or may not have a high buffering capacity. Likewise, a water with a high alkalinity
may or may not have a high pH.

By convention, alkalinity is not expressed in molarity units as shown in the above equations,
but rather in mg/L as CaCOj. In order to convert species to mg/L as CaCO3, multiply mg/L as the
species by the ratio of the equivalent weight of CaCOj to the species equivalent weight:

species

mg/L. as CaCO3; = (mg/L as the species)[MJ (6-7)
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Point of inflection

pH 71

6
SF Hydroxide Carzonate Point of inflection
4

|-
L OH +H™-H,0  COY>+H'~HCO; = HCO;+H™~H,CO,
3 —

mL acid

FIGURE 6-8

Titration curve for a hydroxide-carbonate mixture. (Source: Sawyer, McCarty, and
Parkin, 1994.)

The alkalinity is then found by adding all the carbonate species and the hydroxide, and then
subtracting the hydrogen ions. When using the units “mg/L as CaCOs,” the terms are added
directly. The multiple of two for CO%_ has already been accounted for in the conversion.

Example 6-1. A water contains 100.0 mg/L CO3 and 75.0 mg/L HCO3 at a pH of 10. Calcu-
late the alkalinity exactly at 25°C. Approximate the alkalinity by ignoring [OH ] and [H'].

Solution. First, convert CO%_, HCO35,0OH , and H' to mg/L as CaCOs.
The equivalent weights are

CO3™ : MW = 60,n = 2,EW = 30
HCO; : MW =61,n = ,EW =61
H":MW =1n=1EW =1

OH :MW =17,n=1,EW =17

From the pH of 10, [H"] = 10~ 1% moles/L and the mg/L of the species is
mg/L of species = (moles/L)(GMW)(10* mg/g)
= (IO_IOmOICS/L)(l g/mole)(1 0’ mg/g) = 1077 mg/L of H"

The OH  concentration is determined from the ionization of water, that is

K, =[OH ][H"]

6-13
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where K,, = 107 (pK,, = 14):

107
1010 =

[OH ]= 10™* moles/L
and

mg/L = (10 *moles/L)(17 g/mole)(10°mg/g) = 1.7

Now, the mg/L as CaCOj3 is found by using Equation 6-7 and taking the equivalent weight of
CaCOs to be 50:

CO5 = 100.0(&) =167
60

HCO; = 75.0(2) =61
61

H =107’ (?j =5%x10°

OH = 1.7(@j =5.0
17

The exact alkalinity (in mg/L) is found by
Alkalinity = 61+ 167 +5.0 — (5 X 10®) = 233 mg/L CaCO;

It is approximated by 61 + 167 = 228 mg/L as CaCOj. This is a 2.2% error.

Aluminum. Aluminum can be purchased as either dry or liquid alum [Al,(SOy)3 - 14H,0].
Commercial alum has an average molecular weight of 594. Liquid alum is sold as approxi-
mately 48.8 percent alum (8.3 percent Al,O3) and 51.2 percent water. If it is sold as a more
concentrated solution, there can be problems with crystallization of the alum during shipment
and storage. A 48.8 percent alum solution has a crystallization point of —15.6°C. A 50.7 percent
alum solution will crystallize at +18.3°C. The alternative is to purchase dry alum. However, dry
alum costs about 50 percent more than an equivalent amount of liquid alum so that only users of
very small amounts of alum purchase it in this form.
When alum is added to a water containing alkalinity, the following reaction occurs:

Al (SOy4)3 - 14H,0 + 6HCO3 = 2AlI(OH);3 - 3H,0(s) + 6CO, + 8H,0 + 3505~ (6-8)

such that each mole of alum added uses six moles of alkalinity and produces six moles of carbon
dioxide. The above reaction shifts the carbonate equilibrium and decreases the pH. However, as
long as sufficient alkalinity is present and CO,(g) is allowed to evolve, the pH is not drastically



COAGULATION AND FLOCCULATION

reduced and is generally not an operational problem. When sufficient alkalinity is not present to
neutralize the sulfuric acid production, the pH may be greatly reduced:

Aly(SOy4)3 - 14H,0 = 2A1(OH); - 3H,0(s) + 3H,SO4 + 2H,0 (6-9)

If the second reaction occurs, lime or sodium carbonate may be added to neutralize the acid
formed because the precipitate will dissolve.
Example 6-2 illustrates the destruction of alkalinity.

Example 6-2. Estimate the amount of alkalinity (in mg/L) consumed from the addition of 100
mg/L of alum.

Solution:

a. Using Equation 6-8, note that 6 moles of HCO3 are consumed for each mole of alum
added.

b. Calculate the moles/L of alum added.

100 mg/L of alum _ 100 mg/L
GMW of alum (594 g/mole)(10° mg/g)

=1.68 X 10~ moles/L

¢. Calculate the moles/L of HCO3 consumed.

6(1.68 %10 % moles/L)=1.01x10"> moles/L

d. Convert to mg/L

(101X 10 moleSL)(GMW of HCO})

(1.01 X102 molesL)(61 g/mole) = 6.16 X102 g/l or 61.6 mg/L asHCO;

Comment. A rule of thumb used to estimate the amount of the alkalinity consumed by alum is
that 1 mg/L of alum destroys 0.5 mg/L of alkalinity as CaCOs.

An important aspect of coagulation is that the aluminum ion does not really exist as APT,
and that the final product is more complex than AI(OH);. When the alum is added to the water,
it immediately dissociates, resulting in the release of an aluminum ion surrounded by six water
molecules. The aluminum ion starts reacting with the water, forming large Al - OH - H,O com-
plexes. Some have suggested that [Alg(OH), - 28H20]4+ is the product that actually coagulates.
Regardless of the actual species produced, the complex is a very large precipitate that removes
many of the colloids by enmeshment as it falls through the water.

Iron. Iron can be purchased as either the sulfate salt (Fe,(SO4)3 - xH,0) or the chloride salt
(FeCls - xH,0). It is available in various forms, and the individual supplier should be consulted for
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the specifics of the product. Dry and liquid forms are available. The properties of iron with respect
to forming large complexes, dose, and pH curves are similar to those of alum. An example of the
reaction of FeCls in the presence of alkalinity is

FeCl; +3HCO; +3H,0 <= Fe(OH); - 3H,0(s) +3CO, +3Cl (6-10)
and without alkalinity

FeCl; +3H,0 = Fe(OH); - 3H,0(s)+3HCI (6-11)

forming hydrochloric acid, which in turn lowers the pH.

pH and Dose

Two important factors in coagulant addition are pH and dose. The optimum dose and pH must
be determined from laboratory tests. The optimum pH range for alum is approximately 5.5 to
7.7 with adequate coagulation possible between pH 5 and 9 under some conditions (Figure 6-9a).
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FIGURE 6-9a

Design and operation diagram for alum coagulation. (Source: Amirtharajah and Mills, 1982.)
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FIGURE 6-9b

Design and operation diagram for Fe(III) coagulation. (Source: Johnson and Amirtharajah, 1983.)

Ferric salts generally have a wider pH range for effective coagulation than aluminum, that is, pH
ranges from 4 to 9 (Figure 6-9b). The figures represent the alum dose and pH of the treated water
after alum has been added. Prehydrolyzed metal salts (polyaluminum chloride, polyaluminum
sulfate, and polyiron chloride) can be used over a pH range of 4.5 to 9.5 (MWH, 2005).

Because of the number and complexity of coagulant reactions, the actual dose and pH for a
given water on a given day is generally determined empirically from a laboratory test. The test
procedure is called a “jar test” based on the configuration of the test apparatus (Figure 6-10). It is
illustrated in the next example.

Example 6-3. Six beakers are filled with the raw water, and then each is mixed and flocculated
uniformly by identical paddle stirrers driven by a single motor (a gang stirrer). A typical test is
conducted by first dosing each jar with the same alum dose and varying the pH in each jar. The
test is then repeated in a second set of jars by holding the pH constant at the optimum pH and
varying the coagulant dose.

In the example set of data below, two sets of such jar tests were conducted on a raw water
containing 15 NTU and a HCOj3 alkalinity concentration of 50 mg/L expressed as CaCOs.
The turbidity was measured after the mixture was allowed to settle for 30 minutes. The objective
is to find the optimal pH, coagulant dose, and the theoretical amount of alkalinity that would be
consumed at the optimal dose.
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(b)
FIGURE 6-10
Jar test apparatus with turbid water (a) and three samples during flocculation (b).

(Source: Mackenzie L. Davis.)

Jar test I
Jar numbers
1 2 3 4 5 6
pH 5.0 5.5 6.0 6.5 7.0 7.5
Alum dose (mg/L) 10 10 10 10 10 10
Turbidity (NTU) 11 7 55 5.7 8 13
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Jar test I1
Jar numbers
1 2 3 4 5 6
pH 6.0 6.0 6.0 6.0 6.0 6.0
Alum dose (mg/L) 5 7 10 12 15 20
Turbidity (NTU) 14 9.5 5 4.5 6 13
Solution:

a. The results of the two jar tests are plotted in Figure 6-11. In the first test, the optimal pH
was chosen as 6.0, and this pH was used for the second jar test. From the second jar test,
the optimal alum dose was estimated to be about 12.5 mg/L. In actual practice, the labo-
ratory technician would probably try to repeat the test using a pH of 6.25 and varying the
alum dose between 10 and 15 to pinpoint the optimal conditions.

From Figure 6-11, the optimum pH was estimated to be 6.0 and the optimum dose
was estimated to be 12.5 mg/L.

20

Turbidity remaining, NTU
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20 4
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(b) 2 4 6 8 10 12 14 16 18 20 22 24 Results of jar test. (@) Constant alum dose,
Alum dose, mg/L (b) constant pH.
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b. The amount of alkalinity that will be consumed is found by using Equation 6-8, which
shows that one mole of alum consumes six moles of HCO3 . With the molecular weight
of alum equal to 594, the moles of alum added per liter is:

12.5X 10 3g/L
594 g/mole

=2.1X10 > moles/L

which will consume
6(2.1 X 10 >moles/L) = 1.26 X 10™* moles/L HCO3
The molecular weight of is 61, so

(1.26 X 10 *moles/L)(61 g/mole)(10°’mg/g) = 7.7 mg/LHCO3

are consumed, which can be expressed as CaCOj5:

__E.W. CaCO;

7.7 mg/L HCO
(7.7 mg 3 EW. HCOS

(7.7 mg/L HCO )0 glequivalent _ & 4 ol HCOS as CaCO;

61 g/equivalent

As noted earlier, the lack of sufficient alkalinity will require the addition of a base to adjust
the pH into the acceptable range. Lime (Ca0O), calcium hydroxide Ca(OH),, sodium hydroxide
(NaOH), and sodium carbonate (Na,COj3), also known as soda ash, are the most common chemi-
cals used to adjust the pH. Table 6-3 illustrates the neutralization reactions.

TABLE 6-3
Neutralization reactions

To neutralize sulfuric acid with

Lime: H,SO4 + CaO = CaSO4 + H,O

Calcium hydroxide: H,SO4 + Ca(OH), = CaSO4 + H,O
Sodium hydroxide: H;SO4 + NaOH = NaSO4 + 2H,0

Soda ash: H,SO4 + Na,CO3 = Na,SO4 + H,O + CO,

To neutralize hydrochloric acid with

Lime: 2HCI + CaO = CaCl, + H,O
Calcium hydroxide: HCI + Ca(OH), = CaCl, + H,0
Sodium hydroxide: HCI + NaOH = NaCl + H,O

Soda ash: HCI + Na,CO3 = NaCl + H,0 + CO,

Note: a stoichiometric reaction will yield a pH of 7.0.
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Example 6-4 illustrates the impact of the lack of alkalinity on the solution pH and the method
for estimating the amount of base to bring the solution to a pH range that is satisfactory for
coagulation.

Example 6-4. Estimate the pH that results from the addition of 100 mg/L of alum to a water
with no alkalinity, and estimate the amount of sodium hydroxide (NaOH) in mg/L required to
bring the pH to 7.0.

Solution:
a. From Example 6-2, the number of moles of alum added is 1.68 X 10~% moles/L.

b. From Equation 6-9, note that 3 moles of sulfuric acid are produced for each mole of
alum added. Therefore, the moles/L of sulfuric acid is

3(1.68 X 10~ moleyL) = 5.04 X 10~ moles/L
¢. Sulfuric acid dissociates to form two moles of H' for each mole of acid
H,SOy = 2H' +S03~
so the moles/L of H" formed is
2(5.04X10~* molesL) = 1.01 X 10> moles/L
d. The estimated pH is
pH = —log [H"]=—log [1.01 X10™> molesL] = 3.00

e. From Figure 6-9a, it is evident that this is out of the range of coagulation with alum.
f. Using NaOH to neutralize the sulfuric acid, the reaction is
H,SO4 + 2NaOH = Na,S04 + 2H,0

Therefore, 2 moles of sodium hydroxide are required to neutralize each mole of sulfuric acid
2(1.01X107 moles’L) = 2.02 X 10> molesL
g. Converting to mg/L

(2.02 X 10_3moles/L)(4O g/mole)(1 03mg/g) = 80.64 or 81 mg/L.

Comments:

1. To determine if base needs to be added when alkalinity is present, estimate the amount of
alkalinity present and calculate the amount of alkalinity “destroyed,” as in Example 6-2.
If the amount destroyed exceeds the amount present, estimate the excess alum and use
this amount to estimate the amount of base to add.
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2. Because of the diversity of species that occur when alum and/or ferric chloride are hy-
drolyzed, and because natural waters will contain ions that will react with the base, it is
not practical to calculate the dose. In actual practice, the dose is determined by titration
of a water sample.

6-4 COAGULATION PRACTICE

The selection of the coagulant and the coagulant dose is a function of the characteristics of the
coagulant (including its price), the concentration and type of particles, characteristics of NOM,
water temperature, and other constituents of the raw water such as alkalinity and phosphorus.
There is no formal approach to incorporate this collection of variables in the selection process.
Jar test experiments and experience play a large role in the selection process. Some of the factors
to be considered in the decision process are discussed in the following paragraphs.

Overview

High turbidity, high alkalinity water is the easiest to coagulate. Alum, ferric chloride, and high
molecular weight polymers have been used successfully for these waters.

Control of the pH is of utmost importance in coagulating high turbidity, low alkalinity water.
Polymers function well. Addition of a base may be required for alum and ferric chloride.

Alum and ferric chloride at high doses can coagulate low turbidity, high alkalinity waters.
A combination of alum followed by polymer often works well. For this system, that is, low tur-
bidity and high alkalinity, polymers cannot work alone. Coagulant aids may be required.

Low turbidity, low alkalinity waters are the most difficult to coagulate. Neither polymers
nor alum/ferric chloride work alone when the turbidity and alkalinity are low. pH adjustment is
required. Direct filtration should be considered for this type of water.

Coagulation of color is very pH dependent. Alum, ferric chloride, and cationic polymers are effec-
tive at pH values in the range of 4 to 5. The floc that are formed in coagulating color are very fragile.

Coagulant Selection

Metal Salts. As noted previously, the most common coagulants are alum, ferric chloride, and
ferric sulfate. The predominant choice of coagulant is alum, followed by ferric chloride and fer-
ric sulfate, respectively. While cost may be the overriding factor, the operating region, as noted
in Figure 6-9, plays a significant role in coagulant selection. Ferric chloride is effective over a
broader range. Polyaluminum chloride (PACI) is less sensitive to pH and can be used over a pH
range from 4.5 to 9.5 (MWH, 2005).

The metal salt hydrolysis products react with SO%_, NOM, F , and POi_ to form both
soluble and insoluble products. This will result in a requirement for increased dosage to achieve
the desired destabilization.

Typical dosages of alum range from 10 to 150 mg/L. Ferric chloride and ferric sulfate dos-
ages range from 5 to 150 mg/L and from 10 to 250 mg/L respectively (MWH, 2005).

NOM removal is a means of reducing disinfection byproducts. In the regulatory language of
the U.S. EPA, enhanced coagulation is a recommended technique for removing NOM. Because
NOM binds with metal ion coagulants, this is a consideration in selecting a coagulant and the
dose to be applied. Of the metal salts and prehydrolyzed metal salts, the most effective for the
removal of NOM, in order of increasing effectiveness, are iron, alum and PACI (MWH, 2005).
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Polymer. In rare instances, usually when the turbidity and alkalinity are high, cationic polymers
(poly-DADMAC and epi-DMA) have been used as primary coagulants, but their use typically
has been in conjunction with a metal salt. The main advantage of using polymers in conjunction
with metal salts is the ability to reduce the metal salt concentration and resulting sludge produc-
tion by 40 to 80 percent.

The epi-DMA dose generally decreases as the pH increases. The dose for poly-DADMAC is
only slightly affected by pH. Typical dosages are on the order of 1 to 10 mg/L.

Polymers are not effective in removing NOM.

Coagulant Aids

Insoluble particulate materials such as clay, sodium silicate, pure precipitated calcium carbonate,
diatomite, and activated carbon have been used as coagulant aids. They are used in waters that have
low concentrations of particles and, thus, have few nucleating sites to form larger floc. Because
their density is higher than most floc particles, floc settling velocity is increased by the addition of
coagulant aids. The dosage must be carefully controlled to avoid lowering the water quality.

Flocculant Aids

Uncharged and negatively charged polymers are used as flocculant aids. Their purpose is to
build a stronger floc. They are added after the coagulants are added and the particles are already
destabilized.

Activated silica and sodium silicate are common flocculant aids. In processes where these are
added, called ballasted flocculation, micro-sand is added after chemical coagulation but before
flocculation to act as a nucleus for floc formation. The sand has a higher density than the floc and
increases its settling velocity (Willis, 2005).

6-S FLOCCULATION THEORY

Smoluchowski (1917) observed that small particles undergo random Brownian motion due to
collisions with fluid molecules and that these motions result in particle to particle collisions.
Langelier (1921) observed that stirring water containing particles created velocity gradients that
brought about particle collisions. These observations provide the basis for describing the mecha-
nisms of flocculation.

Microscale Flocculation

The flocculation of small particles (less than 0.1 pm in diameter) is caused by diffusion. The rate
of flocculation is relative to the rate at which the particles diffuse. Thus, the primary mechanism
of aggregation is through Brownian motion. This aggregation is called microscale flocculation or
perikinetic flocculation. After a period of seconds, the microflocs range in size from 1 to about
100 pm in diameter.

Macroscale Flocculation

Mixing is the major flocculation mechanism for particles greater than 1 wm in diameter. This
mechanism is known as macroscale flocculation or orthokinetic flocculation. Mechanical mixing
is employed to achieve orthokinetic flocculation.
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Mechanical mixing causes unequal shearing forces on the floc, and some of the floc are
broken up. After some period of mixing, a steady state distribution of floc sizes is achieved and
formation and breakup become nearly equal.

Differential Settling

Because the floc particles are of different size, they settle at different rates. Differences in the
settling velocities cause the particles to collide and flocculate.

Chemical Sequence

The addition of multiple chemicals to improve flocculation is common practice. The order of
addition is important to achieve optimum results at minimum cost. Typically, the addition of
a polymer after the addition of hydrolyzing metal salts is most effective. Ideally, the polymer
addition should be made 5 to 10 minutes after the addition of the hydrolyzing metal salt. This
allows for the formation of pinpoint floc that is then “bridged” by polymer. In conventional water
treatment plant design this is rarely possible because of space limitations.

6-6 MIXING THEORY

The crux of efficient coagulation is the efficiency of mixing the coagulant with the raw water.
Efficient flocculation requires mixing to bring the particles into contact with one another.

The following discussion includes the theoretical considerations in mixing coagulants, floc-
culation, and the practical aspects of selecting a mixing device. Many aspects of this discussion
also apply to pH adjustment, softening (Chapter 7), and disinfection (Chapter 13).

Velocity Gradient

In the 1940s Kolmogorov (1941) and Camp and Stein (1943) independently developed a method of
quantifying the energy dissipation in a vessel. Camp and Stein further proposed that the root-mean-
square (RMS) of the velocity gradient (G) of the fluid, that is dv/dy in Figure 6-12, be used to esti-
mate energy dissipation. They further proposed that the rate of flocculation is directly proportional
to G. Subsequent research demonstrated that the proportionality also applied to coagulation with
both metal ion coagulants and polymers (Harris, et al., 1966; Birkner and Morgan, 1968).

4

v
dy

FIGURE 6-12
Velocity gradient.
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The velocity gradient may be thought of as the amount of shear taking place; that is, the
higher the G value, the more violent the mixing. The velocity gradient is a function of the power
input into a unit volume of water. The RMS velocity gradient may be estimated as

1/2
G- (i) (6-12)
ny

where G = global RMS velocity gradient, s !
P = power of mixing input to vessel, W
w = dynamic viscosity of water, Pa - s
¥ = volume of liquid, m>

Different velocity gradients are appropriate for different processes. Coagulation requires very
high velocity gradients. Flocculation requires a velocity gradient high enough to cause particle
contact and to keep the flocs from settling but low enough to prevent the flocs from tearing apart.
In addition, different chemicals require different velocity gradients.

Mixing Time

Experimental work has revealed that coagulant reactions are very fast. Alum hydrolyzes to
Al(OH)2+ within 1077 s (Base and Mesmer, 1976). Hahn and Stumm (1968) found the time
to form mono- and polynuclear hydroxide species was on the order of 1072 s, and the time of
formation of polymer species was on the order of 10 2s.

This work along with field observations implies that nearly instantaneous and intense mixing
of metal salts is of critical importance. This is especially true when the metal salts are being used
to lower the surface charge of the particles (adsorption and destabilization in Figure 6-9). Mixing
times of less than 1 s are recommended in this case. The formation of the aluminum-hydroxide-
precipitate is slower and occurs in the range of 1 to 7 s. Thus, in sweep coagulation (Figure 6-9)
the extremely short mixing times are not as critical (Amirtharajah and Mills, 1982).

The time requirements for flocculation are more dependent on the requirements of down-
stream processes. For conventional treatment where settling follows flocculation the flocculation
time ranges from 20 to 30 minutes. If direct filtration is to follow flocculation, shorter times on
the order of 10 to 20 minutes are often selected (MWH, 2005).

For these time-dependent reactions, the time that a fluid particle remains in the reactor
affects the degree to which the reaction goes to completion. In ideal reactors the average time
in the reactor (the theoretical detention time also known as hydraulic detention time, hydraulic
residence time, or detention time) is defined as

X (6-13)

where t = theoretical detention time, s
¥ =volume of fluid in reactor. m>
Q = flow rate into reactor, m/s

Theoretically, given the desired detention time and the design flow rate, the liquid volume of
the vessel to achieve the design detention time may be calculated. However, real reactors do not
behave as ideal reactors because of density differences due to temperature or other causes, short

6-25



6-26

WATER AND WASTEWATER ENGINEERING

circuiting because of uneven inlet or outlet conditions, and local turbulence or dead spots in the
reactor corners. The mean detention time in real tanks is generally less than the theoretical deten-
tion time calculated from Equation 6-13.

Selection of G and Gt Values

Both G and the product of the velocity gradient and time (G?), serve as criteria for the design of
mixing systems. The selection of G and Gt values for coagulation is dependent on the mixing
device, the chemicals selected, and the anticipated reactions. As noted previously, coagulation
occurs predominately by two mechanisms: adsorption of the soluble hydrolysis species on the
colloid and destabilization or sweep coagulation where the colloid is trapped in the hydroxide
precipitate. Jar test data may be used to identify whether adsorption/destabilization or sweep
coagulation is predominant using the following procedure:

* Determine the optimum pH and dose from plots of settled turbidity (see, for example,
Figure 6-11).

* Plot the optimum pH and dose on Figure 6-9.
e Determine which is the predominant mechanism from the plotted position.

G values in the range of 3,000 to 5,000 s~ ! and detention times on the order of 0.5 s are
recommended for adsorption/destabilization reactions. For sweep coagulation, detention times of
1 to 10 s and G values in the range of 600 to 1,000 s~ ! are recommended (Amirtharajah, 1978).

6-7 MIXING PRACTICE

Although there are some instances of overlap, mixing equipment may be divided into two broad
categories: equipment that is applicable to dispersion of the coagulant into the raw water and that
used to flocculate the coagulated water. Dispersion of the coagulant into water is called flash
mixing or rapid mixing.

Flash Mixing Design Criteria

This equipment is designed to produce a high G. The order of preference in selection of equip-
ment type is based on effectiveness, reliability, maintenance requirements, and cost. Common
alternatives for mixing when the mechanism of coagulation is adsorption/destabilization are:

1. Diffusion mixing by pressured water jets.
2. In-line mechanical mixing.
3. In-line static mixing.
Common alternatives for mixing when the mechanism of coagulation is sweep coagulation are:
1. Mechanical mixing in stirred tanks.
2. Diffusion by pipe grid.

3. Hydraulic mixing.
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The focus of this discussion is on the following three mixing alternatives: in-line mechanical
mixing, in-line static mixing, and mechanical mixing in stirred tanks.

In-Line Mechanical Mixing. Also know as an in-line blender (Figure 6-13), this in-line sys-

tem overcomes some of the disadvantages of the static mixer.

The following design criteria may be used in selection of in-line mechanical mixers: (1) G in
the range 3,000 to 5,000 sfl, (2) t of about 0.5 s, and (3) headloss of 0.3 to 0.9 m (Amirtharajah,

1978).

An example of the information manufacturers provide for the selection of an in-line blender
is given in Table 6-4 and Figure 6-14.

TABLE 6-4

Representative in-line blender data

b

Motor® Dimensions
Weight power,

Model kg W A B C D E F
AZ-1 65 350 85 12 11 30 64 23
AZ-2 85 550 90 15 17 35 68 30
AZ-3 140 750 95 17 22 40 68 30
AZ-4 230 750

1,000 110 20 27 50 71 30
AZ-5 300 1,100

1,500 125 23 32 55 76 30
AZ-6 325 1,500 130 25 36 60 76 30
AZ-7 400 1,500

2,250 135 27 41 65 76 30
AZ-8 425 2,250 140 30 46 70 76 30
AZ-9 500 2,250 145 33 51 80 76 30
AZ-10 600 3,700 150 33 51 70 88 44
AZ-11 750 7,500 160 38 61 90 88 53
AZ-12 1,200 15,000 190 48 71 120 95 58
AZ-13 1,600 22,000 210 56 91 125 95 68

“Where two values are given, alternate motors are available for the model.
bThese are noted in Figure 6-14. All are in cm.

NOTE: these data are hypothetical and do not represent actual choices. Manufacturers’ data must be used to select a blender.
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Motor
Gear

drive

FW/I/V//
L/A\_///\

Stator Chemical
feed line

FIGURE 6-13
Typical in-line blender.

FIGURE 6-14

Dimension notation for in-line blenders given in Table 6-4.
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Example 6-5. Using Table 6-4 select an in-line blender for an alum coagulant. The jar test
data resemble that shown in Figure 6-11. The design flow rate is 383 m>/h, and the design water
temperature is 17°C.

Solution:

a. Based on the jar test results, it appears that adsorption/destabilization is the predominant
mechanism of coagulation. G values in the range of 3,000 to 5,000 s~ ! and detention
times on the order of 0.5 s are recommended for adsorption/destabilization reactions.

b. As a first trial, select model AZ-6, with a reaction chamber diameter of 36 cm (dimen-
sion C in Table 6-4) and a length of 60 cm (dimension D in Table 6-4) and calculate the
volume of the reaction chamber.

_ (36 cm)2

2 (60 cm) = 61,072 cm®

¢. Check the detention time using Equation 6-13

. (61,072 em)(10™ mem’)

=159%10*hor0.57 s
383 m’h

This is sufficiently close to the 0.5 s guideline to be acceptable.

d. Estimate the value of G assuming that the water power is 80% of the motor power. From
Table 6-4 find the motor power is 1,500 W

P =(0.8)(1,500 W) =1,200 W

Using Appendix A, find the viscosity of the water is 1.081 X 103 Pa-sat 17°C.
From Equation 6-12

:( 1,200 W

0.5
_ -1
e 3 163,23 =4,263 s
(1.081X10 ° Pa-s)(61,072 cm”)(10 "m’/cm”)

This meets the velocity gradient criteria.

Comment. If either the detention time or the velocity gradient criteria had not been met, an-
other trial model would have been selected and checked. In an actual design, more than one
manufacturer’s models may have to be examined to find a satisfactory match.

In-Line Static Mixing. As shown in Figure 6-15, this mixer consists of a pipe with in-line heli-
cal vanes that rotate and split the flow to increase turbulence. The vanes are segmented so that
the number of vanes may be adjusted to fit local conditions. These segments are called elements.
The element size is specified in terms of the diameter of the pipe they are in, that is, the length of
element divided by the pipe diameter (L/D). This is called the aspect ratio. Generally, the aspect
ratio varies from 1.0 to 1.5. The mixers come in sizes as small as 0.5 cm for research application
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FIGURE 6-15

Static mixer.

to as large as 300 cm for industrial and water treatment use. Generally, they are made in standard
pipe diameters.

These mixers have two advantages: (1) there are no moving parts and (2) no external energy
source is required. They have the disadvantage that the degree of mixing and mixing time is a
function of flow rate.

Although it applies to all mixers, a measure of the uniformity of the blend of the chemical
and the water has been found to be particularly useful in selecting static mixers. The measure
used is the coefficient of variation with time (COV) of the blended mixture. It is defined as

cov = (%)(100%) (6-14)
where COV = coefficient of variation with time
o = standard deviation of concentration, mg/L.
C = average concentration over time, mg/L.

The standard deviation is defined as

g XG0P (6-15)
n—1

where C; = concentration of sample, mg/L
n = number of samples

The following design criteria that may be used in selection are: (1) COV of 1 to 10 percent
with an average of 5 percent, (2) Gt in the range 350—-1700, (3) a mixing time of 1 to 3 s, and (4) a
maximum headloss of 0.6 to 0.9 m. The design should specify that the mixing elements be remov-
able so they may be cleared and/or cleaned (Bayer et al., 2003; Kawamura, 2000; MWH, 2005).

The selection process is highly dependent on the approach suggested by the manufacturer for
their mixer. The following method is representative:

* Select the number of mixing elements to achieve the desired COV. Bayer et al. (2003) sug-
gest that three elements will yield a COV of about 10 percent and that six elements will
yield a COV of about 1 percent for mixers designed for turbulent flow (Reynolds number
greater than 5,000). Turbulent flow may be assumed for water entering water treatment
plants from pumped sources.
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Typical static mixer pressure drop selection graph for pipe diameters from 150 mm to

700 mm.
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» Using either an equation or a graph, such as that shown in Figure 6-16 provided by the
manufacturer, determine the pressure drop per element.

e With the pressure drop per element and the number of elements, estimate the detention
time, water power, and velocity gradient, and check these against the design criteria.

The detention time is calculated with Equation 6-13. The power imparted by static mixing devices
may be computed using Equation 6-16. The velocity gradient is calculated with Equation 6-12.

where P

S T

H
p=22

water power, kW

specific weight of fluid, kN/m?
9.807 kN/m? for water at 5°C
flow rate, m’/s

total dynamic head, m
efficiency

n

(6-16)
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Example 6-6. Design a static mixer for the following conditions:

Design flow rate = 150 m’/h
Minimum water temperature = 5°C

Mixer aspect ratio = 1.5
Design COV is 1%

Solution. This problem is solved by iteration; that is, a set of reasonable assumptions is made
and then the calculations are performed to verify or correct the assumptions.

a. Select a pipe diameter of 400 mm for the design flow rate.
b. Select the number of elements to achieve a COV of 1%, that is, six elements.

c. From Figure 6-16 determine the headloss per element is 0.16 kPa per element. The total
headloss through the mixer is then

(6 elements)(0.16 kPa/element) = 0.96 kPa

d. With six elements that have an aspect ratio of 1.5, the length of the mixer is

L = (no. of elements)(aspect ratio)(pipe diameter)
=(6)(1.5)(0.40 m) =3.6 m

e. The volume of the mixer is

2
V= W(36 m) = 0.45 m®
f. The detention time is
45 m® _
= 2B 53107 hor109s
150 m7/h
g. The water power imparted by the mixer is estimated using Equation 6-16 with
n = 1.00:
3 3
p = you = &S0 KNM)AS0 M) ) 56 4 pa)0.102 m/kPa) = 0.0400 kW

3,600 s/h

where (0.102 m/kPa) is a conversion factor.

h. Estimate the velocity gradient using Equation 6-12. Using the water temperature of 5°C
and Appendix A, p = 1.519 X 10 > Pa - s

0.5
G= j‘S-OW —| = 241957
(1.519 X107 Pa - 5)(0.45 m’)
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i. Estimate Gt.
Gt =(241.9 s_l)(10.9 s) = 2,636.7 or 2,600

Comments:

1. The detention time and Gt criteria were not met. At this point in the design calculation,
another trial would be attempted. The variables that can be explored are the diameter of
the pipe and the number of elements (by assuming a less stringent COV). Alternatively,
another manufacturer’s mixer may be suitable under the assumptions given.

2. When the final design is selected, two mixers of this size would be provided for
redundancy.

3. The failure of this design to meet the design criteria will be exacerbated when the flow
rate is at the average and minimum flow rates. For this reason alone, static mixers have
limited application in mixing coagulant.

4. Because this is an iterative problem, it is well suited to a spreadsheet solution.

Mechanical Mixing in Stirred Tanks. When the predominant coagulation mechanism is sweep
coagulation, extremely short mixing times are not as important, as in adsorption-destabilization.
A typical completely mixed flow reactor (CMFR) or continuous-flow stirred tank reactor (CSTR)
as shown in Figure 6-17 will perform well for sweep coagulation. Detention times of 1 to 7 s
and G values in the range of 600 to 1,000 s~ ! are recommended (Letterman et al., 1973, and
Amirtharajah, 1978).

The volume of a rapid-mix tank seldom exceeds 8 m? because of mixing equipment and
geometry constraints. The mixing equipment consists of an electric motor, gear-type speed
reducer, and either a radial-flow or axial-flow impeller as shown in Figure 6-18. The radial-flow
impeller provides more turbulence and is preferred for rapid mixing. The tanks should be hori-
zontally baffled into at least two and preferably three compartments in order to minimize short
circuiting and thus provide sufficient residence time. They are also baffled vertically to minimize
vortexing. Chemicals should be added below the impeller. Some geometric ratios for rapid mix-
ing are shown in Table 6-5. These values can be used to select the proper basin depth and surface
area and the impeller diameter. For rapid mixing, in order to construct a reasonably sized basin,
often more depth is required than allowed by the ratios in Table 6-5. In this case the tank is made

7

D——D ~— Chemical addition

—

—El ~— Chemical addition

4] =< Chemical addition ~ FIGURE 6-17

Completely mixed flow reactor (CMFR) or continuous-flow stirred tank
reactor (CSTR). (Source: Davis and Cornwell, 2008.)

|1
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(a) Radial-flow turbine impeller (b) Axial-flow impeller

FIGURE 6-18

Basic impeller styles. (Source: SPX Process Equipment.)

TABLE 6-5
Tank and impeller geometries for mixing

Geometric ratio Range
D/T (radial) 0.14-0.5
DIT (axial) 0.17-0.4
H/D (either) 2-4
HIT (axial) 0.34-1.6
HIT (radial) 0.28-2
B/D (either) 0.7-1.6

D = impeller diameter

44\
T =equivalent tank diameter = (—)

T
A = the plan area
H = water depth
B = water depth below the impeller

deeper by using two impellers on the shaft. When dual impellers are used, the top impeller is
axial flow, while the bottom impeller is radial flow. When dual impellers are employed on gear-
driven mixers, they are spaced approximately two impeller diameters apart. We normally assume
an efficiency of transfer of motor power to water power of 0.8 for a single impeller.

The power imparted to the liquid in a baffled tank by an impeller may be described by the
following equation for fully turbulent flow developed by Rushton (1952).

P=N,(m*(Di)’p (6-17)

where P = power, W
N, = impeller constant (also called power number)
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n = rotational speed, revolutions/s
D; = impeller diameter, m
p = density of liquid, kg/m*

The impeller constant of a specific impeller can be obtained from the manufacturer. For the radial-
flow impeller of Figure 6-18, the impeller constant is 5.7, and for the axial-flow impeller it is 0.31.

Example 6-7. Design a cylindrical flash mixing basin by determining the basin volume, tank
diameter, dimensions, required input power, impeller diameter from manufacturer’s data pro-
vided below, and its rotational speed using the following parameters:

Design flow rate = 11.5 X 10° m*/d
Rapid mixr =55

Rapid mix G = 600 s~ !

Water temperature = 5°C

Place impeller at one-third the water depth

From manufacturer’s data, the following impellers are available:

Impeller type Impeller diameters (m) Power number (N,,)

Radial 0.3 0.4 0.6 5.7

Axial 0.8 1.4 2.0 0.31
Solution:

a. Convert 11.5 X 10° m%/d to m/s.

11.5%10° m3/d
(86,400 s/d)

=0.133 m>/s

b. Using Equation 6-13, determine the volume of the rapid mix basin.

¥ =0t =(0.133 m7s)(5 s) = 0.665 m>

c. Using the radial impeller guidance from Table 6-5, assume H/T = 2.0, that is H = 2T.
For a round mixing tank

y -7’ Q1)
and
1/3
= WO o351 or0 75 m
and

H=20.75m)=15m
and because the impeller is at 1/3 water depth
B=(0.333)(1.5m)=0.5m
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d. The required input water power can be calculated by using Equation 6-12. Using Table

A-1 in Appendix A and the temperature of the water, find u = 1.519 X 10 > Pa - s.

P=(600s ")?(1.519X107> Pa-$)(0.665 m’) = 363.6 or 360 W

Because the efficiency of transfer of motor power to water power is about 80%, the
motor power should be

Motor power = 36(;)_8W =450 W

Using Table 6-5, evaluate the different size radial impellers using the geometric ratios.
Below is a comparison of the ratios for the available sizes of radial impellers and the
rapid mix basin dimensions.

Radial impeller diameter

Geometric ratio Allowable range 0.3 m 0.4 m 0.5m
DIT 0.14-0.5 0.4 0.53 0.67
HID 2-4 5.0 3.8 3.0
HIT 0.28-2 2 2 2
BID 0.7-1.6 1.7 1.3 1.0

Although the 0.4 m diameter impeller has a D/T slightly larger than the allowable range,
it is satisfactory in all the other aspects and, therefore, is selected.

f. The rotational speed is calculated by solving Equation 6-17 for n:

r 1/3

P
n: —5
_Np(Di) p

r 1/3
3 450 W
| (5.7)(0.4 m)°(1,000 kg/m*)

=1.976 rpsor118.5rpmor 120 rpm

Comments:

1.
2.

To meet redundancy requirements, two rapid mix basins with this design are provided.

Because the average day and minimum flow rates will be less, the detention time at these
flows will be longer than 5 s.

. To account for variations in water height and wave action, as well as adding a factor of

safety in the design volume, the tank is made deeper than the design water depth. This
additional depth is called freeboard. The freeboard may vary from 0.45 to 0.60 m.
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Flocculation Mixing Design Criteria

While rapid mix is the most important physical factor affecting coagulant efficiency, flocculation is
the most important factor affecting particle-removal efficiency. The objective of flocculation is to
bring the particles into contact so that they will collide, stick together, and grow to a size that will
readily settle or filter out. Enough mixing must be provided to bring the floc into contact and to keep
the floc from settling in the flocculation basin. Too much mixing will shear the floc particles so that
the floc is small and finely dispersed. Therefore, the velocity gradient must be controlled within a
relatively narrow range. Flexibility should also be built into the flocculator so that the plant operator
can vary the G value by a factor of two to three. Heavier floc and higher suspended solids concen-
trations require more mixing to keep the floc in suspension. For example, softening floc is heavier
than coagulation floc and, therefore, requires a higher G value to flocculate. This is reflected in the
recommended G values shown in Table 6-6. An increase in the floc concentration (as measured
by the suspended solids concentration) also increases the required G. Although GLUMRB (2003)
specifies a minimum detention time of 30 minutes for flocculation, current practice is to use shorter
times that are adjusted by temperature. With water temperatures of approximately 20°C, modern
plants provide about 20 minutes of flocculation time at plant capacity. With lower temperatures,
the detention time is increased. At 15°C the detention time is increased by 7 percent, at 10°C it is
increased 15 percent, and at 5°C it is increased 25 percent.

Flocculation Basin. The flocculation basin should be divided into at least three compartments.
The velocity gradient is tapered so that the G values decrease from the first compartment to the last
and that the average of the compartments is the design value selected from Table 6-6. GLUMRB
(2003) recommends flow through velocities be not less than 0.15 m/s nor greater than 0.45 m/s.
Water depths in the basin range from 3 to 5 m (Kawamura, 2000). The velocity of flow from the
flocculation basin to the settling basin should be low enough to prevent shear and breakup of the
floc but high enough to keep the floc in suspension.

Baffle Wall. A baffle wall is used to separate the flocculation basin compartments (Figure 6-19).
The top of the baffle is slightly submerged (1 to 2 cm), and the bottom should have a space of 2
to 3 cm above the floor to allow for drainage and sludge removal (Kawamura, 2000). Each baffle
should have orifices that are uniformly distributed over the vertical surface. The size should be
selected with the objective of providing a velocity gradient that does not exceed the gradient in
the compartment immediately upstream.

TABLE 6-6
Gt values for flocculation

Type G, s ! Gt (unitless)
Low-turbidity, color 20-70 60,000 to 200,000
removal coagulation

High-turbidity, solids 30-80 36,000 to 96,000

removal coagulation
Softening, 10% solids 130-200 200,000 to 250,000
Softening, 39% solids 150-300 390,000 to 400,000
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FIGURE 6-19

Baffle wall arrangement for three compartment flocculator. Note that there are two parallel
treatment trains and that each baffle wall will have a different orifice arrangement.

The headloss through the orifice may be determined from the orifice (Reynolds and
Richards, 1996):

0 =C;AQ2gh)"? (6-18)

where Q = flow rate through orifice, m’/s
C, = coefficient of discharge
A = area of orifice, m?
g gravity acceleration = 9.81 m/s’
h = headloss through the orifice, m

The coefficient of discharge varies from 0.60 to 0.80. Various authors have suggested that the
orifices be 10 to 15 cm in diameter, the velocities be between 0.25 to 0.55 m/s, and the headloss
range from 3 to 9 mm through each baffle orifice hole at the maximum flow rate. The higher velocity
is found at the first baffle and the lower velocity at the last baffle (Kawamura, 2000; MWH, 2005).

Example 6-8. Design a baffle wall for one of a pair of flocculation basins using the following
design parameters:

Q = 10,000 m*/d

Diameter of orifices = 100 mm

Orifice coefficient of discharge = 0.60
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A B C
3|Q= 10000 | m3/d
4 0.116|m3¥/s
5|Cy= 0.6
6 | Diameter of each orifice= 100 [mm
7 0.1|m
8 [ Area of each orifice= 0.00785 | m?
9 [No. of orifices 58.44863
10 | Q/orifice= 0.00198 | m3/s
11
12 | Check orifice velocity= 0.25|m/s
13
14 | Headloss= 0.0090 | m
15 9.0 mm
Solver Parameters
Set target cell: $B$12
Equal to: @® Max. O Min. O Valueof: [0 |
By changing cells:
(559 | G
Subject to the constraints:
$B$12<=0.55 Add
$B$12 > =025
$B$15 <=9
$B$15>=3 Delete
FIGURE 6-20

Example 6-8 spreadsheet with solver dialog box. The values in the spreadsheet
are the final values not the starting values.

Solution:

a. A Solver* program in a spreadsheet was used to perform the iterations for the solution of
this problem. The spreadsheet cells are shown in Figure 6-20. The cell locations used in
the figure are identified by brackets [ ] in the discussion below.

b. Begin with the average design flow for one basin by setting the fixed parameters as follows:
[B3] Q = 10, 000 m*/d

[B4] Write an equation to convert to m?/s for use in the orifice equation

[B3] 10,000 m¥d

= = =0.116 m’s
86,400 s/d 86,400 s/d

[B5] C; = 0.60
[B6] Diameter of orifice = 100 mm

*Solver is a “tool” in Excel®. Other spreadsheets may have a different name for this program.
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c¢. In cell [B7] write an equation to convert to m for use in the orifice equation

[B6] 100 mm

= = =0.1m
1,000 mm/m 1,000 mm/m
d. In cell [B8] calculate the area of an individual orifice
2 2
= MBI _ 7O-D” _ 00785 m?

4 4
e. In cell [B9] place a trial guess at the number of orifices

f. In cell [B10] calculate the flow for an individual orifice

_ [B4]
[BI]

g. In cell [B12] check the velocity
_ [B10]
(B8]

h. In cell [B14] check the headloss by solving Equation 6-18 for &

:( [B10] ]z*[ 1 }
([B5T°[B8]) 19.62
i. In cell [B15] convert the result from [B14] to mm

=[B14]%1000

j- Activate the dialog box for Solver and designate the target cell [B12], that is, the one for
the velocity.

k. Set Equal to to “Max.”
. Set By changing to the cell containing the number of orifices, that is, [B9].
m. Add the following four constraints in the dialog box:
(1) Velocity
[B12] = 0.55
[B12] = 0.25

(2) Headloss
[B15] =9
[B15] =3
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n. Execute solve to find the number of cells is 58.44863. Because this is not an integer, it is
NOT the final answer. Acceptable answers are 59 or 60 orifices. The velocity and headloss
may be checked by typing the integer in cell [B9].

Comments:
1. This design calculation lends itself to a spreadsheet because the design is iterative in
selecting the appropriate number of orifices.

2. A scale drawing of the orifices on the cross section of the baffle will provide a visual
check on the reasonableness of the design.

Mixer Alternatives. Flocculation is normally accomplished with one of the following
systems: vertical turbine mixing similar to that used in flash mixing, a paddle flocculator
(Figure 6-21 ), or a baffled chamber (Figure 6-22). Vertical turbine mixing with an axial-flow
impeller (Figure 6-18) in a mixing basin is recommended over the other types of flocculators
because they impart a nearly constant G throughout the tank (Hudson, 1981). However,
the paddle flocculator has been the design choice for numerous plants. They are especially
chosen for conventional treatment when a high degree of solids removal by sedimentation is
desired. In addition, they are the unit of choice when very large volumes of water are to be
treated and the number of vertical shaft units becomes excessive, that is >50 (Kawamura,
2000; MWH, 2005).

Vertical Turbine Mixing. Design recommendations include: using a nearly cubical shape for
each compartment with the impeller located at a depth equal to two-thirds of the water depth
(MWH, 2005), placing the shaft bearings above the water surface and providing a 1.2 m walkway
space around the mixer for control panels, power connections, and space for maintenance work
(Kawamura, 2000).

The design of the mechanical mixing system follows that used in flash mixing with appropri-
ate substitution of constants for the axial flow impeller N, and tank/impeller ratios from Table 6-5.
The design process is illustrated in the following example.

g . Baffles Setting
Flash mixer Paddles / tank

4
[/ = =

Raw water =~ |
=== ik
T Ll o

7

FIGURE 6-21
Paddle flocculator with paddle wheels arranged parallel to the flow.
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Around-the-end baffled channel type (plan) Over-and-under baffled channel type (section)
FIGURE 6-22

Baffled channel flocculation system.

Example 6-9. Design a flocculation basin by determining the basin volume, tank dimensions,
required input power, impeller diameter, and its rotational speed using the following parameters
and the manufacturer’s data:

Design flow rate = 11.5 X 10° m*/d

Flocculation # = 30 min

Three flocculator compartments with G = 70, 50, 30 s !
Water temperature = 5°C

Place impeller at one-third the water depth

From manufacturer’s data the following impellers are available:

Impeller type Impeller diameters (m)  Power number (N,,)

Radial 0.3 0.4 0.6 5.7
Axial 0.8 1.4 2.0 0.31

Solution. Two flocculation basins are provided for redundancy at the design flow rate. The
maximum day flow rate is assumed to be twice the average day flow rate.

a. Convert 11.5 X 10> m%/d to m*/min.

11.5%10° m¥%d
(1,440 min/d)

= 7.986 or 8.0 m>/min

b. With two flocculation basins, the maximum day flow through each will be

_ 8.0 m’/min
2

= 4.0 m7/min

Q

c. Using Equation 6-13, determine the volume of the flocculation basin.

¥ = Ot = (4.0 m¥min)(30 min) = 120 m>
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. Each basin is divided into three equal volume compartments or tanks

120 m’
V compartment = =40 m’

3

. With the recommended water depth range of 3 to 4.5 m, assume water depth of 4.0 m.
The surface area is then

40 m’
Asm—face = 40—m =10.0 m2

. With a rectangular plan, the length equals the width and

L=W=(10.0m*"?=3.16m

. The equivalent diameter exist

2 1/2
T:{M} 357

I

. The required input water power for each compartment can be calculated by using
Equation 6-12. Using Table A-1 in Appendix A and the temperature of the water, find

p=1519%x103Pa-s.

P=(70 s H)?(1.519X 107> Pa - s)(40.0 m®) = 297.7 or 300 W
P=(50s"?(1.519 %103 Pa- $)(40.0 m*) =151.9 or 150 W
P=(30s"%1.519%10> Pa- s)(40.0 m*) =54.7 or 55 W

Because the efficiency of transfer of motor power to water power is about 80%, the mo-
tor power for each compartment should be

Motor power = 30(?—8W =375W

150 W

Motor power = =187.50r 190 W

Motor power = 53—:\] =68.750or 70 W

. The impeller is located at B = (0.333)(4.0 m) = 1.587 or 1.6 m above the bottom of the
tank.

j. Using Table 6-5, evaluate the different size radial impellers using the geometric ratios.

Below is a comparison of the ratios for the available sizes of radial impellers and the
rapid mix basin dimensions.
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Axial impeller diameter

Geometric ratio Allowable range 0.8 m 1.4m 2.0m
DIT 0.17-0.4 0.22 0.39 0.56
HID 2-4 5.0 29 2.0
HIT 0.34-1.6 1.12 1.12 1.12
BID 0.7-1.6 1.7 0.95 0.67

The 1.4 m diameter impeller is satisfactory in all aspects.
k. The tip speed is checked by first computing the rotational speed at G = 70 s L

r 1/3
P

5
_Np(D,‘) P
r 1/3
300 W
| (031)(1.4 m)° (1,000 kg/m®)

=0.56 rpsor 33.87 rpmor 34 rpm

The tip speed is then
Tip speed = (rps) (m)(D;) = (0.56)(7w)(1.4 m) = 2.46 or 2.5 m/s
This is less than the design criterion of a maximum tip speed of 2.7 m/s.
Comments:
1. The provision of two flocculation basins meets redundancy requirements.

2. An additional 0.60 m is added to the water depth as freeboard so the tank depth is 4.6 m.

Paddle Flocculator. The power input to the water by horizontal paddles may be estimated as

3
p = EpAppvp (6-19)
2
where P = power imparted, W
Cp = coefficient of drag of paddle
A, = cross-sectional area, m?
v, = relative velocity of paddles with respect to fluid, m/s
The velocity of the paddles may be estimated as
vp =2mkm (6-20)

where k = constant = 0.75

r = radius to centerline of paddle, m
n = rotational speed, rps
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TABLE 6-7
Design recommendations for a paddle wheel flocculator

Parameter Recommendation
G <50s”!
Basin
Depth 1 m > wheel diameter
Clearance between wheel and walls 0.3-0.7m
Wheel
Diameter 34 m
Spacing between wheels on same shaft I m
Spacing between wheel
“rims” on adjacent shafts I m
Paddle board
Width 10-15 cm
Length 2-35m
Area of paddles/tank cross section 0.10-0.25
Number per arm 3
Spacing at 1/3 points on arm
Tip speed 0.15-1 m/s
Cp LIW=15 1.20
LIW =20 1.50
LIW >>20 1.90
Motor
Power 1.5-2 X water power
Turn down ratio 1:4

Sources: Kawamura, 2000; MWH, 2005; Peavy et al., 1985

Design recommendations for a paddle wheel flocculator are given in Table 6-7.

The maximum G for paddle flocculators is limited to about 60 s ' with a recommended
maximum value of 50 s~ ! to avoid severe wear of the shaft bearings in a very short time. Each
arm should have a minimum of three paddles so that the dead space near the shaft will be mini-
mized (Kawamura, 2000).

Example 6-10. Design a paddle flocculator by determining the basin dimensions, the paddle
configuration, the power requirement, and rotational speeds for the following parameters:

Design flow rate = 50 X10° m*/d

t = 22 min

Three flocculator compartments with G = 40, 30, 20 s !
Water temperature = 15°C
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Solution:

a. To provide redundancy, the flow will be divided into two flocculation basins. The flow
in each is
50 X 10°m%d 3 3
Qeach =f=25x10 m’/d

. Using Equation 6-13, calculate the volume of a flocculator basin as

_ (25 X10° md)

: (22 min) = 381.94 or 382 m’
1,440 min/d

. With three compartments, each compartment volume is

382 m’

¥ = =127.33 m’

. Assuming a trial water depth of 4.0 m, the surface area of a compartment is

12733 m’

Agurtace = =31.83 m?

4.0 m

. With a basin depth of 4.0 m and the design criterion of a basin depth 1 m greater than the

diameter of the paddle wheel, the paddle wheel diameter is

40m—1m=30m

. The minimum length of a stage (compartment) is the diameter of the paddle wheel plus

the design criterion of 1 m minimum between stages.

Minimum length =3.0 m+1m =4.0 m

. The nominal width of a compartment is the surface area divided by the minimum length

of a stage

_31.83m’
4.0 m

w =7.96 m

. The required clearance is twice the minimum clearance from the walls plus 1 m between

paddle wheels on a shaft.

Required clearance = 2(0.3 m) +1 m =1.60 m

i. The total length of the two paddle wheels is then

796 m—1.60 m =6.36 m
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Jj- Each paddle wheel is then

6.36 m

=3.18 m long

k. Place three paddle boards on each of four paddle arms with leading edge at 1/3 points, that is,

ISm_ s
3

The dimensions of each paddle board will be 15 cm X 3.18 m. A sketch of the layout of
the paddle flocculator is shown below.

T T
! | Flocculator
ARRNARRNAN
e l l e
NPAANVARNDY,
Profile L Baffle WIH
TR
l l
| |
| |
| |
| |
— R
l l
| |
| |
| |
| |
| |
Plan

'] ‘\S\Paddle/l/rl_ ]

[ ] 1

[ ] 1

, e — —— Shaft
"¢—[ | I
L [ [
| | [ [ |
[ [ | Tw
I L |

1. Solve Equation 6-12 for P to determine the water power required to achieve a G = 40
s~ ! for the first chamber (compartment). Using Appendix A and a water temperature of
15°C find w = 1.139 X 10> Pa - s.

P=Gw¥=(40s H(1.139%x 1073 Pa- s)(127.33 m>) = 232.04 or 230 W
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m. Determine the rotational speed required by the paddles using Equation 6-19. Note that
the area of each paddle blade is the same, so the equation may be written

pCDAp
2

P = [ 1) + Oag r2)* + g 13)°]

and substituting Equation 6-20 for the velocity term
pCpA
P = =22 I9P 100 + 02 + (')

The area of a paddle blade is
Ap=0.15mX3.18 m=0.477 m*

From the length to width ratio select the appropriate value for Cp.

Select Cp of 1.5

Using P = 232.04 W, solve the rearranged equation for n with the radii for the paddle
blades computed to the center of each blade.

5§ =05m— 0'125“‘ =0425m
n=10m— 0'1§m =0925m
R=15m— O'fm =1425m

1/3
2p ]
n =

pCpA[2m(OTS)PI(r)’ + (1) +(1)’]

_ 2(232.04 W) "
(1,000 kg/m®)(1.5)(0.477 m?)(104.65)[(0.425)° +(0.925)° + (1.425)*]

1/3
= 464.08 J =(1.65%x107%)"3 =0.116 rpsor 6.96 rpmor 7 rpm

(78,877.07)(3.762)

n. Assuming an efficiency of 0.65, the motor power required is

232.04 =356.98 or 357 W

Motor power =
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Comments:

1. Because G is tapered, n must be calculated for each of the following chambers as well as
the first chamber.

2. A motor power of (1.5)(357 W) = 535.5 or 540 W or larger is recommended.
3. Add 0.60 m to depth of tank for freeboard.

6-8 OPERATION AND MAINTENANCE

The most important operation and maintenance (O&M) task in coagulation is the selection of
the appropriate chemicals and the adjustment of the dose to ever-changing raw water quality and
plant flow. Frequent jar testing is the standard technique for adjusting the chemical dose. Because
of the time delay in conducting the test, other techniques such as zeta potential measurements and
the use of a streaming current detector (SCD) have been used to augment the jar test. None of
these relieve the operator of the necessity of a significant amount of attention.

Monitoring of the chemical feed system to detect clogging of the lines and maintenance of
the mixers ranks second in the need for close O&M oversight. Appropriate mixing energy is an
important part of optimization of the chemical dose. Excess dosing with coagulant to compensate
for inefficient mixing not only is uneconomical in terms of chemical usage, it is expensive in
terms of sludge production.

Hints from the Field. Suggestions from operators include the following:

 All of the design calculations in this chapter were based on the design flow, that is, the maxi-
mum daily flow rate at the end of the design life. Because the minimum flow rate at start-up
will probably be considerably less than the design flow, operational problems may be severe.
It is highly recommended that the design be evaluated at minimum flow conditions.

* Most drive failures are caused when the unit is started at the top rotational speed. O&M
manuals should note that mixers should be started at low speed to avoid very high torque
force and a high power requirement.

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

6-9 CHAPTER REVIEW

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

1. Explain what NOM is and why it may be one of the goals of coagulation/flocculation to
remove it from drinking water.

2. Differentiate between the terms coagulation and flocculation.

3. Explain how colloidal particles become negatively charged.
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10.

11.
12.

13.

Sketch a particle showing the charge of the Helmholtz layer and the diffuse layer.

Sketch the family of zeta potential curves under the influence of increasing ionic
strength.

Sketch the family of zeta potential curves under the influence of increasing cationic
charge of a coagulant.

. Explain the Schulze-Hardy rule and why it is seldom achieved in natural waters.

Explain the physics of coagulation using the four mechanisms of coagulation.
Explain why the jar test is conducted in two steps.

Explain the purpose of enhanced coagulation and select appropriate coagulant(s) from
a list.

Given a set of chemicals chosen for coagulation, select the order of addition.

In terms of the physics of coagulation, explain the difference between adsorption/
destabilization and sweep coagulation.

From a list of mixing devices select appropriate mixers for either adsorption/
destabilization or sweep coagulation.

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

14.

15.
16.

17.
18.
19.
20.
21.

6-10

6-1.

6-2.

6-3.

Estimate the alkalinity consumed by the addition of alum or ferric chloride to water
with varying amounts of alkalinity including no alkalinity.

Estimate the pH from the addition of coagulant given the alkalinity.

Given the alkalinity, estimate the amount of base to neutralize an excess of coagulant
over the available alkalinity.

Determine the optimum dose of coagulant from jar test data.

Select the appropriate coagulant and mixer system from jar test data.

Design an in-line blender, a static mixer, and a mechanical mixer in a stirred tank.
Design a baffle wall for a flocculation tank.

Design a vertical turbine mixer for flocculation or a paddle flocculator.

PROBLEMS

What is the “exact” alkalinity of a water that contains 0.6580 mg/L of bicarbonate, as
the ion, at a pH of 5.66? No carbonate is present.

Calculate the “approximate” alkalinity (in mg/L as CaCOs) of a water containing 120
mg/L of bicarbonate ion and 15 mg/L of carbonate ion.

Calculate the “exact” alkalinity of the water in Problem 6-2 if the pH is 9.43.
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6-5.

6-6.

6-7.
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Calculate the “approximate” alkalinity (in mg/L as CaCO3) of a water containing
15 mg/L of bicarbonate ion and 120 mg/L of carbonate ion.

A jar test has shown that the optimum dose of ferric chloride consumes all of the
alkalinity. If the amount of ferric chloride that is in excess is 10 mg/L, how much
lime (Ca(OH);), in mg/L must be added to neutralize the acid formed?

Shown below are the results of water quality analyses of the Thames River in London.
If the water is treated with 60 mg/L of alum to remove turbidity, how much alkalinity
will remain? Ignore side reactions with phosphorus and assume all the alkalinity is
HCO;.

Thames River, London

Constituent Expressed as Milligrams per liter
Total hardness CaCO3 260.0
Calcium hardness CaCOs3 235.0
Magnesium hardness CaCO3 25.0
Total iron Fe 1.8
Copper Cu 0.05
Chromium Cr 0.01
Total alkalinity CaCO3 130.0
Chloride Cl 52.0
Phosphate (total) PO4 1.0
Silica Si02 14.0
Suspended solids 43.0
Total solids 495.0
pH* 7.4
“Not in mg/L.

Shown below are the results of water quality analyses of the Mississippi River at Baton
Rouge, Louisiana. If the water is treated with 30 mg/L of ferric chloride for turbidity
coagulation, how much alkalinity will remain? Ignore the side reactions with phos-
phorus and assume all the alkalinity is HCOj.

Mississippi River, Baton Rouge, Louisiana

Constituent Expressed as Milligrams per liter
Total hardness CaCO3 164.0
Calcium hardness CaCO3 108.0
Magnesium hardness CaCO3 56.0

Total iron Fe 0.9
Copper Cu 0.01
Chromium Cr 0.03

Total alkalinity CaCO3 136.0

(continued)
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6-8.

6-9.

6-10.

6-11.

6-12.

6-13.

Mississippi River, Baton Rouge, Louisiana (continued)

Constituent Expressed as Milligrams per liter
Chloride Cl 32.0
Phosphate (total) PO4 3.0

Silica Si02 10.0
Suspended solids 29.9
Turbidity” NTU 12.0

pH* 7.6

“Not in mg/L.

Determine the size (liters/hour) of a proportioning pump to feed ferric chloride for
a 0.438 m*/s water treatment plant. The optimum dose selected is 50 mg/L. Ferric
chloride may be obtained in a liquid form that is 42% pure. The density of this solu-
tion is 1.797 kg/L.

Using Table 6-4, select an in-line blender to mix alum with a design flow rate of
485 m*/h. The design water temperature is 10°C. Verify that the detention time
and velocity gradient meet the design criteria for adsorption/destabilization. As-
sume that the water power is 80% of the motor power, that the mixing time must
be between 0.3 and 0.8 s, and that there will be a stand-by mixer for redundancy.
Because this problem will require some iteration, a spreadsheet solution is highly
recommended.

Using Table 6-4, select a combination of in-line blenders to mix ferric chloride with
a design flow rate that varies from a minimum of 8,200 m*/d in winter to a maximum
of 49,200 m*/d in summer. The design water temperatures are 4°C in the winter and
15°C in the summer. The plant will operate 8 hours per day for seven days per week
in the winter and 24 hours per day for seven days per week in the summer. Assume
that the water power is 80% of the motor power and that the mixing time must be
between 0.3 and 0.8 s. Because this problem will require some iteration, a spread-
sheet solution is highly recommended.

Rework Example 6-6 to find an appropriate static mixer from those shown in Figure 6-16
that conforms to the design criteria. Because this problem will require some iteration,
a spreadsheet solution is highly recommended. The variables that may be adjusted
include the number of mixing elements and the mixer diameter.

Design a static mixer for the following conditions:

Design flow rate = 350 m>/h
Minimum water temperature = 12°C
Mixer aspect ratio = 1.0

To complete this design, specify the following: number of static mixers, number of
mixing elements, and mixer diameter.

As a junior field engineer, you have been asked to assist the contractor on your
job in resolving the following problem. A 4.9 kW motor and gear drive rated
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at 175 rpm has been shipped with the four impellers described below. The
baffled rapid mix tank into which it is to be installed is 3.0 m? in volume (1.56 m
diameter by 1.56 m deep). Which impeller should be used? Assume a water tem-
perature of 10°C, a G = 1,000 sfl, a water density of 1,000 kg/m3, and that the
motor power to water power efficiency is 80%. Show the calculations to justify
your decision.

Impellers

A. Propeller, pitch of 2, 3 blades, diameter = 0.48 m, N, = 1.0

B. Propeller, pitch of 2, 3 blades, diameter = 0.61 m, N, = 1.0

C. Turbine, 6 flat blades, vaned disc, diameter = 0.48 m, N, = 6.3
D. Turbine, 6 flat blades, vaned disc, diameter = 0.61 m, N, = 6.3

The town of Eau Gaullie has requested proposals for a new coagulation water treat-
ment plant. The design flow for the plant is 0.1065 m>/s. The average annual water
temperature is 19°C. The following design assumptions for a rapid-mix tank have
been made:

1. Number of tanks = 1 (with 1 backup spare)
. Tank configuration: circular with liquid depth = 2 X diameter

. Detention time = 10 s

2

3

4. Velocity gradient = 800 s~ !

S. Impeller type: turbine, 6 flat blades, N, = 5.7

6. Available impeller diameters: 0.45, 0.60, and 1.2 m
7

. Assume B = (1/3)H
Design the rapid-mix system by providing the following:

1. Water power input in kW
2. Tank dimensions in m
3. Diameter of the impeller in m

4. Rotational speed of impeller in rpm

Your boss has assigned you the job of designing a rapid-mix tank for the new water
treatment plant for the town of Waffle. The design flow rate is 0.050 m?/s. The aver-
age water temperature is 8°C. The following design assumptions for a rapid-mix tank
have been made:

1. Number of tanks = 1 (with 1 backup)
2. Tank configuration: circular with liquid depth = 1.0 m

3. Detention time = 5 s
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6-16.

6-17.

6-18.

6-19.

4. Velocity gradient = 750 s !

5. Impeller type: turbine, 6 flat blades, N, = 3.6

6. Available impeller diameters: 0.25, 0.50, and 1.0 m
7. Assume B = (1/3)H

Design the rapid-mix system by providing the following:
1. Water power input in kW

2. Tank dimensions in m

3. Diameter of the impeller in m

4. Rotational speed of impeller in rpm

Rework Example 6-8 to find the orifice diameter using a headloss if one of the floc-
culation basins is out of service when the design flow rate occurs.

Determine the number of orifices for a baffle wall with the following design parameters:

Design flow rate = 0.11 m?/s
Orifice coefficient = 0.75
Orifice diameter = 150 mm

Using a spreadsheet program you have written, rework Example 6-8 for the follow-
ing cases:

a. Given velocities of 0.55, 0.45, and 0.35 m/s, find the corresponding diameters in cm
and headlosses for 60 orifices.

b. Given headlosses of 3, 6 and 9 mm, find the corresponding diameters and veloci-
ties for 60 orifices.

Continuing the preparation of the proposal for the Eau Gaullie treatment plant
(Problem 6-14), design the flocculation tank by providing the following for the first
two compartments only:

1. Water power input in kW
2. Tank dimensions in m
3. Diameter of the impeller in m

4. Rotational speed of impeller in rpm

Use the following assumptions:

1. Number of tanks = 2

2. Tapered G in three compartments: 90, 60, and 30 s !
3. Gt = 120,000
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4. Compartment length = width = depth

5. Impeller type: axial-flow impeller, three blades, N, = 0.31
6. Available impeller diameters: 1.0, 1.5, and 2.0 m

7. Assume B = (1/3)H

6-20. Continuing the preparation of the proposal for the Waffle treatment plant (Problem 6-15),
design the flocculation tank by providing the following for the first two compart-
ments only:

1. Water power input in kW
2. Tank dimensions in m
3. Diameter of the impeller in m

4. Rotational speed of impeller in rpm
Use the following assumptions:

Number of tanks = 1 (with 1 backup)

Tapered G in three compartments: 60, 50, and 20 s~ !
Detention time = 30 min

Depth = 3.5m

Impeller type: axial-flow impeller, three blades, N, = 0.43
Available impeller diameters: 1.0, 1.5, and 2.0 m
Assume B = (1/3)H

A L T o L

6-21. Determine the required width of the paddle blade and recommend a motor power (in
watts) and rotational speed (in rpm) for the horizontal shaft a cross-flow paddle floc-
culator for the first compartment of a three compartment flocculation basin shown in
Figure P-6-23. (Note: there are three paddle wheels on one shaft.) Figure P-6-23 and
the following assumptions are to be used in the design:

Liquid volume = 257.2 m*
Velocity gradient = 40 s !
Motor efficiency = 80%
Paddle velocity = 0.5 m/s
Water temperature = 15°C
Drag coefficient = 1.8

No stators are present®

*A stator is a vertical baffle.
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6-22. Design the first compartment of a cross-flow paddle flocculator for the city of None-
such by determining the basin dimensions, the paddle configuration, the power
requirement, motor power, and rotational speeds for the following parameters:

Design flow rate = 36 X 10° m*/d
t = 23 min

Three flocculator compartments with G = 40, 30, 20 s7!
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For each compartment L = W
Water temperature = 10°C

Assume the design recommendations in Table 6-7 apply

To complete the design, provide a dimensioned sketch of the basin and wheels.

Hint: for a first trial assume a wheel diameter of 3.5 m.

Design the first compartment of a cross-flow paddle flocculator for the city of Some-
such by determining the basin dimensions, the paddle configuration, the power re-
quirement, motor power, and rotational speeds for the following parameters:

Design flow rate = 28.8 X 10° m¥/d
t =25 min
Three flocculator compartments with G = 50, 40, 20 s !
For each compartment L = W
Water temperature = 5°C
Assume the design recommendations in Table 6-7 apply
To complete the design, provide a dimensioned sketch of the basin and wheels.

Hint: for a first trial assume a wheel diameter of 3.0 m.

DISCUSSION QUESTIONS

The zeta potential of colloids measured in water from Lake Michigan would be
greater than, less than, or the same as the zeta potential for the same colloidal
dispersion measured in a water from the Atlantic ocean. Select the correct
phrase.

In Jar Test II in Example 6-3 the pH was held constant while the alum dose was
varied. Explain why the settled turbidity varies from a high of 14 to a low of 4.5 and
then rises again to 13.

Which type of rapid mix (in-line blender or back mix reactor) would be selected for
the jar test data shown below.

Jar No 1 2 3 4 5
Coagulant dose, mg/L 0 5 20 50 250
Final turbidity, (NTU) 8.35 8.26 7.92 7.51 6.49

Coagulant was Ferric Chloride
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WATER AND WASTEWATER ENGINEERING

7-1 HARDNESS

The term hardness is used to characterize a water that does not lather well, causes a scum in the
bath tub, and leaves hard, white, crusty deposits (scale) on coffee pots, tea kettles, and hot water
heaters. The failure to lather well and the formation of scum on bath tubs is the result of the reac-
tions of calcium and magnesium with the soap. For example:

Ca’t+ (soap) = Ca(soap);(s) (7-1)

where (s) = a solid precipitate

As a result of this complexation reaction, soap cannot interact with the dirt on clothing, and
the calcium-soap complex itself forms undesirable precipitates.

Hardness is defined as the sum of all polyvalent cations (in consistent units). The common
units of expression are mg/L as CaCOj3 or milliequivalents per liter (meq/L). Qualitative terms
used to describe hardness are listed in Table 7-1. The distribution of hard waters in the United
States is shown in Figure 7-1.

Although all polyvalent cations contribute to hardness, the predominant contributors are cal-
cium and magnesium. With the exception of a few other important polyvalent cations and natural
organic matter (NOM), the focus of this discussion will be on calcium and magnesium.

Hardness in natural waters comes from the dissolution of minerals from geologic formations
that contain calcium and magnesium. Two common minerals are calcite (CaCOs3) and dolomite
[CaMg(COs3),]. The natural process by which water becomes hard is shown schematically in
Figure 7-2. As rainwater enters the topsoil, the respiration of microorganisms increases the CO,
content of the water. As shown in Equation 6-2, the CO, reacts with the water to form H,COj3. Cal-
cite and dolomite react with the carbonic acid to form calcium bicarbonate [Ca(HCO3),] and mag-
nesium bicarbonate [Mg(HCO3),]. While CaCO3 and CaMg(CO3), are not very soluble in water,
the bicarbonates are quite soluble. Calcium chloride (CaCl,), gypsum (CaSO,), magnesium chloride
(MgCl,), and magnesium sulfate (MgSQO,4) may also go into solution to contribute to the hardness.

Because calcium and magnesium predominate, the convention in performing softening
calculations is to define the roral hardness (TH) of a water as the sum of these elements

TH = Ca>"+ Mg*" (7-2)

The concentrations of each element are in consistent units (mg/L as CaCO3 or meg/L). Two
components of total hardness are: (1) that associated with the HCO3 anion (called carbonate
hardness and abbreviated CH) and (2) that associated with other anions (called noncarbonate
hardness and abbreviated NCH). Total hardness, then, may also be defined as

TH = CH + NCH (7-3)
TABLE 7-1
Hard water classification
Hardness range
(mg/L as CaCO3) Description Comment
0-50 Extremely soft
50-100 Very soft
100-150 Soft to moderately hard Acceptable to most users
150-300 Hard

>300 Very hard
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FIGURE 7-1

General distribution of hard water in untreated municipal water supplies.
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CaCO;4(s) + H,CO; > Ca(HCO3),
MgCOs(s) + H,CO; > Mg(HCO,),
FIGURE 7-2

Natural process by which water is made hard. (Source: Davis and Cornwell,
2008.)

LIME-SODA SOFTENING

Carbonate hardness is defined as the amount of hardness equal to the total hardness or the total
alkalinity, whichever is less. Carbonate hardness is often called temporary hardness because
boiling the water removes it. Heating drives the CO; out of solution and the pH increases as

shown in Equation 6-2 and Figure 6-7. The resulting reaction is

Ca>" + 2HCO3 = CaCO;(s) + CO,(g) + H,O

(7-4)

7-3
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Noncarbonate hardness is defined as the total hardness in excess of the alkalinity. If the alkalin-
ity is equal to or greater than the total hardness, then there is no noncarbonate hardness. Noncarbon-
ate hardness is called permanent hardness because it is not removed when water is heated.

Bar charts of water composition are useful in understanding the process of softening. By
convention, the bar chart is constructed with cations in the upper bar and anions in the lower bar.
In the upper bar, calcium is placed first and magnesium second. Other cations follow without any
specified order. The lower bar is constructed with bicarbonate placed first. Other anions follow
without any specified order. Construction of a bar chart is illustrated in Example 7-1.

Example 7-1. Given the following analysis of a groundwater, construct a bar chart of the con-

stituents, expressed as CaCOs.

Ton mg/L as ion EW CaCO5/EW ion“ mg/L as CaCOj3
Ca®* 103 2.50 258
Mgt 55 4.12 23
Na* 16 2.18 35
HCO3 255 0.82 209
SO;~ 49 1.04 51
cl- 37 1.41 52

“Equivalent weight of CaCO3/equivalent weight of ion.

Solution. The concentrations of the ions have been converted to CaCOj3 equivalents. The

results are plotted in Figure 7-3.

The cations total 316 mg/L as CaCOs, of which 281 mg/L as CaCOs is hardness. The anions
total 312 mg/L as CaCOj3, of which the carbonate hardness is 209 mg/L as CaCOj3. There is a

Total hardness

Carbonate hardness

Noncarbonate
hardness

0
e}
N

281 —

316

Cations Ca**

M g++
Z
[
L

Anions HCO;3

Nojw

Cr

209

260

312

T T
0 100 200

300

Ton concentration, mg/L as CaCO,

FIGURE 7-3

Bar graph of groundwater constituents. (Source: Davis and Cornwell, 2008.)
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discrepancy between the cation and anion totals because there are other ions that were not ana-
lyzed. If a complete analysis were conducted, and no analytical error occurred, the equivalents of
cations would equal exactly the equivalents of anions. Typically, a complete analysis may vary
* 5% because of analytical errors.

The relationships between total hardness, carbonate hardness, and noncarbonate hardness
are illustrated in Figure 7-4. In Figure 7-4a, the total hardness is 250 mg/L as CaCOs,
the carbonate hardness is equal to the alkalinity HCO3 = 200 mg/L as CaCOj), and the
noncarbonate hardness is equal to the difference between the total hardness and the carbonate
hardness (NCH = TH — CH = 250 — 200 = 50 mg/L as CaCOj3). In Figure 7-4b, the total
hardness is again 250 mg/L as CaCO3. However, because the alkalinity HCOj3 is greater than
the total hardness, and because the carbonate hardness cannot be greater than the total hard-
ness (see Equation 7-3), the carbonate hardness is equal to the total hardness, that is, 250
mg/L as CaCOs.

With the carbonate hardness equal to the total hardness, then all of the hardness is carbonate
hardness and there is no noncarbonate hardness. Note that in both cases it may be assumed that
the pH is less than 8.3 because HCOj3 is the only form of alkalinity present.

Example 7-2. A water has an alkalinity of 200 mg/L as CaCOj3. The Ca** concentration is
160 mg/L as the ion, and the MgZJr concentration is 40 mg/L as the ion. The pH is 8.1. Find the
total, carbonate, and noncarbonate hardness.

Solution. The molecular weights of calcium and magnesium are 40 and 24, respectively.
Because each has a valence of 27, the corresponding equivalent weights are 20 and 12. Using
Equation 6-7 to convert mg/L as the ion to mg/L as CaCO3 and adding the two ions as shown
in Equation 7-2, the total hardness is

TH = 160 mg/L( Somﬂ] +40 mgm(m) = 567 mg/L as CaCO;y
20 mg/meq 12mg/meq

where 50 is the equivalent weight of CaCOs.

By definition, the carbonate hardness is the lesser of the total hardness or the alkalinity.
Because, in this case, the alkalinity is less than the total hardness, the carbonate hardness (CH) is
equal to 200 mg/L as CaCOs. The noncarbonate hardness is equal to the difference

NCH =TH — CH =567 — 200 = 367 mg/L as CaCO;

Note that concentrations of Ca>" and Mg2+ can only be added and subtracted if they are in
equivalent units, for example, moles/L or milliequivalents/L or mg/L. as CaCOs.

The removal of ions that cause hardness is called softening. The majority of treatment
systems that employ softening are those using a groundwater source. There are, however,
a number of surface water sources with a groundwater component that is hard that employ
softening as part of their treatment process. Softening can be accomplished by the lime-soda
process, ion exchange, nanofiltration, or reverse osmosis. Lime-soda softing is discussed in
this chapter. The other methods are discussed in chapters 8 and 9.

7-5
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Total hardness (TH)
Noncarbonate
Carbonate hardness (CH) hardness (NCH)
I
0 250
Ca?* Mg?*
HCO; cl-
0 200 250

(a)

Total hardness (TH)
Carbonate hardness (CH)
0 250 275
Cca2t Mg?* Na*
HCO3
0 275
(b)
FIGURE 7-4

Relationships between total hardness, carbonate hardness, and noncarbonate
hardness. (Source: Davis and Cornwell, 2008.)

7-2 LIME-SODA SOFTENING

Objectives

Prior to the mid-twentieth century, the primary purpose of lime-soda softening by municipal
water treatment systems was to satisfy domestic consumer desire to reduce the aesthetic and
economic impact of soap precipitation. The importance of this objective has been reduced by the
introduction of synthetic detergents and home water softeners. Other benefits of lime-soda soft-
ening systems have been shown to be quite substantial. These include removal of heavy metals,
NOM, turbidity, and pathogens as well as improving the water quality that reduces costs for
distribution system corrosion, boiler and cooling water feed, and home water heater systems.
The concurrent removal of arsenic, chromium, iron, lead, manganese, and mercury provides an
additional benefit to the removal of hardness and, in some cases, may be the overriding reason for
selection of the technology (Kawamura, 2000).

Lime-Soda Softening Chemistry

Solubility Product. Because all solids are soluble to some degree, there is an equilibrium
between the ions in solution and the solid. This equilibrium can be expressed as

AuBy(s) = aA’ 4+ bBY (7-5)

where (s) = solid precipitate.
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The product of the activity of the ions (approximated by the molar concentration) is a con-
stant for a given compound at a given temperature. In its most general form it is written as

_ [A1°[B)
[AaBy(s)]

(7-6)

where [ | = molar concentration, moles/L
(s) = solid state, that is the precipitate

Because the precipitate is a solid, [A, By, (s)] = 1.0 and the equation is conventionally expressed as
K, = [AT'[BY (7-7)

where K, = solubility product constant
This expression forms the fundamental basis for lime-soda softening. K, values are often
reported as pK, where

K, = —logkK, (7-8)
A selected list of K, values is presented in Appendix A.

Le Chatelier’s Principle. The lime-soda reactions are a direct application of Le Chatelier’s prin-
ciple or the law of mass action, which states that a reaction at equilibrium will adjust itself to relieve
any force or stress that disturbs the equilibrium. To soften the water, an ion in common in the solu-
bility equilibrium is selected to react with calcium or magnesium so the reaction forms more pre-
cipitate. The solubility product equilibrium provides a starting point for selecting the common ion.
From Appendix A, it is apparent that several forms of calcium and magnesium will form a precipi-
tate. The solubility product, as well as public health and economic criteria, are used as the criteria
for selecting the form of precipitate. In the case of calcium, the desired precipitate is CaCOs. In the
case of magnesium, the desired precipitate is Mg(OH),. The solubility equilibrium reactions are

Ca>"+C03 = CaCO;(s) (7-9)

Mg>t +20H" = Mg(OH),(s) (7-10)

The concentration of CO%_ and/or OH " is increased by the addition of chemicals, and the
chemicals drive the reactions given in Equations 7-9 and 7-10 to the right. Insofar as possible, the
naturally occurring bicarbonate alkalinity (HCO3 ) is converted to carbonate (CO§_) by the addi-
tion of hydroxyl ions (OH ). Hydroxyl ions cause the carbonate buffer system (Equation 6-2) to
shift to the right and, thus, provide the carbonate for the precipitation reaction (Equation 7-9).

The common source of hydroxyl ions is calcium hydroxide [Ca(OH),]. Many water treatment
plants find it more economical to buy quicklime (CaO), commonly called lime, than hydrated
lime [Ca(OH),]. The quicklime is converted to hydrated lime at the water treatment plant by
mixing CaO and water to produce a slurry of Ca(OH),, which is fed to the water for softening.
The conversion process is called slaking:

CaO + H,O = Ca(OH), + heat (7-11)

7-7
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The reaction is exothermic. It yields almost 1 MJ per gram mole of lime. Because of this high
heat release, the reaction must be controlled carefully. All safety precautions for handling a
strong base should be observed. Because the chemical is purchased as lime, it is common to
speak of chemical additions as additions of “lime,” when in fact the chemical added is hy-
drated lime (calcium hydroxide). When carbonate ions must be supplied, the most common
chemical chosen is sodium carbonate (Na,COj3). Sodium carbonate is commonly referred to as
soda ash or soda.

Softening Reactions. The softening reactions are regulated by controlling the pH. First, any
free acids are neutralized. Then the pH is raised to precipitate the CaCOs; if necessary, the pH is
raised further to remove Mg(OH),. Finally, if necessary, CO%_ is added to precipitate the non-
carbonate hardness.

Six important softening reactions are discussed below. In each case, the chemical that is
added to the water is printed in bold type. The notation (s) designates the solid form, and indi-
cates that the compound has been removed from the water. The following reactions are presented
sequentially, although in reality they occur simultaneously.

1. Neutralization of carbonic acid (H,CO3).
In order to raise the pH, free acids must be neutralized first. CO, is the principal acid
present in unpolluted, naturally occurring water.* No hardness is removed in this step.

CO, + Ca(OH), = CaCO;(s) + H,0 (7-12)
2. Precipitation of carbonate hardness due to calcium.
To precipitate calcium carbonate, all of the naturally occurring bicarbonate must be

converted to carbonate. The carbonate then serves as the common ion for the precipita-
tion reaction.

Ca>" + 2HCO 5+ Ca(OH), = 2CaCO;(s) + 2H,0 (7-13)

3. Precipitation of carbonate hardness due to magnesium.
To remove carbonate hardness that results from the presence of magnesium, more
lime is added. The reaction may be considered to occur in two stages. The first stage oc-
curs when the bicarbonate in step 2 above is converted to carbonate.

Mg*"+2HCO 5 + Ca(OH), = MgCO;+ CaCOj3(s) + 2H,0 (7-14)

The hardness of the water does not change because MgCOj is soluble. With the addition
of more lime, the hardness due to magnesium is removed.

Mg>" + CO3 ™ + Ca(OH); = Mg(OH),(s) + CaCOs(s) (7-15)

*CO, and H,COj5 in water are essentially the same:
COy+ HpO = HpCO3

Thus, the number of reaction units (n) used to calculate the equivalents for CO; is two.



4. Removal of noncarbonate hardness due to calcium.
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To remove noncarbonate hardness due to calcium, additional carbonate in the form of

soda ash must be added
Ca’"+ Na,CO3 = CaCOs(s) +2Na™

5. Removal of noncarbonate hardness due to magnesium.

(7-16)

To remove noncarbonate hardness due to magnesium, both lime and soda must be

added. The lime provides the hydroxyl ion for precipitation of the magnesium.

Mg*>" + Ca(OH), = Mg(OH), (s) + Ca**

(7-17)

Although the magnesium is removed, there is no change in the hardness because the

calcium is still in solution. To remove the calcium, soda ash must be added.

Ca’*+Na,CO3 = CaCOs(s) +2Na™*

(7-18)

Note that this is the same reaction as the one to remove noncarbonate hardness due to

calcium.

These reactions are summarized in Figure 7-5. Although the reactions shown above use lime
and soda ash as sources of hydroxyl ion and carbonate ion, other sources may be used. For ex-

ample, sodium hydroxide (NaOH) can be substituted for calcium hydroxide.

pH. Solubility relationships are generally more complex than implied by the discussion to this
point. In addition to the solubility product, other equilibria affect the concentration of the ions
present. Other ions may form salts with less solubility than the ones assumed to result from the
solubility equilibrium. Reactions of the cation or anion with water to form hydroxide complexes or

Neutralization of carbonic acid
CO, + Ca(OH), = CaCOs(s) + H,0
Precipitation of carbonate hardness
Ca** + 2HCO; + Ca(OH), == 2CaCO54(s) + 2H,0
Mg** + 2HCO; + Ca(OH), = MgCO; + CaCO4(s) + 2H,0

*
MgCO, + Ca(OH), == Mg(OH),(s) + CaCOs(s)

Precipitation of noncarbonate hardness due to calcium

Ca*" + Na,CO; == CaCOy(s) + 2Na™

Precipitation of noncarbonate hardness due to magnesium
Mg** + Ca(OH), == Mg(OH),(s) + Ca**

J+ +
Ca™" + Na,COj; == CaCO;4(s) + 2Na

FIGURE 7-5

Summary of softening reactions. (Note: The chemical added is
printed in bold type. The precipitate is designated by (s). The
arrow indicates where a compound formed in one reaction is used
in another reaction.) (Source: David and Cornwell, 2008.)
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protonated anion species are common. In addition, the cations or anions may form complexes with
other materials in solution, thus, reducing their effective concentration (Sawyer et al., 2003).

Of particular importance is the effect of solution pH on the solubility of cations. For example,
assuming that there are no other compounds in solution to react with calcium hydroxide, the solu-
bility product would be

K, =[Ca’"J[OH T (7-19)
or
log [Ca2+] = log Ksp —2log[OH ] (7-20)
However, log [OH ] is a function of pH:
pH = pK,, — pOH = pK,, +log [OH ] (7-21)
or
log [OH ]=pH - pK|, (7-22)
So Equation 7-20 may be written
249 _
log [Ca™"] = log Ksp —2(pH —pkK,) (7-23)

The pH not only affects the solubility of metal hydroxides, it also affects other equilibria,
which in turn affects the solubility of the cation. Of particular importance is the relationship of
the carbonate buffer system to pH. As noted in Equations 6-5 and 6-6, carbonate is an anion of the
weak diprotic acid, HyCOs3. The carbonate species both influence and are influenced by the pH.
The sum of the carbonate species may be specified as a total concentration of inorganic carbon:

Cr = [H,CO;]+[HCO3]+[CO3 ] (7-24)

If the pH is specified, the saturation value for [Ca2+] can be estimated for a given value of Cy.
This is illustrated in Figure 7-6.

In lime-soda softening, the pH is controlled by the addition of lime. To precipitate CaCOs,
the pH of the water must be raised to about 10.3. To precipitate magnesium, the pH must be
raised to a range of about 11 to 11.3 (Horsley et al., 2005).

Process Limitations and Empirical Considerations. Lime-soda softening cannot produce a
water completely free of hardness because of the solubility of CaCO5; and Mg(OH),, the physical
limitations of mixing and contact, and the lack of sufficient time for the reactions to go to com-
pletion. Thus, the minimum calcium hardness that can be achieved is about 30 mg/L as CaCO3,
and the minimum magnesium hardness is about 10 mg/L as CaCOs3. Because of the slimy condi-
tion that results when soap is used with a water that is too soft, historically the goal for final total
hardness has been set at between 75 and 120 mg/L as CaCOs. In recent years, many utilities have
raised the target hardness to 120 to 150 mg/L as CaCOs to reduce chemical costs and residuals*
production (Horsley et al., 2005).

In order to achieve reasonable removal of hardness in a reasonable time period, an extra amount
of Ca(OH), beyond the stoichiometric amount usually is provided. Based on empirical experience, the
minimum extra amount is 20 mg/L of Ca(OH), expressed as CaCOj3 (or 0.40 meq).

*Residuals = precipitate in the lime-softening process and brine in ion exchange and reverse osmosis softening.
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CaCOj(s)

log[CaZ+]
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FIGURE 7-6

Logarithmic concentration diagram showing the relationship between pH, Ct (mol/L of
inorganic carbon), and the equilibrium concentration of Ca*>" with respect to CaCOs(s).
(Source: Sawyer et al., 2003.)

Magnesium in excess of about 40 mg/L as CaCOj3 (0.80 meq) forms scales on heat exchange
elements in hot water heaters. Because of the expense of removing magnesium, normally only
the magnesium that is in excess of 40 mg/L. as CaCOj is removed. For magnesium removals less
than 20 mg/L as CaCOs, the basic extra amount of lime mentioned above is sufficient to ensure
good results. For magnesium removals between 20 and 40 mg/L. as CaCOj3, an extra amount of
lime equal to the magnesium to be removed is added. For magnesium removals greater than 40
mg/L as CaCOs, the extra lime added is 40 mg/L. as CaCOj3. Addition of extra lime in amounts
greater than 40 mg/L as CaCOj3 does not appreciably improve the reaction kinetics.

Because the excess lime adds hardness in the form of Ca>", it is removed in a subsequent
process step called recarbonation. Recarbonation is discussed in detail in Section 7.3.

The sequence chemical additions (as CaCO3) to soften water are summarized in Table 7-2:

7-3  SOFTENING PROCESSES

The selection of chemicals and their dosage depends on the raw water composition, the desired final
water composition, operational convenience, sludge production, and cost. If a Mg2+ concentration of
40 mg/L as CaCOs is used as a product water criterion, then six cases illustrate the dosage schemes.
Three of the cases occur when the Mg2+ concentration is less than 40 mg/L. as CaCOj3 (Figure 7-7a, b,
and c) and three cases occur when Mg2+ is greater than 40 mg/L as CaCOj (Figure 7-8a, b, and c).

The process alternatives described below are a selection of the many that may be imple-
mented. The naming convention for the different process alternatives is not standardized and care
should be taken to make sure that the process alternative is well understood by the design team
and the client irrespective of the naming convention.

7-11
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TABLE 7-2
Summary of chemical additions to soften water

Step Chemical addition” Reason

Carbonate hardness

1. Lime = CO, Neutralize HyCO3

2. Lime = HCOj3 Raise pH; convert HCO; to CO5 ™
3. Lime = Mg2+ to be removed Raise pH; precipitate Mg(OH),

4. Lime = required excess Drive reaction

Noncarbonate hardness

5. Soda = noncarbonate hardness Provide CO§7
to be removed

“The terms “Lime” and “Soda”refer to mg/L of Ca(OH), and NayCOj5 respectively, as CaCO; equal to mg/L of ion (or gas
in the case of CO;) as CaCOs.

Removal of CO,

Because CO; in the raw water behaves as H,COs, its removal is the first step in raising the pH
in lime-soda softening. It may be neutralized by the addition of lime, in which case it is not a
“process” in the conventional meaning of the word. When the concentration exceeds 10 mg/L as
CO; (22.7 mg/L as CaCO3 or 0.45 meq/L), the economics of removal by aeration (stripping) are
favored over removal by lime neutralization. Air stripping is a separate process. No hardness is
removed in this process.

1. Add lime = CO, (to raise pH)
Ca2t Mg“ 2. Add lime = HCOj (to raise pH)
3. Check is sum of Ca®" that remains:
NCH + Mg?"> 1207 If yes, remove Ca’" that is
HCO; C1~ NCH with soda ash (Ca** — HCO3).
@ 4. Consider excess lime

co,

1. Add lime = CO,

2. Add lime = HCO;

3. Consider excess lime

HCO; c1 HCOj > Ca’", therefore, all Ca®" has been removed.

Ca2*t Mg

co,

(b)

Ca®* Mg | Na'| 1. Addlime = CO,
co, 2. Add lime = HCO;

HCO; 3. Consider excess lime

(©

FIGURE 7-7

Dosage schemes when Mg2+ concentration is less than or equal to 40 mg/L as CaCOj3 and no split
treatment is required. Note that no MgZJr is removed and that reactions deal with CO, and Ca’* only.
(Source: Davis and Cornwell, 2008.)
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. Add lime = CO, (to raise pH)

. Add lime = HCOj (to raise pH)

. Add lime = Mg>*

. Add soda = (CazJr + Mg2+) — HCOj (to remove Ca2+)
. Consider excess lime

Ca2+ Mg2+

co,

HCO; ci-

L O R

(a)

. Add lime = CO,
. Add lime = HCO;

. Add lime = Mg?>"

. Add soda = (Ca®" + Mg”") — HCO;
. Consider excess lime

catt Mgt

o,

HCO; ci-

I O S

(b)

. Add lime = CO,

. Add lime = HCOj; (Need all because need to raise pH)
. Add lime = Mg>*

. No soda ash required

Ca®* Mg2+ Na~

co,

[ R S

HCO; . .
. Consider excess lime

(©

FIGURE 7-8

Cases when Mg2+ concentration is greater than 40 mg/L as CaCOj3 and split treatment is required.
Note that these cases illustrate softening to the practical limits in the first stage of the split-flow
scheme. (Source: Davis and Cornwell, 2008.)

Lime Softening

Also called selective calcium removal, or partial lime softening, this alternative applies to cases
(a), (b), and (c) in Figure 7-7. Only lime is added. The desired control pH is 10.3. This process
removes only carbonate hardness caused by calcium.

Excess Lime Softening

This alternative applies to cases (b) and (c¢) in Figure 7-8. Only lime is added. The desired control
pH is 11.3. This process removes only the carbonate hardness caused by calcium and magnesium.

Lime-Soda Softening

This alternative applies to cases (a), (b), and (c) in Figure 7-8. Both lime and soda ash are added.
The desired control pH is 11.3. This process removes both carbonate and noncarbonate hardness
caused by calcium and magnesium.

Softening to Practical Limits

One process to achieve a specified magnesium concentration or to achieve a given hardness
is to treat a portion of the water to the practical limits and then blend the treated water with
the raw water to achieve the desired magnesium concentration or hardness.* Stoichiometric
amounts of lime and soda are added to remove all of the Ca’" and Mngr to the practical limits
of softening (that is, 0.60 meq/L or 30 mg/L as CaCOj3 of Ca®" and 0.20 meq/L or 10 mg/L as
CaCO5 of Mg ™).

*Generally, it is not practical to attempt to achieve both a desired magnesium concentration and a specified final hardness with
a single split, and it is not economical to have multiple splits.
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“First Stage”
r N
Flow = (1-X)(Q) Recarbonation
Disinfection
0 0. .
Raw Softening Sedimentation Sedimentation Filtration Finished
water water
Bypass
Fraction bypassed = (X)(Q)
FIGURE 7-9

Split-flow treatment scheme. (Source: Davis and Cornwell, 2008.)

Split Treatment

As shown in Figure 7-9, in split treatment a portion of the raw water is bypassed around the soft-
ening reaction tank and the settling tank. This serves several functions. First, it allows the water
to be tailored to yield a product water that has 0.80 meq/L or 40 mg/L as CaCO3 of magnesium
(or any other value above the solubility limit). Second, it allows for a reduction in capital cost of
tankage because the entire flow does not need to be treated. Third, it minimizes operating costs
for chemicals by treating only a fraction of the flow. Fourth, it uses the natural alkalinity of the
water to lower the pH of the product water and assist in stabilization. In many cases a second
sedimentation basin is added after recarbonation and prior to filtration to reduce the solids load-
ing onto the filters.
The fractional amount of the split is calculated as
- Mgy — Mg (7-25)
Mgr - Mgl

where Mg, = final magnesium concentration, mg/L as CaCO3
Mg; = magnesium concentration from first stage (Figure 7-9), mg/L as CaCOj3
Mg, = raw water magnesium concentration, mg/L as CaCO3

The first stage is operated to soften the water to the practical limits of softening. Thus, the
value for Mg; is commonly taken to be 10 mg/L as CaCO3. Because the desired concentration
of Mg is nominally set at 40 mg/L as CaCOj3 as noted previously, Mgy is commonly taken as
40 mg/L as CaCOs.

Recarbonation

When the pH of the softened water is greater than the saturation pH, the pH must be reduced to
stop the precipitation reaction that will deposit CaCOj in the filters and distribution system pip-
ing because this will cement them closed. CO, (which when dissolved in water forms H,CO3)
has frequently been found to be the most economical chemical to use in reducing the pH. Alterna-
tively, strong acids such as sulfuric acid may be employed. The stabilization process is discussed
in detail in Section 7.8.
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Five reactions that are employed in recarbonation are discussed below. In each case, the
chemical that is added to the water is printed in bold type. The notation (s) designates the solid
form and indicates that the compound has been removed from the water. The following reactions
are presented sequentially, although in reality they occur simultaneously.

1. Recarbonation after selective calcium removal.

After selective calcium removal, the water will be supersaturated with calcium carbon-
ate and the pH will be between 10.0 and 10.6. The addition of CO, lowers the pH to
between 8.5 and 9.0 and converts the carbonate ions to bicarbonate ions.

Ca®"+ COF + €O+ H,0 = Ca®' +2HCO3 (7-26)

2. Recarbonation after the excess lime process.

After calcium and magnesium removal with excess lime, the pH will be above 11.0. Suf-
ficient CO, is added to convert the excess hydroxyl ions to carbonate ions and then to
convert the carbonate ions to bicarbonate. This will occur in the pH range of 10.0 to 10.5.

Ca’*+20H + CO, = CaCOs(s) + H,0 (7-27)
Mg +20H +CO, =M+ C0i ™+ H,0 (7-28)

Additional CO; is added to lower the pH to about 8.4 to 8.6.
CaCOs(s) + COy + Hy,0 = Ca®" +2HCO; (7-29)

Mg +C0% +CO,+H,0 = Mg> "+ 2HCO5 (7-30)

7-4 CHEMICAL DOSAGES BASED ON STOICHIOMETRY

The estimation of the chemical dosage is used to design the chemical storage silos, chemical feed
systems, and sludge disposal facilities. In the following examples, it is assumed that the reactions
go to completion, that the lime and soda ash are pure (100 percent of the chemical), and that the
extra lime added to drive the reaction is removed by recarbonation.

Estimating CO, Concentration

CO, is of importance in two instances in softening. In the first instance, it consumes lime that other-
wise could be used to remove Ca>" and Mg”. In the second instance, CO, is used to neutralize the
high pH of the effluent from the softening process. These reactions are an application of the concepts
of the carbonate buffer system discussed in Chapter 6.

The approximate concentration® of CO, may be estimated using the equilibrium expressions
for the dissociation of water and carbonic acid with the definition of alkalinity (Equation 6-3).
The pH and alkalinity of the water must be determined to make the estimate. The equilibrium
expressions for carbonic acid are

_ [H"][HCO3]

Kal
[HyCOs]

pK. = 6.35 at 25°C (7-31)

*A more accurate estimation technique is described by Benefield and Morgan (1999).
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_[H'][CO37]
[HCO3]

a2 pKa2 =10.33 at 25°C (7-32)

where [ | = concentration in moles/L.
For water temperatures other than 25°C, the dissociation constants may be estimated as
(Rossum and Merrill, 1983)

_ 14.8453—3404.71/T—0.032786T

K , = 106.49872909.39/1“70.02379T

a

(7-34)

where T = absolute temperature, K.

When the pH is less than 8.3, HCO3 is the dominant form of alkalinity, and total alkalinity is
nominally taken to be equal to the concentration of HCO3 (Figure 6-8). For most natural waters
this is a reasonable assumption. Thus, we can ignore the dissociation of bicarbonate to form car-
bonate. With this assumption, the procedure to solve the problem is:

a. Calculate the [H"] from the pH.
b. Correct the K, value for temperature.

Calculate the [HCO3 ] from the alkalinity.

e

d. Solve the first equilibrium expression of the carbonic acid dissociation for [H,COs3].

e. Use the assumption that [CO,] = [H,COs] to estimate the CO, concentration.

Example 7-3 illustrates a simple case where one of the forms of alkalinity predominates.

Example 7-3. What is the estimated CO, concentration of a water with a pH of 7.65 and a total
alkalinity of 310 mg/L as CaCO3? Assume the water temperature is 25°C.

Solution. 'When the raw water pH is less than 8.3, we can assume that the alkalinity is pre-
dominately HCOs3 . Thus, we can ignore the dissociation of bicarbonate to form carbonate.

a. The [H+] concentration is
[H'1=10"7% =224 x10"% moles/L

b. Because the alkalinity is reported as mg/L as CaCQj, it must be converted to mg/L as the
species using Equation 6-7 before the molar concentration may be calculated. The ratio
61/50 is the ratio of the equivalent weight of HCO3 to the equivalent weight of CaCOs.

The [HCO3 ] concentration is

[HCO3] = (310 mg/L)(61 mg/meqj[ ! j

50 mg/meq )\ (61 g/mole)(lO3 mg/g)
=6.20 X 10~ moles/L
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¢. With pK,; = 6.35, solve Equation 7-31 for [H,COj3].

R
(H,C0, ) = T IHCO3 ]

al

K, =107°% =4.47 %1077 moles/L at 25°C
_ (2.24 X1078 moles/L)(6.20 X 10> moles/L)

H,COs] = 2
[H>COs 4.47%10"" moles/L
=3.11X10"* moles/L

d. Assume that all the CO, in water forms carbonic acid. Thus, the estimated CO, concen-
tration is

[CO,]1=3.11X10"* moles/L

In other units for comparison and calculation:

CO, = (3.11 X 10~ * moles/L)(44 X 10° mg/mole) = 13.7 mg/L as CO
2 2

and

50 mg/meq

CO, =(13.7 mg/LasCOz)( j=31.14 or 31.1 mg/L as CaCO;

22 mg/meq)

The equivalent weight of CO; is taken as 22 because it effectively behaves as carbonic acid
(H,CO3) and thus n = 2.

Comment. This CO, concentration is high enough to warrant consideration of air stripping to
remove it.

Selective Calcium Removal

When the magnesium concentration is less than 40 mg/L as CaCOs3, lime softening (also
called partial lime softening) can produce the desired final hardness. The alternative dos-
ing schemes are dependent on the amount of carbonate alkalinity as shown in Figure 7-7.
In each instance CO, removal is shown by lime neutralization. This assumes that this is the
economic alternative. In addition, it should be noted that lime must be added to the stoichio-
metric equivalent of the bicarbonate present regardless of the concentration of calcium. If the
bicarbonate is not neutralized, the pH objective of 10.3 required to precipitate the calcium
will not be achieved.

Example 7-4 illustrates one case of those shown in Figure 7-7, using both mg/L as CaCO3
and milliequivalents/L (meq/L) as units of measure.

Example 7-4. Prepare a bar chart for Sweetwater’s water analysis given below and determine
the chemical dosage required for selective calcium removal. Estimate the dosage of quicklime
(CaO) that needs to be added if the purity of lime is 90%.
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Sweetwater water analysis*

Constituent mg/L
CO, 6.6
(o 80
Mgt 8.5
HCO;3; 200.0
SO; 73

“Assume that other ions in the water that are not reported account for the lack of an ion balance.

Solution:
a. Begin by converting all the concentrations to CaCOj3 equivalents and meq.

mg/L as
Constituent, mg/L EwW EW CaCO3/EW ion CaCOs3 meq/L
CO, 6.6 22.0 2.28 15.0 0.30
Ca’" 80 20.0 2.50 200.0 4.00
Mgt 8.5 122 4.12 35.0 0.70
HCO3 200.0 61.00 0.820 164.0 3.28
SOL%_ 73 48.00 1.04 76 1.52

NOTE: meg/L = (mg/L as CaCO3)/50 and meq/L = (mg/L)/EW.

The bar chart of the raw water in mg/L as CaCOj3 is shown below.

15 0 200 235
Cat* M g2+
co,
HCO; Neo/m
0 164 240

b. Because Mg> " is less than 40 mg/L as CaCOs, removal of magnesium is unnecessary.
The chemical additions are as follows:

Addition Lime, Lime,
equal to: mg/L as CaCOj3 meq/L
CO, 15.0 0.30
HCOj 164.0 3.28
179.0 3.58

c. Using the rule of thumb for extra lime, with Mg?* < 40 mg/L as CaCOj, the extra lime
dosage should be about 20 mg/L as CaCOs. The total amount of lime to be added is
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179.0 mg/L as CaCO3 + 20 mg/L as CaCO3 = 199 mg/L as CaCOs3. Lime is purchased
and stored as CaO. The amount of 90% pure lime as CaO is

(199 mg/L as CaCO,)| Zomed/Me || 1} _ 1538 1124 mg/L as CaO
50 meq/mg )\ 0.90

where the equivalent weight of CaO = 28 meq/mg and the equivalent weight of
CaCOj3 = 50 meg/mg.

d. The total hardness of the finished water (after recarbonation ) is

Ca’>" = Initial 200 mg/L as CaCO; — 164 mg/L as CaCO;removed
with bicarbonate
= 36 mg/L as CaCO;

Mg2+ = 35 mg/L as CaCO,
Total hardness = 36 + 35 = 71 mg/L as CaCO;

e. The changes in the water composition as illustrated by the changes in the bar chart are
shown below.

Bar chart after removal of CO; (in mg/L as CaCO3).

0 200 235
Ca2t Mg”
HCO; Neom
0 164 240

Bar chart of the finished water (in mg/L as CaCO3).

0 36 35
Ca” Mngr
Nom
0 76
Comments:

1. Lime neutralization is used because the CO, is less than 10 mg/L as CO,.

2. The finished water is quite soft and consideration should be given to splitting the flow
to bypass some of the raw water to blend to a higher residual hardness. This would save
capital costs by using smaller tanks and operating costs by reducing chemical usage as
well as the amount of sludge that has to be disposed.
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Softening to Practical Limits

Magnesium is more expensive to remove than calcium, so as much Mg2+ is left in the water
as possible. It is more expensive to remove noncarbonate hardness than carbonate hardness
because soda ash must be added to provide the CO%_. Therefore, as much noncarbonate hard-
ness is left in the water as possible. One way to achieve these objectives is to treat a portion
of the water to the practical limits and then blend the treated water with the raw water to
achieve the desired hardness. This form of split treatment does not control the final Mg>*
hardness.

Stoichiometric amounts of lime and soda are added to remove all of the Ca®>" and MgZJr to
the practical limits of softening, that is 0.60 meq/L or 30 mg/L as CaCOj; of Ca®" and 0.20 meq/L
or 10mg/L as CaCOj3 of Mg2+. Example 7-5 illustrates the technique using both mg/L as CaCOj3
and milliequivalents/L as units of measure.

Example 7-5. Prepare a bar chart for Mineral Wells water analysis given below and determine
the chemical dosages to soften the water to the practical solubility limits. Assume that the lime
and soda are 100% pure.

Mineral Wells water analysis”

Constituent mg/L
CO, 9.6
Ca®* 95.2
Mgt 13.5
Na* 25.8
Alkalinity? 198
Cl 67.8
SO;~ 73
“Assume that other ions in the water account for the lack of an ion balance.
”mg/L as CaCOs3

Solution:

a. Begin by converting all the concentrations to CaCOj3 equivalents and meq.

Constituent mg/L EW EW CaCO3/EW ion mg/L as CaCO3 meq/L

CO, 9.6 220 228 21.9 0.44
Ca?* 952 200 2.50 238.0 476
Mg?* 135 122 4.12 55.6 1.11
Na* 258 230 2.18 56.2 112
Alkalinity 198 3.96
oy 678 355 1.41 95.6 1.91
SO;~ 73 48.0 1.04 76 1.52

b. Bar chart of raw water in mg/L as CaCOs.
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219 0 238 293.6 349.8
ca2t Mg2+ Na®
CO,
HCO; clr- soi*
219 0 198 293.6 369.6

This is similar to the case shown in Figure 7-8a.

Solution:
a. To soften to the practical solubility limits, lime and soda must be added as shown

below.
Addition Lime, Lime, Soda, Soda,
equal to: mg/L as CaCOj3 meq/L mg/L as CaCO3 meq/L
CO, 21.9 0.44
HCO5 198.0 3.96
Ca’>" minus HCO3 40 0.80
Mgt 55.6 1.11 55.6 1.11
Total 275.5 5.51 95.6 1.91

Because the difference Mg2+ — 40 = 15.6 mg/L as CaCOj3, the minimum excess lime
of 20 mg/L as CaCOs is selected. The total lime addition is 295.5 mg/L as CaCOs3 or
165.5 mg/L as CaO. The soda addition is 95.6 mg/L as CaCO3 or

95.6 mg/L as CaCO, (%) =101.3 or 100 mg/L as Na,CO,
Note that (53/50) is the equivalent weight of Na,COs/equivalent weight of CaCOs.

b. The total hardness of the finished water is the sum of the practical solubility limits for
calcium and magnesium, that is 30 mg/L as CaCO3 + 10 mg/L as CaCO3; = 40 mg/L as
CaCOs.

c. The step-wise changes in the bar chart for each of the chemical additions is shown below.

Bar chart after removal of CO; (in mg/L as CaCO3).

0 238 293.6 349.8

Ca2*t Mg?* Na*

HCO;~ cr- Nos

0 198 293.6 369.9
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Bar chart after reaction with HCO5 (in mg/L as CaCOs3).

30

-0 40 95.6 151.8
T
|
Ca®* | Ca** Mg** Na*
|
T
co?! - 2-
30 Cl SOy
|
30 0 95.6 171.6

Bar chart after reaction of calcium with soda (in mg/L as CaCO3).

30

-~ 55.6 111.8 151.8
Cca?t Mg?* Na* Na® <= 40=Na,CO;, added
€03~ ar Ner

95.6 171.6

Bar chart after reaction of magnesium with lime and soda to yield the finished water (in

mg/L as CaCO3).
30 10
-~ 56.2 96.2 151.8
T
|
ca®" IMg?* Na* Na* Na*
|
T
_l
coj 1 OH- ar- Ners
0 95.6 171.6

Comment: Lime neutralization of CO; is used because the CO, is less than 10 mg/L.

Split Treatment

When the magnesium concentration is greater than 40 mg/L as CaCOs, the flow is split to achieve
a magnesium hardness of 40 mg/L as CaCOj3 as noted above. The portion of the flow that is
treated is dosed to achieve the practical solubility limits for calcium and magnesium. The alterna-
tive dosing schemes are dependent on the amount of carbonate alkalinity as shown in Figure 7-8.
In each instance CO, removal is shown by lime neutralization. This assumes that this is the eco-
nomic alternative.

If the total hardness after blending is above the desired final hardness, then further softening in a
second stage is required (Figure 7-10). Because the split is designed to achieve a desired Mg2+ of 40
mg/L as CaCOs3, no further Mg2+ removal is required. Only treatment of Ca’"is required. The dos-
ing scheme for selective calcium removal is employed. Example 7-6 illustrates the dosing scheme.

Example 7-6. Prepare a bar chart for the Hard Times water analysis given below and determine the
chemical dosages to soften the water to meet the following finished water criteria: maximum magne-
sium hardness of 40 mg/L as CaCO; and a total hardness in the range 80 to 120 mg/L as CaCOs.
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o Mg,
Raw water ———> Aeration —_—
Mg, Flow = (1-X)Q
Flow bypassed = XQ
First stage
Lime/soda ash
Mg,
— ———> | Recarbonation | —- | Filtration | —- | Disinfection | ——>
[
Second stage
FIGURE 7-10

Flow diagram for a two stage split-treatment lime—soda ash softening plant.

Hard Times water analysis”

Constituent mg/L
CO, 5.5
Ca* 95.2
Mg>" 220
Na™ 25.8
Alkalinity” 198
Cl 67.8
SO; 73
“Assume that other ions in the water account for the lack of an ion balance.
bmg/L as CaCOs.

Solution:

a. Begin by converting all the concentrations to CaCOj3 equivalents and meq.

Constituent mg/l. EW EW CaCO3/EW ion mg/L as CaCO3; meq/L
CO, 55 220 2.28 12.5 0.25
Ca** 95.2  20.0 2.50 238.0 4.76
Mgt 220 122 4.12 90.6 1.80
Na* 258 23.0 2.18 56.2 1.12

continued
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Constituent mg/L. EW EW CaCO3/EW ion mg/L as CaCO3; meq/L

Alkalinity 198.0 3.96
cl- 67.8 355 1.41 95.6 1.91
SO~ 73 480 1.04 76 1.52

. Bar chart of raw water in meq/L.

0250 476 656 768
Ca2+ Mg2+ Na*
o
O
HCO; ar- Noe
0250 3.96 5.87 7.39

This is similar to the case shown in Figure 7-8a. Split treatment must be used to achieve
a magnesium concentration goal of 40 mg/L as CaCOs.

. In the first stage the water is softened to the practical solubility limits; lime and soda

must be added as shown below.

Addition Lime, Lime, Soda, Soda,
equal to: mg/L as CaCOs3 meq/L mg/L as CaCOs3 meq/L
CO, 12.5 0.25

HCO; 198.0 3.96

Ca®* minus HCO3 40 0.80

Mg>* 90.6 1.80 90.6 1.80

Total 30? ﬁ BR 2_60

. The split is calculated in terms of mg/L as CaCOs:

_40-10
90.6 —10
The fraction of water passing through the first stage is then 1 — 0.372 = 0.628.

=0.372

. The total hardness of the water after passing through the first stage is the sum of the

practical solubility limits, that is, 30 + 10 = 40 mg/L as CaCOs. Because the total hard-
ness in the raw water is 238 + 90.6 = 328.6 mg/L as CaCOs, the mixture of the treated
and bypass water has a hardness of:

(0.372)(328.6 mg/L as CaCO;) + (0.628)(40 mg/L as CaCO;)
=147.4 mg/L as CaCO;

This is above the specified finished water criteria range of 80-120 mg/L as CaCOj3, so
further treatment is required.

. Because the split is designed to yield 40 mg/L. as CaCO3; of magnesium, no further

magnesium is removed. To achieve the desired total hardness more calcium must be
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removed. Removal of the calcium equivalent to the bicarbonate will leave 40 mg/L as
CaCOj; of calcium hardness plus the 40 mg/L as CaCO3 of magnesium hardness for a
total of 80 mg/L as CaCOj3. The additions are as follows.

Lime
Constituent mg/L as CaCO3 Lime meq/L
CO, 12.5 0.25
HCO, 198.0 3.96
210.5 4.21

Addition of lime equal to CO, and HCO; (even in the second stage) is necessary to
achieve the control pH of 10.3.

g. Excluding the extra lime to drive the reaction, the total chemical additions are in propor-
tion to the flows:

Lime = 0.628(313.6) + 0.372(210.5) = 275.3 or 275 mg/L as CaCO,
Soda = 0.628(130.6) + 0.372(0.0) = 82 mg/L as CaCO,

h. Because the magnesium concentration is greater than 40 mg/L as CaCO3, the rule-of-
thumb addition of extra lime to the first stage is 40 mg/L as CaCOs.

Comment. In this case the final hardness is at the low end of the acceptable range. Because the
capital cost of installing a second stage is quite high, other alternative process schemes should be
considered. For example, treating more water in the first stage would result in a total hardness in
the acceptable range without the need for a second stage. The resulting water would have a mag-
nesium concentration lower than the design goal of 40 mg/L as CaCOj3. An economic analysis
would have to be conducted because the capital cost would be less but the chemical and operating
costs including sludge disposal might be higher.

Other Estimating Methods

The method of estimating dosages used here is a traditional technique that provides a direct
link to the chemical reactions and, with the bar charts, provides a means of illustrating
the chemical processes. An alternative to the stoichiometric approach is the solution of the
simultaneous equilibria equations to estimate the dosage. A series of diagrams called the
Caldwell-Lawrence diagrams have been developed to solve these equations graphically.
Examples of their use may be found in AWWA (1978), Merrill (1978), Benefield et al.
(1982), and Benefield and Morgan (1999).

The American Water Works Association has computer software for working with the
Caldwell-Lawrence diagrams. It is called The Rothberg, Tamburini, and Winsor Model for
Corrosion Control and Process Chemistry.

Use of Caustic Soda

Caustic soda (NaOH) is an alternative to the use of lime for softening. It has the advantages of
decreased sludge production, reduction in dust generation, and the option of simpler storage and
feed systems because it is purchased as a liquid. There are several disadvantages in using caustic
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soda: the cost is four to six times higher than lime, the potential for hazardous chemical release is
greater because it is a liquid, and freezing problems occur for 50 percent solutions at temperatures
below 13°C (Kawamura, 2000). The choice of caustic over lime will fundamentally be driven by
economic evaluation of the cost of caustic, the feed system, and sludge treatment and disposal.

The stoichiometric reactions may be derived by replacing Ca(OH), with NaOH in Equations
7-12 through 7-15 and rebalancing the reactions. Because Ca*" hardness is not substituted for
Mg2+, the reactions shown in Equations 7-16 and 7-18 are not required. The sodium carbonate
formed in the reactions of caustic with carbonate hardness is available to precipitate calcium
noncarbonate hardness.

7-5 CONCURRENT REMOVAL OF OTHER CONSTITUENTS

Arsenic

Arsenic removal ranging from 60 to 90 percent have been observed in softening plants that use
excess lime for MgZJr treatment. For single-stage softening plants that remove only Ca*", 0040
percent removal has been observed (MWH, 2005). Removal effectiveness is highly dependent on
the oxidation state of the arsenic. Arsenate (+5) is more readily removed than arsenite (+3). The
major removal mechanism is by adsorption to the precipitate (MWH, 2005).

Iron and Manganese

The solubility diagrams shown in Figures 7-11 and 7-12 reveal that ferrous hydroxide [Fe(OH),(s)]
and manganese hydroxide [Mn(OH),(s)] precipitate at high pH. Softening processes that achieve a
pH greater than 9.6 remove 100 percent of the iron. Manganese is more difficult to remove. The pH
must be greater than 9.8 to remove 100 percent of the manganese (Kawamura, 2000). Because the
desired control pH for softening processes is 10.3 or greater, iron and manganese are effectively
removed concurrently. The extra mass of lime added in the softening process is sufficiently great to
provide an excess over the stoichiometric requirements to remove the iron and manganese.

Natural Organic Matter (NOM)

The concurrent removal of NOM in the softening process is of importance in preventing the for-
mation of trihalomethanes (THM) and haloacetic acids (HAAS5) when chlorine is used as a dis-
infectant. The effectiveness of lime-soda softening in reducing NOM is different for each water
source. However, some generalizations may be made (Benefield and Morgan, 1999):

 Calcium carbonate precipitation generally removes from 10 to 30 percent of the color, total
organic carbon, and disinfection byproduct precursors.

* Magnesium hydroxide precipitation generally removes from 30 to 60 percent of the total
organic carbon and disinfection byproduct precursors, and 50 to 80 percent of the color.

e Addition of iron in the form of ferric sulfate generally removes an additional 5 to 15 percent
of the color, total organic carbon, and disinfection byproduct precursors in either calcium
or magnesium precipitation.

Alum hydroxide is an amphoteric hydroxide. That is, it is soluble at both low and high pH. Thus,
at pH values normally encountered in lime-soda softening it is dissolved and is not effective in
enhancing the removal of NOM.
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Solubility diagram for Mn(OH),.

Turbidity

Although it is generally not of concern for groundwater sources, turbidity removal is a major
objective in treating surface water. In those cases where the surface water is hard, softening by
chemical precipitation will concurrently remove turbidity by sweep coagulation.

Other Contaminants

Sorg et al. (1977) identified a number of other contaminants that are removed concurrently by
lime-soda softening or coagulation. These are listed in Table 7-3.

7-6 PROCESS CONFIGURATIONS AND DESIGN CRITERIA

The process flow diagrams for three common softening treatment schemes are shown in Figure 7-13
on page 7-29. Many other variations are possible including, for example, the use of blended raw
water CO, to recarbonate and the use of coagulation and flocculation after the precipitation pro-
cess to reduce the solids load to the filters. In the case of coagulation/flocculation, the high pH of
the water coming from the precipitation process favors the use of ferric chloride as the coagulant
because it is less soluble at higher pH than alum (see, for example, Figure 6-9).
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TABLE 7-3
Effectiveness of lime softening and coagulation in removing inorganic contaminants
Contaminant Method Removal, %
Arsenic
As>T Oxidation to As>" required >90
As>T Ferric sulfate coagulation, pH 6-8 >90
Alum coagulation, pH 6-7 >90
Lime softening, pH 11 >90
Barium Lime softening, pH 10-11 >90
Cadmium® Ferric sulfate coagulation, pH > 8 >90
Lime softening, pH > 8.5 >95
Chromium®
crt Ferric sulfate coagulation, pH 6-9 >95
Alum coagulation, pH 7-9 >90
Lime softening, pH > 10 >95
cr®t Ferrous sulfate coagulation, pH 6.5-9 >95

(pH may have to be adjusted after
coagulation to allow reduction

to Cr3+)
Fluoride Lime-soda softening, pH 11-12 >55
Lead” Ferric sulfate coagulation, pH 6-9 >95
Alum coagulation, pH 6-9 >95
Lime softening, pH 7-8.5 >95
Mercury” Ferric sulfate coagulation, pH 7-8 >60
Selenium® (Se4+) Ferric sulfate coagulation, pH 67 70-80
Silver® Ferric sulfate coagulation, pH 7-9 70-80
Alum coagulation, pH 6-8 70-80
Lime softening, pH 7-9 70-80

“No full scale evidence.
(Source: Benefield et al., 1982; Sorg et al., 1977)

Conventional Softening Basins

These basins are similar to conventional basins used for coagulation and flocculation. Rapid
mixing either with paddle mixers or vertical turbines is followed with paddle mixers or vertical
turbines for the reaction basin (also called the flocculation basin because of its analogy to the
coagulation/flocculation process). When conventional basins are used, a portion of the precipitate
is recycled to the head end of the process. Recycling accelerates the precipitation reactions, and
the process more closely approaches true solubility limits when mixed with the previously formed
precipitate crystals (Horsley et al., 2005).

Because they are similar to coagulation/flocculation systems, the design criteria are specified
in a similar fashion. Flash mixing is generally provided by radial flow impellers though older
plants may be using paddle wheels. The flash mixing velocity gradient (G) should be in the range
300 to 700 s~ ! and the minimum mixing time should be 10 to 30 s. With cold water found in
most groundwater, rapid mixing for as long as 5 to 10 minutes may be required for dissolution
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Discharge channel

of the lime slurry. Flocculation mixing is provided by axial flow impellers or paddle wheels. The
flocculation mixing velocity gradient is between 130 and 300 s~ ! with a mixing time of 30 to
45 minutes, to achieve Gt values ranging from 200,000 to 400,000. The velocity through ports in
the flocculation basin is in the range 0.15 to 0.36 m/s (Davis and Cornwell, 2008; Horsley et al.,
2005; Kawamura, 2000).

The design process follows that shown in the Chapter 6 examples for vertical turbine and
paddle mixers.

Upflow Solids Contact Basins

Conventional softening basins are mostly found at older facilities. They provide a high degree
of process stability, but the size and number of basins result in a high capital cost. Since the
late 1960s most new plants have been built with upflow solids contact basins as shown in
Figure 7-14.
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Upflow solids contact basin.
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Although rapid mixing may be provided ahead of the solids contact unit, generally the soft-
ening chemicals are applied to the mixing zone of the contact unit. The mixing and recirculation
zone is separated from the sedimentation zone by a conical baffle identified as the “hood” in
Figure 7-14.

Effective solids contact units draw the settled precipitate from near the floor at the cen-
ter of the basin with a large diameter turbine or impeller and recirculate it with the incoming
water. When multiple units are used, the precipitate may be recirculated from one unit to
another.

Because the units are sold as proprietary manufactured items, the designs are established by
the manufacturer. Whenever possible, design requirements should be based on successful plants
using the same or similar source water. The following information from Horsley et al. (2005) is
provided for guidance in evaluating proprietary designs:

e The maximum recirculation rate is typically 10:1 based on the incoming raw water flow
rate. The mixer is provided with a variable-speed drive to allow the operator to adjust the
recirculation rate.

* The side water depth of the tank generally varies from 4.3 to 5.5 m. Contact time in the
mixing zone is typically measured by the volume of water within and directly under the
baffle cone.

* Overflow rate (that is, flow rate divided by the surface area, Q/A;) is generally measured
0.6m below the water surface, based on the surface area between the baffle wall and the
basin wall.

GLUMRB (2003) recommends the following design criteria:

1. Flocculation and mixing period should not be less than 30 minutes.

2. Detention time should be two to four hours for solids contact clarifiers and softeners
treating surface water.

3. Detention time should be one to two hours for solids contact clarifiers treating only
groundwater.

4. Upflow rate (overflow rate) shall not exceed 2.4 cubic meters of flow per square meter
of surface area per hour (m3/h -m?or m/h) at the slurry separation line for units used for
clarifiers.

5. Upflow rate (overflow rate) shall not exceed 4.2 m>/h - m? or m/h at the slurry separa-
tion line for units used for softeners.

6. Weir loading shall not exceed 0.120 m>/min - m of weir length for units used as clarifiers.

7. Weir loading shall not exceed 0.240 m>/min - m of weir length for units used as
softeners.

Table 7-4 provides information similar to that provided by manufacturers for selection of an
upflow solids contact unit.

7-31
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TABLE 7-4
Representative dimensions for upflow solids contact basin

Cone dimensions, m

Nominal Column Motor Number
Nominal SWD.* Nominal Separation diameter, power, of
diameter, m m volume, m’ h r I zone area, m? m kW weirs
6 3.7 109 2.5 3.8 1.2 25 0.6 0.5 8
9 4.3 288 3.1 5.3 1.5 60 1 1.5 8
12 4.8 580 3.6 6.5 2 100 1.3 2 8
15 5.3 970 4.1 7.5 2.7 160 1.7 3.5 8
18 5.5 1500 4.3 8.5 3.3 230 2 5.5 10
21 5.6 2140 4.4 9.5 4.2 300 2.3 7.5 10
24 5.8 2850 4.6 10 5 390 2.6 10 10
27 5.9 3730 4.7 10.5 6 480 3 15 10
30 6 4760 4.8 11.5 6.8 590 3.2 15 11

“SWD = side water depth. This depth is measured at the wall of the basin.
Weirs extend radially from the column to wall of the basin. Both sides are used in evaluating weir length.
Note: These basins are representative but do not represent actual choices. Actual manufacturer’s data must be used for real-world design.

SWD

Tank diameter

Weir length
Column
}4_*,{/- diameter
i
I
| h
!
L)

Example 7-7. Select and evaluate an upflow solids contact unit for the Sweetwater softening
plant. The design flow rate is 7,400 m?*/d. The data in Table 7-4 have been provided by the manu-
facturer. The tank is provided with eight radial weirs that are equal to the radius of the tank minus
the radius of the top of the truncated cone ().

Solution:
a. Make a trial selection of the 12 m diameter tank and check the overflow rate using the

separation Zone area.

3
y= 2 _TA0m oy or3.08 mh

A 100 m?
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The GLUMRB design guidance is less than 4.2 m/h. Therefore, the unit is acceptable for
overflow rate.

. Next check the detention time for softening using the volume of the basin.

The GLUMRB design guidance is one to two hours. Therefore, the unit is acceptable for
detention time.

. The unit is next checked for mixing time by calculating the volume of the truncated cone
and calculating the detention time in the cone. The volume of a truncated cone is

h
¥ = %[(rl)z +(ryry) + ()]

where & = height of the truncated cone
r; = radius at bottom of cone
r, = radius at top of cone

For the trial tank the values of &, r|, and r, are taken from Table 7-4.

(3.6 m)
3
=2234m’

¥ — [(6.57 + (6.5 m)(2 m) + (2 m)*]

The mixing time in the cone is

3
= 2234 030 d or 43.46 min

7,400 md
The GLUMRB design guidance is a minimum of 30 minutes. Therefore, the unit is ac-
ceptable for mixing time.

. The weir length is checked by computing the length of the weir taking into account that
there are eight weirs and that water enters both sides of each weir.

L = (8 weirs)(2 sides/weir)[lz m diameter — 1.3 m diameter coluan

2
=85.6m

With a flow rate of 7,400 m3/d, the weir hydraulic loading rate is

_ 7,400 m¥d
85.6 m

WL =86.45mYd - m or 0.060 m’min - m
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The GLUMRB design guidance is a maximum of 0.240 m>/min - m of weir length.
Therefore the unit is acceptable for weir loading.

Because the trial unit meets all the criteria, it may be considered in the design evaluation.

Comment. If the trial selection did not meet the criteria, then iterative trials would be evaluated
to see if any of this manufacturer’s units is acceptable for the design.

7-7 OPERATION AND MAINTENANCE

The most important operation and maintenance task in softening is the selection of the appropri-
ate chemicals and adjustment of the dose to changing raw water quality and plant flow. Monitor-
ing of the chemical feed system to detect clogging of the lines and maintenance of the mixers
ranks second in the need for close O&M oversight. Encrustation is a significant problem. Annual
removal of calcium carbonate build-up during seasonal low-demand periods is customary.

Hints from the Field. Experience suggests the following:
* Open flumes are preferred over pipelines.

* Design of pipelines and flumes should include additional capacity for encrustation.

 Sludge scraper mechanisms should be kept in operation during low-flow periods when por-
tions of the plant are off-line but are not to be drained. This prevents the sludge blanket
from settling and “freezing” the scraper so that it cannot start moving again because the
settled sludge is too dense for the torque that can be applied.

e Sludge withdrawal (called blowdown) must occur regularly to keep the draft tube in an
upflow clarifier open so that recirculation occurs in the mixing portion of the clarifier.

7-8 STABILIZATION

A stable water is one that exhibits neither scale forming nor corrosion properties. In the water
industry, a stable water is considered to be one that will neither dissolve nor deposit calcium. The
original objective of water stabilization was to adjust the pH of the treated water to prevent cor-
rosion of the water distribution system pipes by depositing a thin film of calcium carbonate as a
protective coating. Numerous investigations have revealed that although the Langelier index (a
method of calculating stability) is a reasonable predictor of the potential for CaCOj to precipitate
or dissolve, it does not predict how much CaCOs;(s) will precipitate or whether its structure will
provide resistance to corrosion (Schock, 1999).

Although its validity as a method of corrosion protection is limited, the Langelier index is still
useful in predicting the potential for CaCOj to precipitate or dissolve. This is particularly valu-
able in designing the processes to reduce precipitation of CaCOj3 in the rapid sand filters and pipe
network as well as those processes used to reduce the corrosivity of reverse osmosis/nanofiltration
(RO/NF) treated water.

The Langelier Saturation Index (LSI)
Langelier (1936) developed the following relationship to predict whether or not a given water
will deposit or dissolve CaCOs:

LSI = pH — pH, (7-35)
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where pH is in the actual hydrogen ion concentration and pHy is the pH at saturation. pHj is fur-
ther defined as

pHs =pCa’* +pAlk +C (7-36)
where pCa2+ = negative logarithm of the calcium ion concentration, moles/L
pAlk = negative logarithm of the total alkalinity, equiv/L

C = an empirical constant to correct for ionic strength and the temperature depen-
dence of the solubility of CaCOs(s)

The value of the constant for various ionic strengths (or total dissolved solids (TDS) concentra-
tions) and temperatures is given in Table 7-5.
The state of saturation with respect to CaCOj3 depends on the LSI:

e If the LSI < 0, then the solution is undersaturated and CaCO5 will dissolve.
e If the LSI = 0, the solution is at equilibrium.
e If the LSI > 0, then the solution is supersaturated and CaCO3 will precipitate.

TABLE 7-5
Values of C for various ionic strengths and temperatures

7-35

C
Tonic Total dissolved
strength solids, mg/L. 0°C 10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C 90°C
0.000 245 2.23 2.02 1.86 1.68 1.52 1.36 1.23 1.08 0.95
0.001 40 2.58 2.36 2.15 1.99 1.81 1.65 1.49 1.36 1.21 1.08
0.002 80 2.62 2.40 2.19 2.03 1.85 1.69 1.53 1.40 1.25 1.12
0.003 120 2.66 2.44 2.23 2.07 1.89 1.73 1.57 1.44 1.29 1.16
0.004 160 2.68 2.46 2.25 2.09 1.91 1.75 1.59 1.46 1.31 1.18
0.005 200 2.71 2.49 2.28 2.12 1.94 1.78 1.62 1.49 1.34 1.21
0.006 240 2.74 2.52 2.31 2.15 1.97 1.81 1.65 1.52 1.37 1.24
0.007 280 2.76 2.54 2.33 2.17 1.99 1.83 1.67 1.54 1.39 1.26
0.008 320 2.78 2.56 2.35 2.19 2.01 1.85 1.69 1.56 1.41 1.28
0.009 360 2.79 2.57 2.36 2.20 2.02 1.86 1.70 1.57 1.42 1.29
0.010 400 2.81 2.59 2.38 2.22 2.04 1.88 1.72 1.59 1.44 1.31
0.011 440 2.83 2.61 2.40 2.24 2.06 1.90 1.74 1.61 1.46 1.33
0.012 480 2.84 2.62 2.41 2.25 2.07 1.91 1.75 1.62 1.47 1.34
0.013 520 2.86 2.64 2.43 2.27 2.09 1.93 1.77 1.64 1.49 1.36
0.014 560 2.87 2.65 2.44 2.28 2.10 1.94 1.78 1.65 1.50 1.37
0.015 600 2.88 2.66 2.45 2.29 2.11 1.95 1.79 1.66 1.51 1.38
0.016 640 2.90 2.68 2.47 2.31 2.13 1.97 1.81 1.68 1.53 1.40
0.017 680 2.91 2.69 2.48 2.32 2.14 1.98 1.82 1.69 1.54 1.41
0.018 720 2.92 2.70 2.49 2.33 2.15 1.99 1.83 1.70 1.55 1.42
0.019 760 2.92 2.70 2.49 2.33 2.15 1.99 1.83 1.70 1.55 1.42
0.020 800 2.93 2.71 2.50 2.34 2.16 2.00 1.84 1.71 1.56 1.43

Source: T. E. Larson and A. M. Buswell, “Calcium Carbonate Saturation Index and Alkalinity Interpretations,” J. Am. Water Works Assoc. 34 (1942):

1667. Copyright 1942 by the American Water Works Association, Inc.
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Many modifications have been made to the basic equation to account for other alkalinity-
contributing species, activity coefficients, and so forth. These are discussed in detail in Schock
(1999). The basic equation will be used for the purpose of illustration of its use in design.

Stabilization Design for Lime-Soda Softened Water

As noted earlier in this chapter, recarbonation is the last step in the softening process. The pur-
pose of the recarbonation step is to “stop” the precipitation reaction by lowering the pH. Carbon
dioxide addition has been the method of choice for lowering the pH. Other chemicals may be
used (for example, H,SOy4) based on economic and operational considerations. Furthermore, split
treatment of groundwater may bring sufficient CO; in the bypassed water to lower the pH with-
out the addition of purchased chemicals.

The objective in stabilization is to achieve an LSI = 0. The reactions are given in Equa-
tions 7-27, 7-28, 7-29 and 7-30. The equilibrium equations for carbonic acid (7-31 and 7-32)
are used to estimate the concentration of CO, that must be added. The estimation of the CO,
dose is illustrated in the following example.

Example 7-8. Estimate the dose of CO, in mg/L to stabilize the water from split treatment
softening. The bypass water has 1.37 meq/L of CO,. The estimated constituents and parameters
of interest in the blended water are listed in the table below.

Concentration,

Constituent meq/L as CaCOj;
or parameter or units as shown
Ca®* 1.38

Mgt 0.80

Co3~ 0.50

HCO; 1.20

pH 9.95 units
TDS 320 mg/L
Temperature 10°C

Solution:
a. Calculate the LSI.

Converting Ca*" meq/L to moles /L,

(1.38 meq/L)(20 mg/meq)

=6.90 X 10™* moles/L,
40,000 mg/mole

where 20 mg/meq is the equivalent weight of Ca*"
pCa=—log (6.90X10™* moles/L)=3.16

The alkalinity is the sum of CO? and HCOj5 . The units are given in meq/L. They must
be in equiv/L

pAlk = —log (0.50 X 107> +1.20 X 107%) = 2.77
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From Table 7-5 at a temperature of 10°C and a TDS of 320 mg/L, the correction factor
is 2.56 and the LSI is

LSI=pH—-pH, =9.95—-(3.16+2.77+2.56) =9.95—-8.49 =1.46
As expected, this water is unstable and CaCOs3 will precipitate.

. To achieve stability, the pH must be lowered to pHg. Using the second dissociation of
carbonic acid (Equation 7-32), solve for the ratio [CO; I/[HCO5 | with [H'] = pH; in
moles/L:
_ [H"][CO3 ]
[HCO; |
[CO3 1 K,
[HCO;]  [H]

a?

Correcting K, for temperature using Equation 7-34,

KaZ — 106.49872909.39/T70.02379T

Ka2 — 106‘498—2909.39/28370.02379(283)

=3.05x10 !

[cO5 ] _3.05x10"

o] oA = 0:0094

and
[CO3 ] = 0.0094 [HCO5]

The total alkalinity will not change. Only the form of alkalinity will change. The total
alkalinity is 0.50 X 1073 equiv/L of CO§7 +120x%x 1073 equiv/L of HCO;. In moles/L
these are

0.50 X 1072 equiv/L of CO3 )(30 glequi -
( equiv/L o 3 ) gequlv):2'50x104moles/L

60 g/mole
1.20x 103 equiv/L of HCO5)(61 g/equiv)
61 g/mole

=1.20 X103 moles/L

Thus

[CO27] + [HCO35] = 2.50 X 10 *moles/L + 1.20 X 10> moles
= 1.45 X 10 >moles/L

This provides two simultaneous equations. Solving for [HCOj3 ],

0.0094 [HCO3 ]+[HCO3]1=1.45%10"> moles/L

7-37



7'38 WATER AND WASTEWATER ENGINEERING

and

-3
145X 1 B
[HCO7] = 1-A3X10 “molesL _ 4101073 moles/L.
1.0094

and

[CO27] = 0.0094 (1.44 X 10 moles/L) =1.35X 10> moles/L
¢. The dose of CO, is estimated assuming that CO, = H,CO3. The reaction is

CO}™ + H,CO, = 2HCO;

Because one mole of CO, produces two moles of HCOj5, the dose of CO, to convert
carbonate to bicarbonate is

[1.35 % 1075 moles/L
2

J(44 X 10° mg/mole) = 0.30 mg/L of CO,

The total concentration of bicarbonate after the conversion is
1.35X 107> moles/L + 1.44 X 1073 moles/L = 1.45 X 10™> moles/L

Comments:

1. The small addition of CO; is the result of blending the raw water with the treated water. The
raw water CO, converted the hydroxyl ion to carbonate. Otherwise, the high pH required to
remove the magnesium (>11.3) would have resulted in a higher CO, requirement.

2. The fact that the water is “stable” does not mean that it is noncorrosive.

3. To estimate the concentrations from split treatment, assume Ca’" =30 mg/L as CaCOj
and Mg2+ = 10 mg/L as CaCOs; in the discharge from first stage of softening because
the water has been softened to the practical solubility limits. Associated with this as-
sumption are the related quantities of CO, and OH ", that is CO, = 30 mg/L as CaCOs3
and OH = 10 mg/L as CaCOs.

The recarbonation basin should provide (GLUMRB, 2003):

* A detention time of 20 minutes.
* Two compartments with a diffuser depth not less than 2.5m.

* One compartment (the mixing compartment) should have a detention time = 3 minutes.

The practice of on-site generation of CO; is discouraged. Bulk pressurized or liquified CO,
is commonly available and often used because it eliminates operation and maintenance problems
associated with on-site generation by combustion.

Approximately 50 to 75 percent of the applied CO, goes into solution. The room housing the
recarbonation basin must be ventilated to prevent the accumulation of the 25 to 50 percent of the
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CO; that is not dissolved. Exposure to a 5 percent CO, concentration over a prolonged period
may cause unconsciousness.

Visit the text website at www.mhprofessional.com/wwe for supplementary materials

7-9

and a gallery of photos.

CHAPTER REVIEW

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

1.

Define hardness in terms of the chemical constituents that cause it and in terms of the
results as seen by the users of hard water.

2. Using diagrams and chemical reactions, explain how water becomes hard.

3. Given the total hardness and alkalinity, calculate the carbonate hardness and noncar-

bonate hardness.

4. Explain the significance of alkalinity in lime-soda softening.

10.

11.
12.

State the proper pH for removal of Ca*" and Mg2+ and explain how the reactions
“ensure” the proper pH.

Explain why the solubility relationships do not fully explain the pH required to achieve
satisfactory precipitation of Ca’" and Mg2+.

Explain to a client why lime-soda softening cannot produce a water completely free of
hardness.

Explain to a client why a magnesium concentration of 40 mg/L as CaCOyj is a design
objective for lime-soda softening.

Describe to a client under what circumstances CO; in raw water is to be removed by
precipitation or by stripping.

Given a water analysis, select an appropriate lime-soda softening process, that is,
selective calcium removal, excess lime softening, or split treatment.

Explain the purpose of recarbonation.

Explain why the softening process may be of benefit in removing constituents of
concern other than calcium and magnesium.

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

13.
14.
15.
16.

Estimate the CO, concentration of a water given the pH, alkalinity, and water temperature.
Estimate the amount of lime and soda ash required to soften water of a stated composition.
Calculate the fraction of the “split” for a lime-soda softening system.

Draw bar graphs to describe a water during different stages of softening.
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17.

18.

19.

7-10

7-1.

7-2.

7-3.

7-5.

Show, by writing the chemical reactions, how caustic soda may be used instead of lime
in softening.

Design an upflow solids contact basin from a manufacturer’s data given the design
flow rate.

Design a recarbonation system for lime/soda softening given the flow rate and treated
water composition.

PROBLEMS

Using Equations 6-3, 7-31, 7-32, and the equilibrium constant expression for the ion-
ization of water, derive two equations that allow calculation of the bicarbonate and
carbonate alkalinities in mg/L as CaCO3 from measurements of the total alkalinity
(A) and the pH.

Answers (in mg/L as CaCOs3):

50,000{( A >+[H+] —< i )}
50,000 [H']

HCO3; =
n < 2K, >
[H']
co} = (@)(HCQ;)
[H]
where A = total alkalinity, mg/L. as CaCOj;
K,_ = second dissociation constant of carbonic acid
=4.68 X 10" at 25°C

Ky = ionization constant of water

1 X 10" at25°C
bicarbonate alkalinity in mg/L. as CaCOj3
carbonate alkalinity in mg/L as CaCO3

HCO;
CO;~

If a water has a carbonate alkalinity of 120.00 mg/L as the ion and a pH of 10.30,
what is the bicarbonate alkalinity in mg/L as the ion?

Calculate the bicarbonate and carbonate alkalinities, in mg/L as CaCOs, of a water
having a total alkalinity of 233.0 mg/L as CaCOj3 and a pH of 10.47.

What is the pH of a water that contains 120 mg/L of bicarbonate ion and 15mg/L of
carbonate ion?

Calculate the bicarbonate and carbonate alkalinities, in mg/L as CaCOs, of the
water described in the following mineral analysis for a water sample taken from
Well No. 1 at the Eastwood Manor Subdivision near McHenry, Illinois (Woller and
Sanderson, 1976a).
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Well No. 1, Lab No. 02694, November 9, 1971

Iron 0.2 Silica (SiO,) 20.0
Manganese 0.0 Fluoride 0.35
Ammonium 0.5 Boron 0.1

Sodium 4.7 Nitrate 0.0
Potassium 0.9 Chloride 4.5

Calcium 67.2 Sulfate 29.0
Magnesium 40.0 Alkalinity 284.0 as CaCO3
Barium 0.5 pH 7.6 units

NOTE: All reported as “mg/L as the ion” unless stated otherwise.

Determine the total, carbonate, and noncarbonate hardness in mg/L as CaCOj3 and in
meq/L for the water analysis in Problem 7-5 using the predominant polyvalent cations.

Calculate the total, carbonate, and noncarbonate hardness for the water analysis in
Problem 7-5 in mg/L as CaCOj using all of the polyvalent cations. What is the
percent error in using only the predominant cations as in Problem 7-6?

The following mineral analysis was reported for a water sample taken from Well No. 1
at Magnolia, Illinois (Woller and Sanderson, 1976b). Determine the total, carbonate and
noncarbonate hardness in mg/L as CaCO3 and in meq/L using the predominant polyva-
lent cation definition of hardness.

Well No. 1, Lab No. B109535, April 23, 1973

Iron 0.42 Zinc 0.01
Manganese 0.04 Silica (SiO,) 20.0
Ammonium 11.0 Fluoride 0.3

Sodium 78.0 Boron 0.3
Potassium 2.6 Nitrate 0.0

Calcium 78.0 Chloride 9.0
Magnesium 32.0 Sulfate 0.0

Barium 0.5 Alkalinity 494.0 as CaCO3
Copper 0.01 pH 7.7 units

NOTE: All reported as “mg/L as the ion” unless stated otherwise.

The following mineral analysis was reported for Michigan State University well water
(MDEQ, 1979). Determine the total, carbonate, and noncarbonate hardness in mg/L as
CaCOj3 and in meq/L using the predominant polyvalent cation definition of hardness.

Michigan State University Well Water

Fluoride 1.1 Silica (Si0,) 3.4
Chloride 4.0 Bicarbonate 318.0 mg/L as CaCOs3
Nitrate 0.0 Sulfate 52.0
Sodium 14.0 Iron 0.5

(continued)
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7-10.

7-11.

7-12.

Michigan State University Well Water (continued)

Potassium 1.6 Manganese 0.07
Calcium 96.8 Zinc 0.27
Magnesium 30.4 Barium 0.2

NOTE: All units are mg/L as the ion unless stated otherwise

An analysis of bottled water from the Kool Artesian Water Bottling Company is
listed below. Determine the total, carbonate, and noncarbonate hardness in mg/L as
CaCOj3 and in meq/L using the predominant polyvalent cation definition of hardness.
(Hint: use the solution to Problem 7-1 to find the bicarbonate concentration.)

Kool Artesian Water

Calcium 37.0 Silica 11.5
Magnesium 18.1 Sulfate 5.0

Sodium 2.1 Potassium 1.6

Fluoride 0.1 Zinc 0.02
Alkalinity 285.0 mg/L as CaCOs

pH 7.6 units

NOTE: All units are mg/L as the ion unless stated otherwise

Prepare a bar chart of the Lake Michigan water analysis shown below. Because all of
the constituents were not analyzed, an ion balance is not achieved.

Lake Michigan at Grand Rapids, MI Intake

Milligrams
Constituent Expressed as per liter
Total hardness CaCOs 143.0
Calcium Ca>* 384
Magnesium Mngr 11.4
Total iron Fe 0.10
Sodium Na® 5.8
Total alkalinity CaCOs 119
Bicarbonate alkalinity CaCOs 115
Chloride Cl 14.0
Sulfate SO;~ 26.0
Silica Si0, 1.2
Total dissolved solids 180.0
Turbidity NTU 3.70°
pH Units 8.4
“Not in mg/L.
Using Kp, show why calcium is removed as a carbonate rather than a hydroxide in

lime-soda softening.
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7-13. Using K, show why magnesium is removed as a hydroxide rather than a carbonate
in lime-soda softening.

7-14. Estimate the CO, concentration in mg/L as CO, and in mg/L as CaCOj3 for the water
analysis presented in Problem 7-5. Assume the water temperature was 4.4°C.

7-15. Estimate the CO, concentration in mg/L as CO, and in mg/L as CaCOj for the water
analysis presented in Problem 7-8. Assume the water temperature was 6°C.

7-16. If the pH of the MSU water (Problem 7-9) was 8.0 and the water temperature was
5°C, what is the estimated CO, concentration in mg/L as CO, and as mg/L as CaCQO3?

7-17. Estimate the CO, concentration in mg/L. as CO, and in mg/L. as CaCOj3 for the water
analysis presented in Problem 7-11. Assume the water temperature was 10°C. For the
estimate of the CO, concentration, ignore the carbonate alkalinity.

7-18. Determine the lime and soda ash dose, in mg/L. as CaCOs, to soften the following
water to a final hardness of 90.0 mg/L as CaCOs. If the price of lime, purchased as
CaO0, is $61.70 per megagram (Mg), and the price of soda ash, purchased as Na,COs3,
is $172.50 per Mg, what is the annual chemical cost of treating 0.050 m?/s of this
water? Assume the lime is 90% pure and the soda ash is 97% pure. The ion concen-
trations reported below are all mg/L as CaCOs.

ca’t =137.0
Mg>* =40.0
HCO; =197.0
CO, =9.0

7-19. What amount of lime and/or soda ash, in mg/L as CaCOs, is required to soften the
Village of Lime Ridge’s water to less than 120 mg/L hardness as CaCO3?

Compound Concentration, mg/L as CaCO3
CO, 4.6
Ca®* 257.9
Mg** 222
HCO, 248.0
SO;~ 32.1

7-20. Determine the lime and soda ash dose, in mg/L. as CaO and Na,COs3, to soften the
following water to a final hardness of less than 130 mg/L. as CaCOs3. The ion concen-
trations reported below are all mg/L as CaCOj3. Assume the lime is 90% pure and the

soda ash is 97% pure.
Ca’t =2100
Mg?t =23.0
HCO; = 165.0

CO, =50
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7-21. Determine the lime and soda ash dose, in mg/L as CaO and Na,CO3, to soften the Thames

River water to a final hardness of less than 125 mg/L as CaCOj;. Assume that all the alka-
linity is bicarbonate and that the lime is 90% pure and the soda ash is 97% pure.

Thames River, London

Milligrams
Constituent Expressed as per liter
Total hardness CaCOs 260.0
Calcium hardness CaCO3 235.0
Magnesium hardness CaCO; 25.0
Total iron Fe 1.8
Copper cu** 0.05
Chromium crét 0.01
Total alkalinity CaCO; 130.0
Chloride Cl 52.0
Phosphate (total) POZ_ 1.0
Silica SiO, 14.0
Suspended solids 43.0
Total solids 495.0
pH units 7.5
Temperature °C 10.0

7-22. Determine the lime and soda ash dose, in mg/L as CaCOs to soften the following
water to a final hardness of less than 120.0 mg/L as CaCOs. If the price of lime, pur-
chased as CaO, is $61.70 per megagram (Mg), and the price of soda ash, purchased
as NayCOs, is $172.50 per Mg, what is the annual chemical cost of treating 1.35 m?/s
of this water? Assume the lime is 87% pure and the soda ash is 97% pure. The ion
concentrations reported below are all mg/L. as CaCOs;.

Ca’™ =1293.0
Mg?t =550
HCO; = 301.0
CO, =50

7-23. Determine the lime and soda ash dose, in mg/L as CaCO3, to soften the following
water to a final hardness of less than 90.0 mg/L as CaCOs. If the price of lime, pur-
chased as CaO, is $61.70 per megagram (Mg), and the price of soda ash, purchased
as NayCOs, is $172.50 per Mg. What is the annual chemical cost of treating 0.050
m3/s of this water? Assume the lime is 90% pure and the soda ash is 97% pure. The
ion concentrations reported below are all mg/L. as CaCOs.

ca’™ =137.0
Mg?t =60.0
HCO; = 197.0

CO, =90
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7-217.
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Determine the lime and soda ash dose, in mg/L as CaCOs3, to soften the Kool Artesian
(Problem 7-10) water to a final hardness of =115 mg/L as CaCOj3. Assume the water
temperature as pumped from the ground is 10°C. If the price of lime, purchased as
Ca0, is $100 per megagram (Mg), and the price of soda ash, purchased as NayCOs is
$200 per Mg, what is the annual chemical cost of treating 0.500 m 3/s of this water?
Assume all the alkalinity is bicarbonate, lime is 88% pure, and soda ash is

98% pure.

Determine the lime and soda ash dose, in mg/L as CaCOs, to soften the Village of
Galena’s water to a final hardness of = 130.0 mg/L as CaCOj3. Assume the water
temperature as pumped from the ground is 8.5°C. If the price of lime, purchased as
CaO0, is $100 per megagram (Mg), and the price of soda ash, purchased as Na,COs is
$200 per Mg, what is the annual chemical cost of treating 0.500 m 3/s of this water?
Assume lime is 93% pure and soda ash is 95% pure.

Village of Galena

Milligrams
Constituent Expressed as per liter
Calcium Ca®* 177.8
Magnesium MgZJr 16.2
Total iron Fe 0.20
Lead” Pb** 20°
Sodium Na* 4.9
Carbonate alkalinity CaCOs 0.0
Bicarbonate alkalinity CaCO; 276.6
Chloride Cl 0.0
Sulfate SO~ 276.0
Silica Si0, 1.2
Total dissolved solids 667
pH units 8.2
Temperature °C 8.5

“Parts per billion.

Rework Problem 7-21 using caustic soda instead of lime. Soften the water to the
lowest hardness that can be achieved with caustic alone. Assume the caustic is 100%
pure, CO, concentration = 9.96 mg/L, and that an excess of 40 mg/L of caustic will
be added.

Design an upflow solids contact basin for a softening plant treating groundwater. The
plant has a max1mum day design flow rate of 50,000 m 3/d and average winter de-
mand of 25,000 m*/d. Verify that the design satisfactorily meets the GLUMRB guid-
ance for flocculation and mixing period, detention time, upflow rate (overflow rate),
and weir loading. Use Table 7-4 to select the upflow clarifier(s).

Design an upflow solids contact basin for a softening plant treating groundwater. The
plant has a maximum day design flow rate of 10,000 m 3/d and average winter demand
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7-29.

7-30.

7-11
7-1.

7-2.

7-3.

of 5,000 m*/d. The primary softening clarifier is to be followed by a secondary clari-
fier that is to be used as settling tank for coagulation of the unsettled precipitate from
the first tank. Verify that the design satisfactorily meets the GLUMRB guidance for
side water depth, flocculation and mixing period, detention time, upflow rate (over-
flow rate), and weir loading. Use Table 7-4 to select the upflow clarifier(s).

Estimate the dose of CO; in mg/L to stabilize the water from split treatment soften-
ing. The estimated constituents and parameters of interest in the blended water are
listed in the table below.

Concentration,
Constituent mg/L as CaCO3
or parameter or units as shown
Ca®* 63.0
Mg>" 35.0
o5~ 84.7
HCO, 128.4
pH 10.1 units
TDS 240 mg/L
Temperature 4°C

Estimate the dose of CO; in mg/L to stabilize the water from split treatment soften-
ing. The estimated constituents and parameters of interest in the blended water are
listed in the table below.

Concentration,
Constituent mg/L as CaCOs3
or parameter or units as shown
(o 53.65
Mg?* 40.0
co;” 25.2
HCO; 532
pH 9.89 units
TDS 560 mg/L
Temperature 12°C

DISCUSSION QUESTIONS

Is the Lime Ridge water (Problem 7-19) a likely candidate for air stripping to remove
CO, before lime-soda softening? Explain why or why not.

Explain why many lime-soda softening utilities have raised their target hardness from
between 75 and 120 mg/L as CaCOj; to a target hardness between 120 and 150 mg/L
as CaCOs.

A water that contains only carbonate hardness can be softened with NaOH alone.
True or false?
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8-1 INTRODUCTION

Ion exchange* is a reversible reaction in which a charged ion in solution is exchanged for a simi-
larly charged ion electrostatically attached to an immobile solid particle. The largest application of
ion exchange in water treatment is for softening, where calcium, magnesium and other polyvalent
cations are exchanged for sodium (Clifford, 1999). It is used both in individual homes [called
point-of-entry (POE) or point of use (POU)] and in municipal systems. Ion exchange is also used
to remove specific contaminants such as arsenic, barium, nitrate, and radium.

In common practice the raw water is passed through a bed of resin. The resin is the made by
polymerization of organic compounds into a porous matrix. Commercially available resins are
selected for the bed. Typically, in water softening, sodium is exchanged for cations in solution.
When the bed becomes saturated with the exchanged ion, it is shut down and regenerated by
passing a concentrated solution of sodium back through the bed.

Because of its large application in softening water, the focus of this chapter is on this
application.

8-2 FUNDAMENTAL CONCEPTS OF ION EXCHANGE

Ion Exchange Resins and Reactions

Ion Exchange Resins. The most common polymeric resin matrix is a cross-linked polystyrene
to which charged functional groups are attached by covalent bonding. Divinylbenzene (DVB)
is used as a cross-linking agent with the styrene. A higher DVB cross-linkage provides a more
stable resin but will result in slower ion exchange kinetics. The common functional groups are
in four categories: strongly acidic (for example, sulfonate, —SOj3 " ); weakly acidic (for example,
carboxylate, —COQ); strongly basic (for example, quaternary amine, —N"(CH3)3), and weakly
basic (for example, tertiary amine, —N(CHj3),).

Figure 8-1 is a schematic representation of a resin bead and two typical functional groups.
Cation exchange resins contain mobile positive ions, such as hydrogen (H") or sodium (Na™),
that are attached to immobile functional acid groups, such as sulfonic (—SO3 ) and carboxylic
(—COO ") groups. The functional groups are fixed to the resin matrix or backbone. These are the
cation ion exchange sites. The number of sites is finite, and when they all have been exchanged
the ion exchange resin will no longer soften the water.

Strong Cation Exchange Reactions. The word “strong” in strong cation exchange does not
refer to the physical strength of the resin but rather to the Arrhenius theory of electrolyte strength
in which the functional group of the resin is dissociated completely in its ionic form at any pH.
Equation 8-1 represents the exchange of sodium for calcium in the form of carbonate hardness
and Equation 8-2 represents the exchange of sodium for noncarbonate hardness

Ca(HCO;), + 2{/=] — SO3 Na*} = {/=7 — RS03},Ca’* + 2NaHCO;  (8-1)

CaCl, + 2{/=] — SO;Na*} = {/=J — S03},Ca2* + 2NaCl (8-2)

*Often noted in the literature as IX.
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FIGURE 8-1

Schematic of organic cation-exchange bead (a). The bead is shown as a polystyrene polymer cross-linked with divinyl benzene
with fixed coions (minus charge) balanced by mobile positively charged counterions (positive charge). (b) strong cation ex-
change resin on left (N a’ form) and strong-base on right (C1~ form).

where /=/ denotes the resin and the bold font represents the solid resin phase. Magnesium
and other polyvalent ions are removed by similar reactions. The sulfonic group provides a
strong reactive site and the exchange resin readily removes all polyvalent cations. The reac-
tions are reversible.

Weak Cation Exchange Reactions. The weak cation exchange resins can remove carbonate
hardness as shown in Equation 8-3, but they cannot remove noncarbonate hardness.

Ca(HCO3), + 2{/Z] — COOH} = {[Z] - CO0},Ca + 2H,CO; (8-3)
The weak cation exchange resins are regenerated with a strong acid (HCI or H>SOy).

Ion Exchange Kinetics

The rate of ion exchange depends on the rates of the various transport mechanisms carrying the
ion to be removed to the resin as well as the exchange reaction rate itself. The mechanisms are as
follows (Reynolds and Richards, 1996): (1) movement of the ions from the bulk solution to the
film or boundary layer surrounding the exchange solid, (2) diffusion of the ions through the film
to the solid surface, (3) diffusion of the ions inward through the pores of the solid to the exchange

ION EXCHANGE
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sites, (4) exchange of the ions by reaction, (5) diffusion of the exchanged ions outward through
the pores to the solid surface, (6) diffusion of the exchanged ions through the boundary layer, and
(7) movement of the exchanged ions into the bulk solution.

For a column of resin, the exchange reactions begin to saturate the upper levels before the
lower levels. The progress of this saturation through the column results in a “wave” of satu-
ration as shown in Figure 8-2a. If samples are taken at the bottom of the column, a curve of
increasing concentration is detected as shown in Figure 8-2b. This curve is called the break-
through curve. At some point in time the effluent concentration exceeds the design criteria,
for example at concentration C, in Figure 8-2b. The column is then taken out of service and
regenerated.

~) (V) (V3) vy
Inlet

concentration = C, Cy Cy Cy

¢ Exchange i l Exchange i
zone zone

=/

Effluent l ¢ l

concentration = C, C, C

()

Breakthrough
curve

Concentration of gas in effluent

C, Gl ‘J ™~ Breakpoint
V) (V) (V3) (V)

Volume of effluent

(b)

FIGURE 8-2
Ion exchange wave (a) and breakthrough (). (Source: Treybal, 1968.)



Properties of Ion Exchange Resins

Exchange Capacity. One of the major considerations in selecting an ion exchange resin is the
quantity of counterions that can be exchanged onto the resin. This quantity is called the exchange
capacity of the resin. The total capacity is dependent on the quantity of functional groups on a resin
bead. The exchange capacity may be reported as milliequivalents per gram of dry resin (meg/g) or
as milliequivalents per milliliter of wet resin (meq/mL). The typical dry-weight capacity of a strong
acid cation exchange resin falls in the range of 3.6 to 5.5 meq/g. Typical wet-volume capacity is
1.8 to 2.0 meq CaCO3/mL.

Selectivity. Ion exchange resins have a variable preference or affinity for the ions in solution.
This preference or affinity is called selectivity. Quantitatively, for a binary exchange, selectivity
may be expressed as a selectivity coefficient (K;'). For the generalized cation reaction

n[RJA* + B"" = [nRIB"" + nA* (8-4)
the equilibrium expression is
KA - [A"]"{RB™) (8-5)
{RA}"[B™]
where KQ = apparent equilibrium constant or selectivity coefficient for cation (or

anion) A exchanging with ion B onto resin

[AT] = aqueous-phase concentration of presaturant ion, eq/L

[B""] = aqueous-phase concentration of counterion, eq/L

{RA}, {RB""} = activities of resin-phase presaturant ion and counterion, respectively
n = valence of the exchanging ion

A similar expression can be written for anions. Although the activity terms are a function of
ionic strength, concentrations are used in practice because they are measured more easily than
activities. Thus, Equation 8-5 is conveniently expressed as

K| = (C))"qi (8-6)
Ci(g))"

where K} = equilibrium constant for cation (or anion) i exchanging with ion j
= aqueous phase concentration of presaturant ion j, meq/L

= resin phase concentration of counterion i, meq/L

C; = aqueous phase concentration of counterion i, meq/L

= resin phase concentration of presaturant ion j, meq/L

n = valence of the exchanging ion

SO
Il

=2
|
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For the cation exchange of calcium and sodium expressed in Equation 8-2, the equilibrium constant
would be expressed as

2
K = (Cna)dca (8-7)
CCa (qNa )2

The greater the selectivity coefficient (K), the greater is the preference for the ion by the
exchange resin. Commercial exchange resins used in water treatment tend to prefer (1) ions of
higher valence, (2) ions with smaller solvated volume, (3) ions with greater ability to polarize,
(4) ions that react strongly with the exchange sites on the resin, and (5) ions that do not form
complexes (Helfferich, 1962).

For process design evaluation, separation factors are used rather than selectivity coefficients.
The binary separation factor is a measure of the preference of one ion for another ion. It may be
expressed as

i X (8-8)
XiY;
where aji = separation factor
Y; = resin phase equivalent fraction of counterions
X; = equivalent fraction of presaturant ion in aqueous phase
X; = equivalent fraction of counterion in aqueous phase
Y; = resin phase equivalent fraction of presaturant ion

The equivalent fraction in the aqueous phase is calculated as

x =& (8-9)
Cr
and
Cr

where C; = total aqueous ion concentration
C; = aqueous phase concentration of counter ion, eq/L

C; = aqueous phase concentration of presaturant ion, eq/L

Similarly, for resin phase

y, =4 (8-11)



and

v, = 4 (8-12)

where g, = total exchange capacity of resin, eq/L.

Because a binary system involves only the presaturant ion and one other ion to be exchanged,
Cr=Ci+Cj (8-13)

and

ar = q +q; (8-14)

Separation factors for commercially available strong acid cation exchange resins are given
in Table 8-1.
A combination of Equations 8-7 and 8-8 yields

Ca _ Ca| r¥na 8-15
¢ ‘ CTXNa

The implication of this equation is that, with g, constant, divalent/monovalent exchange
depends inversely on solution concentration and directly on the distribution ratio Yn./XNa
between the resin and the water. The higher the solution concentration Cy, the lower the
divalent/monovalent separation factor; that is, the selectivity tends to reverse in favor of the
monovalent ion as ionic strength (that is, a function of C) increases. This is the theoretical
basis for regeneration of the cation exchange resin by the application of a high concentration
of sodium.

Rearrangement of Equation 8-8 with appropriate substitution of terms yields an expression
that allows the calculation of the resin phase concentration of the counterion of interest if the
binary separation factor and total resin capacity are known.

Ga
g = 4T

= 8-16
C +CjoL{ (8-16)

where alj = l/aji.

The use of this expression in estimating the maximum volume of water that can be treated by
a given resin is illustrated in Example 8-1.
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TABLE 8-1
Separation factors of ions for resins”

Strong acid cation resins’ Strong base anion resins®
Cation, 1 Qi/Na* Anion, 1 OLi/Cl—d
Ra*" 13.0 UO02(CO3)3~ 3200
Ba®" 5.8 Clo;¢ 150
Pb*" 5.0 CrO;~ 100
st 4.8 Se0;” 17
Cu** 2.6 SO;~ 9.1
Ca** 1.9 HAsO;~ 4.5
Zn** 1.8 HSOz 4.1
Fe?* 1.7 NO3 3.2
Mg>" 1.67 Br~ 2.3
K* 1.67 Se03” 1.3
Mn>* 1.6 HSO3 1.2
NH, 1.3 NO2 1.1
Na* 1.0 Cl™ 1.0
H* 0.67 BrO3 0.9

HCO3 0.27
CH;CO0~ 0.14
F~ 0.07

“Above values are approximate separation factors for 0.005-0.010 N solution (TDS = 250—
500 mg/L as CaCOs).

bSAC resin is polystyrene divinylbenzene matrix with sulfonate functional groups.

“SBA resin is polystyrene divinylbenzene matrix with —N *(CH3); functional groups (i.e., a
Type 1 resin).

dSeparation factors are approximate and are based on various literature sources and on
experiments performed at the University of Houston.

¢ ClO4/C1™ separation factor is for polystyrene SBA resins; on polyacrylic SBA resins, the
ClO, /C1™ separation factor is approximately 5.0.

(Source: Clifford, 1999.)



Example 8-1. Estimate the maximum volume of water per liter of resin that can be treated by
a strong acid exchange resin in the sodium form if the resin has total capacity of 2.0 eq/L, the
calcium concentration is 1.4 meq/L, and the sodium concentration is 2.6 meq/L. Assume no other
cations are in the solution.

Solution:

a. Calculate the separation factor for sodium over calcium using the separation factor from
Table 8-1.

af =1.9

af=1/aj=1/1.9=0.53
b. The maximum useful capacity of the resin for calcium is

__ Cawr
qCa - ]
CCa + CNaai

_ (1.4 meq Ca2+/L)(2.0 eq/L of resin)(1,000 meq/eq)
((1.4 meq Ca®"/L)+(2.6 meq Na'/L)(0.53)
=1,008 or 1,000 meq Ca’* /L of resin

¢. The maximum volume of water that can be treated per volume of resin per cycle is

gca _ 1,000 meq Ca’" /L of resin

Cca 1.4 meq Ca’" /L of water
= 714.29 or 710 L of water/L of resin

YV =

Comments:

1. This is the maximum amount of Ca>* that can be removed assuming 100% efficiency
of transfer, 100% regeneration efficiency, and that sufficient contact time has been
provided to achieve equilibrium. This seldom happens in actual practice because, as
noted in Figure 8-2, complete breakthrough would have to occur to completely saturate
the bed.

2. For multicomponent systems such as a hard water containing several polyvalent cations,
Equation 8-16 must be expanded to take into account the concentrations and separation
factors for each of the components. MWH (2005) provides an extensive discussion on the
method.

Resin Particle Size. Particle size has two effects on the ion exchange process. The rate of
ion exchange decreases with increasing particle size. In contrast, the headloss through the bed
increases as the bead size decreases. Because excessive pressure drops through the bed have the
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potential of causing physical damage to the resin beads, the hydraulic requirements of the resin
rather than the kinetics for ion exchange govern the selection of the resin particle size.

Ion exchange resin beads are spherical. They are produced in particle diameters ranging from
0.04 to 1.0 mm. In the United States, the particle sizes are sold by standard sieve screen or “mesh”
sizes. A table of U.S. Standard Screen sizes and their equivalent diameters is given in Appendix B.
The common sieve size ranges used are 16 to 50 and 50 to 100. The smaller number is the largest
diameter sieve, and the larger number is the smallest diameter sieve. The manufacturer’s specifi-
cation is generally given the notation 16 X 50 or 50 X 100. Thus, for a 16 X 50 resin, all of the
resin beads will pass the number 16 sieve, and none will pass the number 50 sieve.

Other data provided by the manufacturer includes the effective size (dyo) and the uniformity
coefficient. The effective size is the mesh size that passes 10 percent of a sieved sample. The
uniformity coefficient is the ratio of the dgg to the dj( resin sizes. These data are provided to
facilitate hydraulic design.

Structural Stability and Service Life. As noted above, high pressure drops through the bed
have the potential to cause resin bead compression. This, in turn, can cause inadequate liquid
distribution and reduced flow. In addition the resin beads are also susceptible to swelling, shrink-
ing, and abrasion from excessive backwashing. These effects reduce the structural integrity of the
resin and shorten its operating life.

Oxidation of the resin beads, especially strong acid sulfonated polystyrene-DVB resins, from
chlorination prior to ion exchange will significantly reduce service life. If prechlorination is essential,
resins with high cross-linking are recommended (MWH, 2005).

Excessive concentrations of iron and manganese, if oxidized, will form precipitates that will
foul the resin. GLUMRB (2003) specifies that iron, manganese, or a combination of the two
should not exceed 0.3 mg/L in the water applied to the resin. Organic compounds may foul the
resin by irreversibly binding to strong base anion exchange resins.

Turbidity should not exceed 5 NTU in water applied to cation exchange softeners (GLUMRB,
2003).

Some of these issues are remedied with the selection of an appropriate resin and proper
arrangement of the sequence of pretreatment processes.

8-3 PROCESS OPERATION

To contact the water with the ion exchange resin, it is passed through a columnar pressure vessel
as shown in Figure 8-3. The water is passed through the column until the effluent no longer
meets the treatment objective. The column is then regenerated. The two common methods for
regeneration (cocurrent and countercurrent) are used to identify the operating schemes.

Cocurrent Operation

In this scheme the regeneration step is conducted in the same flow direction as the treatment
flow. The direction of both flows is usually downward. For softening operations where some
leakage of hardness in the effluent can be tolerated, this operational scheme is frequently chosen.
It is usually the lowest cost design and the simplest to operate. The domestic water softener is a
familiar example of this type of design (Brown, 1998).
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(Source: U.S. EPA, 1981.)

The following steps are used in the ion exchange cycle :

e Service.

e Backwash.

* Regeneration.

e Slow rinse.

The raw water is passed downward through the column until the hard-
ness exiting the column exceeds the design limits. The column is taken
out of service and another column is brought on line.

A flow of water is introduced through the underdrain. It flows up through
the bed sufficient to expand the bed by 50 percent. The purpose is to
relieve hydraulic compaction (Gottlieb, 2005), and to move the finer
resin material and fragments to the top of the column and remove any
suspended solids that have accumulated during the service cycle.

The regenerating chemical, for example, sodium chloride, flows downward
through the bed at a slow rate to allow the reactions to proceed toward com-
plete regeneration.

Rinse water is passed through the column at the same flow rate as
the regenerating flow rate to push the regenerating chemical through
the bed.
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* Fast rinse. This is a final rinse step. The fast rinse flows at the same flow rate as the
service flow rate to remove any remaining regenerating solution.

* Return to service. The column is put back in use.

Countercurrent Operation

In this mode of operation the regenerant is passed though the resin in the opposite direction to
that of the water being treated. Generally, the mode of operation is raw water flowing downward
and regenerant flow upward. In most cases, countercurrent operation will result in lower leak-
age and higher chemical efficiency than cocurrent operation. However, countercurrent opera-
tion is a more expensive design and is more complicated to operate. Countercurrent operation is
used where (1) high purity water is required, (2) chemical consumption must be minimized, or
(3) waste volume must be minimized.

Bypass

As noted previously, there will be some leakage of hardness through the column because the
passage of the saturation wave through the column is spread out, as shown in Figure 8-2, and
because the high concentration of regenerant being released from the upper levels of the column
will “regenerate” lower portions of the column where polyvalent ions were not completely removed
in the regeneration cycle. The amount of leakage is usually less then 5 mg/L as CaCOj5 (Clifford,
1999). Thus, the treated water is softened far more than is necessary for normal consumer use.
Thus, passing the entire flow to satisfy demand through the column results in a larger column than
is necessary as well as consuming larger amounts of regeneration chemicals. In addition, very soft
water is often corrosive.

To improve the stability of the water and make it less corrosive while reducing costs, a por-
tion of the flow is bypassed around the column and blended with the treated water to achieve the
design hardness. The bypass flow is calculated by solving the mass balance for hardness at the
point where blending takes place. The mass balance of hardness is

QtreatedCtreated + Qbypasscbypass = leendedcblended (8—17)

and the flow balance is

Otreated + Qbypass = Oblended (8-18)

where Qyeateda = flow rate of raw water entering column for treatment, m*/d
Obypass = flow rate of water that is not treated, m*/d
Oblended = total design flow rate
Cieated = concentration of hardness in the treated water, mg/L as CaCO3
Cpypass = hardness of the raw water, mg/L as CaCO3
Chlended =design final hardness, mg/L as CaCOj3

The bypass flow rate is determined by simultaneous solution of these two equations.
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FIGURE 8-4

Two columns in series with one column as standby. After exhaustion of column 1, it will be taken out of service and regener-
ated. Column 2 will become “lead” and column 3 will follow in series. When column 2 is exhausted, it is taken out of service
and column 3 becomes “lead.” Its effluent is passed through the regenerated column 1. This system has been called a “merry-
go-round” system.

Multiple Columns

With the exception of home water softeners that may be shut down for a short period at night or that
may be replaced by a service technician, the exhausted column that is taken out of service must be
replaced by bringing another column on line. Although there are many alternate arrangements, three
schemes are more common than others. They are (1) a standby column, (2) columns in series (known
in the trade as the “merry-go-round” system), and (3) columns in parallel (the “carousel” system).

In the standby system there is a minimum of two columns. One is in service while the other
is being regenerated and placed in standby. The operating time of each column must be long
enough to allow for regeneration of the out-of-service column. This system does not provide any
redundancy if only two columns are provided. A three column arrangement provides one extra
column in the rotation and allows for backup during maintenance.

As show in Figure 8-4, the first column in the merry-go-round system serves as a roughing
column and a second column serves as a polishing step.

In the carousel system, three columns are run in parallel while one is out of service. The three
columns are in various stages of exhaustion: up to and including breakthrough, less than break-
through, and substantially less than breakthrough. The water from the three columns is blended
to achieve a consistent product water. This system is more likely to be used to meet an MCL
requirement for a toxic constituent than for softening.

8-4 1ION EXCHANGE PRACTICE

Typical design criteria for cation and anion exchange systems are summarized in Table 8-2. The
following paragraphs elaborate on the design parameters.

Resin Selection

There are several hundred different resins available from United States and European manu-
facturers. Of these, the resins based on the polystyrene-DVB matrix are most widely used. The
operating capacity (meq/mL as CaCQO3) serves as the primary selection criterion. This differs
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TABLE 8-2

Typical ranges for design data and criteria for strong acid cation and strong base anion resins

Strong acid

Strong base

Parameter cation resin anion resin Unit

Exchange capacity 3.6-5.5 1.8-2.0 meq/g as CaCOj3
1.6-2.2 0.8-1.4 meq/mL as CaCOj3

Operating capacity” 50-70 40-60 % of exchange capacity

Moisture content 40-80 35-80 %

Shipping weight (moist) 640-930 670-720 kg/m3

Screen size 16 X 50 16 X 50

Service flow rate 200-2000 2002000 m*/d - m? of resin
8-40 8-40 BV/h

Surface loading rate 400-800 400-800 m’/d - m* or m/d

Backwash rate 12-20 5-7.5 m*/h - m* or m/h

Backwash duration 5-15 5-20 min

Bed expansion 50 50-75 %

Regenerant NaCl NaCl

Regenerant concentration 5-10 2-15 %

Regenerant dose 80-320 80-320 kg NaCl/m® of resin

Regeneration flow rate 60-120 60120 m>/d - m? or m/d
2-5 2-5 BV/h

Rinse volume 2-5 2-10 BV

pH range 0-14 0-14 units

Max. operating temp. 140 OH  form = 60; °C

C form = 100

Turbidity limit 5 5 NTU

Iron limit 5 0.1 mg/L as Fe

Total Fe + Mn 0.3 0.3 mg/L

Chlorine limit 1.0 0.1 mg/L of Cl,

“Operating capacity depends on the method of regeneration and amount of regenerant applied.

Sources: Clifford, 1999; GLUMRB, 2003; MWH, 2005.

from the exchange capacity in that it is a measure of the actual performance of the resin under
a defined set of conditions such as the raw water composition, empty-bed contact time (EBCT)
or service flow rate (SFR), and degree of regeneration. The operating capacity is always less
than the advertised exchange capacity because of incomplete regeneration, early leakage (break-
through) that causes termination of the operational cycle to meet design limits, and efficiency of

regeneration (measured as eq NaCl/eq CaCO3).

Small laboratory columns (1.0 to 5.0 cm inside diameter) have been effective in analyzing
alternative resins. These columns can be scaled directly to full scale design if the loading rate
and EBCT are the same. Because the resin beads are small compared to the column diameter,
the error due to channeling of the water down the walls is small. The hydraulics of full scale
operation cannot be modeled by these small scale columns (MWH, 2005).



The larger the laboratory or pilot scale column, the better will be the results from scale-up.
Although 60 cm long, 1 to 5 cm diameter columns are adequate for laboratory studies, larger
diameter columns (for example, 10 cm) that have resin bed depths greater than 1 m are recom-
mended (Reynolds and Richards, 1996; MWH, 2005).

Breakthrough curves are obtained from laboratory scale or pilot scale data such as that shown
in Figure 8-5. The design breakthrough concentration, shown as ¥, in Figure 8-5, may be used to
estimate the capacity of the resin by calculating the area between the influent concentration (C)
and the effluent concentration and dividing by the mass of resin in the column.

Flow Rates

The flow rate through the column affects the kinetics of the absorption bed. The longer the water
is in contact with the resin, the greater is the opportunity for the mechanisms of the exchange
process to come into play. Thus, the longer the contact time, the longer the time to reach break-
through. There are two parameters used to control the contact time: (1) empty-bed contact time
(EBCT) and (2) service flow rate (SFR) or exhaustion rate. The EBCT is calculated as the vol-
ume occupied by the resin (¥g) divided by the flow rate:

YR

EBCT = —— (8-19)
0
The service flow rate is
SFR = —Q (8-20)
YR

The EBCT and SFR are used for ease of calculation. An actual detention time in the bed
would have to account for the porosity. Typical EBCTs range from 1.5 to 7.5 min and SFRs
range from 200 to 1,000 m® of water per day for each cubic meter of resin (m*/d - m®). The SFR

c!\
7Ry

*

S 5|
8 s
<
© 4
f Area = 6.572 meg/L X 2,350 L
E- 3 = 15,444 meq
8 5]
O

1

0

v Y v Y T T T
0 1 2 3 4 5 6
Volume, m®

FIGURE 8-5

Ton exchange softening breakthrough curve.
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may also be expressed as bed volumes of water per hour (BV/h). The usual range of values is 8 to
40 BV/h. EBCTs greater than 7.5 min and SFRs less than 200 m%/d - m® are acceptable because
they provide greater time for the reactions. Shorter EBCTs and higher SFRs will result in earlier
breakthroughs.

The surface loading rate (SLR) is limited to control the pressure drop across the bed and
thereby control breakage of the resin beads. It is expressed as

stR=2 (8-21)
Ac

where A, = the cross-sectional area of the resin bed, m>.

In general, the maximum allowable pressure drop across the bed is about 140 kPa. Because
the pressure drop increases over time as the bed is operated, the design value for pressure drop
is usually about 35 to 70 kPa less than this. This results in a maximum SLR of about 880 cubic
meters per day per square meter of cross-sectional area (m3/d -m?or m/d). SLRs range from 175
to 880 m/d (Gottlieb, 2005). GLUMRB (2003) specifies that the rate should not exceed 400 m/d.
Typical manufacturers’ design curves for pressure drop are shown in Figure 8-6.

Backwashing

As noted previously, cocurrent beds are backwashed to relieve compression and remove parti-
culate matter (often called “fines”). The backwash rate for strong acid cation resins is in the range
12-20 m*h - m? of bed surface area. The backwashing period is on the order of 5 to 15 minutes.
Bed expansion during backwash is typically assumed to be 50 percent, but some authors report ex-
pansions up to 100 percent of the operating depth (Reynolds and Richards, 1996; MWH, 2005).

Estimation of Resin Volume

There are several methods for estimating the required resin volume. The one that will be described
here depends on the results of column studies. Column studies on the raw water provide a better
estimate of the kinetic behavior of the resin to the actual constituents in the water than either
synthetic water data or equilibrium data provided by manufacturers.

90
80
70
60 (- 20°C
50
40 -
30 -
20 |-
10 -

| | | |
0
0 200 400 600 800 1000

5°C
10°C

25°C

Pressure drop, kPa/m of resin

Surface loading rate, m?/d-m’

FIGURE 8-6
Typical ion exchange resin pressure drop curves at various water temperatures. Actual
manufacturer’s data should be used for design.



The column should be operated long enough to achieve complete saturation of the bed
through several cycles of service and regeneration. To determine the optimum SFR, the flow rate
must be varied during the saturation loading tests. The main goal in determining the optimum
SFR is to reduce the capital cost of the column.

In the simplest expression, the resin volume required to treat a given flow rate of water is

yr =2 (8-22)
SFR

One method for estimating the resin mass is based on the principle of mass balance. It is
illustrated in the following example.

Example 8-2. As part of the preliminary design for a softening plant, a sodium-based ion ex-
change column is to be evaluated. For the evaluation of alternatives, estimate the mass of moist
resin required to soften the Hard Times water (Example 7-6) to a hardness of 80 mg/L as CaCOs.
The design flow rate is 275 m®/d. Assume that there is no leakage from the column, that is,
Cireated = 0.0 mg/L as CaCOs3, that the moisture content of the resin is 44%, and the operat-
ing temperature is 10°C. Also assume that iron and turbidity concentrations are negligible. The
manufacturer’s resin operating capacity to breakthrough is 67% of the exchange capacity.

The laboratory scale column was 7.5 cm in diameter and the height of the resin in the column
was 150.0 cm. The resin density on a moist basis is 0.85 g/cm The m01sture content is the same
as the full scale column. The flow rate through the column was 0.18 m 3.

Solution:

a. Begin by computing the meq of hardness removed per g of resin on a dry weight basis.
The mass of dry resin in the column is computed from the column dimensions, the unit
weight of the resin, and the moisture content of the resin.

2
{@}(1500@(0.85 glem?)(1-0.44) =3,154.35 ¢

b. From the breakthrough curve of the laboratory column (Figure 8-5) the meq of hardness
removed at breakthrough (¥,) was 15,444 meq.

¢. The meq/g of dry resin is

15,444 meq _ 29 meq/e
3,154.35 ¢

d. The total hardness of the Hard Times water is equal to the sum of the Ca>* and Mg>" or
238 mg/L as CaCO3; + 90.6 mg/L as CaCO3 = 328.6 mg/L as CaCOs.

e. A material balance on the flow downstream of the ion exchange column is used to deter-
mine the bypass flowrate.
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QOtreatedCreated + Qbypasscbypass = OblendedCblended

With no leakage Cireareq = 0.0 mg/L and material balance equation is

Orreated (0) + Opypass (328.6 mg/L as CaCO;3) = (275 m’/d)(80 mg/L as CaCOz)
(275 m*/d)(80 mg/L as CaCOs)
Qbypass =
328.6 mg/L as CaCO;3
= 66.95 m’/d

f. The flow rate passing through the ion exchange column is

275 m>/d—66.95 m?/d =208.05 m3/d

g. The meq/L of hardness to be removed is

(328.6 mg/L as CaCO3)[ j=6.572 meq/L

50 meq/mg
where 50 meqg/mg is the equivalent weight of CaCOs.
h. The meq of hardness to be removed in one day is
(6.572 meq/L)(208.05 m>/d)(1,000 L/m>)(1d) =1.37 X10° meq

i. The mass of dry resin required is

(1.37%10° meq)| ——&— |10~ ke/ ) =279.61 or 280 kg
4.89 meq

j- The mass of resin on a moist basis is

(280kg)(1 ! )=500kg

—0.44

k. To account for the manufacturer’s operating capacity to breakthrough, increase the
mount of resin to

1
—— (500 kg)=746.27 or 750 k
0‘67( 2 g

Comments:

1. The estimated resin was given in meq hardness/g of dry resin. This estimate could also be
made as meq of hardness/mL of moist resin. The resin is shipped and installed moist. The



volume should be estimated in the test column after the test column has been backwashed
and settled over several cycles.

2. The assumption of zero leakage is not realistic. As noted above, it will usually be some
concentration less than 5 mg/L as CaCOs.

3. The estimate of the hardness removed by the resin is determined by computing the area
under the breakthrough curve at the “design breakthrough.” For a two column system
the design breakthrough is some hardness concentration above the leakage. For three
columns in series, the design breakthrough may be as high as complete bed exhaus-
tion. Likewise, in the parallel system with four columns, exhaustion of the bed may be
selected as the design breakthrough.

Regeneration

Resins operated on the sodium cycle are usually regenerated with a 5 to 10% brine solution. The
mass loading ranges from 80 to 320 kg NaCl/m?® of resin with 80 to 160 kg NaCl/m? of resin
being typical. The liquid flow rate is 60 to 120 m>/d - m® of surface area or in terms of bed vol-
umes, about 2—5 BV/h (Reynolds and Richards, 1996; MWH, 2005).

Slow Rinse
The water rinse to push the regenerate through the bed is at the same flow rate as the regeneration.

Cycle Time

A minimum of two columns is recommended for redundancy: one in service and one in regenera-
tion or standby. One column in service with storage is an alternative, but it provides no redun-
dancy for mechanical or resin rehabilitation. Even with two columns, the out-of-service time must
be less than the operating time for the in-service column to reach breakthrough. The following
may be used to estimate the out-of-service time (Clifford, 1999):

fos = tow + I +tsr ttr (8-23)
where 7, = out-of-service time
fhw = time for backwashing, 5 to 15 min
t, = time for regeneration, 30 to 60 min
ty = time for slow rinse, 10 to 30 min
tyy = time for fast rinse, 5 to 15 min

Using the maximum estimate for each of these steps, the total out-of-service time is about
two hours.

Example 8-3. An alternative three column design for Hard Times (Example 8-2) is to be evalu-
ated. In this alternative, the columns will be in series and exhaustion of the resin is the “design
breakthrough.” The total out-of-service time is estimated to be two hours.
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Solution:

a. The mass of resin is divided equally between the three columns.

b. Using the total meq from step h in Example 8-2, the meq of hardness to be removed in
one column at bed exhaustion is

37x10°
wz4.57><105 meq

¢. The time for one bed to become exhausted at a flow rate of 208.5 m>/d (step f in
Example 8-2) is

4.57x10° meq
(6.572 meq/L)(208.05 m>/d)(1,000 L/m?)

=0.33d or 8 h

d. If breakthrough is 67% of the exchange capacity, the time to breakthrough is

(0.67)(4.57X10° meq)

=0.22dor5.4 h
(6.572 meq/L)(208.05 m3/d)(1,000 L/m3)

e. The third column in the series can be regenerated in two hours. Therefore, this design
will work because the third column can be brought on-line before breakthrough occurs
in the second column.

Vessel Design

While pressurized tanks are used for small ion exchange columns, gravity flow is used in larger
applications. Fiberglass and steel are the usual tank materials. Fiberglass tanks are generally
limited to about 2.5 m in diameter, pressures under 1,000 kPa, and temperatures under 40°C.
Prefabricated steel tanks may be up to 3.6 m in diameter. Steel tanks must be lined and often are
more expensive than fiberglass.

Column heights are generally less than 4 m. Multiple columns in series are used if greater
height is required. The height of the bed to diameter ratio is usually in the range of 0.2:1 to 3:1
(Clifford, 1999; Reynolds and Richards, 1996). Resin bed depths of less than 0.9 m are not recom-
mended to avoid premature breakthrough due to nonideal resin bed behavior (GLUMRB, 2003).
Resin bed depths greater than 4 m are generally avoided because of pressure drop limitations of
the resin. The column height must be sufficient for expansion of the bed during backwashing.
The dimensional limits of prefabricated units are usually governed by roadway constraints for
underpasses and turning radii.

Table 8-3 summarizes the typical design criteria used in sizing the tank. Example 8-4 illus-
trates the design of the vessel.
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TABLE 8-3
Typical range of design criteria used in sizing ion exchange columns and vessels

Parameter Range of values Comment
Pressure drop 35-70 kPa 135 kPa maximum
Diameter (D) <25m Fiberglass tanks
<3.6m Steel tanks
Height (H) of resin =09m To avoid premature breakthrough
and =4 m To limit pressure drop
H:D of resin bed 1.5:1 to 3:1
Expansion of resin bed = 100% Typically < 50%
Height of column height =4m Use columns in series for greater height

Sources: GLUMRB, 2003; Gottlieb, 2005; Reynolds and Richards, 1996.

Example 8-4. Design the tank for the Hard Times (Examples 8-2 and 8-3) ion exchange col-
umn. The following design parameters have been established for the initial trial design:

Resin shipping weight (moist) =800 kg/m3

Solution:

a. The Solver* program in a spreadsheet was used to perform the iterations for solution of
this problem. The spreadsheet cells are shown in Figure 8-7. The values shown in the
figure are the final solver solution. The cell locations used in the figure are identified
by brackets [ ] in the discussion below.

b. Begin with the input data by setting the following:

[B5] Q = 275m’/d (from Example 8-2)

[B6] Resin mass = 750 kg (on moist basis from Example 8-2)

[B7] Shipping weight = 800 kg/m3 (on moist basis given in the problem statement)

[B8] Surface loading rate = 408 m>/d - m?> (Any rate between 400 and 800 may be se-
lected as the starting point. The value shown here is the first guess. The value shown
in the spreadsheet is the final Solver value.)

c. Compute the volume of the media in cell [B13] as

_[B6] _ 750 kg
[B7] 800 kg/m?

=0.94 m’

*Solver is a “tool” in Excel®. Other spreadsheets may have a different name for this program.
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A B C D E F G
1 | Example 5-3 IX column dimensions
2
3 | Input Data Criteria
4
5 |Q 275 | m3/d
6 | Resin mass 750 | kg on moist basis
7 | Shipping weight 800 | kg/m3 on moist basis
8 |SLR 400 | m3/d - m? >= 400 and <800
9
10
11 | Compute volume of media
12
13 V= 0.94 | m3
14
15 | Compute diameter of column
16
17 | Area= 0.69 | m?
18
19 | Diameter = 0.94 | m < 3.6 m for steel tank
20
21 | Compute height of column
22
23 |H= 1.36 | m >0.9 m and <4.0 m
24
25 | Check ratio
26
27 |H:D= 1.46 >0.2 and < 3
28
29
30 | Solver parameters
31
32 | Target cell B27
33 | Equal to min
34 | By changing B8
35 | Subject to constraints
36 B8 >=400
37 B8 <=3800
38 B19 <=36
39 B23 <=40
40 B23 >=0.9
41 B27 <=3
42 B27 >=0.2
Solver parameters
Set target cell: B27
Equal to: O Max ® Min O value of: El
By changing cells:
B
Subject to the constraints:
B19<=36
B23 <=4.0
B23 >= 0.9
B27 <= 3.0
B27 >=02
B8 <= 800
B8 >= 400

FIGURE 8-7
Example 8-4 spread sheet with
Solver dialog box.
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. Compute the the area in [B17].

_[B5]_ 275m’/d
[B8] 408 m>/d - m?

=0.67 m?

. And then the diameter of the column in [B19].

A0.5
_ | B4 93 m
3.1416

. Compute the height of the column in cell [B23].

_[B13] _0.94 m>

=1.40m
[B17] 0.67 m?
. Check the H:D ratio.
_ [B23] _ 1.40 m ~150
[B19] 0.93 m

. Activate the dialog box for Solver and designate the target cell [B27], that is, the one for
the height to diameter ratio (H:D).

i. Set Equal to to “Min.”

j. Set By changing to the cell containing the surface loading rate (SLR), that is, [B8].
. Add the following four constraints in the dialog box:

(1) SLR

[B8] = 800
[B8] = 400

(2) Diameter
[B19] = 3.6 m
(3) Height

[B23] = 4.0
[B23] = 0.9

(4) H:D ratio

[B27] = 3

[B27] = 0.2
. Execute solve to find the SLR = 400 m*/d - m>.
. With resin column volume, check the EBCT.

3
EBCT=m=0.0034 d or4.92 or 4.9 min

275 m7d
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This is within the typical range of 1.5 to 7.5 min.

n. Check the SFR

2 3
SFR =75—m/§1= 29255 0r290 m¥%d - m® of water

0.94 m
This is within the typical range of 200 to 1,000 m*/d - m>.

0. Check the pressure drop. Using Figure 8-6 and the operating temperature of 10°C from
Example 8-2, the pressure drop at a surface loading rate of 400 m?/d - m? is about 37 kPa/m
and the total pressure drop is (1.36 m)(37 kPa/m) = 50.3 kPa. This is within the typical
range of 35 to 70 kPa and is less than the maximum of 140 kPa.

p- Allowing for 50% expansion of the resin bed, the tank height will be
Height of tank =(1.5)(1.36 m) =2.04 or 2.1 m

This is less than the maximum of 3.6 m for prefabricated tanks and is acceptable.

Comment: Normally, one would not check both the EBCT and SFR as they are reciprocal of
each other. The check is performed in this example for academic demonstration and to provide
some experience with the the magnitude of the numbers and their relationship to one another.

Piping
PVC piping is most common for smaller systems. Either plastic-lined or stainless steel is used for
larger systems.

Brine Disposal

Historically, brine has been disposed to the sanitary sewer system. For small household units, the
impact on the wastewater treatment plant will not be significant. For larger municipal systems
the problem is much more significant. Those communities near the ocean have it as an option for
disposal. Deep well injection into a saline aquifer is another alternative as is evaporation. All of
these options are highly site specific.

Because the issue of brine disposal is significant, the examination of the option of ion
exchange as a treatment technology should consider the disposal alternatives and costs very early
in the design process.

8-5 OPERATION AND MAINTENANCE

The major operational requirements in addition to routine monitoring are preparation of the
regenerant and conducting the regeneration. Often these are automated.

In addition to routine maintenance of valves and pumps, periodic resin cleaning and/or
replacement will be required. Resin cleaning may require eight or more hours of out-of-service
time for the column. Extraordinary regeneration of the resin may be required after cleaning. The
cleaning agents are hazardous and may be incompatible with the column materials.

Resin life for cation resins is on the order of 10 years for softening and 3 to 5 years for anion
exchanger resins. Shorter resin life can be expected where the water fouls the resin.
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Visit the text website at www.mhprofessional.com/wwe for supplementary materials

and a gallery of photos.

CHAPTER REVIEW

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

1.
2.

Explain the difference between a strong cation exchange resin and an weak cation exchange.

Given the separation factors for several cations, identify those that will be adsorbed in
preference with respect to the others.

Explain why high pressure drops through the resin bed are detrimental to ion exchange
performance and operating life.

Explain why multiple columns in series are preferred over a single column with the
same resin mass.

Sketch a three-column “merry-go-round” bed arrangement and explain how it works to
a client.

Select a softening ion exchange resin from breakthrough curves for several resins treat-
ing the same raw water source.

7. Define the following abbreviations: EBCT, SFR, SLR.

8. Explain why ion exchange may be of benefit in removing constituents of concern other

than calcium and magnesium.

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

8-7

9.

10.

11.
12.
13.

14.

8-1.

Given a table of screen sizes and a manufacturer’s specification, identify the largest and
smallest diameter resin particle that is being marketed.

Estimate the maximum volume of water per liter of resin that can be treated given the
total capacity of the resin and the concentration of the ions to be treated.

Calculate the fraction of the “split” for an ion exchange softening system.
Calculate EBCT, SFR, and SLR given appropriate data.

Design an ion exchange column including estimating the resin volume to treat a water
given the breakthrough data and the volume of water to be treated or the flow rate and
cycle time for regeneration.

Determine the number of columns and sequence of their use given the cycle time of a
single resin column.

PROBLEMS

Estimate the maximum volume of water per liter of resin that can be treated by a
strong acid exchange resin in the hydrogen form if the resin has total capacity of 2.0
eq/L, the magnesium concentration is 1.4 meq/L, and the sodium concentration is 2.6
meq/L. Assume no other cations are in the solution.
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8-2. A pilot scale ion exchange column was used to develop design data for a softening
system for the Village of Calcite. The data are shown below. The design flow rate is
4,000 m*/d. The design final hardness is 120 mg/L as CaCOj3. Regeneration is to be
once per day. The manufacturer’s operating capacity to breakthrough is 60%.
Assume a two-column system: one in service and one in regeneration or standby.
Also assume that there is no leakage before breakthrough. Use the mass balance tech-
nique to determine the mass of resin that will be required.

Raw water data:

Ca’" = 444.5 mg/L as CaCO;

Mg2+ = 66.7 mg/L as CaCO3

Operating temperature = 10°C

Iron and turbidity concentrations are negligible
Pilot scale column data:

Column diameter = 10.0 cm

Column height = 150.0 cm
Resin density = 0.70 g/cm®
Moisture content = 48%
Flow rate through the column = 0.25 m*/h

on a moist basis

Pilot scale breakthrough data for Calcite raw water

3

Volume, m Effluent concentration,
meq/L

0.5 0
1.0 0
1.5 0
2.0 0
2.1 0.05
3.0 0.46
3.5 1.05
4.0 2.00
4.5 3.20
5.0 4.90
5.35 6.00
5.45 6.40
5.5 6.70
5.6 7.00
5.7 7.40
5.8 7.80
5.9 8.20
6.0 8.50
6.4 9.00
7.0 9.70

7.5 10.0




8-3.
8-4.

8-5.

8-6.
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Repeat Problem 8-2 assuming column leakage is 5.0 mg/L as CaCOs.

Repeat Problem 8-2 assuming a three column system in series and operation of the “lead”
column until the bed is exhausted. Assume the total out-of-service time is two hours.

A pilot scale ion exchange column was used to develop design data for a softening
system for the Village of Dolomite. The data are shown below. The design flow rate
is 7,000 m*/d. The design final hardness is 120 mg/L as CaCO3. Regeneration is to be
once per day. The manufacturer’s operating capacity to breakthrough is 50%.
Assume a two-column system and that there is no leakage before breakthrough. Use
the mass balance technique to determine the mass of resin that will be required.

Raw water data:

Ca’" = 111.0 mg/L as CaCO;

Mg>* = 131.8 mg/L as CaCO;

Operating temperature = 5°C

Iron and turbidity concentrations are negligible
Pilot scale column data:

Column diameter = 10.0 cm

Column height = 150.0 cm.

Resin density = 0.80 g/cm3 on a moist basis
Moisture content = 70%

Flow rate through the column = 0.25 m’/h

Pilot scale breakthrough data for Dolomite raw water

3

Volume, m Effluent concentration,
meq/L

0.0 0.0
0.1 0.0
0.25 0.0
0.50 0.0
1.0 0.0
2.0 0.0
2.25 0.0
2.5 0.0
3.0 0.1
33 0.6
34 1.05
35 1.58
3.6 2.37
3.7 3.09
3.8 3.49
4.0 4.33

Repeat Problem 8-5 assuming column leakage is 10.0 mg/L as CaCOs.
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8-7.

8-8.

8-9.
8-10.

8-11.

Repeat Problem 8-5 assuming a three-column system in series and operation of the
“lead” column until the bed is exhausted. Assume the total out-of-service time is
three hours.

Continuing the design of the ion exchange column for the Village of Calcite, provide
the following for the two-bed system that will operate in parallel with staggered
regeneration cycles:

Surface loading rate (m*/d - m?)

Height and diameter of the resin bed
Empty bed contact time (min)

Service flow rate (m3/d -m’ )

Height and diameter of the column vessel
Pressure drop

me s TR

Assume the density of the resin is 830 kg/m> (moist), a resin height less than or equal
to 4.0 m, and that 50% expansion of the bed will be used during backwash. The pres-
sure drop across the bed should be less than 140 kPa.

Repeat Problem 8-8 using the three bed system designed in Problem 8-4.

Continuing the design of the ion exchange column for the Village of Dolomite, pro-
vide the following for the two-bed system that will operate in parallel with staggered
regeneration cycles:

Surface loading rate (m3/d . m2)

Height and diameter of the resin bed
EBCT

Service flow rate (m*/d - m3)

Height and diameter of the column vessel
Pressure drop

me R Ty

Assume the density of the resin is 850 kg/m3 (moist), a resin height less than or equal
to 4.0 m, and that 50% expansion of the bed will be used during backwash. The pres-
sure drop across the bed should be less than 140 kPa.

Repeat Problem 8-10 using the three-bed system designed in Problem 8-7.

8-8  DISCUSSION QUESTION

8-1.

Two pilot ion exchange columns treating the same raw water in a parallel opera-
tion yielded the breakthrough curves shown below. Assuming the resins are equally
priced, which resin would you choose? Explain your choice.
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9-1 INTRODUCTION

Delineation of Membrane Processes

Reverse osmosis (RO), nanofiltration (NF), and electrodialysis are membrane processes that use
the differences in permeability of water constituents as a separation technique. The membrane is
a synthetic material that is semipermeable; that is, it is highly permeable to some constituents and
less permeable to others. To remove a constituent from the water, the water is pumped against
the surface of a membrane resulting in a separation of product and waste streams as shown in
Figure 9-1.

Four types of pressure driven membranes are generally recognized: microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). The hierarchy of the pro-
cesses is identified by the types of materials rejected, operating pressures, and nominal pore
sizes on an order-of-magnitude basis. These are shown schematically in Figure 9-2. Unlike NF/
RO that are pressure driven, electrodialysis (ED) and electrodialysis reversal (EDR) processes
are electrical voltage-driven.

The focus of the discussion for this chapter is RO and NF because they remove ions and have
been used widely in softening water. MF and UF separate suspended particles (colloidal matter,
microorganisms, and viruses) from the water. They are discussed in Chapters 12 and 26. ED/EDR
are reviewed briefly.

In the past, there was a distinction made between RO and NF membranes based on their
original manufactured properties and permeation capabilities. The differences have blurred
with the introduction of new RO membranes. The new RO membranes, called “loose” RO,
“softening membranes,” and “low-pressure” RO, have discriminating characteristics similar to
the NF membranes. Although the distinctions are important from a theoretical point of view,
the remainder of the discussion will treat NF/RO systems together for design and operational
considerations.

Feed stream —

- 5
Emm— Feed-concentrate channel

Waste stream containing
impermeable components
(concentrate or reject)

Permeate channel

Semipermeable
membrane

Product stream containing
permeable components
(permeate)

FIGURE 9-1

Schematic of separation process through reverse osmosis or nanofiltration membrane.
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Bacteria,
protozoa, algae,
particies = 0.1 pm

Viruses and small colloids

Dissolved organic matter
and divalent ions (Ca’*; Mg?")

Monovalent species (Na*; Cl)

WA AYVAN{

Por
sizes 0.1 pm ~ 0.0l pm = 0.001 pum Nonporous

FIGURE 9-2

Common constituents removed by membrane processes.

Water

MF = microfiltration;
UF

ultrafiltration;
NF = nanofiltration;

RO = reverse osmosis.

9-2 THEORY

Osmosis

Osmosis is defined as the spontaneous transport of a solvent (in this case, water) from a dilute solu-
tion to a concentrated solution across an ideal semipermeable membrane that impedes passage of
the solute (ions in solution) but allows the solvent (water) to flow. This is shown schematically in
Figure 9-3. The system will reach equilibrium when the hydrostatic pressure on the saline water side
balances the force moving the water through the membrane. This is noted as the osmotic pressure
in Figure 9-3b. If pressure is exerted to overcome the osmotic pressure, the solvent (pure water) will
flow from the saline side to the fresh water side. The semipermeable membrane will not allow the
passage of molecules other than water and gases. This is noted as reverse osmosis in Figure 9-3c.

Osmotic Pressure

The driving force for diffusion is typically described as a concentration gradient. A more rigorous
explanation is a gradient in Gibbs energy. The general form of the Gibbs function is

0G =¥ OP—SJT +3u;on; 9-1)

where G = Gibbs energy, J
¥ = volume. m’
P = pressure, Pa
S = entropy, J/K
= absolute temperature, K
u. = chemical potential of solute i, J/mole
n; = amount of solute i in solution, moles

~
I
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(a) (b) (©)

Osmotic Reverse  Osmotic
Osmosis equilibrium osmosis _ pressure
Osmotic
L L pressure L

——Wier — s E— ——— Witer — —|
I I = |

Fresh Saline

water water

Low High Semipermeable Low High

TDS TDS membrane TDS TDS
FIGURE 9-3

Direct and reverse osmosis. (Source: Davis and Cornwell, 2008.)

Chemical potential is defined as the change in Gibbs energy resulting from a change in the
amount of component i when the temperature and pressure are held constant

._ 3G

u; (9'2)
(71’!1'
Thus, under constant temperature conditions, equilibrium (¢G = 0) will be achieved when
Y OP=—23 u; gn; 9-3)

The pressure (9P) to balance the difference in chemical potential of a solute is called the osmotic
pressure (MWH, 2005). By convention it is given the symbol 7. The equation for osmotic pres-
sure can be derived thermodynamically using assumptions of incompressible and ideal solution
behavior:

7 =ieCRT 9-4)

where i = number of ions produced during dissociation of solute
¢ =osmotic coefficient, unitless
C = concentration of all solutes, moles/L
R = universal gas constant, 8.314 kPa - m3/kg mole - K
T = absolute temperature, K

The number of ions per mole, i, for example would be 2 for NaCl. The osmotic coefficient, ¢,
depends on the nature of the substance and its concentration. For NaCl it ranges from 0.93 to
1.03 over a concentration range of 10 to 120 g/L of salt. Seawater has an osmotic coefficient that
varies from 0.85 to 0.95 for the same concentration range. Robinson and Stokes (1959) provide
osmotic coefficients for a variety of electrolytes.
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Flux

Several models have been developed to describe the flux of water (m3/d - m? of membrane sur-
face area) and solutes (kg/m2 - d) through the RO membrane. Because there is some controversy
about the mechanics of permeation, these are presented in summary here. For more details see
MWH (2005). The models are:

* Solution-diffusion model: Permeation occurs through a dense membrane where the active
layer is permeable but nonporous. Water and solutes dissolve into the solid membrane mate-
rial, diffuse through the solid, and reliquefy on the permeate side of the membrane. Separa-
tion occurs when the flux of the water is different from the flux of the solutes.

* Pore flow model: This model assumes the RO membranes have void spaces (pores) through
which the liquid water travels. It considers the water and solute fluxes to be coupled. Rejec-
tion occurs because the solute molecules are “strained” at the entrance to the pores. Because
the solute and water molecules are similar in size, the rejection mechanism is not a physical
sieving but rather a chemical effect such as electrostatic repulsion.

* Preferential sorption-capillary flow model: This model assumes the membrane has pores.
Separation occurs when one component of the feed solution (either solute or water) is pref-
erentially adsorbed on the pore walls and is transported through the membrane by surface
diffusion.

Ultimately, these models express flux as the product of a mass transfer coefficient and a driv-
ing force. The water flux is
J, =k, (AP — Am) (9-5)
where J,, = volumetric flux of water, m¥/d - m?
k,, = mass transfer coefficient for water flux, m*/d - m? - kPa
AP = net transmembrane pressure, kPa
Aqr = difference in osmotic pressure between the feed and the permeate, kPa

The driving force for the solute flux is the concentration gradient. The solute flux is
Js = ks(AC) (9-6)

where J; = mass flux of solute, kg/d - m?
kg = mass transfer coefficient for solute flux, m>/d - m?
AC = concentration gradient across the membrane, kg/m3

The flux of solutes through the membrane is
S =C,J, (9-7)

where C,, = solute concentration in the permeate, kg/m3.
The recovery (r) is the ratio of permeate flow to feed water flow:

r=le 9-8)
OF
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The flow balance and mass balance are
QF = QP + Qc (9-9)
CrOr = Cp0Op + C-O¢ (9-10)

where the subscripts refer to feed water (F), permeate (P), and concentrate (C).
Rejection is defined as

C
Rej=1—-L (9-11)
CF

With an assumption that the rejection is close to 100 percent, these equations can be solved for
the concentrate concentration:

r

%:QFJ (9-12)

9-3 PROPERTIES OF RO AND NF MEMBRANES

Membrane Material

The materials most widely used in RO and NF are cellulosic derivatives and polyamide derivatives.

Cellulosic acetate (CA), the common commercial material, is not tolerant to temperatures
above 30°C and tends to hydrolyze when the pH is less than 3 or greater than 8. It is susceptible to
biological degradation and degrades with free chlorine concentrations above 1 mg/L.. Most mem-
brane manufacturers guarantee integrity of membranes if the chlorine concentration and contact
time are within specified limits.

Polyamide (PA) membranes are generally resistant to biological degradation, are stable over
a pH range of 3 to 11, and do not hydrolyze in water. Under similar pressure and temperature
conditions, PA membranes can produce higher water flux and higher salt rejection than CA mem-
branes. However, PA membranes are more susceptible to fouling and cannot tolerate free chlo-
rine at any concentration (MWH, 2005).

Membrane Configuration

The membrane units are fabricated in either a spiral-wound configuration or a hollow-fiber con-
figuration.

The spiral-wound configuration is shown in Figure 9-4. Two sheets of flat-sheet membrane
are joined along three sides with the active membrane layer facing out. A spacer is placed be-
tween the membrane sheets to keep them from touching. The open end of the envelope formed by
the two sheets is attached to a perforated central tube that collects the permeate. The spiral-wound
elements are typically 1 m long and 0.3 m in diameter. The area for a 1 m long element would be
about 30 m?. Individual elements have a permeate recovery of 5 to 15 percent. To achieve higher
recoveries, elements are placed in series. Typically, four to seven elements are arranged in series
in a pressure vessel (MWH, 2005).
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Source water

Membrane (cast on fabric backing)
Source water &

flow spacer Porous permeate carrier Membrane leaf

Membrane (cast on fabric backing)
Source water & flow spacer

Processed water passes
through the membranes

; [ 4
on both sides of the porous YWYV ——
permeate carrier. \
Concentrate / /\

-
-
<~ Source water
-
>

«— Adapted from Hydranautics
Water Systems diagram

Permeate
water

The permeate flows through the
porous material in a spiral path
until it contacts and flows through

Concentrate the holes in the permeate core tube.

Cutaway view of a spiral membrane module

FIGURE 9-4

Typical spiral-wound RO membrane element.

(Source: U.S. AID, 1980.)

The hollow-fiber element has several hundred thousand fibers with outside diameters on the
order of 0.085 mm suspended in a pressure vessel as shown in Figure 9-5. Permeate recovery is
about 30 percent for each element.

The spiral-wound configuration is the most common for the production of drinking water
from groundwater and surface water. The hollow-fiber configuration is used extensively for
desalinization of seawater in the Middle East (Taylor and Wiesner, 1999).

Temperature Effects

Temperature affects water viscosity and the membrane material. In general, the permeate flow
increases as the temperature rises and the viscosity decreases. The relationship between membrane
material, temperature, and flux is specific to individual products. Correction factors should be
obtained from manufacturers (AWWA, 1999).

Service Life
Membrane fouling generally occurs by one of the following mechanisms (AWWA, 1999):
* Deposition of silt or other suspended solids.
* Inorganic scale deposits.
* Biological fouling.
* Interaction of organic constituents with the membrane.

Oxidation of the membrane from chlorination prior to ion exchange will significantly reduce
the service life. This is especially true for PA membranes. If prechlorination is essential, CA res-
ins are recommended (MWH, 2005).

9-7
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Concentrate <«—— Permeate

JE— .

Pretreated
source
water

Flow
screen

FIGURE 9-5
Typical hollow fiber NF/RO membrane module.
(Adapted from U.S. AID, 1980.)

Excessive concentrations of iron and manganese, if oxidized, will form precipitates that will
foul the membrane. Scaling will also occur as a result of increasing recovery because the concen-
tration of limiting salts will increase to their solubility limit, and they will precipitate. The most
common scales of limiting salts are calcium carbonate and calcium sulfate. Others of concern
are calcium fluoride, calcium orthophosphate, strontium sulfate, barium sulfate, and amorphous
silica (MWH, 2005).

An additional negative impact is the result of the accumulation of solutes that form a bound-
ary layer of high concentration at the membrane surface. The concentration at the surface of the
membrane becomes higher than the concentration in the bulk feed water. This effect is called
polarization. It has the following negative impacts (MWH, 2005):

* Water flux is lower because the osmotic pressure gradient is higher.
* Rejection is lower.

* Solubility limits of solutes are exceeded leading to precipitation and scaling.

These issues may be ameliorated by pretreatment of the raw water and operational procedures.

9-4 RO AND NF PRACTICE

Process Description

The smallest physical unit of production capacity is the membrane element. The membrane
elements are enclosed in pressure vessels as shown in Figure 9-6. A group of pressure vessels
operating in parallel is called a stage. The arrangement of one or more stages is called an array.
In a multistage process the stages are arranged in series. The number of pressure vessels
decreases in each succeeding stage to maintain the water velocity in the feed channel as permeate is
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Pressure vessel Anti-telescoping
support

Concentrate (brine)

Membrane Membrane Membrane
element element element
module module module

Brine seals O-ring
connector

FIGURE 9-6
Cross section of pressure vessel with three spiral-wound RO elements.
(Source: U.S. AID, 1980.)

extracted. A two-stage arrangement is shown in Figure 9-7a and schematically in Figure 9-7b. A
three-stage arrangement is shown schematically in Figure 9-7c.
A schematic of a typical RO or NF facility is shown in Figure 9-8.

Pretreatment

The first pretreatment is to prevent scaling by silica (SiO;) and sparingly soluble salts such as
calcium carbonate and calcium sulfate. Scale control consists of pH adjustment and/or addition of
an antiscalant. Typically, the antiscalants are proprietary polymeric compounds.

Unlike ion exchange columns, RO/NF systems are not backwashed. Therefore, the second
pretreatment process is filtration to remove particulate matter that will clog the feed channels or
accumulate on the membrane surface. For surface water sources granular filtration or membrane
filtration may be required. The minimum filtration requirement regardless of the water source is
a cartridge filter rated in the 1 to 25 wm range with a typical rating of 5 um. The maximum feed
water turbidity recommended by manufacturers is 1 NTU with a preferred turbidity of less than
0.2 NTU (Bergman, 2005).

Disinfection may also be required to prevent biological fouling. Even though groundwater
is expected to have a very low microbial population, when the membrane is out of service, the
population on the membrane can quickly multiply. Chlorine solutions may be used for CA mem-
branes, but other techniques such as ultraviolet irradiation, or chlorination followed by dechlori-
nation are used for PA membranes.

Post-treatment

Because the RO/NF membranes do not remove gases, these are stripped after the RO/NF unit.
The primary gases of concern are hydrogen sulfide and carbon dioxide. The removal of H,S is to
prevent odor complaints. CO; is removed because it forms carbonic acid.

The permeate has a low pH as a result of removal of alkalinity (buffering capacity) from
the water and the addition of acid to prevent scaling. This water is corrosive to the distribution
system. In addition to stripping CO,, addition of a base and corrosion inhibitor is generally re-
quired. Split treatment and blending may aid in corrosion control. Maximum Contaminant Limits
(MCLs) for constituents such as arsenic must be considered if split treatment is part of the corro-
sion control strategy.

Concentrate Stream

The concentrate stream is under high pressure as it leaves the RO/NF unit. Energy recovery sys-
tems are often used in reducing the pressure.

9-9
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Example array arrangements: (a) a 4 X 2 stage arrangement showing 12 pres-
sure vessels, each with 6 elements per vessel; (b) a schematic of a 4 X 2 array;
(c) a schematic of a4 X 2 X 1 array.
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Schematic of typical reverse osmosis facility.
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TABLE 9-1
Typical NF/RO membrane process selections based on application

Raw water Objective Process
Groundwater Softening NF or “low-pressure” RO
Brackish water Desalinization RO, or “low-pressure” RO, NF
Seawater Desalinization RO
Surface water NOM* removal NF
Groundwater Specific contaminant RO

or surface water removal (i.e., arsenic, nitrate,

radionuclides)

*NOM = natural organic matter.

The concentrate itself is extremely high in total dissolved solids (TDS). Disposal methods
include discharge to the municipal sewer system, ocean discharge, and deep well injection. In
warm, dry climates evaporation ponds may be appropriate. As with ion exchange, disposal of the
concentrate is a major issue in the selection of this technology and should be addressed early in
the design process.

Process Design

Membrane Process Selection. As shown in Table 9-1 the initial choice of a conventional RO
process or an NF (or low-pressure RO) is dependent on the raw water source and the product
water quality objectives. Some preliminary design and economic analyses are required to refine
the selection.

For water softening applications, the NF or low-pressure RO have some inherent advan-
tages over conventional RO. As noted in Figure 9-2, these systems remove polyvalent ions (that
is, those that cause hardness) but not monovalent ions. This results in a potential reduction in
the TDS in the concentrate stream with a consequent amelioration of its disposal problems. In
addition the operating pressures for NF and low-pressure RO are less than RO with a consequent
reduction in energy operating costs.

If the feed water is not to be treated with chlorine, then a PA membrane is the typical
membrane selected. If pretreatment with chlorine is required, then a CA membrane is more
appropriate.

Side-by-side pilot testing of RO and/or NF units provides the best means of selecting an
appropriate unit. Pilot testing will also provide information on chemical costs and concentrate
disposal.

Operating Pressures. For NF membranes the feed water pressure ranges from 350 to
1,000 kPa. Low-pressure and brackish water RO units have feed water pressures in the range
of 1,000 to 4,000 kPa. RO units treating seawater operate at pressures in the range of 5,500 to
8,500 kPa (Bergman, 2005).
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Limiting Salt. The precipitation of salts as a result of concentrating the salt to its solubility
limit is, in its simplest expression, a function of the permeate recovery rate (AWWA, 1999):

L _qm
Kk =| A || B (9-13)
ol =r||1=r
where K, = solubility product

AP = cation of salt, moles/L

B?™ = anion of salt, moles/L
n, m = number of moles
r = permeate recovery ratio (also called “recovery rate”), decimal fraction

This expression is simplified because it does not account for activity coefficients. These, in turn,
cannot be calculated until recovery is determined. Furthermore, carbonate and phosphate con-
centrations are dependent on pH. Equation 9-13 will be used for illustrative purposes here but, in
actual design, computer programs supplied by manufacturers are used to perform the calculation.

Permeate recoveries can be improved by pretreating with acid and polymeric antiscalants.
The estimation of the limiting salt and the improvement in recovery by pretreatment with acid is
illustrated in the next two examples.

Example 9-1. Estimate the recovery rate for a groundwater with the following characteristics:
Ca’" =952 mg/L
CO3;” = 0.78 mg/L
Alkalinity = 310 mg/L as CaCOj
pH = 7.65

Solution:
a. From Appendix A, K, = 4.95 X 1077,

b. Convert the concentrations to moles/L.
95.2 mg/L
40 x 10° mg/mole

=2.38 X102 moles/L of Ca>"

0.78 mg/L

3 =1.3X10"° moles/L of CO}
60 X 10° mg/mole

c¢. Solve Equation 9-13 for r.

495% 1079 =| 238X 1073 moles/L || 1.3 X107 moles/L
. 1—r 1—r
—8
(1—r)P = 3.09x10 ° _ 6.25
4.95%x107°
1—-r=25

r=-—1.5
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d. This indicates that the solubility will be exceeded and no recovery is possible.

Comments:

1. As noted above, for an accurate answer, the activity must be taken into account. Recov-
ery will increase the total dissolved solids (TDS) and, in turn, increase the ionic strength.
Increasing the ionic strength increases the solubility (Taylor and Wiesner, 1999).

Example 9-2. Estimate the dose of sulfuric acid required to achieve a product water recovery
rate of 75% for the water in Example 9-1. Assume the acid is a 100% solution.

Solution:

a. Convert the alkalinity in Example 9-1 to moles/L.

61 g/eq HCO;

50 g/eq CaCOq

378.2mg/L as HCO5
61,000 mg/mole

(310 mg/L as CaCO3){ ] =378.2 mg/L as HCO5

=6.2 X107 moles/L

b. Write the second dissociation of carbonic acid in terms of the carbonate. From Appen-
dix A, the dissociation constant pK, is 10.33.

CO%‘ _ K,[HCO; ]
[H']
K, = 1071033
—10.33 -3
_ 2 X
ot = 10 [6.2X10 ~ moles/L]

[H']
c. Substitute this expression for COg_ in Equation 9-13:

2.38 X 1072 moles/L
1—r

[H']
1—r

1071933[6.2 X 107 moles/L]
4.95x10°° = { }

With an assumed product water recovery rate of 75%, r = (.75, and the equation may be
rewritten as

2.38 X 10~ moles/L
0.25

[H']
0.25

1071933[6.2 X 1073 moles/L]
4.95x10°° = { }

9-13
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d. Solving for [H'],

_[9.52X 1073 moles/L][1.16 X 10~ 2 moles/L]

[H'] ~
4.95X10

=223%x10°

and the pH = — log [H] = 5.65.

. The acid dose must be sufficient to convert the bicarbonate to carbonic acid at a pH of

5.65. Using the equilibrium expression for the first dissociation of carbonic acid and
finding pK,; = 6.35 from Appendix A,

_ [H'][HCO;]]
@ [H,CO;4]

where K,;; = 107 = 447 x 107".

Assuming the starting concentration of HyCOs is negligible (that is, zero in the equation
below) and with the recognition that each mole of carbonic acid formed reduces the bi-
carbonate by one mole, this expression becomes

_ [H'][HCO; — X]
a [0+ X]

where X = [H+] required to react with [HCO; |.

The bicarbonate alkalinity (HCO;) was calculated in step (a) as 6.2 X 103 moles/L.

_ [2.23X107%][6.20 X 10> moles/L — X]

4.47x1077 =
[0+ X]
y o [223% 10701[6.20 X 1073 moles/L — X]
4.47%1077
X =3.09X102 —4.99%
—2
. X _
= % =5.16 X102 moles/L

f. Therefore, the sulfuric acid must supply 5.16 X 10~ 3 moles/L of H". Because each mole

of sulfuric acid dissociates to produce 2 moles of H™, the dose of sulfuric acid is

5.16 X102 moles/L
2

=2.58%10"> moles/L




REVERSE OSMOSIS AND NANOFILTRATION

In mg/L this is
(2.58 X 1073 moles/L)(98,000 mg/mole) = 253 mg/L of pure acid

Comments:

1. This dose is conservatively high because, as noted in Example 9-1, the activities were
not considered.

2. Commercial sulfuric acid is not pure. Commercial sulfuric acid is about 77% pure. The
commercial acid dose would be 253 mg/L/0.77 = 328.57 or about 330 mg/L.

3. Using sulfuric acid can increase the sulfate concentration enough to cause precipitation
of calcium sulfate. If this is a problem, hydrochloric acid is used.

Membrane Element Design. Equations 9-5 and 9-6 are used to design a membrane element.
The fluxes of water and solute cannot be calculated across the entire membrane because the net
transmembrane pressure declines continuously along the length of the membrane element. This
is a result of headloss in the feed channels and changes in osmotic pressure due to concentra-
tion of salts. Thus, fluxes of both water and solute are dependent on position in the element. To
account for these changes, the design procedure is to numerically integrate Equations 9-5 and 9-6
along the element. Membrane manufacturers provide software to perform these calculations. This
software includes temperature, osmotic pressure, limiting salt solubility, concentration polariza-
tion, mass transfer rates, and permeate water quality. It is specific to the manufacturer’s product.
These programs do not yield final design specifications. They are only tools for developing and
testing various system configurations, and their output should not be regarded as completed de-
signs.

Membrane Array Design. The membrane array design is based on the desired recovery. Mem-
brane arrays are generally one to three stages with multiple elements connected in series in each
stage. Typical permeate recovery rates for a one-, two-, or three-stage arrays with six 1 m long
elements in series in a pressure vessel are as follows (AWWA, 1999; Bergman, 2005):

* One stage: = 50%.
e Two stages: > 50% but <75%.
* Three stages: < 90%.

To achieve 64 percent recovery of a 100 L/s feed water, for example, a 2:1 array could be
used where the first stage has two pressure vessels, each operating at 50 L/s and 40 percent recov-
ery, and the second stage has one pressure vessel operating at 60 L/s and 40 percent recovery. The
permeate flow rate from the first stage would be (50 L/s)(0.40)(2 pressure vessels) = 40 L/s. The
concentrate (100 L/s — 40 L/s = 60 L/s) would flow to the second array. The permeate flow from
the second stage would be (60 L/s)(0.40)(1 pressure vessel) = 24 L/s. The total permeate flow
from the system would be 40 L/s + 24 L/s = 64 L/s. The recovery would be (64 L/s/100 L/s)
(100%) = 64%.

9-15
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The design process is iterative in that a number of combinations are investigated to examine
the most economical arrangement that yields the desired water quality objectives. In RO/NF
softening systems, blending with bypassed water is common and should be considered in select-
ing the array arrangement.

Applying Manufacturer’s Standard Conditions. The manufacturer’s standard conditions for
estimating the permeate flow rate (Qp) can be corrected to local conditions for design estimates
using the following equation (AWWA, 1999):

0, = (PCE)(TCF)(MFRC/FF)(Q;) (9-14)
where O, = product water flow at operating conditions
PCF = pressure correction factor
TCF = temperature correction factor
MFRC = membrane flux retention coefficient
FF = fouling factor
0; = initial product water flow at standard conditions
PCF is further defined as
PCF:PF_O.S(hL)_Pp_Wpc‘i‘WP (9-15)

where P = feed pressure, Pa
h; = headloss through feed-concentrate channel, Pa
Pp = permeate pressure, Pa
mrc= average feed concentrate osmotic pressure, Pa
Tp = permeate osmotic pressure, Pa

TCF is specific to a given membrane product and should be obtained from the manufacturer.
MFRC is taken to be about 0.65 to 0.85 over a 3 to 5 year operating period. FF is generally about
0.8 to 0.9 over 3 years (AWWA, 1999).

Stabilization Design for NF/RO Softened Water. Because the NF/RO membranes do not
remove dissolved gases, the CO, in groundwater passes through the membrane. Acid pretreat-
ment to prevent scaling results in the conversion of bicarbonate ion to CO,. Thus, the permeate
has a low pH as a result of the formation of H,COj. It is very corrosive. In a typical NF/RO soft-
ened water, the raw water pH is decreased to between 5.5 and 7.0 (AWWA, 1999).

A common post-treatment process is air stripping to remove the CO,. The CO, concentration
to achieve a design pH can be estimated using the carbonate equilibria. As demonstrated in the
following example, the pH that can be achieved by air stripping the CO, is not high enough to
make the permeate noncorrosive.

Example 9-3. Assuming that an air stripper can reduce the CO, in the permeate from an NF/
RO unit to the theoretical limit of equilibrium with the CO; in the atmosphere, what will the pH
of the permeate be? The atmospheric concentration of CO, in 2005, as measured at Mauna Loa,
Hawaii, was 370 ppm.
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Solution:

a. The saturation value of dissolved CO, from the atmosphere can be determined using
Henry’s law with Ky = 0.033363 mole/L - atm.

[CO,] = Ky F, =(0.033363 mole/L)(370 X 107% atm) = 1.23 X 107> moles/L

b. Using an expression derived from the equilibrium equations, determine the hydrogen ion
concentration (Masters, 1998).

[H'P = K,,[CO,(ag)] + 10~
= (4.47 X1077)(1.23 X 10> moles/L) + 104
=553x10"?

and [H"] = 2.35 X 107% moles/L.
¢. The pH is
pH = —log (2.35 X 10" moles/L) = 5.63

Comment. This pH is the theoretical limit, not a practical limit, that can be achieved by air
stripping.

In addition to air stripping, some of the CO, can be converted to bicarbonate/carbonate al-
kalinity by raising the pH of the permeate before stripping using a strong base such as NaOH or
Ca(OH),. This step must precede air stripping to make use of the CO; in the permeate.

A third alternative, and one most likely to be practiced in softening, is to bypass a fraction of the
raw water and blend it with the permeate. The raw water alkalinity will help stabilize the water.

Operation and Maintenance

Routine monitoring of the flow rate and pressure provides information on potential scale build
up. A 10 to 15 percent decline in temperature- and pressure-normalized flux or about 50 percent
increase in differential pressure may indicate fouling. Fouling requires chemical cleaning. Only
agents approved by the membrane manufacturer in writing should be used. NF/RO systems are
normally designed to operate for three months to one year between chemical cleanings (U.S.
EPA, 2005). Pressure checks or mini-challenge tests with a surrogate particle are used to assure
membrane integrity. The membrane must be free of breaks =3 wm in diameter.

Because RO/NF systems are pressure driven, special safety precautions should be empha-
sized. These include (AWWA, 1999):

* Do not overpressurize equipment.

* Assure that pressure vessels are suitably anchored.

* Be sure pressurized vessels are depressurized before working on them.
* Inspect pressure relief and shutdown devices regularly.

* Minimize equipment and piping vibrations and water hammer.

9-17
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9-5 ELECTRODIALYSIS

Unlike NF/RO that are pressure driven, electrodialysis (ED) and electrodialysis reversal (EDR) pro-
cesses are electrical voltage-driven. Alternating anion and cation transfer ion exchange membranes in
flat-sheet form are placed between positive and negative electrodes. With the application of a direct
current voltage, positively charged ions move toward the negative electrode (cathode), and negatively
charged anions move toward the positive electrode (anode). This causes alternating compartments to
become demineralized and the intervening compartments to become concentrated with ions.

ED and EDR do not remove electrically neutral substances such as silica, particulate matter,
or pathogens. They are capable of removing the smallest charged contaminant ions. Although ED
and EDR processes will soften water, they more often find special application in treating specific
contaminants such as arsenic and sulfate and more general application in the treatment of brack-
ish water with total dissolved solids less than 3,000 mg/L (Bergman, 2005).

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

9-6 CHAPTER REVIEW

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

1. Define the following abbreviations: MF, UF. NF, RO.
2. Explain why NF/RO membranes are suitable for softening and MF/UF are not.

3. Using a diagram, explain to a lay audience what the terms osmosis and reverse osmosis
mean.

4. Describe the two common configurations of membrane material and identify the one
most frequently used for water softening.

5. List the four generally recognized mechanisms of membrane fouling.

6. Using a sketch you have drawn, identify the following terms that describe an NF/RO
water treatment system: membrane element, stage, and array.

7. Sketch a NF/RO system including pretreament and post-treatment processes.
8. Explain the the concept of “limiting salt” and the means to reduce its effect.
9. Explain how electrodialysis differs from NF/RO treatment.
With the use of this text, you should be able to do the following:

10. Calculate the osmotic pressure given the appropriate parameters.

11. Calculate the fraction of the “split” for an NF/RO softening system.

12. Calculate the rejection and concentration factors from a mass balance.

13. Estimate the recovery rate for a given set of water constituents.

14. Estimate the dose of sulfuric acid to achieve a given product recovery rate.
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15. Design a membrane array to achieve a given permeate recovery rate.

16. Determine the pH that can be achieved by stripping CO,.

9-7

9-1.

9-3.

9-4.

9-5.

9-6.

9-7.

9-8.

9-9.

PROBLEMS

Calculate the osmotic pressure for a seawater with a salinity of 35,000 mg/L. Assume
2 mole ions produced/mole of seawater, an osmotic coefficient of 0.85, a sea tem-
perature of 25°C, and a molecular weight of 58.5 g/mole.

Calculate the total osmotic pressure for a groundwater with a calcium bicarbonate
concentration of 720.0 mg/L and a magnesium bicarbonate concentration of 98.5
mg/L. Assume no other ions are present, 3 mole ions produced/mole of each com-
pound, an osmotic coefficient of 1.0, and a groundwater temperature of 5°C.

A high-pressure RO system is being evaluated for producing pure water from sea-
water. It is to be blended with sea water for a drinking water supply. Make an order
of magnitude estimate* of the required pressure differential (AP) if the difference in
osmotic pressure must be 2,500 kPa. The mass transfer coefficient for water flux is
6.89 X 10"*m?*d - m” - kPa and the required volumetric flux of water is 170 L/h - m>.

A low pressure NF system is being evaluated for producing pure water from groundwa-
ter. It is to be blended with bypassed water for a softened drinking water supply. Make
an order of magnitude estimate* of the required pressure differential (AP) if the differ-
ence in osmotic pressure must be 30 kPa. The mass transfer coefficient for water flux is
8.40 X 10~*m%d - m* - kPa and the required volumetric flux of water is 30 L/h - m?.

Estimate the mass flux of solute (in kg/d - m?) for Problem 9-3 if the influent concen-
tration is 35,000 mg/L and the effluent concentration is to be 0.0 mg/L. Assume the
mass transfer coefficient for solute flux is 6.14 X 10~* m/h.

Estimate the mass flux of solute (in kg/d - m?) for Problem 9-4 if the influent con-
centration is 818.5mg/L and the effluent concentration is to be 0.0 mg/L. Assume the
mass transfer coefficient for solute flux is 6.14 X 10~% m/h.

Each pressure vessel in a proposed design for the desalinization of seawater is rated
35% recovery at flow rates between 850 to 1,300 m’/d. Design an array system that
will yield = 2,000 m>/d of pure water for a town of 5,000 people at a permeate recov-
ery of =50%.

Each pressure vessel in a proposed design for the softening of groundwater is rated
45% recovery at a flow rates between 750 and 1,000 m?/d. Design an array system
that will yield = 4,000 m*/d of pure water for a town of 6,666 people at a permeate
recovery of = 80%.

Estimate the permeate recovery rate for a groundwater with the following characteristics:

Calcium = 67.2 mg/L
Carbonate = 0.72 mg/L

*Note that this is an “order of magnitude” estimate. As noted in the discussion, the performance of an NF/RO unit is computed
by numerical integration of differential elements along the membrane.

9-19
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Alkalinity = 284.0 mg/L as CaCOs
pH = 7.6 units

9-10. Estimate the permeate recovery rate for a groundwater with the following characteristics:

Calcium = 96.8 mg/L

Carbonate = 1.67 mg/L.

Bicarbonate = 318.0 mg/L as CaCOs
pH = 8.0

9-11. Estimate the dose of sulfuric acid required to achieve a product water recovery rate
of 75% for the water in Problem 9-9. Assume the acid is a 100% solution.

9-12. Estimate the dose of sulfuric acid required to achieve a product water recovery rate of
75% for the water in Problem 9-10. Assume the acid is a 100% solution.

9-8 DISCUSSION QUESTION

9-1.  For the following water analysis select one of the following options for softening:
lime-soda, ion exchange, NF.

Water A

Ca’" = 111 mg/L as CaCOs

Mg2+ = 56 mg/L as CaCO3
Nat =63 mg/L as CaCO;
HCO3; = 110 mg/L as CaCOj;
Turbidity = 4 NTU

pH=7.0

Qdesign = 85 m’/d

Water B

Ca’" = 152 mg/L as CaCOs
Mngr = 114 mg/L as CaCO3
Na® = 438 mg/L as CaCOs
HCO3; = 460 mg/L as CaCOj3;
Turbidity = 1 NTU

pH="7.7

Quesign = 850 m/d
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10-1 INTRODUCTION

One of the objectives of the coagulation and flocculation processes is to enhance the size of
particles so that they will settle in a reasonable period of time. The lime-soda softening process
objective is to remove hardness by forming an insoluble precipitate. Once the particles and pre-
cipitate are formed, the most common means of removing them from the water is by gravitational
settling in a sedimentation basin (also called a clarifier or settling tank). Other means, such as
direct filtration or flotation, may also be employed. Gravitational settling is the subject of this
chapter. The other processes are described in Chapters 11, 15, and 27.

10-2 SEDIMENTATION THEORY

In the design of an ideal sedimentation tank, one of the controlling parameters is the settling
velocity (v,) of the particle to be removed. For the purpose of discussion and illustration, the set-
tling properties of particles are categorized into four classes: (1) discrete particle settling, (2) floc-
culant settling, (3) hindered settling, and (4) compression settling. By convention these categories
have been labeled Type I, Type II, Type III, and Type IV settling, respectively. In actual settling
tanks, it is not uncommon to see all of these types of settling. The value of separating the discus-
sion into these categories is that it provides a means of understanding the relationship between
variables in the design of the sedimentation basin.

Type I Sedimentation

Type I sedimentation is characterized by particles that settle discretely at a constant settling
velocity. They settle as individual particles and do not flocculate during settling. Examples of
these particles are sand and grif (a mixture of abrasive particles that may include sand, broken
glass, etc.). Generally speaking, the only applications of Type I settling are during presedimenta-
tion for sand removal prior to coagulation in a potable water plant, in settling of sand particles
during cleaning of rapid sand filters, and in grit chambers.

Stokes’ Law. When particles settle discretely, the particle settling velocity can be calculated,
and the basin can be designed to remove a specific size particle. In 1687, Sir Isaac Newton showed
that a particle falling in a quiescent fluid accelerates until the frictional resistance, or drag, on the
particle is equal to the gravitational force of the particle (Figure 10-1) (Newton, 1687). The three
forces are defined as follows:

Fg =(p)g Vv, (10-1)

Fgp = (p)g¥ ) (10-2)
V2

Fp = CDAp(p)? (10-3)

where F'¢ = gravitational force
Fp = buoyancy force
Fp = drag force
ps = density of particle, kg/m3
p = density of fluid, kg/m3



= acceleration due to gravity, m/s’
volume of particle, m*

Cp = drag coefficient

= cross-sectional area of particle, m
v = velocity of particle, m/s
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The driving force for acceleration of the particle is the difference between the gravitational and
buoyant forces:

Ig — Fg = (ps — P)gVp (10-4)

When the drag force is equal to the driving force, the particle velocity reaches a constant value
called the terminal settling velocity (vy).

s — Fg = Fp (10-5)
v 10-6
(= P& ¥y = CoAyp) (10-6)
For spherical particles with a diameter = d,
Vp _ABmWy 2, (10-7)
A, (ma@ny 3
Using Equations 10-6 and 10-7 to solve for the terminal settling velocity:
1/2
v, = 4g(ps — p)d (10-8)
3 Cpp
FD
FI)
FIGURE 10-1

Forces acting on a free-falling particle in a fluid (Fp = drag force; F; = gravitational
force; Fg = buoyancy force). (Source: Davis and Cornwell, 2008.)
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The drag coefficient takes on different values depending on the flow regime surrounding the
particle. The flow regime may be characterized qualitatively as laminar, turbulent, or transi-
tional. In laminar flow, the fluid moves in layers, or laminas, with one layer gliding smoothly
over adjacent layers with only molecular interchange of momentum. In turbulent flow, the
fluid motion is very erratic with a violent transverse interchange of momentum. Osborne
Reynolds (1883) developed a quantitative means of describing the different flow regimes using
a dimensionless ratio that is called the Reynolds number. For spheres moving through a liquid
this number is defined as

R = @ (10-9)
14

where R = Reynolds number
d = diameter of sphere, m
vy = velocity of sphere, m/s
v = kinematic viscosity, m%/s = uip
p = density of fluid, kg/m3
p = dynamic viscosity, Pa - s

Thomas Camp (1946) developed empirical data relating the drag coefficient to Reyn-
olds number (Figure 10-2). For eddying resistance for spheres at high Reynolds numbers
(R> 104), Cp has a value of about 0.4. For viscous resistance at low Reynolds numbers (R < 0.5)
for spheres:

c, =24 (10-10)
R

For the transition region of R between 0.5 and 10%, the drag coefficient for spheres may be
approximated by the following:

24 3
—_— l _11
C + . + 0.34 (10-11)

Sir George Gabriel Stokes showed that, for spherical particles falling under laminar (quiescent)
conditions, Equation 10-8 reduces to the following:

2
by = glps — p)d (10-12)
18u
where u = dynamic viscosity, Pa - s
18 = a constant

Equation 10-12 is called Stokes’ law (Stokes, 1845). Dynamic viscosity (also called absolute vis-
cosity) is a function of the water temperature. A table of dynamic viscosities is given in Appendix
A. Stokes’ law is valid for spherical particles and laminar flow (Reynolds numbers =1).

The customary calculation procedure for Type I particles is to assume laminar conditions
and to use Stokes’ law to calculate a settling velocity. The Reynolds number is then checked
using this velocity. If the Reynolds number is =1, the calculation is complete. If the Reynolds
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FIGURE 10-2

Newton’s coefficient of drag as a function of Reynolds number. (Source: Camp, 1946.)

number is greater than 1, the appropriate equation for Cp is selected with this estimate of the
Reynolds number, and Newton’s equation is used to estimate the velocity. In turn, this velocity is
used to check the Reynolds number. The process is iterated until a convergent solution is achieved;
that is, the velocity yields a Reynolds number equal to that used in estimating the settling velocity.

Example 10-1. What is the settling velocity of a grit particle with a radius of 0.10 mm and a
specific gravity of 2.65? The water temperature is 22°C.

Solution:
a. From Appendix A, at a temperature of 22°C, find the water density to be 997.774 kg/m3.
Use 1,000 kg/m3 as a sufficiently close approximation. Because the particle radius is given
to only two significant figures, this approximation is reasonable. From the same table,
find the viscosity to be 0.955 mPa - s. As noted in the footnote to the table in Appendix A,
multiply this by 1073 to obtain the viscosity in units of Pa - s (kg - m/m? - S).

b. Using a particle diameter of 2.0 X 10™* m, calculate the terminal settling velocity using
Equation 10-12.

_ (981 m/s*)(2,650 kg/m® — 1,000 kg/m’)(2.0 X 10~* m)’

=3.77 X102 m/s
18(9.55 X 107* Pa - s)

Vs

Note that the product of the specific gravity of the particle (2.65) and the density of
water is the density of the particle (py).

c. Check the Reynolds number. From the Appendix, the kinematic viscosity is 0.957 p,mz/s.
As noted in the footnote to the table in Appendix A, multiply this by 107 to obtain the
viscosity in units of m?/s.

_(@ox 107% m)3.77 X 1072 m/s

= 7.88
0.957 X 107% m?/s

R

10-5
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This is in the transition region and Stokes’ law is not valid. An iterative solution using Newton’s
equation is required. Equation 10-11 is used to estimate the drag coefficient. The Reynolds
number of 7.88 is used for the starting value of R, and a new velocity is calculated. The result-
ing velocity is used to check the Reynolds number. The process is repeated until the value of the
Reynolds number used to calculate the velocity matches the check of the Reynolds number.

d. The Solver program+ in a spreadsheet was used to perform the iterations. The spread-
sheet cells are shown in Figure 10-3. The cell locations used in the figure are identified
by brackets [ ] in the discussion below. For completeness, the spreadsheet solution be-
gins by repeating the Stokes’ law solution.

[B5] through [B10] are input values in the correct units.

e. In cell [B14] write the Stokes’ law solution for the settling velocity
= (9.81°([B6] — [B7])" ([B5])*2)/(18"[BI9]) = 3.77E—02
f. In cell [B18] check the Reynolds number
= ([B5]'[B14])/[B10] = 7.87E—00

g. Begin the set up for the Solver solution by entering the value of the Reynolds number
that has just been computed in cell [B25]. DO NOT type in the cell reference.

h. In cell [B29] calculate the Newton drag coefficient for R between 0.5 and 10*

= (24/[$B$25]) + (3/($B$25)"0.5) + 0.34 = 4.46E—00

i. In cell [B31] enter Newton’s equation for settling velocity

= ((49.81)"([$B$6 - $B$7)"$B"5)/(3°$B$29°[$B$7]))" 0.5 = 3.11E—02
jo In cell [B35] check the Reynolds number
= ([$BS$5I'[B31])/$B$10 = 6.50
k. Activate the dialog box for Solver and designate the target cell [B35], that is, the last
computation of the Reynolds number.

. Set Equal to to “Min.”

m. By changing the cell containing the the first estimate of Reynolds number, that is,
[B25].

n. Add the following Constraint in the dialog box: [B35] = [B25]
o. Execute solve to find the settling velocity is 2.73E — 02 m/s as shown in Figure 10-3.

#Solver is a “tool” in Excel®. Other spreadsheets may have a different name for this program.



A B C D E
3 | Input data
4
5 | Diameter 2.00E—04 | m
6 | Particle density 2650 | kg/m3
7 | Water density 1000 | kg/m?
8 | Temperature 22| °C
9 | Dynamic viscosity 9.55E—04 | Pa-s
10 | Kinematic viscosity 9.57E—07 | m%/s
11
12 | Stokes’ settling velocity
13
14 | v(s) = 3.77E—02 | m/s
15
16 | Check Reynolds number
17
18 |R= 7.87E+00
19

20 | Because R > 1 must use Newton’s equation and iterate

22 | Use solver

23 | Set up the equations shown below and enter the value of

R from B18 as a first guess

25 |[R=

5.70E+00

27 | Calculate Newton’s drag coefficient for R

between 0.5 and 10*

29 | Cp =

5.81E+00

31 | v(s) =

2.73E—02

m/s

33 | Check the Reynolds number

35 [R=

5.70E+00

Solver parameters

®© Min Valueof: [ |

Set target cell: B35
Equal to: O Max.
By changing cells:
B25 |

Subject to the constraints:

B35=B25

Add

Delete

Solve

Close

Options

Reset all

Help

FIGURE 10-3

Spreadsheet solution for Example 10-1. Note that the spreadsheet is a solution after the solver program

has been run.
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The Ideal Sedimentation Basin. Camp (1936) proposed a rational theory for removal of dis-
cretely settling particles in an ideal settling basin. The ideal settling basin theory assumes the
following:

* Type I settling.

» Four zones in the basin: inlet, outlet, sludge, and settling.

¢ Even distribution of flow (uniform horizontal velocity) entering the settling zone.

e Even distribution of flow leaving the settling zone.

 Uniform distribution of particles through the depth of the inlet zone end of the settling zone.
* Particles that enter the sludge zone are captured and remain in the sludge zone.

¢ Particles that enter the outlet zone are not removed from the water.

Figure 10-4 is a schematic drawing of the zones in a horizontal flow clarifier and in an upflow

clarifier.
Target
baffl
N Perforated baffle Effluent
weir
1 I
Q—= I
| Settling -
—_
: > zone j
Inlet Outlet
zone zone
Sludge zone

(a)

N

Outlet
zone

Settling
zone

Inet X N—

zone

Sludge zone

(b)

FIGURE 10-4
Zones of sedimentation: (a) horizontal flow clarifier; (b) upflow clarifier.
(Source: Davis and Cornwell, 2008.)



In the upflow clarifier, particle-laden water enters the bottom of the clarifier as shown in
Figure 10-5. As noted by the respective vector arrows, at the bottom of the clarifier the velocity
of the rising water is greater than the settling velocity of the particle. As the water rises, the area
through which it passes is increasing because of the cone shape of the clarifier. From the continu-
ity principle the velocity of the water decreases as it rises:

— (10-13)
A.

where v = velocity of water, m/s
O = flow rate of water, m’/s
A, = cross-sectional area through which the water flows, m

2

However, the velocity of the particle remains the same. Given a large enough cross-sectional
area, the upward water velocity vector will become less than the downward velocity vector of
the particle. As a consequence, the particle will remain in the tank and the clear water will leave.
In the design of the upflow clarifier, the area of the top of the cone that achieves the separation
velocity sets the top of the cone and the placement of the weirs for overflow of the clear water.
The upward water velocity that will enable the separation of the water from the particle is called
the overflow rate because it is the rate at which water overflows the top of the tank into the weirs.
The notation v, is used to denote the overflow rate. It is also called the hydraulic surface loading,
or the surface loading, because it has units of m>/d - m%.

Theoretically, the efficiency of removal of discretely settling particles in a settling tank can
be calculated based on the settling velocity of the particles and the overflow rate. For an upflow
clarifier, 100 percent of the particles having a settling velocity greater than or equal to the over-
flow rate will remain in the settling tank (that is, they will be captured), and no particles with a
settling velocity less than the overflow rate will be captured.

Camp (1936) demonstrated that particle removal in a horizontal flow settling tank is likewise
dependent on the overflow rate. This can be shown using Figure 10-6 to illustrate the demonstration.
In order to be removed from the water, a particle must have a settling velocity great enough so

Surface area = A Liquid
AN X

Vi

VA'
‘\_i }_/7% Settled particles

Liquid flow rate = Q Particles + liquid
FIGURE 10-5

Settling in an upflow clarifier. (Legend: v; = velocity
of liquid; vy = terminal settling velocity of particle.)
(Source: Davis and Cornwell, 2008.)
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h Vs™V

FIGURE 10-6

Dimensional definition of settling zone for Camp’s deriva-
tion of overflow rate for a rectangular horizontal-flow sedi-
mentation tank.

that it reaches the bottom of the tank during the time (z,)) the water spends in the tank (the deten-
tion time). That is, the settling velocity must equal the depth of the tank divided by ¢,

— (10-14)
lo
where the detention time is defined as
V
t, =— (10-15)
o

where ¥ = volume of tank, m’
Q = flow rate, m/s

Using the definition of detention time from Equation 10-15 and substituting into Equation 10-14:

b= _hQ (10-16)
(V1Q) ¥

Because tank volume is described by the product of the height, length, and width

__ho _ 0 (10-17)
IXwXh [Xw

Vs

The product (I X w) is the surface area (A;). Therefore,

1 (10-18)
A,

which is the overflow rate (v,)). From this, Camp proposed that the overflow rate is the critical
design parameter that determines the removal efficiency of settling tanks. From a theoretical
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FIGURE 10-7
Partial particle removal in an ideal sedimentation tank. (Source: Davis and Cornwell,
2008.)

perspective, this implies that the removal efficiency is independent of depth and hydraulic
detention time.

In a similar fashion to an upflow clarifier, if the settling velocity of a particle is equal to or
greater than the overflow rate, 100 percent of the particles will be captured in a horizontal sedi-
mentation tank. Unlike an upflow clarifier, some percentage of the particles with a v, less than v,
will be removed. For example, consider particles having a settling velocity of 0.5 v, entering uni-
formly into the settling zone. Figure 10-7 shows that 50 percent of these particles (those below
half the depth of the tank) will be removed. Likewise, one-fourth of the particles having a settling
velocity of 0.25 v, will be removed. The percentage of particles removed, P, with a settling ve-
locity of vy in a horizontal flow sedimentation tank designed with an overflow rate of v, is

p= [V—SJIOO% (10-19)

Yo

Example 10-2. Sleepy Hollow has an existing horizontal-flow sedimentation tank with an over-
flow rate of 17 m*/d - m?. What percentage removal should be expected for each of the following
particle settling velocities in an ideal sedimentation tank: 0.1 mm/s, 0.2 mm/s, and 1 mm/s?

Solution:
a. Begin by computing the overflow rate in compatible units.

1,000 mm/m

17 m*/d - m?)
86,400 s/d

) = 0.197 or 0.2 mm/s

b. For the 0.1 mm/s particles

p— 0.1 mm/s

= (100%) = 50%
0.2 mm/s

c. For the 0.2 mm/s particles

_ 0.2 mm/s

(100%) = 100%
0.2 mm/s

SEDIMENTATION
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d. For the 1 mm/s particles

1 mm/s

=—(100%) = 500%
0.2 mm/s

But the particle removal cannot be greater than 100%, so the particle removal is 100%
for the particles settling at 1 mm/s.

Type II Sedimentation

Type 11 sedimentation is characterized by particles that flocculate during sedimentation. These
types of particles occur in alum or iron coagulation, in wastewater primary sedimentation, and in
settling tanks in trickling filtration.

There is no adequate mathematical relationship that can be used to describe Type II settling.
The Stokes equation cannot be used because the flocculating particles are continually changing in
size and shape. In addition, as water is entrapped in the floc, the specific gravity also changes.

Settling Column Model. Laboratory tests with settling columns serve as a model of the behavior
of flocculant settling. These have value in evaluating of existing settling tanks and in developing
data for plant expansion or modification of existing plants, but are not practical for the design
of new settling tanks because of the difficulty in replicating the properties and concentrations of
particles coming from the coagulation/flocculation process. The following discussion illustrates
both the method of analyzing the column data and the behavior of the flocculant suspension.

A settling column is filled with the suspension to be analyzed. The suspension is allowed to
settle. Samples are withdrawn from sample ports at different elevations at selected time intervals.
The concentration of suspended solids is determined for each sample and the percent removal is
calculated:

_ Q] (100%) (10-20)
C

R%z(l
0

where R% = percent removal at one depth and time, %
o concentration at time, t, and given depth, mg/L
Cp = initial concentration, mg/L

Percent removal versus depth is then plotted as shown in Figure 10-8. The circled numbers are
the calculated percentages. Interpolations are made between these plotted points to construct
curves of equal concentration at reasonable percentages, that is, 5 or 10 percent increments.
Each intersection point of an isoconcentration line and the bottom of the column defines an

overflow rate (v,):

H
Vo = t_ (10-21)
i

where H = height of column, m
t; = time defined by intersection of isoconcentration line and bottom of column (x-axis)
where the subscript, i, refers to the first, second, third, and so on intersection points
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FIGURE 10-8

Isoconcentration lines for Type II settling test using a 2-m-deep column.

A vertical line is drawn from #; to intersect all the isoconcentration lines crossing the ¢; time. The
midpoints between isoconcentration lines define heights Hy, H,, H3, and so on used to calculate
the fraction of solids removed. For each time, #;, defined by the intersection of the isoconcentra-
tion line and the bottom of the column (x-axis), a vertical line is constructed and the fraction of
solids removal is calculated:

- H o, H » 10-22
Ry, Ra+H(Rb Ra)+H(RC Ry + ... ( )

where Rr, = total fraction removed for settling time, ¢,
R,, Ry, R. = isoconcentration fractions a, b, c, etc.

The series of overflow rates and removal fractions are used to plot two curves. One of suspended
solids removal versus detention time and one of suspended solids removal versus overflow rate.
These can be used to size the settling tank. Eckenfelder (1980) recommends that scale-up factors
of 0.65 for overflow rate and 1.75 for detention time be used to design the tank.

Example 10-3. The city of Stillwater is planning to install a new settling tank as an upgrade
to their existing water treatment plant. Design a settling tank to remove 65% of the influent sus-
pended solids from their design flow of 0.5 m’/s. A batch-settling test using a 2.0 m column and
coagulated water from their existing plant yielded the following data:

Percent removal as a function of time and depth

Sampling time, min

Depth, m 5 10 20 40 60 90 120
0.5 41 50 60 67 72 73 76
1.0 19 33 45 58 62 70 74

2.0 15 31 38 54 59 63 71

SEDIMENTATION
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Solution. The plot is shown in Figure 10-8.

a. Calculate the overflow rate for each intersection point. For example, for the 50% line,
2.
v, = 29M (| 440 min/d) =823 m
35min
b. The corresponding removal percentage is
1.5 0.85
R =50+ —(55—-50) + ——(60 — 55
750 5 0( ) 20 ( )
0.60 4
+ ——(65 —60) + u(70 — 65)
2.0 2.0
2 .
+ u(75 —-170) + w(lOO —175)
2.0 2.0
= 59.50r 60%
c¢. The corresponding detention time is taken from the intersection of the isoconcentration
line and the x-axis used to define the overflow rate, that is, 35 minutes for the 50% line.
d. This calculation is repeated for each isoconcentration line that intersects the x-axis,
except the last ones for which data are too sparse, that is, 30, 40, 50, 55, 60, and 65%, but
not 70 or 75%.
e. Two graphs are then constructed (see Figures 10-9 and 10-10). From these graphs the
bench-scale detention time and overflow rate for 65% removal are found to be 54 min-
utes and 50 m/d.
80
70 ©
ﬁ\e /‘ o
E] /@/
g 00 //w
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40
30
0 0.5 1.0 15 2.0
Detention time, h
FIGURE 10-9

Suspended solids removal versus detention time. (Source: Davis and Cornwell, 2008.)



SEDIMENTATION

80

70 @)\

60

50

Suspended solids removal, %

40

30
0 50 100 150 200
Overflow rate, m/d

FIGURE 10-10

Suspended solids removal versus overflow rate. (Source: Davis & Cornwell, 2008.)

f. Applying the scale-up factors yields

t, = (54 min)(1.75) = 94.5 or 95 min
v, = (50 m/d)(0.65) = 32.5 m/d

Comments:
1. Asimplied by the shape of the isoconcentration lines, and, conceptually, the trajectory of
the particles, the settling velocity increases as the particles travel through the tank.

2. The depth of the tank is important because flocculant particles tend to grow in size.
Thus, a greater depth facilitates the growth process.

Type III and Type IV Sedimentation

When the water contains a high concentration of particles (for example, greater than 1,000 mg/L)
both Type I (hindered settling or zone settling) and Type IV (compression settling) occur along
with discrete and flocculant settling. Zone settling occurs in lime-softening sedimentation, activated-
sludge sedimentation, and sludge thickeners.

When a concentrated suspension of uniform concentration is placed in a column or graduated
cylinder, Type II, III, and IV take place over time as illustrated in Figure 10-11. With a high par-
ticle concentration the free area between the particles is reduced. This causes greater interparticle
fluid velocities that reduce the settling velocity below that of the individual particles. Because of
the high concentration of particles, the liquid tends to move up through the interstices between
the particles. As a result, the particles that are in contact with one another tend to settle as a zone
or “blanket.” The particles in contact tend to maintain the same relative position. This results in a
relatively clear layer above the settling mass of settling particles. This phenomenon is known as

10-15
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FIGURE 10-11
Idealized schematic of Type III and IV settling in a column (@) and
a graph of the corresponding settling curve (b). (Source: Metcalf
and Eddy, 2003.)

hindered settling. The rate of hindered settling is a function of the concentration of the particles
and their characteristics.

As settling continues, a compressed layer of particles begins to form. The particles are in
contact and do not really settle. A more correct way to visualize the phenomena is the flow of
water out of a mat of particles that is being compressed. Thus, it is called compression settling.

As with Type II settling, the methods for analyzing hindered settling require settling test
data. These methods are appropriate for plant expansions or modifications but have not found
use in the design of small treatment plants. The methods are described in detail in Chapters 15
and 25.

High-Rate Settling. Increasing the particle density, or reducing the distance a particle must fall
prior to removal, can accelerate the clarification process.

The specific gravity of alum floc is approximately 1.001 and that of lime floc is 1.002
(Kawamura, 2000). Several proprietary processes add a ballast (usually microsized sand 20 to
200 pwm diameter) with a specific gravity on the order of 2.5 to 2.65 to the floc to increase its set-
tling velocity. The sand is recovered and reused.

To reduce the distance the particle must fall, a series of inclined plates or tubes are placed in a
rectangular horizontal flow settling basin. Three typical configurations are shown in Figure 10-12.
The plates or tubes are inclined to a degree that allows the collected solids to slide down the sur-
face to the sludge zone. Typically the tube is a square, about 5 cm on each side, and the angle is



about 60°. The configurations are named to reflect the direction of flow of water with respect to
the direction that the particles will leave the plates or tubes: countercurrent, cocurrent, and cross-
current. Thus, for example, the countercurrent configuration is one in which the flow of water is
in the opposite direction to that of the particles.

Effluent

Influent ——~|

Solids

(a)

Effluent <<—— Influent

Solids
(b)

Influent

Effluent

Solids Solids
(]

FIGURE 10-12

Flow patterns for inclined settling systems (a) countercurrent, (b) cocurrent, (¢) crosscurrent.
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The following theoretical development is from MWH (2005). The settling time for a particle
to move between countercurrent parallel plates is

fo 4 (10-23)
Ve cos 0

where t = settling time, s
d = distance between two parallel plates (as shown in Figure 10-12), m
vy = particle settling velocity, m/s
0 = inclination angle of plates from horizontal, degrees

If a uniform velocity is assumed, then the particle travel time spent in the plates is

A (10-24)

b Vi — Vg sin 6

where #, = particle travel time spent in plates, s
L, = length of plate, m
vfe = fluid velocity in channel, m/s

If the trajectory of a particle that is shown in Figure 10-12 is considered, then all of the par-
ticles with a settling velocity vy are removed. If Equation 10-23 is equated to Equation 10-24, 7, is
equal to the settling time 7. Those particles with a larger settling velocity are also removed, that is

b = Ve d (10-25)
L, cos 6 + d sin 0

The fluid velocity, vz, may be determined from the number of channels

__9 (10-26)
Vfe Ndw

where Q = flow rate, m/s
N = number of channels, dimensionless
w = width of channel, m

If one assumes that the surface area of the basin is comprised of plates and that the area occu-
pied by the plates is ignored, then the fluid velocity, vy, is also related to the overflow rate of the
basin

o __©0 (10-27)
Ndw A sin 0

Ve =

where A = top area of basin, m>.

Depending on where they enter the plate, particles with settling velocities less than vy may
also be removed.



For cocurrent settling, the settling time for a particle to move between two parallel plates is
given by Equation 10-23. The time that particles moving with the fluid spend in the plates is

_ L (10-28)

tp -
Ve + v sin 6

If Equation 10-23 is equated to Equation 10-28, #, is equal to the settling time 7. Those particles with a
settling velocity v, are removed. Those particles with larger settling velocity are also removed, that is

Vfcd
L, cos 0 — d sin 0

(10-29)

Vg =

For crosscurrent settling, the settling time for a particle to move between two parallel plates is
also given by Equation 10-23. The time that particles moving with the fluid spend in the plates is

h =2 (10-30)
Ve

If 7, is equal to the settling time (equating Equation 10-23 and Equation 10-30), then the
particles with settling time v are removed. Those particles with a larger settling velocity are also
removed, that is

y = kL d (10-31)
’ Lp cos 0

Non-Ideal Behavior of Settling Tanks

Numerous factors affect settling tank performance. These include turbulence, inlet energy dissipa-
tion, density currents, wind effects, outlet currents, and sludge equipment movement. In general, for
most water treatment sedimentation basins, performance is primarily a function of turbulence, inlet
energy dissipation, density currents, and wind effects rather than outlet currents and mechanical
movement. Therefore, this discussion is focused on these effects.

Turbulence. In Camp’s development of a theoretical basis for removal of discretely settling
particles he assumed a uniform horizontal velocity in the settling zone. This assumption implies
near laminar flow conditions (Reynolds number =1). This is rarely, if ever, achieved in actual
settling tanks. However, this important assumption is considered in the design of the tank by
evaluation of the Reynolds number and the Froude number. These dimensionless ratios are
described in the next section of this chapter.

The Reynolds number is important as a measure of turbulence in flows that are influenced by
viscous effects, such as internal flows and boundary layer flows. The Froude number is important
in flows that are influenced by gravity, such as free surface flows.

Inlet Energy Dissipation. The performance of the sedimentation basin is strongly influenced
by the effectiveness of energy dissipation at the inlet. Again using Camp’s theory, the flow must

SEDIMENTATION
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be uniform across the cross-sectional area of the tank as it enters the settling zone. The inlet
pipe carrying solids to the clarifier often is designed to have velocities high enough to keep the
particles from settling in the pipe. This high velocity must be reduced sufficiently to prevent jet
effects in the basin. The design solution is to provide a diffuser wall and, perhaps, an inlet baffle
(also known as a target baffle).

Density Currents. Short-circuiting is the term used to describe the effect of density currents
on settling tank performance. Short-circuiting occurs when the flow through the tank is not uni-
form and a current carries the particulate matter to the effluent launders before the particles can
settle. Temperature differentials and changes in solids concentration are major causes of density
currents.

The addition of warm water to a sedimentation basin, or the warming of the surface water in
a basin containing cooler water, leads to short circuiting because the warmer water rises to the
surface and reaches the launders in a fraction of the theoretical detention time. Conversely, the
cooler water tends to dive down, flow along the bottom, and rise at the tank outlet. Temperature
density currents are commonly caused by exposure to sunlight, changing the mixing ratio of two
or more water sources, switching from one source to another, and shifting the reservoir intake
elevation.

A rapid increase in the influent solids concentration from floods or high winds on lakes and
reservoirs will cause a higher density in the influent than in the basin. This will cause it to plunge
as it enters the basin, flow along the bottom, and rise at the tank outlet. Intermediate diffuser
walls have been used to counteract density current effects.

Wind Effects. Large, open tanks are susceptible to induced currents and, in sufficiently strong
winds, waves along the top of the tank. An underflow current in the opposite direction to the sur-
face current is also created. In addition to short circuiting, this may lead to scouring of the already
settled particulate matter from the sludge zone. The design solutions include limiting the length
of the tank and placing wave breakers along the tank surface.

10-3 SEDIMENTATION PRACTICE

Alternatives

Typical sedimentation tanks used in water treatment are listed in Table 10-1. Of those listed, the
recommended order of preference for settling coagulation/flocculation floc is (1) a rectangular
tank containing high-rate settler modules, (2) a long rectangular tank, and (3) a high-speed mic-
rosand clarifier (also known as ballasted sand sedimentation). For the lime-soda softening pro-
cess, the upflow solids contact unit (also known as a reactor clarifier or sludge blanket clarifier)
is preferred.

The upflow and upflow, solids-contact clarifiers are proprietary units that have their basic size
and blueprints preestablished by the equipment manufacturers. They are not preferred for remov-
ing alum floc for the following reasons: (1) temperature fluctuations as small as 0.5°C can cause
severe density flow short circuiting, and (2) there is a rapid loss of efficiency if there is hydraulic or
solids overloading. There are circumstances when they may be appropriate. These are discussed in
detail by Kawamura (2000). Horizontal flow with center feed, peripheral feed, and simple upflow
clarifiers are not recommended because of their hydraulic instability (Kawamura, 2000).
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TABLE 10-1
Alternative settling tank configurations

Nomenclature Configuration or comment

Horizontal flow Long rectangular tanks

Center feed Circular, horizontal flow

Peripheral feed Circular, horizontal flow

Upflow clarifiers Proprietary

Upflow, solids contact Recirculation of sludge with sludge blanket, proprietary
High-rate settler modules Rectangular tank, parallel plates or tubes, proprietary
Ballasted sand Addition of microsand, proprietary

Adapted from Kawamura, 2000.

With the exception of the upflow solids contact unit that was discussed in Chapter 7, the
remainder of this discussion will focus on the preferred alternatives.

Rectangular Sedimentation Basins. Current design practice is shifting from rectangular sedimen-
tation basins to high-rate settler modules or, in some cases, dissolved air flotation (DAF). The rectan-
gular sedimentation basin design is presented here because, historically, it has been the most frequently
used design and because it serves as the fundamental structure for high-rate settler modules.

A rectangular basin with horizontal flow is shown in Figure 10-13. To provide redundancy,
two basins are placed longitudinally with a common wall. The inlet structure is designed to dis-
tribute flocculated water over the entire cross section. Outlet structures for rectangular tanks
generally include launders placed parallel to the length of the tank. Cross baffles may be added to
prevent the return of surface currents from the end of the tank back toward the inlet.

Generally, sludge is removed by mechanical collectors. The major types of mechanical col-
lectors ranked in order of cost are: (1) a traveling bridge with sludge-scraping squeegees and a
mechanical cross collector at the influent end of the tank, (2) a traveling bridge with sludge suc-
tion headers and pumps, (3) chain-and-flight collectors, and (4) sludge suction headers supported
by floats and pulled by wires (MWH, 2005).

As may be impled from its title, the traveling bridge system consists of a bridge across the
width of the tank that travels up and down the tank on wheels resting on the tank wall or side
rails. Either scraper blades or a suction device is suspended from the bridge to the sludge zone.
The suction system is equipped with either a pump or it makes use of a siphon effect from the
differential head between water levels in the clarifier and the sludge line to remove the sludge.
For water treatment systems, the pump system is preferred.

The chain-and-flight system consists of two strands of chain on either side of the collection
area with “flights” running across the width of the collection area. The flights, formerly made of
redwood, and now made of fiberglass reinforced composite, are attached at 3 m intervals. High
density polyethylene (HDPE) wearing shoes are attached to the flights. These ride on T-rails cast
into the concrete floor. The chain and sprocket drive, formerly made of steel, is now made of a
high-strength composite material. Although the chains are corrosion free and require less mainte-
nance, they have a tendency to stretch when first installed.

A cross collector, or hopper, is placed at the influent end of the tank. Sludge is scraped to the
end of the tank and pushed into the hopper.
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Chain for chain-and-flight collector

(b) Profile

(a) Plan and (b) profile of horizontal-flow, rectangular sedimentation basin.

High-Rate Settler Modules. The modules are placed in the downstream end of rectangular
horizontal flow tanks below the launders as shown in Figure 10-14. They occupy approximately
75-95 percent of the tank area. The remaining area is left as open space. As with the rectangular
sedimentation basin, a diffuser is placed at the inlet. A solid baffle wall covers the entire front
end of the settler if the flow is countercurrent. Sufficient space is provided below the settler for
the sludge collection mechanism.

Although special accommodations may be made for other types, the chain-and-flight or
indexing grid sludge collection system is frequently employed because the settler modules would
interfere with any of the other collection mechanisms. The indexing grid system (Figure 10-15) on
page 10-24 consists of a series of concave-faced triangular blades rigidly connected to glide bars.
The glide bars ride on top of polyethylene wear strips anchored to the floor of the tank. The system
operates at the bottom of the sludge layer. The collector operates by gently pushing the grid sys-
tem and the sludge in front of the grid at a speed between 0.6 and 1.2 m/min. When the hydraulic
cylinder that drives the grid reaches the end of its stroke, the grid system reverses at two to three
times the forward speed. During the return movement, the triangular shaped blades slide under the
sludge so that there is minimum disturbance to the sedimentation process. The result is a continuous
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movement of the sludge to a crosscollector at the end of the tank. The location of the drive system
above the water and the minimization of moving parts in the sludge blanket are suggested operation

and maintenance advantages of the indexing system.

Alternatively, the settler system may be designed to accommodate a traveling bridge if a
traveling bridge is selected early in the design process. Because of the travel speed of the traveling
bridge, only the pump type for removing the solids is appropriate.

Ballasted Sedimentation.

These are proprietary units. A schematic of a typical unit is shown
in Figure 10-16. Alum or ferric chloride is added in the first stage to form turbidity floc. Sub-
sequently, a high-molecular-weight cationic polymer and microsand particles are added to the

10-23
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second stage. These flocculate with the preformed turbidity floc. After flocculation, the ballasted
floc is settled in a high-rate settler, and the sludge is pumped to a hydrocyclone where the mic-
rosand is recovered for reuse.

The surface loading rate ranges from 35 to 62 m/h. The floc settling velocities are 20 to
60 times greater than conventional sedimentation. This allows a reduction in detention time to
between 9 and 10 minutes. The sludge contains 10 to 12 percent sand by weight.

10-4 SEDIMENTATION BASIN DESIGN

Rectangular tank and high-rate settlers are the primary focus of this discussion. Because ballasted
sedimentation is a proprietary process, the design is under the control of the manufacturers. The
design of this process will not be covered.

Rectangular Sedimentation Basins

At a minimum, to provide redundancy, two tanks are provided. These are placed together, in
parallel, with a common wall. In general, four tanks are preferred (Willis, 2005). This provides
maximum flexibility in operation over a wide range of flow rates with allowance for one unit be-
ing out of service at the maximum flow rate. Four tanks, however, may result in an unacceptable
capital cost.

Inlet Zone. The preferred arrangement is a direct connection between the flocculation basin
and the settling tank. The diffuser wall between the two tanks is designed using the same proce-
dure that was used for baffle walls in flocculation tanks (Chapter 6).

When the flocculated water must be piped to the settling tank, the flow velocity commonly
used is in the range of 0.15 to 0.6 m/s. This velocity must be reduced and the flow spread evenly
over the cross section of the settling tank. A diffuser wall is the most effective way to accomplish
this. The design process is the same as that used for baffle walls in flocculation tanks (Chapter 6).

The diffuser wall is placed approximately 2 m downstream of the inlet pipe. The headloss
through the holes should be 4 to 5 times the velocity head of the approaching flow. Port velocities
typically must be about 0.20 to 0.30 m/s for sufficient headloss. The holes are about 0.10 to 0.20 m
in diameter spaced about 0.25 to 0.60 m apart. They are evenly distributed on the wall. The lowest
port should be about 0.6 m above the basin floor (Willis, 2005).

Settling Zone. Overflow rate is the primary design parameter for sizing the sedimentation ba-
sin. Typical overflow rates are given in Table 10-2. These rates are usually conservative enough
that the inlet zone does not have to be added to the length calculated for the settling zone. If the
overflow rate is based on pilot studies, then the length of the inlet zone is added to the length
calculated from the overflow rate.

In theory the sedimentation basin depth [also called side water depth (SWD)] should not
be a design parameter because removal efficiency is based on overflow rate. However, there is
a practical minimum depth required for sludge removal equipment. In addition, depth may be a
controlling parameter to limit flow-through velocities and/or scour of particles from the sludge
blanket. Basins with mechanical sludge removal equipment are usually between 3 and 5 m deep
(MWH, 2005, and Willis, 2005).

To provide plug flow and minimize short circuiting, a minimum length to width ratio (L:W)
of 4:1 is recommended. A preferred L:W is 6:1 (Kawamura, 2000).

SEDIMENTATION
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TABLE 10-2
Typical sedimentation tank overflow rates”

Application Long rectangular and circular, Upflow solids-contact,
m>/d - m? m3/d - m?

Alum or iron coagulation

Turbidity removal 40 50
Color removal 30 35
High algae 20

Lime softening
Low magnesium 70 130
High magnesium 57 105

“These rates are guides that are applicable at moderate water temperatures—not less than 10°C. For lower
temperatures the rates should be reduced.

Source: Adapted from AWWA, 1990.

Open sedimentation tanks greater than 30 m in length are especially susceptible to wind effects.
For longer tanks, wave breakers (launders or baffles) placed at 30 m intervals are recommended.
The tank depth is usually increased by about 0.6 m to provide freeboard to act as a wind barrier.

Horizontal flow velocities must be controlled to avoid undue turbulence, backmixing, and
scour of particles from the sludge. GLUMRB (2003) recommends that the velocity not exceed
0.15 m/min. Velocities of 0.6 to 1.2 m/min have been found to be acceptable for basin depths of
2 to 4.3 m (Willis, 2005). Reynolds and Froude numbers can be used to check on turbulence and
backmixing. The Reynolds number is determined as

R = R (10-32)
%

£
=
a
a
=
|

= Reynolds number, dimensionless
vr = average horizontal fluid velocity in tank, m/s
R;, = hydraulic radius, m
= A/P,,
Ay = cross sectional area, m?
P,, = wetted perimeter, m
v = kinematic viscosity, m%s = wip
p = dynamic viscosity, Pa - s
p = density of fluid, kg/m3

The Froude number is determined as

Fr = ﬂ (10-33)
g Ry

where Fr = Froude number, dimensionless
acceleration due to gravity, 9.81 m/ s?

oo
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Recommended values for the settling zone design are R < 20,000 and Fr > 107> (Kawamura,
2000). A large Reynolds number indicates a high degree of turbulence. A low Froude number
indicates that water flow is not dominated by horizontal flow, and backmixing may occur. Like
all design criteria, these values are based on experience. While the desired Reynolds number is
relatively easy to achieve by modifying the tank shape, the recommended Froude number is very
sensitive to the shape of the tank and is difficult to achieve while maintaining other design crite-
ria when the flow rates are under 40,000 m/d.

The Reynolds number may be reduced and the Froude number increased by the placement of
baffles parallel to the direction of flow. The baffles must be placed above the sludge collection
equipment and should be about 3 m apart (MWH, 2005).

GLUMRB (2003) recommends a minimum of four hours detention time or an overflow rate
not to exceed 1.2 m/h. This appears to be a carryover from the time when basins were manually
cleaned and were designed with depths of 5 m or more to store large volumes of sludge between
cleaning. Thus, more than half the volume could be filled with sludge before cleaning was re-
quired, and real detention times could vary from four hours when the tank was clean to less than
two hours just before cleaning. Modern designs do not provide for this large of a storage zone,
and detention times of 1.5 to 2.0 h have proven to provide excellent treatment (Willis, 2005).

Outlet Zone. The outlet zone is composed of launders running parallel to the length of the
tank. The weirs should cover at least one-third, and preferably up to one-half, the basin length. As
shown in Figure 10-17, they are spaced evenly across the width of the tank. If baffles are used, a
launder is placed midway between the baffles. Long weirs have three advantages: (1) a gradual
reduction of flow velocity toward the end of the tank, (2) minimization of wave action from wind,
and (3) collection of clarified water located in the middle of the tank when a density flow occurs.

The water level in the tank is controlled by the end wall or overflow weirs. V-notch weirs
are attached to the launders and broad-crested weirs are attached to the end wall. Submerged

FIGURE 10-17

Launders in horizontal-flow rectangular sedimentation tanks.
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orifices may be used on the launders. These have been used to avoid breakup of fragile floc when
conventional rapid sand filters are used. For high-rate filter designs, there is less concern about
breaking the floc because high-rate filters require a small strong floc, and filter aids are added
prior to filtration to improve particle attachment in the filter.

Although the optimum weir hydraulic loading rate is dependent on the design of prior and
subsequent processes, typical weir loading rates are given in Table 10-3. GLUMRB (2003) speci-
fies that the hydraulic loading shall not exceed 250 m>/d - m of outlet launder, that submerged
orifices should not be located lower than 1 m below the flow line, and that the entrance velocity
through submerged orifices shall not exceed 0.15 m/s. Research has shown that loading rates may
be as high as 1,000 m’/d - m of weir given a reasonable water depth (AWWA, 1990).

Sludge Zone. In selecting the depth of the sedimentation tank, an allowance of between 0.6 and
1 m is made for sludge accumulation and sludge removal equipment. If the overflow rate design
is based on pilot studies, then the depth of the pilot settling column used to develop the data may
be selected as the depth of the tank. In this case an additional 0.6 to 1 m is added to the column
depth to account for the sludge zone.

To facilitate sludge removal, the bottom of the tank is sloped toward a sludge hopper at the
head end of the tank. When mechanical equipment is used, the slope should be at least 1:600.

Chain-and-flight collectors are commonly employed to remove the sludge. Their length is
limited to about 60 m. The flight widths are provided in 0.3 m increments and are limited to a 6 m
width between the chains. However, up to three trains in parallel (24 m maximum width) may be
placed in one settling basin (Kawamura, 2000). The velocity of chain-and-flight scrapers should
be kept to less than 18 m/h to prevent resuspending settled sludge.

Unlike chain-and-flight collectors, traveling bridge collectors can service extremely long tanks.
They are more cost effective if the basin length exceeds 80 to 90 m, and the width exceeds 12 m.
They can span up to 30 m (Kawamura, 2000). For suction sludge removal units, the velocity can be
as high as 60 m/h because the concern is disruption of the settling process, not the resuspension
of sludge.

The cross collector is typically 1 to 1.2 m wide at the top and about 0.6 to 1.2 m deep. Either
a helicoid screw or a chain-and-flight mechanism is used to move the sludge across the hopper to
a hydraulic or pumping withdrawal. Traditionally, the hopper is steep-sided at an angle of about
60° (Willis, 2005).

TABLE 10-3
Typical weir hydraulic loading rates

Type of floc Weir overflow rate, m*/d - m

Light alum floc

(low-turbidity water) 140-180
Heavier alum floc

(higher turbidity water) 180-270
Heavy floc from lime softening 270-320

Source: Davis and Cornwell, 2008.
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Horizontal-Flow Rectangular Sedimentation Basin Design Criteria

Typical design criteria for horizontal-flow rectangular sedimentation basins in larger water treat-
ment plants (=40,000 m*/d) are summarized in Table 10-4. Some design criteria are quite rigid
while others only provide guidance. For example, because of manufacturing constraints, the
length of a chain-and-flight collection sets a firm maximum on the length of the settling basin.
Although the maximum width is 6 m, multiple units may be mounted in parallel to achieve

widths up to 24 m.

Example 10-4 illustrates the design of a horizontal-flow rectangular sedimentation basin
based on the results of a pilot column study.
For design criteria for medium to small plants (=40,000 m>/d) see the discussion following

Example 10-4.

TABLE 10-4

Typical design criteria for horizontal-flow rectangular sedimentation basins

Parameter

Typical range of values

Comment

Inlet zone
Distance to diffuser wall
Diffuser hole diameter

Settling zone

Overflow rate

Side water depth (SWD)
Length

Width

LW

L:D

Velocity
Reynolds number
Froude number

Outlet zone

Launder length
Launder weir loading
Sludge zone

Depth

Slope

Sludge collector speed

2m
0.10-0.20 m

40-70 m*d - m*

3-5m

30 m

60 m

=80-90 m

0.3 m increments

6 m maximum per train
24 m maximum = 3 trains per drive
30 m maximum
4:1to06:1

15:1

0.005-0.018 m/s

< 20,000

>107°

1/3-1/2 length of basin
140-320 m*/d - m

0.6-1 m
1:600
0.3-0.9 m/min

See Table 10-2

Wind constraint
Chain-and-flight
Traveling bridge
Chain-and-flight
Chain-and-flight
Chain-and-flight
Traveling bridge
=6:1 preferred
Minimum
Horizontal, mean

Evenly spaced
See Table 10-3

Equipment dependent
Mechanical cleaning

Sources: AWWA, 1990; Davis and Cornwell, 2008; Kawamura, 2000; MWH, 2005; Willis, 2005.
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Example 10-4. Design the settling tank(s) for the city of Stillwater’s water treatment plant ex-
pansion using the design overflow rate found in Example 10-3. The maximum day design flow is
0.5 m*/s. Assume a water temperature of 10°C.

Solution:
a. Find the surface area.

First change the flow rate to compatible units:
(0.5 m*/$)(86,400 s/d) = 43,200 m*/d
Using the overflow rate from Example 10-3, the surface area is

3
A = 22200mM 359 233 or 1,330 m?
32.5m’/d - m

b. Select the number of tanks.

Two tanks is the minimum number. For this flow rate make trial calculations using six
tanks.

1,330 m?
6 tanks

= 221.66 or 222 m’/tank

c. Select a trial width for calculation.

The maximum width for the chain-and-flight sludge collector is 6 m increments. Assume
a width of 4 m.

d. Check length-to-width ratio.

2
_22miank _ o
4 m/ank
LW =M 360013801
m

This is larger than the ratio of 6:1 and is acceptable.
e. Select a trial depth.

Because the column depth used to calculate the overflow rate was 2 m, this is a starting
point for setting the design depth. An allowance for the sludge depth of 1 m is added to
this depth. In addition the tank should be provided with 0.6 m of freeboard. The total
depth of the tank is then

2m+1m+0.6 m=3.6m

Side water depth (SWD) = 3.0 m.
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If the sludge zone is not counted, the depth of the water is less than the design recom-
mendation of 3 m.

f. Check the length-to-depth ratios.

55.5m
m

L/D = =27.750r 28:1

The L:D ratio is acceptable.

g. Check the velocity and then check the Reynolds and Froude numbers.

0 _ 0.5m’/s

"7 A T (6 tanks)(2 m depth)(4 m width)
0.0104 m/s

This is within the acceptable range of 0.005 — 0.018 m/s.

R, = i _ (2 m deep)(4 m wide) —10m
P, 2m+ 4m + 2m

From Appendix A at a temperature of 10°C, the viscosity is 1.307 X 10~® m%s and the
Reynolds number is

R = (0:0104 m/5)(1.0 m)

——— — 1,957.15 or 8,000
1.307 X 10 ® m~/s

This is less than 20,000 and is acceptable.

2
- (9.25?.211/2;4)(?0 m L0
This is greater than 1075 and is acceptable.
h. Design the launders.
Provide launders for 1/3 of the tank length
L Launder = 55‘35 T =185m

Place them at 1 m intervals on center so that there are three in the tank.
i. Check the weir loading rate.

43,200 m>/d

WL = —— =64.86 or 65m>/d - m
(6 tanks)(3 launders/tank)(18.5 m/launder)(2 sides)

This is well below the limit of 250 m*/d - m and is acceptable.
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Summary:

Quesign = 43,200 m*/d = 0.5 m’/s
Number of tanks = 6

Width of each tank = 4 m

Length of each tank = 55.5 m

L:W =13.8:1

Depth including sludge = 3.6 m
L:D = 28:1 without sludge depth; 18.5:1 with sludge depth
ve = 0.0104 m/s

Reynolds number = 8,000

Froude number = 1.1 X 107>
Launders = 3 spaced evenly
Launder length = 18.5 m

Weir loading = 65 m*/d - m
Sludge collector = chain-and-flight

Comments:

1. Not all of the design recommendations were met. This is, in part, due to the use of the
pilot column data to set the overflow rate and the water depth. In general, exceeding the
guidelines is acceptable. When the guidelines are not met, consideration should be given
to the importance of the guideline in the function of the tank. In this case the depth of the
tank is quite shallow. Recognizing that deeper tanks are better for Type II settling, this
would be a reason for another design iteration. Likewise, the weir length is excessive for
the guideline, and an alternate scheme might be considered.

2. The design solution presented here is not the only one that is acceptable. For example,
4 tanks, 6 m wide, 3 m deep, divided into 2 channels with a baffle will also meet the
design criteria. An economic analysis is required to select the best alternative.

3. Numerous iterations may be required to balance the number of tanks, width, various
ratios and the Reynolds and Froude number recommendations. A spreadsheet is recom-
mended for the iteration process.

Design Criteria for Small- to Medium-Sized Plants

Frequently, small to medium-sized plants will operate for only one or two 8-hour shifts and store
water for the remaining period (Walker, 1978). Thus, the flow rates are higher than the estimated
demand at the design life of the plant. For example, a 10,000 m>/d demand could be met by oper-
ating one 8-hour shift at a flow rate of (24/8)(10,000 m*/d) = 30,000 m*/d. The 30,000 m*/d flow
rate would be used for setting the dimensions of the tank. The decision of the operating schedule
is an economic one because the capital costs will be higher, but the operating cost for personnel
and power will be less. If the operating schedule results in a flow rate above 40,000 m>/d, then
the design criteria in Table 10-4 apply. The suggested design criteria in Table 10-5 may be used
for flow rates less than 40,000 m/d.
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TABLE 10-5
Typical design criteria for small to medium horizontal-flow rectangular
sedimentation basins

Parameter Typical range of values Comment

Number of tanks 1 + 1 spare < 10,000 m/d
=2 =20,000 m*/d

Inlet zone

Distance to diffuser wall 4% of length up to 2 m

Diffuser hole diameter 0.10-0.20 m

Settling zone

Overflow rate 20 m’/d - m? < 10,000 m’/d
40 m¥/d - m? >10,000 m*/d

Side water depth (SWD) 3-5m

Length 30 m Wind constraint
60 m Chain-and-flight

Width 0.3 m increments Chain-and-flight
6 m maximum per train Chain-and-flight

LW minimum of 4:1 =6:1 preferred

L:D 15:1 Minimum

Velocity 0.005-0.018 m/s Horizontal, mean

Reynolds number < 20,000

QOutlet zone

Launder length 1/3-1/2 length of basin Evenly spaced

Launder weir loading =250 m*/d - m of launder

Sludge zone

Depth 0.6-1 m Equipment dependent
Slope 1:600 Mechanical cleaning
Sludge collector speed 0.3-0.9 m/min

Sources: AWWA, 1990; GLUMRB, 2003; Kawamura, 2000; MWH, 2005; Walker, 1978; Willis, 2005.

High-Rate Settler Modules

The guidance provided for the number of tanks for rectangular horizontal flow sedimentation
also applies to high-rate settler modules.

Inlet Zone. A diffuser is designed and placed in the tank inlet zone in the same fashion as it is
for a plain rectangular horizontal flow clarifier.

Flow Pattern. The three flow patterns, countercurrent, cocurrent, and crosscurrent, in theory,
have little difference in performance. In practice the countercurrent pattern is the one most com-
monly employed because cocurrent designs often have trouble with resuspended sludge and
crosscurrent designs have trouble with flow distribution (MWH, 2005).

Plates versus Tubes. Although little difference has been reported for various tube shapes, the
hexagon and v-shapes may have some advantage because the sludge can collect in the notch.
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Current practice in Michigan is to use plates rather than tubes because of operation and mainte-
nance issues with the tubes.

Angle of Inclination. Typically, the plate inclination angle is 55° and the tube inclination is 60°
from the horizontal.

Overflow Rate. Based on the tank area covered by the settler, the recommended range of over-
flow rates is from 60 to 180 m*/d - m”. In cold regions, the maximum rate should be limited to
150 m*d - m* (MWH, 2005).

Based on the total projected area of the tubes, a typical overflow rate is 29 m?/d - m® witha range
of 24 to 48 m*/d - m?. For plate settlers, typical overflow rates range from 17 to 40 m’/d - m? (Willis,
2005).

Velocities. In the tube settler, an average velocity of approximately 0.0025-0.0033 m/s is nor-
mally used in settling alum floc. An approach velocity of 0.6 m/min in the tank upstream of the
settler is recommended (Kawamura, 2000).

Depth. Because the sludge collection equipment must fit below the settler module, the mini-
mum depth below the tubes is 2 m. This also creates low velocities approaching the settler (Willis,
2005). Module heights range from 0.5 to over 2 m. Typical tank depths range from 3.6 to 5 m
(Kawamura, 2000, and MWH, 2005).

Placement. The module is placed in the downstream end of the tank. For tube settlers, it is
common practice to have 75 percent of the tank area covered by the settler and the remaining
25 percent left as open space to settle heavy floc. For plate settlers, up to 95 percent of the tank
area may be covered by the settler.

Detention Time. Tube settlers generally have a detention time of 3.5 to 5 minutes. The deten-
tion time in parallel plate modules is from 5 to 20 minutes (Kawamura, 2000).

Reynolds and Froude Numbers. As with horizontal flow rectangular tanks, the Reynolds
number and Froude number are used as a check on turbulence and backmixing. Equations 10-32
and 10-33 apply. In lieu of manufacturer’s data, a working estimate of tube diameter of 50 to
80 mm may be used. A Reynolds number < 50 and a Froude number > 107 are recommended
(Kawamaura, 2005). Yao’s (1970) theoretical analysis suggests the Reynolds number may be as high
as 800. In both cases, the velocity is that of the water flowing between the plates or in the tubes.

Qutlet Zone. Launders are placed above the settler module. Flow from tube settlers must be
collected uniformly across the basin to equalize the flow through the tubes. Therefore, they are
spaced at not greater than 1.5 m on centers.

To provide a transition to the launders, a clear space of 0.6 to 1 m above tube settlers is pro-
vided. Flow is usually collected through submerged orifices (Willis, 2005).

A proprietary alternative plate settler uses an effluent tube at the top of each plate to collect
the effluent. The launder is placed adjacent to the plate module.

Sludge Zone. The sludge zone extends along the length of the tank. Mechanical collection using
chain-and-flight collectors is common.



Operation and Maintenance.

SEDIMENTATION

To facilitate maintenance, modules must be sufficiently inde-

pendent to allow removal of individual units. An overhead crane must be provided. Stainless

steel modules are preferred.

High-Rate Settler Module Design Criteria

Typical design criteria for horizontal-flow rectangular sedimentation basins are summarized in
Table 10-6. Example 10-5 illustrates the design of a high-rate settler in a rectangular sedimentation

basin.

TABLE 10-6

Typical design criteria for high-rate settler modules

Parameter Typical range of values Comment
Inlet zone

Distance to diffuser =2m

Diffuser hole diameter 0.10-0.20 m

Settling zone

Overflow rate 60—180 m>/d - m> Alum floc

Side water depth (SWD)
Length
Width

Settler

Fraction of basin covered
Height

Plate angle

Tube angle

Tube hydraulic diameter
Tube velocity

Approach velocity
Reynolds number
Froude number

Outlet zone

Launder length
Launder spacing
Launder elevation
Launder weir loading

Sludge zone

Depth

Slope

Sludge collector speed

3-5m

60 m

0.3 m increments

6 m maximum per train

24 m maximum = 3 trains per drive

<0.75

0.5-2.0 m

=55°

=60°

0.05-0.08 m
0.0025-0.0033 m/s
0.010 m/s

<50

>107°

Equal to length of settler

1.5 m on centers

0.6—1.0 m above top of settler
<300 m¥d - m

0.6-1 m
1:600
0.3-0.9 m/min

Chain-and-flight
Chain-and-flight
Chain-and-flight
Chain-and-flight

For plates = 0.95
For plates =1.0 m

Horizontal, mean

For plates = to top

Equipment dependent
Mechanical cleaning

Sources: Kawamura, 2000, MWH, 2005, Willis, 2005.
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Example 10-5. Design the settling tank(s) for the city of Stillwater’s water treatment plant
expansion using high-rate settlers. The maximum day design flow is 0.5 m’/s. Assume a well set-
tling alum floc, a water temperature of 10°C, that the angle of the settler tubes is 60°, and that the
tubes have a hydraulic diameter of 50 mm.

Solution:
a. Find the surface area of the settler.
First change the flow rate to compatible units:

(0.5 m>/s)(86,400 s/d) = 43,200 m>/d

Using an overflow rate of 150 m?/d - m?, the surface area is

43,200 m>/d

=ﬁ=288m2
150 m’/d - m

)

b. Select the number of tanks.

Two tanks is the minimum number. For this flow rate make trial calculations using two tanks.

288 m’
2 tanks

= 144 m®/tank

c. Select a trial width for calculation.

The maximum width for the chain-and-flight sludge collector is 24 m in 0.3 m incre-
ments. Assume a width of 6 m. This is the maximum width per train.

d. Check length-to-width ratio.

144 m?/tank

=t —
Lsettler 6 m/tank m

Setting the settler at 75% of the length of the basin, the tank length is

e. Select a trial side water depth (SWD).

Assume a depth of settler of 0.6 m. Provide allowance above the settler for launder of
1.0 m (0.6 m clearance and 0.4 m depth of trough). Provide 2 m for sludge zone.

SWD =0.6+1.0+2=3.6m

The depth of the water plus the sludge zone is greater than the minimum design recom-
mendation of 3 m. With the addition of freeboard, the tank depth is 4.2 m.
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f. Check the approach velocity.

43,200 m’
Vapproach — 2 = 3,200 m'/d = 0.0116 m/s
A (2 tanks)(6 m)(3.6 m)(86,400 s/d)

This is slightly high but acceptable.
g. Check the Reynolds and Froude numbers.

The angle of the settler tubes is 60°. The area of the settler module calculated in (b)
above is 144 m>. The velocity in the settler is

L0 _ 0.5m’/s
O Asin 6 (2 tanks)(144 m?)(sin 60)
= 0.0020 m/s

This is a little low but acceptable. Assuming a 50 mm (0.05 m) hydraulic diameter of the
tube, the hydraulic radius is

From Appendix A at a temperature of 10°C, the viscosity is 1.307 X 1078 m?s. Using
Equation 10-32, the Reynolds number is

R — (0.0020 m/s)(0.0125 m)

) =19.12 0r 19
1.307 X 10 ° m“/s

This is less than 50 and is acceptable. Using equation 10-33 with vy, for the velocity, the
Froude number is

. (0.0020 m)®
(9.81 m/s%)(0.0125 m)

=326X%X107

This is greater than 107 and is acceptable.
h. Design the launders.

Provide launders over the length of the settler. Ly yypger = 24 m

Place them at 1 m intervals on center so that there are three in the tank.
i. Check the weir loading rate.

43,200 m3/d

L= , =150 m*/d - m
(2 tanks)(3 launders/tank)(24 m/launder)(2 sides)

This is well below the limit of 300 m*/d - m and is acceptable.
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Summary:

Quesign = 43,200 m*/d = 0.5 m’/s
Number of tanks = 2

Width of each tank = 6 m

Lgeter = 24 m

Length of each tank = 32 m

Side Water Depth including sludge = 3.6 m
Vapproach = 0.0116 m/s

v = 0.0020 m/s

Reynolds number = 19

Froude number = 3.26 X 107>
Launders = 3 spaced evenly
Launder length = 24 m

Weir loading = 150 m*/d - m
Sludge collector = chain-and-flight

Comments:

1. Not all of the design recommendations were met, but overall the design is satisfactory.

2. The number of tanks and their size is considerably less than in Example 10-4. Initially,
this appears to be a very favorable alternative. However, the cost of the settler modules
may offset the reduced cost for less tankage. In addition, there is no redundant settling
basin at the maximum design flow, so an additional basin would have to be provided.
An economic analysis is required to select the best alternative.

10-5 OPERATION AND MAINTENANCE

Perhaps the most important O&M activity is the optimization of the sludge withdrawal process.
The proper sweep cycle and duration are determined by trial. The concentration and characteris-
tics of solids are used to adjust the cycle. This is, of course, dependent on the turbidity and flow
rate of the raw water, so a range of conditions must be investigated.

Other operational characteristics, such as turbidity in the tank, equal hydraulic loading in the
tanks, and the number of tanks in service for a given flow rate must be observed with appropriate
adjustments. Maintenance is primarily focused on preventive maintenance on the collector and
observation for corrosion.

Hints from the Field. On new installations provided with plastic chain collection systems,
frequent tension adjustment in the first year after installation should be expected. Stainless steel,
(305 ss), or very heavy gauge plastic, is recommended for tube settlers to minimize corrosion
and/or deformation.

Pierpont and Alvarez (2005) offer the following suggestions for optimizing ballasted sedi-
mentation when surface water is characterized by high total organic carbon (TOC):

» Use larger tubes for the lamella settler: 90 mm instead of 40 mm.
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* Use lower mixer speed (80 to 85 percent of maximum) and postion the blades a full diam-
eter from the floor.

* Use large sand grain sizes: 130-150 pum instead of 80 or 100—120 wm diameter.

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

10-6 CHAPTER REVIEW

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

1. Describe the difference between Type I, 11, III, and IV settling and give an example of
where they are applied in water or wastewater treatment.

2. Show by derivation why overflow rate “controls” the efficiency of settling in both the
upflow clarifier and the horizontal flow clarifier.

3. Calculate the percent removal of a discretely settling particle in a vertical or horizontal
flow sedimentation basin.

4. Explain why a settling column study is probably not appropriate for design of a new
water treatment plant.

5. Identify four potential causes that you would investigate to explain the poor perfor-
mance of a settling tank.

6. Describe, for a client, the three types of sedimentation systems described in this text
and the reasons you would recommend one over another.

7. Explain the reason for calculating the Reynolds number and Froude number in check-
ing a horizontal-flow rectangular settling basin.

8. Given the dimensions of a horizontal-flow rectangular settling basin or high-rate set-
tler, recommend a mechanical collector.

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

9. Calculate the settling velocity of a discrete particle given its density, diameter, and the
water temperature.

10. Analyze settling column data to determine an overflow rate and detention time to
achieve a specified percent removal.

11. Calculate the settling time and particle travel time in a high-rate settler.
12. Design a rectangular horizontal-flow sedimentation basin.

13. Design a high-rate settler including the horizontal flow tank.

10-39


www.mhprofessional.com/wwe

10-40

WATER AND WASTEWATER ENGINEERING

10-7 PROBLEMS

10-1.

10-2.

10-3.

10-4.

10-5.

10-6.

10-7.

10-8.

10-9.

10-10.

10-11.
10-12.

10-13.

Calculate the diameter of a discrete particle whose terminal settling velocity is 1.044
cm/s. The particle density is 2.65 g/cm3 and the water temperature is 12°C. Assume
Stokes’ law applies and that the density of water is 1,000 kg/m3 .

You have been asked to evaluate the ability of a horizontal flow gravity grit chamber
to remove particles having a diameter of 1.71 X 10~% m. The depth of the grit cham-
ber is 1.0 m. The detention time of the liquid in the grit chamber is 60 s. The particle
density is 1.83 g/cm3 . The water temperature is 12°C. Assume the density of water is
1,000 kg/m>.

If the settling velocity of a particle is 0.70 cm/s and the overflow rate of a hori-
zontal flow clarifier is 0.80 cm/s, what percent of the particles are retained in the
clarifier?

If the settling velocity of a particle is 2.80 mm/s and the overflow rate of an up-
flow clarifier is 0.560 cm/s, what percent of the particles are retained in the
clarifier?

If the settling velocity of a particle is 0.30 cm/s and the overflow rate of a horizon-
tal flow clarifier is 0.25 cm/s, what percent of the particles are retained in the
clarifier?

If the flow rate of the original plant in Problem 10-3 is increased from 0.150 m?/s to
0.200 m*/s, what percent removal of particles would be expected?

If the flow rate of the original plant in Problem 10-4 is doubled, what percent re-
moval of particles would be expected?

If the flow rate of the original plant in Problem 10-5 is doubled, what percent re-
moval of particles would be expected?

If a 1.0-m*/s flow water treatment plant uses 10 sedimentation basins with an over-
flow rate of 15 m’/d - m2, what should be the surface area (m2) of each tank?

Assuming a conservative value for an overflow rate, determine the surface area
(in mz) of each of two sedimentation tanks that together must handle a flow of
0.05162 m*/s of lime softening floc.

Repeat Problem 10-10 for an alum or iron floc.

Two sedimentation tanks operate in parallel. The combined flow to the two tanks is
0.1000 m%/s. The depth of each tank is 2.00 m and each has a detention time of 4.00 h.
What is the surface area of each tank, and what is the overflow rate of each tank in
m’/d - m??

Determine the detention time and overflow rate for a settling tank that will reduce the
influent suspended solids concentration from 33.0 mg/L to 15.0 mg/L. The following
batch settling column data are available. The data given are percent removals at the
sample times and depths shown.
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Depths,”
Time, min 0.5 1.5 2.5 3.5 4.5
10 50 32 20 18 15
20 75 45 35 30 25
40 85 65 48 43 40
55 90 75 60 50 46
85 95 87 75 65 60
95 95 88 80 70 63

10-14.

10-15.

10-16.

“Depths from top of column, column depth = 4.5 m.

The following test data were gathered to design a settling tank. The initial suspended
solids concentration for the test was 20.0 mg/L. Determine the detention time and
overflow rate that will yield 60% removal of suspended solids. The data given are
suspended solids concentrations in mg/L.

Time, min
Depth,” m 10 20 35 50 70 85
0.5 14.0 10.0 7.0 6.2 5.0 4.0
1.0 15.0 13.0 10.6 8.2 7.0 6.0
1.5 15.4 14.2 12.0 10.0 7.8 7.0
2.0 16.0 14.6 12.6 11.0 9.0 8.0
2.5 17.0 15.0 13.0 114 10.0 8.8

“Depths from top of column, column depth = 2.5 m.

The following test data were gathered to design a settling tank. The initial turbidity
for the test was 33.0 NTU. Determine the detention time and overflow rate that will
yield 88% removal of suspended solids. The data given are suspended solids concen-
trations in NTU.

Time, min
Depth,” m 30 60 90 120
1.0 5.6 2.0
2.0 11.2 5.9 2.6
3.5 14.5 9.9 6.6 3.0

“Depths from top of column, column depth = 4.0 m.

Design a horizontal flow rectangular sedimentation basin for a maximum day
design flow rate of 25,000 m>/d. Assume an overflow rate of 40 m>/d - m? and
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a water temperature of 12°C. Provide the following in your summary of the de-

sign:

Odesi gn
Number of tanks

Width of each tank
Length of each tank
Side water depth
Depth of sludge zone
L:D

Vf

Reynolds number
Number of launders
Launder length

Weir loading

Type of sludge collector

10-17. Design a horizontal flow rectangular sedimentation basin for a maximum day design
flow rate of 15,000 m>/d. Assume an overflow rate of 50 m>/d - m? and a water tem-
perature of 15°C. Provide the following in your summary of the design:

Odesi gn
Number of tanks

Width of each tank
Length of each tank
Side water depth
Depth of sludge zone
L:D

vf

Reynolds number
Number of launders
Launder length

Weir loading

Type of sludge collector

10-18. Design a horizontal flow rectangular sedimentation basin using high-rate settlers for
a maximum day design flow rate of 25,000 m>/d. Assume a water temperature of
12°C, that the angle of the settler tubes is 60°, and that they have a hydraulic diameter
of 0.05 m. Also assume the floc has excellent settling characteristics. Provide the fol-
lowing in your summary of the design:

Qdesi gn
Number of tanks
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Width of each tank
Length of settler
Length of each tank
Side water depth
Depth of sludge zone
Vapproach

Ve

Reynolds number
Froude number
Number of launders
Launder length

Weir loading

Type of sludge collector

10-19. Design a horizontal flow rectangular sedimentation basin using high-rate settlers for
a maximum day design flow rate of 15,000 m>/d. Assume a water temperature of
15°C, that the angle of the settler tubes is 60°, and that they have a hydraulic diameter
of 0.05 m. Also assume the floc has excellent settling characteristics. Provide the fol-
lowing in your summary of the design:

Qdesi gn
Number of tanks

Width of each tank
Length of settler
Length of each tank
Side water depth
Depth of sludge zone

Vapproach

Ve

Reynolds number
Froude number

Number of launders
Launder length

Weir loading

Type of sludge collector

10-8 DISCUSSION QUESTIONS

10-1. Use a scale drawing to sketch a vector diagram of a horizontal-flow sedimentation
tank that shows how 25 percent of the particles with a settling velocity one-quarter
that of the overflow rate will be removed.
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10-2. Use a scale drawing to sketch a vector diagram that shows a plate settler with one
plate located at half the depth of the tank will remove 100 percent of the particles that
enter with a settling velocity equal to one-half that of the overflow rate.

10-3. Describe design remedies for the following problems in a settling tank: jetting of the
influent, density currents from cooler or warmer water, waves on the settling basin.

10-4. What design alternative is available to increase the Froude number of a horizontal-
flow rectangular sedimentation basin?

10-9 REFERENCES

AWWA (1990) Water Treatment Plant Design, 2nd ed., American Water Works Association, Denver,
Columbus, McGraw-Hill, New York, pp. 116, 125.

Camp, T. R. (1936) “A Study of the Rational Design of Settling Tanks,” Sewage Works Journal, vol. 8,
no. 9, pp 742-758.

Camp, T. R. (1946) “Sedimentation and the Design of Settling Tanks,” Transactions of the American
Society of Civil Engineers, vol. 111, p. 895.

Davis, M. L. and D. A. Cornwell (2008) Introduction to Environmental Engineering, McGraw-Hill,
New York, pp. 269, 281.

Eckenfelder, W. W. (1980) Industrial Water Pollution Control, McGraw-Hill, New York, 1989, p. 61.

GLUMRB (2003) Recommended Standards for Water Works, Great Lakes—Upper Mississippi River
Board of State and Provincial Public Health and Environmental Managers, Health Education
Services, Albany, New York, pp. 34-35.

Kawamura, S. (2000) Integrated Design and Operation of Water Treatment Facilities, 2nd ed., John
Wiley & Sons, New York, pp. 139-189.

Metcalf and Eddy (2003) Wastewater Engineering: Treatment and Reuse, 4th edition, McGraw-Hill,
Boston, MA, p. 379.

MWH (2005) Water Treatment: Principles and Design, John Wiley & Sons, Hoboken, New Jersey,
pp- 811-814, 824-829.

Newton, 1. (1687) Philosophiae Naturalis Principia Mathematica.

Pierpont, J. W. and M. Alvarez (2005) “ Optimizing Ballasted Sedimentation for Organics-Laden Surface
Water,” Opflow, JUL, p. 15.

Reynolds, O. (1883) “An Experimental Investigation of the Circumstances Which Determine Whether
the Motion of Water Shall Be Direct or Sinuous and the Laws of Resistance in Parallel Channels,”
Transactions of the Royal Society of London, vol. 174.

Stokes, G. G. (1845) Transactions of the Cambridge Philosophical Society, vol. 8, p. 287.

Walker, J. D. (1978) “Sedimentation,” in R. L. Sanks (ed.) Water Treatment Plant Design for the
Practicing Engineer, Ann Arbor Science, Ann Arbor, Michigan, pp. 149-182.

Willis, J. F. (2005) “Clarification,” in E. E. Baruth, (ed.), Water Treatment Plant Design, American Water
Works Association and American Society of Civil Engineers, McGraw-Hill, New york, p. 7.1-10-44.

Yao, K. M. (1970) “Theoretical Study of High-Rate Sedimentation,” Journal of Water Pollution Control
Federation, vol. 42, p. 218.



11-1
11-2

11-3
11-4
11-5

INTRODUCTION

AN OVERVIEW OF THE FILTRATION
PROCESS

FILTER MEDIA CHARACTERISTICS
GRANULAR FILTRATION THEORY

THEORY OF GRANULAR FILTER
HYDRAULICS

CHAPTER

11

GRANULAR FILTRATION

11-6 GRANULAR FILTRATION PRACTICE
11-7 OPERATION AND MAINTENANCE
11-8 CHAPTER REVIEW

11-9 PROBLEMS

11-10 DISCUSSION QUESTIONS

11-11 REFERENCES

11-1



11-2

WATER AND WASTEWATER ENGINEERING

11-1 INTRODUCTION

Settled water turbidity is generally in the range from 1 to 10 NTU with a typical value being
2 NTU. Because these levels of turbidity interfere with the subsequent disinfection processes,
the turbidity must be reduced. The Interim Enhanced Surface Water Treatment Rule (IESWTR)
promulgated by the U.S. Environmental Protection Agency (EPA) requires that the treated water
turbidity level be 0.3 NTU in 95 percent of monthly measurements with no sample to exceed 1
NTU. In order to reduce the turbidity to this level, a filtration process is normally used. The most
common filtration process is granular filtration where the suspended or colloidal impurities are
separated from water by passage through a porous medium. The medium is usually a bed of sand
or other media such as coal, activated carbon, or garnet. In the last two decades, filters composed
of membranes have been employed with increasing frequency. Granular filtration process are the
subject of this chapter. Membrane processes are discussed in Chapter 12.

11-2 AN OVERVIEW OF THE FILTRATION PROCESS

A number of classification systems are used to describe granular filters including media type,
filtration rate, washing technique, and filtration rate control. This discussion is limited to slow
sand, rapid sand, and high-rate filters with either multimedia or deep monomedium the focus
is on rapid sand and high-rate filters. Pressure filters (also called precoat filters) and automatic
backwash filters are not discussed. Discussion of these types of filters may be found in Cleasby
and Logsdon, 1999; Kawamura, 2000; MWH, 2005; Reynolds and Richards, 1996.

Granular filters are called depth filters because the particulate matter in the water penetrates
into the filter as well as being caught on the surface. Figure 11-1 shows a cutaway drawing of a

Wash trough

Inlet

main Gullet

‘Wash water
outlet

Surface wash unit

Filter media

Graded gravel

Underdrain blocks
Outlet main

FIGURE 11-1
Typical gravity filter box. (Source: F. B. Leopold Co.)



GRANULAR FILTRATION

conventional depth filter. The bottom of the filter consists of a support media and water collec-
tion system. The support media is designed to keep the filtration media (sand, coal, etc.) in the
filter and prevent it from leaving with the filtered water. Layers of graded gravel (large on bot-
tom, small on top) traditionally have been used for the support. The underdrain blocks collect the
filtered water. In newer designs, integrated media support (IMS®) that combines a synthetic layer
with a synthetic underdrain block is being used.

In a conventional filter, water containing the suspended matter is applied to the top of the
filter. The suspended matter is filtered from the water. As material accumulates in the interstices
of the granular medium, the headloss through the filter increases. When either the headloss or the
effluent turbidity reaches a predetermined limit, filtration is terminated and the filter is cleaned.
Under ideal conditions, the time required for headloss to reach the preselected value (called the
terminal headloss) corresponds to the time when the turbidity in the effluent reaches its pre-
selected value. In actual practice, one or the other will govern the cleaning cycle. The filter is
cleaned by backwashing; that is, clean water is pumped backwards through the filter.

As illustrated in Figure 11-2, the efficiency of particle removal varies during the filtration
cycle (called a filter run). The ripening or maturation stage occurs initially as the filter is put back

Filter ripening

Run terminated

\

Effluent turbidity, NTU

0 | | | | | | | | | |
0 5 10 15 20 25 30 20 40 60 80 100

minutes hours
Time of filter run

2.0

[<«—— Terminal headloss

Run terminated
Headloss through filter

g
g0
S
5
T
Clean bed headloss
0 | | | |
20 40 60 80 100
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FIGURE 11-2

Idealized turbidity and headloss during a filter run. Note changes in time scale.
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into service after cleaning. The peak occurs because of residual backwash water being flushed
from the media, and from particles in the influent water that are too small to be captured. As the
clean media captures particles, it becomes more efficient because the particles that are captured
become part of the collector surface in the filter. Amirtharajah (1988) suggests that up to 90 per-
cent of the particles that pass through a well-operating filter do so during the ripening stage.

After ripening, the effluent turbidity is essentially constant and, under steady-state condi-
tions, can be maintained below 0.1 NTU. On the other hand, headloss continues to rise as par-
ticles collect in the filter. At some point the number of particles that can be effectively captured
begins to decline and breakthrough occurs.

Nomenclature

There are several methods of classifying filters. One way is to classify them according to the type
of medium used, such as sand, coal (called anthracite), dual media (coal plus sand), or mixed
media (coal, sand, and garnet). Another common way to cla551fy the filters is by nominal filtra-
tion rate or hydraulic loading rate (m® of water applied/d - m? of surface area, or m/d). A third
alternative is to classify the filters by the pretreatment level.

Based on the hydraulic rate, the filters are described as being slow sand filters, rapid sand
filters, or high-rate filters.

Slow sand filters were flrst introduced in the 1800s. The water is applied to the sand at a
loading rate of 3 to 8 m" 3/d - m?. As the suspended or colloidal material is applied to the sand,
the particles begin to collect in the top 75 mm and to clog the pore spaces. As the pores become
clogged, water will no longer pass through the sand. At this point the top layer of sand is scraped
off, cleaned, and replaced. Although slow sand filters require large areas of land and are labor
intensive, the structures are inexpensive in comparison to the other types, and they have a long
history of success.

In the late 1800s, health authorities began to understand that clean water was a major fac-
tor in preventing disease. The limitations of slow sand filters in meeting the need for filtration
systems to serve large populations became readily apparent. Rapid sand filters were developed to
meet this need. These filters have graded (layered) sand in a bed. The sand grain size distribution
is selected to optimize the passage of water while minimizing the passage of particulate matter.

Rapid sand filters are cleaned in place by backwashing. The wash water flow rate is such that
the sand bed is expanded and the filtered particles are removed from the bed. After backwashing,
the sand settles back into place. The largest particles settle first, resulting in a fine sand layer on
top and a coarse sand layer on the bottom. Rapid sand filters are the most common type of filter
in service in water treatment plants today.

Tradmonally, rapid sand filters have been designed to operate at a loading rate of 120 m?/
d-m’ (5 m/h). Filters now operate successfully at even higher loading rates through the use of
proper media selection and improved pretreatment.

In the wartime era of the early 1940s, dual media filters were developed. They are designed
to utilize more of the filter depth for particle removal. In a rapid sand filter, the finest sand is on
the top; hence, the smallest pore spaces are also on the top. Therefore, most of the particles will
clog in the top layer of the filter. In order to use more of the filter depth for particle removal, it is
necessary to have the large particles on top of the small particles. This is accomplished by placing
a layer of coarse coal on top of a layer of fine sand to form a dual-media filter. Coal has a lower
specific gravity than sand, so, after backwash, it settles more slowly than the sand and ends up on
top. Some dual-media filters are operated up to loading rates of 480 m 3/d - m? (20 m/h).
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In the mid-1980s, deep-bed, monomedia filters came into use. The filters are designed to
achieve higher loading rates while at the same time producing lower turbidity in the finished
water. They operate at loading rates up to 600 m>/d - m? (25 m/h).

When pretreatment of the water is by coagulant addition, flocculation, and clarification, the
filter is classified as conventional filtration. If pretreatment consists of coagulation and floccula-
tion but not clarification, the filtration process is called direct filtration. The process is called
in-line or contact filtration when coagulant addition but only incidental flocculation is used. In
some processes, coagulation is followed by two filtration steps: a roughing filter followed by
another filter.

11-3 FILTER MEDIA CHARACTERISTICS

Grain Size

The grain size, or perhaps more correctly the grain size distribution, affects both the hydraulic
performance of the filtration process and the efficiency of particle removal.

The size distribution, or variation, of a sample of granular material is determined by passing
the sample through a series of standard sieves (screens). One standard series is the U.S. Standard
Sieve Series. The U.S. Standard Sieve Series (Appendix B) is based on a sieve opening of 1 mm.
Sieves in the “fine series” stand successively in the ratio of (2)"% to one another, the largest
opening in this series being 5.66 mm and the smallest 0.037 mm. All material that passes through
the smallest sieve opening in the series is caught in a pan that acts as the terminus of the series
(Fair and Geyer, 1954).

The grain size analysis begins by placing the sieve screens in ascending order with the
largest opening on top and the smallest opening on the bottom. A sand sample is placed on
the top sieve, and the stack is shaken for a prescribed amount of time. At the end of the shak-
ing period, the mass of material retained on each sieve is determined. The cumulative mass is
recorded and converted into percentages by mass equal to or less than the size of separation
of the overlying sieve. Then a cumulative frequency distribution is plotted. For many natural
granular materials, this curve approaches geometric normality. Logarithmic-probability paper,
therefore, results in an almost straight-line plot. This facilitates interpolation. The geometric
mean (X,) and geometric standard deviation (S,) are useful parameters of central tendency and
variation. Their magnitudes may be determined from the plot. The parameters most commonly
used, however, are the effective size, E, and the uniformity coefficient, U. The effective size is
the 10 percentile size, that is, the media grain diameter at which 10 percent of the media by
weight is smaller, d}¢. The uniformity coefficient is the ratio of the diameter of media at which
60 percent by weight is smaller to the 10 percentile sizes, dgo/d1o. Use of the 10 percentile was
suggested by Allen Hazen because he observed that resistance to the passage of water offered
by a bed of sand within which the grains are distributed homogeneously remains almost the
same, irrespective of size variation (up to a uniformity coefficient of about 5.0), provided that
the 10 percentile remains unchanged (Hazen, 1892). Use of the ratio of the 60 percentile to the
10 percentile as a measure of uniformity was suggested by Hazen because this ratio covered the
range in size of half the sand.* On the basis of logarithmic normality, the probability integral

*It would be logical to speak of this ratio as a coefficient of nonuniformity because the coefficient increases as the magnitude
of nonuniformity increases.
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establishes the following relations between the effective size, uniformity coefficient, geometric
mean size, and geometric standard deviation:

E =Ry = (X,)(S,) " (11-1)

U= PRo/Po =(Sg)' > (11-2)

Sand excavated from a natural deposit is called run-of-bank sand. Run-of-bank sand may
be too coarse, too fine, or too nonuniform for use in filters. Within economical limits, proper
sizing and uniformity are obtained by screening out coarse components and washing out fine
components. In rapid sand filters, the removal of “fines” may be accomplished by stratifying
the bed through backwashing and then scraping off the layer that includes the unwanted sand.
In the United States, filter sand is purchased from commercial suppliers based on specifications
provided by the engineer rather than processing the sand at the point of use.

Physical Properties

Standard requirements for filter media are described in ANSI/AWWA standard No. B100-01
(AWWA, 2001). This discussion is to highlight some of the properties.

Hardness. Hardness of the filter material is important as it is an indicator of the resistance to
abrasion and wear that occurs during filter backwashing. Hardness is ranked on the Moh scale.
Talc has a Moh hardness number of 1. Diamond has a Moh hardness number of 10. Sand, garnet
and ilmenite* are hard enough to resist abrasion. Anthracite coal and granular activated car-
bon (GAC) are friable and design specifications must specify the minimum acceptable hardness
value. A minimum Moh hardness of 2.7 is often specified for anthracite (MWH, 2005). GAC
hardness is evaluated using ANSI/AWWA standard B604-96 (AWWA, 1996).

Porosity. The porosity of the in-place media (not of the individual grains) affects the headloss
and filtration efficiency of the media. It is defined as

¥ _¥Yr—¥um (11-3)

Vr Vr

&

where & = porosity, dimensionless
¥, = volume of voids, m>
V1 = total volume of media bed, m>
V4 = volume of media, m>

Specific Gravity. The specific gravity of the media plays a role in both the arrangement of the
filter media in multimedia filters and in the backwash flow requirements that are required to flu-
idize the bed. The selection of the media used in the design of dual- and tri-media filters is based
on the specific gravity of the media.

*Garnet is a generic term referring to several minerals that are silicates of iron, aluminum, and calcium mixtures. [lmenite is an
iron-titanium ore associated with hematite and magnetite, which are iron oxides.
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TABLE 11-1
Typical properties of filter media
Anthracite
Property coal GAC Garnet Ilmenite Sand
Effective size, mm 0.45-0.55